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1. 

2,992,345 
PLASMA ACCE LERATORS 

Siegfried Hansen, Los Angeles, Calif., assignor, by mesne 
assignments, to Litton Systems, Inc., Beverly Hills, 
Calif., a corporation of Maryland - 

Filed Mar. 21, 1958, Ser. No. 723,018 
35 Claims. (C. 313-63) 

This invention relates to plasma accelerators, and 
more particularly to electromagnetic accelerators which 
are capable of accelerating an ionized gas plasma to 
extremely high velocities and energy levels and at rela 
tively high flow rates. 
As herein utilized the term plasma designates a volume 

of gas in which an appreciable percentage of the atoms 
are ionized, but which contains the detached electrons 
within the same volume so that the gas as a whole is 
electrically neutral. Except for mechanical rigidity, 
therefore, a plasma is very similar to a metal in its prop 
erties since the detached electrons remain uncombined 
for relatively long periods and can move about at ran 
dom within the boundaries of the gas volume. In fact, 
it can be readily demonstrated that the electrical con 
ductivity of a relatively highly ionized plasma can actually 
exceed that of Such good electrical conductors as copper 
and silver. 

It has been recognized by science that a gas accelerat 
ing method which produced both extremely high-veloc 
ities and large flow rates would have a number of valu 
able applications. For example, one area of tremendous 
import for Such a device would be its use as a concen 
trated heat source with the capability of producing ex 
tremely high and heretofore unattainable temperatures; 
as Such a plasma accelerator could be utilized in various 
controlled thermal processes, such as for providing a 
controlled thermonuclear reaction. Another use for a 
device of this nature would be in a hypersonic wind 
tunnel for testing of high altitude vehicles, while still 
a further conceivable use would be as a thrust producing 
device with high specific impulse to thereby provide a 
propulsion unit for inter-orbital space vehicles. 

In the prior art many devices have been developed 
for accelerating gas to extremely high velocities. Per 
haps the foremost of these is the well known particle ac 
celerator of the nuclear physicist, wherein small quantities 
of gas in the form of free ions are given repeated im 
pulses by an alternating current field until a speed closely 
approximating the speed of light is achieved. Despite 
the high velocities which these devices achieve, however, 
they are inherently limited to extremely low flow rates 
by the fact that the free ions create a space charge which 
tends to cancel the accelerating field. 

It is also well known in the prior art that relatively. 
large quantities of gas can be accelerated to provide high 
flow rates, as is done by thermal methods in internal 
combustion reaction motors wherein the random velocity 
of the molecules of a burning gas are converted to a 
directed velocity by permitting the gas to expand in a 
properly designed nozzle. 

limited to a relatively low value by the energy: of the 
fuel and by the fact that the combustion chamber wall 
must be kept below destructive temperatures. 

It will be recognized from the foregoing discussion that 
although these prior art techniques may perform satis 
factorily in numerous applications, they cannot provide 
both the high flow rates and extremely high velocities 
which science has been seeking for the particular applica 
tions enumerated hereinabove. Moreover, it is equally 
apparent that these prior art techniques cannot be com 
bined to provide the desired flow rates concomitantly, 
with high velocities, 

Unfortunately, in these de 
vices the maximum velocity which the gas can attain is 
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Still another technique known in the prior art for gen 

erating extremely high plasma temperatures involves the 
use of a gas filled toroid around which a magnetic field 
winding is placed. According to this technique the gas 
in the toroid is ionized and a circulating current of in 

: tense magnitude is then induced therein, the circulating 
current then producing what is known as pinch effect 
to constrict the gas violently to a toroidal form having 
as small a volume as possible. - 
While this technique has produced effective tempera 

I tures as high as five million degrees centigrade, it is 
limited by several serious disadvantages. Firstly, the 
maximum temperature achievable thereby is limited by 
radiation due to the high inter-particle relative velocities. 
Secondly the gas is trapped in the toroidal chamber and, 

is cannot be emitted in high velocity output bursts. Final 
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ly, the fact that the temperature is achieved in the center 
of the gas toroid by radial acceleration of the particles. 
toward the toroidal axis limits the practical usefulness 
of the reaction. 4. 
The present invention, on the other hand, provides. 

electromagnetic accelerators which combine the advan 
tages of the several prior art techniques while overcom 
ing their inherent limitation, thereby filling the void 
which exists in the art. In accordance with the basic. 
concept of the invention there are provided electro 
magnetic accelerators which are operative to linearly 
accelerate a volume of gas plasma through the use of 
electromotive principles whereby a moving magnetic 
field which is accelerating in space is employed to induce 
electric currents in the gas plasma which interact with 
the accelerating field to accelerate the plasma. 
More particularly, the electromagnetic accelerators of 

the present invention include structure for generating an 
accelerating magnetic field, and are operable upon an 
annular or ringshaped plasma mass introduced at one 
end of the structure to produce accelerated plasma output 
bursts at the opposite end. Owing to the good conduc 
tivity of gas plasma, the plasma mass entering the struc 
ture has circulating electrical currents induced therein, 
and reacts with the moving magnetic field in substantially. 
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the same manner as the rotor of an induction motor by 
moving after the advancing field. Inasmuch as the mag 
netic field is accelerating in lieu of moving at a constant 
velocity, however, the plasma mass is accelerated as it. 
advances through the accelerating structure, the velocity 
of the plasma lagging or slipping slightly with respect 
to the field velocity to thus maintain the ionization of 
the plasma. 
As will be disclosed in more detail hereinbelow, the 

accelerating structures of the various embodiments of the 
invention are termed either hard or soft, and either 
straight or convergent, depending upon the ultimate ap 
plication in which the accelerator is to be utilized. More 
specifically, the terms soft and hard refer to the total 
acceleration imparted to the plasma, or stated differently, 
the velocity of the output plasma, a hard accelerating 
structure producing output bursts at higher energies and 
terminal velocities than a soft accelerator. The terms 
straight and convergent, on the other hand, refer to the 
shape of the accelerating structure and field, a straight 
accelerating structure functioning to produce plasma out 
put rings whose cross-sectional area is approximately the 
same as that of the input plasma mass, whereas a con 
vergent accelerating structure produces output plasma 
rings which are also accelerated radially inward and 
which therefore tend to focus at a point remote from 
the accelerating structure. 

In each of the several embodiments of the invention 
there is also provided a source of gas plasma, and a 
source of electrical energy for energizing the accelerating 
structure to produce the requisite accelerating field, In 

  



3 
addition, an electromagnetic accelerator constructed in 
accordance with the invention may also include an 
evacuated enclosure with suitable pumping equipment, 
depending upon the use to which the accelerator is put. 

It is, therefore, an object of the invention to provide 
apparatus for accelerating a gas mass to extremely high 
velocities at relatively high flow rates. 

It is a further object of the invention to provide appara 
tus for linearly accelerating relatively large amounts of 
gas plasma to extremely high velocities. . . . . . . 

Another object of the invention is to provide electro 
magnetic accelerating apparatus which employs electro 
motive principles for linearly accelerating a gas plasma 
mass to extremely high velocities. 

Still another object of the invention is to provide elec 
tromagnetic accelerating apparatus wherein a magnetic 
field accelerating linearly in space is employed to induce 
electrical currents in an annular mass of gas plasma to 
thereby produce an induction motor effect whereby the 
plasma mass follows after the advancing field. - 
The novel features which are believed to be charac 

teristic of the invention, both as to its organization and 
method of operation, together with further objects and 
advantages thereof, will be better understood from the fol 
lowing description considered in connection with the ac 
companying drawings in which several embodiments of 
the inventon are illustrated by way of example. It is to 
be expressly understood, however, that the drawings are 
for the purpose of illustration and description only, and 
are not intended as a definition of the limits of the 
invention. . . 

FIG. 1 is a block diagram illustrating the basic ele 
ments of a plasma accelerator, in accordance with the 
present invention; 

FIG. 2 is a cross-sectional view, partly in block dia 
gram form, of a plasma accelerator illustrating the man 
ner in which the various elements thereof cooperate; 
FIG. 3 is an isometric view of a shutter disk which may 

be employed in the accelerator embodiment of FIG. 2 for 
producing controlled bursts of an ionizable gas; 
FIG. 4 is a schematic diagram of an accelerator field 

winding and the associated circuits which may be em 
ployed for energizing the accelerator shown in FIG. 2; 

FIG. 5 is a plan view, partly in section, of an accelera 
tor field winding illustrating one form of construction 
which may be employed therein; 

FIG. 6 is a graph which is useful in illustrating one 
manner in which the accelerator of the invention may be 
employed to accelerate an annular plasma mass; 

FIG. 7 is a diagrammatic view of an alternative em 
bodiment of a plasma accelerator, in accordance with 
the invention; 

FIG. 8 is a graph illustrating the magnetic field winding 
distribution which may be utilized with the polyphase 

FIG. 7; and 
FIG. 9 is a diagrammatic view of still another plasma 

accelerator according to the invention. - - 
With reference now to the drawings, wherein like or 

corresponding parts are designated by the same reference 
characters throughout the several views, there is shown in 
FIG. 1 a generalized block diagram of an electromagnetic 
plasma accelerator, according to the invention, indicating 
the principal elements thereof and the manner in which 
they cooperate. Fundamentally the accelerator includes 

erally designated 10, for ionizing a suitable gas and 
emitting the ionized gas together with the detached elec 
trons in an annular plasma mass, a hollow accelerating 
structure, generally designated 12, for receiving the plasma 
mass at one end thereof, and an energy source 14 for 
energizing structure 12 to accelerate the plasma mass 
through the accelerating structure to produce high energy 
output bursts of plasma at the opposite end thereof. 

