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Abstract

This final technical report summarizes research on low-power pulsed Teflon™ plasma
propulsion for satellites. Section I discusses a compact thrust stand used to make thrust and
impulse bit measurements. Section II describes experimental measurements on a gasdynamic-
type PPT in which measurements of magnetic field, electron number density, electron
temperature, ion speed ratio and gas velocity are carried out by magnetic and advanced
Langmuir probes. This section also describes thrust and heat-loss measurements. Section III
outlines research with an electromagnetic-type PPT, intended to achieve very high specific

impulse and efficiency.



Overview

Although the pulsed plasma thruster achieved flight status 35 years ago, a great deal of
research needs to be performed to increase understanding of operational modes and increase
performance. The approach at the University of Illinois is to emphasize an experimental

approach, and to follow up later with numerical modeling.

The thrusters discussed here are all coaxial. This type of thruster has proven to generate
high thrust at modest specific impulse (< 1000 s), and this type of performance is useful for Air
Force missions where satellite aerodynamic drag is important. The thrusters are of two types.
For the gasdynamic type, electrothermal heating and pressure dominate over electromagnetic

_j.x B forces. For the electromagnetic type the reverse is true.

The first section of this report details with performance measurements. It was found that
existing thrust stand designs required a large (2 m diameter) vacuum tank. Section I describes a
smaller thrust stand suitable for a <1 m diameter vacuum tank. The complete description of this
effort is not yet complete, and is waiting the M.S. thesis of M. J. Wilson. A copy of this thrust
stand was fabricated for the Air Force Research Laboratory at Edwards AFB and is now in use

there.

The second section of this report is based on the M.S. thesis of S. S. Bushman, and covers
not only thruster performance of a gasdynamic-type PPT, but also detailed magnetic and
electromagnetic surveys of the nozzle and plume. In addition, heat loss measurements are made

to quantify this important area of thruster inefficiency.

The third section of this report is based on research by E. A. Antonsen, and covers initial
the development of an electromagnetic-type PPT. As part of this effort SEM measurements are

presented which shed light on the Teflon ablation process.

Work on this approach to the PPT is continuing. The coaxial PPT has been selected for
the orbit transfer propulsion on the Air Force MightySat {1.2 satellite, and a 100 W version is

now heing developed.




Section I.

Compact Thrust Stand for PPT Performance Measurements

Michael J. Wilson and Rodney L. Burton

An important experimental tool needed to evaluate the performance of the pulsed plasma
thruster is a sensitive thrust stand. A compact, accurate stand was developed, calibrated and
installed in the vacuum tank. The photograph below shows the stand with a coax PPT on the
platform. The PPT is cable-driven, and the capacitor energy store (not shown) is located on the
platform. This stand was discussed in a paper presented at the International Electric Propulsion
Conference [Wilson, M. J., Bushman, S. S., and Burton, R. L., IEPC 97-122, Cleveland, 1997],
and is the subject of an M.S. thesis.

One of the difficult problems to solve with any thrust stand is thermal drift, as shown in the next
figure. The lower trace shows the drifting displacement of the stand during calibration
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and repetitive operation. That the drift is constant in time can be seen by subtracting out an
assumed constant drift (about 40 wm in 400 seconds) and replotting the results, as shown in the
upper trace. The calibration weight used to produce the “Cal” signal is 300 uN, and the PPT
thrust shown here is slightly less, about 280 pN.

The thrust stand can also be used to measure a single pulse, and the response to a
calibration impulse is shown below. One of the most interesting aspects of the stand mechanism,
which derives from Watt’s “straight line motion” of 1784, is that extremely small yet repeatable
vertical displacements can be achieved. Below, the stand is oscillating with a period of 10
seconds and a maximum displacement of 160 um, producing a vertical displacement of the
center of mass of Ah ~ 10-19 m, tiie dimension of a hydrogen atom. This small displacement isa
result of the small horizontal movement coupled with the large equivalent length of the long-
period pendulum of nearly 100 m

The stand was also calibrated by firing the same thruster on another stand at the Ai}' Force
Research Laboratory, Edwards AFB. The results are shown in the table. On an impulse bit basis
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the agreement of Iy;; is quite close.

The measured total impulse bit of the PPT over an energy range of 5 - 7.5 joules is shown
in the next figure, compared to the LES-8/9 thruster. The impulse bit is approximately a constant
60 WN-s/joule over the measured range. This is 4 times the impulse bit of the LES-8/9. Itis
planned to extend the energy range in the near future to about 15 joules, for which the impulse
bit is expected to continue to increase linearly. This is because both the electrothermal thrust,
produced by pressure inside the thruster, and the electromagnetic factor [12dt are proportional to

the capacitor energy.
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Knowing the mass loss Am per pulse, the efficiency can be calculated, and is shown in
the next figure. The efficiency is roughly double that of the LES-8/9, operating at higher energy.
There are two reasons for this: better transfer of energy to the discharge, and better recovery of
enthalpy in the PPT nozzle. The first factor is attributed to the non-reversing current, and the
second partially due to the use of a fast pulse. It is expected that further improvements will lead
to efficiencies above 20%, and perhaps 30%.
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Section II.

Heating and Plasma Properties in a Coaxial Gasdynamic PPT
Stewart S. Bushman and Rodney L. Burton

Abstract

Multiple experimental diagnostics are used to characterize a coaxial pulsed plasma thruster,
PPT—4. Operating at a capacitor stored energy E,, of 9 J, thermocouple data indicate that half of
the energy that reaches the PPT is lost as heat to the walls. Thrust stand measuréments yield an
impulse bit of 29 + 2 uN-s/J, corresponding to an I, of 745 + 45 s and a thruster efficiency of
10.6 + 1.3%. Quadruple electrostatic probe measurements indicate a symmetric plume with a
peak electron density of 2.0 + 1.0 - 1014 cm~3 and an initial electron temperature of 2.0 + 0.3 eV.
The ion mach number u;/c,, is generally supersonic with a value of 3.0 + 0.5. By measuring the
arrival time of peak n,, an ion velocity of 34 km/s is indicated. A magnetic probe survey
indicates that the PPT—4 plume is not radially symmetric in Bg. The radial plume asymmetry
corresponds to a radial electromagnetic thrust component, calculated to be only 4% of the overall

PPT thrust.
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Ndgiy = divergence efficiency

ul; = frozen flow efficiency

Mh = heating efficiency

Nioss = heat loss efficiency

Nt = thruster efficiency

Ny = transfer efficiency

Ap = Debye length

A,p = mean free path between a and b
Amfp = mean free path

Ho = permeability constant

(0 = e/kT,, integrated B—probe signal

Introduction

The solid—propellant Pulsed Plasma Thruster (PPT) has a 35—year history of space operation,
beginning in 1964 with the Soviet Zond—2 mission.!-2 By providing a train of small, discrete
impulse bits, PPTs are ideal for such diverse applications as orbit raising,? drag makeup,* attitude
control,3 constellation stationkeeping,® and deep-space missions.’

Teflon—fed PPTs are especially well-suited for low—thrust, on—board propulsion because
they use a non—toxic propellant and are highly reliable, solid—state, low power, and lightweight,
as they require no propellant storage system.8 Additionally, as the thruster energy and pulse
frequency are variable, PPTs are highly throttlable.

PPTs also have a history of low operational efficiency, generally calculated to be in the
sub—10% range.2 This characteristic of PPTs is largely due to both inefficient propellant
utilization and poor energy efficiency due to transfer and thermal losses.? A primary goal of PPT
research is to minimize these losses to make the thruster a more attractive option for future

missions.




A schematic of a “traditional” rectangular, breech~fed PPT is depicted in Fig. 1. In PPT
operation, the capacitor is charged to a prescribed energy, then the igniter plug fires. This results
in electrical discharge across the face of the Teflon bar. Heat from the arc evaporates the Teflon,
which is then accelerated electromagnetically and gas—dynamically out of the PPT nozzle. As the
fuel is expended, more is advanced forward by a constant—force spring.?

Several characteristics of rectangular PPT operation complicate this process significantly.
The geometry leads to edge effects, current gradients, and magnetic field asymmetry in the
discharge. !0 Modeling this has proven especially difficult.!! Igniter plug operation can result in
shot—to—shot variation in PPT performance. The two acceleration mechan—isms are present in the
PPT discharge, electrothermal (ET) and electromagnetic (EM), each interacting in wholly
different ways with the plasma.2 Despite the difficulties in deciphering exactly how the PPT
operates, it is a proven, flight—qualified, and flight—tested technology.

Over the past three decades, several different PPT configurations have been investigated,
exploring changes as minor as flared electrodes!?2 to side—fed fuel bars!3 to a coaxial geometry!4
to combinations of these options: side—fed with flared electrodes!3 and coaxial geometry with
side~fed bars.!5-16 This last, side—fed, coaxial configuration is the baseline PPT for the research
presented here.17 A schematic is provided in Fig. 2.

