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I INTRODUCTION 

EXPERIMENTAL STUDY OF 

A comparatively simple device used to accelerate plasma and con- 
sisting of a large current pulse through a single-turn coil has been 
briefly discussed in the literature concerning fusion processes. 
device has usually been utilized for an auxiliary purpose and, as a result, 
has not been considered in detail. 
reference 1, In which this single-turn accelerator was used to insert a 
highly conductive shock plasma into a traveling-wave accelerator. Another 
mention is made in reference 2, where the device was utilized to insert 
plasma into the Ixion, a possible thermonuclear machine. 
also basic to Scylla, another nuclear fusion machine, discussed in ref- 
erence 3. In view of the fact that this plasm accelerator has several 
interesting features, such as that no electrodes are in contact with the 
plasma and that no metallic wires or high-temperature metallic vapors are 
required in its operation, it was believed that a more thorough study of 
the system might show interesting features not previously discussed. 

This 

One such incomplete study is found in 

' 
This device is 

I 

I 

A simple experiment to demonstrate the properties of this type of ~ 

k accelerator involves locating a pancake or flat-wound coil in juxta- 
position to a gas at or near minimal arc breakdown pressure. This coil 

I 

A SINGLE-COIL, INDUCED-EI;ECTROMCTIVE-FORCE 

PLASMA ACCELERATOR 

By Clarence W. Matthews and William F. Cuddihy 

An experimental study was made of a single-coil induced-electromotive- 

A strong shock was observed from the first pulse with a velocity of 
force plasma accelerator which used a capacitor discharge for the driving 
force. 
10 6 centimeters per second. This shock was followed by three or four d i s -  

charges which produced plasmoids moving at about 5 x 106 centimeters per 
second. 
3 percent in the production of the high-velocity plasmoids. Suggestions 
are made for the improvement of this type of accelerator. 

The efficiency of the accelerator was estimated to be about 
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may then be energized with a rapidly varying current pulse which w i l l  
induce an electromotive force i n  the gas capable of forming a plasmoid 
and accelerating it t o  a high velocity. 

This paper presents the resu l t s  of various experiments made with 
t h i s  type of plasma accelerator. These resu l t s  are intended t o  show 
the feas ib i l i ty  of the use of t h i s  accelerator and t o  indicate future  
l ines of development which should improve i t s  performance as a means 
fo r  obtaining very high gas velocit ies a t  low densit ies.  

SYMBOLS 

C 

E2 

E2t 

f 

11 

I2 

Lc 

43 

Lt 

5.2 

Q = -  WLa 
R 

R 

r 

V 

v2 

capacity of drive condenser (from name p l a t e ) ,  pf 

kinetic energy, m2V22/2, j 

t o t a l  energy loss on second half-cycle, W/2f, j 

osci l la t ion frequency (measured), cps 

peak current on f i rs t  half-cycle, ECcu, amp 

I2  peak current on second half-cycle, I1 7 amp 

inductance of c i r c u i t  with drive c o i l  shorted, l/%2C, ph 

inductance of drive co i l ,  

t o t a l  inductance of c i r cu i t ,  

$ - Lc, ph 

l/cu2C, ph 

estimated mass accelerated on second half -cycle (10-percent 
ionization assumed), kg 

resistance of c i r c u i t  (calculated), ohms 

accelerator-cup radius (measured), cm 

capacitor charging voltage (measured), v 

velocity of gas attained on second peak (measured), m/sec 
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w2 energy l o s s  rate on second half-cycle, I ~ ? R / ~ ,  w 

Lu angular frequency, af, radians/sec 

LuC angular frequency with drive co i l  shorted (measured), 
radians /sec 

PRINCIPIE OF INDUCED-ELECTROMOTNE-FORCE PLASMA ACCELERATOR 

The induced emf (electromotive force) plasma accelerator i s  essen- 
t i a l l y  an air-core transformer i n  which the primary c i rcu i t  i s  a fixed 
co i l  and the secondary c i rcu i t  i s  an arc  flowing i n  a closed path i n  the 
gas next t o  the primary co i l .  
of the magnetic f i e l d  which contains a radial cmponent, a force ex is t s  
between the magnetic f i e l d s  of the a rc  current and the drive c o i l  which 
wi l l  accelerate the plasmoid. This acceleration can be of the order of 
10l2 meters per second 
(10-9 t o  lo-'' kilogram P and the magnetic forces a re  large (several 
hundred newtons). 
order of 10,000 t o  100 000 amperes. 
veloci t ies  of about 10 
order of 1 or 2 centimeters. 