2,992,345 
4. 

In addition to the foregoing elements the accelerator 
will usually also include an associated exhaust system 
including a chamber 16 and associated exhaust equipment 
18 for maintaining the interior of the accelerating struc 
ture at a relatively low pressure to assure a reasonably 
long mean free path for the particles passing therethrough. 
As will be understood more clearly from the detailed 
description set forth hereinbelow, the ultimate use to 
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which an accelerator is put will in general determine 
whether an exhaust system is necessary, and what the 
capacity of the system should be. For example, if the 
accelerator is utilized as a generator of extremely high 
temperatures in a ground installation, exhaust pumps or 
a suitable accumulator system are necessary, whereas it 
will be recognized that if an accelerator were to be used 
as a propulsion unit for a vehicle traveling in space such 
an exhaust system would not be required. 

Returning now to the description of FIG. 1, plasma 
source 10 in turn comprises a source 20 of a suitable 
ionizable gas, and an ionizing chamber 22 which func 
tions to ionize the gas received from source 20 to form 
the gas plasma, and in addition, to deliver the gas plasma 
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three basic elements, namely, a gas plasma source, gen 
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to the accelerating structure on demand and in annularly 
shaped masses. As will become more apparent from the 
description set forth hereinafter, gas source 20 may be a 
simple source of gas at predetermined pressure, or may 
comprise a boiler for producing an ionizable vapor from 
a liquid, the nature of the gas source and the specific gas 
which is utilized being determined by the use to which the 
accelerator is to be put. For example, if an accelerator 
in accordance with the invention were to be employed in 
a thermonuclear reactor, the gas source would include 
means for supplying atoms of deuterium, tritium or 
helium 3, whereas a simple air source would supply 
ionizable gas for a high altitude wind tunnel. In still 
other applications, on the other hand, it may be desirable 
to use a gas whose molecules have a higher molecular 
weight, such as mercury vapor which may be generated 
in a boiler or the like. It should be noted here that it 
may also be desirable to employ a condensable gas such 
as mercury in still other applications of the accelerator 
where an exhaust system is required, since suitable con 
densers could then be utilized to reduce the capacity of 
the exhaust pumps employed in the system. 

In a similar manner, the construction of the ionizing 
chamber and its associated interconnection with the gas 
source will depend at least to some extent upon the ulti 
imate application of the accelerator embodiment in which 
it is to be employed. More specifically, in certain applica 
tions, especially those where an associated exhaust system 
is required, it may be desirable to deliver the plasma to 
the accelerating structure in annular bursts through a 
suitable shutter mechanism, whereas in other applications 
it may be sufficient to deliver the plasma to the accelerat 
ing structure in a continuous hollow stream. 
With reference now to FIG. 2, there is shown one form 

of plasma accelerator, in accordance with the invention, 
which employs a convergent accelerating structure 12 for 
generating extremely high temperatures at a predeter 
mined point in an exhaust chamber 16 by accelerating an 
nular bursts of plasma received from the plasma source 
10. In this particular embodiment of the invention the 
plasma source comprises a gas containing chamber 24 
into which an ionizable gas is introduced through a valve 
26 and is held at a predetermined pressure, and a com 
bined annular nozzle and ionizing chamber formed by a 
conical ionizing electrode 28 and an associated base plate 
30 having a conjugate conical depression formed therein, 
electrode 28 being mounted adjacent the base plate by a 
plurality of insulating studs 32 at least one of which is 
hollow to admit an electrical connector 33 for applying 
an ionizing potential V to the electrode. 

In addition to the foregoing elements the plasma source 
also includes a mechanical shutter mechanism, generally 
designated 34, for intermittently passing bursts of gas 
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from chamber 16 into the nozzle formed by electrode 28. 
As shown in FIG. 2, the shutter mechanism comprises a 
metallic disk 36 which is driven by an electric motor 38 
mounted within chamber 24, the disk including one or 
more apertures 40 drilled therethrough, as shown in de 
tail in FIG. 3. In operation these apertures are utilized 
to periodically intercouple a pair of apertures 42 and 
44 located in the right hand end of chamber 24 and in 
base plate 30, respectively, to thereby provide a conduit 
for introducing gas to the annular nozzle formed by ion izing electrode 28. 
As further shown in FIG. 2, the shutter mechanism 

also includes an exhaust port 46 which is utilized to re 
move any gas which may leak past disk 36 when the disk 
is blocking aperture 42, thereby assuring that substantially 
no gas is delivered to the accelerating structure except 
through the apertures in the disk. In addition, the shut 
ter mechanism further includes a magnetic transducer 48 
which is mounted in base plate 30 adjacent the periphery 
of disk 36, the transducer being utilized to sense the ap 
pearance therebeneath of either of a pair of ferromagnetic 
slugs 50 which are inset in the periphery of disk 36. As 
will be described in more detail hereinbelow, the signals 
derived from the transducer are utilized to synchronize 
the energization of the accelerator with the operation of 
the shutter mechanism, or in other words, to synchronize 
the generation of the accelerating field with the appear 
ance of the plasma burst from the plasma source. 

Continuing with the description of the particular em 
bodiment of the invention shown in FIG. 2, the accel 
erating structure 12 comprises a glass or ceramic inner 
envelope member 52 over which a plurality of individual 
field winding sections 54-1 through 54-in are stacked, 
the envelope member and the associated field winding 
sections having the configuration of a conical frustrum. 
As further illustrated in FIG. 2, the divergent end of 
envelope member 52 is sealed against base member 30 
by a suitable gasket 56, while the convergent end of the 
envelope member is sealed against a flange 58 of ex 
haust chamber 16 by a second gasket 60. 

Before considering the detailed construction of the 
field windings employed in the embodiment of FIG. 2, 
consider first the structure of electrical energy source 14 
and the manner in which the energy source functions to 
energize the field winding sections to provide the requisite 
accelerating field. As shown in FIG. 2 the electrical 
energy source comprises a plurality of timing circuits 
designated 62-1 through 62-n, and a corresponding plu 
rality of associated pulse generators designated 64-1 
through 64-n, respectively, each timing circuit and its as 
sociated pulse generator being electrically coupled to the 
accelerator field winding section designated by the same 
reference suffix. In operation, as will be disclosed in 
more detail hereinbelow, each timing circuit is responsive 
to electrical signals received from the previously described 
transducer 48 through a pulse forming network 66 for 
clocking off a predetermined interval at the end of which 
time the associated pulse generator is actuated to energize 
the associated field winding of accelerator 12. It will 
be appreciated, therefore, that the energization of the 
field windings may be controlled sequentially to provide 
an accelerating field by merely employing a predeter 
mined schedule of delay periods in the successive timing 
circuits. 
With reference now to FIG. 4 there is shown a sche 

matic diagram of a field winding section 54, and one 
form of associated timing circuit 62 and pulse generator 
64 which may be employed for controlling the energiza 
tion thereof. In the schematic diagram of FIG. 4 the tim 
ing circuit employs what is known to the art as a cath 
ode-coupled single-shot multivibrator for generating a 
variable delay, the multivibrator including a pair of 
pentode vacuum tubes 66 and 68 whose cathodes are cont 
nected to ground through a common cathode resistor 69 
and whose anodes are connected to a source of anode 
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6 
voltage through a pair of plate resistors 70 and 71, re 
spectively. The anode of tube 66 is also coupled to the 
control grid of tube 68 through a variable timing capac 
itor 72, the control grid of tube 68 in turn being coupled 
to a source of bias voltage through a timing resistor 73. 
The control grid of tube 66, on the other hand, is cou 
pled to an input terminal 74 through a differentiating 
circuit, generally designated 75, which functions to dif 
ferentiate negative-going input signals and apply them 
to the control grid of tube 66 while blocking positive 
going input signals. 
In operation tube 66 is normally conducting while tube 

68 is held below cut-off by the bias through resistor 73. 
Upon the receipt of a negative-going input pulse tube 66 
is rendered non-conducting, the consequent rise in anode 
potential thereby driving tube 68 to its conducting state. 
In the customary regenerative manner tube 66 is then 
held cut-off by the current through cathode resistor 69 
until the RC timing network formed by capacitor 72 and 
resistor 73 returns the control grid of tube 68 to its cut 
off value at which time the conduction states of the tubes 
revert to their initial values. As will be recognized by 
those skilled in the art, the period during which tube 68. 
conducts may be controlled by the values selected for 
capacitor 72, resistor 73 and the associated bias voltage. 

