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1.0 FOREWORD

2.0

This report is presented in partial fulfillment of contract
NAS~3-5759; it contains a description of the work carried out during
the fourth year of an experimental program to evaluate the pulsed
coaxial plasma gun as a thrustor for space vehicles. The research of
the first three years is summarized in the final reports of the previous

contracts.l’g’3

INTRODUCTION

It is apparent now that pulsed plasma thrustors can be
operated in two modes. In the first mode the current distribution
moves and, acting like a piston, expells plasma. In the second mode
plasma is accelerated by a stationary current distribution; in this
case neutral gas or plasma moves into the current carrying region and
is accelerated by magnetice and/or aerodynamic forces as in D. C. plasma
thrustors. The concept of pulsing what are essentially D. C. accelerators
was conceived and tested at this laboratory last year; the name Pulsed
Arc Gun has been coined for this accelerator.

Conventional pulsed plasma guns, with moving current sheets,
suffer from the disadvantage that the pulse-time is limited by the
transit time of the current sheet along the electrodes. Typical periods
are from 1 to 10 usec, consequently low inductance energy storage
capacitor banks are required and rapid propellant switching must be
employed. TFor practical missions tens and possibly hundreds of millions

of discharges are necessary and attaining adequate reliability may be



3.0

difficult. All of these problems are eased in the Pulsed Arc Gun; the
period can be increased to 1 millisec without difficulty, the capacitor
bank need not be closely coupled to the accelerator (a very desirable
feature and mandatory for attitude control and station keeping applica-
tions), and slower gas switching can be used. Also, the efficiency
should be higher than in conventional accelerators because magnetic
energy 1s not being continuously fed to an expanding region behind a
moving current sheet and there is no need to supply the large amounts
of internal energy produced when a moving current sheet entrains and
compresses the neutral gas ahead of it.3
The first three years of this program were devoted entirely
to moving current sheet accelerators; during the past year, an increasing
amcunt of effort has been spent investigating the Pulsed Arc Gun because

of its potential advantages as a thrustor.

REVIEW OF PREVIOUS WORK

At the beginning of this program the coaxial gun was chosen
because it is simple in concept, it offers the possibility of extreme
reliasbility, and is a dévice in which the plasma is always tightly coupled
to the magnetic field as distinct from inductive guns. The original design
was based on the model of a current sheet accelerating a constant mass of
gas;l a gun with a short barrel length and a correspondingly short electri-
cal period was used in order to limit the time available for the growth
of instabilities at the interface between the magnetic field and the
plasma. It was considered that these constraints would also minimize

the electrode erosion. The gun was operated in the gas-triggered mode



because the lifetime of high current switches is too short for practical
missions, and because scaling laws indicated that an extremely low source
inductance (NlO_9 H) was necessary for efficient operation.

In the first year a major effort was spent in developing
diagnostic methods to measure the electric and magnetic fields in the
gun. Detailed measurements of Be and EZ were made from which the ion
density and ion velocity distributions were deduced under the assumptions
that the electrons were the main current carriers and that there was no
radial plasma motion. The conclusion drawn from these measurements was
that an ionization wave propagated in the accelerator, imparting some
forward momentum to the lons but insufficient to cause significant mass
accumulation in the current sheet. We now believe that the assumptions
outlined above are not valid, that ion current is important, and that
the plasma is either brought to the velocity of the current sheet, or
driven into the electrodes.

At the beginning of the second year a change in the gas distri-
bution in the accelerator caused an instability in the current sheet.

The current distribution, which was initially azimuthally symmetric,
collapsed into a localized spoke. Later in the year we found that this
instability could be avoided by injecting propellant uniformly into the
interelectrode region.u However, in recent experiments with a gun in
which the gas distribution was localized the instability did not occur.

During the second and third contractual periods the energy
storage capacitance was increased, while the parasitic inductance was

decreased, in order to improve the energy transfer to the accelerator.




By the end of the second year 65% of the initial stored eﬁergy could
be delivered to the accelerator and the thermal efficiency was 25%.

During the third year, a capacitor development porgram was
started to reduce the size, weight, and cost of the capacitor, while
at the same time doubling the capacitance. In the course of this work a
lightweight, low loss, low impedance distributed parameter pulse-line
was developed.3 Using this pulse-line an accurate energy inventory was
made; it showed that ohmic losses were small, that 88% of the stored
energy could be transferred to the accelerator and that this was shared
approximately equally between work done on the current sheet and magnetic
field energy, as expected. The maximum calorimetric efficiency obtained
was 45% at an exhaust velocity of about 7 cm/usec.

Toward the end of the third year a theoretical analysis of the
energy loss mechanisms was made. It showed that about one-half of the
work done on the current sheet appeared as internal energy in the plasma
(because the current sheet was moving at a constant velocity into a gas
of uniform density) and that this energy would be lost in radiation in
a time comparable to the acceleration period.3 Consequently the efficiency
of the device, when operated in this mode, could not be greater than
about 50%. This conclusion was borne out by the experimental observation
that the maximum thermal efficiency was MS% for a wide range of operating
conditions.

Two methods to overcome this limitation were proposed; in the
one scheme the propellant was to be entrained in the current sheet at

the beginning of the acceleration cycle and then accelerated through



L.0

vacuum; in the other scheme the plasma was to be accelerated by a

staticnary current sheet as in steady-state accelerators.

EXPERTMENTS

4.1 Moving Current Sheet Accelerators

4.1.0 Discussion

Coaxial guns with moving current sheets can be operated in
two modes; the propellant is either picked up continuously by the
current sheet (the snow-plow and shock models) or entrained initially
and thereafter accelerated by it (the slug model). In some accelerators
the current sheet reaches the end of the electrodes before the capacitor
has completely discharged; in this situation the discharge may 'hang up'
at the end of the accelerator and behave in a manner analogous to the
Pulsed Arc Gun or it may continue to propagate and plume out into the
vacuum chamber. One frequently finds that the thermal efficiency of
the device is maximized if most of the stored energy is delivered after
the plasma reaches the end of the electrodes. This mode is acceptable
broviding the thrust efficiency is also high. However, there are several
effects that can occur in this mode that lead to erroneous measurements;
the most common are phenomena associated with currents that flow from
the accelerator to the walls of the vacuum tank, entrainment of neutral
gas from the vacuum tank, and adsorption of propellant on the electrodes.
In our experiments we always insure that tank currents are not present
and we maintain a low ambient ﬁressure ~flO-6 Torr to avoid the entrainment

problem.



h.o1.1 Switched Gun Experiments

The obJjective in these experiments was to study the dynamics
of a current sheet moving into neutral gas of known density. High
voltage switching was employed so that the electrodes and the vacuum
chamber could be uniformly filled to the desired pressure before the
discharge was initiated. The system was pumped out after each shot
then refilled with the test gas.

