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1 Summary

Large spacecraft such as the space shuttle perturb the natural environment by releasing con-
taminants into the atmosphere through outgassing, chemical dumps and thruster firings. A fluid
model has been developed to describe the large scale structure of the contaminant plasma cloud.
The model is two dimensional with the structure along the magnetic field being averaged out. The
model predicts that an important parameter is the parallel length scale of the cloud since this
determines the effective length over which electrons can be drawn to short out the ions flowing
perpendicular to the magnetic field. In addition, a significant amount of work has been done on
the small scale kinetic processes that occur in the contaminant cloud and that cannot be explained
by the fluid model. These small scale processes include instabilities in the cloud, ion acceleration

by the cloud and anomalous ionization in the cloud.

2 Personnel Involved and Outline

This work has involved thesis research by four graduate students. Mr. N. Gatsonis produced the
two dimensional fluid model of the plasma cloud. His work resulted in two papers in the Journal of
Geophysical Research which are included as appendices to this report. In addition he received the
S. M. degree on this topic. Mr. T. Mogstad worked on a theory of low frequency instabilities for
the plasma cloud. He obtained the S. M. degree for his thesis which was entitled “ Stability Thec.y
of Plasma Clouds about Large Space Vehicles ”. Currently, Mr. R. Biasca is working on a dectoral
dissertation on the possibilities of anomalous ionization in the contaminant plasma cloud and Mr.
D. Rivas is working on a doctoral dissertation exploring other kinetic effects in the contaminant
plasma cloud. These include a theory of ion acceleration and high frequency instabilities in the
cloud. The aim is to explain some of the experimental observations which rannot be explained
by a fluid theory. In addition, Mr. N. Gatsonis is working on a doctora! dissertation on a three

dimensional theory of the plasma cloud. Finally, Dr. Michael Gerver <pent some time working on




this prgram and contributed to the work of Mr. David Rivas.
The outline of the report is as follows:
1) Kinetic plasma mechanisms in contaminant plasma clouds (D. Rivas and M. Gerver)
2) Anomalous ionization in contaminant plasma clouds (R. Biasca)
3) Low frequency instatilities in contaminant plasma clouds (T. Mogstad)
4) Three dimensional fluid theory of contaminant plasma clouds (N. Gatsonis)

5) Two dimensional fluid theory of contaminant plasma clouds (N. Gatsonis)

3 Kinetic Plasma Mechanisms in Contaminant Plasma Clouds

2.1 Introduction

In low earth orbit the space shuttle releases neutral water or ions through outgassing, water
dumps or thruster firings and thus perturbs the ambient ionosphere. Neutrals and ions undergo
chemical reactions and form a contaminant plasma cloud within the perturbed environment of the
shuttle. Various authors ( Hastings et al., 1989; Eccles et al., 1988) have studied the composition
and evolution of this cloud by using two-dimentional fluid models. These studies, however, did not
adequately model the small scale-length structure of the cloud. In this report we therefore extend
the theory of the shuttle’s plasma cloud by studying some of the kinetic processes that have been
observed to occur in orbit.

We are mainly interested in explaining observations of high energy ambient O* ions (Paterson
et al., 1989; Pickett et al., 1985; Shawhan et al.,1984) that were detected in the cloud by the
Plasma Diagnostic Pa~kage (PDP) flown aboard the third Space Shuttle flight (STS-3). In these
experiments O ions with energies up to 10’s of eV were observed in the cloud and up to 100 eV
during primary and vernier thruster firings. Since these populations of ions have energies at least
one order of magnitude larger than the expected 5 eV ram kinetic energy, they could significately
affect the structure of the cloud. The mechanism that accelerates these ions is described in the

section that follows.




3.2 Fermi-like Ion Acceleration Mechanism

The acceleration of charged particles to very high energies is also a problem of interest in the
study both of cosmic rays and hot plasmas. Fermi has proposed a method for accelerating particles
to cosmic ray energies. In the proposed mechanism, a charged particle is moving in a magnetic field
between two interstellar clouds. If the magnetic field in the clouds is assumed to be greater than in
the intervening region, the particle is trapped between two magnetic mirrors. Such trapping will
occur of course, only for particles whose velocity is inclined to the magnetic field at a sufficient
angle. The clouds comprising the two mirrors are assumed to be moving toward each other at some
relative velocity. A charged particle now gains energy on each reflection from the mirror. This
acceleration may be computed from the constancy of the longitudinal adiabatic invariant (second
adiabatic invariant).

In our work we explain the mechanism that accelerates the O ions to high energies by extending
this Fermi acceleration concept to the case of the shuttle’s plasma cloud. We show that the ambient
O™ ions can be accelerated by interacting with the irregular electrostatic potential structure of the
cloud. Some of the electrostatic potential irregularities of interest to us are those due to the partial
shielding of the motional electric field V X B by the dense plasma cloud and those resulting from
the electrostatic noise, instabilities, electron density enhancements, and pressure increases observed
in such events as flash evaporator system releases and primary and vernier thruster firings { Pickett
et al., 1985; Shawhan et al., 1984).

The mechanism that fermi-accelerates the ambient ions can be described as follows. Due to the
orbital motion, from a frame of reference moving with the shuttle, the ambient O ions are seen
to flow with a 5 eV ram kinetic energy. Those ions in front of the cloud will go through the cloud
and interact with its irregular potential structure. In cloud regions with large potential gradients,
specifically with potential increases greater than 5 eV, the ions will not have enough kinetic energy
to overcome the potential 'barrier’ and will therefore bounce off it. Now, if we examine this event
from a stationary frame (fixed to the ground), we will see that in this frame the ion energy increases
Figure 1 illustrates this situation, it can be seen that this situation is analogous to the case of a

ping-pong ball, which is initially at rest, being overun by a brick wall (or barrier) moving at the




orbital speed. By linear momentum conservation it can be shown that after the first bounce the
ion will gain a velocity equal to two times the orbital velocity (V,). Moreover, further increases
in kinetic energy will be possible since after the first bounce the magnetic field will deflect the ion
trajectory and make it bounce off other potential barriers. As illustrated in Fig. 1, in each bounce
the ion velocity will be incremented by as much as 2V, until the ion kinetic energy will be larger

than the potential barrier.

3.3 Kinetic Theory

A rigorous theoretical analysis of the processes described in the previous section would require
the derivation of a kinetic model of the ambient O" ions interacting with the plasma cloud. One of
our major tasks would then be to determine how the electrostatic potential structure of the cloud
(which to zeroth order is already known from fluid models (Hastings et al., 1989)) is affected by
the accelerated ion population. Specifically, we would be interested in determining whether the
electrostatic potential gradients due to the shielding of the motional electric field are indeed the
driving forces that accelerate the ambient O* ions. If so, we would then calculate the resulting
self-consistent structure of the electrostatic potential with high energy ion populations taken into
account.

The derivation of a ‘closed form’ kinetic model of the cloud, however, is a rather difficult if
not impossible task. A reasonable kinetic model of the self-consistent shielded potential structure
of the cloud would require consideration of collisions and charge exchange reactions between the
various species (four neutral and three ion species) and this would complicate the mathematics
enormously. It is therefore useful to borrow some of the tricks and short cuts that are often used
in solving other problems similar to ours. In the next section we shall review some of the standard
techniques that are used in the derivation of kinetic models for strong field gradient problems
where the gradients are in the magnetic field and collisions can be neglected. Then we shall apply
some of these techniques to our problem and we will derive an approximate constant of motion for
particle motion in strong electrostatic potential gradient regions which will be useful to analyze the

processes that occur there.




3.4 Kinetic Solution to Strong Field Gradient Problems.

There is a great deal of interest at present in acceleration processes in large gradients in the
magnetic field which usually occur in critical regions such as in shock structures, in the magne-
topause or in other sheet regions such as in the magnetotail. These regions are important because
they are often bounderies separating different plasmas, and also because they are frequently the
locaticn of particle acceleration.

The standard technique used in solving these strong B-field gradient problems self-consistently
is the integration of the Vlasov equation in terms of the single particle constants of the motion. In
these problems we therefore seek solutions of the Vlasov equations for ions and electrons, which are
expressible in terms of the available constants of motion, and are suitable to represent the particle
distributions in the strong field gradient configuration. It should be pointed out that this is not
the same as providing general integrals to the Vlasov equation. For instance, in the case of the
two-dimenitonal Vlasov equation, the general integral of this equation in five independent variables
(two spatial and three velocity components) is expected to contain an arbitrary function of four
independent arguments, not of two only (which is the number of available constants of motion).
Therefore, these standard techniques are restricted to the study of a subclass of possible soluticns,
in the hope, of course, that it is relevant to the actual problem.

