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Conclusions

The analytical techniques used during the test program
permitted accurate pretest predictions. These techniques
are being applied in the NERVA flight-engine program and
will greatly reduce the number of tests required at the sub-
system and engine level. This proven analytical approach
grants a higher confidence of success with a limited number
of tests.

W. E. DURKEE AND F. B. DAMERVAL
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Analysis of Solid Teflon Pulsed Plasma Thruster
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Studies of the pulsed plasma thruster used for stationkeeping in the LES-6 satellite are de-
scribed. Current waveforms were measured, from which circuit parameters were deduced, an
energy balance made, and thrust was computed. Each current pulse ablates ~107% kg of
Teflon (6 X 10% molecules of C:F,), exhausts it at 3000 m/sec (specific impulse 300 sec) with an
impulse bit of 31.2 u N-sec (7 ulb-sec). Langmuir probe measurements of electron density and
temperature, a K-band microwave interferometer measure of density and collision fre-
quency, spectroscopic analysis of ion species, and a Faraday cup measurement of ion velocity
were all made. Ion velocities of approximately 40,000 m /sec indicate that the gas is only par-
tially ionized. A thrust stand was constructed to measure impulse bit and specific impulse.
The impulse bit is linear with capacitor energy (1.85 joules, normally). Modifications in the
current return path to the capacitor which changes the magnetic field behind the exhaust were

made.
provement in efficiency.

Introduction

PULSED plasma thruster (PPT) using an arc discharge
across a Teflon surface (Fig. 1) has been successfully pro-
viding east-west stationkeeping on the Lincoln Laboratory
Satellite, LES-6, for over a year now. The thruster has been
described in detailin Ref. 1.  'With the success of this thruster,
further development work was begun to improve the design.
At the same time, a research and testing program was initiated
to understand the physics of the thruster, to determine plasma
and ecircuit parameters, to analyze the performance under con-
figurational changes, and to do reliability and life tests. This
paper reports the results of the program to date. Although
the work is continuing and further understanding is required, a
physical picture of the thruster operation is emerging, and a
useful model which prediets the correct thrust and efficiency
has been developed.

Understanding of the device was improved by determina-
tion of electron densities, temperature and collision frequency
in parts of the exhaust with Langmuir probes and a K-band
microwave interferometer, measurement of ion velocities with
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Specific impulse could be tripled, but impulse bit dropped by a like factor, with no im-

a downstream Faraday cup, estimation of conductivity from
magnetic probes, and determination of ion species spectro-
scopically. Circuit parameters were measured or deduced
from voltage and current waveforms, giving the magnetic pres-
sure on the exhaust gas, and a thrust stand was built to mea-
sure impulse bit and specific impulse vs energy into the dis-
charge.

From the aforementioned information, it was found that a
fraction of the ablated Teflon is ionized and accelerated mag-
netically to approximately 40,000 m/sec, and the remaining
neutral gas appears to be gas dynamically pushed off the
Teflon face at a velocity approximately 3000 m/sec, the
average exhaust velocity. The circuit model predicts an im-
pulse bit of 32 uN-sec, agreeing with the thrust stand measure-
ments. The model shows only 2.96% of the energy converted
to thrust, with approximately 329, dissipated in the capacitor.
The remaining energy is required to ionize and heat the
plasma and to heat the electrodes of the discharge.

The Circuit Model

As shown in Fig. 1, a spring feeds the Teflon into the region
where the charged capacitor plates are discharged across the
Teflon face upon ignition of the spark plug. The discharge
current is repelled by the return current to the capacitor
through a back plate (the Teflon is fed through a hole in this
back plate). This current repulsion, or magnetic pressure,
accounts for the largest fraction of the thrust given to the ex-
haust gas. Figure 2a illustrates a simplified model in rec-
tangular geometry, showing the current and magnetic field
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Fig.1 Thruster schematic showing Teflon feed, discharge
region and current path through the capacitor.

and a plasma sheet, which is assumed to move as a slug during
the current ‘“‘impulse.”” An equivalent RLC circuit? is
shown in Fig. 2b. The capacitor has an internal resistance
and inductance while the plasma has a time varying resistance.
The inductance L, comes from the flux between the plasma
sheet and the back face.

