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Integration of pulsed plasma thruster (PPT) onboard spacecraft requires the evaluation of potential
plume/spacecraft interactions. Important findings are summarized of our experimental and modeling plume in-
vestigations of rectangular-geometry Teflon® PPTs. Initial studies of the Lincoln Experimental Satellite 8/9 PPT
plume used time-of-flight analysis of single langmuir probe data and found two ion populations with approxi-
mately 30 and 60 km/s, respectively. A residual gas analyzer identified C, F, C,F,, and various thruster materials.
Fast ionization gauges detected the presence of slow neutral particles up to 1 ms after the end of the discharge.
Subsequent studies used triple langmuir probes and obtained electron temperature and density in the plume of
a laboratory PPT operating at 5, 20, and 40 J. Plume properties showed large angular density variation on the
perpendicular to the electrodes plane but small variation on the parallel plane. Electron density and temperature
were found to decrease with increasing radial distance from the Teflon surface. Time-average temperatures were
between 1 and 3 eV. Time-average electron density increased with increasing discharge energy and are in the range
between 10'° and 2 X 102° m~3 for 5 J, 6 X 102° to 10> m~3 for 20 J, and 2 X 10% to 1.4 X 10?! m~3 for 40 J.
The PPT plume model is based on a hybrid (particle-fluid) methodology. Neutrals and ions were modeled with a
combination of the direct simulation Monte Carlo and a hybrid-particle-in-cell method. Electrons were modeled
as a massless fluid with a momentum equation that includes collisional contributions from ions and neutrals and
an energy equation. Simulations of the laboratory PPT operating at discharge energies of 5, 20, and 40 J showed
the expansion of the neutral and ion components of the plume during a pulse, the generation of low-energy ions
and high-energy neutrals due to charge exchange reactions, and the generation of backflow. Numerical predictions
showed good quantitative agreements with data.

Nomenclature my = particle mass of species s, kg
E = electric field, Vm™! g = species s mass flow rate, kgs™! m~2
e = elementary charge, 1.6022 x 10~'° C N, = total number of computational macroparticles
F;, = i-e collision force, N . of species s
L = impulse bit, N-s Ny = qumber flux of species s particles,
I, = specific impulse, s (N,)(r,0) = time-averageelectron density
J = current density vector, Am~2 n™(r,§) = maximum electron density during a pulse, m~?
k = Boltzmann constant, 1.3807 x 1072} JK~! ng(r, 1) = number density of species s, m™> \
L = characteristiclength Mg max = maximum number density of species s, m™
. s . . . _ : =3
L, Lg = axial and radial size of the simulation domain, m no = backgroun(:l plasma density, m
M, = propellant mass ablated (injected) during P = pul§e dur ation, s ) ) '
a pulse, kg R, Z = radlalhand axial distances in the axisymmetric
M,y = totalion (neutral) mass ablated (injected) during a coordinate system, m
R = equivalent thruster radius, m
pulse, kg T q . ,
M;, = jon i (neutral n) mass ablated (injected) during a r,0 = polar coo(édlnates measured from center
pulse, kg of Teflon™ bar, cm
m, = electronmass, 9.1094 x 1073! kg Ss = speedratio
s = species type, i for ions and n for neutrals
_— T, = backgroundelectron temperature, K
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n = total propellant ionization fraction
Ap = debyelength, m
Mgt = mean-free path for collisions between s and , m
Ve = total electron collision frequency, s~}
Vi, = average i-e energy transfer collision
frequency, s~!
Vg = average momentum transfer collision frequency
for collisionsbetween s and ¢, s~!
¢ = electric potential, V
Introduction

PULSED plasma thruster (PPT) is a type of electromagnetic

propulsion system that ablates, ionizes a solid Teflon
propellant, and then accelerates the plasma to generate thrust. The
rectangular-geometry PPT shown schematicallyin Fig. 1 has been
investigated since the 1960s, and interest has been renewed in the
past half decade due to their specific impulses in excess of 1000 s,
low-power requirements, simple propellant management, and the
success of initial flight tests.!™*

