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Our invention relates to method and apparatus for pro 
ducing or accelerating plasmoids without the aid of elec 
trodes by means of mutually intersecting electrical and 
magnetic ?elds. Such method and plasma apparatus for 
carrying out a method of this kind are described and illus 
trated in the copending application of A. Koller, A. Michel 
and H. Schindler, Ser. No. 349,996 ?led Mar. 6, 1964. 
Apparatus according to the copending application com 

prise an insulating tubular housing on which are mounted 
two coaxial ?eld coils of mutually opposed winding sense, 
which are axially spaced from each other for jointly pro 
ducing a cusp ?eld, a coaxially wound induction coil be 
ing disposed between the two ?eld coils. The magnetic 
?eld is produced by the two ?eld coils which are traversed 
by currentin such a manner that the magnetic ?eld be 
tween the two coils has a radial component (cusp ?eld). 
The electrical ?eld is induced by a rapidly varying mag 
netic ?eld of the intermediate induction coil which is 
pulsewise in operation. According to the copending appli 
cation, the cusp ?eld in the space between the ?eld coils 
is maintained while an ionized gas (plasma) is introduced 
into the plane of the induction coil. As the plasma arrives 
in the plane of the induction coil, this coil is pulsewise 
excited electrically, and the thus resulting magnetic ?eld 
induces a circular electrical ?eld which causes a plasma 
ray current to ?ow within the cusp ?eld. The coaction of 
the electrical and magnetic ?elds causes the occurence of 
a Lorentz force which ejects the plasma in the direction 
of the tube axis out of the plane of the induction coil. 

Referring to plasma apparatus, and the method carried 
out thereby, generally of the kind described in the fore 
going, it is an object of the present invention to afford 
imparting to the entire mass of a plasmoid in an electrode 
less plasma accelerator a subsequent acceleration and/ or 
re?ection while simultaneously heating the plasma addi 
tionally to a higher temperature. 
Another object of the invention is to provide an im 

proved plasma ejection device so that the jet of plasma 
issuing therefrom becomes utilizable outside of the plasma 
vessel or may be used for such purposes as the propulsion 
of missiles or satellites. 
To achieve these objects, and in accordance with the 

invention, we provide for after-acceleration and/or re 
?ection of plasmoids in an electrodeless plasma accelara 
tion tube on which are mounted two or more ?eld coils 
coaxially ‘beside one another and in mutually spaced 
relation and alternately opposed winding sense so as to 
produce intermediate cusp ?elds. Furthermore we provide 
induction coils, likewise of alternately opposed winding 
sense, which are coaxially located between the ?eld coils. 
According to an essential feature of our invention, the 
plasma, prior to being emitted from the second or further 
cusp-?eld stage, is collected during a collecting phase 
lasting a few microseconds and is simultaneously heated 
to higher temperature; and thereafter the induction coil 
appertaining to the particular cusp-?eld stage is pulsewise 
electrically excited. The mentioned collecting phase may 
last about ?ve ‘microseconds, for example. 
The improvement afforded by the present invention is 

to be seen primarily in the fact that the propelled plasma 
is caught in the magnetic cusp ?elds and consequently is 
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stored in these ?elds, whereby the oriented energy of the 
plasma is largely thermalized, which causes the electrical 
conductivity of the plasma to increase. Consequently, 
with respect to the after-acceleration, there is available a 
larger total mass of higher initial conductivity than with 
the method and apparatus according to the copending 
application mentioned hereinabove. 
According to another feature of the present invention, 

the plasma is re?ected back and forth several times be 
tween two cusp-?eld stages; and prior to each re?ection 
the plasma is collected by one of the cusp-?eld stages dur 
ing‘ the collecting phase lasting a few microseconds each 
time, thus being step-wise heated to higher temperature 
while being dynamically con?ned. 

. For further explaining the invention, the after-accelera 
tion as well as the re?ection of plasmoids after collection 
and heating within a magnetic cusp-?eld will be described 
with reference to a two-stage plasma accelrator schemat 
ically shown on the accompanying drawings in which: 

FIG. 1 shows schematically and by way of example a 
plasma accelerator with two cusp-?eld stages, and 

FIG. 2 is an explanatory graph relating to the plasma 
travel in the accelerator according to FIG. 1. 
The apparatus illustrated in FIG. 1 comprises an in 

sulating tubular vessel 7 which carries coaxial coils 1, 
3 and ‘5 alternately wound in opposed sense to produce 
quasi-stationary magnetic ?elds v8, which at a sufficiently 
large distance from the coil ends are axially directed and 
homogeneous. The magnetic ?elds 8, therefore, exhibit a 
cusp geometry between the coils 1 and 3 as 'well as be 
tween the coils 3 and 5. Located between coils 1 and 3 
is a low-induction coil 2, another low-induction coil 4 
being coaxially situated between the ?eld coils '3 and 5. 