The voltage at the terminals of the capacitor and a derived
current waveform are shown in Fig. 3a. The differentiated
terminal voltage is nearly I/C, except for small corrections
from R.and L. That is

—C(@V/dt) = I + R.C(dl/dt) + LC(d¥/dt?) 1)

The inductance L is small, as can be seen by the current curve
in Fig. 3a. At the instance of breakdown when the circuit
is closed, the voltage Vo = 1360 v divides between L and L,.
Since the current curve shows only a small drop at ¢ = 0 from
Vo, L L L,. Now, given R. and the initial values I(0) = 0,
I'0) = Vo/(L + L,), Eq. (1) can be integrated numerically
to get the current curve. The resistance R. ~ 0.03 @ and L,
~ 34 nh. The latter agrees with an approximate theoretical
value polh/w. The effect of the capacitor inductance can be
included when integrating? (and was in the current curve) by
using an iterative method, as can the fact that L, is varying as
the sheet accelerates.

Given I () and L,(t = 0) a determination can be made of the
sheet position, plasma resistance, magnetic pressure (al?),
and energy balance vs time. Figures 3b—d taken from Ref. 3

— Discharge Current (I)

——= Magnetic Flux Induced by
Discharge Current {B}

'[V

2-uF Capacitor
a)

2-p.F Capacitor
b)

Fig.2 a) Simple rectangular geometry model showing the

current path, magnetic flux and the plasma slug; b) cir-

cuit representation of the model; L = capacitor induc-

tance (L < L;), R; = capacitor resistance, C = 2 uf L, =

time-varying inductance due to flux behind plasma slug,
and R, = time-varying plasma resistance.
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give these quantities. The total resistance is shown in Fig.
3b, of which a small fraction is the capacitor. During the first
% usec, the circuit is overdamped (B > R crit), which explains
the “hitch’ in the current waveform. In Fig. 3c the circuit
dissipation (capacitor heating, electrode heating, ionization,
plasma heating, and radiation) and I2(¢) (proportional to mag-
netic pressure) are shown. Finally, Fig. 3d shows the division
of energy with time.

The total impulse, integrating I2, is 32 X 10— N-sec or 7
ulb-sec. Almost 329, of the energy is dissipated in the ca-
pacitor, while only 3%, goes to kinetic energy. The measured
mass ablation, 10~ kg per shot, results in an average exhaust
velocity of 3180 m/sec, which is a specific impulse of 312 sec.
About 65% of the energy remains to be divided among elec-
trode loss, ionization, heating, and radiation.
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Tig. 4 Experimental chamber and diagnostic aceess ports.

Momentum Relations

A momentum balance may be written with the Maxwell
stress tensor 7T';;, whose divergence gives the particle electro-
magnetic force density oE; + (J X B);, and the particle stress
tensor P;; = nmivw;), whose divergence gives the gas dynamic
force density. For an isotropic velocity distribution, that
force is simply a pressure gradient, with nk7T the particle pres-
sure. The momentum equation relates these tensors to the
particle and photon momentum densities p, = nm{y,) and ¢,
= (E X H),/c If the entire exhaust gas is surrounded by
surface S, enclosing volume V, the relation is*

SISV T+ P)av + @/0fffG + dv =0 @)

In words, the rate of change of momentum is balanced by the
forces (divergence of stress). The balance in the last section

neglected P and g.

The first integral in Eq. (2) can be converted to a surface in-
tegral, hence the momentum given to the gas (and photons)
can be found by evaluating only the surface stress. The stress
is assumed nonzero only over the Teflon for the component of
Eq. (2) in the direction of the exhaust. Further, if the mag-
netic field there is parallel to the surface and constant, and if
the velocity distribution is isotropic

1 poH? 4+ nkT ) A = ° SIL | nmv.) —l—(-EXTH)Z av
2 ot ¢
6)]

where A is the area of the exposed sucface. It can now be ar-
gued that the photon momentum E,/c (E; is the photon en-
ergy) is small compared to the particle momentum (¥,/v.)
owing to the great disparity in velocities (v, < ¢).

Distance from Teflon

IN
T

ELECTRON DENSITY X 10' (per m)
N
I

| 1
¢} 10 20 30

TIME AFTER DISTANCE (usec)

Fig. 5 Microwave interferometer measurements of
density with time after the discharge for several positions
downstream.
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Integrating Eq. (3) to infinite time and approximating H by

I/w

w (1 ul?
fo <§ I':F + nkT> hwdt = Nm{v.) (4)

where Nm is the total exhaust mass (108 kg). This relation-
ship was used in the previous section, except that nkT was
neglected.

Each species in the exhaust (electrons, ions, and neutrals)
obey a similar equation, except for terms describing forces be-
tween species by collisions (of course, there is no electromag-
netic force on the neutrals). If the only interest is in the mo-
tion of the entire exhaust, Eq. (4) will give correct results even
with neutral particles in the exhaust, because momentum
gained by charged particles through magnetic pressure forces
can be transferred to neutrals but not lost.