Successful integration of PPTs on spacecraft requires the com-
prehensiveevaluationof possible plume spacecraftinteractions. The
PPT plume consists of a series of plasma clouds (plasmoids) in-
jected during the pulsed operation of the thruster. A plasmoid shown
schematically in Fig. 1 consists of neutrals and ions from the par-
tial decomposition of the Teflon propellant, particulates from ero-
sion of electrodes and thruster components, and neutrals and ions
produced by chemical reactions such as charge exchange, as well
as electromagnetic fields and optical emissions. The majority of
plume investigations was conducted in the early 1970s using the
Lincoln (Laboratory) Experimental Satellite (LES-6) thruster'->-5—8
or specifically designed PPTs®° with few studies appearing in the
1980s.!° The renewed interest in PPTs prompted new plume in-
vestigations, using various derivatives of the flight-qualified LES-
8/9.411=19 Our current understanding of the PPT plumes indicates
that they are more complex than those from other electric thrusters
and fall in the category of unsteady, high-density, collisional, and
partially ionized plasmas. In addition, the plasmadynamic pro-
cesses in the PPT channel that determine the properties of the
plume, are still under investigation* These physical characteris-
tics of the PPT plumes make experiments and modeling challeng-
ing. The goal of our research is to characterize the PPT plume and
develop a predictive ability that will allow the assessment of po-
tential plume/spacecraft interactions. Our PPT research combines
experimental investigations' 12151 and modeling2°~% which are
summarized in this paper.

Experimental Investigations
LES 8/9 PPT Plume Measurements'
The thruster used in these experiments was an LES 8/9 PPT. The
experiments were carried out at NASA John H. Glenn Research
Center Electric Propulsion Laboratory facilities using single lang-

Spacecraft
Surface

/

muir probes, a fast ionization gauge, and a residual gas analyzer.
At capacitor discharge energy of 20 J, this PPT ablates 28.5 ug
of Teflon, and the pulse has a duration of 12 pus. The LES 8/9 has
a canted exit channel, and these experiments used the nozzle ex-
tension described by Myers et al.!! to make the nozzle symmetric.
Initial studies using the LES 8/9 PPT included contamination as-
sessmentusing quartz crystals, measurementsof ion current density
using planar langmuir probes, and determination of ion velocity us-
ing single langmuir probes.!! It was found that measurable changes
in transmittance of the quartz samples were confined to 30 deg,
the centerline ion velocity was approximately 40 km/s, and the ion
density 6 x 10'® m~3 at a distance of 24 cm from the thruster.!!

The LES 8/9 PPT was mounted on a support arm at the top of
a 3-m-high, 1.5-m-diam vacuum tank shown in Fig. 2. The tank
was cryopumped to a base pressure of approximately 10~ torr with
a time-averaged pressure during several hours of thruster firings
of approximately 6 x 107 torr. A movable, computer-controlled
probe rake was built that allowed many readingsto be taken without
repressurizing the vacuum facility and manually repositioning the
probes. The rake was designed so that the fast ionization gauge, the
single langmuir probe, and the nozzle of the thruster were aligned,
allowing time of flight measurements to be taken. A schematic of
the probe rake mounted in the tank is shown in Fig. 3.

Single langmuir probe data were collected at 0, 20, 40, 60, and
90 deg from the centerline of the PPT nozzle, in the plane perpen-
dicular to the thruster electrode surfaces. Five pulses were recorded
at each position, and at all measurement locations, each probe trace
showed an initial large current peak followedby a smaller peak. This
pattern seems to indicate the presence of two ion groups associated
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Fig. 2 Experimental apparatus used in the LES 8/9 PPT plume
investigation.
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® [ons (I) and Neutrals (N): C,F, CXFy
e  Particulates (P)
e Charge Exchange (CEX) ions and neutrals
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Fig. 1 Rectangular PPT schematic and its plume effluents.
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Fig. 3 Schematic of the probe motion system used in the LES 8/9 PPT
plume investigation.
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Fig. 4 Speed of ions based on time-of-flight langmuir probe measure-
ments in the plume of the LES 8/9 PPT.

with each current peak in the plume. Speed estimates were obtained
using V.= D/T,, where D=0.15 m is the distance between the
probes and T is the time for each current peak to travel between
the two aligned probes. Ion speed estimates are shown in Fig. 4 with
error estimated at £16.6%.