Before start-up of the plasma accelerator, the insulat 
ing tube 7 is evacuated by means of a vacuum pump 15 
down to a negative pressure of about 3.10-6 torr. During 
operation of the equipment, a valve 16 is opened. This 
is effected, for example, by discharging a capacitor 37 to 
actuate the valve 16, for example, a solenoid valve. With 
in a short interval of time the valve 16 thus permits an 
acunately metered quantity of gas to flow from a storage 
container 18 at the left end of tube 7 into the tube. As 
soon as the front of this acurately metered gas quantity 
reaches the coil ‘6, a high-frequency electric current is 
passed through the coil 6, for example, by oscillatory 
discharge of a substantially induction-free capacitor 38. 
As a result there is produced a high-frequency elec 

trical ?eld in the interior of the tube 7, causing a pre 
ionization of the gas. 
A few microseconds after commencement of the pre 

ionization, when the preheated plasma has arrived in 
the ?rst cusp stage between coils 1 and 3, a rapidly in 
creasing current is passed through the induction coil 2. 
The variable magnetic ?eld of this current induces in the 
interior of the insulating tube 7 a circular electrical ?eld 
10. The induction coil 2 is preferably excited by discharg 
ing through‘the coil 2 an induction-poor battery 39 of 
capacitors. The circular electrical ?eld 10 produces in the 
plasma an azimuthal flow of current relative to the cylin 
drical geometry of the insulating tube 7. This ?ow of cur 
rent coacts with the magnetic ?eld 8 in such a manner 
that it produces, together with a radial component of the 
magnetic ?eld identi?ed by the arrows 11, a Lorentz force 
in the direction of the tube axis and also produces, to 
gether with the axial component of the magnetic ?eld, a 
Lorentz force in the radial direction, namely toward the 
tube axis. 
The consequence in a compressing axial acceleration of 

the plasma in the direction indicated by the arrow 9. The 
ejected plasmoid ultimately moves in the homogeneous 
magnetic ?eld of the coil 3 which acts as a guiding ?eld 
and impedes any diffusion of the plasma toward the wall 
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of the tubular vessel 7. Within thisguiding ?eld the plasma 
18.8 the shape of a cylinder of approximately 10 to 20 
:m. length and 3 cm. diameter. When the plasma cylinder 
s subjected to afteraacceleration at the moment when it 
arrives in the second cusp stage, namely, in the plane of 
:he coil 4, only a portion of the plasma can be subjected 
:0 such acceleration because the plasmoid is longer than 
:he acceleration center. In the drawing, the coil 4 has a 
poling different from that of the coil 2. 
According to the invention, therefore, the moment when 

the after-acceleration commences is delayed by a few 
microseconds, for example 5 microseconds, in order to 
ielay the plasma in the cusp~?eld, to con?ne it for some 
.nterval of time and to thus store the entire amount of 
plasma. During this interval, a portion of the kinetic energy 
of the plasma is converted to thermal energy. The resulting 
increase in plasma temperature simultaneously causes an 
increased electrical conductivity of the plasma. Hence it is 
possible to induce in the second cusp-?eld stage higher cur 
rent densities than can be effected with the equipment and 
method heretofore proposed in the aforementioned co 
pending application. An increase in the Lorentz forces is 
therefore obtained and thus also a greater acceleration of 
the plasma. When a rapidly increasing current is passed 
through the coil 4, an azimuthal electrical ?eld 12 will 
result. This produces, together with the radially inwardly 
directed magnetic ?eld 13 in the second cusp-?eld stage, 
an ‘acceleration of the plasma in the direction indicated 
by the arrow 14, for example toward a plasma ejection 
device 17. The plasma is accelerated in opposition to the 
direction of arrow 14, namely toward the coil 1 i.e. in a 
backward direction, if the coil 4 is poled in the same 
manner as the coil 1. 
The performance of apparatus according to the inven 

tion, as exempli?ed in FIG. 1, will now be ‘described in 
greater detail. 