Pulse generator 64, in turn, comprises a thyratron 76 
whose control grid is connected to a pulse transformer 
78 in the anode circuit of a pentode driving stage 80, 
the control grid of the pentode being coupled to the anode 
of tube 68 in timing circuit 62 through a pulse differen 
tiator generally designated 82. The circuit is completed 
by an anode resistor 84 connected to the thyratron and a 
tuned circuit load comprising a capacitor 86 and the pri 
mary winding of a step-up transformer 88 within field 
winding section 54. 

In operation the driving stage 80 is normally held be 
low cut-off and thus does not respond to the negative 
going signal developed in the timing circuit when the mul 
tivibrator utilized therein is switched to its astable state, 
this negative-going signal serving merely to switch the 
succeeding timing circuit to its astable state. However, 
at the end of the astable period when the timing circuit 
multivibrator again reverts to its stable state, the posi 
tive going pulse developed at the anode of tube 68 is dif 
ferentiated by differentiator 82 and functions to drive pen 
tode 80 above cut-off. Accordingly, a sharp positive 
pulse is developed by pulse transformer 78 for switch 
ing on thyratron 76 to thereby apply an output pulse to 
transformer 88, the tuned circuit formed by capacitor 
86 and the primary winding of transformer 88 function 
ing to quench the thyratron after one half cycle of oscil 
lation as the current through the transformer attempts to 
reverse. 
Considering next the structure of field winding section 

54, one end of the secondary winding of transformer 88 
is connected to a source of high voltage, shown here to be 
10 kilovolts, while the other end of the secondary is con 
nected to a central spark electrode 90 which is positioned 
between and spaced from two additional spark electrodes 
92 and 94. As shown in the embodiment of FIG. 4, elec 
trode 92 is grounded through an associated field winding 
96, while electrode 94 is connected to a high voltage ca 
pacitor 98 which is in turn connected to a second source 
of high voltage through a limiting resistor 100, this latter 
voltage being shown here as 20 kilovolts. 

Before describing the operation of the field winding sec 
tion it should be noted that the arc gap spacing between 
electrodes 90 and 92 is made sufficiently large so that the 
gap will not arc over at the voltage applied to the sec 
ondary of transformer 88, in this illustrative instance 10 
kilovolts. In a similar manner, the arc gap spacing be 
tween electrodes 90 and 94 is made sufficiently large so 
that the gap will not normally arc over at the voltage 
differential between 20 kilovolts and 10 kilovolts, but will 
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arc over, if subjected to a voltage approaching 20 kilo 
volts. 

In operation, therefore, capacitor 98 will be charged 
through resistor 100 to substantially 20 kilovolts, which 
is its quiescent operating voltage. Upon the application 
of a pulse to step-up transformer 88, thereafter, spark 
electrode 90 is driven to a still higher voltage at which 
electrode 90 arcs over to electrode 92, the low resistance 
path formed by the ions in the arc thereby placing sub 
stantially 20 kilovolts across the gap between electrodes 
90 and 94. Consequently an arc is also drawn between 
these latter two electrodes, thereby closing a low im 
pedance discharge path through field winding 96 for ca 
pacitor 98. 

It should be noted at this point that field winding 
96 is preferably a single turn conductor in order to mini 
mize the inductance thereof, while capacitor 98 preferably 
has a small an inductance as feasible. The reasons for 
this preference will be best understood from the opera 
tional description of the plasma accelerator of the in 
vention as set forth hereinafter. It may be noted at 
this point, however, that the storage capacitor and the 
inductance of the discharge path for each field winding 
form a tuned circuit resonant at a preselected radio fre 
quency. In order to generate the strongest magnetic 
field within the accelerator at the selected frequency, it is 
clear that the largest feasible current should flow through 
the field winding, which in turn means that the storage 
capacitor must be relatively large while the charging volt 
age should be as high as practical. Since the resonant 
frequency of a series tuned circuit is an inverse func 
tion of the product of inductance and capacitance, it fol 
lows that for any given frequency the inductance must 
be minimized if capacitance is to be maximized. More 
over, since the surge impedance of a series tuned cir 
cuit is a direct function of inductance and an inverse 
function of capacitance, it follows that a small induc 
tive reactance coupled with a large capacitance will also 
minimize the surge impedance presented to the discharge 
of the capacitor, thus further serving to maximize the cur 
rent surge at the selected frequency. 

It is also important to note at this point that while 
electrical energy source 14 in FIG. 2 is shown to include 
only the timing circuit and pulse generator associated 
with each field winding, the electrical energy source ac 
tually includes the pulse transformer, spark gap electrodes 
and storage capacitor shown as part of field winding 
Section 54 in FIG. 4. The purpose in describing these 
elements as part of the field winding section, as will be 
understood from the description of FIG. 5, is that in 
practice it is preferable to combine these elements with 
the field winding per se in a mechanically integrated pack 
age in order to minimize the inductance of the discharge 
path through the field winding. 

Referring now to FIG. 5, there is shown a cross-sec 
tional view of a typical field winding section 54 illustrat 
ing one manner in which the various elements thereof 
may be packaged to minimize the inductance of the field 
winding circuit. As shown in FIG. 5 the field winding 
per se comprises a relatively large single turn conductor 
96 which is imbedded in a suitable insulating material 
102, which may be an epoxy resin, for example. In ad 
dition the field winding is surrounded by a conductive 
shield 104 which may be constructed to nest with the 
shields on the adjacent field windings as shown in FIG. 2, 
and which functions to suppress the formation of an ex 
ternal field and thereby reduces the total inductance of 
the winding. 

Continuing with the description of FIG. 5, one end of 
field winding 96 is brought out radially through a funnel 
like member 106 which is brazed or otherwise affixed 
to shield 104, this end of the field winding being con 
nected directly to spark gap electrode 92. The other end 
of the field winding, on the other hand, is grounded to a 
tab 108 which depends into the insulating material from 
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8 
member 106. Spark gap electrode 94, in turn, is con 
nected directly to an insulated terminal 110 of the high 
voltage capacitor 98 whose outer shell forms the second 
capacitor terminal and which is grounded to member 106 
through a cylindrical sleeve 112. The electrical connec 
tion to the high voltage source employed for charging 
capacitor 98 is also made to insulated terminal 110, as 
shown in FIG. 5, through an insulated terminal 114 
mounted in a suitable aperture in the periphery of sleeve 
12, 
The structure of the field winding section is com 

pleted by pulse transformer 88 the secondary winding 
of which is potted around a core 115, the ends of the 
secondary winding terminating in a pair of arms extend 
ing outwardly from the core. As shown in FIG. 5, the 
left arm is held in place by a bracket 116 affixed to shield 
104, while the right arm extends through an aperture in 
sleeve 112 and is held in position thereby, the central 
spark gap electrode 90 being mounted directly to the 
secondary winding of the transformer. Finally, the pri 
mary winding of the pulse transformer is provided by an 
insulated conluctor 118 which is merely passed around 
the core of the transformer. 

Returning now to FIG. 2, consider the manner in 
which the plasma accelerator of the invention operates 
to accomplish the desired function. Assuming that ex 
haust chamber 16 has been evacuated previously, rota 
tion of shutter disk 36 by motor 38 functions to admit 
periodic bursts of gas from chamber 24 into the com 
bination ionizing chamber and nozzle formed by conical 
electrode 28 and base plate 30. At this point a relatively 
large number of the gas molecules in each burst of gas 
are ionized by the ionizing potential applied to elec 
trode 28, thereby forming a plasma mass which flows 
into the accelerating structure as an annular plasma mass 
or ring traveling at thermal velocity. 

|Concomitantly with the generation of each plasma ring 
a synchronizing signal is transmitted to electrical energy 
source 14 and therein functions to actuate timing circuits 
62-1 through 62-n which in turn function to energize 
their associated field windings in sequence and in accord 
ance with a predetermined schedule of delay intervals. 
Thus as the annular plasma mass approaches the field 
winding of field winding section 54-1, pulse generator 
64-1 is actuated by timing circuit 62-1 to fire the arc 
gap in field winding section 54-1, thereby generating 
an extremely strong magnetic field around its associated 
field winding. 