Figure 1 is a diagram of the switched gun. The switch consists
of two electrodes separated by a 1 mm gap pressured with dry air to
65 p.s.i. The gap breaks down and the switch becomes conductive when
the gap pressure is reduced by opening an electrically operated tap.

The only difficulty incurred was in making the inductance low enough so
that the discharge current could build up in a time short compared with
the pulse-time. The lowest inductance obtained was approximately 6 nH
of which about 5 nH was in the spark. The gun was connected to a pulse-
line with an impedance of 17 m Q and a pulse-time of 0.8 psec.

The magnetic and electric fields associated with the current
sheet were measured for nitrogen at three different densities (lOO, 200,
and 400 m Torr). The behavior of the current sheet was essentially the
same as observed before in a gas-triggered gun. Figure 2 shows oscillo-

grams of B, at different axial positions and Figure 3 the corresponding

8

profiles of B in this case the filling pressure was 200 m Torr and the

9’
pulse-line was charged to 4.5 ¥V. The inner electrode was always negative
and at each filling pressure a current sheet 1 to 2 cm thick formed which

carried 80% or more of the current; the radial electric field behind the
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sheet was equal to Eé x FS to within experimental error. (vS is the
measured sheet speed.) These two facts argue strongly that there can
be little plasma behind the current sheet and that the neutral gas that
it sweeps up must be either retained or driven into the electrodes.

If it is assumed that the current sheet acts as a perfect
snow-plow and does not lose mass, then its position can be calculated

as follows:

2
B d
o]
t 2
‘ f B7at = 2u Mv = 2u 0 z dz/dat (2)
o}
! t t
i S I j B° at at = Wy P 2% (3)
o o
t st
f f 1° at at = (/1) 2° ()
o O
where I = total current
M’ = initial mass of gas per unit length of barrel
L’ = inductance per unit length of barrel

z = axial position of the current sheet

p = neutral gas density

The double integral in Equation (4) can be evaluated from the measured
gun current and then used to predict the position of the current sheet

on the assumption that the current sheet retains all the mass it encounters.

10



The calculated sheet position agrees very well with the
measurements (see Figure 4) providing the value of B at the inner
electrode is used in Equation (3). This result is in agreement with
the theory given by Fishman and Petschek5 or indeed any theory that
assumes that the current sheet is normal with the center electrode.

The main conclusion drawn from these experiments was that,
for practical purposes, the simple snow-plow model is adequate for
explaining the dynamics of current sheets in coaxial guns operating

15

at currents ~ 100 kA, and particle densities ~ 1077 to 1016/cc when

the interelectrcde region is uniformly filled with gas.

h.1.2 Gas-Triggered Gun Experiments

4,1.2.1 Uniform Mass Loading

The objective in these experiments was to determine the
dependence of the current sheet velocity, the exhaust velocity, and
the calorimetric efficiency on the gun voltage, current, and dimensions,
in a gas-triggered gun uniformly filled with propellant. These experi-
ments follow-up those described in the previous section; however, it
is difficult to make a direct comparison between theory and experi-
ment in this case because of uncertainties in the absolute value of the
neutral gas density.

The gun is shown schematically in Figure 5; the propellant
ig injected through several sets of gas ports spaced uniformly along
the electrodes. Several pulse-lines, with different impedances and
pulse-times were used; the method of construction of these lines is

described in Reference 3.

11
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Typical oscillograms of voltage and current are shown in
Figure 6, together with magnetic probe data taken with two probes
blaced symmetrically on opposite sides of the barrel and at mid-

radius. Superimposed are B, values observed by the probes when placed

8
at 0, 2, 4, 6, and 8 cm from the insulator. In this case the barrels
were 10 cm long and it is seen that the current sheet reaches the
muzzle as the current begins to decrease.

The current sheet velocity can be determined from the
magnetic probe data or by observing the magnitude of the first step

onthe voltage waveform. The latter technique is possible because

the current reaches its terminal velocity in a few tenths of a micro-

pulse. When I ~ O the following equation applies:

V_B____L'_V_ (5)
Vo 1iv+z
° L
Where VO = applied voltage, VB = breech voltage, L' = inductance rer
unit length of the electrodes, v = current sheet veloclity, and ZL =

line impedance. Velocities calculated using Equation (5) are typically

within 15% of the velocities determined by B, probes.

8

The experiments described in the previous sections suggest
that the simple snow-plow model can be used to determine the functional

dependence of v. The momentum equation

B a
2n_ Cat
“JO

(Mv) = f/[v + Mv (6)

14
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and the experimental observation that v A~% y V~0, and I ~ O for

most of the discharge period leads to the relationship

1/2

V=<2-%-%) I (7)

where the mass density o is assumed uniform, A is the cross-sectional
area of the interelectrode space and I is the total current.
The current sheet velocity was measured as a function of current for

H, N

Py and Xe propellants; the data shown in Figure 7 was obtained

2)
with a gun which was 10.3 cm in length and connected to a pulse-line
with an impedance of 17 m Q and pulse-time of 0.8 usec. The sheet
speed is approximately proportional to current, as predicted by
Equation (7). In these measurements gun current was varied by changing
the gun voltage, consequently the neutral gas density was not constant.
However, the neutral gas density changed by less than a factor of 1.5
over the voltage range used and since the sheet speed depends on

p-l/g, it was hardly affected by this change. A typical neutral density

3

profile, measured with a fast ionization gauge” is shown in Figure 8;
the errors are relative with an absolute error of + 50%. The measured
sheet speeds agree with the values predicted by Equation (7) within
this accuracy.