The operation for this coaxial geometry is similar to a rectangular PPT. A cavity is formed by
the intersection of two Teflon bars held up against a central anode and two non—ablating boron
nitride insulators. The anode is raised to a given potential by charging the capacitor. The igniter
plug, mounted in a boron nitride nozzle, fires, resulting in an arc discharge between the anode
and the annular cathode at the end of the nozzle. It is possible to modify PPT—4 to support four
side—fed bars. Alternatively, a Teflon cylinder can be used in a “capillary” mode to simulate a
4-bar feed system.

In addition to the geometrical changes from the traditional PPT, the circuit has been
modified. A diode has been installed across the terminals of the capacitors, preventing current

reversal in the circuit and resulting in a unipolar current pulse. This current form is advantageous
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because it prevents a j x B field from accelerating propellant into the PPT, and it helps extend
capacitor life by excluding it from the circuit after the first half—cycle.

These changes have resulted in a PPT performance regime that is primarily electrothermal.
Arc heating from a ~10 J pulse produces a hot (1.5 eV), high—pressure (50 atm) plasma inside
the cavity which is released as a rarefaction wave moves from the nozzle throat to the anode
face. Experiments with the coaxial PPT geometry have resulted in the present iteration, PPT—4,
shown in Figs. 2 and 3.

The cavity provides a small, enclosed volume where the vaporized Teflon is heated and
pressurized by the arc and then expelled into a diverging nozzle, where it expands and
accelerates, further increasing the exit velocity of the plasma. Because the current pulse is
nonreversing, the net electromagnetic force, Fgpp = j % B, is directed exclusively out of the

PPT, maximizing that impulse component.

Experimental Apparatus

PPT—4 possesses an annular brass cathode with an inner diameter of 43 mm and a boron
nitride (BN) nozzle with a 30° half-angle and an area ratio of 46:1. The igniter plug is a |
semiconductor—type aircraft combustor spark plug side-mounted in the nozzle. Teflon bars (25.4
mm long X 6.4 mm thick) are held firmly against the 4.8 mm diameter center anode by
constant—force springs. Completing the cavity are two D—shaped pieces of BN. The center
electrode (anode) is comprised of a 4.8 mm diameter threaded brass rod which can provide a
variable cavity length.

Two diagnostics, a voltage probe and a Rogowski coil, are mounted in the back insulator.
The thruster was designed to connect to a capacitive pulse—forming network (PFN) viaa 2 cm
long by 1 cm diameter coaxial steel and copper "stub" connector.

The PFN consists of four 2 pF oil-filled, high-voltage capacitors connected in parallel.
Ring-down and PSpice!8 current matching yield an equivalent series resistance (ESR) of 7.5 mQ

and net inductance of 13 nH for the entire PFN. Two diodes have been placed across the

11




terminals of each capacitor, resulting in zero PPT current reversal during the pulse. PSpice
matching of the PPT current pulse at 9 J, displayed in Fig. 4, yields the external inductance Lex¢
= 82 nH and the arc impedance Zppt = 54 mQ. The transmission line resistance is calculated to

be 1 mQ. The PPT—4 circuit schematic is shown in Fig. 5.

PPT-4 Life

New propellant bars inserted into the thruster undergo a “burn—in” phase whereupon the
operation of the PPT reshapes the cavity into a steady-state shape which leaves a significant
portion of the BN exposed to the arc, permitting loss of energy by heat transfer to nonablative
material.

With a cylinder of Teflon used to yield a capillary mode of operation, the entire cavity is
comprised of Teflon with no exposed insulation. However, additional fuel is not being fed into
the system, so no steady—state shape arises. The cylinder simply “bores out” until the fuel is
expended. Observations of this ablation indicate that it occurs evenly over the cylinder.

A typical PPT mission lifetime is required to be some 20 million pulses during on—orbit
operation. !9 Of primary concern is whether or not the capacitors, the igniter plug, and the
electrodes are capable of withstanding the rigors of constant firing for long periods of time.
Capacitor life is shortened every time there is voltage on the terminals. By putting the diode in
the PPT circuit, the capacitor voltage and current are zero after the first quarter—cycle, thus
reducing the stress on the capacitor.

Circuit modeling (Fig. 6) indicates that voltage ringing is not totally eliminated in the
capacitor, but the magnitude is reduced significantly. The voltage reversal with no diode is 33%,
and with the diode is 13%. The stress on the capacitor is proportional to V2, hence the imparted
stress reversal for the diode case is six times less than if there is no diode installed. To further

extend capacitor life, a diode can also be added in series with the capcitor to eliminate voltage

reversal completely.

12




Metal erosion and carbon deposition are other processes which serve to reduce PPT life.
PPT—4 has been fired successfully for ~70,000 shots with little evidence of ash accumulation on
the plug. which is observed to have a clean tip. Minimal arc scoring is observed on the steel
igniter plug exterior, but no discernible metal has been eroded.

Similarly, the brass electrodes have exhibited little evidence of metal erosion during the
testing of PPT—4. Far more significant is the carbon deposition which completely blackens the

exposed face of the central electrode and the chamfered part of the front electrode which

completes the nozzle cone.

13




Thrust Mode

The electromagnetic and electrothermal thrust impulse of PPT—4 can be written as:

(1)

Ihit = —;—L"P +IgT

where L’ is the inductance gradient, calculated from the PPT geometry and ¥’ = [12 dt. For a
coaxial thruster, assuming the current density is axisymmetric, L is a function of the inner radius

of the annular electrode r, and the radius of the central electrode r:2

1/ [H/m] =“—°[1nr—a1u§] @)
2n r, 4

For PPT—4, L’ = 0.59 pH/m. For the PPT—4 current pulse in Fig. 4, ¥ = 115.1 A-s. This predicts
Igpm =4 uN-s/J.

The electrothermal, or gasdynamic, contribution is dominated by the pressure force on the
anode created by the ohmic heating of the ablated mass, roughly approximated by assuming that
the stored energy E, is delivered to the subsonic cavity, of volume L¢ay X Acay, in 2n adiabatic,
constant volume process, giving a pressure:

(Y-1)Eeay 3)

Pcav =
AcayLecav

The gasdynamic impulse bit per Joule is then:
- 4
IgT ~ (Y 1) Ecay @
E, a K

At an estimated plasma temperature of 1.5 eV, ¥ = 1.3, sound speed a = 4.5 km/s from the
SESAME code results for Teflon,20 and, assuming 50% of E,, is lost as heat to the wall, E¢ay/Eq
= 0.5 giving IgT = 33 uN-s/J. This estimate is higher than the measured IgT by 30G%. Clearly,
PPT—4 is dominated by the gasdynamic impulse component which by this estimate comprises

89% of the total impulse bit.

14




Plasma Diagnostics

The PPT exhausts into a 1 m diameter X 1.5 m long vacuum tank, held at vacuum by a 1500
I/s turbomolecular pump which provides a typical operating environment of 30 pTorr. Two types
of plasma probes were used in this research: a quadruple electrostatic probe and a magnetic
probe. The probes were mounted on a linear translation carriage developed by Bufton.

The PPT centerline is defined as the z—axis in cylindrical coordinates. Positive z are
measured from the downstream face of the annular electrode (cathode). Radial distance from
centerline is denoted by r, and 8 is measured from the spark plug location, which corresponds to
6=0.

The quadruple probe used here, derived from a previous design,?! consists of three 0.3
mm-diameter by 2.3 mm-long cylindrical tungsten probes (P}, P, and P3) which are aligned
parallel to the flow velocity and one 0.3 mm-—diameter by 2.5 mm-long tungsten probe (P4)
which is perpendicular to the flow. The probes are mounted in a round, quad-bore, insulating
alumina (Al03) tube (3.2 mm o.d. x 0.5 mm i.d.). A quadruple probe schematic is in Fig. 7.

The detailed magnetic field strength distribution in the nozzle and plume of PPT—4 is
measured with a magnetic probe (B—probe),22 pictured in Fig. 8, consisting of 4 turns of
30—gauge magnet wire shielded in Pyrex. The wire leads are tightly twisted to minimize
extraneous field collection area and fed through single~bore alumina tubing into a thermocouple
fitting identical to that of the quadruple probe. Integrating the raw B—probe voltage signal (V =
do¢/dt) gives Bg.

The enclosed current I, is evaluated approximately from:

_Belp __ ¢lB (5)
I
enc = =

Ho HohAene

where ip is a nearly—circular path length of constant magnetic field.

Quadruple Probe Theory

15




The quadruple probe circuit is depicted in Fig. 9. The electrically floating probe, P, assumes
the floating potential Vy of the plasma. P3 and P4 are biased at V43 = Vg4 = 12 volts negative
with respect to Py to collect saturation ion currents I3 and I4. The probe output consists of the

potential of the floating probe V, relative to Py and the time—dependent ion current histories to

the biased probes.

Quadruple probe theory is well documented?!23 and will not be repeated here. This theory is
based on operating in a collisionless regime with a thin ion sheath and a Maxwellian electron
energy distribution, with corrections made for near—probe collisions.!”