Our analysis shows that the first current peak is associated with
ions moving in excess of 60 km/s at the centerline. The second cur-
rentpeak providesion speeds that agree with those found previously
for the LES 8/9 thruster,'" with an average centerline velocity of ap-
proximately 30 km/s. Analysis of the second current peak shows a
significant decreasein ion speed at 40 deg that has been noted in ear-
lier studies. There are several possible explanations for the multiple
groups of ions that have been observed. Thomassen and Vondra®
found that faster moving multiply ionized particles are produced
during the early stages of the PPT pulse. Therefore, the first cur-
rent peak could be associated with these faster particles, and the
subsequent peak associated with slower, singly charged particles.
Another possible cause of the multiple current peaks in the plume
could be the currentreversal observed during the PPT capacitor dis-
charge. Using the derived centerline speeds and back-tracingof the
fast and slow ions showed that the fast group was created on average
3 us before the slow group. This valueis very close to the period of
currentreversal seen in current discharge data from the LES 8/9.

Figure 5 shows a sample of fastionization gauge and single lang-
muir probe traces during the PPT pulse, taken at 0.3 m downstream
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Fig. 5 Fast ionization gauge and single langmuir probe traces in the
plume of the LES 8/9 PPT; radial distance is 0.3 m, and the angle is
40 deg.
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Fig. 6 Pressure evolution from fast ionizaton gauge measurements in
the plume of the LES 8/9 PPT.
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Fig. 7 Residual gas analyzer trace of vacuum tank after firing of the
LES 8/9 PPT.

and 40 deg off the centerline. The saturation of the fast ionization
gaugedueto the plumeionsis clearly shown for up to approximately
750 s after the beginning of the pulse. Figure 6 shows late-time
pressure in the plume derived from the ionization gauge data for
various angles taken at an axial distance of 0.3 m downstream of
the nozzle exit. These pressure measurements are taken long after
the ionized portion of the plasmoid passed (approximately 730 us),
indicating the presence of slow neutral particles in the PPT plume.
Itis very difficult to quantify the uncertaintyin fastionization gauge
measurements, because many interdependentfactors, such as gauge
sensitivity, relative sensitivity, and plume composition, come into
play. Estimates of neutral particle speed can also be obtained from
ionization gauge data. Assuming that all neutral particles are re-
leased at the start of the pulse, the neutral particle speed is found to
be between 100 and 1000 m/s.

Aresidual gas analyzeroutputofthe LES 8/9 PPT plume is shown
inFig. 7. There are three obvious main peakson the analyzertrace, at
31,50, and 69 atomic mass unit (amu) correspondingto CF, CF,, and
CF;, respectively. A peak at 12 amu indicates carbon. The smaller
peaks at 16 and 18 are due mainly to air; however fluorine has an
atomic mass of 19 and is potentially being detected here as well. If
aluminum from the thruster body and exhaust channel were present
in the trace with a peak at 27, it would be hard to distinguish from
the N, at 28 amu. The small peak at 44 is due to background CO,. It
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is also likely that the peak near 63 amu is due to copper eroded
from the thruster’s electrodes, whereas the peak near 88 amu can be
attributedto CF,. The peaks aboveabout 70 amu could be molecules
eroded from the composite nozzle extension or from impurities in
the Teflon. It is unlikely that they result from pump oils because
they did not appear in traces taken in the tank when the thruster was
off. The residual gas analyzer trace shows that the plume consists of
molecules consistent with previous studies.!® No conclusionshould
be drawn from the relative heights between these three constituents.
Because the analyzer was placed on the differential pump during
calibration, it was impossible to determine the pressure of the gas
being sampled and, thus, to calibrate the analyzer’s sensitivity. The
accuracy of the analyzer used in this investigation is tenuous at
best. The sampling time of the analyzer used in this study is on
the order of 1 min, much longer than the pulse period and, thus,
provides enough time for equilibrium of the gas in the tank facility
and possible reactions between the plume species to occur. What is
being detected, then, is the equilibrium products of the plume and
not the composition of the plasmoid as it leaves the thruster.

Laboratory PPT Plume Measurements'®

In this investigation, triple langmuir probes were used to measure
simultaneously electron temperatures and electron densities in the
plume of a laboratory PPT. The thruster shown in Fig. 8 has a rect-
angular geometry with 2.5-cm square electrodes and was designed
for componentlife tests and plume characterization. The thruster is
almostidenticalin size and performance to the LES 8/9 model, and
the operational characteristics are shown in Table 1.