In the case of the magnetotail, many authors (Grad, 1961; Harris, 1962; Bir-. and Beard, 1972)
showed how solutions could be obtained by using the Poisson and Ampere equations after expressing
the plasma distribution functions in terms of the constants of the motion. In the adiabatic limit
the constants of motion in the magnetotail are the particles total energy and canonical momentum
component perpendicular to the field gradient. In two-dimensional field gradients, however, the
canonical momentum is no longer constant. Nevertheless, Propp and Beard (1984) and Beard and
Cowley (1985) used the same techniques to calculate ion orbits in a two-dimentional model of the
tail. In the latter two papers the authors found that adiabatic theory predictions were generally
valid in spite of ‘violation of the adiabatic limit’. On the other hand, Roggers and Whipple (1958)
were able to derive a more accurate model of the two-dimentional structure of the magnetotall

current sheet by deriving a new constant of the motion, the generalhzed first adiabatic invariant,




which is an extension of the magnetic moment for regions of large magnetic field gradients.
Finally, going back to our problem, we should recall that in the analysis of the acceleration of O '
ions in the shuttle’s cloud we are interested in strong gradients in the electrostatic potential (with
the magnetic field constant everywhere). Since any constant of the motion that can be found for the
particle motion in such regions would be very useful in analyzing the physical processes that occur
there, we shall derive a generalized first adiabatic invariant for the case of the cloud by using the
same method that Roggers and Whipple (1988) have used in their analysis of the geomagnetic tail.
The procedure for obtaining generalized adiabatic invariants was invented by M. Kruskal (1962)
and we shall therefore denote it as the Kruskal method. Latter on, we shali integrate numerically
for the O™ ion orbits and for the electrons we shall use the generalized adiabatic invariant along

with energy conservation to predict and model the electron behaviour.

3.5 The Generalized Adiabatic Invariant for Electrons in Regions of Strong
Field Gradients.

3.5.1 The Kruskal Method

Before describing the Kruskal method let us first of all recall from classical mechanics that
whenever a system has a periodic motion the action integral § pdg (taken over a period) is a
constant, where p is the generalized momentum and ¢ is the generalized coordinate. If a slow
change 1s made 1n the system so that the motion is not quite periodic, the constant in the motion
does not change and is then called the adiabatic invariant.

The Kruskal method (M. Kruskal, 1962) is a systematic method for finding asymptotic solutions

of (and) any adiabatic invariant associated with coupled differential equations having the form

dX

= - (X,

= (X9 (1
where X is a N-dimentional vector and ¢ is a small parameter. Furthermore, % = f(X,0) has

closed (periodic) solutions that are closed in X-space.
The difficulty in treating eq.(1) is that f is in general both large and (through its dependence

on X) rapidly varying in time.




The Kruskal method is a transformation procedure for splitting off the rapid time variation of
X into a single angle variable ¢(X) leaving an (N-1)-dimentional vector Z(X) which varies slowly

By construction, Z and ¢ Lave equations of the form

dz

i eh(Z,¢)
d¢ ‘
71? - OJ(Z,E) (2)

The important feature of the transformation is that ¢ does not appear in A or w, so that Z varies
smoothly with time (with a time derivative of the order of the small parameter ¢) rather than
showing oscillations at the frequency of the ¢ variable.

Equations (2) are the new equations of motion, equivalent to Eq.(1), and thus the solutions of
Eqs.(2) when converted back to X-space are solutions of Eq.(1). There exist closed curves (‘rings’)
in X-space on which Z is constant. The ¢ variable is periodic about the ring and specifies position
on it (phase angle). The real trajectory differs slightly from a ring and it is not closed in X-space.
If equations (1) are canonical equations, derived from a hamiltonean, then there exists an adiabatic
invariant in addition to the asymptotic solutions (in €) of the set (1). The invariant is an integral

over a ring, not over any segment of an actuali particle trajectory:

3¢(Z2,9)
J = Z, p)——d 3
rmgp( ¢) 39 ¢ (3)

p being the canonical momentum and ¢ the generalized coordinate. For an adiabatic invariant to
exist, it is not necessary that eq.(1) itself be of canonical form only that it be possible to convert
it to that form.

The transformation X to (Z, ¢) is actually made by way of intermediate variables (Y, v), where
Y is constant on the closed unperturbed (i.e. for € = 0) curve ('loop’} and v is some phase angle
about the loop. The distinction among actual trajectories, loops, and rings can be further classified
as follows: an actual trajectory (i.e. for € £ 0) is generally not even a closed path in the N-
dimentional space of X. In the special case (unperturbed case) where € = 0, the trajectory in X is
required to be closed in order to apply the Kruskal theory. Only in this case a loop coinsides with

a ring.




3.5.2 Derivation of the Generalized Adiabatic Li:variant for the Electrons.

Let us now use the Kruskal method to derive a generalized adiabatic invariant for regions with
strong electrostatic potential gradients. We define our coordinate system to be moving with the
shuttle, with the z-axis pointing towards the wake, the y-axis pointing towards the motional electric
field direction V X B and the z-axis pointing ' wards the B-field dire tion.

In order to appl, generalized adiabatic tl:eory, the motion .l electric field V X P nust be ;e uned
to be small and will be denoted by €. Since the dimentionless quantity whict aust be smais 1s th
ratio (¢/B) drift speed (which in our case is cqual to the orbital velocity, ..e. © Km/sec) to the
particle thermal velocity (ven, = 132. Km/sec, 1 ,, = 0.8 Km/sec ), this derivaticn will ke vaiid
only ior the electrons.

We define $(z) as the electrestatic potential #nd assuire that it only changes strornly wich z.
This potential does nct include the potent 1 . 'stribnt'on due to the motional electric field V X B

}. The equations of raotion then are

dz
Pt
dv, e ¢
d-t- = ;vyB - ;VQ(:) (4)
duy _e.
dt mle v=B]

where the charge e equals to -e for the electrons. These equations are of the form of eq.(1) with

X = (z,vz,vy). When € = 0, the particle does not drift gradually accross the shock in $(z), and

)
all the three components of X are periodic as required.

The next step in the Kruskal procedurs is tc use the constants of the zeroth-order equations
(i.e. eqs(1) with e = 0) as starting points for cunstriucting the 'Z-variables’ that are useful when
€ is finite. In our case, these constants are the generalized transverse energy W and the canonical

y-momentum p

W =K +2eP/m
p=p, =my, +eA,

where A = v « vf and Ay = zB. The quantities W and p are called 'Y-variables’ in Kruskal’s

terminology; it can be shown that thesc variables have time derivatives of order €. The phase angle




be defined b
v may be defined by :t'mz(K+M)—( ~eBa)
tany = — =% = =\ n P -
vy (p - eBz)

The Y -variables can be improved by the Kruskal procedure to obtain ‘nice Z-variables’, which have
the property that they do not oscillate at the gyrofrequency as do the Y -variables. We denote these

improved quantities by (W,ﬁ) and by following the Kruskal procedure find them to be

W:W+2€/y [< vy >t _UV]dUI

0 B
p=p=my, +eA,

where < v, >¢ is the gyro averaged y-component of velocity, and v is an appropiatly defined
phase angle for the gyromotion. The advantage of the Z-variables is that they are strictly drift
parameters, varying slowly and smoothly as the particles drift in the z-direction. It can be shown
that the time-derivatives of the Z-variables are non-oscillatory and of order €. Moreover, to zeroth
order in € the phase angle ¢ is equal to v.

The particle’s motion accross the layer can be described in terms of the drift parameters and the
generalized invariant. The generalized invariant is constant throughout a particle’s orbit through
first order in € even in the region with the strong gradient in the electrostatic potential. In our

case the action integral eq.(3) in terms of the Z-variables reduces to

J = p:dz

ring

In order to estimate this constant of the motion for a very strong potential gradient, which we
shall model as a step function in the potential, we first define Q@ = 2¢eAP/mW where AP 15 the
potential jump. We must distinguish particles that reflect from the discontinuity from those that
cross. Reflection occurs when sin? vy < Q for eA® > O (a repulsive potential jump). Here, v is the
phase angle tan~!(—v,/v,) as mentioned above, and vg is the value of v as the particle is incident on
the discontinuity from the upstream side. The angle v jumps discontinously for both reflected and
transmitted particles because v, changes discontinously as a consequence of the infinite acceleration
at the potential jump. The invariant is given by

m2W , ,
J = by — SIN Vo LS b

eB




for reflected particles, and

miW [(uo — sin g €o8 ¥o)

J =
e B
+(1 - Q){r — cos™![p/m(K (1 - Q))"?]}
B
cos vo(sin® vp — Q)/?
B I

for transmitted particles. The reflected particles will continue to 'bounce’ against the discontinuity,
drifting tangentially, and gradually gain energy until they are able to overcome the potential barrier

and propagate across it.

3.6 Acceleration of Ambient Ions by the Cloud Shielding of the Motional
Electric Field

In the reference frame moving with the shuttle and in the absence of any electric field pertur-
bation an observer will see the unshielded motional electric field En = V x B. However, within
a plasma cloud density perturbation the electric field and consequently the drift velocity will be
determined by the balance between Pederson and Hall currents, diamagnetic currents, ”pickup”
currents as well as parallel currents carried by the Alfven wings. The self consistent interaction of
these currents will create a polarization field which will shield the imposed motional electric field.
Consequently, the electric field within the plasma cloud will be | E |<| Em | and the ions will drift
backward (in the shuttle frame) with a speed which is less than the orbital. In the case that the
motional electric field is entirely shielded, the plasma cloud will be stationary or it will be moving
with the shuttle velocity in a fixed frame.

Caledonia et al. (1987) showed that experimental measurements of the contaminant plasma
cloud were consistent with an ion residence time in the vicinity of the shuttle of 40 ms. Theoretical
work on the plasma cloud about the space shuttle started with the suggestion that the plasma cloud
could be highly polarized leading to a long residence time for the ions in the shuttle frame (Katz
et al., 1984). A model for the unsteady motion of the plasma cloud was developed by Hastings
et al. (1988), where it was shown that for the densities around the shuttle the polarization of the

cloud was highly dependent upon the ion density. Recently, Hastings et al.(1989) have extended

10




this model (1988) to include the coupling of the cloud to Alfven waves which can carry current
parallel to the magnetic field. Another study of the plasma cloud which takes into account the
effect of Hall and Pederson currents was undertaken by Eccles et al. (1988). The Hall currents are
shown to rotate the polarization hat it is not antiparallel with the motional electric field.

