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Model of Particulate Interaction with Plasma
in a Teflon Pulsed Plasma Thruster
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The presence of particulates [referred to as macroparticles (MPs)] in the plume of a pulsed plasma thruster (PPT)
may affect interaction with the spacecraft. Possible particulate related effects depend on particulate properties.
The MPs emitted into the plasma during the discharge may be charged, accelerated, and heated by the ion,
electron, and neutral fluxes depending on the MP residual time. Different aspects of MP-plasma interaction in
the experimentally observed range of MP radii (0.1-100 ;sm) are analyzed. It is found that the charging time is
smaller whereas the steady-state potential is larger in the case of a large MP. A 1-um MP is found to have a charge
of about 10° electrons in the case of an electron density of about 102> m~3. The two primary forces acting on the
MP in the PPT discharge are a drag force due to collision with neutral atoms and ions and an electric force due
to the presence of the electric field in the current carrying plasma. The calculation of the MP velocity shows that
the maximum possible velocity of a 1-um MP is about 230 m/s, which is close to that estimated experimentally.
Only small MPs (~ 0.1 zm) can be entrained by the plasma jet, whereas large MPs are generally slower and flow
substantially behind the plasma jet. MP temperature and decomposition rates are calculated by solving a heat

balance equation. It is found that small MPs (<1 ;m) may completely decompose during a 1-us pulse.

Nomenclature

specific heat

sound speed

electric field

total drag force

Teflon® ablation rate

discharge current

electron current density in the sheath around
microparticle (MP)

electron thermal flux at the plasma-sheath interface
ion current density in the sheath around MP

ion flux in the absence of a field at the plasma-sheath
interface

= current density

cavity length

Debye length

MP mass

. atom mass

plasma density at the plasma-sheath interface
plasma density near the anode, that is, where z =0
Nusselt number

plasma density normalized by N,

equilibrium pressure

cooling rate due to decomposition of material

heat rate due to ion and electron flux

neutral atom heat flux

MP charge

R radiation cooling rate

MP radius

= initial MP radius
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T, = radius of cavity

T = neutral gas temperature

T, = electron temperature

T; = ion temperature

T, = MP temperature

U, = MP potential with respect to the plasma

U, = potential drop in the near spacecraftsurface sheath

14 = plasma velocity

Vy = MP ablation rate

v, = MP velocity

V,, = normal componentof the MP velocity

v = plasma velocity normalized by the sound speed

z = coordinate in the axial direction normalized by cavity
length

o = heat transfer coefficient

AH = ablationheat

AT = temperaturedifference between the plasma and the MP

At = residual time of MP in discharge

£ = dielectric permittivity of Teflon®

&0 = permittivity of vacuum

Ac = mean free path

& = particle emissivity

0 = specific density

o = plasma conductivity

o, = Stefan-Boltzmann constant

T = dimensionlesstime, Lp/C;

¢ = normalized MP potential, eU , /kT,

I. Introduction

HE pulsed plasma thruster (PPT) has been reconsidered re-

cently as an attractive spacecraftpropulsionoption.!? This has
happened mainly due to a greater emphasis being placed on the
development of satellites with reduced size for many applications.
PPTs are expected to provide exactimpulse bits to be used for accu-
rate attitude control. The principal advantage of PPTs is their simple
design, which provides high reliability. In particular, the higher re-
liability of the PPT is achieved through the use of solid propellant,
which eliminates design and operation complexity connected with
using liquid and gas propellants.
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Unfortunately, the PPT has a very poor performance characteris-
tic. For instance, a flight-qualified PPT design had an efficiency of
about 8% (Ref. 3). One of the factors leading to low efficiency is the
late neutral ablation.* Another factor that may significantly reduce
the efficiency is the particulateemission. Estimates have shown that
the particulateemission consumes about 40% of the total propellant
mass, albeit contributing only 1% to the total thrust.’