Previous PPT plume investigations of plasma density and tem-
perature have used interferometers,and single and double langmuir
probes.-32® Triple Langmuir probes offer many advantages over
these methods, allowing simultaneous measurement of 7, and n,

Table1 Parameters used as inputs in the laboratory
PPT plume simulations

Ep.,J
Parameter S 20 40
Known
A, cm? 17.1 17.1 17.1
P, us 10 15 15
Tit, uN-s 36 256 684
M,, ug 10.6 26.6 51.3
Assumed
s C,ECT,Ft C,F C*,F* C,FCt F*
M, ug 1.06 7.98 15.4
ur, km/s 8 20 34
T;(r, zg), eV 1 1 1
T,(r,zg), eV 1 1 1
Derived
My, ug 9.54 18.6 35.9
uy, km/s 2.89 5.18 4.48
Netma M 3.19%x 1020 856x 10 971 x 10%
Np+mas M 2.02x 1020 27 %102 3.06 x 10%
nC max, M~ 3.12x 1021 6.57x10%°  1.45x% 10%!
NF max> M~ 7.67x10*1  6.88x 1021 1.53 x 10??
e R
..
Teflon §
Electrodes
25cm
1.3cm

Fig. 8 Schematic of laboratory PPT used in triple langmuir probe
plume investigation.
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Fig. 9 Experimental apparatus used in the triple langmuir probe
investigation of the laboratory PPT plume.

(Refs. 27-29). Unlike single and double langmuir probes, the triple
langmuir probe does not require voltage sweeps, a task that is diffi-
cult in the PPT due to both its pulsed nature and the pulse-to-pulse
variation. Additionally, triple probes are relatively easy to set up and
operate and do not require the extensive optics of an interferometer.
A symmetric triple langmuir probe, similar to the ones used in our
experiments, consists of three identical probes placed in the plasma.
One of the probes, indicated as probe-2, for example, is allowed to
float in the plasma and a fixed voltage V,; is applied between the
positive and negative with respect to the floating potential probes.
The resulting voltage difference V,,(¢) and collected current 7 ()
allow the evaluationof 7, (¢) and n.(¢). Triple probes have been used
successfully in the steady plumes of arcjets,® the magnetoplasma
dynamic thruster,*>! and gasdynamic PPTs.32

Experiments were conductedin a 0.5-m diam, 1-m-tallbell jar un-
der base pressuresbetween 1 x 107° and 5 x 1073 torr. The thruster
was placed at the bottom of the facility, firing upward, with the
probes mounted on a vertical translation table that was computer
controlled outside of the tank. This arrangementis shown in Fig. 9.
For off-centerline measurements, the thruster was rotated through
the appropriateangle, with the probe aligned geometrically with the
center of the Teflon face.

For each discharge energy level of 5, 20, and 40 J, measure-
ments were taken at eight downstream locations, ranging from 6
to 20 cm from the Teflon surface in 2-cm increments. These mea-
surements were taken at polar angles of 10, 20, and 30 deg on two
planes perpendicular and parallel to the electrodes passing through
the thruster’s centerline. Additionally, measurements were taken
at 45 deg off centerline on the plane perpendicular to the thruster
electrodes. These locations are shown in Fig. 10. Five pulses were
recorded at each location and at each power level, resultingin nearly
1000 data sets.

Implementation of the triple probe in the PPT plume requires
careful consideration of plasma and probe parameters that enter
in the evaluation of 7,(¢) and n,(t). These issues are discussed
extensively in Ref. 19, but we review some important aspects.

The uncertaintyin the triple-probe measurements comes from the
processing of the voltage V,;, (t) and currentsignals I (), as well the
triple-probe theory itself. The voltage probes and oscilloscope used
to record V, () introduced a high-frequency bit error in the tem-
perature measurements with a maximum of £0.75 eV occurring at
the peak of the pulse. The noise in the current measurements was
minimal, and the effect of the voltage noise introduceda £10% un-
certaintyinto the density measurements. The uncertaintyin tempera-
ture measurements for the regime of probe operation was estimated
to be smaller than 20% and in electron density between 40 and
60%. Therefore, for all measurements, the maximum uncertainty
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Fig. 10 Triple langmuir probe measurement locations on the paral-
lel and perpendicular to the electrode plane passing through thruster
centerline; radial and angular positions are referenced with respect to
center of Teflon surface.

