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Abstract 

During the New Millennium Deep Spaceprobe-l 
(DS-1) mission, the NSTAR Diagnostics Package 
(NDP) will measure the energy and current 
distributions of charge exchange ions accelerated 
back to the spacecraft by electric potentials in the 
thruster plume. In this paper we compare the 
potential variation predicted using barometric law to 
model the electron density as a function of potential 
with the potential variation predicted using a new, 
finite current barometric formulation. We conclude 
that the barometric law results predict unrealistically 
high energies for the back flow charge exchange ions 
when NSTAR operates in deep space, and that the 
lower charge exchange ion energies predicted by the 
new model will be in better agreement with the 
in-flight measurements. The validity of these 
predictions will be directly measured by the NDP 
during the DS-1 mission. 

Copyright 1997 by the Electric Rocket Propulsion 
Society. All rights reserved. 

Introduction 

In the past few years, several devices that emit low 
temperature plasmas have flown on spacecraft and 
are being readied for flight. Included are hollow 
cathode based plasma contactors, flown on the 
Plasma Motor Generator (PMG) and being built for 
the International Space Station, and ion thrusters, 
being built for the New Millenium Deep 
Spaceprobe-l (DS-1) and several commercial 
geosynchronous communications satellites. These 
devices generate a xenon plasma with a couple 
electron volt electron temperature and low energy 
ions as well as beam ions in the electric thrusters. 

While the trajectories of the very fast beam ions are 
well understood, there has been some concern that 
the lower energy ions, generated either by hollow 
cathodes or charge exchange, may contaminate or 
erode spacecraft surfaces. The electric potentials near 
the ion sources determine the ion trajectories. 
Previously reported calculations of beam and plasma 
contactor potentials all use the “barometric law” 
approximation for determining the electron density.lr2 
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In the laboratory, where the background density is 
high, barometric law provides good agreement with 
experiment. However, in deep space, the barometric 
law predicts very high potentials would develop 
between the high density, spacecraft generated 
plasmas and the ambient environment. 

In a previous paper on the expansion and emission 
characteristics of a spherically symmetric plasma 
contactor, Parks, et. al3 presented a theory of plasma 
electron density as a function of both potential and 
electron current. This theory reduces to barometric 
law in the limit of zero electron current, but predicts 
much smaller potential variation when electron 
currents are high. The essential physics is that 
barometric law assumes the electrons distribution 
function is everywhere Maxwellian. At very low 
densities, the high energy tail contributes 
significantly to the density. To decrease the density 
of high energy electrons requires high potentials. 
Parks, et. al. showed that the high energy tail of the 
distribution carries the current and the high energy 
tail contribution to the density drops rapidly with 
distance from the source. At large distances, any 
finite density requires some contribution from 
trapped, lower energy electrons. Hence, the potentials 
remain low. Below we develop a simple, approximate 
formulation of the Parks, et. al. theory, which we call 
“finite current barometric” and apply it to two 
dimensional calculations of the plasma plume 
surrounding DS- 1. 

During the New Millennium DS-1 mission, the 
NSTAR Diagnostics Package (NDP) will measure 
the energy and current distributions of charge 
exchange ions accelerated back to the spacecraft by 
electric potentials in the thruster plume. In this paper 
we compare the potential variation predicted using 
barometric law to model the electron density as a 
function of potential with the potential variations 
predicted using the new, finite current barometric 
formulation. We conclude that the barometric law 
results predict unrealistically high energies for the 
back flow charge exchange ions when NSTAR 
operates in deep space, and that the lower charge 
exchange ion energies predicted by the new model 
will be in better agreement with the in flight 
measurements. The validity of these predictions will 
be directly measured by the NDP during the DS- 1 
mission. 

Theory 

The potential distribution is found by solving 
Poisson’s equation in the volume surrounding the 
spacecraft. 

V&x)= -4X&, p(x) 

where p(X) , the local net charge density, is the sum 

of the ion and electron charge densities, 

p(x)= 4~;(X)-QG). 