Particulates, sometimes referred to as macroparticles (MPs), are
emitted during the pulse and may interact with the surrounding
plasma. Various experimental and theoretical aspects of MP inter-
action with plasma have been studied in different systems such as
plasma assisted chemical vapor deposition? plasma etching,” rf and
glow discharge }9 cathodic vacuumarc deposition,!®!! and in-space
plasma.'? The MPs are subjected to charging, heating, and momen-
tum transfer®~!? It may be concluded that in spite of many common
features of MP-plasma interaction, the MP charge, velocity, and
temperature depend on properties of the plasma and MP related to
each specific system. Recently, results for the MP size distributionin
a PPT have been presented by Spanjers et al.> Particulates were ob-
served to have characteristic diameters ranging from about 0.1 um
to over 100 um. The PPT plasma has a weak degree of ionization.!
Thus, one can expect an important role of the neutral component
in the momentum and energy transfer to MPs. No analyses of MP
interaction with the PPT plasma have been reported previously. The
present work has the primary objective of removing this deficiency
by analyses of different aspects of MP behavior of a PPT, such as
charging, acceleration, heating, and decomposition. This work will
provide additional information about MPs to help mission planners
in estimating the particulate contamination potential.

II. Model of MP-Plasma Interaction

In the presentsection we will develop the model of MP interaction
with plasma, including MP charging, transport, and heating in a
pulsed discharge. As a working example, we will concentrate on
a specific type of PPT, developed at the University of Illinois, the
so-called PPT-4 (Ref. 1). This PPT has a coaxial configuration in
which Teflon® is ablated from a cylindrical cavity sitting in front
of the central electrode of 6-mm diam and an annular electrode of
43-mm diam. The two electrodes are connected with a 30-deg half-
angle nozzle. The typical PPT-4 pulse duration is about 10 s with
a current peak of about 8 kA. The main physical process in this
type of thruster occurs in the Teflon cavity. Rapid heating of a thin
dielectric surfacelayerleads to decompositionof the material of the
wall. As aresultof heating,decomposition,and partial ionizationof
the decomposition products, the total number of particles increases
in the cavity.

At the same time, nonuniformities in the discharge distribution
across the Teflon surface may cause overheating followed by phase
change of propellant.! High plasma pressurein the PPT channelmay
lead to Teflon MP generation. However, the mechanism of such
MP generation from the propellant is not understood sufficiently.
Another possible source of MPs is the spot attachment at electrodes
that is a typical phenomenon in the early stages of discharge.!
Several scenarios leading to particle generation from the electrodes
are possible: action of the plasma pressure on the liquid pool in the
quasi-steady regime may form droplets, similar to that occurringin
the vacuum arc cathode spot'*; growth of the perturbation of the
liquid surface due to the Rayleigh-Taylor instability may result in
liquid jet fragmentationand small droplet generation, as it occurs in
liquid-metal ion sources'3; solid-particle generation due to a wave
of thermoelastic stresses may also be caused by local overheating.'6

In the experiment, basically two populations of MPs were found.’
One populationof MPs is characterizedby a diameterless than 1 um
andby a spherical shape. It was concludedthat these MPs come from
the steel PPT electrodes’ due to discharge attachment. The second
population has a more random shape and size with maximal size up
to 200 um. The second populationis concludedto be originatedfrom
the Teflon propellant? In PPT-4, where copperelectrodes were used,
tracks of discharge attachment at the electrodes were not observed,
as was noted in a private communication with R. L. Burton. How-
ever, Teflon macroparticles may still be generated that have a sig-
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Fig. 1 Schematic presentation of MP-plasma interaction.

nificant effect on propellantlosses. Thus, as we consider the PPT-4
configurationin the presentpaper, we will concentrateon these MPs.

The MPs emitted into the plasma during the discharge may be
charged, accelerated, and heated by the ion, electron, and neu-
tral fluxes, depending on the MP residual time. It is assumed in
the model that the MP may be emitted at any point of time during to
thedischargepulse. This implies that MPs generatedat the later stage
of discharge will have less time for interaction with plasma. The
scheme of MP-plasma interaction is shown in Fig. 1. The present
model is based on the assumption that during the MP flight the
plasma parameters do not change significantly, that is, the follow-
ing condition is fulfilled: V,Ar < (3t X/3z)", where X is any
of the plasma parameters (velocity, density, and temperature). This
model of plasma-MP interactionis approximationto the more com-
plex reality in which plasma parameters vary during the MP residual
time. In the present model, we will analyze the plasma-MP interac-
tion having plasma density and velocity that lie in the range of their
possible variation during the discharge pulse, as free parameters of
the problem.