The exhaust velocity and calorimetric efficiency depend on
the matching between the accelerator length, the sheet velocity, and

the pulse-time. Oscillograms taken with a negatively-biased Faraday-Cup

ion probe situated 140 cm from the gun are shown in Figure 9 for three

16



ANJHEND HLIM ALIDOT3A 133HS IN3IHYND 40 NOILVIMVA @ L 'Ol4
V¥ NI LN3Y¥ND

ov2 002 091 021 08 ot 0

T 4 T — T _ T _ T | T o)
B B o
3
— — b )
Z
B NON3X N3O0NLIN ] —
- A —1g @
I
m
- 1 g
— —l2l 5
o
i i o
l
— —91 <
" N390YAAH - m
| ] ~N
02 =
i A - 4
(@]

1 — { _ 1 _ 1 _ 1 F 1 .VN

s



3171404d ALISN3Q@ SvV9 TVHIN3AN: 8 '9l4
YOLVINSNI WOd4 3ONVLSId
02 8i 9l vl cl Ol 8 9 14 4 0
— T T 1 1 T T T T 1T T 17 T 1T T 713 0
K
- / -
N
— N —0¢
, S |
\
— \ —09
\
— \ —106
i \ T |
N
— = 1 -0 — 02!
— . — OSi
W € 'Ol HLI9N3T 34yve
A (NS WY NN VAN SR SR SRS Y RN U N T S N S N S

SNOYOIW -ALISN3Q SVO TVvdLlN3N

18



NNO 3HL WOY4 wdOvl|

(G6°2 X NIV9)
S300d103713 Wd 9l

$300¥19313 W Ol

S$300¥10373 WO L

* SWvd90717113S0 3804d NOI

6 Old

19



electrode lengths, 7 cm, 10 cm, and 16 cm. This data was taken with
the electrode arrangement shown in Figure 6 and a pulse-line of 5.6 m Q
impedance and 2.2 psec pulse-time. The gun voltage was 1100 volts and
the current was 80 kA; the current sheet velocity was 3.9 cm/psec. The
average exhaust velocity is approximately equal to the sheet speed if
the current sheet reaches the muzzle Jjust before the current starts to
decay. This behavior was common to all of the accelerators investigated.
It should be noted that if the current just starts to decay as the
current sheet reaches the muzzle then at this time the magnetic field
energy within the accelerator is about equal to the work done on the
current sheet and that this field energy must be recovered in order to
have efficient operation!

The main conclusions from these experiments were that the
current sheet dynamics agree with a simple snow-plow model, the plasma
emerges at the current sheet velocity if it is driven to the ends of
the electrodes and that the thermal efficiency is maximized at about

45% when the current pulse ends as the current sheet reaches the muzzle.

4.1.2.2 Non-Uniform Mass Loading

The primary objective of these experiments is to make a
mass-loaded current sheet accelerate continuously and thereby reduce
the energy expended in internal energy. This objective can be met in
principle by employing a gas distribution which is peaked at the breech
of the accelerator. The practical difficulties involved relate to
Obtaining the desired gas distribution, maintaining azimuthal symmetry

in the current sheet and recovering the magnetic field energy behind

20



the current sheet.

So far we have not obtained significant acceleration of a
current sheet. The most severe problem is getting the appropriate gas
distribution at a high enough density so that the current can be
drawn from the plasma without seriously depleting the total mass.

At first, we tried to employ gas triggering and adjust the gas distri-
bution by the arrangement of the gas ports; this method was not satis-
factory so a high voltage switch was added to the gun. At the same
time a fast-acting gas valve was installed. This system is being
studied now.

Several experiments were performed using a gas-triggered
gun with a single set of gas ports near the breech. The current sheet
propagated much the same as in the uniform fill experiments until it
approached the region where the gas density dropped. At this point
the leading edge of current sheet accelerated while the central portion
did not.

In another experiment the pulse-tTime was exiendsd o ckout
10 yusec by using a low impedance pulse-line and electrodes with a large
radius ratio. In this case the load impedance was large compared to
the line impedance, and several voltage reflections in the line occurred
before the breech voltage reversed. Axial gas injection was employed.
The current sheet formed at the breech of the gun, propagated along the
barrels in the same manner as in the uniform fill experiments, then
continued past the muzzle of the gun and plumed out into the vacuum

chamber. Most of the energy was delivered to the plasma when the current

21



sheet was past the muzzle. These experiments were done in a small
vacuum chamber which unfortunately was not instrumented to measure
thermal efficiency.

In some of these experiments we found that up to 50% of the
total current was returning via the vacuum tank walls. These currents

were eliminated by 'floating' the gun and gas valve assembly.

) Stationary Current Sheet Accelerators

h.2.1 Pulsed Arc Gun with Cylindrical Electrodes

The initial experiments on the Pulsed Arc Gun were done
with a gun with a 3-inch diameter outer electrode and a 1.5-inch
diameter inner electrode. The gun used is shown in Figure 10. It
was connected to a lumped parameter pulse-line made from 240 o
capacitors; the pulse-line typically consisted of 5 sections and had an
impedance of ~ 100 m (2 and a pulse-time of ~ 150 psec. The line was
always charged to less than 1 kV. The gun was gas-triggered by the pro-
pellant gas which was pulsed through twelve 3/8-inch holes in the
insulator at the back of the gun. In order to encourage rapid breakdown
at low gas density the gas initially entering the barrels was weakly
ionized by a gas-triggered discharge between the ignitor, shown in
Figure 10 and the main electrodes. Both nitrogen and hydrogen propellants
were used with this gun.

Figure 11 shows oscillograms of gun current and voltage and
ion probe output. The noise in the voltage trace is characteristic of
the gun and is also present on Be signals, measured with magnetic probes.
The probe signals show that the magnetic field has gross azimuthal

symnetry and that the current density is uniformly distributed between
22
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the electrodes with little current flowing past the end of the center
electrode.