If the a rc  i s  permitted t o  form i n  a region 

e r  second if the mass of the plasmoid i s  small 

Such forces are qui te  realizable with currents of the 

t o  lo5 meters per second i n  distances of the 
Accelerations of this order can give 4 

The basic accelerator c i rcui t ,  a modification of the c i r cu i t s  pre- 
sented i n  references 1 and 4, i s  shown i n  figure 1. The portion of f ig-  
ure 1 involved i n  the basic c i r cu i t  consists of the 16,000-v01t chmging 
source, the capacitor 
co i l .  The capacitor C 1  consisted of two para l le l  connected, 0.53- 
microfarad, low-inductance capacitors. The various primary c o i l  configu- 
ra t ions used t o  accelerate the plasma are shown i n  figure 2. 

C1, the spark-gap switch Sw2, and the primary 

The low-pressure c h b e r  i n  which the  plasma was formed i s  shown i n  
figure 3 and consisted of a glass tube 6 inches i n  diameter by I 2  inches 
long, used as a runway f o r  the plasma. 
with p la te  glass  through which visual observation could be made; the 
other end was covered with a bakelite plate  having a 2-inch-diameter hole 
through the center i n to  which a Lucite cup ( f ig .  4) was inserted. 
primary o r  drive c o i l  was mounted on the exterior of the cup with the 
in t e r io r  of the  cup f r ee  for  the formation of the plasmoid. 
i n  t h i s  space was held at values of 1 t o  600 microns of' mercury by suit- 
able ncuum pumps. 

One end of the tube was covered 

The 

The pressure 
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Several auxiliary c i r cu i t s  were used for the  control of the main 
discharge. The main discharge was controlled by a spark-gap switch. (See 
fig.  1.) 
far apart t o  avoid arcing when the main capacitor was charged t o  the volt- 
age required f o r  the t e s t .  An auxi l iary electrode i n  the gap was con- 
nected t o  a spark co i l  c i rcu i t  which was manually controlled. 
of t h i s  c i rcu i t  broke down the gap and permitted the main capacitor t o  
discharge through the primary co i l .  

This switch was made up of two para l le l  plates  se t  suff ic ient ly  

The f i r i n g  

Another auxiliary arc ( f ig .  4) was used t o  preionize the gas. This 
preionization was beneficial, as it greatly reduced the voltage gradient 
required t o  form the induced a rc  i n  the gas and allowed the magnetic f i e l d  
a greater time t o  ac t  upon the ionized gas. The preionization w a s  accom- 
plished by discharging a 0.01-microfarad capacitor through the gas i n  the 
cup. 
thus a high degree of ionization i n  the gas was assured. 
which controlled this operation i s  shown i n  figure 1. 

The main drive capacitor was discharged immediately afterwards and 
The c i rcu i t  

In the operation of t h i s  c i rcu i t  the capacitors C 1  and C2 were 
i n i t i a l l y  charged t o  the f u l l  voltage of the charging c i rcu t t  and 
capacitor C3 was at  ground potential .  The spark-gap switches Swl and 

Sw2 The discharge was 
in i t ia ted  by f i r i n g  the control spark of switch Swl; this caused capac- 
i t o r  C2 t o  discharge through switch Swl and the preionization gap into 
capacitor C3. The resul tant  increase of the potent ia l  i n  capacitor C 3  

caused a spark t o  form i n  the control gap of switch Sw2 which allowed 
the m i n  capacitor t o  discharge through the drive c i rcu i t .  
capacitor discharged a t  the time when the preionization a rc  was flowing 
through the gas within the accelerator cup. The >megohm res i s tor  pre- 
vented the main capacitor from discharging through switch Swl. The 
l.>-megohm res i s tor  assured that capacitor C 3  would be i n i t i a l l y  at 
ground potential .  

operated as described previously i n  this section. 