A. Quasi-Steady-State Plasma Model

The main features of the electrical discharge in the dielectric cav-
ity includejoule heating of the plasma, heat transferto the Teflon, de-
composition followed by ionization, and acceleration of the plasma
up to the sound speed at the cavity exit. In this section, we will
present a simple quasi-stationary model of the plasma flow in the
Teflon cavity. A quasi-steady-state approach to the PPT flow has
numerous limitations.” It requires that the propellantablation must
supply material to the discharge chamber in times shorter than the
characteristic flow convection time, which, in turn, should be less
than the characteristictime of discharge parameter variation. How-
ever, this approach may provide some useful information about the
possible range of density in the discharge chamber and the spatial
plasma density and velocity distribution along the cavity length. In
the present model the plasma velocity and density will be used in
the MP-plasma interaction model as parameters.

‘We apply a one-dimensionalhydrodynamicmodel for the plasma
under the assumptionthat the Teflon evaporates uniformly. Products
of Teflon evaporation are partially ionized in the cavity. Partially
ionized plasma conducts the current, which is carried in the direc-
tion parallel to the plasma flow. Therefore, for simplicity, we omit
effects connected with electric and self-magnetic fields. Partially
ionized plasma accelerates in the axial direction due to the pressure
gradient and achieves the sound speed at the cavity exit plane.'®
Note that this is a dominant acceleration mechanism in the elec-
trothermal PPT-4 device, whereas traditional PPT has predominant
electromagnetic acceleration mechanism. Teflon evaporationis the
origin of the source term in the mass conservation equation. In this
case, the governing equations in dimensionless form are

dv B

dz = n(1—1?) )
dn __ndv B

dz =~ vdz + v @

where 8 =g/(N,Csm,wr?) and C; = ([kT, + kT;]/m;)">. The fol-
lowing boundary conditions are used for Eqs. (1) and (2): n(z=
0)=1and dv/dz =0.
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Fig. 2 Plasma density and velocity spatial distribution in the cavity,
B =0.6.

The plasma density and velocity distribution are shown in Fig. 2.
Note that the plasma is significantly accelerated toward the cavity
exit. Burton et al. obtained similar flowfield development in a
liquid-injected capillary discharge!® when the plasma flow ap-
proaches steady-state conditions. Taking into account that the
plasma velocity should be sonic at the exit (z =1), it is found that
B =0.6. In one PPT-4 design it was measured that the ablation rate
is about 30 pg per 10-us pulse.’ One can estimate that the plasma
density near the central electrode should be ~10?* m~3 using this
experimental value for g. Note, however, that the aforementioned
estimated number density of the plasma in the cavity represents the
low limit. This is because it was assumed that, in the framework of
a quasi-steady-state model, the characteristic time is equal simply
to the pulse duration. Under the assumption that the characteristic
discharge time is about the acoustic time (L /C, which is typically
a few microseconds) the plasma density near the central electrode
may be substantially higher (up to an order of magnitude) than the
preceding estimation.

B. MP Charging

An experimentalinvestigationof the MP size distributionshowed
a variation from 0.1 up to 100 um (Ref. 5). It was also found that
some MPs have a spherical shape, whereas generally MPs have a
rather random shape distribution’ To make it possible to develop a
model quantitatively, we will assume that all MPs have a spherical
shape with radii in the experimentally observed range. Under the
typical conditions of PPT-4 operation, the electron density in the
cavity duringthe pulseis about 10*'-10* m~=3, which correspondsto
a debye length of about 107°~10~7 m. It is known that the thickness
of the sheath around a MP is about the Debye length.?!?? Therefore,
one can see that there are basically two cases: small MPs for which
the Debye length is less than or about the MP radius, and large MPs
for which the Debye length is much less than the MP radius. These
two cases may be handled using different approaches for modeling
the charging process. The second case is more straightforward and
corresponds to that of a plane probe. The MP charging in the first
case was developed in detail in Ref. 22.