To estimate gas dynamic forces it is necessary to know the
density and temperature of each species. Later on it will be
shown that there may be a small contribution to the electron
momentum by electron neutral pressure. Neither of these
appear at this time to be of the same order as the momentum
transferred via magnetic pressure.

Plasma Diagnosties

A stainless steel vacuum chamber, shown in Fig. 4, with two
ports for viewing the discharge or inserting diagnostics, was
constructed. The thruster can be slid about 18 in. along a
track of the chamber. The chamber is mounted on a glass
tee to provide a pumping port. A Faraday cup or various
probes can be inserted at one end of the tee and moved axially
into the throat of the thruster.

A K-band microwave interferometer with horns inserted
inside the two ports was used to determine electron density vs
distance and time. The cutoff density is 7 X 102/em?, and is
exceeded during a large time interval near the throat. Figure
5 shows the density n(z,f) as a function of time. It was found,
by plotting the initial cut off time vs distance, that the plasma
exhaust velocity is near 35,000 m/see. This was econfirmed by
Faraday cup data to be discussed shortly.

The electron temperature can in principle be measured with
a Langmuir probe, sampling the signal for a 1 p-sec interval at
times of interest. From the sampled currents vs probe volt-
age, a reasonable probe characteristic can be constructed dur-
ing the afterglow, at least for times greater than 4usec follow-

TIME (yesec)

3 current traces
2 psec/cm —m
01004 /em 4

| |

S22 783

PROBE DISTANCE

Fig. 6 Peak current arrival time at a Faraday cup vs
distance and a typical collected current trace (inset).
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ing capacitor breakdown. Large floating potentials (several
hundreds of volts) during breakdown make measurements
difficult at that time. Even in the afterglow measurements
are uncertain; nonetheless those probe measurements give
temperatures ranging from 20 to 25 ev.  An attempt to verify
this temperature by measuring relative intensities of Crv to
Cir and Cur to Ci® gave temperatures in the range of 3-8
ev. Theuncertainy comes from lack of knowledge of electron
density that is required for this method. Given the methods
employed in measuring temperatures, the results are not as ac-
curate as we would like. However, temperatures in this range
are not surprising for a low-pressure arc discharge. In fact,
spectral lines of Ctv and Frv were seen, which tends to support
an elevated temperature,

Magnetic probes along the thrust axis can be used to deter-
mine the diffusion of the current (or magnetic field) into the
plasma, provided the magnetic Reynolds number islow. The
surface current waveform simply propagates into the conduct-
ing medium, and from the skin depth an estimate of conduc-
tivity can be made. This estimate gives ¢ =~ 10¢ mho/m,
from which is determined a magnetic Reynolds number of
order unity. Thus, the field lines are neither frozen into the
moving plasma, as assumed in the eircuit model, nor do they
simply diffuse into the exhaust region.

One of the more useful diaghostic measurements is the Fara-
day cup signal at various downstream positions. A l-mm
diam hole in the front face of the cylindrical chamber sur-
rounds a negatively biased collecting electrode, and the col-
lected ion current is displayed on an oscilloscope. To under-
stand how the waveform varies with distance between nozzle
and cup, it is assumed the velocity is a drifting Maxwellian.
The initial distribution is a delta function (point source) at the
Teflon face, the origin of the coordinate system.

For later times the distribution is determined from the free
streaming solution to the Boltzmann equation, so the distribu-
tion function is

favy =n <2;mk—T>3/2 8z — v)(y — )6z — )

X exp{—(m/2kT)[(v: — v0)? + 0,2 + 2]} ()

where n is the density and v, the drift velocity along the z axis
(the exhaust direction). Integrating v,f(r,v,f) gives the cur-
rent for a Z-times ionized atom, through a hole with radius p

ZenM ¥y*o®

IO = ~rpay

o= M2(to/t—1)2 ©)
where M_= muv2/2kT is an artificial “Mach number,” L is the
distance to the cup, and o = L/v is the time of flight.  This
expression has a maximum near &, namely at ¢ = 26,/91 +
(1+ 8/M2)V2  For M > 1 the peak isatt = {,and the slope
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Fig. 8 Amplitude of pendulum thrust stand arm vs time
during free decay, direct firing, and retrograde firing.

of to vs L gives the ion velocity ». In Fig. 6, that data is dis-
played which gives an ion velocity vp = 40,000 m/sec for large
M. Estimates of M can be made from the spreading of the
waveform. We find M ~3.5, corresponding to T = 35 ev.
This value would appear to be too high, and the error comes
from assuming the current to the Faraday cup is from singly
ionized species having the same velocity. More recent mea-
surements show that there are doubly and triply ionized spe-
cies all with different velocities.5 Hence the spread is not a
true ionized spread. The actual ion temperature will there-
fore be lower, but we have no measurements to date.