Thus, the main 

Other instrumentation was required t o  determine the nature of the 
plasma which occurred when the capacitor was discharged through the drive 
coil .  
knowledge of the c i r cu i t  constants, osc i l la t ion  frequency, and damping 
coefficient. 
determined from the emf induced i n  a small c o i l  located i n  the neighbor- 
hood of the primary co i l ,  
measured with an oscilloscope. 
camera attached d i rec t ly  t o  the oscilloscope. 

F i r s t ,  the current i n  the discharge could be estimated from a 

The osc i l la t ion  frequency and damping coefficient were 

The output emf induced i n  t h i s  c o i l  was 
The tracings were photographed with a 
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Time-integrated exposures were also made of the discharges to give 
a permanent record. 
the spatial extent and intensity variation of the flash. 

These photographs gave qualitative information on 

The actual velocity measurements were made by exposing a slit view 
of the discharge to a rotating-mirror camera. 
covering the glass tank with cardboard except for a small narrow opening. 
An optical train (fig. 5) was set up which swept an image of the slit 
along a sheet of camera film. 
from which the velocity could be determined. 

The slit was made by 

Thus, a trace was created on the film 

The tank pressure prior to the discharge was obtained with a 
thermopile-type vacuum gage capable of measuring pressures from 0.001 
to 1 millimeter of mercury. 

PRESEKPATION OF RESULTS 

Several time-integrated photographs of the plasma pulses are shown 
in figures 6, 7, and 8. 
pulses from discharges made with the cup coil in which the initial 
pressure in the chamber varied from 600 to 50 microns of mercury. 
preionization arc system was used for these discharges. Similar side 
views of plasma pulses, in which the discharge was made with no PreiOni- 
zation in the cup, are presented in figure 7. Two end views of different 
plasma pulses are shown in figure 8. 

Figure 6 shows side views of several plasma 

The 

Photographs were taken with a rotating-mirror camera of plasmoids 
accelerated by each of the three coils shown in figure 2. Two typical 
photographs of this series are presented as figure 9. The gas pressures 
for these tests were held to about 70 microns of mercury. A series of 
discharges made with the cup coil was also photographed to show the 
effect of pressure variation; for this series the initial pressure was 
varied from 50 to 120 microns of mercury. The plasmoids could not be 
photographed at pressures below 50 microns of mercury because of insuf- 
ficient light to expose the film; also, preionization was required to 
obtain successful film exposure. The axial velocity of each of the 
various plasmoids was determined fromthe slope of the leading edge of 
its streak on the film along with a calibration factor determined from 
the rotational frequency of the mirror  (about 1,700 revolutions per 
second) and the dimensions of the system. The measured velocities are 
presented in figures 10 and 11. 
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DISCUSSION OF RESULTS 

Nature of Plasma Pulse 

Figures 6 and 7 show that a res t r ic ted  core of plasma extends from 
the cup f o r  a range of 3 t o  10 centimeters. Since such a core e i ther  
could be formed instantaneously by the induced f i e l d  or could be formed by 
a plasmoid moving through t h i s  space, it i s  necessary t o  re fer  t o  the 
photographs of figure 9. 
instantaneously but rather was formed by a moving plasmoid. 