in n,(r, 6,1) is estimated to be 60%, the maximum uncertainty in
T,(r, 6,1)is £0.75 eV, and the spatial accuracy is within +1072 m.
An important issue in proper interpretation of triple probes in
flowing plasmas is that of probe/flow alignment. In our experiments,
the triple probe was aligned with the polar angle measured from the
center of the Teflon surface, and this may have resulted in probe
misalignment with the flow vector. Investigationsusing a PPT simi-
lar to the one used in our experimentshowed that the plume is canted
toward the cathode by less than 5 deg on the plane perpendicular
to the electrodes and confirmed that the plume is symmetric on the
parallel to the electrodes plane.!”!® An assessment of the impact on
the triple-probe output due to the flow/probe misalignment showed
that the effects did not adversely affect our measurements.! In ad-
dition, the end-effects parameter was conservativelyestimated to be
7., > 230, further ensuring that the ion currentis not sensitive to any
small misalignments between the probe and the flow vector.!
Figure 11 showstypicalelectrondensity and electron temperature
traces for the 20-J case for r =6 and r =18 cm at 6, =10 deg on
the perpendicular plane. The bounding traces are plotted for each
location,showingthe shot-to-shotvariability,as well as the unsteady
character of the plasmoids as they pass by the triple probe.
Simultaneous electron temperature and density for a 20-J pulse
measuredr =12 cmand 6, = 10 deg are plotted in Fig. 12. In most
cases, the maximum electron temperature for each spatial location
occurs at the beginning of the pulse, when the most energetic elec-
trons leave the thruster, whereas the maximum electron density oc-
curs near the middle of the pulse.
The time-average electron temperature (7,) for a location (r, 8)
over the duration of the pulse is obtained by

,
(Lo = U L., 9,t>dt/P}/N (1)
N 0

where N =5. A similar expression gives the time-average electron
density (N,)(r, 0).

Figures 13-15 show the time-average plume properties for a
5-, 20-, and 40-J discharge, respectively. The time-average density
drops by almost an order of magnitude within and radial distance
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Fig. 13 Spatial variation of time-averaged electron density {N,)
(+ 60%) and temperature {T,) (+ 0.75 eV) in plume of 5-J laboratory
PPT.

of 12 cm downstream from the PPT exit. The measurements show
particularly well the large angular variation of density in the per-
pendicular plane and the high degree of uniformity in the parallel
plane. For all cases considered, time-average electron temperature
is ~3 eV at 6 cm and decreases to ~1 eV at 20 cm from the Teflon
surface. These magnitudes compare with recent spectroscopicmea-
surements in a PPT plume.!* From these data, it can be concluded
that increasing the discharge energy results in larger time-average
electrondensities for all plume locations. The time-averageelectron
temperature,however, remains unaffected within the accuracy of our
measurements. These effects should be reexamined with higher-
fidelity measurements.

PPT Plume Modeling?*?

Computational modeling complements our PPT plume experi-
mental investigations. We present next a summary of the hybrid
(particle-fluid) PPT plume model, simulation results, and compar-
isons with data.

Hybrid (Particle-Fluid) Model Description

The plume model includes neutrals, for example, C and F, and
ions, for example, C* and F*, from the Teflon decomposition. A
hybrid representation is chosen to model the physical characteris-
tics of the PPT plume components. The unsteady character of the
plume is considered as a series of plasmoids ejected from the exit
of the thruster channel during the thruster firing. The code incor-
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Fig. 14 Spatial variation of time-averaged (N.) (= 60%) and (7.}
(% 0.75 eV) in the plume of a 20-J laboratory PPT.

porates a single grid and subcycling for the time integration. The
axisymmetric simulation domain in Fig. 16 is discretized using a
structured nonuniform grid. Cells scale with the local mean-free
path and are further divided also in subcells and used for evalua-
tion of collisions. The vertices of each cell are the nodes where the
average (fluid) quantities are evaluated.

Neutrals and ions are treated as particles using concepts of the
direct simulation Monte Carlo (DSMC)* and a hybrid-particle-in-
cell (hybrid-PIC) approach that includes a collisional ion-electron
force.3* The kinetic description of ions and neutrals is necessary
and allows evaluation of fluxal properties needed for future con-
tamination characterization. The distribution function of a plume
species s with mass m,, number density n,(r, t), average (or drift)
species velocity u,(r, t) = (v;) = (uy, vy, wy), and temperature 7
is given by a local Maxwellian. Each species s macroparticle (or
simulation particle) represents F, number of real plume particles.
A total of Ny macroparticles reside in the simulation domain with
the kth macroparticle described by a set of position and velocity
{xXsx, vs}, k=1, N;. Neutral and ion particles move and undergo
collisions that include neutral-neutral elastic, ion—neutral elastic,
ion-neutral charge exchange and ion-electron.