In both cases, the MP charging process is modeled with the aid
of the following assumptions: 1) The plasma consists of two species
of charged particles. For PPT-4 conditions, thermal equilibrium
between all species is achieved and, therefore, we assume that
T =T,=T,.2) The plasma jet flow is not substantially obstructed
in the sheath around the MP, and, thus, spherical symmetry of the
plasmadensity relative to the MP is assumed. 3) Self-magnetic field
effects are neglected because PPT-4 has predominantly electrother-
mal acceleration mechanism.

The kinetics of the MP chargingis controlled by the ion and elec-
tron fluxes to the MP, which depend on the potential distributionin

the sheath. Using Maxwell’s equation and assumption 3, the electric
field E(r) changes with time according to the relation
dE(r)
e
ot

= —[Ji(r) + Je ()] 3

The time derivative of the electric field is a function of the radius r.
An estimationindicated?? that the characteristictime for the electric
fieldtoreachsteady state decreases with radius and has its maximum
value at the MP surface, that is, where r = R,,. Thus, Eq. (3) will be
solved at the radius R,,. The electron and ion current densities are
required to solve Eq. (3). The electron current density is calculated
according to the following relation:

Je = Je(J exp(_eup/kTe) (4)

The ion current density depends on the ratio of Debye length to the
MP radius and, thus, will be different for small and large MPs.

1. Small MPs

This case corresponds to the low limit of the measured MP size
distribution function. In the case of a spherical sheath around an
MP and L > R, the ion flux may be calculated using the orbital
motion limit?*?*:

Ji=Ji( +eU,/kT)) ®)

This expressionis exact for an infinite L , /R, ratio. By considering
different ion trajectories around the MP, it is possible to calculate
the ion flux for a finite L /R, ratio. An influence of this effect was
examined in detail in Ref. 22.

In the general case, the capacitance of the MP in the plasma is
givenby C=0,/U,=4nR,e0G(R,/Lp). The function G(R,/
L) is presented in Ref. 22, and, for the case R, /L , ~ 1, this func-
tion is G(R,/Lp)~ 1.8, whereas in the orbital motion limit this
functionis equal to 1.

When we take into account the preceding expression for MP
capacitance and combine Egs. (3-5), the kinetics of MP charging
may be described by the following dimensionless equation (in the
orbital motion limit):

9 _R, 1 I L
dr_LDﬂ(l+¢ m, ) ©)

2. Large MPs

In this case, the sheath model near the planar electrode can be
used. Because in the cavity the plasma velocity is less than the
sound speed (see Sec. I1.A), the ion flux can be calculated from the
Bohm expression®:

J. = 0.4eNC, ©)
The capacitance in this case reads®®
C =47 R2e(1/R, + 1/Lp) ~ 4meg(R* /L)) ®)

When we take into account the expression for MP capacitance, the
kinetics of MP charging may be described by the following dimen-
sionless equation:

49 _ (0.4 S e—¢) ©)
dr 2mwm,

The time variation of the dimensionless MP potential is shown in
Fig. 3 for two limiting cases of R,/Lp > 1 and R,/L;, < 1. Note
that the charging time is smaller, whereas the steady-state potential
islargerin the case R,/ L, >> 1. The steady-statepotentialincreases
from about3.5 in the case of R, /Lp < 1 up to about5 in the case of
R,/Lp> 1. All possible cases realized in a typical PPT are placed
between the limits of these two curves. Thus, in the PPT plasma
with T =2 eV, MP has a negative potential of about —(7 =+ 10) V
with respect to the plasma.
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Fig. 3 Temporal behavior of dimensionless MP potential with R,/Lp
as a parameter.
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Fig. 4 MP charge dependence on the radius with electron density as a
parameter, 7, = 1.5 eV.

3. MP Charge

To calculate possible values of the charge accumulated on the MP,
we will convert from the dimensionless parameters. The MP charge
(in the large MP limit) may be connected with the dimensionless
potential as follows:

Q, =41 R L,N¢ (10a)

In the small MP limit, the corresponding expression for the MP
charge reads

Q, = 4meoR, kT, /e (10b)

The calculatedsteady-state MP charge as a function of MP radius
is shown in Fig. 4 with electron density as a parameter for the large
MP limit (R, > 1 zm). Note that the 1-m MP has a charge of about
10’ electrons in the case of N = 10* m~3. One can see that, in this
case, MP charge increases with electron density unlike the other
case (small MP with R, <1 pum) when Q, is independent of the
plasmadensity. In the latter case, the MP charge is a linear function
of R, and can be estimated as Q, =2.4-10° x R, (micrometers)
where Q,, is in electrons.