This figure shows tha t  the core was not formed 

The phenomena shown i n  t h i s  photograph can be more f u l l y  understood 
i f  a t tent ion i s  called t o  the f a c t  that the Q of the e l ec t r i ca l  c i rcu i t  
i s  high enough t o  cause e l ec t r i ca l  osci l la t ions f o r  several cycles a f t e r  
the capacitor discharge was in i t ia ted .  Although t h i s  e l ec t r i ca l  osci l la-  
t ion damped out rapidly, there w a s  suff ic ient  energy t o  reinduce plasma 
rings fo r  the f irst  four or f ive  cycles. 
around the center of a long cylinder, plasma rings would have been 
observed moving away from the core of the primary co i l  i n  both directions 
on each half-cycle. I n  t h i s  experiment, however, the cup would permit the 
ejection of plasma rings i n  only one direction. Figure 9 shows the e f fec t  
damping had on these plasma rings. The induced current i n  the plasma 
ring i s  180' out of phase with tha t  of the primary coil; thus, the mag- 
netic f i e l d  se t  up by the currents of the primary co i l  and the plasma 
ring r e su l t  i n  a force which accelerates the plasma r ing away from the 
primary co i l .  
amy from the primary c o i l  i s  governed by several components. 
f i e ld  of the primary co i l  applies a force component tending t o  reduce the 
diameter of the plasma ring; whereas, the magnetic f i e l d  of the plasma r ing 
produces an outward component, as does the joule heating. The vector sum 
of these forces together with the i n e r t i a l  forces determines the behavior 
of the  plasmoid. 
the plasma r ing when moving outward. 

If the c o i l  had been placed 

The expansion or  contraction of the plasma r ing as it moves 
The ax ia l  

The data of t h i s  experiment indicated no expansion of 

Two end views taken at different  pressures a re  shown i n  figure 8. 
Both views show a def ini te  r ing  formation. 
i s  due t o  the w a l l  of the cup. 
indicates e i ther  some pulling together of the plasma or, more l ikely,  
fa i lure  of breakdown associated with the s m a l l  voltage gradient i n  that 
region. 

The sharp outer r ing boundary 
The dark central  region seen i n  both views 

Effect of Pressure Variation 

Figures 6 and 7 show the e f fec ts  of varying the i n i t i a l  pressure i n  
Varying the pressure causes a change i n  the density of gas i n  the tank. 

the plasma and, hence, i n  the mass t o  be accelerated. The breakdown 
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potent ia l  required t o  form the plasma i s  also changed. Increasing the 
pressure increases the resistance t o  the motion, as the r ing must push 
through a denser gas. Thus, the plasma i s  propelled only a short  dis- 
tance at  high pressures. A t  a pressure of 600 microns of mercury the 
plasma r ing does not get out of the cup; whereas, i f  the pressure i s  
lowered, both the range and amount of plasma increases, t h i s  increase 
indicating a more e f f ic ien t  action of the acceleration system. 
range and amount, of plasma are seen t o  occur a t  about 75 microns of 
mercury. If the gas pressure i s  much less  than 75 microns of mercury, 
the density of the gas becomes too low f o r  the plasma t o  form readily.  
I n  fac t ,  a t  pressures below 50 microns of mercury the plasma could not be 
formed by the preionization arc  c i rcu i t  of f igure 1. Thus, t h i s  se r ies  
of discharges was not extended t o  pressures below 50 microns of mercury. 

A maximum 

It was found that, even though the electrostat ic ,  o r  preionization, 
a rc  would not form at a pressure below 50 microns of mercury, an arc could 
be formed by electro-magnetic induction. Figure 7 shows plasma formed a t  
pressures below the pressure a t  which electrostat ic  breakdown occurs and 
indicates that reducing the density of the plasma reduces the light 
intensi ty .  

The f a c t  t ha t  an arc  can be formed by the induced emf whereas none 
can be formed by the e lec t ros ta t ic  voltage gradient i s  a d i rec t  result 
of Paschen's law. 
length of the  path available for arc  f o m t i o n  i s  very long, since the 
charged par t ic les  t r ave l  around a circular path many times and thereby 
create a suff ic ient  number of ions so that an a rc  can form. I n  the case 
of the e lec t ros ta t ic  arc, however, the length of the path of the charged 
par t ic les  i s  so short that  a charged par t ic le  does not form enough ions 
during i t s  traverse of the path t o  cause an a rc  and, hence, no breakdown 
can occur. 