Consider now the effect of the build-up of the magnetic 
field upon the annular plasma ring which has just been 
introduced into the accelerating structure. Since the 
electrical conductivity of a relatively high ionized gas 
plasma can actually exceed that of such good conductors 
as copper and silver, it is apparent that the plasma ring 
will act as an electrical conductor moving in a magnetic 
field, and thus a circulating electrical current will be 
induced therein. It may be noted here that the relative 
movement between the plasma ring and the magnetic field 
which serves to induce these circulating currents is prin 
cipally a function of the movement of the rapidly ex 
panding magnetic field rather than the initial velocity of 
the entering mass of plasma which is moving at a rela 
tively low velocity. It should also be noted that current 
is carried by both electrons and ions moving in opposite 
direction, the electron current predominating. 
The current induced in the plasma ring is in turn opera 

tive to produce several different effects. Firstly the cur 
rent will generate a toroidal shaped magnetic field of its 
own surrounding the plasma ring, this field reacting with 
the current in the ring to generate a pinching force which 
tends to decrease the cross-sectional area of the plasma 
ring. This phenomenon will be recognized by those 
familiar with gaseous discharge phenomena as the well 
known "pinch effect.' 

Secondly the current in the plasma ring will react with 



2,992,845. 
9 - 

the magnetic field generated by the field winding to create 
an accelerating force operating on the plasma mass to 
thereby accelerate the plasma toward the exhaust cham 
ber. Finally, the current flowing in the plasma ring and 
the attendant inter-particle collisions will serve to main 
tain the ionization of the plasma ring, thereby maintain 
ing the excellent conductivity thereof. 
As the plasma mass thereafter increases in velocity, 

the remaining field windings are energized in sequence in 
accordance with the predetermined schedule of delays, 
and thereby function to produce an accelerating field 
through the accelerating structure, the field reacting with 
the current in the plasma mass to accelerate the plasma 
continuously until the plasma is ejected from the acceler 
ating structure into the exhaust chamber 16 at a ter 
minal velocity which is dependent upon the accelera 
tion imparted thereto and the period through which 
the accelerating force is applied. Meanwhile any tenden 
cy of the current to decrease in the plasma ring while it 
is being accelerated will be accompanied by slippage of 
the plasma with respect to the accelerating field, since the 
accelerating force applied to the plasma ring is a direct 
function of the current in the ring. Any slippage of the 
accelerating plasma ring with respect to the accelerating 
field, however, will obviously tend to increase the cur 
rent flowing in the plasma ring and will thus tend to in 
crease the accelerating force acting to increase the veloci. 
ty of the plasma mass as it moves through the accelerating 
structure. 

It will be recognized from the foregoing generalized 
description of operation that the manner in which the 
plasma ring follows the moving field through the acceler 
ating structure is analogous to the manner in which the 
rotor of an induction motor follows after the advancing 
field generated by the stator thereof. However, there 
are two important distinctions between the operation of 
an induction motor and the plasma accelerator of the 
invention. Firstly, the field in the plasma accelerator 
of the invention is moving at an ever increasing velocity 
due to the acceleration thereof, while the field in an 
induction motor moves at a constant velocity. Secondly, 
the accelerator of the present invention imparts a sub-; 
stantially linear movement to an annular conductive: 
plasma, while an induction motor imparts rotational 
movement to a plurality of linear conductors. 
Considering now the operation of the plasma accelerator 

of FIG. 2 in more detail, there is shown in FIG. 6 a 
composite graph illustrating the time relationship be 
tween field winding energization, plasma ring position, 
plasma ring velocity and plasma ring acceleration for 
a plasma ring of preselected mass moving in an acceler 
ating field of predetermined magnitude. Before de 
scribing the various curves it should be noted from the 
ordinate scales that only the first 15 field windings of a 
plasma accelerator are here taken into consideration, 
each field winding being separated from adjacent field 
windings by 2/2 centimeters taken along the axis of the 
accelerating structure. It should also be noted that the 
units shown on the left hand ordinate scale apply to posi 
tion, velocity and acceleration of the plasma ring, the 
appropriate scale factor for each function being set forth 
adjacent the corresponding curve. 

Recalling now that the plasma ring enters the accelerat 
ing structure at thermal velocity, which will correspond 
approximately to sonic velocity, it will be recognized that. 
the initial plasma velocity is negligibly small on the 
velocity scale of FIG. 6. In addition, it is readily ap 
parent that until the first field winding is energized the 
acceleration forces acting upon the plasma ring are sub 
stantially zero, since only a relatively small decelerating 
force due to friction and inter-particle collisions is acting 
upon the plasma. - 
When the first field winding is energized at time. to : 

therefore, a relatively large amount of the energy in the 
magnetic field generated thereby is employed to induce:: 
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a; circulating current in the annular plasma mass, this 
current in turn reacting with the inducing field to generate 
an accelerating force which continually increases as the 
current increases. Since the velocity of the plasma ring 
will increase as the integral of acceleration with respect 
to time while the position of the plasmaring will change 
as the integral of velocity with respect to time, it will be 
appreciated that the increase in plasma velocity and the 
change in plasma position in the accelerating structures 
are both relatively small during this initial period im 
mediately after field winding 54-1 is energized and before 
field, winding 54-2 is energized. - 

Returning now to FIG. 6, it will be seen that the sec 
ond field winding is energized shortly after the energiza 
tion of the first field winding while the position of the 
plasma ring has moved only a relatively short distance, 
and that the third, fourth and fifth field windings are also 
energized in sequence before the plasma ring has moved 
to a position immediately under the second field winding. 
In fact it will be seen from the acceleration curve and 
field-winding energization schedule that the accelerating 
force-acting on the annular plasma mass continues to in 
crease as each of the first seven field windings is energized, 
the acceleration thereafter remaining constant at substan 
tially. 17x109 meters/sec.2. - 

It should be noted at this point that the accelerating 
field employed for moving the annular plasma mass at 
an ever increasing velocity through the accelerating struc 
ture may be generated in practice by energizing the field 
windings in a sequence which appears almost linear with 
respect to time, as shown by the energization schedule 
of FIG. 6. To explain this apparent anomaly it is neces 
sary to consider the shape of the accelerating field and 
the manner, in which the energization of the field wind 
ings functions to maintain the desired field configuration. 
More specifically, it may be shown analytically that the 

plasmaring preferably should be located at all times in 
a plane where the magnetic field vector adjacent the plas 
maring is substantially normal to the sides of the accel 
erating structure, since the accelerating force acting at 
each point on the plasma will act orthogonal to the plane 
of the accelerating field vector and plasma current at that 
point. It has been found that a moving field having this 
desired configuration may be generated by tuning the suc 
cessive field windings to successively higher resonant fre 
quencies, and then energizing each successive field wind 
ing after a delay which is only a relatively small portion. 
of the oscillation period of the preceding field winding. 
The field windings will thus produce a composite mag 
netic field which moves as a function of the phase and 
frequence difference between successive windings, or in 
other words, which moves as the component of magnetic 
field contributed by each field winding varies with respect 
to that contributed by adjacent field windings owing to the 
fact that the different field windings are energized at 
different times and the fact that the field windings are 
tuned to successively higher frequencies. 

It should be noted here that the resonant circuits of 
the field windings function as damped ringing circuits 
after they have been energized, the current reversal in 
the earlier field windings due to this ringing phenomena 
producing, a magnetic field component which interacts 
with the magnetic field components generated by succeed 
ing field windings to produce the desired normal field 
pattern for accelerating the plasma ring. It should be 
further noted that when the first field winding alone has 
been energized, the desired radial field pattern is simu 
lated in part by a magnetic field image produced by eddy 
currents induced in base plate 30 of FIG. 2 by the ac celerating field. 

Returning again to the curves of FIG. 6, it will be seen 
that after the desired circulating current has been estab-. 
lished in the plasma ring, the acceleration remains rela 
tively contant as previously described and the position 
of the plasma ring advances very nearly in accordance 
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with the sequential energization of the field windings ex 
cept for a small amount of slippage necessary to main 
tain the circulating currents in the plasma ring. To illus 
trate this latter point in more detail, it will be noted that 
the time lapse between the energization of the eighth 
and ninth field windings is approximately .5 microsecond, 
which correspond to a velocity of 50,000 meters per Sec 
ond for field windings spaced 2% centimeters apart, while 
the time lapse between the energization of the fourteenth 
and fifteenth windings is approximately 28 microsecond 
which corresponds to a velocity of 89,000 meters per sec 
ond. As shown by the velocity curve, on the other hand, 
the average velocity of the plasma ring in the interval 
between the energization of the eight and ninth field wind 
ings is approximately 48,000 meters per second, and in 
creases to an average velocity of approximately 82,000 
meters/second during the interval between the energiza 
tion of the fourteenth and fifteenthfield windings. Hence, 
the plasma is accelerated to a velocity approximately one 
thousandth the velocity of light, or, in other words, to 
a velocity approaching the speed of light. It is clear, of 
course, that the velocity of that plasma can be easily 
increased or decreased by merely increasing or decreasing 
the length of acceleration. Therefore, the plasma veloc 
ity at the accelerator output can be more correctly de 
scribed as being greatly in excess of sonic velocity. . . . . 