Experiments with the Pulsed Arc Gun are complicated by a
tendency for current to flow from one electrode to the vacuum tank
and then to return to the other electrode via the tank walls. This
current is evidenced by arc-spots on the walls and is measured by a
Rogowskl belt around the conductor which connects the ground electrode
of the gun to the tank. Up to 50h of the total gun current has been
Observed to flow to the tank walls. Electrically isolating the gun
from the tank offers no solution because, in this case, a discharge
tends to occur across the isolating insulator between the gun and the
tank; if breakdown occurs at this insulator tank current flows but
it is difficult to measure. Insulating the entire end flange does
not appear worthwhile because arc-spots often appear on the side walls
and it is impractical to insulate the entire tank. Tank currents
generally occur when the gun voltage exceeds 150 volts; because lower
voltages should be adequate for producing plasma velocities of 1 - 5 x
106 cm/sec the operation of the gun has been restricted to voltages
where the tank currents do not flow.

Figure 12 shows oscillograms of the output from an ion energy
analyzer (see Appendix I-1) used to measure ion ene?gies in the exhaust.
The exhaust velocity, determined by time-of-flight between the ion probe
and the energy analyzer is ~ 3-4 cm/usec in the case illustrated. The
energy analyzer shows that the ion energy is greater than 70 eV and that
some doubly ionized ions are probably present during the acceleration

process.
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The use of lon probes and particle analyzers is complicated
by the fact that the exhaust plasma leaves the gun with an electrostatic
potential close to the cathode potential. Figure 13 illustrates this
behavior. The two pairs of oscillograms compare the terminal voltage
with the plasma potential measured by a floating probe 260 cm downstream.
In both cases the center electrode is the cathode during the first half-
cycle while the outer electrode becomes the cathode after voltage reversal.
However, in the first case the outer electrode is at ground potential
while in the second case the center electrode is grounded. In order to
avoid high plasma potentials the gun is normally operated with the center
electrode, which is the cathode, at ground potential. However, as can
be seen from Figure 13, the plasma still acquires a potential of approxi-
mately 100 V during the second half-cycle and a bias voltage in excess
of this must be applied to an ion probe if it is to function properly
after voltage reversal.

Measurements of calorimetric efficiency show that typically
about 15% of the electrical energy supplied to the terminals of the
gun appears in the exhaust. Higher efficiencies are measured if the gun
voltage is increased and tank currents are allowed to flow!

To clarify experimentally the difference between the Pulsed
Arc Gun and the conventional coaxial gun the barrel length was increased
from 7 cm to 25 cm. The object of this change was to see if the current
distribution could be held near the breech insulator, by continually
feeding it with gas, or whether it would always move to the end of the
electrodes. In every case the discharge reached the end of the electrodes;

however, two distinct modes of operation were observed. The first occurred
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if the ignitor was not used; in this case breakdown was delayed and
the barrels filled with gas before firing. In the second case break-
down occurred as soon as gas entered the barrels which consequently
were essentially empty at breakdown. The neutral density distribution
was determined with a fast ionization gauge.

With gas-filled barrels magnetic probe measurements showed
that a distinet current sheet propagated along the barrels; when the
sheet reached the muzzle it slowly thickened until current was flowing
throughout the interelectrode space and within 5-10 cm of the breech
insulator. With empty barrels the interelectrode space rapidly filled
with diffuse current but without a precursor current sheet. Figure 14

shows profiles of B, and compares the two cases.

8
To investigate the current flow further a small Rogowskil
probe was made which measured the local value of jr; this probe con-
firmed the results obtained with the Be probes but showed dramatically
that the current density was non-uniform and that the current was
apparently carried in numerous filaments. Figure 15 shows oscillograms
obtained with the Rogowski probe at different positions along the length
of the barrels; each oscillogram consists of several traces overlaid.
If the height of the smaller spikes corresponds to a single filament
of current threading the Rogowski then each filament carries about 200
amp; this figure is typical of arc-spots and it is concluded that the
electron current is produced predominantly by arc-spots.
Figure 16 is s space-time plot showing the position of the
current sheet, for the case of gas-filled barrels, and also the position
of the plasma front ejected from the gun. It can be seen that a short

time after the current sheet reaches the end of the b arrel plasma is
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produced which travels at 2-3 cm/usec.

L.»,2 Pulsed Arc Gun with Conical Electrodes

In view of the low efficiencies obtained with the Pulsed
Arc Gun using a 3-inch outer electrode it was decided to use an
electrode geometry similar to that used in High Performance Arc Jets
and Hall Current Accelerators.

The configuration of the first electrode arrangement is
shown in Figure 17. An external magnetic field of a few kilogauss
can be produced by the coil around the anode. Figure 17 also shows
the magnetic field lines from this coil and the flux densities normally
used. The coil is supplied from a 24 volt battery which is pulsed on
for 60 msec. The discharge is initiated by pulsing gas into the electrode
region 30 msec after the magnetic field is switched on. The external
magnetic field inhibits breakdown, and to overcome this problem a third
electrode is connected to a 0.03 pF capacitor charged between 500 and
1500 volts; breakdown occurs between this -ignitor electrode and the main
electrodes, thus initiating the main discharge. Originally the ignitor
was placed in the cathode tip but greater reliability has been achieved
with it in the interelectrode space.

Cathecdes of both copper and tungsten have been used with no
noticeable change in gun performance, however, erosion was severe with
the copper cathode.

A number of changes to the electrode configuration have been
made using the gun shown in Figure 17. Initially the coaxial region
between the anode and the cathode was not lined with insulator and a

radial discharge took place in this region; the plasma output was low
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and severe erosion occurred at the rear end of the anode near the gas
input holes. When the coaxial region was lined with insulator, so that
the discharge was restricted to the cathode tip and the conical part of
the anode, the plasma output increased, but severe anocde erosion occurred
near the apex of the cone. The cathode tip was moved by lengthening
and shortening the cathode assembly with no significant change in plasma
output. The presence of the external magnetic field made little or no
difference to plasma output but it did influence the onset of tank
currents and altered the gun impedance by about a factor of two. A range
of magnetic field strength exists where tank currents are least likely;
at gun voltages near 100 V, tank currents occur with no external magnetic
field, they cease when a field of 5 kG is applied and start again at
higher fields. Thermal efficiencies of 15% are typical and the plasma
output is similar to that from the gun with the 3-inch diameter anode.
Figure 18 shows oscillograms of the output for comparison with Figure 12.
The cone angle of the anode was reduced as is shown in
Figure 19. A plot of field lines with this new anode is also shown in
Figure 19. Less anode erosion took place, the plasma output increased,
and a thermal efficiency of 23% resulted from this change. Figure 20
shows oscilleograms of the output from this gun. Again the plasma velocity
and gun impedance were similar to those with the 3-inch diameter anode.
Further changes in geometry have been tried. Neutral gas was
fed in at the anode, instead of the mid-point between electrodes, and
a concave cathode was used. These changes made no significant difference