For a quadruple probe with electrode surface areas Aj = Ay = A3 and electrode biasing such

that V43 = Vg4, the electron temperature T, [eV] = 1/ is calculated from:

I+ exp(9Va) - 2 exp[¢(Vd3 -Vyo )] (6)
(14 / 13){9XP[¢(Vd3 - Vag )] - 1}

Solved iteratively, (6) uniquely determines electron temperature as a function of measured

quantities Vg and I4/I3 and known V,. The electron density, ne, is calculated for a neutral

Teflon plasma (ne = nc+ + ng+):

k1 I 1) \l/2 @)
e

kT, [exp(0Vaz)-1]

where m; = 16.7 amu is the average ion mass, B = (—n_li/mc+)1/2 = 1.18 and « is an electron

density correction to account for multiple ion species:

n_4 8
fee) ®

1/2
n .+ m .+
1+ - c
nC+- mF+

The number density ratio is roughly equal to the inverse ratio of ionization potentials:

16




Dp+ 28 _2x11.3 _ L3

n eip 174

ot
yielding a value for k = 1.13, a value which nearly cancels the mass correction factor B of 1.18.

The crossed electrostatic probe incorporated into the quadruple probe by way of the
perpendicular electrode P4 provides the ion speed ratio, or Mach number, uj/c,, where u; is the
ion directed velocity and ¢, = (2kT;/m;)!/2 is the most probable thermal speed of the collected
ions. For the case of two equally biased collisionless probes, one probe parallel to the flow axis
and one normal, as P3 and Py are, respectively, the single-species collected ion current ratio for
the thin sheath case 14/I3 is used to determine u;/Cpy-

The plasma flowing over the perpendicular electrode induces a wake which prevents a
fraction of A4 from collecting ions. The wake is accounted for by x;, the geometric fraction of
A4 available for ion collection. The extent of the wake effect is determined by an estimate of the
uy/cp, relation. If uy/c, > 2, the flow is “hypersonic,” and only the projected area of Aq is
available for ion collection; hence x; = 1/1t. If u;/cy, is of the order of 1, the effect is less
pronounced, and the entire front half of the electrode is available such that x; = 1/2. If the plasma
were stationary, then there would be no correction (x; = 1).21.23 Curves of uj/cy, as a function of
I4/13 are plotted in Fig. 10 for three cases of x;.

For the high—pressure, high—temperature plasma in the cavity of a coaxial PPT, T = Te = 1.5

eV. For u; = 10 km/s, ¢, = 4.2 km/s and u;/c,p, = 2.1. Therefore for this investigation, X; = 1/r.

Probe Measurement Uncertainty

Uncertainty in the quadruple probe measurements of ng, Te, and uj/cy, stems from
experimental error in measured quantities as well as systematic error inherent in the probe
environment and the quadruple probe theory and its assumptions.

The experimental error in the quadruple probe data correspends to measurement uncertainties
in the probe current, voltage, and geometries. These yield RMS experimental uncertainties for ng

(= 7%), Te (= 10%), and uj/cyy, (= 11%).
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Evaluating systematic uncertainties requires evaluation of several plasma length scales.
Quasineutrality is assumed. For the conditions at the exit plane of PPT—4 of e = 5 - 1014 cm=3,
n, = 1016 cm3, and T, = 1.5 eV), the Debye length Ap is 4.1- 10~ cm. The tungsten electrodes
have a radius r of 0.016 cm. The probe radius/Debye length ratio rp/A.D is = 400, establishing
that the thin sheath assumption is satisfied and that there are no sheath interactions in between
probe electrodes.

Charged particle mean free paths Ae_e, Ae_j, A;_; are estimated as 355 times the Debye
length. For ion-neutral and neutral-neutral collisions, the corresponding mean free paths Aj_p
and A,,_,, are 2500 times the Debye length.

Charged particle collisions which serve to affect the collected current must also be
considered. The Knudsen numbers (kmfp/rp) for electron and ion collisions based on probe
radius are =~ 1, the transition regime where collected current is affected by collisions. While the
effect of charged particle collisions on electrostatic probe response for Kne_¢ = Kne_j = Kn;_j =
1 has been largely unexamined, some work has been done to attempt to quantify the systematic
error these conditions will impart on the probe current.2425 Generally, results suggest that the
jon—neutral Knudsen number Kn;_,, determines how the probe will respond to charged particle
collisions.

For Kn;_j, < 1, the ion current decreases with respect to the collisionless case, and for Kn;_
>> 1, the ion current increases.24 Under the established plasma conditions, Knj_, =63 >> 1,
resulting in increased ion current. Tilley et al. conclude that collisions in the charged particle
transitional regime with a high Kn;_,, produce an increase in ion current of about 10-20%.%°

The increase in ion current will correspond to a 10-20% increase in calculated ne because ne
is directly proportional to I3. However because both I3 and I are ion attractors, the ratio I4/13
should remain relatively unchanged, leading to a negligible change in T, and u;/Cpy,, which are
both solely functions of I4/I3. |

When the “end effect parameter” 7 = (Lp/Xd)(kTe/ m;) 2/ui is greater than 50, a cylindrical

probe in a flowing plasma will not be sensitive to small-angle misalignments between the
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electrode and the flow axis.24 For u; = 10 km/s, 7, = 1663, satisfying the > 50 condition. In
addition, the probe tip collects convected charged particles. From the probe geometry and
assumed conditions (u; = 10 km/s, n; =5 - 1014 cm—3), there is an estimated overstatement of n,
of 12%,!7 while this effect has no significant impact on T, or uj/cp,.

From the established uncertainty for n, a correction factor C = 0.78 is employed to account
for charged particle collisions and collected tip current. Triple probe model assumptions,
including the Bohm sheath model and the thin sheath approximation, impart an additional
uncertainty of + 50% on the n, calculation. Theoretical assumptions additionally place an
uncertainty of + 10% on the T, calculation.25 The total RMS uncertainties for ne, Te, and uj/c,

are thus 51%, 14%, and 15%, respectively.

Experimental Results

. To increase performance, the PPT was run in the capillary mode, with cavity length 8.3 mm,
diameter 4.8 mm, and pulse length to acoustic time ratio tp/t, = 4. The baseline conditions are 9 J

at 1500 V and 1.1 pulses per second, giving 10 W. Additional tests were taken 5 and 15 J at 1.1
PPS.

Heat Measurements

The coaxial geometry of PPT—4 permits approximate measurement of wall heating losses.
The PPT—4 thruster head is separated from the capacitor bank by a coaxial stub connector.
Thermal losses are determined by measuring the temperature rise rate dT/dt seen by
thermocouples fastened to the outside of the aluminum thruster body, the stub connector, and the
capacitors.

To quantify the effect of propellant geometry and type on thermal losses, three configurations
are used. The thruster is operated in Z-bar and capillary mode with standard Teflon.

Additionally, commercial extruded Teflon tubing, which is translucent rather than the opaque
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white of virgin Teflon, was used in capillary mode after preliminary tests suggested that
radiation through the translucent wall would result in greater thermal losses.

The thermal mass of the thruster head is determined from an inventory of component masses
and specific heats. For the thruster head, chp =462 J/°K. For the stub connector, chp =38
JPK. |

The heating rate data was corrected for the axial heat flow along the stainless steel stub
connector. The stub heat flow is Qstub [W] = kAgup AT Lgrup, Where kAgpp/Lgtup = 0.036
W/°K.

Measurements were taken at energies E, = 5, 9, and 15 J in both 2~bar and capillary mode
configurations. With the thruster pulsing at 1.1 PPS, the temperature rise rate increases slowly
and becomes linear (constant dT/dt) after about 100 seconds. All thermocouple tests performed
were for 1000 shots, with additional data taken after the PPT stopped firing until the temperature
rise leveled off. Temperature rate measurements were accurate to = 0.015 °K/min.

The temperature rise rate is combined with the thermal mass, the heat loss through the stub
connector, and a cavity radiative loss to yield the total héating loss, QPPT- The mean radiative
power loss Qrad out of the front of the PPT—4 cavity is estimated as 0.4 J/pulse, assuming a 1.5

eV blackbody and a 4 ps pulse.

The heat loss efficiency Nj,gs, Which is the fraction of the energy delivered to the thruster

head available for accelerating propellant is then:

_QppT 9

Nloss =

Pterm

where the terminal power Py, is the power transferred to the thruster head from the PFN.
Internal capacitor heating is expressed in terms of a capacitor—to—arc transfer efficiency M-

A heat rise of 0.03 + 0.01 °K/min is measured in the capacitors for the 9 J case, and the thermal

mass is estimated to be 2100 J/°K, giving 1.1 W in capacitor heating and 1 = 0.89.




The heating power, terminal power, and heating efficiency are listed in Table 1 for the

various configurations and energies.