Consider now the various interrelated parameters which 
should be considered when designing a plasma accelera 
tor in accordance with the present invention. It should 
first be recalled from elementary physics that the force 
acting upon a current carrying conductor in a magnetic 
field is directly proportional to the product of the mag 
netic field strength and the current flowing in the con 
ductor. Accordingly it follows that maximum accelera 
tion for a plasma ring of given mass would be achieved 
by maximizing both field strength and the current flowing 
in the plasma. 
desired to provide uniform acceleration after the desired 
circulating current has been induced in the plasma, the 
strength of the accelerating magnetic field operation on 
the plasma should also be uniform. 

In general it may be stated that the magnetic field 
should be made as strong as practical for several rea 
sons. Firstly, the stronger the magnetic field, the less 
current which must be sustained in the plasma mass to 

Minimization of the achieve a specified acceleration. 
current flowing in the plasma ring in turn will require 
less slippage of the plasma with respect to the accelerating 
field in order to maintain the plasma current, thus also 
signifying that the acceleration can be applied for a 
longer period and that there will be a smaller power loss 
through heat in the plasma. 
A second reason for employing the strongest practical 

magnetic field relates to the mass of the plasma which 
may be accelerated in each plasma burst. It is readily 
apparent, of course, that for a given terminal velocity the 
maximum output energy will be delivered by a plasma 
ring whose mass is maximized. In general it will be 
recognized that if all other factors such as field strength 
and field acceleration are held constant, the larger the 
mass of the plasma, the larger the current required to 
maintain the accelerating force and hence the larger the 
slippage of the plasma with respect to the accelerating 
field. On the other hand, it is also aparent that the use 
of a stronger accelerating magnetic field will permit a 
larger mass to be moved at the desired acceleration with 
out increasing the value of the circulating current in the 
plasma. 

It will be recognized from the foregoing discussion 
that acceleration is directly proportional to field strength 
and plasma current and is inversely proportional to 
plasma mass, or in other words 
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wherein M is mass per unit length and all units are in the 
MKS system. It is important to note, however, that 
while each of these parameters may appear equally sig 
nificant in its effect on the output energy deliverable from 
a plasma accelerator as herein disclosed, it may be read 
ily demonstrated by analysis that increased acceleration 
and output energy is best obtained by an increase in field 
strength. Recalling then the discussion hereinabove of 
the field winding section shown in FIG. 5, it will now be 
appreciated why it is preferable to minimize the induct 
ance of each field winding, to employ relatively large dis 
charge capacitors, and to operate at as high a voltage as 
practical, since the proper selection of these values will 
provide maximum field strength within the accelerating 
structure while still enabling the field windings to resonate 
at the desired frequencies. 

Considering now the physical dimensions of the ac 
celerating structure it will be appreciated that there is a 
considerable degree of latitude permitted in selecting the 
length and cross-sectional area of the accelerator. For 
example, if one assumes a given number of field windings 
per unit length of the accelerating structure, it is clear 
that a longer accelerating structure will provide a longer 
plasma transit time to achieve a desired terminal velocity, 
and hence for a given constant field strength less circulat 
ing current need be induced in the plasma ring to achieve 
the desired velocity. On the other hand, if one assumes 
that the field strength has been made as high as practical 
and that the field windings have been placed as close to 
gether as practical, the acceleration engendered thereby 
can be applied for a longer period of time to thereby 
produce a higher terminal velocity merely by making 
the accelerating structure longer so that additional field 
windings may be employed. It should be kept in mind, 
however, that for a longer accelerating structure it may 
be necessary to increase the pumping capacity of the 
exhaust chamber in order to insure that stagnant gas does 
not accumulate in the accelerator to a point where it ma 
terially increases the pressure therein. In general it may 
be stated that the pressure within the accelerating struc 
ture should be maintained below 1 x 104 millimeters of 
mercury if the accelerator is to be used for generating 
relatively high temperatures. 

Insofar as the cross-sectional area of the accelerator 
is concerned, on the other hand, it will be appreciated 
that the field strength for a given field winding current 
will be maximized by minimizing the accelerator cross 
sectional area. It must also be kept in mind, however, 
that the mass of the plasma in each burst must also de 
crease as cross-sectional area is decreased, and that the 
field which produces pinch effect in the plasma will also 
tend to expand the plasma ring if the diameter of the 
plasma ring is made too small. This latter effect will be 
discussed in more detail hereinbelow. 
As described previously, the phenomenon known as 

pinch effect is produced by the circulating current flow 
ing in the plasma mass, this current producing a toroidal 
field which envelopes the plasma and reacts with the cur 
rent in the plasma to produce a force which acts to re 
duce the cross-sectional area of the annular plasma mass. 
Thus as the circulating current is initially induced in the 
plasma mass, the cross-sectional area of the plasma starts 
to decrease and continues to decrease thereafter while 
the circulating current increases to the desired value. 
The decrease in plasma cross-sectional area is in turn ac 
companied by an increase in the internal pressure in the 
plasmaring, this latter force opposing the pinch effect. 
Accordingly, for a given circulating current the plasma 
ring will be pinched in an exponential manner until the 
internal pressure forces and the forces pinching the plasma 
are substantially equal. . . . . 

It is extremely important to note at this point that 
plasma accelerators constructed according to the teach 
ings of the present invention employ a moving sole 
noidally shaped field to provide high energy bursts of 
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plasma, and that the pinch effect is merely a result of 
the circulating current in the plasma rather than the 
Source by which the particles are accelerated. Thus an 
output burst of plasma may be emitted at a velocity 
which is an appreciable fraction of the speed of light 
while the relative velocities of the particles within the 
plasma with respect to each other is relatively low. 

It should be further noted, however, that the pinch 
effect is a useful phenomenon if it is desired to employ a 
plasma accelerator according to the invention for gen 
erating extremely high temperatures, since the pinch can 
be employed for concentrating the output plasma bursts. 
More specifically, it may be shown that the effective tem 
perature generated by the collision of a high velocity 
plasma with an object is inversely proportional to the 
area which the plasma strikes, or in other words, is in 
Versely proportional to the projected frontal area of the 
plasma at the point of impact. Since the pinch effect 
will tend to reduce the cross-sectional area of the plasma 
ring, it follows that it will also function to reduce the 
projected frontal area of the plasmaring if it is assumed 
that the diameter of the plasma ring is either constant or 
decreasing in size. It should be pointed out that in prac 
tice the pinch field around the plasma will also tend to 
increase the diameter of the plasma ring since the field 
at diammetrically opposite points on the plasma mass 
opposes itself. However, this tendency may be more 
than overcome by utilizing a convergent accelerating 
structure since the acceleration imparted to the plasma 
will then resolve into an axial component and a compo 
nent directed radially inward, this latter force effectively 
obliterating the tendency of the plasma to expand in di 
ameter from the pinch effect. It is then clear from the 
foregoing discussion that in determining the current which 
it is desired to have circulating in the plasma, consid 
eration should be given to the pinch effect which will 
be produced thereby, since the pinch effect will influence 
the effective temperature which the plasma can produce upon striking a target. 

Still another factor which should be considered in the 
clesign of a plasma accelerator in accordance with the 
present invention is the effect of plasma mass and duty 
cycle on the exhaust capacity of the system and the avail 
able electric power. More specifically, it will be recog 
nized that the frequency at which plasma bursts are 
emitted and the mass of each burst should be selected in 
view of the capacity of the exhaust pumps in order to 
maintain a sufficiently low pressure in the accelerator so 
that plasma bursts may flow therethrough unimpeded. 
Insofar as the input power consideration is concerned, 
on the other hand, the frequency at which plasma bursts 
enter the chamber must also be sufficiently low to en 
able the field winding storage capacitors to charge to the 
desired value of potential between successive energiza 
tions thereof. - 

In order to illustrate the relative magnitudes of the 
various interrelated parameters discussed hereinabove, the 
following table sets forth the specifications of an experi 
mental high-temperature plasma accelerator designed in 
accordance with the eachings of the invention. 

Table I 
Average mean flow ---------- 1.2x10 kg./sec. 
Pulse repetition rate -------- 60 cycles. 
Output velocity ------------ 105 meters/sec. 
Mass of each plasma burst --- 2x10 kg. 
Enery of each burst -------- 10 joules. 
Length of accelerator ------- 4 meters. 
Number of field windings --- 160. 
Duration of acceleration of 
each burst --------------- 20 microseconds. 