to the plasma output.
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Finally the plasma output using nitrogen as the propellant
gas was compared with the output when other gases were used. Figure 21
shows the different outputs from the ion energy analyzer when hydrogen,
nitrogen, argon and xenon were used as the propellant gas. It is signifi-
cant that neither the plasma density nor the lon energy alters when
hydrogen, nitrogen or argon is used; in addition the plasma output is
insensitive to the pressure of the gas in the gas-feed system. These
results argue that the propellant gas does not constitute a major fraction
of the exhaust plasma but acts as a triggering mechanism while the discharge
accelerates adsorbed gas or material from the electrodes. The plasma
transit time and ion energy given'by the gridded analyzer are consistent
with an atomic weight of about 15; this fact rules out the possibility
that the exhaust consists of electrode material (atomic weight of copper
is 64). However, it is possible that material of low atomic number
(e.g., nitrogen, oxygen, or carbon) from the residual gas in the vacuum
chamber is deposited on the electrodes between shots and subsequently
accelerated. The base pressure in the vacuum tank is typically 2 x 10-6
Torr; if this gas is air then the time to deposit one monolayer of lO15
molecules per cm2 is one second. The interval between shots of four
seconds is long enough for 8 x lO17 molecules to be deposited on the
anode (area 140 cmg); this figure is comparable with the total number of
ions in the exhaust (of the order 1018).

The exhaust plasmae did change significantly when hydrogen was
substituted for nitrogen in the 3-inch gun. The above results appear
to be characteristic of the smaller gun. Experiments are in progress to

determine the effect of adsorbed gas; these include firing at a faster
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5.0

repetition rate and redesign of the gas-feed system to allow a higher

gas flow rate during the discharge.

SUMMARY AND DISCUSSION

The program for the past year, as in the previous three
years, has been directed toward understanding the important physical
rhenomena that occur in pulsed plasma thrustors, rather than trying
to optimize a particular thrustor configuration. Diagnostic techniques
were chosen to give convenient, rapid estimates of thrustor performance:
calorimetric efficiency has been used as an upper limit for thrust
efficiency and ion velocity has been a measure of Isp' Propellant
utilization studies were started late this year and a thrust stand
was built so that the propulsion parameters Isp and efficiency, T2/Eﬁ P,
can be measured directly.

The situation of moving current sheet accelerators with uniform
mass loading is as follows: the propellant is either entrained by the
current sheet or driven into the electrodes; for practical purposes the
snow-plow model is adequate to describe the dynamics of the current
sheet; if the mass loading and geometry are specified a pulse-line
impedance and voltage can be prescribed to give a desired current sheet
velocity; the velocity of the plasma expelled from the accelerator is
approximately equal to the sheet speed providing that the driving force
is maintained until the current sheet reaches the end of the electrodes;
thermal efficiencies of the order of 40% can be achieved at exhaust

>

velocities between 2 x II.Ol'L and 2 x 10” m/sec.
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In summary, we now know how to design and build moving current
sheet accelersators for any ISp between 2000 and 20,000 seconds with
thermal efficiencies of the order of ho%. No further work is planned on
moving current sheet accelerators employing a uniform mass loading because
we believe that the efficiency of this type of accelerator is limited
to about 50% by radiation losses.

Two ways of improving the efficiency are being investigated;
in the one a non-uniform mass loading is employed in order to make the
current sheet accelerate continuously and in the other the current
distribution is stationary or "quasi-stationary". The former requires
a fast gas valve and a high voltage switch in order to obtain adequate
conirol vver iLhe neutral gas dis 1; thecge have been develoned and
measurements are in progress.

The stationary current sheet accelerator or Pulsed Arc Gun
looks promising. In principle it has many advantages over the moving
current sheet accelerator and these are described in the Introduction.

It has two distinct advantages over steady-state thrustors; pulsed arc
guns can be operated at a very low average power (a few watts) while at
very high peak powers (~amegawatts) and because propellant is also pulsed,
very low ambient vacuum tank pressures éan be maintained without gigantic
pumping systems. We believe that megnetoplasmadynamic arcs without bias
fields can only be efficient at a power level of hundreds of kilowatts;
with a bias field this power level can drop to tens of kilowatts. If

the physical phenomena active in D. C. accelerators can be duplicated

in pulsed systems, then pulsed accelerators can be employed, both in the

Lo



laboratory and in space, to study the performance of M.P.D. arcs
without the need for very high power levels.

To summarize the preliminary results obtained with pulsed
arc guns: a quasi-stationary discharge can be established and plasma
is ejected continuously during the pulse; the energy to charge ratio
of the ions in the exhaust is less than the voltage at the terminals
of the gun; the plasma velocity has been varied over the range 1 to 5
cm/usec; a bias field improves the symmetry, and reduces the electrode
erosion but does not alter the performance significantly; a thermal
efficiency of 15% is typical with the present configuration; tank
currents are difficult to avoid and when flowing improve the measured
efficiency. The neutral gas-feed appears to be inadequate at present;
in some cases the discharge operates on adsorbed gases, a problem similar
to the entrainment problem in D. C. devices.

The development of the Pulsed Arc Gun is a significant contri-
bution to the field of pulsed plasma accelerators, however, more experi-
ments are required to @etermine if it can be used as a thrustor.

One further significant accomplishment this year is in the
development of energy storage capacitors. Over oné million discharges
have been achieved at energy densities of 80 joules/lb and 4 joules/in3
with a charging voltage at 4 kV. These energy densities are considerably
higher than required for practical missions; we are confident that neither
capacitor weight nor lifetime will be the limiting factor in the performance

of pulsed plasma thrustors.
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6.0 APPENDICES

Appendix I. Diagnostics

I.1 Ton Energy Analyzer

A simple gridded analyzer which identifies the energy of the
ions in the exhaust has been developed. In contrast to the Eubank-type
analyzer which was used previously, the new analyzer has much poorer
resolution. Its main advantages are compactness, ease of orienta-
tion within the vacuum chamber, and adequate performance at the plasma
densities and velocities which are encountered in our application.