In the following sectiuns we wi. . .ine whether a cloud that shields the motional electric
field could have a self consistent potential structure that could fermi accelerate the ambient O~ ions
to the energies observed in the experiments. We will also make an effort to estimate the electrostatic
effects of the accelerated particles; therefore, we will try to determine a cloud potential configuration
which will be self consistent with all the cloud and ambient species including the accelerated ions.
Our approach to the problem will be to use Hastings et. al. (1989) 2-D fluid model to model
the cloud and neutral ambient species and to treat the ambient O* ions by using kinetic theory
techniques. This will therefore allows us to take Fermi acceleration effects into account. In the

following section we start by analysing the parts of the 2-D fluid model relevant to our problem.

3.6.1 Two-dimensional Fluid Model of the Cloud

Hastings and Gatsonis (1989) developed a two-dimensional fluid model for the motion of the
contaminant cloud perpendicular to the magnetic field lines. They assumed that the contaminant
cloud consisted of ions such as O%, H;0%, H30* and neutrals such as O, H, OH and H,O.
Their numerical solution examined the effects of Alfven wave coupling, neutral water density, ion
temperature and initial conditions in the cloud motion. Their results show that in low density
neutral water clouds (< 10° cm™3) the shielding of the electric field was small. On the other hand,
in neutral water clouds with densities of interest for shuttle conditions (~ 10'% cm~3) the shielding
was predicted to be of the order of the motional electric field and the ratios of the line averaged
densities of the ions was consistent with experimental data.

Hastings et al. (1989) have solved the fluid equations for a 5 Km by 5 Km square region using a
uniform 101 by 101 cartesian mesh. It is useful to review the algorithm that they have used, latter
on we shall modify it to include kinetic effects. This algorithm is as follows:

1) With the density profiles ny o+(z,y), ny,0+(2,y) and np+(z,y) given at some time. inte-

11




grate the current balance equation

V.i=0 (5)

to determine the potential ¢(z,y).

2)Use the obtained potential ¢(z, y) in the momentum equations to determine the ion velocities.

3)Use the obtained ion velocities in the continuity equations to advance the densities by one
time step. Then, go back to (1).

It is also useful to examine the current balance equation of Hastings et al. (1989). This will
enable us to rigorously determine the physical parameters that contribute to the shielding of the
motional electric field. Due to the small collisionality assumption in the model {v/2 <« 1, which
restricts the model to water densities below 10! ¢m~3), the electron current canceled out with
the zeroth order ion current (Hall current) and thus the current balance was made between the
first order perpendicular ion current and the parallel current carried by Alfven wings. The current

balance equation, which in Hastings model is solved for ¢, can be put to the familiar form:
V. (5V¢) = Pext (6)

where ¢ and p., are independent of ¢. This two dimensional equation has already been integrated
along the Alfven characteristics; p.;; contains terms due to the diamagnetic ion currents and to
currents that arise from the friction forces between ion and neutral species. The parameter ¢ which
can be thought of as a dielectric constant has the form

1+ [& 7
€ = — Uy
oo ™)

where v, is the Alfven velocity and J; is the effective ion-neutral plus reactive collision frequency.
The first term in this equation represents the current carried by Alfven waves and the second the
pederson current.

The parallel interaction length to perform the parallel integration over can be estimated as
Uy
L|| ~ 27 oud — (8)
vy

where 7,44 18 the radius of the cloud in the perpendicular direction and v, is the average perpen-

dicular drift velocity of the cloud. This expression is the distance an Alfven wave can travel in the




time the cloud takes to convect across the magnetic field line. If we use eq.(8) in eq.(7) we obtain
the dielectric constant as

v,
e~1+ 2rc10udv—' (9)

-

For plasmas with low neutral density the collision frequency is small and the drift velocity is of the
order of the orbital speed. In this case, ¢ ~ 1 and the electric field in the plasma is the motional
electric field since the plasma does not shield out the field. Physically, the parallel current carried
by Alfven waves is so large that no significant field can built up in the plasma cloud to shield out
the imposed motional electric field. For a plasma where neutral water density is high, the collision
frequency is large and the drift velocity is small. We find that ¢ < 1 and so the electric field is
highly shielded. In this case the perpendicular ion current 1s sufficiently large to give rise to a

substantial change in the motional electric field.

3.6.2 Fluid Model Results Suggesting the Need of a Kinetic Model

The electrostatic potential configuration obtained by Hastings et al.(1989) 2-D fluid model for
a cloud with an initial water density of 101%cm~3 which decreases radially away from the shuttle as
(50 m./r)? is shown in Figure 2. In the model the inertia terms in the ion momentum equations were
neglected and therefore to zeroth order in (v/1) the "fluid” ions drifted along the equipotential
lines at the E x B drift velocity. A closer inspection of Figure 2b, however, suggests that it is
possible that the O ions could not really drifted along the equipotential lines. This is because,
from basic guiding center theory, we know that the only time that the ion larmor motion can be
ignored and the guiding center drift be described in terms of the local E x B/B? velocity (guiding
centers moving along the equipotential lines) is when the electric field gradients are small in a
larmor radius distance. In the case of the cloud, however, the ion larmor radius at the orbital speed
(Vo/Qp+) is about 40 meters and in this distance, referring to Hastings results (Fig. 2b), we see
sizable gradients in the electric field. Therefore, it is questionable whether in Hastings model it
was right to assume that the ion trajectories would follow the equipotential lines.

Referring to Fig. 2b, we can see that if the ambient O™ ions in front of the shuttle structure

were not to follow the equipotential lines but instead they were to follow straight trajectories, by
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the time they would have completed one gyroperiod (0.035 sec. in low earth orbit) they would have
drifted 250 meters at the orbital velocity and seen potential increases of as much as 35 eV. Although
this situation is impossible, since the O* ions have kinetic energies of only 5 eV and therefore do
not have enough energy to follow straight trajectories, this fictitious experiment suggests that i[
the real ion trajectories would lie somewhere beiween straight lines and the equipotential lines we
would expect some kind of bouncing off potential "barrier” or Fermi acceleration to occur.

All this suggests the need of the derivation of a kinetic model of the the cloud where ion larmor
motion effects and thus the possibility of fermi acceleration would be taken into account. If fermi
acceleration were to occur or the ion trajectories be different from those of the 2-D fluid model
this analysis would help us to determine a more accurate self-consistent potential configuration

(self-consistent with the cloud and ambient species including the accelerated ions).

3.6.3 Kinetic Treatment of the Cloud

In this section we describe an analysis of the cloud which extends the 2-D fluid model to inciude
the kinetic effects of the ambient ions. As we discussed in the last section, it is very difficult to
attempt to derive a 2-D kinetic model of the cloud that would include the shielding of the motional
electric field. Since the dominaat mechanism for shielding are the ion-neutral collisions (see sec
5.1), a kinetic model that would be useful to investigate fermi acceleration due to this shielding
would have to include collisions and this would complicate the mathematics enormously. In our
discussion of the previous section, however, we argued the possibility of O* ion fermi acceleration
in a shielded cloud and that a kinetic treatment of the cloud was necessary in order to obtain
accurate self consistent models of the potential structure.

We have therefore found it convenient to use the 2-D fluid model of Hastings et al. (1989), which
accurately models ion-neutral and reactive collisions and Alfven currents (crucial for modeling the
shielding), to model the cloud ions and neutrals and ambient neutrals but to treat the ambient
O" ions in a different manner. The ions are treated as individual particles and their behaviour is
obtained by numerically integrating their equation of motion. Therefore, ion inertia and larmor

motion effects are now taken into account. These kinetic ambient ions are then merged into the
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fluid cloud model as follows: First, the O% equation of motion is numeri~ally integrated for various
particles and the divergence of the O* current (VJy+) is calculated by using PIC-code particle
weighting techniques. Then, the fluid value of VJ,+ in Hastings current balance equation (eq.
5) is replaced by our kinetic value of VJo+. Finally, the potential is obtained by integrating the
resulting current balance equation which now includes fermi acceleration effects and the calculations
are advanced in time by using the algorithm described in section 3.5.1.

In section 3.5.5 we will show that this kinetic analysis should lead to the same results as
those of the fluid analysis (Hastings et al. 1989). We will show that in shuttle cloud models ion
larmor motion effects can be ignored, fermi acceleration cannot occur and thus fluid models give an
accurate description of the shielding of the motional electric field by the cloud. In the next section
we determine the conditions necessary for shielding the motional electric field. We will find this
analysis to be useful in understanding the physics of various plasma clouds which we will test in

section 3.5.5 for fermi acceleration.

3.6.4 Cloud Effective Radius and Densities for Shielding the Motional Electric Field

In order to determine the values of the cloud parameters (ion and neutral densities, effective
cloud rz-ius, etc.) that are needed for the cloud to shield the motional electric field, we consider a
simple cloud model. We assume the cloud to be spherical in shape and with a finite effective radius
denoted by R.. Moreover, inside the cloud we assume the ion (n,.) and neutral (ny,0) densities to
be uniform. Therefore, for this cloud to shield the motional electric field the following conditions
must be satisfied:

1) the sheath impedance has to be greater than the Alfven impedance

2) the sheath impedance has to be greater than the resistance across the cloud

Here we are referring to the sheath along the magnetic field.