(See re f .  5 .) I n  the case of the induced emf, the 

Time History of Pulse 

The leading streak ( f ig .  9 ) ,  which s t a r t s  with the i n i t i a l  discharge 
and indicates the boundary between the quiet gas and the gas affected by 
the plasma, i s  quite sharp. This streak i s  caused by the strong shock 
f ront  which separates the quiet  gas from the rapidly moving gas caused by 
the acceleration discharge. This shock, br ief ly  mentioned i n  references 1, 
2, and 3, contains the hot gas and plasma. 

The i n i t i a l  discharge i s  followed by several smaller decaying dis- 

The plasmoids formed by these less  intense discharges produce 

These shock fronts  appear t o  overtake the leading shock 

charges, a l l  of which resu l t  from the osci l la tory nature of the e l ec t r i ca l  
c i rcu i t .  
shock f ronts  which have velocit ies substantially above the velocity of the 
leading shock. 
and support it with additional energy. 
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Velocities of Plasmoids 

Figure 10 presents the veloci t ies  of the various pulses which were 
derived from streak photographs similar t o  the one shown i n  figure 9. 
The velocit ies of various pulses fo r  several tank pressures are shown i n  
f i g u e  11. 
parable, inasmuch as these veloci t ies  were produced with the same co i l .  

In t h i s  f igure all veloci t ies  having the same symbol are com- 

Figure 10 shows tha t  a f t e r  the i n i t i a l  shock front  w a s  se t  up the 
velocity of the plasmoids following the second half-cycle tended t o  be 
reduced as the maximum current was reduced. Such a resu l t  i s  t o  be 
expected because a lower maximum current not only reduces the forces 
involved but a l s o  reduces the induced voltage gradient that creates the 
plasmoid. Although the reduction of velocity appears t o  be l inear,  the 
inaccuracies involved i n  measuring the slopes of the streaks are  suff i -  
ciently great t o  disallow such a claim. 
velocity with reduced drive current can be reasonably claimed. 

Thus, only a reduction of 

The effect  of varying co i l  shape i s  a lso seen i n  figure 10. The 
three-turn co i l  accelerator ( f ig .  10(b)) produced lower veloci t ies  than 
ei ther  of the single-turn co i l s  ( f ig .  lO(a)),  even though the i n i t i a l  
energy stored i n  the capacitor was the same. The cup-coil accelerator 
and the f l a t - c o i l  accelerator produced pract ical ly  the same velocit ies;  
t h i s  indicated that these somewhat different  shapes had very l i t t l e  
effect  on the velocity. 

As shown i n  figure 11, the plasma veloci t ies  awe affected by varying 
the i n i t i a l  pressure. A s  might be expected, the denser the neutral  gas 
i s ,  the smaller the plasma velocity. With increased density the trans- 
former relationship and, therefore, the current i n  the plasma r ing remain 
relat ively unchanged. The forces which accelerate the plasma are, there- 
fore, more or l e s s  unaffected and the acceleration of the denser plasma 
i s  reduced. 

ANALYSIS OF CIRCUIT PARAMETERS 

An estimation of the operational character is t ics  and energy conver- 
sion efficiency requires determination of the various c i rcu i t  parameters. 
These parmeters were aetermined from the oscillographs of the damped 
frequency discharge of the capacitor and c o i l  c i r cu i t .  The mass of the 
second of the ser ies  of plasmoids produced by the osci l la tory discharge 
was used t o  estimate the thrust  and energy output. This mass was not 
measured but was estimated by assuming tha t  10 percent of the mass of 
the  gas i n  the cup was ionized. 
as 20 percent or even as low as 1 percent. 
ments, calculations, and estimations a re  presented i n  table  I. 