Table 1: PPT—4 Thermal Power Losses

Configuration E, Qppr Pterm Mloss

[J] W] W]
2-Bar 5 36 49 173%
9 57 88 65%
15 9.3 146 64%

Capillary
White 5 29 49 59%

9 45 8.8 51%
15 55 146 37%
Translucent 9 48 88 55%

As expected, losses are highest for the 2-bar configurations and the least for the capillary
geometries. This is due to the insulator exposure of 33% of the cavity circumference in the 2-bar
mode, compared to zero exposure in capillary mode. The most significant result is that 37 - 73%
of the input power is lost as heat for all configurations tested. The translucent capillary, as
anticipated, was less efficient than the opaque Teflon under the same operating conditions. The
most efficient configuration is the 15 J capillary case with the lowest thermal loss (5.4 W out of

14.6 W). This implies that the PPT may run more efficiently at higher energies.
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Thrust and Thruster Efficiency
The performance of PPT—4 was measured to within £6% at 9 J on the UIUC Compact Thrust

Stand, !6 using a single—pulse method. Neglecting one shot which was 20% higher than the
others, a conservative average impulse bit for the remaining pulses is I = 260 £ 16 pN-s. This
result also can be expressed as I;/E, = 29 = 2 pN—s/J, approximately twice the level achieved
by the LES-8/9 PPT operating at 20 J.2

Mass loss measurements indicate a decline in mass loss per pulse per unit energy over time.
The results, plotted in Fig. 11, indicate a range of ablation rates. Using an average value of

Am/E,, gives a thruster efficiency 1¢ = 10.6 £ 1.3% at 9 J. The Iy is 745 £ 45s.

Efficiency Analysis

The thruster efficiency 1, can be written as the product of component efficiencies during

thruster operation:26
(10

)

Nt = Nty X Mh X Mf X Ndiv X Ndist

where 1, is the transfer efficiency, T, is the heating efficiency 1-Tjoss, N¢ is the frozen flow
efficiency, Ty is the flow divergence efficiency, and g is the flow distribution efficiency.
For operation in capillary mode at Ey = 9 J, N = 0.89 and np, = 0.49.
The frozen flow efficiency n¢ = u%/2h,, is estimated from:
(11

_5 ) o+l,2
ho——2-T+(el)z+—2—u [eV] )

where Z = charge state and all quantities are in electron volts. The frozen flow efficiency is
dominated by the low—speed neutral particles, so that (g;), is negligible. The ion temperature in
the exhaust flow is expected to be lower in the diverging nozzle than in the cavity. Using the
Spitzer resistivity relation?? with the modeled PPT impedance (Zpp = 54 1nQ), the cavity

temperature is estimated to be 1.5 eV, and the ion temperature in the nozzle is assumed to be ~
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1.0 eV. Based on the PPT—4 mass—averaged exhaust velocity 7.3 km/s, the frozen flow efficiency
is estimated to be Mg = 0.65.

The divergence efficiency results from radial momentum created by the 30° half-angle
nozzle,?® and is estimated as ngjy = 0.93.

The distribution efficiency 1 4;s; quantifies velocity profile losses in the thruster, including
effects such as velocity loss caused by viscous drag at the walls. Consequently, it requires a
detailed knowledge of the flow velocity distribution in PPT—4. This measurement has not yet
been performed on any PPT, but since 7, is known (using an average ng = 11%), and the other

four efficiencies have been measured, estimated, or calculated:

Nt = Nty X Mh X Nf X Ndiv X Ndist
.11 =.89 % .49 x .65 x .93 X (st

This yields the distribution efficiency Mg = 0.42. This efficiency represents a loss of thrust due

to the slow neutrals. A detailed energy balance is presented??in Table 2.
Table SEQ Table \* ARABIC 2 : PPT—4 Energy Balance at Eo =9 J

Type  Efficiency Loss
[J]

Ntr .89 0.99
Mh 49 4.09
nt .65 1.37
Ndiv .93 0.18
Ndist 42 1.38
Mt 11 8.01

Quadruple Probe Measurements

The quadruple probe was employed to measure electron density n, electron temperature Te,
and ion Mach number uj/c, outside the nozzle in the near— and far—field exhaust plume.
Attempts were made to probe inside the nozzle, but a change in the shape of the current pulse

was observed, suggesting that the current may have been arcing to the probe electrodes.
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Measurements were made from z = O (the exit plane) to z = +18 cm along the PPT centerline
axis at E,, = 9 J. Off—centerline, or “off-axis,” measurements were taken by both translating and
rotating the probe on the carriage such that the probe was aligned with the plasma flow vector.
All probing locations are shown in Fig. 12. |

A high—frequency noise signal (~1.4 MHz) was present for all measured probe data which
was of a particularly large amplitude during the current pulse, so that data taken during the first 8
ps following ignition was unusable. To reduce noise, a moving—average smoothing routine was
applied to a 10—shot average data signal. Sample smoothed probe output is depicted in Fig. 13.

It was also discovered that after ~50 shots, a layer of accumulated Teflon ash deposited on
the probes, resulting in a 5-10% decrease in I3 and I4. To avoid this problem, the probes were
cleaned using ion bombardment before all tests began and following every 30 firings thereafter.
The probes were each raised to a potential of 1 kV, and then the chamber was briefly flooded
with air through a port directly below the quadruple probe. Once the tank pressure dropped to the
Paschen breakdown limit, the electrodes underwent a glow discharge. This discharge was
maintained for only a few seconds, as longer durations resulted in melting the tungsten wire.
Once the cleaning technique was employed, no significant decrease in I or I was discernible
under similar operating conditions.

A typical reduced quadruple probe data set is presented in Fig. 14. The case shown
corresponds to centerline data at z = 3.0 cm and E, = 9 J. Electron density n. experiences an
initial rise, peaking at 2.0 = 1.0 - 1014 cm=3 at 14 ps, followed by a slow decay. Electron
temperature T, starts at 2.0 + 0.3 eV at 8 ps, and then slowly cools to about 0.33 + 0.05eV at
late times. Ion Mach number uy/c,,, maintains a relatively constant supersonic value of 3.0 = 0.5.
While the magnitudes and peak times do vary for other cases, the shapes of the curves are
relatively consistent for all locations ard energies.

Peak centerline values of n, and the *imes of peak n,, for E, =9 J are plotted in Fig. 15 versus
distance from the exit plane. A straight-line fit of the n, peak times from z = 5 to z = 18 suggests

an electron/ion velocity of 34 km/s, a value well-supported by measurements in rectangular

24




PPTs.2 A curve fit of the electron density data indicates a peak in ne occurring at z =4 cm.
Near—field data for E, = 5 and 15 J, while insufficient to establish a velocity, indicate a
negligible change in n,, for all cases (ng ~ 2 - 1014 cm=3).

Centerline electron temperature varies very little for the measured probe locations. At E, of
both 9 and 15 J, T, starts at 2.0 + 0.3 eV and then steadily decreases to about 0.4 + 0.06 eV. At
E, =517, T, typically starts at 1.0 £ 0.2 eV, and drops to 0.4 + 0.06 eV.

Centerline ion Mach number, similarly, is relatively constant at a supersonic value of 3.0 +
0.5 with two exceptions. In the far field at E, = 9 J, u;/cp,, jumps to a hypersonic value of 7.5 £
1.1. Additionally, at E, = 5 J, uj/c,, reaches as high as 5.0 + 0.8. In both cases, the ions are still
at high velocities, suggesting a colder plasma, resulting in a higher Mach number.

Off-axis n results at E, =9 J,z = 1.3 cm, and r = 2.1 cm, depicted in Fig. 16, demonstrate
remarkable symmetry in the plume at varying values of 6. The measured peak ne = 1.0 £ 0.5-
1014 ¢cm3 is considerably lower than the corresponding interpolated peak value on centerline
from Fig. 15 of n, = 1.3 £ 0.7 - 1014 cm~3. Further out in the plume at z = 3.0 cmand r = 2.8 cm,
the electron density drops to 0.8 + 0.4 - 1014 cm=3, compared with a centerline value of ne = 2.0
+ 1.0 - 1014 cm3. These data suggest a decreasing density distribution across the exit plane and
further out into the plasma.

Also interesting are the off-axis T, results. The data indicate that the off-axis plasma at Te =
1.5+ 0.2 eV is considerably hotter than the centerline plasma (T, ~ 0.4 eV) for the entire 30 s
of data acquisition. At the same time, off-axis ion Mach number data exhibit little variation from
the centerline values, remaining relatively constant at a supersonic value of 2.5 + 0.4 at all
probed off-axis locations. It is possible that the off-axis flow is non—equilibrium, as has been

found for arcjets.2?

Ion Mach Number and Velocity

A maximum c, is calculated by assuming thermal equilibrium: Te = T; = .5 eV. This results

in ¢, = (2kT;/m;)1/2 = 4.2 km/s, a value nearly equal to the sound speed for a 1.5 eV Teflon
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vapor determined by the SESAME code.?0 Centerline and off-axis ion Mach numbers ranging
from 2.5 to 7.5 indicate that the ions are traveling from 11 to 32 km/s, values in agreement with
published data? for rectangular PPTs as well as with the 34 km/s value measured in Fig. 15.

The measured specific impulse Ig, =745 s gives a mass—averaged exhaust velocity ug = 7.3
ks, nearly twice c,, implying that the nozzle is effectively accelerating the exhaust mass. If
late—time ablation, which exhausts heavy Teflon particulates at very low velocities (< 0.2 kmy/s),?
is taken into consideration, u, is skewed even higher. The high values of u;/cy, are encouraging

for the continuing development of higher—efficiency PPTs.