Duty cycle ---------------- 0.0012. 
Average acceleration -------- 5X109 meters/sec.2. 
Average mechanical force --- . 10 newtons. 
Average accelerating magnetic 
field.-------------------- 0.5 Weber/m.”. 
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Table 1-Continued 
Average ring current in plas 

--------------------- 200 amp. 
Pll a sm a temperature after 
pinch ------------------- 1390 K. 

Plasma pressure after pinch --- 2.91 newtons/m2. 
Pinch radius --------------- 1.48X 102 m. 
Pulse power demand -------- 500 kW. 
Average output power ------ 600 watts. 
Rate of heat generation in ring- 17.35 kw. 
It is to be expressely understood, of course, that the fore 
going values are merely illustrative and should not be in 
terpreted as limiting the scope of the invention. More 
particularly, it is obvious from the description set forth 
hereinabove that much higher terminal velocities may be 
achieved by increasing the length of the accelerator, by 
increasing the field strength, by decreasing the mass of 
each burst, or by otherwise controlling these and the other 
interrelated parameters discussed previously. Moreover, 
it will be recalled that the plasma accelerator may be 
employed in applications other than in the generation 
of extremely high temperatures, in which instances it may 
be desirable to produce a higher mass flow rate at a 
lower terminal velocity, for example. 

With reference now to FIG. 7 there is shown a di 
agrammatic view of another embodiment of a plasma ac 
celerator, in accordance with the invention. In this par 
ticular embodiment of the invention plasma source 10 
comprises a chamber 20 containing a condensible gas, 
such as mercury, which may be vaporized by a heater 
200, an ionizing chamber 22 including an electrode 202 
for ionizing the vapor received from chamber 20, and 
an annular nozzle 204 which delivers an annular plasma 
mass to an accelerating structure 12 which is energizable 
from an electrical energy source 14, which in this in 
stance comprises a polyphase generator or alternator. 
As shown in FIG. 7, the accelerator structure com 

prises a hollow cylindrical outer member 206 and a cylin 
drical inner member 208 concentric therewith, each of 
these members including a plurality of longitudinal lam 
inates of ferromagnetic material which are stacked cir 
cumferentially against an associated cylindrical support 
ing element. The individual laminates also include a 
plurality of slots spaced along the length thereof, the 
slots in each laminate cooperating with the corresponding 
slots in the other laminates in the associated stack to pro 
vide grooves for receiving the field windings. For pur 
poses of simplicity the field windings are shown in FIG. 
7 as a plurality of individual conductors adjacent the sur 
faces of members 206 and 208. However, as will be un 
derstood from the description hereinbelow of FIG. 8, 
each field winding slot may actually include a plurality 
of conductors energized from different phase outputs 
from the polyphase generator which constitutes the field 
winding energy source. 
Assuming now that three phase excitation is to be em 

ployed for energizing the accelerating structure, it will be 
recognized that the accelerator field windings should be 
divided into three groups corresponding to the three phase 
excitation, each group of windings being connected to 
and energized by the corresponding alternator phase. 
With reference now to FIG. 8, there is shown one manner 
in which the winding turns in each field winding group 
may be distributed longitudinally along the accelerator 
axis to provide a uniform accelerating field with three 
phase sinusoidal excitation. As illustrated by the graph, 
the density per unit length of the field winding turns asso 
ciated with each exciting phase varies as a constantly 
accelerating sinusoid, the polarity of the density curve 
for each phase indicating the direction of energization of 
the associated winding turns. For example, at the lon 
gitudinal distances designated 210 and 22 in FIG. 8 the 
density of the winding turns excited by phase 1 is at a 
maximum, but the current flowing through the turns at 
distance 210 is opposite in direction to the current flow   
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ing through the turns at distance 212. Conversely, the 
windings excited by the second and third phases have 
a turn density of only one half the maximum value at 
points 210 and 212, and are poled opposite to the phase 
1 windings at the same points. 

It should be here noted that the field windings on inner 
member 208 of FIG. 7 are energized in the same manner 
as the field windings on the outer member 206, or in other 
words, that the three groups of phase windings are dis 
tributed and polarized in substantially the same fashion 
on both the inner and outer members which form the ac 
celerating structure. It will therefore be recognized that 
excitation of the three field winding groups from a source 
of three phase sinusoidal power will produce a composite 
magnetic field which accelerates through the accelerator 
structure in accordance with the distribution of the field 
winding turns. Moreover, the amplitude of the advanc 
ing field, as viewed from any fixed point along the accel 
erator during one input power cycle, will reach a maxi 
mum on two occasions 180° apart in time, the sense of 
the field reversing itself intermediate the points of maxi 
mum intensity. Accordingly during each input power 
cycle two annular plasma masses may be accelerated 
through the accelerating structure by the moving field gen 
erated thereby, the direction of the circulating current 
flowing in each annular plasma burst being opposite to 
that of the current flowing in the preceding burst and that 
which will flow in the succeeding burst. 

It should be kept in mind, of course, that while only 
one accelerated winding turn distribution cycle is shown 
in FIG. 8, an accelerator structure of the form shown in 
FIG. 7 could actually include several continuously ac 
celerating turn distribution cycles. It should be noted, 
however, that two accelerating plasma masses will be 
moving simultaneously through the accelerator for each 
accelerated turn distribution cycle of the field windings 
unless an appropriate shutter mechanism is employed to 
enter plasma bursts selectively into the accelerator. It 
should be noted further that the frequency of the input 
energy from the polyphase generator should be selected 
in view of the ultimate application of the accelerator to 
provide the flow rate and terminal velocity desired. Since 
alternator structures capable of producing relatively high 
output power at frequencies up to and beyond one hun 
dred kilocycles are well known in the induction heating 
and radio transmission arts, further description of the 
polyphase generator used for energizing the plasma ac 
celerator of FIG. 7 is considered unnecessary. 

Considering now another of the operational distinctions 
embodied in the plasma accelerator of FIG. 7, it will be 
recognized that the use of a plasma mass generated from 
a condensible vapor may be advantageous in several 
different circumstances. For example, if the accelerator 
is employed in conjunction with an exhaust system, a con 
densing mechanism may be utilized for condensing a por 
tion of the spent plasma to thereby reduce the pumping 
capacity of the exhaust system. If, on the other hand, 
a plasma accelerator as herein disclosed were to be em 
ployed as a propulsion unit for a space vehicle, the use 
of a relatively heavy condensible gas, such as mercury 
vapor, would simplify fuel storage without otherwise 
affecting the high impulse of the system. 

It is apparent from the foregoing description that still 
other forms of plasma accelerators embodying the prin 
ciples herein disclosed will readily suggest themselves for 
use in still other applications. For example, there is 
shown in FIG. 9 a diagrammatic view of an alternative 
form of plasma accelerator, in accordance with the inven 
tion, which may be utilized as a hypersonic wind tunnel 
for simulating Mach numbers of the order of two to 
twenty at pressures equivalent to the altitude range from 
100,000 feet to 200,000 feet. For this particular applica 
tion the obvious choice of gas to be accelerated is air 
which is delivered to the accelerator structure through an 
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input manifold 220, an ionizing chamber 22, and an ex 
pansion nozzle 204. 
As shown in FIG. 9, accelerator structure 12 for this 

particular embodiment of the invention has the configura 
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tion of a truncated cone so that the plasma will acquire 
an inward velocity component and converge at a focal 
area within an exhaust system, not shown, which is the 
test region of the wind tunnel. Since it is desirable that. 
the accelerated gas closely approximate undisturbed air, 
it is clear that the gas mass delivered by the accelerating 
structure should contain a relatively low percentage of 
ionized gas. This may be accomplished by operating the 
accelerator with excess gas at the input thereof and by 
utilizing a relatively low specific acceleration, since under 
these conditions the gas will separate into regions of rela 
tively high ion density which ride the magnetic field 
phase front of the accelerating field, as described herein 
above for the plasma accelerators of FIGS. 2 and 7, and 
regions of low ion density which are pushed through the 
accelerator by the regions of high ion density acting as 
pistons. 

In order to illustrate this latter application of a plasma 
accelerator according to the invention, the following 
characteristics are set forth as typical design parameters 
of a hypersonic wind tunnel for simulating air movement 
at Mach 20 at an equivalent altitude of 200,000 feet. 