The modeling of elastic neutral-neutral and neutral-ion parti-
cle collisions and motion is accomplished by the non-time-counter
(NTC) method described by Bird.?? Ions and neutrals in the model
include those created by the charge exchange (CEX) reaction
+ X3

slow (fast) (2)

n
X (fast)slow

+
X:low(fasl) + X

(fast)slow
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Fig. 16 Computational domain used in the laboratory PPT plume
simulations.

The low-energy CEX species are of particular importance to back-
flow and possible spacecraft contamination*® The NTC methodol-
ogy is used to determine the number of possible CEX partners in
each cell with appropriate CEX cross sections, whereas the post-
collision velocities of the reacting particles are simply exchanged.

After the collision process has been completed in all cells, a par-
ticle with a postcollision velocity v, is moved according to

dx;

E = Vs (3)

For an ion particle with position x;, and charge ¢; the equation of
motion includes the electric field force ¢;E as well as a collision
force F,:

dVl‘
mi? =q,E(x;) + Fi.(x;) 4)
The electric field and the collision force in Eq. (4) needed at the ion
position x; are evaluated from the cell-vertex (nodal) values. The
collision force at the nodes incorporatesion-electron collisionsinto
the PIC method and is given by Jones et al.** as

F,, = Viemie(<ve) - <Vi)) + ((vi) - vi)

V k(T = T viemi () = Bi)?
b=z (2] = 0)7)

where m;, =m;m,/(m; + m,) is the reduced mass, v;, is the dy-
namic friction collision frequency, v;, the energy transfer collision
frequency, and brackets indicate averaging over the species distri-
bution function. The average (or fluid) ion quantities in Eq. (5),
(v;) =u;, (v?), and (v;) and T; are obtained at a grid point from
interpolation of all particles in the surrounding cells.

Unlike other DSMC/PIC plume studies*~*° and our previous
plume work?*?! that utilized the Boltzmann approximation for the
electrons, in this work electrons are modeled as a massless fluid with
a momentum equation that includes collisional contributions from
ions and neutrals. The average velocity of electrons at a grid point
(v.) =u, is obtained from a fluid model. Based on scaling analysis*’
unsteady, inertia, and magnetic terms are ignored, and the electron
momentum equation becomes

eE 1

5)

U, = — Vpe

m,v, n,m,v,

T (ZUEiui/w) + (Xn:kun/ve> (©6)

where v, is the total electron collision frequency. The mean (fluid)
ion u; and neutral u,, velocities are obtained from interpolation of
particle velocities in the surrounding cells. In the PPT plume even
at electron densities 7, < 10'7 m~3, where v,; < 10°s~!, electron-
neutral collisional terms in the momentum equation may become of
the same order as the pressure gradient or the electric term. There-
fore, the full form of the reduced electron momentum equation (6)
is used in this model.

Based on scaling analysis® the electron temperature is modeled
with a form of the energy equation that includes the conductiveand
collisional transfer terms as

0==V-KVT. =Y 3=Sunk(T,~Ty) (@
mpy

H=i

where K, is the electron conductivity. The boundary conditions on
the upper far-field boundary are?*-**

T, = "\ (Re/r) (T — T2 + T2 ®)

where T,y is the temperature at the thruster exit, 7., is the back-
ground temperature, and p is a temperature-dependert index .’
Boundary conditions on the other sides of the domain are shown
in Fig. 16.

Electric fields are obtained from a formulation of the current
conservationequation that allows discretizationat scales larger than
the debye lengths A, which for plasma densities of n, ~ 107~
10> m~* and 7, &~ 1-5 eV is in the range of 107°~10~7 m. Assuming
quasi neutrality, the electron density is given by

ne= > m, ©)

Current conservation under quasi neutrality can be written as

V.J=0 (10)
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where the total current density is

J= E n,q,u; = § qginiu; —en.u,
s i

E) =-V. (Zniqiui> -V (n:ug

i
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Fig. 18 Ion and neutral number density from the simulation of the laboratory PPT plume at discharge energy of 5, 20, and 40 J.
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of experiment.