If (1) is violated, the parallel current carried by Alfven waves will be so large that no significant
field can build up in the cloud to shield the motional electric field. In this case the current flowing
through the cloud will be limited by the Alfven impedance rather than by the saturation current

of the ambient plasma, Alfven wings will become charged up to the same potential as the cloud
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The ions will therefore flow along the equipotential lines.

If (2) is violated, then cloud will be unable to short out the motional electric field in the ambient
plasma and thus the cloud ions and electrons will drift downstream of the structure with velocities
near the orbital.

Now, the Alfven impedance is (in cgs units)

Va -
-;2— =c l(wci/wp‘)amb{ent (10)

and the sheath impedance is the potential across the cloud

VoBoR.
c

divided by either the saturation current from the ambient plasma to the cloud, or the saturation
current from the cloud to the ambient plasma, whichever is less. The reason being that the cloud
will always develop a potential to keep the net current into the cloud equal to zero. The saturation

current into the cloud is

e(nuvl)ambunf + e(neve)cloud = e(neve)cloud

and the saturation current out of the cloud 1s

€(Y‘l| vy )cloud + e(neve)ambunt

The latter is clearly less than e(n,v.).oud, since, as we shall see, n.c > n., while T,. is not that

much less than T., and thus v,; ~ ve.. Therefore, the sheath impedance is

VoBoR. o1

m te(n”"l )CIOUJ + e(neve)amblen(l

Vo B
~ oy (11)

cR.e(Ny Ve + NeaVeq)

Now. since the largest current across the cloud is the Pederson current, the resistance across the

cloud 13
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where v;, is the ion (O*) neutral (H-O) collision frequency. In our case,
Vin = NH,00H,0v0+ Where ag,0 = 107 '5¢m? and vg+ can be taken as the orbital velocity,
thus v;, ~ 5 X 10_“ny,ose¢:'1 (ng,0 can range anywhere between 108 - lO“cm':’).

The first criterion is then

Wey VoB
C(wpi):mbient < CRce(nicvc:c i TeaVea) (13)
Using ¢ = 3 x 10'° cm/sec, we = eBo/m;c = 2 x 10%/sec for O, By = 0.3 Gauss,
(wpi)ambient = (41re2nm/m,-)l/2, N.s =~ 5 x 10° cm~3 (dayside), veq =~ 107 cm/sec
(for Teq = 0.1 eV), Vo = 8 x 10° cm/sec, e = 5 x 10710 statcoul,
and v, = 5 x 10* cm/sec for H3O% at 500° K, this becomes
1013
. < mcm. {14)
The second criterion is
Vo B Wes  ,Wei Y
(:Rce(n,-cv(.)C i NeaVes) > Wg,':‘Rc (;/.L,, - u;: (15)

Using ufm = 4nn;.e?/m;, = 10°n,, it can be shown that this inequality can be satisfied only for

ng,0 > 10P%em 3 (v, > O.Ssec'l), for ng,0 ~ 10 em =3 this becomes

0.32 0.08
>
n;, +2 % 107 n;.

or
ne > 5x 105cm™3 (16)

Finally, by combining eqs.(14) and (16) we can see that the two criteria for shielding will be satisfied

3 ne >5x10%m3 and R, < 1 Km.

for ny,0 > 100em-

Before comparing these results with those from 2-D fluid models, let us note that if the cloud 1s
elongated by a factor A the conductivity across the cloud would also increase by this factor, then
from eq.(12) n,. times ny,o can be reduced by A, and the cloud would still be able to short out the
electric field, up to a factor A = V,/V, which is a few hundred in low earth orbit. What is really

relevant is the scale length, along the magnetic field. of ng,o times n,, not just of n,.. However,

since the neutral density is spreading out in all directions it is questionable wether the elongation
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would be a few hundred. Hastings et al. (1989) have found substantial shorting out of the electric
field for slightly lower densities since they assumed that A is greater than V,/Vj.
It should be mentioned that T,. will be close to T}, since the electron cooling time by coulomnb
collisions with ions, ~ (vem./m;)~! = 6 x 1077 sec, is shorter than the escape time of the electrons
n. R3

from the cloud, which is - 107! sec; or at least they are comparable. This confirms that

Reates < MecVec, SO the cloud will develop a positive potential to hold electrons in.

3.6.5 Ion Larmor Motion Effects in Clouds that Shield the Motional Electric Field

In this section we determine the larmor motion effects on ambient O* ion which go through
various types of clouds that shield the motional electric field. We do this by comparing the fluid
model ion trajectories and velocities with those of a kinetic model. In the analysis of various types
of clouds we consider the trajectory that is most likely to be affected by larmor motion effects, as
we shall see, this trajectory will usually be that for ions which are initially travcling towards the
center of the cloud.

Figs. 2 a an b show, respectively, the potential configuration and equipotential contours of a
cloud after 0.2 sec of being released with an initial central neutral water density of 109 m =2 which
decreases radially as (50 m/r)? (Hastings et al. 1989). Now, the dominant ion species in the cloud is
the ambient O ion, with a density of ng+ =~ 2 x 10%¢m ™3 which is almost uniform throughout the
cloud. Therefore, since the other cloud ion species (H,O% and H3O*) are the products of reactive
collisions between O% and H3;0, they will also have densities more or less uniform throughout
the cloud. The ion densities ny o+ =~ 10%¢m~3 and ng,0+ = 10*c¢m~3 decrease more slowly
than (50 m./r)?, the water density; in fact, at r=500 m they are down by only one order of
magnitude. Consequently, because the total cloud ion density (which is dominated by the ambient
ions) decreases radially very slowly, we can see that the resultant potential configuration (Fig. 2a)
is smooth and thus the gradients in the potential are small (Fig. 2b) even though the motional
electric field is entirely shielded at the structure.

Fig. 2c shows a guiding center or fluid model trajectory (an equipotential line) of an ion which is

initially in front of the shuttle. Fig. 2d shows the trajectory of the same ion obtained by numerically
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integrating the equation of motion

dv . -
m0+‘aT:e(E+VXB) (17)

Therefore, the trajectory in Fig. 2d includes ion larmor motion, the ion temperature is assumed to
be 0.1 eV. Figs. 2e and 2f show the corresponding velocities. It is interesting to note that the fluid
(fig. 2¢) and kinetic (fig.2d) trajectories coincide (or almost coincide since Vg > vip) and that the
ion velocity (or ‘kinetic velocity’) (fig. 2f) has an average velocity equal to the fluid E x B/B? drift
(fig. 2e). We can therefore see that the fluid approximation is accurate for modeling this cloud
since the potential gradients are smooth enough so that ion larmor motion can be disregarded.
Obviously, no fermi acceleration occurs in this case.

In Fig.3 we examine the case of a cloud with larger potential gradients due to the shielding of
the background electric field. We consider a very small cloud with a central neutral density same as
that of the cloud in fig. 2, 10%m~3, but which decreases much faster, as (10 m./r)?. Figs. 3c and
d show, respectively, the fluid and kinetic trajectories and figs. 3e and f show the corresponding
fluid and kinetic velocities of an ambient ion which is initially in front of the structure. Although
the motional electric field at the structure is almost entirely shielded and the gradients in the
potential due to the shielding (potential increases as large as 20 eV in a larmor radius distance,
40 m. at the orbital velocity) are in this case five times larger than those in fig. 2, we can see
that the ion trajectory (fig. 2d) adjusts itself to follow the equipotential line (fig. 2c). Therefore,
the fluid model is also accurate for describing this cloud: the kinetic trajectory (Fig.3d) coincides
with the equipotential line (fig.3c) and the kinetic velocity (fig. 3f) has an average velocity equal
to the local E x B/B? drift velocity (fig. 3e). Nevertheless, a small larmor radius effect can be
noticed in fig. 3f, in the wake of the cloud the ion larmor speed is two times greater than upstream
of the cloud and thus the ion temperature is four times greater. This, however, is not expected to
change the potential configuration significantly since the fluid quantities (figs. 3 c and e) are still
equal to the average of the kinetic quantities (figs. 3 d and f) and ion neutral collisions will tend to
keep the ion temperature down (although they will be unable to keep it equal to the background
neutral temperature since the cooling time v,,,' > 2R./Vo, the time for ions to travel 2R.). It is also

interesting to note that in the cloud the total (drift +larmor) ion velocity goes up to 15 Km:sec
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with corresponding energies of 15 eV. This could therefore explain some of the peaks in the O™ 10on
energy distribution near this value observed by Paterson et al. (1989).

Figs. 4 a and b show, respectively, the potential configuration and equipotential contours of
a non self consistent or artificial potential of a cloud with an outer region where the potential 15
smooth and an inner region which exhibits large potential gradients. In this artificial case the
cloud not only shields the motional electric field but, from the reference frame of the earth, the
cloud is seen to develop an E-field that is even greater in magnitude than the motional electric
field. Numerical studies of the cloud show that this type of potential configuration (although not
as exaggerated as in fig. 4) can occur in some particular cases where Alfven currents are taken into
account (Gatsonis, 1989).