Magnetic Probe Measurements

A four turn, 0.94 mm diameter magnetic probe was used to measure magnetic field strength
and identify enclosed current I, contours inside the nozzle and in the near—field exhaust plume.
Probing proceeded in the nozzle to z = —25 mm, where the ratio of the nozzle diameter to the
Pyrex probe sheath diameter was ~10:1.

The 99 probing locations in the 6 = 0°~180° plane are plotted in Fig. 17. Data was taken
along four equally-spaced planes, with the 0° plane defined as that containing the igniter plug.
All magnetic field data were taken at E,, = 9 J and recorded as an average of 30 PPT firings at
each probe location.

A probe calibration yielded nA.,. 5% over the geometric value. Uncertainty in data due to
shot—to—shot variation is +12% at low values of Bg (~30 mT), dropping to 4% for 150 < Bg <
300 mT.

The most significant conclusion drawn from the magnetic field data is that the PPT—4 plume
is not azimuthally symmetric in Bg, as depicted in Fig. 18, which shows Bg signals with the
Pyrex sheath in contact with the nozzle wall at r = 8.1 mm. The smaller signal, peaking at Bg =
150 £ 6 mT occurs atf = 0°, corresponding to the location of the spark plug. The maximum
signal, peaking at Bg = 323 + 13 mT, occurs at 8 = 180°, directly opposite from the plug. The

180° signal falls to zero at 4 ps, well before the end of the current pulse.
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The contour plot in Fig. 19 is the nozzle cross—section at z = -24 mm and t = 2.5 s,
corresponding to a near—peak current of 8.0 kA. The spark plug position in (r,8) is as indicated,
although it is centered at z = —19.1 mm, 5 mm forward of the contour plot. Curves of constant
enclosed current are designated, as is total enclosed current Iy = 8.0 kA. The contours clearly
indicate the lack of current symmetry in the system. Data taken further out in the plume indicate
that peak magnetic field decreases to ~150 mT at z = ~15 and to ~50 mT at z = 0.

The side~view contour plot pictured in Fig. 20, which occurs at the same time as Fig. 19,
indicate a reflected symmetry about the 90° — 270° plane inside the nozzle of PPT—4. Additional
data taken during the pulse show that the 90°~270° plane symmetry initiates by t = 1.5 ps and
dissipates by t = 4.0 ps, although the total current has decreased to 2.4 kA by this time. There is
never any observed symmetry in 0°~180° plane contours; however the discussed magnetic field
asymmetry deep inside the nozzle is clearly visible.

As discussed earlier, PPT—4 possesses an estimated electromagnetic thrust component of 36
uN-s at E, =9 J. PPT—4’s thrust is dominated by the electrothermal impulse bit, which generates
the remaining 86% of the thrust (Ig = 224 uN-s). The high degree of symmetry in the
quadruple probe measurements indicates that the electrothermal component expands normally
about the centerline with no radial electrothermal thrust component.

Even if the electromagnetic thrust vector is off—axis as much as 15%, a value not wholly
unreasonable considering Fig. 19, the peak radial thrust is 9 pN—s, only 3.5% of the overall

thrust.

Hall Parameter and Plasma Conductivity

The data obtained by the magnetic and quadruple probe can be used to calculate the Hall
parameter Q.! At the exit plane, ng = 1.1 - 1014 cm~3 and n, = 1016 cm~3. Assuming a constant
mass flow rate at a constant exhaust velocity, the estimated nozzle throat densities are ne = 1.0 -
1016 cm=3 and n,, = 1018 cm~3. The electron temperature at the exit plane is Te = [.5 eV. At the

specified plasma conditions, the plasma conductivity 6, = 1850 (Q-m)~!. At a maximum

27



measured magnetic field of 323 mT, the Hall parameter Q = 0.4. This result is relatively
insensitive to increases in electron temperature, which may occur in and near the cavity. The

Hall parameter remains near 0.4 for 1.3 < T, < 6 €V, so that plasma conductivity is somewhat

reduced by the crossed electric and magnetic fields.

Conclusion

Using a variety of diagnostics, including thermocouples, a thrust stand, a quadruple
electrostatic probe, and a magnetic probe, the performance of a coaxial PPT operating in a
capillary mode is measured and its plume is explored. Established quadruple probe theory has
been modified for the Teflon plasma, and corrections and uncertainties specific to the exhaust
density and temperature have been calculated.

Thermocouples on the thruster, the stub connector, and the capacitors indicate that significant
thermal losses are present in PPT—4. More than 50% of the terminal power is lost by conduction
to the PPT walls in side—fed, 2-bar configurations at any capacitor energy. This trend is
significantly lessened by running the PPT in capillary mode at higher capacitor energies. The
best measured performance is in capillary mode at E, = 15 J, in which case only 37% of the
terminal power is lost as heat. Future 2-bar designs must pay particular attention to reducing the
exposed insulator surface to reduce this heat loss.

At a standard operating stored capacitor energy E, of 9 J, the average impulse bit for PPT-—4
running in capillary mode is measured to be 29 + 2 uN-s/J, corresponding to an Iy of 745 £ 45
s, and a thruster efficiency 1, of 10.6 + 1.3%. Diodes in parallel with the discharge are used to
prevent current reversal and improve efficiency. The impulse bit is broken down into its
electrothermal and electromagnetic thrust components, resulting in Ig/Eq = 25 uN-s/J and
IgM/Eq = 4 uN—s/J, so ihat electrothermal thrust contributes £6% of the total impulse while the

remaining 14% is attributed to the electromagnetic process.

Transfer losses in the pulse~forming network are 11%. Conductive and radiative thermal

losses (N, = 49%) in the thruster claim 51% of the terminal energy. Frozen flow (¢ = 65%),
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divergence (ngjy = 93%), and distribution (Mgjs; = 42%) losses in the exhaust consume the
remaining lost energy.

The quadruple electrostatic probe measures a centerline electron density ng at all tested
energies ranging from 2.0 + 1.0 - 1014 cm=3 to 1.0 £ 0.5 - 1013 cm=3. Ascertaining a clear peak
in centerline electron temperature is difficult due to system noise, but it is evident that at E, =9
and 15 J, T, starts in the 2.0 + 0.3 eV range and then cools off rapidly to 0.4 + 0.06 eV. At E, =
5J, Te starts at 1.0 £ 0.2 eV and drops to 0.4 + 0.06 eV.

The jon mach number uy/c,, ranges from a supersonic 3.0 + 0.5 to values exceeding 7.5 + 1.1,
corresponding to a hypersonic exhaust flow. By assuming thermal equilibrium (T, =T;) a
maximum c, = 4.2 km/s is calculated, corresponding to ion velocities ranging from 11 to 32
km/s, compared to the 34 km/s velocity calculated by measuring the arrival time of peak ne.

Off-axis quadruple probe measurements indicate excellent symmetry in the plume with
lower densities and higher temperatures compared to the centerline values.

A full nozzle and near—field plume survey with the B—probe indicates that the PPT—4 plume
is not radially symmetric in Bg. Bg contour plots for constant 0°~180° and 90°~270° r—z planes
are generated, and some mirrored symmetry is observed in the 90°-270° plane. The radial plume
asymmetry corresponds to an radial electromagnetic thrust component, calculated to be only 4%
of the overall PPT thrust. Additionally, the crossed electric and magnetic fields present in the
plume result in a peak Hall parameter Q = 0.4 where the magnetic field is strongest, resulting in

a modest decrease in plasma conductivity.
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Figures

Fig. 1: Rectangular, breech—fed PPT from Vondra and Thomassen, 1972.

Fig. 2: Detailed schematic of PPT—4. In capillary mode side bars are replaced with a
Teflon cylinder.

Fig. 3: Photo of PPT—4.

Fig. 4: PSpice matching of the PPT—4 current pulse at 9 J assuming constant
impedances.

Fig. 5: PPT—4 circuit schematic from PSpice matching.

Fig. 6: Effect of diode on capacitor voltage reversal predicted by circuit modeling.
The diode reduces voltage reversal from 33% to 13%.

Fig. 7: Quadruple electrostatic probe schematic.
Fig. 8: Magnetic probe schematic.
Fig. 9: Quadruple probe circuit schematic.

Fig. 10: Ion Mach number vs. crossed probe current ratio for different values of x;,
the geometric fraction of P4 available for ion collection

Fig. 11: Average mass loss per Joule versus shots fired. The “boring out” of the
Teflon cylinder results in a steadily increasing PPT cavity diameter which in

turn ablates less mass.

Fig. 12: Quadruple probe probing locations in the plume of PPT—4. The 0°-180°
plane is shown; off-axis locations are repeated in the 90°~270° plane.

Fig. 13: Comparison of smoothed 10-shot—average data taken at E,=94d, z=1lcm

to raw 10—shot—averaged data. The large amount of noise before t = 8 us
renders that data unusable.

Fig. 14: Typical reduced centerline data from the quadruple probe. For this case, z =
3 cm and E, = 9J. While the magnitudes and peak times do vary, the shapes of
the curves are relatively constant for all locations and energies.

Fig. 15: Peak values of electron density a.id times of peak density versus distance
from the exit plane at E, = 9 J. Curve fits illustrate electron/ion velocity and

the shape of the electron density distribution.
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Fig. 16: Off-axis ng, Eg=94dJ,z=13cm, r=2.1cm.