The charge n, =n; on the nodes is obtained through weighting of
the charge of the particles found in the cells surrounding the node
using a conservative weighting scheme. Electric fields are electro-
static given by a potential ¢ as E=—V¢. The electric field and
temperature are obtained on the grid points from central finite dif-
ferencingof Egs. (7) and (12) with appropriateboundary conditions.
Solution of the resulting matrix equations is based on a version of
the restarted generalized minimum residual solver with incomplete
lower-upper factorization2

Modeling Results

A series of simulations was performed using the laboratory PPT
shown schematicallyin Figs. 16 and 17. Particle injectionat the PPT
exit is based on a model that assumes complete decomposition of
the Teflon and accounts for the ablated mass and impulse during the
pulse:

o= Y b by e, 1

Iy = Z Miu; + ZMnun =M, U; + MyU, (14)

The density is given by a profile
n,(R, Zg, 1) = nypy sin [ (t = 1,)/P1[1 = (1 = C)(R/Ry)’]

h<t<t (15
where P =t —t, is the duration of the pulse, Ry is the equivalent
radiusof thrusterexit, and C. is the cutoff densityratio. The assumed
sinusoidal time-variation n,(¢) follows the evolution of the PPT
discharge current,as well as the electron density variation measured
at the near-exit region of the PPT. The radial variation is based
on PPT-channel simulations that indicate that density profiles are
parabolic.** The maximum density 7, ., iS given by

Mg max = 4M&/ch-‘x {exp(_S?) “F\/;S‘[l +erf(S‘)]}P(1 -‘rCL)R?-
(16)

A sinusoidal electron temperature profile is used at the exit plane
given by

TeO = (Te.max - Teoo) sin [T[(t - tl)/P] + Teoo (17)

where T, ., is the experimentally determined maximum electron
temperature.

An axisymmetric nonuniform grid was used in the simulations.
The last-to-first cell ratios A, and Ay are set to values so that widths
of the cells in the downstream region of the PPT exit scale with
the smallest mean-free paths expected during the plasmoid prop-
agation. In the simulations L; =Ly =1m, N; =320, Nz =150,
Az =1.0795, and A =2.7859 resulting to AZ;, =3.007 mm,
ARy =3.822mm, AZ,, =3.246 mm, and AR, ,, = 10.648 mm.
The cells are also divided into four subcells in both directions and
used for sampling of collision partners. The cell and subcell widths
used in the simulations scale even with the most restrictive mean-
free paths. The total number of computational particles at the end
of the pulse is 480,590 ions and 3,920,001 neutrals for the 5-J
case, 1,271,338 ions and 2,525,192 neutrals for the 20-J case, and
1,258,637 ions and 1,339,862 neutrals for the 40-J case. Time steps
are At; =0.05 us and At, =0.1 ms for all cases considered. The
input parameters necessary for particle injection obtained using the
thruster exit model are shown in Table 1. The assumed parameters
are chosen carefully and are consistent with current knowledge of
PPTs internal and plume flows. The plume composition is based
on complete ablation of Teflon but inclusion of additional species
would not affect the overall evolution of the plume. The ionization
fraction and ion speed are taken so that the derived exit-model ion
number densities are close to the measured ones in the plume. The
neutral temperature is based partially on the assumption that neu-
trals do not exceed their sonic speed at the PPT exit. Finally, the
ion temperature is set to equal that of the neutrals, although as a
parameter temperature plays a secondary role due to the supersonic
speed of the ions.

Figure 18 shows the time evolution of the ion and neutral com-
ponents of the plasmoid for the 5-, 20-, and 40-J cases. At t = 0.5P
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Fig. 20 Comparison between predicted and measured maximum elec-
tron number density in the plume of a 5-J laboratory PPT.

the ion cloud is farther downstream than the neutral cloud due to
the large average speeds of the ions. However, CEX reactionsin the
plume generate fast neutrals and slow ions, and as aresultatf = P,
both ion and neutral clouds have similar spatial extents. Figure 18
shows also the radial expansion of the ion cloud primarily due to
radial electric fields and the radial expansion of the neutral cloud
primarily due to pressurediffusion. The dischargeenergy and, there-
fore, ablated Teflon mass affect considerablythe spatialextentof the
plasmoid. As Fig. 18 shows, the spatial extent of the plasmoid and
the backflow component increases with increasing ablated mass.

Comparisons with Experiments

Figure 17 shows the location of the virtual probesused in the sim-
ulations. To compare with the experiment shown in Fig. 10, a polar
coordinate system (r, ) is used where distances and polar angles
are referred with respectto the center of the Teflon propellant, which
is located 3.8 cm behind the PPT exit. We summarize comparisons
between electron density and temperature predictionsand our triple
langmuir probe plume data.