C. Momentum Transfer

There are two primary forces acting on the MP in the PPT dis-
charge: 1) a drag force due to collision with neutral atoms and ions
and 2) a force due to the presence of the electric field in a current

carryingplasma. To predictthe MP velocity, we simply integrate the
equation of motion from some starting point. We assumed that MPs
have zero initial velocity. Given the solution for plasma density and
velocity distributionin the cavity, we evaluate the forces that act on
an individual MP. The equation of motion of an individual MP may
be written as

dM,V,
% =F;+ Q,E (11

The mass M, of the MP traveling in the plasma may be changed as
a result of MP ablation (see next section).

The first term is the total drag force and the second term is the
electric force, which depends on the electric field in the plasma and
the MP charge. An averageelectricfield E in the plasma may be cal-
culated from Ohm’s law for known current density j, namely, £ =
Jj/o. We will consider a diffuse discharge on the anode and, there-
fore, j =1I/mr?. The current density was estimated at the current
peak of about 8 kA and plasma conductivity was calculated for
electron temperature of about2 eV (see Ref. 20).

In partially ionized plasmas, there are coulomb collisions of the
MP with ions because the MP is charged. These collisions con-
tribute to the drag and may result in a force called ion drag.?’ In
low-density plasmas with large ratio of Debye length to MP radius
(small MPs, see preceding section), it was found that the momen-
tum transfer due to ions that are collected by a MP cross section
is much less than that due to ions scattered but not collected !
Note that if the Debye length is much less than or about the MP
size (large MPs), the momentum transfer is determined by the MP
cross section.?® In general, the neutral drag force is also determined
by the MP cross section. Analyses of the MP size distribution and
range of possible plasma densities (10! -10%* m~*) shows that both
free molecular and continuum regimes for the drag force can be
realized.

1. Small MP (Free Molecular Regime)

In the free molecularregime, thatis, R, < A¢, the drag force can
be written as®

Fy = (VapR2/28){[s + (1/25) exp(—s)]
+ (5?4 1= 1/4s*)Vmerf(s) } (12)

where 8 =m /2kT and s =2V, /[/(m)(V — V)].

2. Large MP (Continuum Regime)

Inthis case the drag force thatacts on the isolated MP placedinto a
plasma moving with velocity V is determined by the expressior®3!

Fy=CpaRip(V —V,)*/2 (13)

where Cp, is the drag coefficient that depends on the Reynolds num-
ber. For instance, in the case of Re < 1, coefficient Cp, =24.8/Re
(Refs. 30 and 31). Estimation shows that in the PPT plasma, the
Reynolds number is about 1073 V, where V is the plasma velocity
in meters per second.

The calculation of the MP velocity in the continuumregime as a
function of time with normalized plasma velocity as a parameter is
plotted in Fig. 5a for the case R, =1 um. Note that the maximum
possible MP velocity is about 230 m/s. In experiments it was found
that some MPs have a velocity of about 200 m/s (Ref. 5). Smaller
MPs may have a larger velocity as shown in Fig. 5b for the case of
R, =0.1 um, calculatedin the free molecular regime. One can see
that the MP velocity depends on the residual time in the discharge.
Thus, those MPs generated toward the end of the pulse are expected
to have a smaller velocity.

The ratio of MP velocity to the plasma velocity dependence on
the MP radiusis shown in Fig. 6 with plasma density as a parameter.
These calculationsare performed for the case of MP residual time
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Fig. 5 Temporal behavior of the MP velocity with dimensionless
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Fig. 6 Normalized MP velocity dependence on the MP radius with
plasma density as a parameter, T, = 1.5 eV and At =10 us.

equal to the discharge pulse, that is, for =10 us. One can see that
small MPs in the dense plasma can approach the plasma velocity
and can be entrained by the plasma jet. However, the large MPs are
generally slower and flow substantially behind the plasma jet.