Figs. 4 ¢ and d show, respectively, the fluid and kinetic trajectories and figs. 4 e and f show
the corresponding fluid and kinetic velocities of the ion which is likely to experience the largest
ion larmor motion effects. It is interesting to note that if the outer region of the cloud (especially
upstream of the cloud) has a smooth potential structure, then the majority of the upstream ion,
even those initially in front of the structure, will drift at the local £ x B/B? velocity along the
smooth equipotential lines that surround the inner region. Therefore, only very few ions will enter
into the inner cloud region and be fermi accelerated by the sharp potential gradients there.

The above analysis of the three different clouds (figs. 2, 3, and 4) shows that in water clouds
with central neutral densities less than 10'2¢m~3 the dominant ion species will be the ambient
O7 ion with a fairly uniform density distribution. Furthermore, since the other ion species in
the cloud are the products of reactive collisions between the O ions and water neutrals, the
overall cloud ion density will decrease slowly in the radial direction (more slowly than the neutral
density). Therefore, although near the shuttle the motional electric field will be shielded, the
resulting potential structure will always be smooth with weak potential gradients in the outer
region of the cloud. Consequently, the ions will just drift according to the local E x B/ B? velocity
and no fermi acceleration will be possible from the shielding of the clouds with ny,0 < 10}%2em =3,

It might be possible, however, that in a small dense cloud, with a central water density of

10" ¢em =3 which decreases radially as (10 m /r)?, the H,0* and HsO* ions (products of reactive
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collisions between O* and H;0) could outnumber the O ions in the cloud and decrease radially
in density almost as fast as the neutral water density. This in turn could lead to large potential
gradients in the outer region of the cloud that could Fermi accelerate the ambient ions. We could
not consider this case because Hastings et al. (1989) fluid model is restricted to (nH,0)centrar < 1012
em™3.

3.7 Acceleration of Ambient O* Ions by the Plume of Primary and Vernier

thrusters.

Since most of the very high energy ions (=~ 100 eV) observations (Pickett et al. 1985) were during
primary and vernier thruster firings, in this section we examine the possibility of fermi acceleration
of the ambient ions in the plume of a primary thruster. The space shuttle fires the primary thrusters
in pulses of 80 ms. These thrusters have the following characteristics: thrust=3925 N, [,, =281 sec,
c¢=2753 m/sec, P=1 Mpa, Nozzle diameter= 60 cm, mass flow= 800 g/sec of LO; + 150 g/sec
of LH;. Now, since the plume exhaust neutral density is about 10!7¢m ™3, therefore much higher
than the cloud neutral density, large number of exhaust neutrals could be ionized due to reactive
collisions with ambient ions. Then, it might be possible that the resulting high plasma density
(~ 10%m™3) could shield the motional electric field inside the plume. If the plume axis would be
directed perpendicular to both the B-field and the direction of orbital motion, sharp gradients in
the electrostatic potential of the cloud could exist in the plume region. These gradients could then
fermi accelerate the ambient ions even for low water cloud densities. Next, we determine whether

this situation could happen.

3.7.1 Analysis of the Shielding of the Motional Electric Field in the Plume of the

Primary Thruster

In this section we make a basic calculation of the shielding of the motional electric field £_ in
the primary thruster plume to determine whether the density in the exhaust is high enough to short
out the background electric field significantly. Assuming that the axis of the plume is perpendicular

to both the magnetic field and the direction of orbital motion and neglecting the exhaust velocity
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(since ¢ ~ Vi/4), the perpendicular current density is
2
w/
2 . pe g
JL = (wmrlou T 2 )EL (lb’)
lossWie
where 7,,, & 1072 sec is the time an ion takes to go out of the plume, and the ion deasity ir

the plume is n,p, &~ 2.5 x 10%cm™3,

This density is based on the ionization rate from collisions of
ambient oxygen atoms with plume neutrals, and r,,,. The electron contribution to J_ turns ous
to be much less than the ion contribution, which is

eF
JL = W;TIOME_L = nlpe(fnou) (19)
¥

Note that the expression in parentheses Is just the velocity that the ion gets accelerated to in a
time 717,,,. We use this expression for J|, rather than F%E‘L (the pederson current), because
Tloaswes << 1. We then find that J, = 4 x 107° A/cmz. By contrast, Jy due to electrons streaming
out of the plume (in the absence of an ambipolar potential) would be n.ev, =~ 10°% A/cm?, which
13 much greater. It follows that V.- J = 0 can be satisfied only by having Jj = 0 everywhere, 1.
the potential of the plume on each field line must adjust itself so that electron losses on that field
line are balanced by incoming ambient electrons and ion losses. This is in contrast to the case of
a big dense plasma cloud, where V - J= 0 is satisfied by having Jy &~ J., and E, is shorted out.
If we assume the plume electrons to be Maxwellian, the plume potential will then have to be a
few T, above the ambient potential everywhere. This is to keep the electrons from flowing out of
the plume and thus J; ~ 0 as is required. T, will be some fraction of 5 eV, since the electrons
are produced by iomzation of exhaust atoms and incoming ambient oxygen atoms which collide
with an energy of about 5 eV. Therefore, the plume potential will be on the order of 5 V. Whether
or not incoming ambient O* lons can reflect from the plume potential depends on whether it s
greater than or less than 5 V. To answer this depends on a more detailed calculation, but at least
it 15 plausible that fermi acceleration (only one bounce) occurs.

However, it 1s possible that the plume potential be much larger than 5eV since it is very
sensitive to the electron temperature in the plume, and for that matter to the electron distribution
function. Because, it 13 not obvious that the electron distribution function is maxwellian, even a

small deviation from a maxwellian, e g. an extended tail, can have a big effect on the potential
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which will adjust itself to keep the electrons from flowing out of the plume, if the potential is a few
times greater than the bulk temperature. This will depend on the velocity distribution at which
electrons are born (from ionization by collisions between exhaust molecules and incoming ambient
atoms, and any other ionization source that is important), and on any instabilities that occur in the
initial distribution, and how these affect the distribution. Also, ambient electrons coming in along
the magnetic field, and accelerated by the potential may contribute significantly to the electron

distribution and instabilities.

3.7.2 Trajectories of Ambient Ions across a Shielded Primary Thruster Plume

Figs. 5 a and b show, respectively, the potential configuration and potential contours of a
plume fired in the direction of the motional electric field (negative y-direction). Figs. 6 a and b
show these same quantities but for a plume which is fired in the direction opposite to the motional
electric field. These potential characteristics are (artificial) non self consistent (with the plume and
cloud plasma) and the plume is assumed to shield the motional electric field at a potential equal to
the potential at the structure. Therefore, to the left of the shuttle (in the negative y-direction)the
ambient ions will see a potential hill at the plume (fig. 5) and to the right of the shuttle they
will see a potential well (fig. 5). For simplicity, we have studied thess two cases separately and
only considered 1-D potential shocks (variations in the plume potential along the y-direction were
ignored). Figs. 5c and 6c show the (fluid) £ x B drift O* ion trajectories (which is of course
coincide with the equipotential lines) and figs. 5e and 6e show the corresponding guiding center
drift velocities (equal to the local E <« B/B?). Figs. 5d and 6d show the particle (or ‘kinetic’)
trajectories of the ambient O* ions (obtained by numerically integrating the equation of motion)
and figs. 5f and 6f show the corresponding particle velocities . In figs. 5 and 6 the potential shocks
caused by the plume shielding were assumed to be equal in magnitude but opposite in sign and
relatively smooth.

We can see that in the case of a potential well (fig. 6) the ion larmor motion does not affect
the trajectory and thus a fluid description of the ambient ions would be relatively accurate in this

case The small increase in the ion temperature downstream of the plume should not in reality
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be that high due to ion-neutral collisions at the plume. On the other hand, in a potential shock
equal in magnitude but opposite in sign (a potential hill, fig. 5) we can see that ion larmor motiou
effects become significant. Although we do not see the ion bounce off the shock and upstream of
the shock (up to the plume axis) the fluid description seems to be accurate, the sharp potential
gradient at the plume axis makes the ion guiding center leave the equipotential line and accelerate
to very high velocities.

Finally, in fig. 7a we show the potential of a plume with a potential hill of about 6 V but
with large potential variations in distances of the order of the ion larmor radius at the thermal
velocity (A¢ = 6 V in distances of 5 meters). Figs. 7 b and c show the ambient ion fluid an kinetic
trajectories and figs. 7 d and e show the corresponding velocities. In this plume we see that ion
larmor motion and ion inertia effects are important since we see the ion bouncing off the plume
(fig. 7 c) and thus fermi accelerating to velocities three times larger than the orbital in one bounce.
It is interesting to note that if the background motional electric field were not present the particle
would fermi accelerate only to velocities twice the orbital (fig. 1). However, in our case, after the
first bounce the background motional electric field does work on the ion and thus the ion ends up
with energies of more than 6 times its initial (not only 4 times as predicted by fermi acceleration).
This agrees with the observed peak in the O* energy distribution near 30 eV (Paterson et al.,
1989). It is also interesting to note in fig. Te, that after the first bounce, due to the work of the
background motional electric field on the ion, the second time the ion encounters the shock it has
a velocity of 2.3 times Vj (corresponding to a kinetic energy of 26 eV.). Nevertheless, the second
time the ion encounters the shock it could still bounce off it, even if the potential increase at the
shock is less than 26 V, as long as the ion kinetic energy component perpendicular to the shock is
less than that of the potential increase at the shock. Therefore, more than one bounce could be
possible with plume shielding potentials not much larger than 5 V above the background potential.