This percentage value might be as great 
The resu l t s  of the measure- 
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Operational Characteristics 

An estimation of the voltage gradient required t o  form the plasma 
r ing can be obtained by multiplying the voltage applied t o  the drive 
c o i l  by an estimated coupling coefficient and dividing by the radius of 
the ring. The voltage across the drive c o i l  i s  determined by multiplying 
the charging voltage V by the r a t i o  of the inductance of the drive c o i l  
t o  the t o t a l  inductance of the c i rcu i t  The drive-coil voltage is, 
therefore, seen t o  be about 6,400 vol ts .  Using an assumed coupling coef- 
f i c i en t  of 0.73 r e su l t s  i n  4,800 vol ts  being applied t o  the gas ring. 
The voltage gradient about the plasma r i n g  with an assumed radius of 
2 centimeters i s  then 380 vol ts  per centimeter. This voltage gradient 
i s  believed t o  have been large enough t o  produce a conductivity i n  the 
plasma r ing so great t ha t  the inductive reactance controlled the current. 
If such i s  correct, the maximum current i n  the plasma r ing  should equal 
the drive current multiplied by the coupling coefficient, o r  about 
10,000 t o  30,000 amperes. 

La/$. 

The f a c t  t h a t  only 6,400 vol ts  of the 16,000 charging vol ts  was 
applied t o  the drive c o i l  indicates an inefficient application of the 
charging voltage t o  the drive c i rcu i t .  
e i ther  increases the voltage gradient about the plasma riEg or  reduces 
the charging voltage required t o  operate the system. Such an increase of 
La/% i s  possible i f  use i s  made of an integrated design of the capacitor 
and drive c o i l  i n  which the lengths, spacing, and inductance of a l l  cur- 
rent  paths a re  kept t o  an absolute minimum. 

Any increase i n  the r a t i o  

The use of such a co i l  and capacitor uni t  should a l so  help t o  reduce 
This t o t a l  c i rcui t -  the resistance (0.046 ohm) found i n  t h i s  c i rcu i t .  

resistance value i s  high compared with the approximate value of 0.0004 ohm, 
the resistance of the drive c o i l  as computed by use of the s t a n w d  formu- 
las f o r  skin depth penetration and res i s t iv i ty .  The spark-gap switch con- 
t r ibu tes  t o  the high inductance and resistance values. The elimination of 
t h i s  switch, as can be done i n  a continuously operating system, should be 
a def ini te  improvement i n  reducing the circui t  inductance and resistance.  

Efficiency of Energy Conversion 

In  table  I the efficiency of t h i s  accelerator i s  shown t o  be 3 per- 
cent. It i s  believed possible t o  e f fec t  substantial improvements i n  the 
efficiency of the accelerator by using the ideas suggested i n  the section 
en t i t l ed  "Operational Characteristics." For example, i f  the t o t a l  r e s i s t -  
ance were reduced from the measured value of 0.046 ohm t o  a value of ten 
times the estimated c o i l  resistance, o r  0.004 ohm, the estimated energy 
conversion efficiency should be increased t o  about 35 percent. The use 
of an accelerator operating a t  t h i s  efficiency could be considered t o  be 
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reasonable for  application t o  such devices as high-speed wind tunnels 
or experimental fusion machines where the equipment required t o  remove 
the heat loss  does not add a severe penalty t o  the use of the system. 
Further improvement of the velocity might be obtained from operation 
into a higher vacuum than was used f o r  these experiments; also, improve- 
ments might be eqec ted  from choice of optimum c o i l  dimension, drive 
currents and frequencies, and i n i t i a l  voltage gradients. 

Continuous Operation 

The ser ies  of accelerations wcurr ing during a discharge of the 
capacitor could be considered as a pseudocontinuous type of operation. 
This phenomenon i s  an indication that the accelerator could operate 
continuously i f  the gas were fed into the cup properly and the maximum 
value and frequency of the drive current were held at  the corresponding 
maximum values of the experimental drive current. I n  such a continuous 
operation the mass flow should be eas i ly  controlled. 
would be required i n  contrast t o  the equipment needed t o  feed molten or 
vaporized a lka l i  metals or sol id  pieces of wire into an accelerator 
chamber. It i s  also possible t o  use low-atomic-number gases from which 
high specific impulses can be obtained. 