Note that, due to ablation, the MP radius decreases in the course
of interaction with the plasma, and, thus, MP-plasma interaction
may change from initially continuum to free molecular. An effect
of MP ablation is considered in the next section.

D. Heat Transfer

As the particle moves through the plasma, it is heated by neutral,
electron, and ion fluxes and is cooled by radiation. An additional
coolingmechanismis due to decompositionof the dielectricmaterial
under high temperature. We will consider the situation where the
thermal time constantis much shorter than the MP residual time. In
this case, the MP has a uniform temperature throughoutits volume
and inward heat conduction from the surface may be neglected. The
resulting energy balance reads

4 dr,
gﬂR;,OC d_l‘! = 47TR!2,(Q[.e + Qn - Qr - Qd) (14)

According to the charging model (see Sec. II.B) the ion and electron
fluxes are equal after the MP reaches steady-statecharge. Therefore,
the gross energy inputby ions and electronsto the MP is given by the
currentdensity and the sum of the energy carried by each species:

Q[.e = jl(Rp)[ZkTe + kTe + eUp(t)] (15)

where U, (t) is the time-dependent MP potential (see Sec. IL.A).
The neutralatoms’ heat transfermay be calculatedusing the New-
tonian model

0, =aAT (16)

In the general case, the coefficient of heat transfer is a complex
functionof MP size, gas flow temperatureand velocity, heat conduc-
tivity, specific heat, and density. The relation between the coefficient
of heat transfer and the preceding parameters was determined by a
similarity law.>* For the convective heat transfer between a body
and gas flow, the following similarity can be used:

Nu=aR,/x (17)

Considering plasma-MP interactionin the PPT-4 cavity, one can
estimate Nusselt number in the case when the particle is not moving
relative to the plasma. In this case the Nusselt number Nu equals 2
(Ref. 30). The dependence of atomic thermal conductivity on tem-
perature is given by: A =2.4 x 107*73/* W/mK (Ref. 30).

The radiative flux is given by the Stefan-Boltzmann law:

0, =0,&T" (18)

The heat flux associated with material decompositioncan be cal-
culated as

Qi =ViAH (19)

The ablation rate can be estimated at equilibrium using Knudsen’s
law:

Vi = Py/py/m,/QQrukT) (20)

where P, is the equilibrium pressure of Teflon (see Refs. 1 and 4).
The rate of the MP radius change is determined by the ablation
rate V,;:

The initial conditionis R, (f =0) = R .

The calculated temporal variation of the MP temperatureis shown
in Fig. 7 with MP radius as a parameter. It can be seen that small MPs
are heated substantially up to 1000 K during a short time period,
whereas large MPs are only slightly affected by the plasma. Heating
of the MP leads to significant ablation as plotted in Fig. 8. Note that
small MPs (~1 um) completely ablateif their residual time is larger
than 0.5 us.
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Fig. 7 Temporal dependence of the MP temperature with the MP
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III. Discussion

One of the important possible applications of the PPT is for at-
titude control of small satellites that are part of a group of close-
flying satellites. In this case, interaction of the integrated plasma
plume from the PPT with another spacecraft becomes an impor-
tantissue. An experimentalinvestigation has shown that the plasma
plume contains a substantial fraction of MPs that originated from
the dielectric as well as from the electrodes. The presence of such
particles in the interacting plume may be a source of local damage
to the spacecraft. The potential for MP damage on their collision
with spacecraft surfaces depends on the MP directed velocity. The
present calculation shows that the MP velocity depends mainly on
MP size and residual time in the discharge. It was assumed that
MP-plasma interaction occurs mainly during the discharge pulse.
This is because the plasma density and temperature that control the
interaction drop substantially after the pulse. Therefore, the maxi-
mum MP residual time considered in this model was equal to the
pulse duration. Those small MPs emitted at the beginning of the
discharge pulse may have a velocity of 200 m/s. Thus, one can ex-
pect a relatively broad range of MP velocity from zero up to a few
hundred meters per second depending on the point of MP forma-
tion and the MP size. Another useful outcome from the MP velocity
calculationis the possibility to estimate some characteristic time of
MP flux ejection. Because MP velocity is generally smaller than
the plasma velocity, and due to the broad range of MP velocities,
the effective time of MP ejection from the thruster is much larger
than the pulse duration. For instance, our estimation shows that the
large MPs (~100 pwm) exhaust from the thruster only after several
seconds.