Table II 
Accelerator: 

Output density ---------- 4.10x10-4 kg/meter3. 
Output pressure ---------- 3.73X10-4 atm. 
Output temperature ------- 349 degrees K. 
Output velocity ----------. iMach 20=20x375 

'sa-7500 meter/sec. 
Output mass ------------- 3.07x10-2 kg/sec. 
Output volume ----------- 75 meters/sec. 
Output area -------------. 1x10-2 meter2. 
Accelerating power -------. 1020 kW. 
Heating power 

(122 K.-349 K.) ----- 8.5 kw. 
Ion density in rings ------- 99.1%. 
Average ion density ------ 17%. 
Exciting frequency -------. i0 kilocycles. . 
Mass of each gas ring ----- 1.53X106.kg. 
Disassociated charge 

in each ring ----------- 1.7 coulombs. 
Ring current ------------- 32.8 amperes. 
Electron drift speed ------ 10.5 meters./sec. at 

0.175 meter diam. 
Ring voltage ------------- 3.72x10-4 volts. 
Power dissipated 

in each ring ----------- 1.22x10-2 watts. 
Peak flux density --------- 0.07 weber/meter2. 
Average flux at ring ------- 0.05 weber/meter2. 
Core losses ------------- 1.7 watts/lb. 
Average acceleration ------ 1.07X106 meters/sec. 
Duration for 7500 

meter/sec. output ------ 6.38X10-3 sec. 
Length of accelerator ----- 26.0 meters. 
Number of rings --------- 127.6. 
Power dissipated in rings -- 1.43 watts. 

Expansion nozzle (input to accelerator): 
Expansion ratio ---------- 40:1. 
Input temperature -------- 350 degrees K. 
Input pressure ----------- 1.492X 102 atm. 
Input density ------------ 1.49x10-2 kg/meter3. 
Output temperature ------. 122 degrees K. 
Output pressure ---------- 3.73x10-4 atm. 
Output density ----------. 1.07x10.3 kg/meter3. 
Output velocity ---------- 676 meters/sec. 
Output mass ------------. 3.07x10-2 kg/sec. 
Output volume ----------. 28.7 meters3/sec. 
Output area ------ ------- 4.24x10 meters?.. 
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Table II-Continued 
Associated equipment: m 

Total cooling capacity -...- 1122 kW. =268 kilocal./ 
Sec.s-1065 B.t.u./sec. 

Pump capacity ---------- 75,000 liters/sec. at 
0.28 mm. Hg. 

It should be clear from the foregoing discussion that 
still other alternative embodiments of the invention may 
be devised without departing from the basic concept of 
the invention as herein set forth. Accordingly it is to 
be expressly understood that the spirit and scope of the 
invention is to be limited only by the scope of the ap 
pended claims. 
What is claimed as new is: 
1. A plasma accelerator for producing a gaseous dis 

charge at high velocities and flow rates, said accelerator 
comprising: a source of an ionizable gas; an ionizing 
chamber coupled to said source for receiving said gas and 
for ionizing at least a portion thereof to produce a gas 
plasma; a tubular linear accelerating structure, said ac 
celerating structure including a plurality of field wind 
ings disposed along the length thereof; a source of elec 
trical energy coupled to said accelerating structure for 
energizing said field windings, said field windings being 
positioned and energized relative to each other to pro 
duce an accelerating magnetic field therethrough; and 
means for introducing gas plasma into said accelerating 
structure in an annular mass, said annular plasma mass 
responding to said accelerating magnetic field by ac 
celerating through said accelerating structure after said 
magnetic field. 

2. The plasma accelerator defined in claim 1 wherein 
said source of an ionizable gas includes a chamber con 
taining mercury, and means for vaporizing the mercury 
to produce an ionizable mercury vapor. 

3. The plasma accelerator defined in claim 1 wherein 
said source of an ionizable gas includes an input mani 
fold for introducing said gas to said ionizing chamber. 

4. The plasma accelerator defined in claim 1 wherein 
said ionizable gas includes molecules of at least one of 
the elements duterium, tritium or helium 3. 

5. The plasma accelerator defined in claim 1 wherein 
said ionizing chamber includes an ionizing electrode, 
and means for applying an ionizing potential thereto. 

6. A plasma accelerator for producing output bursts 
of gas plasma at a relatively high terminal velocity, said 
accelerator comprising: a straight tubular member having 
first and second ends; a plurality of field windings dis 
posed around said tubular member along the length 
thereof; means for electrically energizing said field wind 
ings to produce a magnetic field within said tubular 
member moving at a continuously increasing velocity 
from said first end to said second end; and means for 
introducing gas plasma into said first end of said tubular 
member in annular input bursts, each of said input bursts 
having a circulating current induced therein by the ac 
tion of said magnetic field, said circulating current react 
ing with said field to produce a force which accelerates 
each input burst through said tubular member. 

7. The plasma accelerator defined in claim 6 which 
further includes an exhaust chamber connected to said 
second end of said tubular member, and means for 
evacuating said exhaust chamber. 

8. The plasma accelerator defined in claim 6 wherein 
said tubular member has a substantially cylindrical con 
figuration. 

9. The plasma accelerator defined in claim 6 wherein 
said tubular member has the configuration of a conical 
frustrum, convergent toward said second end, and where 
in said field windings are positioned to produce an accel 
erating magnetic field which is also radially convergent 
whereby each of said input annular plasma bursts is accel 
erated radially inward as it moves through said tubular 
member. 

10. A plasma accelerator for producing output bursts 
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of gas plasma at terminal velocities approaching the speed 
of light, said accelerator comprising: a tubular accelerat 
ing structure having an input end and an output end and 
including a plurality of field windings stacked along the 
length thereof for producing a solenoidal field there 
through; means for energizing said field windings in se 
quence from Said input end to said output end to produce 
a magnetic field phase front which accelerates through 
said tubular structure; exhaust means coupled to said 
accelerating structure for maintaining a relatively low 
pressure therein; and means for introducing an annular 
gas plasma mass into said accelerating structure at said 
input end, said magnetic field inducing a circulating cur 
rent in said annular plasma mass which reacts with said 
magnetic field to produce an accelerating force which ad 
Vances said plasma mass through said accelerating struc 
ture Substantially in accordance with the movement of 
said magnetic field phase front. 

11. The plasma accelerator defined in claim 10 wherein 
said last named means includes synchronizing means for 
Synchronizing the entry of said plasma mass into said 
accelerating structure with the energization of said field 
windings. 

12. A plasma accelerator for producing a gaseous dis 
charge at relatively high velocities, said accelerator com 
prising: a source of an ionizable gas; an ionizing chamber 
coupled to said source for receiving said gas, and includ 
ing means for ionizing at least a portion thereof to pro 
duce a gas plasma; a tubular linear accelerating structure 
having an axis, an input end and an output end, said accel 
erating structure including a plurality of field windings 
disposed along the length of said accelerating structure, 
the plane of each field winding being normal to the axis 
of Said accelerating structure; a source of electrical energy 
coupled to said accelerating structure for energizing said 
field windings, said field windings being positioned and 
energized relative to each other to produce an accelerat 
ing magnetic field through said accelerating magnetic 
structure from said input end to said output end; and an 
annular nozzle for entering gas plasma from said ionizing 
chamber into said accelerating structure in an annular 
mass whose plane is parallel to the plane of said field 
Windings, said annular mass responding to said accelerat 
ing magnetic field by accelerating through said accelerat 
ing structure after said magnetic field. 

13. The plasma accelerator defined in claim 12 wherein 
said field windings are positioned sequentially between 
said input end and said output end of said accelerating 
Structure, and wherein said source of electrical energy 
includes means for sequentially energizing successive field 
Windings in accordance with a predetermined time delay 
schedule to produce said accelerating field. 

14. The plasma accelerator defined in claim 13 wherein 
each of said field windings comprises a single turn con 
ductor, and said source of electrical energy includes a 
plurality of Switching means corresponding respectively 
to said plurality of field windings for applying electrical 
energy to their corresponding single turn conductors. 

15. The plasma accelerator defined in claim 14 wherein 
each of said Switching means includes at least one pair of 
spark gap electrodes, means for connecting one of said 
electrodes to one end of the associated single turn elec 
trode, and means for applying an electrical pulse signal 
to the other of said electrodes to break down the gap be 
tween said electrodes. 

16. The plasma accelerator defined in claim 14 wherein 
one end of each of said single turn conductors is con 
nected to a first reference potential, and wherein each of 
said Switching means includes first, second and third spark 
gap electrodes forming first and second series Spark gaps, 
means connecting the first spark electrode to the other 
end of the associated field winding, a storage capacitor 
connected to the third spark electrode, means for charging 
said capacitor to a second reference potential differing 
from said first reference potential, and means for applying 
an electrical pulse signal to said second electrode for 
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breaking down one of said spark gaps, the voltage differ 
ence between said first and second potentials having a 
magnitude larger than the breakdown potential of the 
other spark gap. 