The peak value of 1(?) is I(t,) (for M >> 1), which is seen to be
inversely proportional to L. In Fig. 7, a logl vs logL plot
displays this dependence, lending credence to the theory.

Thrust Measurements

Thrust measurements were made on a pendulum type stand
constructed at M.I'T.? The system was mounted in a bell
jar at pressures below 2 X 1078 mm. Damping times of ap-
proximately 13 hr were achieved for deflections less than 5°.
The amplitude was monitored optically using a laser and a
mirror mounted on the arm. Thrust is determined by moni-
toring the damping rate for about an hour, then firing the
thruster at the bottom of each swing for another hour, and
finally retrofiring the thruster at the bottom of each swing.
The amplitude vs time on such a sequence is shown in Fig. 8,
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Fig.9 Specificimpulse and impulse bit vs stored capacitor
energy.
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giving thrust data accurate to approximately 5%. By weigh-
ing the fuel after the run, the mass consumption (specific im-
pulse) is then found.

Attempts were made to change the performance of the
thruster by altering the current return path to the capacitor.
With current loops on each side of the exhaust channel,
oriented so as to increase or decrease the flux behind the dis-
charge current sheet [see Fig. 2a], the specific impulse I,, and
and impulse I, were measured. In general, I,, could be in-
creased, but I, always decreased when it did. Efficiencies re-
mained nearly the same, but I, could be tripled.

Measurement of I, and I, in the normal configuration were
made for a range of capacitor energies E.. Figure 9 shows
that I, vs E. is linear while I, vs E. did not follow a predict-
able pattern. Fuel consumption is probably sensitive to the
Teflon condition and nozzle contamination, thereby explain-
ing the latter results. Peak current in the circuit was found
to be proportional to the capacitor voltage for 500 < v, < 2000
volts, also predicting a linear I, vs E, relationship if mag-
netic pressure provides the thrust.

Summary of Results

A simple slug model of the thruster has been used to explain
many of the salient features of the device. A 5000 amp cur-
rent pulse ablates 1078 kg of Teflon (6 X 10 molecules of
CsF4) and ionizes some fraction of it. Nearly 709, of the en-
ergy is expended in ionizing plasma heating electrons (the
bulk of that 709), heating the electrodes, and ablating and
dissociating molecules. The latter energy is approximately
49%,. About 309 is lost in the capacitor.

Magnetic pressure on the slug can account for the total mo-
mentum given to the gas. This computation gives 3000
m/sec, which agrees with thrust stand measurements and since
ion velocities are approximately 40,000 m/sec, it is apparent
that only part of the gas is ionized. These data could be ex-
plained assuming -2 of the gas is ionized and accelerated dur-
ing the current pulse, the remaining neutrals oozing off the
hot Teflon following that. The ions then freestream away
without any neutral collisions, while the neutrals that follow
have negligible velocity because the neutral pressure is small.
It is also possible that all the gas is ablated during the current
pulse, but is only partially ionized.

Further experiments on neutral velocities are needed, as are
density measurements in the arc; only then can a determina-
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tion be made of the processes that take place at the surface.
If the gas pressure at the Teflon were known, further insight
into the process would be gained.

Estimates of partial pressures can be made. There are 3.6
X 10% neutrals, so if they occupy 1 cm? during the pulse and it
is assumed they are at 10,000°K (1 ev), their pressure is ap-
proximately 6 X 10¢ N/m? The peak magnetic pressure 3 uo
(I/w)? is approximately 16 X 104 N/m?. The ion pressure is
probably smaller than the neutral pressure because the tem-
peratures are probably comparable, whereas the ion density is
much less. Electron pressure could be significant if the 20 ev
figure is correct, but if there were 20 neutrals/electron, the
electron pressure would just equal the neutral pressure. Fur-
ther measurements are again needed.

Attempts to improve thruster performance by altering the
return path gave mixed results. No increase in efficiency was
seen, but I., could be increased at the expense of thrust.
Measurements showed thrust to be proportional to energy
stored in the capacitor and indicated that efficiency also in-
creased with increasing energy.

From the results to date, some understanding of the thruster
has emerged. Some of the quantitative information missing
now will help in understanding discharge, ablation, ionization,
and thrust phenomena.
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