Because of the possible electrostatic nature of MP interaction
with a spacecraft, the MP charge may play an important role. A
spacecraft interacts with a plasma jet so as to become electrically
chargedto ensurezeronetcurrent,justlike the MP. Thus, becausethe
spacecraft has some negative potential with respect to the plasma,
the MP may interact with the electric field in the thin sheath around
the spacecraft.In some cases, the MP may be reflected in the sheath
without mechanical collision with the surface. This effect has a
positive role because the electrostatic nature of MP interaction with
surfacesin spaceis notthenconnected with any mechanicaldamage.
Thus, it is important to estimate the possibility of such MP-surface
interactions. Previously, this effect was studied for the case of vac-
uum arc-generated MPs.!%!! It was obtained both theoretically and
experimentally for typical conditions that the electrostatic nature of
the MP interaction with surfaces (without mechanical touching) is
possible.It occursin those cases when an MP approachesthe surface
with a grazing angle such that the MP kinetic energy will be smaller
than the potential electrostatic energy. The possibility of this effect
may be estimated using the following integral expression:

Q!’ UJ > M!’ vpzn/2
For instance, if the spacecraftpotential U; is about 10 V, a 1-pum MP
may be electrostatically reflected if its normal velocity component
is less than 4 m/s.

Another important outcome from the present study is prediction
of the MP complete or partial decompositiondue to interaction with
the plasma during the discharge pulse. It was found that MPs with
size less than 10 um may totally decomposeduring 10 us. However,
large MPs may be still be present in the plasma plume. This means
that the size distributionof MPs exhausted from the PPT is different
from the original MP distribution. According to our calculation, the
difference is more significant in the range of small MPs. Thus, any
measurements of the MP flux in the plasma plume involve some
combination of the original MP distribution and that from MP-
plasma interaction rather than the size distribution of MPs emitted
from the Teflon.’? Note also that the MP decomposition may be a
substantial volume source of the neutral componentof the discharge
plasma. However, because there is an uncertainty in the original
MP size distribution, the significance of the last effect cannot be
estimated accurately. One can also conclude that the increase in MP
residencetime leads to MP decompositionand, therefore, may have
some effect on increasing propellantefficiency.

Note thatin this paper the MP-plasma interactionwas considered
for the conditions typical for the electrothermal PPT-4 device. This
device is fundamentally differentfrom the usual LES 8/9 class PPT
with dominant electromagnetic acceleration mechanism. It appears
that the basic features of the present model should be same for
electromagnetic PPT. The main differenceis a much higher plasma
velocity realized in this PPT due to J x B acceleration. It implies
that the effective MP residual time may decreases, and, therefore,
the MP charging, acceleration, and heating may be affected. Higher

plasma velocity will increase the ion flux to the MP that may lead
to increase MP charge in the steady state. However, because the
MP steady-state charge depends logarithmically on the ion flux,
one would expect only small changes. Small (submicrometer) MPs
have the potential for acceleration when they interact with a high-
velocity plasma jet.

IV. Conclusion

We have shown that the plasma may affect particulate contami-
nation from the plume of a PPT. During flight, a MP may become
charged, heated, and accelerated.It was found that the chargingtime
depends on MP size and is generally smaller in the case of small
MPs. We have found that a 1-um MP has a charge of about 10°
electronsin the case of an electron density of about 10** m~3. There
are two primary forces acting on the MP in the PPT discharge:a drag
force due to collision with neutral atoms and ions and an electric
force due to the presence of the electric field in a current carry-
ing plasma. The maximum possible velocity of a 1-um MP is about
230m/s, which is close to that estimated experimentally. Only small
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MPs (~0.1 um) can be entrained by the plasma jet, whereas large
MPs are generally slower and flow substantially behind the plasma
jet. Small MPs (<1 pm) may completely decompose during a 1-us
pulse.
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