If we assume the electron distribution function is 
everywhere Maxwellian, then in the absence of 
currents and assuming a uniform temperature the 
density is 

n,(x)= jf(X,E)Ei%& 

f(x,E) l- Cexp(e@(x)lkT)exp(-ElkT,) 
where& is the electron kinetic energy.4 
Let us define n, as the electron density at location 
where the potential equals zero. 

m 

no= fog*” dE I 
0 

fo(&) = &2(k;)3,2 exP(-&'W 

If this distribution function encounters a potential 
barrier, only particles with more kinetic energy than 
the barrier will contribute to the distribution. In the 
absence of angular momentum barriers, the spatial 
variation of density is a one to one function of the 
local potential. 

n,(x>=Cexp(&x)/ kT,) jexp(-ElkT,) E”~ dE 
0 

=no expMx> / kT, 1 
This result, n, (x) =no exp($(x)/ kT,) , is known 

as the barometric law, because it has the same 
analytical form and is derived using the same physics 
as the pressure of an isothermal atmosphere as a 
function of altitude. 

In the absence of any electron currents, barometric 
law provides a good estimate of the dependence of 
electron density on the local potential. However, for 
spacecraft generated plasmas when ambient densities 
are small, there is usually some electron current 
flowing outward, if only to balance the ion beam in 
an electric thruster. In the simplest picture, the local 
plasma is generated at some potential, with respect to 
infinity. All electrons with kinetic energies less than 
that energy are trapped; the electrons with kinetic 
energy greater than 4 O stream outward and carry the 
current. The electron current is3 
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where Z, is the one sided Maxwellian electron 
emission current at a surface where the expanding 
plasma becomes collisionless. 

The total electron density, n,, is composed of the 
density of trapped electrons, ni, and the density of 
current carrying electrons, n,. 

n, = n, + n, 

At a distance from the source, the trapped electron 
distribution has all velocity directions, and the 
density of trapped electrons is obtained by changing 
the limits of integration of the distribution function. If 
all the electrons were trapped, the distribution would 
be a complete Maxwellian. However, because the 
high energy tail carries the current, the trapped 
electron distribution is a complete Maxwellian minus 
its high energy tail, i.e., electrons with energy greater 
than $ D 

n, (x) = IZ~ exp($ (x) / kT, ) - n, exp(O / kT, ) 

= n, exp($(x) / kT,) - n, 

However, the current carrying electrons come only 
from the plasma source, and have a very limited 
angular range. In the case of spherical symmetry the 
current carrying electron density drops with the 
inverse square of the distance from the source. Far 
away from the source, the density of current carrying 
electrons becomes very small. In the “finite current 
barometric” model, we make the assumption that the 
density of current carrying electrons is negligible 
everywhere, and that the spacecraft generated plasma 
trapped electron density is much greater than the 
ambient. 

n, = 12,. 

The electron density from the “finite current 
barometric” model is approximated by 

n,(x) =no (exp(d(x) / kT, ) - 1> . 

Consequently, the potential can never fall below zero. 

In Figures l-3 we compare potentials calculated for a 
spherically expanding using this expression, phiA, 
with potentials from the Parks et.al. theory, phi, and 
potentials using barometric law, phiB. Notice that for 
small@ a (large electron current) the large differences 
between the finite current potentials and barometric 
law potential after just a few beam radii. NSTAR 
parameters correspond approximately to fl 0=3. 
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Figure 1. Potentials with large escaping electron 
current. &, /kT = 2. 
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Figure 2. Potentials for a case of intermediate 
electron current. $, /kT = 5. 
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Figure 3. Potentials for small electron current. 
&,/kT = 8. 

Ion energies measured a few radii down stream 
would reflect this difference in potentials. For 
example in Figure 1, if the electron temperature were 
2 eV, the peak charge exchange ion energies 15 radii 
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down stream would be 4 eV, while calculations based 
on barometric law potentials predict 14 eV ions. The 
two dimensional calculations below show a similar 
difference between ion energies predicted by 
barometric law and finite current barometric law for 
DS-1. 

DS-1 Calculations. 