The analyzer 1s shown in Figure 22. The grid behind
the entrance hole is biased sufficiently negative, so that it repels
all the electrons, while the collecting plate behind the grid is given
a positive potential so that it accepts only those ions whose kinetic

energy satisfies the following relationship

1/2 Mv° > Zev (8)
where V is the positive potential on the collecting plate.

The signal from the first grid varies as the total ion current
entering the probe while the collector current is proportional to the
current from the fraction of ions which satisfy Equation (8).

Two points about the use of this analyzer should be noted.
Firstly, any potential difference between the plasma and the probe will
produce a plasma sheath which alters the energies of the incoming ions;
this effect, which is common to all analyzers, can be appreciable for low
energies particles if the analyzer is too close to the gun. Secondly,
the mesh size of the grid must be less than the Debye shielding distance

appropriate to the grid voltage and the plasma density.
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The oscillograms in Figure 23 illustrate the performance of
the analyzer. 1In each picture the upper trace is the current to the
negative grid and the lower trace is the current to the positive
collector. The current to the collector reduces progressively as its
potential is increased. Two marked cut-offs occur which correspond
to N* and N** ions. The oscillograms show that approximately 70% of

the plasma is doubly-ionized in this case.

I.2 Thrust Stand

A thrust stand of the inverted-pendulum, four-flexure type7
has been installed in a new vacuum chamber. This vacuum tank, designed
for the stand, is four feet in dilameter and five feet long. It connects
directly into the large chamber through a 16-inch gate valve, allowing
operation of the stand at gas flow rates equivalent to 10 shots per
second. It can be operated independently of the large chamber,
allowing flexibility in the programming of experiments for the two systems.

A four-flexure system was chosen because the degree of
criticality of the over-all system is independent of the criticality
of each flexurefsand because it is possible to load the stand to four
times the critical loading before collapse. The first feature means
that the location of the center of gravity is not important; this fact
greatly increases the versatility and ease of use, and also eliminates
the requirement for closely matched flexures; the degree of leveling
required is also reduced. The second feature allows operation at or
above the critical load, where the mechanical restoring forces are zero,
and makes the suspension relatively insensitive to mechanical or thermal

drifts.

W7



To eliminate errors due to hysteresis of the flexures, and
other non-linear effects, it is desirable to 1limit the deflection by
making the suspension system very stiff. This stiffness is achieved
by an electrical feedback network, rather than mechanical means.

The problem of restoring torques from the electrical
connections was gvoided by making the base of the stand from one-inch
thick epoxy board, and carrying the necessary power and electrical
signals through the flexures. Thermal problems are avoided by operating
at a low duty cycle, with the stand, engine, and capacitors acting as
a heat sink.

The complete suspended system, including engine and capacitors,
weighs 150 pounds. The flexures are l.5-inches long by .200-inches wide
and .032-inches thick, machined from 321 stainless steel.

A block dilagram of the system is shown in Figure 24 and a
photograph in Figure 25. A displacement in the stand causes a signal
to be induced in the differential transformer (a Sanborn Model FT-1)
which is processed through a carrier preamp, then amplified and differ-
entiated. The differentiated signal, which is proportional to the
velocity of the stand, is sent through a D. C. power amplifier to one
of a pair of coils. The coils are rigidly attached to the base, and
surround but do not touch a permanent magnet mounted to the movable
portion of the stand. This system provides electromechanical damping,
and the over-all Q of the system can be varied easily. The undiffer-
entiated signal is amplified and applied to the second coil, together

with a manually spplied D. C. voltage, to compensate for drift.
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The background mechanical noise level is well below 0.1
millipcund, and electrical noise due to operation of the gun is not
detectable. No corona has been observed at voltages up to 2.5 kV,
if the tank pressure is below ].O_5 Torr. No displacement signal is
induced when the gas valve is pulsed with no gas in the plenum. No
quantitative measurements of thrust have been made so far but there
are indications that the suspension is sensitive to single pulses.

Mass flow rate measurements will be undertaken as soon

as all other portions of the system are operating routinely.
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Appendix II. Energy Storage Capacitors

About two years ago a capacitor development program was
initiated because the capacitor manufacturers would not support an
extensive R & D program to develop a lightweight, compact, low inductance
capacitor. Our program has been successful and has allowed us to keep
pace with the changes and demands of the various accelerators.

The first unit fabricated was a 22 uF, 10 kV capacitor
built in the form of a torus; the method of construction employed
was such that this capacitor behaved as a pulse-line with an impedance

of 17 m  and a pulse-time of 0.8 psec.3

Since then 12 pulse-lines
have been constructed, with impedances between 4 and 45 m Q) and pulse-
times from 0.3 to 10.0 psec; one of these lines can deliver 106 amps
with a rise-time of lO_7 secs into a short circuit load.

For the last four years there has been a steady progression
toward lower voltage, higher capacitance (or equivalently longer pulse-
time) energy storage capacitors for the various accelerators. For
example, in the first accelerator a 1 uF, 20 kV capacitor was used;
this was followed by a system with 5 pF at 15 kV, then 10 uF at 10 kV,
20 UF at 6 kV, 180 uF at 3 kV and finally ~ 2000 uF at 500 volts for
the Pulsed Arc Gun. To keep abreast of these changes we have studied
the properties of dielectric materials and maintained a testing program
in crder to design optimum systems over a wide range of capacitance and
voltage.

To minimize costs all testing has been done on small sample

capacltors typically 5 uF each. Using Mylar film for the dielectric

52



we have obtained lifetimes of the order of 106 shots at energy
densities of 80 joules/1b and 4 joules/in? at an applied voltage of

4 kV. This energy density is considerably higher than necessary for a
prototype engine and it is apparent now that neither capacitor weight
nor lifetime will be the limiting factors in the design of pulsed-plasma
thrustors.