Fig. 17: B—probe probing locations in the nozzle and plume of PPT-4. The 0°-180°
plane is shown. The plug location corresponds to positive r. All locations are
repeated in the 45°-225°, 90°-270°, and 135°-315° planes. The line at z = —24
corresponds to the deepest possible penetration into the thruster.

Fig. 18: Bg signals for 6 = 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315° atr = 8.1 mm

(nozzle wall) and z = 24 mm. Minimum signal occurs at 8 = 0°, where the spark
plug is located. Peak signal occurs opposite the spark plug at 6 = 180°.

Fig. 19: Contour plot of magnetic field strength Bg at z=—-24 mm and t = 2.5 pus
(near peak current). Traces of constant enclosed current Igp are designated as
well as total current I ot = 8.0 kA. The spark plug is at (x,y,2z) = 15.7,0, -19.1

mm in the Cartesian system.

Fig. 20: Side—view contour plots of Bg at t = 2.5 ps (near peak current). The spark
plug is at (r,8,z) = 15.7 mm, 0°, ~19.1 mm. Positive values of r correspond to 0 =
0° and 6 = 90° on the respective plots.
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Fig. 1: Rectangular, breech—fed PPT from Vondra and Thomassen, 1972.
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Fig. 2: Detailed schematic of PPT—4. In capillary mode side bars are replaced with a

Teflon cylinder.
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Fig. 3: PPT—4, Coaxial pulsed plasma thruster.
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Fig. 4: PSpice matching of the PPT—4 current pulse at 9 J assuming constant
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Fig. 5: PPT—4 circuit schematic from PSpice matching.
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Fig. 6: Effect of diode on capacitor voltage reversal predicted by circuit modeling.

The diode reduces voltage reversal from 33% to 13%.
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Fig. 7: Quadruple electrostatic probe schematic.
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Fig. 9: Quadruple probe circuit schematic.
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Fig. 10: Ion Mach number vs. crossed probe current ratio for different values of x;,

the geometric fraction of P4 available for ion collection

45




4.5 )--dcav=5°2mm--- -----------

AnVE [pg/J]

s

3 i i i
0 1000 2000 3000 4000 5000 6000 7000 8000
PPT Pulses

Fig. 11: Average mass loss per Joule versus shots fired. The “boring out” of the

Teflon capillary results in a steadily increasing PPT cavity diameter which

in turn ablates less mass.
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Fig. 12: Quadruple probe probing locations in the plume of PPT—4. The 0°-180°

plane is shown; off—axis locations are repeated in the 90°-270° plane.
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Fig. 13: Comparison of smoothed 10—-shot-average data takenat E,=94d, z=1cm

to raw 10—shot—averaged data. The large amount of noise before t = 8 ps
renders that data unusable.

48




2.5 1014 T T . T 10

.-E' L5 1014 1e Ippr kAl
8 T, (eV]
o 1.0 1o} da uge,
1
5.0 1013
i

0ot
o 5 10 15 20 25
Time [usec]

Fig. 14: Typical reduced centerline data from the quadruple probe. For this case, z =
3 cm and E, = 9J. While the magnitudes and peak times do vary, the

shapes of the curves are relatively constant for all locations and energies.
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Fig. 15: Peak values of electron density and times of peak density versus distance
from the exit plane at E, = 9 J. Curve fits illustrate electron/ion velocity

and the shape of the electron density distribution.
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Fig. 16: Off-axis ng, E;=9dJ,z=1.3cm, r = 2.1 cm.

51

{va) 1ddy




30 T T i T

: o H : © :

L B S e

: o : i H ‘o :

i o : f X o

10 Ie LA oL, 0 ©

T 0 ; : © : o

- P o g o o! © 0 ® 0

‘o ‘o : : o [

— %0 %0 < X 5 O o "
0.0 fr---eer H 1522 ; v T PR A P!

E ; i, %d0000002 4 H

- : ? : :
S 0. Qn.0.4-0020% fd L]

-10 - B :

20 oot RS04 “%; i

-30 : : { Nt
g ;H;;-zm::.:
i 1 1 L i

-40
-40 -30 -20 -10 0 10 20 30 40

r [mmi}

Fig. 17: B-probe probing locations in the nozzle and plume of PPT—4. The 0°-180°
plane is shown. The plug location corresponds to positive r. All locations are
repeated in the 45°-225°, 90°-270°, and 135°-315° planes. The line at z =

—24 corresponds to the deepest possible penetration into the thruster.
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Fig. 18: By signals for 6 = 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315° at r = 8.1 mm
(nozzle wall) and z = 24 mm. Minimum signal occurs at 6 = 0°, where the

spark plug is located. Peak signal occurs opposite the spark plug at 6 =
180°.
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Fig. 19: Contour plot of magnetic field strength Bg at z =—24 mm andt=2.5 ps
(near peak current). Traces of constant enclosed current Ion are designated
as well as total current I;,; = 8.0 kA. The spark plug is at (x,y,2z) = 15.7,0, -

—19.1 mm in the Cartesian system.
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Fig. 20: Side—view contour plot of By at t = 2.5 ps (near peak current). The spark
plug, denoted by a circle, is at (r,0,z) = 15.7 mm, 0°, —-19.1 mm. Positive

values of r correspond to 8 = 90° on the plot.
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Energy Measurements in a Coaxial Electromagnetic Pulsed Plasma Thruster

Erik Antonsen and Rodney L. Burton

ABSTRACT

An electromagnetic coaxial pulsed plasma thruster (PPT-5) with central igniter plug is investigated to
understand the effects of diodes used to prevent current reversal in the arc and capacitor, and of propellant geometry
and propellant material on energy losses and the ablation process. Teflon™ and high-density polyethylene
propellant is axisymmetrically arranged around the central cathode in a fluted geometry. Thermocouple
measurements and circuit modeling predict an arc impedance of 16 mQ, a transfer efficiency of 89%, and thruster
heating of 24%. The ablation is shown to depend strongly on the material type and the surface area in the z-@ plane
facing the discharge. Scanning Electron Microscope analysis shows the presence of high carbon concentrations in
the black areas on ablated Teflon, and also suggests internal sub-surface heating by the arc.

INTRODUCTION

This paper presents preliminary experiments on an electromagnetic coaxial pulsed plasma thruster (PPT-5),
operating with Teflon™ and high-density polyethylene propellant. The difference between a "gasdynamic” and an
“electromagnetic” PPT is illustrated by evaluating the electromagnetic thrust fraction f,, defined in terms of the

impulse [Tdt as:
firia jirria
em = = )
N S R kT

For an electromagnetic-type PPT, J'-%L 1%dt > | Tgasdyndt. Expressions for L' for rectangular and coaxial PPTs are
given in the Appendix and Ref. 1. For constant L', the current integral variable ¥ is introduced so
that | %L' 2dt= %L’ ¥. The value of f,, for several PPTs27 is given in Table 1. The Teflon MPD of Paccani is

described in Ref. 8. The PPT-5 thruster is described further in this paper. Figure I, based on Table 1 data, shows the
correlation of f,, and specific impulse, with high f,  giving higher Isp.

Thruster Design

The operational goals of the PPT-5 are:
1. Operate highly ionized, minimizing the neutral particle fraction.
2. Operate at the highest possible ¥, maximizing jxB thrust.
3. Operate at high specific impulse, maximizing efficiency.

For high f, ., the usual tradeoff between I;p and thrust does not pertain, since 1/2L"¥ is not directly dependent

on the ablated mass. Thus for an ideal electromagnetic PPT both the thrust and the thruster efficiency can be high to

increase performance.
The electromagnetic thrust is estimated by assuming that the capacitor energy E is completely discharged

during a pulse, so that: E,, =WZ,, where Z,, is the total ohmic and electromagnetic thrust impedance of the PPT

circuit. The specific thrust is then:
specific thrust = (1/2)L'/ Z,,, [N-s/joule]
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Table 1. Electromagnetic Thrust Fraction (f,p,) for Teflon Pulsed Plasma Thrusters

Thruster Type, feed Isb, s Energy, J L'[uH/m] fem
LES-6 rectangular, breech 312 1.85 0.92 0.24
LES-8/9, XPPT-1 rectangular, breech 1000 20 0.55 0.76
EO-1 rectangular, breech *1350 50 0.67 0.50
MIPD-3 rectangular, side 1130 100 0.65 0.71
PPT-4 coax, side 850 9.0 0.66 0.16
PPT-5 coax, side ~2000 20 0.40 0.90
Teflon MPD coax, side 1500 2000 044 ~1.00

*based on breadboard unit
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Fig. 1. EM thrust fraction vs. I,

The thruster efficiency is defined as:
e =1 ([ Tdt)a/E,,
where [Tdt/E, is the specific thrust. If the thrust is purely electromagnetic, JTdt = —%—L’ ¥, so that

—1ly=
Neem = 7L 1/ Zo
Operation in a mode where jxl—?y >> Vp places a requirement on low Z,, to increase specific thrust and

efficiency. An indication of the lower limit of this impedance is given from experiments with a pulsed ablative-
Teflon magnetoplasmadynamic (MPD) thruster for which the effective thruster impedance was measured as a

function of energy and propellant type.8 The lowest effective arc impedance was found to be Z, = 8.6 m<Q for

Teflon at the highest current tested, 11 kA.