17. The plasma accelerator defined in claim 14 wherein 
each of said switching means includes a storage capacitor, 
means for charging said storage capacitor to a predeter 
mined voltage, and spark gap means selectively actuable 
to connect said capacitor to the associated single turn 
conductor to discharge said capacitor therethrough, each 
single turn conductor and its associated capacitor func 
tioning as a damped ringing circuit when said actuating 
means is actuated, and means for actuating said spark 
gap means. 

18. The plasma accelerator defined in claim 13 wherein 
said accelerating structure comprises a hollow tubular 
member of vitreous material, and said field windings are 
positioned around said tubular member along the length 
thereof. 

19. The plasma accelerator defined in claim 18 which 
further includes means for selectively entering plasma 
into said accelerating structure in synchronism with the 
energization of said field windings. 

20. The plasma accelerator defined in claim 12 wherein 
said source of electrical energy comprises a polyphase 
alternator, and wherein said plurality of field windings are 
divided into a plurality of groups corresponding to the 
excitation phases of said alternator, each group of field 
windings being excited from the corresponding output 
phase from said alternator. 

21. The plasma accelerator defined in claim 20 wherein 
the field windings in each group of field windings are 
distributed along the length of said accelerator structure 
in a manner Such that the field winding density per unit 
length of accelerator structure approximates an accelerat 
ing sinusoid. 

22. The plasma accelerator defined in claim 21 wherein 
said polyphase alternator is a three phase generator and 
the field winding density distribution pattern associated 
with each of said groups of field windings is phased 120 
in space with respect to the density distribution pattern 
associated with the other groups of field windings. 

23. The plasma accelerator defined in claim 20 where 
in said accelerator structure comprises an outer annular. 
shell member and an inner core member concentric there 
with, each of said members including a plurality of lon 
gitudinally extending and circumferentially stacked ferro 
magnetic laminates, said laminates in both said shell mem 
ber and said inner core member being slotted at spaced 
intervals to provide slots for receiving said field windings. 

24. A plasma accelerator for producing high velocity 
output bursts of gas plasma wherein the relative velocities 
of the particles within the plasma with respect to each 
other are relatively low, said accelerator comprising: a 
straight tubular member having first and second ends; a 
plurality of field windings disposed around said tubular 
member along the length thereof; means for electrically 
energizing said field windings to produce a magnetic field 
within said tubular member moving at a continuously in 
creasing velocity from said first end to said second end; 
means for maintaining the atmosphere with said tubular 
member below a preselected pressure; and means for in 
troducing an annular mass of gas plasma into said first 
end of said tubular member, said gas plasma having a 
circulating current induced therein by the action of said 
magnetic field, said circulating current reacting with said 
field to produce a force which accelerates said plasma 
through said tubular member. 

25. A plasma accelerator for producing output bursts 
of gas plasma at a relatively high terminal velocity, said 
accelerator comprising: an accelerator structure having 
first and second ends and including means for generating 
a radial magnetic field which accelerates through said 
structure from said first end to said second end; means for 
introducing gas plasma into said accelerating structure at 
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said first end in an annular mass; and means for syn 
chronizing the introduction of said annular plasma mass 
into said accelerating structure with the generation of 
said magnetic field to induce a circulating current in said 
plasma mass, said annular plasma mass responding to the 
circulating current induced therein and to said accelerat 
ing magnetic field by accelerating through said accelerat 
ing structure toward said second end thereof. 

26. In a plasma accelerator for generating a high ener 
gy output burst of gas plasma, the combination compris 
ing: a tubular evacuated envelope having first and second 
ends; means for introducing an annular mass of gas 
plasma into said evacuated envelope at said first end 
thereof; and means for generating an accelerating mag 
netic field within said envelope in synchronism with the 
introduction of said annular plasma mass to induce a cir 
culating current in said plasma and to exert a magneto 
motive force upon said plasma for accelerating said 
plasma through said tubular evacuated envelope towards 
said second end thereof. 

27. A plasma accelerator comprising: means for gen 
erating an annular mass of gas plasma; and means for gen 
erating an accelerating magnetic field around said plasma 
to induce a circulating current in said plasma mass, said 
magnetic field having a radial component parallel to the 
plane of said annular plasma mass and accelerating in a 
direction normal to the plane of said mass whereby said 
current in said plasma mass and said magnetic field coact 
to accelerate said mass along with said magnetic field. 

28. A plasma accelerator for producing output bursts 
of gas plasma at terminal velocities greatly in excess of 
sonic velocities, said accelerator comprising: tubular ac 
celerating structure having an input end and an output 
end and including a plurality of field windings positioned 
along the length thereof for producing a solenoidal field 
therethrough; means for energizing said field windings in 
sequence from said input end to said output end to pro 
duce a magnetic field phase front which accelerates 
through said tubular structure; means for maintaining the 
interior of said accelerating structure normally at a rela 
tively low pressure; and means for introducing a gas 
plasma mass into said accelerating structure at said input 
end, said magnetic field inducing a circular current in said 
mass which reacts with said magnetic field to produce an 
accelerating force which advances said plasma mass 
through said accelerating structure substantially in ac 
cordance with the movement of said magnetic field phase 
front. 

29. A plasma accelerator for producing a gaseous dis 
charge at velocities in excess of sonic velocities, said ac 
celerator comprising: a source of an ionizable gas; an 
ionizing chamber coupled to said source for receiving said 
gas, and including means for ionizing at least a portion 
thereof to produce a gas plasma; an accelerating structure 
having an input end and an output end, said accelerating 
structure including a plurality of field windings disposed 
between said input end and said output end of said ac 
celerating structure; a source of electrical energy coupled 
to said accelerating structure for energizing said field 
windings, said field windings being positioned and ener 
gized relative to each other to produce an accelerating 
magnetic field through said accelerating magnetic struc 
ture from said input end to said output end; and an annu 
lar nozzle for entering gas plasma from said ionizing 
chamber into said accelerating structure, said mass re 
sponding to said accelerating magnetic field by accelerat 
ing through said accelerating structure after said magnetic 
field. 

30. The plasma accelerator defined in claim 29 wherein 
said field windings are positioned sequentially between 
said input end and said output end of said accelerating 
Structure, and wherein said source of electrical energy 
includes means for sequentially energizing successive field 
windings in accordance with a predetermined time delay 
schedule to produce an accelerating field. 
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31. In a plasma accelerator for generating a high ener 
gy output burst of gas plasma, the combination compris 
ing: an evacuated envelope having an input end and an 
output end; means for providing a mass of gas plasma in 
said envelope at said input end; and means for generating 
an accelerating magnetic field within said envelope to in 
duce a circulating current in said plasma and to exert a 
magnetomotive force upon said plasma for accelerating 
said plasma through said envelope toward said output 
thereof. 

32. A plasma accelerator comprising: means for gen 
erating a mass of gas plasma; and means for generating 
an accelerating magnetic field around said plasma to 
induce a circulating current in said plasma mass in such 
a manner that said plasma mass and said magnetic field 
coact to accelerate said mass along with said magnetic 
field. 

33. A plasma accelerator comprising: means for gen 
erating a mass of gas plasma; and means for generating 
an accelerating magnetic field around said plasma to 
induce a circulating current in said plasma mass, said 
plasma mass being responsive to said circulating current 
therein for taking an annular form, said magnetic field 
having a radial component parallel to the plane of said 
annular plasma mass which accelerates in a direction nor 
mal to the plane of said mass whereby said current in said 
plasma mass and said magnetic field coact to accelerate 
said mass along with said magnetic field. 

34. A plasma acceleration for producing a gaseous 
discharge at high velocities and flow rates, said accel 
erator comprising: a source of an ionizable gas; an ioniz 
ing chamber coupled to said source for receiving said 
gas for ionizing at least a portion thereof to produce a 
gas plasma; a tubular linear accelerating structure, said 
accelerating structure including a plurality of field wind 
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ings disposed along the length thereof; a source of elec 
trical energy coupled to said accelerating structure for 
energizing said field windings, said field windings being 
positioned and energized relative to each other to produce 
an accelerating magnetic field therethrough; and means 
for introducing gas plasma into said accelerating structure, 
said gas plasma mass responding to said accelerating 
magnetic field by assuming an annular configuration and 
accelerating through said accelerating structure after said 
magnetic field. 

35. A plasma accelerator for producing output bursts 
of gas plasma at velocities greatly in excess of sonic 
velocities, said accelerator comprising: an accelerating 
structure having an input and an output and including a 
plurality of field windings positioned between said input 
and said output for producing a magnetic field there 
between; means energizing said field windings in sequence 
from said input to said output to produce a magnetic 
field phase front which accelerates through said structure 
from said input to said output; and means for positioning 
a gas plasma mass in said accelerating structure at said 
input, said magnetic field inducing a circular current in 
said mass which reacts with said magnetic field to pro 
duce an accelerating force which advances said plasma 
mass through said accelerating structure substantially in 
accordance with the movement of said magnetic field 
phase front. 
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