The Pulsed Arc Gun operates at very low voltage, t ypically
150 volts; high energy density film-foil capacitors cannot be fabricated
at these low voltages because the minimum film thickness available is
0.00015-inch and several layers have to be used to avoid pinholes. 1In
principle elther electrolytic or ceramic capacitors can be used. However,
electrolytics do not have adequate reliability, are lossy, and cannot
handle the discharge current, and ceramics would be prohibitively expensive
for laboratory applications. Ceramic capacitors could be used in the
final system.

The most convenient way to fabricate a lightweight energy
storage system for the Pulsed Arc Gun is to use a high impedance, high
voltage pulse-line and a pulse-transformer. The impedance of the Pulsed
Arc Gun is ~ 30 m ; therefore, with a 10:1 transformer a lumped parameter
line with an impedance of 3 () can be employed. A typical line consists
of 5 capacitors, each 7 uF charged to 3 kV; the terminal voltage at the
gun for a matched load is then 150 volts. Such a system stores 158
Joules and weighs 15 1lbs, of which 10 are in the transformer. The design
and construction of the pulse-transformer are described in the following

appendix.
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Appendix III  Pulse-Transformer Design

A pulse -transformer has been designed to couple the Pulsed
Arc Gun to its energy storage system. This step is necessary because
the thrustor operates at low voltage and because film-foil capacitors
cannot be fabricated with good weight efficiency at voltages less than
2 to 3 kV.

Assuming that the thrustor operates at 150 volts and 0.03
ohms impedance, and that the pulse-line energy source must be charged
to 3 kV (thus producing 1.5 kV output into a matched load), we arrive
immediately at a turns ratio requirement of 10:1, and a line impedance
requirement of 3 ohms. We will discuss first the elementary theory of
the pulse -transformer, then the design constraints imposed by our

system, and finally the test results from a laboratory prototype.

I1T.1 Theory

The electrical circuit being considered here is the following,

S5k




where we characterize the energy source as a zero impedance square-wave

voltage generator in series with Ro’ the characteristic line impedance.

Here, we define the following parameters:

R

We

pulse-line impedance (pure resistive)
load impedance (assumed resistive)
primary turns

secondary turns

primary inductance (for i, = 0)
secondary inductance (il = 0)
primary resistance

secondary resistance

coupling coefficient

*

mutual inductance referred to the primary (= KLl)

= nl/n2 = turns ratio

first write the usual voltage relationship which is, for

a perfect transformer (k = 1, R, = R, = 0)

1

v, = vl/n .

Since the transformer is assumed lossless,

hence,

and

[
no

*
Here, M1 =nM, if M=k, L L2, as is the usual definition.

1

25



A

We thus define a "reflected”" impedance RL' = Ei = n2 RL' (The require-
1
ment for a 3 ohm line now follows from the 10:1 turns ratio, and R, =

L
0.03 ohm). By similar reasoning, we have

=
1

2
o n L2 s
and

2
32 =n R2

It is now convenient to draw the "equivalent circuit" of the

transformer in terms of what is seen at the primary terminals; we

follow the procedure of Bostick:

The additional circuit elements, e.g., shunt resistance and capacitance
as shown in dashed lines, are not important at the relatively low fre-
quencies we employ, and so are neglected. (Fine lamination of the

core reduces the core eddy-current loss to a negligible level.)
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One further approximation which is quite accurate here is

L
that il = n2, since both coils are closely wound on the same core.
2
Then Lg' = Ll’ and the equivalent circuit becomes, taking M = kLl,

Ro R; LK) L=k} Ra

kL| RL

We are now in a position to place limits on the transformer
parameters which are dictated by the load impedance RL, the voltage Vl
on the primary, and the duration T, of the pulse. These are:

(1) The rise-~time T of the current through RL should be

much less than T. We say, arbitrarily, that we require Tr <3l

) (where

. f is a number somewhat larger than unity.) But (for 1 - k << 1)

. Ci (1-k)
T ’ P
+
R, * Ry + R, + Ry

Now, since efficient operation requires that R, and Rel < RL', and

1

impedance matching requires that RL' = Ro, this simplifies to a requirement

P



that

L (1-k)

T =2 ——
r R
0

1A

Thus we need good coupling, and Ll not unnecessarily large.

(2) The necessary size of Ll’ however, is given by the
reguirement that the shunt impedance of kLl should not drain off an
important fraction of the input current during 7. We associate with

. . ¢ _ " - . -
this current drain a rise-time 7 Ll/(Ro Rl) Ll/Ro, and will re

quire arbitrarily that To >> T, or specifically that

L
*)
== >
Ts <: R fr,
o)

where as before f is a number greater than the order of one.

Combined, these two criteria demand that

Ll 1

< <
f R,T f(1-k)

)

and in particular, that

£ <

1
1l -k
Here, we find, for example that for f = 5, we must have a coupling
coefficient of 0.96 or better. Such a value is obtainable, however,

and we will set as a preliminary requirement

Ll = SROT

(3) The core must not saturate. If it does, L. drops to a

1
very low value, as does k, and the lcad is immediately decoupled from

the pulse-line. To derive the criterion for satisfying this condition,
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we recall from Maxwell's equations that

a Ll
j‘E-dJZ="a—tJB-dA="¢:

or, that

AB ,

bl <
e

A
-

where A is the cross-sectional area of the core. Obviously, we must

have

AB < B (if B=0at t = 0),
max
and so the area requirement on the core is

1 " max

The task of the designer is now to reconcile these reqguire-
ments while making the transformer as light and efficient as possible.

To study in detail the optimization of transformer design,
we assume fhe use of a double "C" core, which has the primary wound on
one leg and the secondary on the other. The two windings are assumed
to have identical volumes and to fill the "window". We further assume
that the core has a square cross section. Figure 26 shows the con-
figuration with the designation of various dimensions by appropriate
symbols. Our procedure now will be to express the various constraints
in terms of this geometry and then to attempt to arrive at an optimum

design.
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First, the core area reguirement is

2, T
) > =5
nl max

A(= s

To minimize weight, we make this an equality, and so

v.,T

2 1
n,8° =k, vhere k, =g . (1)
max

Next, there is the compromise time constant requirement that
Ll =5 ROT. For a non-saturated magnetic circuit of uniform cross-

sectional area A and length £,

where n is the total number of turns, and p is the effective core
permeability, including the effect of gaps. We measure £ along the
center of the cross section, and obtain

2 82

N SlEFy) F 8 T %o (2)

where 5ROT
k —

27

In estimating efficiency, we neglect core losses, and con-
centrate on ohmic winding losses. This is a very safe procedure at the
frequencies contemplated in our applications.