If the ion could bounce three times it could readily be accelerated to energies of about 100 eV’s.




3.8 Summary and Concluzions

A basic analysis of the shielding of the motional electric field by a spherical plasma cloud shows
that, when Alfven currents are taken into account as well as the sheath along the B-field, the
motional electric field will be shielded for ng,0 > 10%m~3, n;. > 5 x 108cm ™3, and R. < 1 Km
(R, is the effective radius of the cloud which could be defined as the distance at which the neutral
water density is three orders of magnitude lower than the density at the center). If the cloud is
elongated by a factor A, then the requirements of ng,o times n;. decrease by this factor up to
Va/Vo which is a few hundred in low earth orbit.

The self consistent study of the acceleration of ambient ions by the potential of a polarized
cloud requires a kinetic treatment. Analytical kinetic models pose difficult mathematical problems
since collisions must be taken into account. These models are also complicated by the fact that
when considering fermi acceleration problems, regions of strong field gradients must be included.
Nevertheless, it 1s possible to derive a constant of the motion of the electrons in these regions for
studying the processes that occur there.

A study that is based on a self consistent fluid model of the cloud but that takes into account O~
ion kinetic effects shows that water clouds with central neutral water densities less than 10'2¢m 3
will have smooth potential distributions for all values of R,, the effective radius. In these clouds
the dominant ion species is the ambient O* with a density distribution that is more or less uniform
throughout the cloud. Since the other cloud ion species, H,O* and H30™, are products of reactive
collisions between O* and the cloud’s H;0 neutrals, they will have density profiles that do not fall
as fast as the ny,o profiles and for ny,0 < 10"3¢m~3 will be at the most of the order of magnitude
of ng+. This will lead to smooth potential configurations that will be unable to fermi accelerate
the ambient ions.

Large and medium size water clouds (R. > 600 m) with (ng,0)centrai > 10*3em™3 will have
potential configurations that will be smooth in the outer region of the cloud for the same reason as
the less dense clouds. Therefore, no fermi acceleration is expected to occur in these cases either.
On the other hand, very small polarized clouds (R, ~ 100 m) with (ng,0)centrar > 103 cm ™3 can

have potential gradients that are sharp enough in the outer region of the cloud to fermi accelerate
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the ambient 10ns.

The plume of a primary thruster of the shuttle has a neutral density of 10'7¢m~3 and is ionized

by reactive collisions with the ambient atomic oxygen to plume ion densities of 10%m 3.

Due to
the fact that the time an ion takes to go out of the plume is small (1072 sec), the perpendicular
current in the plume is small. Charge conservation therefore requires that the parallel current be
also small. Consequently, the plume potential has to adjust itself to hold the electrons in and is very
sensitive to the electron distribution function. If the plume electrons were Maxwellian the plume
potential would be about 5 V above the background potential and this could lead to one bounce or
fermi accelerating the O ions to 26 eV. However, because of instabilities and ionization processes
that take place in the plume the electron distribution function is not expected to be Maxwellian
and this could lead to much larger plume potentials. Therefore, ambient ions could bounce two or
three times off the plume and easily end up with energies of about 100 eV. (because the motional
electric field also does work on the ions that bounce off).

Finally, it is important to mention that the major problem in the self consistent study of fermi
acceleration lies in modeling the strong potential gradients or shocks self consistently. If these shocks
are due to the shielding of the motional electric field, as in the case of polarized clouds and primary
thruster plumes, a self consistent model must have to take ion-neutral collisions into account.
Therefore, since conventional PIC codes and particle tracking codes do not include collisions, they
cannot be used in modeling these problems. A hybrid treatment, such as the one described in this
report (using the 2-D fluid model of the cloud and kinetic O% ions), seems to be a good way to

approach the problem of the plume.
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4 Anomalous ionization in contaminant plasma clouds

The computational simulation of medium and low frequency plasma processes can aid greatly in
developing an understanding of the interactions between a spacecraft and the plasma environment
of the upper atmosphere. The usual method of accomplishing time-dependent plasma simulations
is the particle-in-cell (PIC) code. These PIC codes simulate a plasma which, in reality, may consist
of between 10%° and 10?% particles by integrating the equations of motion of between, typically,
10° and 10° ‘macro-particles’. In the usual explicit electrostatic PIC code, the Lorentz force law is
used to ‘push’ particles along their trajectories over some small time step (w, At < 1, where w,
is the electron plasma frequency). The particles are then weighted to a grid to determine a charge
density distribution over the domain, and Poisson’s equation is solved to determine the potential
and electric field. This electric field is used to push the particles to new positions, and the process
repeats. Plasma properties such as density and temperature are found by taking the appropriate
moments of the distribution function of the macro-particles.

Numerical stability requirements, however, restrict the typical explicit PIC code to time steps of
wp At < 2. Hence, available computer processing power restricts explicit PIC codes to simulations
of processes with frequencies on the same order as the electron plasma frequency. For simulating
low and medium frequency phenomena (w < wp ), implicit methods must be used. The implicit
method uses a modified form of Poisson’s equation which results in an algorithm that is stable for
all time steps and can therefore be used to simulate low frequency processes.

The objective of the current research is to develop an implicit PIC code capable of simulat-
ing low and medium frequency plasma phenomenon. The code is to be developed in a manner
commiserate with the ultimate goal of studying spacecraft-upper atmosphere interactions. Work

towards this objective has continued over the last year. An explicit code (used as a baseline model)
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and an implicit code carible of modelling low and medium frequency phenomena have both been
developed and are currently functional. Presently, the codes are doubly periodic. Development of
bounded, explicit and implicit codes 1s currently underway. Further validation of all the codes is
also continuing by comparing the results of the codes which each other and with examples from
the literature. Extensions of the code to include more complex geometries and chemical reactions

are planned for the future.

5 Low frequency instabilities in contaminant plasma clouds

I[n this section, the abstract of Mr. Mogstad’s thesis is reproduced. For more detail, the thesis
can be referenced (T. Mogstad, S. M. Thesis, Dept. of Nuclear Engineering, MIT, 1987).

It has been observed that the Space Shuttle in its ionospheric orbit has a relatively dense plasma
cloud associated with it. The Shuttle is releasing water, and the plasma cloud is generated when
ambient O7 ionizes the water through a charge exchange reaction. Electrostatic noise at frequencies
between 0-30 kHz has been recorded in the Shuttle vicinity. We have performed a stability analysis
of the plasma cloud with respect to the £ x B instability. We model the cloud density distribution
as a cylindrical step function along the geomagnetic field, and the Shuttle is travelling in the
west-east direction. This modtion with respect to the magnetic field generates an electric field
in the moving Shuttel frame, which triggers a destabilizing electric polarization field inside the
cloud. By applying linearized continuity equations, momentum balance, charge conservation and
guasinuutrality we obtain a local dispersion realtion. The dispersion relation is solved analaytically
and indicates that the instability growth rate exhibits a maximum at the backside(6 = 180°)
of the cloud. wheras the oscillating frequency is greatest at # = G0°. By increasing the parallel
wavenumber k,, the temperature, the parallel conductivity or the collision frequency, the instability
1s reduced. Increasing the Shuttle velocity makes the cloud more unstable. In addition to local
modes, we consider global modes and we find that exponentially growing eigenmodes can build up
on the backside of the cloud.

The local dispersion relation is solved numerically, and the results support the findings from

the analytic analysis. we also show that a steep density gradient 1s inherently unstable in crossed
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E and B fields and that the cloud has steady state solutions only when linearized.

The poloidal localization of instability modes suggests that Shuttle carried sensors operating
inthe very low frequency regime (i. e. beiow 100 Hz) should not be used at poloidal angles of
§ = +90°. Also, radio communications at all frequencies can be scattered by striations at the
anisotropic backside of the cloud where the instability growth rates are the greatest. the growth
rate frequency is estimated between 1-1000 Hz and the oscillating frequency between 1-100 Hz.

The latter can induce signal degradation of radio waves of frequencies less than 100 Hz only.

6 Two and three dimensional fluid theory of contaminant plasma
clouds

Finally in this report we include two published papers on two dimensional fluid theory and a

recent AIAA paper on three dimensional fluid theory.
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A Simple Model for the Initial Phase of a Water Plasma Cloud
About a Large Structure in Space

D. E. HasTINGS, N AL GATSONIS, AND T. MOGSTAD

Depurtment of Aeronautics and Astronautics. Massachusetts Institute of Technology, Cambridye

Large structures in the 1onosphere will outgas or ¢ject neutral water and perturb the ambient neutral
environment. This water can undergo charge exchange with the ambient oxygen 1ons and form 4 water
plasma cloud  Addionally, water dumps or thruster firings can create a water plasma cloud A simple
model for the evolution of a4 water ptasma cloud about a large space structure 1s obtained 1t 1s shown
that 1f the electron density around 4 large space structure 1s substanually enhanced above the ambient
density then the plasma cloud will move away from the structure. As the cioud moves away. 1t will
become unstable and will eventually break up into tilaments. A true steady state wiil exist only if the total
electron density is unperturbed from the ambient densitv. When the water density 1s taken to be
consistent with shuttle-based observauons, the cloud 1s found to slowly dnfi away on a4 time scale of
many tens of milliseconds. This time s consistent with the shuttle observations.