After evacuating the discharge tube 7 by means of the 
pump 15, the spark gap 31 is triggered by the ignition 
device 30 in order to discharge the capacitor 37 and there 
by open the valve 16 for a short interval of time. A 
Rogowski-belt 36 inductively placed about a lead 43 of 
the spark gap 31 acts as a transformer iwhich initiates the 
operation of the time delay stage 42. A Rogowski-belt, 
in principle, is a coil placed about the current-conducting 
lead 43. The time delay stage 42 then ignites the spark 
gap 35 which discharges the capacitor battery 41 in 
order to excite by the capacitive energy content the coils 
1, 3 and 5 through a series-connected resistor 44. Now 
the above-described cusp ?elds between the ?eld coils are 
being built up approximately in the planes of respective 
coils 2 and 4. 

Thereafter, the time delay stage 42 acts to ignite the 
spark gap 32 at the moment at which the front of the gas 
coming from the valve 16 arrives at the plane of the coil 
6. After the ignition of the spark gap 32, the capacitor 
38 is discharged through the coil ‘6 in order to ionize the 
arriving gas, i.e. to convert it to plasma. If the arriving 
gas has previously been ionized suf?ciently, the coil 6 
with the appertaining circuit may be omitted. 
When the plasma arrives in the plane of the coil 2, the 

spark gap 33 is ignited likewise by means ‘of the time de 
lay stage 42. The capacitor 39 is then discharged through 
the spark gap 33 so that a rapidly increasing current flows 
through the coil 2 and, as described above, compresses 
the plasma and ejects it with acceleration out of the plane 
of coil 2 in the direction toward the coil 4. 

According to the invention, however, the coil 4 is not 
ignited immediately whenthe front of the plasma arrives 
in the plane of the coil 4. Ignition of the coil 4 rather 
takes place a few microseconds later, after the plasma has 
collected in the cusp ?eld of the coils 3 and 5. According 
to the invention, therefore, the interval of time chosen 
to expire between the arrival of the plasma front in the 
plane of coil 4 and the ignition of the coil 4 is such that 
the above-described storing and heating of the plasma in 
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the space of the coil 4 can take place. For example, 5 
microseconds may be provided as storage interval. After 
this interval has elapsed, the time'delay stage 42 ignites 
the spark gap 34 and the capacitor 40 is discharged 
through the coil 4. Now the plasma is again compressed, 
and, depending upon the poling of the coil 4, is acceler 
ated in one or the other direction and thus ejected out of 
the plane of coil 4. 

In an embodiment constructed and operated according 
to the invention, the capacitors 37 to 41, in the sequence 
given, have the following capacitance values: 4.6,uf., 
0.3,Ltf., 15,u.f., IS/Lf. and 140M. The capacitors 37 and 
39 to 41 are subjected to a voltage of 15 kv., and a volt 
age of 20 kv. is applied to the capacitor 38. The series 
connected resistor 44 has a resistance of 10 ohms. 

FIG. 2 shows a time diagram of the plasma travel in 
the above-described plasma accelerator according to FIG. 
1. Plotted along the abscissa is the time from the beginning 
of a discharge in the ?rst cusp-?eld stage in microseconds. 
The ordinate corresponds to the tube axis of the plasma 
accelerator. In the locus-time diagram, according to FIG. 
2, a plasma ?rst travels along the line 21 from the ?rst 
to the second cusp-?eld stage where it remains tempo 
rarily at rest according to line 22. After a pause-in the 
present example of about 5 microseconds—the second 
cusp stage is ignited and the plasma is again emitted, this 
time in the direction 23. The velocity of the plasma has 
increased by a factor of 5 to 6. 

In the embodiment represented by FIG. 1, the dis 
charge through the coil 4 constitutes a damped oscilla 
tion. For that reason plasma is again ejected out of the 
second stage after a lapse of an interval of about 5 
microseconds. This time, however, a re?ection in the di 
rection 24 takes place, namely from the second stage in 
the direction toward the ?rst stage, due to the fact that 
the polarity of the discharge through the coil 4 has be 
come reversed in comparison with the ?rst plasma ejection 
23. If a further amount of plasma is located in the sec 
ond stage, then repeated plasma ejections occur in the 
directions 25 and 26, each succeeding plasma ejection 
having a lower velocity than the preceding plasma ejec 
tion. This is due to the fact that the effective Lorentz 
force at each plasma ejection is smaller than during the 
preceding rejection, because of the attenuated oscilla 
tory discharge through the coil 4. 
By reversing the discharging current ?owing through 

the coil 4, the re?ection 24 can be made to occur during 
the ?rst half-wave. In this case the plasma located in 
the second stage is shot back to the ?rst cusp-?eld stage 
by the ?rst plasma ejection 23. 
The illustrated mechanism is not limited to the par 

ticular embodiment shown and described herein, but can 
be modi?ed in various respects. For example, the mecha 
nism can be repeated simply by adding further stages of 
the same design and performance. It is also possible to 
heat the plasma stepwise to higher temperatures while 
con?ning it dynamically by repeated reflection between 
two accelerating stages. In this manner a plasma may be 
produced which possesses an accurately prescribed and 
almost continuously adjustable energy. 