This MPD result suggests that a Z,,,0f 10 mQ may be achievable for a PPT with a low-loss capacitor. As an
example, L' = 0.66 uH/m would give a specific thrust of 33 uN-s/joule. Operation at an L, of 1500 s, also achieved
by the same MPD thruster,® would give a thruster efficiency of 24%, and an ISp of 5000 s would give an efficiency
of 80%.

The contribution of electromagnetic acceieration of plasma to the impedance is derived from the

electromagnetic thrust power and the mass-averaged velocity:
. _ 72 _ {1712
Py = 12Zem _5(5L 1*fa

which gives:

L'u

PR

Zem =
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The thruster efficiency is then M =Zep / Zyg;. For the above example with L' = 0.66 pH/m and Isp =u/g = 5000
S, Zomy = 8 mQ. Thus electromagnetic PPTs must inherently be low impedance devices. For Z,,, = 10 m€2, only

20% of the energy is lost as ohmic heating.

It is well known that most pulsed plasma thrusters operate in the partially-ionized regime with a significant
neutral fraction. As an indicator of the ionization fraction, the total charge transfer through the thruster arc is
compared to the number of ablated atoms multiplied by the electronic charge. Define the ionization fraction

parameter IFP as:

The quantity eN,y, represents the charge transfer capability of the ablated mass if fully ionized. The use of the
absolute value of the current inside the integral implies that each electron carries current only once and is then
ejected from the thruster along with an ion, an assumption which does not hold if jx B is in the reverse thrust
direction. The quantity IFP is shown for several PPTs in Table 2.

Table 2. Ionization Fraction Parameter (IFP) for Teflon PPTs

Thruster Isp’ s fermn IFP
LES-6 312 0.24 0.09
LES-8/9(XPPT-1) 1000 0.76 0.56
EO-1 *1350 0.50 0.50
MIPD-3 1130 0.71 0.14
PPT-4 850 0.16 0.13
PPT-5 4000 0.90 0.3-1.3
Teflon MPD 1500 ~1.00 0.91

*based on breadboard unit

Figure 2 shows IFP vs. f., for a number of PPTs. The ionization fraction parameter generally increases with the

electromagnetic thrust fraction.
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Fig. 2 Ionization fraction parameter for various PPTs

Table 2 suggests that many PPTs operate with a majority of neutrals, since more than enough charge
carriers are available. It has been long recognized that this type of operation reduces thrust. as can be seen by
comparing the example of the impulse from a bi-modal distribution of fast (m¢) and slow (my) particles.

m¢g+mg=m
JTdt = mfug + mqug = mu
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2,1 2

KE = >mfuf +5 mgug

1
2
It is often the case that u.<<ug, in which case the energy and impulse of the slow particles is neglected, giving a ratio

of thrust power to kinetic power:

| _ 2 1/2
7 (mfuf +mgug)u mf(mu /mf) _(ﬂf_)m
KE mu

m

This expression, a result of the assumed bimodal distribution in the particle velocities, is called the distribution
efficiency, and represents a loss of thrust. In the limit my = m, no loss of thrust occurs, as for example with an ion

thruster.

The goal with the present design is to operate with large IFP, in order to minimize the neutral fraction. The
approach is to test a number of propellant configurations, measuring IFP for each type. A new thruster designated
PPT-5 was designed for this study, with a central igniter plug, as shown in Figs. 3 and 4. The outer shell of the
thruster is grounded and the central electrode (cathode) is pulsed at high voltage. Since the igniter plug is buried in
the cathode, the plug exciter circuit is designed with high-voltage isolation (Fig. 5).

Fig. 3. PPT-5 Coaxial Pulsed
Plasma Thruster

There are 4 possible diode configurations (Fig. 5) under which PPT-5 can operate: no diodes, diode
electrically parallel to the arc, diode in series with the capacitor, or with both series and parallel diodes,. Normal
PPT-5 operation uses diodes both in series and parallel, giving a current pulse shown in Fig. 6.

The effect of the parallel diode is to shunt the capacitor and its Equivalent Series Resistance (ESR),
lowering capacitor heat loss and improving energy transfer to the discharge. The capacitor has an internal
inductance. measured in a ring-down test to be ~30 nH. With only a parallel diode. this inductance produces a
voltage and current reversal in the capacitor, which can be eliminated with the series diode. The resulting unipolar
pulse increases capacitor life.

The thruster circuit was modeled using a constant arc impedance of 15 mQ, and an ESR of the 34 uF
Maxwell capacitor of 5 mQ. The capacitor ESR was found by modeling of a NASA PPT circuit, in conjunction
with a transfer efficiency measurement. Figure 7 shows the experimental arc current along with the model arc
current, giving good agreement up to 20 ps, and capacitor voltage for the no-diode case. Figure 8 shows the
experimental current along with the model arc current, capacitor voltage, and capacitor current for the parallel/series
diode case. The figures show an increasing mismatch to the model late in the pulse, indicating higher impedance in
the arc after approximately 20 us. Figure 8 also shows a final voltage on the capacitor of 320 Volts, compared to
experimental voitage measurements of 60 Volts.

Tuble 3 shows the distribution of energy loss in the PPT. In Case 1, with both series and parallel diodes,
the Wcap is onty 50% of ¥ .. In Case 2, ‘{-’cap is 75% of W . This reduced ‘Pcap is a result of the parallel diode,

which shu.is current away from the capacitor. The transfer efficiency for energy transferred from capacitor to arc
shows a lower transfer efficiency for Case 2 because of current reversal in the capacitor. Case 3 has an even lower
transfer efficiency because with no parallel diode ‘Pcap =W, Case 4, with no diodes, has the same transfer

efficiency as Case 3 for the same reason.
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Table 3. Calculated PPT-5 Circuit Losses

Case Diodes W= [1%dt Ner
\{lcap Yarc

1 Series+Para 511 1028 0.86

2 Para 796 1057 0.80

3 Series 614 614 0.75

4 No Diode 1023 1023 0.75

Thermal Iosses

Measurable thermal losses in PPT-5 include arc heating of the thruster, voltage sheaths, and capacitor
heating. Capacitor heating is measured separately from other thermal transfer mechanisms, using Type K
thermocouples placed at the base of the thruster head and near the terminals of the capacitor (Fig. 9).

The governing equation for heating is Q = (AT/At)chp, where AT is the temperature rise, At is time, m is the

sub-component mass and Cp is the specific heat. The thermal mass of the thruster head, Zmcy, is calculated to be

622 J/°C with Teflon fuel and 590 J/°C with polyethylene. The thermal mass of the capacitor and the diode assembly
is larger, 1250 J/°C.

The thruster head and capacitor are structurally and electrically connected by 12.7 mm aluminum rods and a

copper inductor (not shown in Fig. 3), making it possible for heat to flow axially toward the capacitor, distorting the
measurement. For the test setup, the axial heat flow is Q = KAAT/L where kA/L = 0.17 W/°C. Therefore the
power loss measurements are most accurate at the beginning of the test where AT~0. Thermocouple data were taken
at early times, eliminating the need for a heat flow correction.
Data are taken typically every 60 seconds during a 1000 pulse test at 20 Joules and 1.00 Hz. Figure 10 shows
thermocouple data for a typical test using Teflon fuel. Table 4 gives the power lost through heating and the total
power reaching the plasma. These tests were done both with and without diodes in the circuit. The cases with diodes
showed higher heating in both the capacitor and the thruster head (Table 4). Total Heating at 20 W was 6.9 W with
diodes and 9.0 W without diodes, an increase of 30%. Polyethylene shows about the same heating as Teflon. The
Teflon measurements are in good agreement with the calculations of Table 3.

Mass Ablation
Several propellant geometries were tested at 20 J to determine the effect on mass ablation as shown in Table 5.

The fuel configuration refers to the number of flutes and the percent of inner surface area in the z-6 plane. Figure 11
shows a frontal view of both 12/5 and 6/25 propellant configurations. The effect of increasing the number of flutes is
an increase in the surface area of the sides of the flutes (r-z plane). In the 12/5 configuration the material comes to a
peak less than half a millimeter across for a total of 5% surface in the z- plane. The material designations refer to
the material of the fuel cup and the cathode ring, respectively. The cathode ring is a small disk of material that fills
the gap between the inner surface of the fuel cup and the cathode outer diameter (Fig. 11).

The highest impedance values are associated with the minimum mass loss. The ionization fraction parameter
varies from 0.32 to 1.30, implying a wide range in the ionization fraction.