Only simple valves 

Low-Power Continuous Operation 

A simple analysis of a single-coil  system, similar t o  the accelera- 
t o r  studied i n  this report, i n  which the plasma was assumed t o  be a highly 
conducting r ing of constant radius and f ree  t o  move coaxially away from 
the drive coil ,  indicated that drive-coil currents of the order of 10 t o  
20 amperes should drive very l ight rings kilogram) t o  veloci t ies  

accelerator which met the above conditions was se t  up t o  check the 
andys is  . The experiment used an 80-micron-liter-per- second o i l -  
diffusion pump t o  maintain gas flow and a 4-megacycle-per-second, 
2-kilowatt, radio-frequency osc i l la tor  as a power source, which gave 
about 20- t o  40-ampere turns i n  the drive c i rcu i t .  In  a l l  the t e s t s  
made, no acceleration of the generated plasma was detected. 
acceleration w a s  detected, the actual  forces existing between the plasma 
and the drive c o i l  were much smaller than computed. 
believed t o  be due t o  the f a c t  that the limited number of electrons of 
the  plasma r ing can not be accelerated t o  an azimuthal  velocity suff ic i -  
ently great t o  permit the electrons t o  carry the necessary current 
required i n  the analysis. It i s  possible that a maximum velocity of the 
plasma r ing ex i s t s  f o r  a given drive current and that t h i s  velocity can 
not be increased by reducing the number of par t ic les  i n  the ring. This 

on the order of 10 4 t o  lo5 meters per second. A continuous-operating 

Since no 

This difference i s  



condition may eliminate the use of the induced emf plasma accelerator i n  
cases involving very small mass flows and low power levels .  

CONCLUDING REMARKS 

The r e su l t s  of these experiments on induced-electromotive-force 
plasma accelerators showed several interesting phenomena. 

The accelerator produced a shock-wave pulse with a velocity of the 
6 order of 10 centimeters per second. 

ser ies  of three or four pulses moving a t  higher veloci t ies  - that is, 
This pulse was followed by a 

about 5 X lo6 centimeters per second. 

The efficiency of the system fo r  the  high-velocity ser ies  of pulses 
obtained i n  the present in-Jestigation was estimated t o  be about 3 percent. 
Obvious modification, such as elimination of ,the spark-gap switch and - 

be t t e r  design of the c o i l  and capacitor, should improve this factor .  

The a x i a l  veloci t ies  of the plasmoids followed cer ta in  expected 
trends; thah is, the veloci t ies  were reduced with e i ther  reduction of 
the drive current or  increase of the i n i t i a l  gas pressure. 

Induced-electromotive-force discharges were found t o  occur a t  pres- 
sures well below the  pressure a t  which electrostat ic  breakdown f a i l e d  t o  
occur. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., October 3, 1960. 
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TABLE I.- CIRCUIT PARAMETERS 

Accelerator- cup radius , r J cm . . . . . . . . . . . . . . . .  
Accelerator- cup depth, dJ cm . . . . . . . . . . . . . . . .  
Capacity of drive capacitor, C, pf . . . . . . . . . . . . .  
Oscillation frequency, f ,  cps . . . . . . . . . . . . . . . .  
~ n g ~ l a r  frequency, LU, raaans/sec . . . . . . . . . . . . . .  

uC, raii ians/sec.  . . . . . . . . . . . . . . . . . . . . .  
Inductance of drive coi l ,  La, ph . . . . . . . . . . . . . .  
Inductance of c i rcu i t  with drive c o i l  shorted, Le, ph . . . .  
Total inductance of c i rcui t ,  Lt, ph . . . . . . . . . . . . .  
Capacitor charging voltage, V, v . . . . . . . . . . . . . .  
Peak current on first half-cycle, 11, amp . . . . . . . . . .  

Angular frequency with drive c o i l  shorted, 

Energy stored, W2/2J j . . . . . . . . . . . . . . . . . . .  