Such a plasma accelerator is suitable, for example, for 
correcting the travel path or trajectory of satellites or 
rockets. 

These applications require that accurately de?ned quan 
tities of plasma having prescribed amounts of energy be 
ejected from the travel correction device. Such conditions 
are readily satis?ed with the aid of the method and plasma 
accelerator according to the invention. 
To those skilled in the art it will be obvious upon a 

study of this disclosure, that our invention is amenable to 
a variety of modi?cations and may be given embodiments 
other than particularly illustrated and described herein, 
without departing from the essential features of our in 
vention and within the scope of the claims annexed hereto. 
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We claim: 
1. Apparatus for accelerating plasmoids which com 

prises a plasma ?ow path, means for producing at least 
two cusp ?elds spaced along a plasma ?ow path, means 
for providing a variable‘ magnetic ?eld in proximity with 
the ?rst cusp ?eld in the direction of ?ow along said ?ow 
path, means for producing a substantially circular elec 
trical ?eld from said variable magnetic ?eld for generat~ 
ing in a plasma traversing said ?ow path a circulating 
current ?owing perpendicularly in the ?rst cusp ?eld so 
as to generate a force accelerating the plasma toward the 
second cusp ?eld, means for collecting the plasma for a 
period of predetermined length at the second cusp ?eld, 
means for heating the plasma in the second cusp ?eld 
during said period so as to increase its electrical conduc 
tivity, and means for providing a variable magnetic ?eld 
in proximity with the second cusp ?eld and producing 
therefrom a substantially circular electrical ?eld for gen 
erating in the collected plasma a circulating current ?ow 
ing perpendicularly in the second cusp ?eld so as to gen 
erate a force greater than said ?rst~mentioned force in 
the second cusp ?eld for accelerating the plasma in the 
direction of ?ow along the plasma ?ow path. 

2. Apparatus according to claim 1 including means for 
limiting the collection period at the second cusp ?eld to 
approximately 5 microseconds duration. 

3. Apparatus according to claim 1 including means for 
varying the variable magnetic ?elds in proximity with the 
two cusp ?elds repeatedly so as to re?ect the plasma back 
and forth between the ?elds, and means for collecting 
the plasma in the ‘respective ?eld for a period having a 
duration in the order of magnitude of several microsec 
onds prior to re?ecting the plasma to the other ?eld so 
as to heat the plasma stepwise to higher temperatures. 

4. Apparatus for electromagnetic control of plasmoids, 
comprising a tubular vessel of electrically insulating ma 
terial de?ning a ?ow path traversible by a plasma, a plu 
rality of magnetic ?eld coils magnetically opposed to one 
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another, said ?eld coils coaxially surrounding said tubular 
vessel and mutually spaced axially from one another for 
producing in the respective spaces therebetween a mag 
netic ?eld having a radial component, a plurality of in 
duction coils coaxially surrounding said tubular vessels 
and located respectively in the spaces between adjacent 
?eld coils, electric energizing means connected to said 
?eld coils, and periodic electric energizing means con— 
nected to said inductance coils for causing the periodic 
magnetic ?eld of said inductance coils to produce in the 
vessel a circular electric ?eld at the respective locations 
of said inductance coils so as to generate a circulating cur 
rent in the radial magnetic ?eld resulting in axially di 
rected acceleration of the plasma, and means for delay 
ing the energizing of at least the second induction coil 
located along the ?ow path of the plasma in said vessel 
so as to collect the plasma in a cusp ?eld formed in said 
vessel at said second induction coil whereby the plasma 
is heatable to a higher temperature increasing its electrical 
conductivity and is axially directed, after the second in 
duction coil is subsequently energized, at a greater ac 
celeration than the acceleration produced at the preced 
ing induction coil along the ?ow path. 

5. Apparatus according to claim 4 including energizing 
delay means for at least two succeeding induction coils 
so as to alternately collect the plasma in respective cusp 
?elds located at said induction coils whereby the plasma 
may be re?ected back and forth between the cusp ?elds 
of the respective induction coils for heating the plasma 
stepwise to higher temperatures. 
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