. INTRODUCTION

Since the dawn of shuttle flights to the ronosphere it has
been realized that the ambient 10nosphere 1s strongly per-
turbed by the presence ot a large body 1n space {Green et al.,
1985} Several expeniments on board the space shuttle have
been devated to the measurement of the plasma parametersn
the ety of the spacecraft [Murphy et ul. 1986: Reasoner ¢t
al. 19867 It has been found that the shutte or any body 1n
space atfects the ambient environment through the interaction
of 1ty associated contaminant cloud with the environment. The
contaminant cloud anses from surface outgassing, leaks from
ife support systems. thruster firings, and water dumps. The
contaminant cloud can undergo several different types of in-
teractions with the ambient environment ranging from physi-
ol interactions such as momentum transfer to chemical inter-
actions such as charge exchange. The result is that the self-
consistent ensironment around a large body in space may be
stgmiticantly - different the ambient environment. We
choose to put the emphasis on large bodies since large bodies
can have an assocrated contaminant cloud which makes an
(1 Dy chunge to the ambient environment. By an O(1) change
we mean that the composition of the 1on density 1s substan-
nally chaneed  For example, observations around the shuttle
FPickerr o w1985 ] indicate that the observed environment
Jiters considerably from the expected ambient environment.

It
around faree space schicles such as the shuttle for several
redasons The maror reason is to understand the nowse that wiil
be observed on any sensors carried on the vehicle [ Pickert ot
i NS This wall directly atfect the utlity of the sensors for
purposes of obhsersation. Another important reason is to build

from

i important 1o study the sell-consistent environment

anderstanding of the space plasma environment and some of
the processes that can oceur an bt Fainaliv, study of the self-
consistent ensironment will help in understanding such basic

Jester ssues as how 1o mitgate spacecraft charging in fow
Farrh orbi
In this paper we develop a simple model for the moton of 4
watet plasmia Jdoud around o laree structure an the ono-
phere Inccction 2 owe derive the equations that deseribe the
Copareant - esx borhe American Geephosical Unen
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large-scale plasma flow around the body. In section 3 we
obtain a analyuc solution for the case where there 1s no elec-
trostatic modification of the mouonal potential. This case cor-
responds to a plasma cloud which does not enhance the ambi-
ent density. In section 4 we perform a multiple scale analysis
and obtain the equations for the field line averaged densitics
and potential. For the case where the cloud density exceeds
the ambient density we show that the equations of motion do
not allow steady state solutions and suggest that the cloud
may be unstable to the growth of E x B gradient instabilities.
We then solve the model equations numerically with a fiux
conserving transport (FCT) numerical method and show the
long time behawvior of the plasma cloud. We obtain the ion
restdence time for a range of cloud densities. For densities
typrcal of what is observed around the shuttle. the residence
tumes are consistent with the measurements. Finally in section
S we conclude with a discussion of the significance of these
results for measurements from large space vehicles such as the
shuttle. Although the equations of the water plasma cloud are
generally applicable. we choose to concentrate on the dvnamic
behavior of an tmtial water plasma “puff™ which could arise
from 4 magnetoplasmadynamic {MPD) thruster finng or a
plasma source.

Y

DirivatioN or 1HE EQuanions
FOR THE Prasma CLoup

Plasma clouds in the 1onosphere have been studied both
theoretically and experimentally for a number of years [ Per-
Ains et al.. 1973 Zabusky et al.. 1973 Afitchell et al. 1985]
The major motivation has been to understand the dyvnamics of
such clouds since they have been used for tracing the magnetic
field lines and they may interfere with communications. In this
work we shall follow a similar path to obtain the equations for
the plasma and self-consistent electrostatic potential around a
large body

We work 1n a frame attached to the space structure and
>ttt by assuming that the space structure 1s emitting neutral
watler 1nto an ambient backpround of oxygen ions and neu-
trals The spacecraflt 1s taken to be mosing at orbital veloaity
with respect to the ambient environment (~ 8 hm ~ for low
Farth orbi For an ambient environment whose neutral den-
sty s ot the order of 10" cm ' the mean free path of the
water molecules s many kilometers Hence toc fength cales o
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up to a few kilometers we can take the water molecules as
freely expanding with their thermal velocity and wrnte the
steady state neutral water density as

0 2
Ny.o = Myo (ry.n h

This assumption about the neutral density 1s reasonable for
low water densities (water density much less than the ambient
neutral density) but will have to be modified for higher den-
sitics. However. since we wish to concentrate on the plasma
dynamics. we shall leave more detailled modeling of the neu-
trals for future work. In (1) we have approximated the struc-
ture as a sphere of radius r, and taken r as the radial distance
from the center of the sphere. This approximation will be
reasonable for any body shape as long as we are several body
dimensions from the body. So for example, the space shuttle,
whose longest dimension is of the order of 40 m, can be rea-
sonably approximated in this manner at distances of the order
of 100 m and beyvond. The density ny, o° is the density of water
at the surface. The assumption that the neutral species is water
is based on observations from the space shutile. where the
dominant contaminant species was observed to be H,O " [Ca-
ledonia et al., 1987).

The 1onic water may be formed by the charge exchange
reaction

&,

O +H,0 - 0+ H,0" )

where 1n the frame moving with the space structure the
oxygen ions sweep through with an energy of up to 5 eV. At
this energy the reaction rate k., has been measured and is
k,, =6 x 107*° em®s [Murad and Lai. 1986a]. and for O~
the charge exchange collision frequency is v, = n, ok .

We assume for simplicity that the body is moving perpen-
dicular to the magnetic field with velocity in a fixed {rame of
Y. We define a wind velocity in the moving frame as V_ =
—V and then define a Cartesian coordinate system (x, y, 2) in
the moving frame by taking the distance x to be along the
direcion of —V_, the distance y to be along the direction of
-~V x B, and the distance = to be along the direction of the
magnetc field B. We note that the negative y direction 1s
along the direction of the unshielded mouonal electric field
that will be seen in the far field from the moving frame. The
frame is illustrated in Figure 1.

We take the oxygen and water ions to be mainly moving
across the magnetic field due to their large gyroradnt while the
electrons are taken to dominantly flow along the magnetic
field due to their small gyroradn. This assumption on the 1on
motion 1s true on the large scale where the 1ons have a chance
to complete their gyroorbits In the work by Caledoma et al
[19%7] the 1ons were taken to be almostly perfectly shielded
from the motional electric tield. and hence in the moving
frame the only motion available to them was parallel moton
In thin work the potential s beng calculated in a sell-
consistent manner so that the 1ons can move across the mag-
netic tield. The perpendicular velocuy of the oxygen tons can
be obtuined from the steady state momentum balance equa-
von [Krall and Trivelpiece. 1973 and s

Voo, =g F o ny CF e B el ek h

where b s the umit vector in the magnetie held direction wath
A beine the Hall paramceter wiven

Key- (2, I ) 4

O H o0 v

a9
)
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Ahi*
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Fig. 1.

Coordinate system

and Q,. being the oxygen cyclotron frequency while v, .18
the oxygen jon-neutral water momentum exchange collision
frequency. The vector F_is given by

F = —(T ¢B\V _Inng. +(ce BE ~ v5. yovu.0 Q- 15)

In (5). 7,15 the 1on temperature. which we take to be constant.
and the tirst term 1s the force due to the ion pressure. E 1s the
electric field seen from the moving frame and gives the electric
force on the 1ons in the moving frame. and v, in the third
term 1s the velocity of the water, a term that expresses the
force on the oxygen ions due to collistons with the water
neutrals. In the derivation of the force on the oxygen ions the
dominant collisions for these ions have been taken to be col-
lisions with the neutral water molecules trate constant ~1.2
x 10 * cm? s). Collisions with oxygen neutrals (rate constant
=3 x 107 cm?®s) have been neglected for simphaity since we
anticipate little differential velocity between oxygen neutrals
and ions. In (3) the first term gives rise to the well-known
Pedersen conductivity while the second contains the Ex B
drift and the Hall current. We note that the Hall parameter
takes very large values for parameters typical of the 1ono-
sphere v, o =2 x 107 s "and Q,. > 1.8 = 10°s ' o
that n,. = 9 x 10*). This suggests that the dominant motion
for the oxyvgen 1ons will be the E x B drift Hence we can write
the continuity equation for the oxygen 10ns as

Ng.
pAie A (6;

ol

- ;—3 Vaoxb -Vn, = -ny.v,
where the electric hield in the moving frume v E -~ ~Vo and
the boundary condition on (6) 1s that for v« r the oxygen
density approaches the ambient density

The electrons will mainly flow along the magnenq field but
will also have an E x B dnift across the held. 1n additon.
electrons will be lost as a result of dissociative recombination
which we shall

ecom

of the water 1on This occurs with a rate &,
specify luter Hence we can write the electron continuity equa-

non as

where [ s the parallel electron fun given by
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and the potential v, 1s defined as

T
w,=9——"lInin, n 9

¢

ambn:m)

In 19). ¢ 1y the self-consistent potential which 1s modified by
the electron pressure The parallel current 1s related to the

parallel electnic held through the resistivity (g ):