2.5 
2.0 
1.1 

369,000 
2 , 316 , 000 

2 , 980 , 000 

0.068 
0 .lo1 
0.169 

16 , 000 

141 
40J 7.5O 

Peak current on second haU-cycle, 12, amp 34 , 000 
Peak current ra t io ,  I ~ / I ~  . . . . . . . . . . . . . . . . . .  
Resistance of c i rcu i t ,  R, ohm . . . . . . . . . . . . . . . .  0.046 
Energy loss  r a t e  on second half-cycle, W2, w . . . . . . . .  26.5 X 106 
Total energy loss  on second half-cycle, E2, tJ  j 36 -1 

. . . . . . . . .  
1.2 

. . . . . . .  
I n i t i a l  mass of gas i n  cup a t  100-micron pressure, m l ,  kg . . 
Estimated mass accelerated on second half-cycle 

Velocity of gas attained on second peak, V2, m/sec 6 x I O 4  
Kinetic energy, E2, j . . . . . . . . . . . . . . . . . . . .  1.26 
Elec t r ica l  energy converted t o  gas energy 

7 x 10-9 

(assuming 10-percent ionization) , 9, kg . . . . . . . . .  7 X . . . . .  

100E2 
(based on values herein), -, percent . . . . . . . . .  3 

. . . . . . . . . .  4.2 x 10-5 
E2, t 

Impulse of second plasmoid, m2V2, 

Thrust assuming continuous operation, 2m2v2f, newtons . . 31 ( o r  7.4 ~ b )  

Power required f o r  gas acceleration, -Vz2f, kw . . . . . . .  900 
6,000 

kg - m 
sec 

Specific impulse, ~ 2 / g ,  sec . . . . . . . . . . . . . . . . .  
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Figure 2.- Diagram of various drive coils tested.  
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(a) Tank pressure, 
600 p Hg. 

Scale 2inches 

(b) Tank pressure, 
300 CL Hg. 

(c) Tank pressure, 
100 p Hg.  

(a) Tank pressure, 
75 CL Hg. 

(e) Tank pressure, L-60- 5592 
30 CL Hg. 

Figure 6.- Side view of several plasma pulses from discharges with 
preionization, showing effects of pressure variation. Cup coil. 
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(a) Tank pressure, 
65 P Hg. 

(b) Tank pressure, 
32 P a. 

(c) Tank pressure, 
1 P Hi3. 

L- 60 - 5593 

Figure 7.- Side view of several phsma pulses from discharges without 
preionization. Cup coil. 



(a) Flat coil; tank pres- 
sure, 600 p Hg. 

L- 60 - 5594 
(b) Three-turn coilj tank 

pressure, 200 p Hg. 

Figure 8.- End view of two plasma pulses from discharges in induced 
emf plasma accelerator. 



-+ I+- 
I psec 

Time - 
(a) Cup coil; pressure, 80 p Hg. 

- i t +  
I psec 

Time --+ 

(b) Three-turn coil; pressure, 70 p Hg. L- 60 - 559 5 

Figure 9 .- Rotating-mirror photographs of moving plasma. 
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Tank pressure,p Hg Coil shape 
G 50 CUP 

0 80 CUP 
A 100 CUP 
cl 120 CUP 

60 Flat 

I I I 1 1 1 

Leading 2 3 4 5 6 
0 

shock Half -cycle 

(a) Three-turn drive coi l .  

Tank pressure ,p Hg 
o 70 - 

r 'Io6 

0 150 
0 250 

E 

Leading 2 3 4 5 6 ! 4 1 1  shock Half-cycle , 

0 

s 2  9 

0 

(b) Single-turn drive coi l .  

Figure 10.- Pulse veloci t ies  derived from streak photographs f o r  various 
tank pressures and c o i l  shapes. 
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Figure 11.- Variation of velocity of the plasma r ing  with initial gas 
pressure. 
f la t  co i l .  ) 

(Plain symbols indicate cup coil; flagged symbols indicate 
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