Figure 19 shows the time evolutionof the electronnumber density
along the 8 =10 deg line and distances from the Teflon propellant
between 6 and 18 cm for the E, =20 J case. In Fig. 19 two data sets
are plotted for each plane to indicate the pulse-to-pulse variation of
density during the experiments, as well as the density differences
between the planes parallel and perpendicularto the PPT electrodes.
The time shown in Fig. 19 is that of the experiment, and to facilitate
the comparisons,the simulation? = 0 us correspondsto Ze,, = 35 us.
Figure 19 shows clearly that the simulation results follow the data
closely for all radial distances considered.

Figure 20 shows comparisons between the predicted and experi-
mental maximum electron density for the 5-J laboratory PPT. The
numerical predictions are of the same order as measurements for
distances of up to r =12 cm. The underprediction increases with
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Fig. 21 Comparison between predicted and measured time-averaged
electron temperature in the plume of a 5-J laboratory PPT.

distance from the Teflon, and for » =20 cm the numerical values
is an order of magnitude smaller than the measurements. A com-
parison between predicted and experimental time-average electron
temperature for the 5-J PPT is shown in Fig. 21. The numerical pre-
dictions follow the data for the entire range of radial distances and
angles.

There are several possible explanations for these differences be-
tween numerical predictions and the experiment. The relatively
small 0.5 x 1 m cylindrical chamber used in our experiments may
have inhibited the expansion of the plasmoid, resulting in higher
densities compared with the simulations. There is also experimen-
tal uncertainty, which for the electron density has been estimated at
60% and for the electron density at +0.75 eV assuming perfectly
aligned probes." Finally, model assumptions as well as input condi-
tions may have attributedto the differencesbetween predictionsand
measurements. These comparisons also show that the axisymmetric
simulations fail to capture the three dimensionality of the plume
exhibited by the measurements.

Conclusions

This paper summarized experimental and modeling investiga-
tions of PPT plumes. The goal of these investigationsis to enhance
our understanding of PPT plumes and to provide an advanced pre-
dictive ability that will address PPT/spacecraft integration issues.
Our experimental investigations started with the plume of the LES
8/9 PPT using single langmuir probes, fast ionization gauge, and a
residual gas analyzer. Measurements were restricted to the perpen-
dicular to the electrodes half-plane and covered the region from the
centerline to the backflow. Our findings indicate ion speeds of 30
and 60 km/s, a neutral plasmoid expansion that continues for up to
1 ms after the discharge, and the presence of C, F, C,F,, and other
thruster materials in the plume. Our subsequent plume investiga-
tions of a laboratory PPT operating at 5, 20, and 40 J used triple
langmuir probes and provided the electron density and temperature
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on half-planes perpendicular and parallel to the electrodes. Radial
distances varied from 6 to 20 cm from the Teflon surface at polar an-
gles of 10,20, and 30 deg. Electron density and temperature showed
radial and angular variation in the perpendicular to the electrodes
plane while they remained uniform in the parallel plane.

Computational modeling of the partially ionized, collisional, and
unsteady PPT plume was accomplished by developing a hybrid
(particle-fluid) methodology. Ions and neutrals are modeled with a
combined DSMC/hybrid-PIC method that includes neutral-neutral,
ion-neutral, and ion-electron collisions. The electrons are modeled
as a fluid with momentum and energy equations while electric fields
are obtained from a charge conservationequation. Modeling results
show the expansionof the neutral and ion components of the plume,
as well as the generation of charge exchanges ions and neutrals.
Overall, numerical results compare well with triple langmuir probe
data.

Further experiments are needed to explore the composition and
energy distributionin the PPT plume. Measurementsin the backflow
plane are also essential for assessment of backflow contamination.
In addition, coverage of the entire plane is needed to address the
PPT plume asymmetry. The conditions at the exit plane of the PPT
are also important for plume simulations, as well as understanding
the plasmadynamicand gasdynamicaccelerationmechanismsin the
PPT channel. Future numerical investigations need to be based on
a fully three-dimensional model to address the three-dimensional
character of the plume. Ionization and recombination mechanisms
and other chemical interactions and issues related to current cou-
pling of the plume with the backgroundshould also be investigated.
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