If j is the current density in the winding, T the average
or specific resistivity of the winding, and Vw the coll volume, then

the power loss is

P=j'ﬂv .
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But

5= nyly
ol
and
Vw = y[4x8-+nx2] s
SO

= = . — 4

Efficiency may be defined now as

since each winding, irrespective of turns ratio, reflects a series

resistance R, into the primary terminals.

1
Thus,
1
€ = ? (3)
2 |48 17]
= 4
1+ k3 nl proniien
where
- 20
k3 =3
o)

Finally, the transformer mass 1is

M, =0, 82[2y4-hX'FﬂS] + 20 xy[4s + mx] (4)

where pc,and P, BTre respectively the densities of core and coil.
Now, one may gain an insight into requirements for efficiency

by using Equations (1), and (3) to eliminate n.; the result is

17

1 ki K s
R il AP (5)
y
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and we obviously wish to make the second right-hand term in Equation (5)
less than unity. One notices that this term is dominated by the
factor l/Su; the ratio §/x will not ordinarily cover a wide range
of values and y itself will be expected to remain within certain
reasonable bounds. This is to argue, then, that Equation (5) together
with kl and k3 determined from external requirements, allows a fairly
close first estimate of the minimum acceptable S. Let us take the
example of:
V., = 1500 volts
T = 150 usec
B = 15 kilogauss
R_= 3 ohms
N=3x lO-8 ohm -m. (includes the effect of
winding space factor)

These give

kl = 0.15
k3=2x10'8,
for which
-10
€ X

Sy
If we take the brackets equal to 10, and the whole second term equal

to unity (50% efficiency) we obtain

for y =S, S=2.1cm
for y = 35, S=1.7T cm
for y = 108, S =1.3 cm.
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It is clear then, that the core leg will probably have to be
more than 2 cm on a side.

The core volume, however, is obtained simply and directly by
combining Equations (1) and (2) so as to eliminate n,;
2

)

sPla(x + y) + 78] i

Ky (6)

or,

Now, we must guess at an effective p in order to obtain k2; if we let

u = 100, then

k,~ 20,

and Vc ~ lol X lO-3 m3, which corresponds to a mass of about 9 kG.

It Bmax = 17 kilogauss, and T = 100 usec, the core mass
drops to a little over 5 kG.

It is interesting to note that if u is increased, the core volume
V_ also increases according to the criteria of Equations (1) ana (2), and
Equation (6). One may see how this occurs through the following hypo-
thetical sequence of changes. TFirst, suppose that for a given core
configuration and winding we increase u. This has the effect of

increasing L., and so, in order to bring Ly back to its predetermined

1
value, ny must be decreased. This decreases VlT, however, since it
depends only upon B and not p, and so the core cross section must be

increased to restore VlT. Tmplicit in all this is the assumption that

the coupling coefficient k remains constant with the change in p. In
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fact, the dependence is very close to (1-k) A«% if the core is not
approaching saturation. DNow, 1f we note that
fR 7
o

k2 = o

where up to now we have guessed that f = 5, but where actually, as

shown earlier

we see that
. ROT 1 - ROT
= . _ s’
2 L /I -k  J/e

and so, this improved approximation still requires an increase of Vc

with u, although not as rapid.

One may inquire as to the possibility of going to even much
lower values of u than 100, perhaps even to an air core. The answer
is simply that in this limit, the required coil weight and volume would
become unacceptable.

An independent benefit of working at moderate p is that a
core gap which reduces effective circuit p to the order of 100 (when
the actual core materiél may be a hundred times higher) has the effect
of closing up the core hysteresis loop, or reducing the remnant B
when H has returned to zero from an excursion of a single sign. Thus,
much greater AB is available than would be for a gapless core.

These considerations provide a starting basis for design of an
operational pulse transformer. A thorough analytic optimizing through

solution of Equations (1)-(4) in the given variasbles appears to be less
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practical than a "trimming" procedure which employs as a starting point

a core configuration selected by the foregoing approximate means.

III.2 Experiment

Preliminary testing of a transformer (Figure 27) wound on

(an Arnold AL 1729 A 2 mil Silectron C) core has been completed, and

performance has proved quite satisfactory. The core dimensions are:
S =3.7 cm,

x = 3.7 cm,

y =7T.5 cm.
nl = 100 turns
n2 = 10 turns

The windings were of copper foil of 3" width, .0008" in the primary,

and 0.010" for the secondary. The important distinction between this
transformer and the assumptions of the foregoing analysis is that the
windings did not fill the "window" of the core. In order to assure tight
coupling, half of the primary and half of the secondary were wound on
each leg.

In these teéts, a pulse-line energy source of 3 ohms was
used. It was built in eight sections, each of which had 4 ufd capacitance
and 36 ph inductance, except for first and last mesh inductance of 18 ph.
The total pulse-time was 250 psec.

A dummy load of 0.03 2 was used for initial tests. No
saturation of the core was noticed for Vl below 103 volts; this limiting
value agrees exactly with an assumed Bmax of 1.7 x 101L gauss. Voltage
and current waveforms are shown in Figure 28. Energy transfer efficiency,
as calculated from voltage and current waveforms, was 88% with the 12%
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loss being entirely attributable to the high secondary resistance of
~ 0.005 Q.

Operation of the transformer into an actual thrustor load
appeared to be straightforward in that good pulse waveforms were
obtained. However, this part of the experiment had difficulties arising
from excessive connection resistance between the transformer and load
which reduced the energy transfer efficiency to about 50% (Note Fig. 29).
Breakdown of the thrustor was hard to achieve at low voltages, although this
was remedied by the direct capacitive coupling of a small part of the
primary pulse to the thrustor to achieve a "spark plug" function.

Figure 29 shows thrustor waveforms. The primary voltage and current
were 750 V and 268 A; the secondary values were 48 V and 1950 A.
The result of some mismatching and IER loss is evident here.

It appears that, with careful transformer design and close
attention to secondary circuit connections and conductor sizes,
efficiencies in the 90% range should be attainable. This work is

continuing.
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