The mass loss data was taken over 5000 pulses at 20 Joules and 1.0 Hz. Cases 4 and 5, with 25% surface area
in the z-0 plane show higher ablation than cases I and 2 which have twice the surface area in the r-z plane. The total
area in the z-6 plane exposed to the discharge is 0.71 cm? for the 12/5 configuration and is 3.38 cm? for the 6/25
configuration. For Teflon, the material of the cathode ring has a significant effect.
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Table 4. PPT-5 Heat and Power Distribution

Location . Power at 20 J, 1.00 Hz
Teflon (diodes) Teflon (no diodes) Polyethylene (diodes)
Capacitor Power 20.0 20.0 20.0
Capacitor Heating 2.1 3.8 1.9
Thruster Heating 4.8 5.2 44

Net Power to Plasma

13.1 11.0

13.7




Table 5. Impedance Z,,, and ablated mass per pulse for various fuels and geometries at 20 J
Case  Fuel Config.  Zy,, mQ . pg/pulse IFP

1 12/5 25 30 0.62
TFE/BN

2 12/5 24 15 1.28
TFE/TFE

3 12/5 45 2.5 1.30
HDPE/BN

4 6/25 19 64 0.32
TFE/BN

5 6/25 19 61 0.36
TFE/TFE

6 6/25 40 3.0 1.08
HDPE/BN

For cases 2 and 5 with a Teflon cathode ring, ablated mass per pulse decreased even though more Teflon
was exposed to the arc. It therefore appears that the inward facing z-0 plane is the most significant factor
for determining the total mass ablation. For all cases the cathode mass loss was 1.5-2.5 pg/pulse.

SEM Analysis

Scanning Electron Microscopy (SEM) was performed on as-machined and ablated Teflon and
polyethylene fuel samples. The images at various magnifications (Figs. 12-25) show these surfaces at
magnifications of 100x — 13000x. X-ray and back-scattered electron microanalysis was also used to
determine the elemental makeup of selected Teflon samples. Teflon exhibited visual blackening in certain
areas of the fuel after being ablated. Other Teflon areas were ablated leaving the original white color.
Polyethylene did not exhibit distinct blackening but did show discoloration over the whole sample area
exposed to the arc.

Figures 12 and 13 show both the as-machined Teflon and ablated Tefton at 250x magnification.
The as-machined sample is featureless at 250x as was the case for all magnifications taken. The ablated
images at 250x were in a region containing both cleanly ablated Teflon and blackened Teflon. The images
show higher plateau-like areas that correspond to the blackened sections and lower smoother valleys
corresponding to the white areas.

At 600x magnification (Figs. 14-15), the as-machined sample shows no features while the ablated
sample shows the cleanly ablated areas to be full of bumps. The formation of similar bumps was
serendipitously witnessed in real time on the SEM television monitor, and appeared to be bubbling caused
by the SEM electron beam at magnifications greater than 13000x. The similarity of the electron beam-
induced bubbling and the bumps observed at 600x without electron beam heating suggests that the heating
is an internal bubbling process. However, as part of the SEM procedure a 3 nm thick gold layer is
sputtered onto the samples and it is not clear what effect this may have on the bubbling behavior. At
>13000x the bumps were observed to start as a bubble that opened to a fissure and collapsed. No pictures
at magnifications greater than 13000x were taken due to this bubbling. If there is intensive sub-surface
heating during PPT operation, this phenomenon may also suggest a mechanism for late-time ablation
observed by Spanjers.

At 13000x magnification, three images were taken to show the difference between the blackened areas
and the white areas. Figure 16 shows the relatively featureless reference sample of as-machined Teflon.
The second image (Fig. 17) was taken in a white area of the ablated fuel and shows both smooth dark areas
and small white nodules of 0.4 um diameter. Figure 18 was taken in a blackened area of the ablated fuel
showing much rougher texture with white nodules also present. '

The white nodules on the ablated fuel may be deposited brass from the cathode. The SEM electron
backscattering diagnostic showed that the nodules had a higher average atomic number and were not a
topographical feature. X-ray microanalysis, which has a | um lateral resolution and penetrates to a depth
of 2.5 um, was conducted and traces of copper were found to be present in the nodule. Copper was also
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found in the regions adjacent to the nodules, possibly due to nodules buried in the Teflon material, or due to
the 1 pum lateral resolution. The x-ray analysis penetrates to 2.5 pm and could measure unseen nodules.
Figure 19 shows the results of this scan for the 3 areas depicted in Figs. 16-18.

From the x-ray analysis the amount of carbon in the blackened areas is noticeably higher than in either
of the other two cases (Fig 19). This leads to the conclusion that the blackened areas contain carbon ash.

One limitation of the x-ray diagnostic is that it favors lighter elements and some weak lines of heavier
elements. Many of the heavier elements have their strongest lines above 10 kV, an energy which overheats
the Teflon samples, making it difficult to go to higher energies required to see heavier elements. While
weak gold and copper lines showed up, any evidence of a weak iron line from the steel igniter plug was
saturated by the fluorine line and is unknown at this time. The same may hold true for the zinc component
of the brass cathode. There was also an oxygen peak of unknown origin noted for the case of the blackened
Teflon analysis.

Similar images (Figs. 20-25) were taken of polyethylene but no analysis was performed for elemental
composition. The as-machined sample for polyethylene is shown in Fig. 20 at 600x magnification. Higher
magnification did not show more detail and resulted in burning of the sample. As with Teflon, the as-
machined surface is fairly featureless.

The ablated polyethylene shows much different characteristics from both the as-machined sample and
ablated Teflon. Figure 21 shows a 100x magnification image of the ablated polyethylene with a pattern
different from the Teflon case. The surface shows a grain structure, possibly due to a material grain or the
machining process. Focusing on the peaks at 250x and 1000x magnification shows a layered, flaking detail
(Figs. 22-23). Further magnification to 13000x on a peak and in a valley is depicted in Figs. 24 and 25.
There is evidence that the discharge removes polyethylene from the valleys and leaves the peaks behind,

ablating them at a slower rate.

CONCLUSIONS

An electromagnetic coaxial PPT (PPT-5) is operated with two propellant materials and varying
propellant geometries to achieve low neutral fraction, high specific impulse, and high specific thrust. For
Teflon, experimental data suggests that mass ablation can be controlled by varying the amount of
propellant surface area in the z-6 plane. Propellant surface area in the r-z plane had less impact on
measured mass ablation. Locating propellant at the cathode decreased the mass ablated per pulse. The
Teflon mass loss was an order of magnitude higher than that of the polyethylene, so that the polyethylene is
generally more highly ionized.

The PPT-5 requires a low impedance external pulse circuit to operate at high jxB thrust. A discharge
impedance of 16 mQ was achieved at 20 J by using series and parallel diodes in the external circuit to
provide pulse shaping, with a capacitor having an ESR of 5 mQ. Still lower impedances are desirable to
raise the electromagnetic thrust component.

Thermocouple heating data and current modeling show that the parallel and series diodes have a
favorable effect on the transfer efficiency of the thruster. The series diode prevents current and voltage
oscillations in the capacitor, and the parallel diode shunts the capacitor after the first current peak, reducing
heating by a factor of two. The capacitor heating is 10%, and the thruster heating is 24% of the stored
energy.
SEM analysis suggests that Teflon and polyethylene have different ablation mechanisms. The
highest magnifications for both fuels show different features. Images of ablated Teflon show surface
features that suggest internal bubbling, possibly caused by a sub-surface heating mechanism, as yet
unexplained. X-ray analysis of ablated Teflon shows a significant increase in carbon in the blackened
areas, suggesting the presence of Teflon ash. The polyethylene images show regions with flaking
interspersed with relatively undisturbed surfaces, but do not suggest a reason for the vastly different
ablation rates of the two materials.
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APPENDIX:

Inductance Gradient Formulas

The electromagnetic impulse bit can be calculated from (1/2)L"¥ if the current-squared integral is

measured and the inductance gradient L' is known.! Since the current distribution in the circuit conductors
of a PPT does not in general satisfy the conditions of uniformity assumed by available inductance formulas,
a potential-theory solution based in part on the distributicns of resistivity and ion velocity in the plasma is
then required. The inductance formulas here assume fixéd current-density distributions and must be used
with caution. Under the usual mode of PPT operation the plasma discharge remains adjacent to the
ablating surface of the propellant, and if the current disiribution within the plasma does not change with
time. the electromagnetic impulse can be estimated from (1/2)L"¥ using the formulas.

The inductance of a closed circuit of rectangular conductors of length ¢! is:
3 d
L= 0.4[5“ f3ds)-d +022(b+c)| (uHI(AD
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so that:

L'=0.6+0.4 1n(b—§1€) [WH/m] (A2)

where d is the electrode separation, and each electrode has width b and thickness c.

For coaxial thrusters the inductance gradient is readily calculated if the current density is
axisymmetric. For thrusters with an annular electrode of radius r, and a central electrode of radius r, the
inductance gradient L' is determined by assuming azimuthal current symmetry and uniform axial current
density to the central electrode. For this case L' is identical to that calculated for the
magnetoplasmadynamic thruster: 12

, 3
L[uH/m]=teln2 2 (A3)
2r\ 1. 4

For more complex geometries, e. g. flared or diverging rectangular electrodes, L' must be

calculated from the vector potential method used by Kerrisk,10 or from IL' = ¢, where the flux gradient ¢'

is determined at the plane of symmetry from magnetic probe measurements.
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