Calculations of the charge exchange plume 
generation and expansion were performed using a 
two-dimensional, axis-symmetric, finite-element 
code. The parameters were for the NSTAR thruster 
operating at 1088 eV beam ion energy and 1.76A 
beam current. Charge exchange ions were generated 
assuming a 50A’ cross section between beam ions 
and unutilized xenon atoms. The ion beam density 
profile is assumed parabolic in both calculations. In 
this paper we focus on the distribution of energies 
and angles of the expanding plume of charge 
exchange ions at the location of the NSTAR 
diagnostics package Retarding Potential Analyzer 
(RPA), which will be located at the beam exit plane 
at a radius of about 0.75 meters. 

The code solved Poisson’s equation for potentials 
using tracked charge exchange ion densities, analytic 
beam ion densities, and electron densities from either 
barometric law or the finite current barometric law 
derived above. The barometric law calculation 
assumed a very small, but finite, background plasma 
density. However, this assumption has no effect on 
particle trajectories which reach the RPA. The peak 
beam potential, 2OV, is consistent with barometric 
law and the assumption of zero potential at the 
background density. In the second calculation, the 
peak beam potential, 6.9V. was chosen to have the 
outgoing electron current balance the beam ion 
current. For both sets of calculations the electron 
temperature was set to 1.8eV, typical of hollow 
cathode generated plasmas. 

The electric potentials and ion densities calculated 
using barometric law are shown in Figures 4 and 5. 
Note that the potential variation follows the logarithm 
of the variation in total ion density. The potential 
variation is somewhat smoother because Poisson’s 
equations has an averaging effect. Some of the 
structure in the radially expanding charge exchange 
ion plume is an artifact of the discrete particles used 
in the code. 

F&&e 4. Potentiali’in the l&TAR clume calculated 
using barometric law. 

In contrast with the barometric potentials shown in 
Figure 4, the electric potentials calculated using finite 
current barometric law, Figure 6, show little variation 
outside of the thruster beam. The radially expanding 
charge exchange ion density, Figure 7 is both higher 
and more smoothly varying than that calculated using 
barometric law. This is because the particles are 
slower and the electric fields are very small outside 
the beam. 

Figure 5. NSTAR plume charge exchange and beam 
ion densities calculated using barometric law. The 
white areas have densities below 5x1010m-3. 
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Figure 6. Potentials in the NSTAR plume calculated 
using the finite current barometric formulation. 

Figure 8. ChLge ekLhan;e io~~aj&;orie~calculated 
using barometric law (top) and finite current 
barometric law (bottom). 

Figure 7. NSTAR plume charge exchange ano oeam 
ion densities calculated using the finite current 
barometric formulation. 

The impact on particle trajectories in the vicinity of 
the spacecraft is shown in Figure 8. The barometric 
law calculations predict more, higher energy particles 
would be directed back to the spacecraft. The finite 
current barometric model presented here predicts 
very few charge exchange ions are accelerated back 
to spacecraft surfaces. The predicted impact on 
spacecraft systems is reduced. 

The NSTAR RPA is located about 0.75 meters from 
the thruster centerline, centered at the thrust plane. 
The angle and axial position of charge exchange ions 
at that radius from both calculations are shown in 
Figure 9. Note how barometric law predicts much 
steeper angles than the new formulation. 
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I =, Conclusions 

Figure 9. Charge exchange ion angles of incident 
calculated using barometric law (top) and finite 
current barometric law (bottom). The squares are 

We have presented a theory of the dependence of 
electron density on potentials in the vicinity of 
spacecraft. The predicted potential structure is very 
close to the accepted barometric law results when 
densities are high or electron current is small. 
However, when densities are very small, the theory 
presented predicts little potential variation; 
barometric law predicts large potential excursions. 
The result near the spacecraft will be ion energies 
much reduced in comparison with previous 
predictions. The NSTAR Diagnostics Package on 
DS-1 will provide definitive results on the validity of 
this theory. 

An important ramification of the above theory is that 
wakes should have little effect on plasma contactors 
and other plasma electron emission devices. Since the 
model predicts that no potential barriers form in low 
density wake regions, as long the ions eventual reach 
the ionosphere, plasma contactors should work 
effectively even if the plasma passes through wakes 
on the way to the ionosphere. The upcoming flight of 
a plasma contactor on the International Space Station 
will provide another test of this model. 
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