1
L= —el, ===V, {101
I](
where the resistivity is given by
my,
n, = (11
ny

In 13 the cothsion frequency v, 1s the electron momentum
exchange frequency due to vollisions with the neutrals or the
jons The physical content of this equation is that the electrons
flow along the field lines and are swept across 1t by the self-
consistent potenual in the plasma cloud. We note that for any
steady state to ewist for this equation it is necessary that there
be 4 convection of electrons across the field lines. This implies
that the potential contours must be open. This is because
closed potential contours will cause the plasma to rotate
[Dualv and Whalen. 19797 but will not lead to any net loss.
This implies that the symmetry breaking part of the elec-
trostatic potential will be crucial in determining the motion of
electrons  This part of the potential will arise from the fact
that the syvstem 1s moving and hence sees a motional potential.
Once we have the equations for the oxygen ions and the
electrons. the equation for the water 1ons follows from the
requirement that the plasma remain guass-neutral,

{12)

M- =1, ~ No-

As an alternative 1o using (61, 17), and (12) we could use (6) and
1121 coupled with the equation for the water 1ons
- ¢
SH SV oox b Vny o= g0 -y K (13

recom

of

Finalls. we need an equation to determine the sell-
consitent potenual This equation comes rom the require-
ment of quast-neutrabty for all tmes This means that in addi-
non to (12) we require that we have charge conservation
IV -y 0 where jos the current flowing in the plasma). We
tahe the perpendicular current to be given by the perpendicu-
Lar on Hows tequation (1) and the analogous equation for the
perpendicular water velocity) and the parallel current to be
wiven by the electron flows tequation (101 and obtain the
equation | Drake and Huba, 1986]

v ( IR . Mo )\‘ ‘:,) -\ ([).“;“.,,”:U_

B ST Aoy
‘”L:”)

=D g0 {b x \“__”~\‘( n,. _(1”

- b x

v

. 1y I
M _'1_’) ~V{ =V ) -0 b
gl”»”' o,
Ire this equation tor charge conservation the perpendicular 10n
dntTusion coethaent s

i

vk
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where the Hall parameter [or the water ons s

Ay o “M,u- Nyo-o 7! A

We note that in this expression all the E x B dnitts have can-
celed out since they do not give nise to any net current The
tirst term on the left-hand side of (14) arnises from the Pedersen
current due to the clectric field, the second term duc ' the
diffusion of ions down the density gradients. and the third due
to the Hall current, while the fourth 1s the electron tlow 1o
balance the 1ons. This equation must be solved subject to Jie
boundary condition that in the far tield the electnc tield in the
moving frame 1s the motonal clectric field. Thes reguires that
forirl - « we have V_o = -V x B We can :nterprot the
first two terms in the potential equation (equaton 1141 as
giving the shielding from the plasma cloud while the last term
1s the charge neutralization by the parailel flow of electrons
from far away in the 10nosphere.

3. ANALYTIC SoruTioNs oF THE CLouD
EQUATIONS

The set of equations for the potential and densities cannot
in general be solved analytically. However, 1t 1s posstble to
obtain a special solution and draw some general conclusions
from the structure of the equations.

If the density of the cloud is very low. then we expect that
the motional potential will be only weakly shielded by the
cloud. In this case we approximate the electric ficld every-
where by the boundary condition on (i4) and wnite V_¢ =
—V x B/c for all space. If we require that ¢ = @(r_Xie.. we do
not allow any parallel clectric fields), then in the abscnce of
recombination we have from (7) in steady state that

-V.Vn =0 (n

which has only two possible solutions, either that n, = n,_,
everywhere or that n, varies in only one direction in space.
which is physically unreasonable. The oxygen equation 1s

=V.Vong = —ng.v,

(18)

which has the solution

04, 2
5 M0 k. To

[ Vv (},Z + :2)1‘2

t —X R>l 19)
arctan | ————— + < | |»
((_v“ +2 2/ (

This shows the product of the water column density traversed
bv an O ' 1on and the charge exchange cross section. Hence
the electron density 1s constant cverywhere while the oxygen
ion density 15 depleted and partially replaced by the water 1on
density. The contours of constant water 1on density relative to
the ambient clectron density are shown in Figure 2 for a
typical case of an outgassing structure which is emitting water
from a central region of 100 m in radius. We choose to look
on these large length scales since there 1s evidence from
plasma diagnosucs package {PDP) measurements around the
shuttle of water 1ons out to a kilometer from the shuttle (G
Murphy, priviite communication. 1987). We see that most of
the deplenion for the oxygen density occurs on the wake side
of the structure. and for this case. somewhat less than half of
the oxygen jons are converted to water 1ons Hence for this
case the water plasma cloud 1s actually a depleton refative to
the ambient clectron density

N. =n exp

ambient
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4. DirRIVATION AND NUMERICAL SOLUTION

OF THE AVERAGED CLOUD EQUATIONS

Since the plasma flow along the magnetic field 1s extremely
rapid compared to the perpendicular low. we can simplify the
equations describing the plasma by doing a formal muitiple
scale analvsis Physically, we expect the cloud to take a cigar
shape ulong the maynetic tield. The equations for the field line
averaged density and field line averaged potential can be ob-
ruined by averaging the density and potential equations where
the averaging operator is given by

di

F _(J“un) l:/ 5

Hence from this point. N o Ny, .. V.. and & refer to the field
line averaged electron density, water 1on density. ete. The tield
line average operator anmhilates the parallel terms in the elec-
tron denstty and potennal equations and mves for the density
equations (from (6vand (7H

‘[}v Dxb-TN, = Ny, (20)

-NN 2N

H;()'l\rn.)m

SV b xb-Va
B

41

while the potential equation tequation (1415

e |l

Moo | ‘\L)v ol.v
Ans0- Na- i J )

‘D_M:()'*\VM;()- =D NG

‘(vu;() )

Q,,.

)]:n (22)

In obtaining these equations we have used the multiple ~cale
assumption to say that the densities and potennal have o
strong dependence on the perpendicular direction and a weak
dependence on the parallel direction. This iy a reasonable as-
sumpuon for the plasma gquantities but cannot be apphed to
the neutrals. Therefore 1in (200 (21). and (22) we have evaluated
the neutral water density an the plane - = 0. Thiy assumpntion

-+ Lb X Vo V( No -

‘M0t O

+bx VOV(.\‘H:”_ 0
H0"

enables us 1o obtain a closed set of equations for the tield hne
averaged quanuties and sull contans the appropriate physics
We note that in 122) we have neglected the parallel current
carried by Allven waves This point will be addressed in future
work

T'his set ol equations deseribes the dynamic evolution ot o
water plasma cloud as seen from a moving Itume and with the
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potental caleulated self-consistenty We shall use these equa-
tions to study the evolution of a water plasma cloud where the
imttal density may be larger than the ambient electron density.
As pointed out by Caledoma et al. [1987]. such an enhanced
density cannot anse self-consistently solely by chemical pro-
cesses such as charge exchange. Therefore in those cases where
the water plasma density exceeds the ambient density we
assume that the water plasma has been injected at the imitial
time due to some mechanical mechanism such as the finng of
4 plasma source.

This set of field hne averaged equations for a plasma cloud
around o space structure still cannot be sohved analyucally.
but 1t can be shown that the only steady state solution al-
lowed 15 the one previously discussed where the electron den-
sity s uniform everywhere. The proofl of this statement is
gnen i the appendix and follows a simiar proofl in work by
Dungey {19587 Since 1n the far field the electron density must
match the ambient densitv. we conclude that plasma ciouds
whose density exceeds the ambient density cannot be steady
state structures. Therefore the enhanced densities seen around
the shuttle { Pickerr er al.. 19857 must be transient phenomena.
The fact that a plasma cloud whose density exceeds the ambi-
ent will continuously evolve 1s also suggested by the following
physical arguments: Such a plasma cloud will have a density
distribution which will probably peak toward the center of the
cloud. The moving cloud will have Pedersen currents in it
which act to modify the imposed motional field. These Ped-
ersen currents are density dependent since they arise from the
bulk mouon of 1ons due to the potential gradients. Therefore
we expect. and (22) confirms this. that the highest-density re-
2ons of the cloud will modify the motional potential most
cflectively Hence the low-density cloud edges will see a self-
consisient E x B dnft different than the higher-density re-
wiens This leads 1o a veloaty shear through the cloud which
causey 1 to continuousty distort Therefore no steady state will
c¢xist The ume scale on which thrs distortion will take place
will e a tuncuon of density It can be esumated on the basis
of the arguments given by Perkins e all [1973]1f we assume
thuat the gominant eflect of the cloud 1s to shield the potential.
It the cloud has density ng o> then the electric field 1n
the coud v E o =n .. nE, where E, =V xBo=Ege

From V x E =0 we obtain

E = -—vn .. 1 kdo daEg
The doad vedoany s Vo= (E x B B7 which gives
vy - b oo
o> - lnn noHdn )

amBient

W e that i the moving frame the cloud will doft backward
with o oveloats which depends on the denvity and will dnift
vdewass with g veloaty which depends both on the density

and on how sharp the density gradient s in the direction of

the eatial wrmd b rom these ostimates we can see that distor

toan wii wvut e tme seale ot £ [ 0 o where )

b donsiny foneth seale For the case of the space shuttle of
we tahe P aensity dength scale toohe the shuttle dength > S0

mtoand fuac o wdater on coud of 10 om i an ambient

Jenaty 0 10 m U then tor aovedoaty of S km s the distor-

o EESL RN A
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We have sohed the averaged cloud cquations reguastio.
200,421 and 220 for a0 S km by S km square 1egion nsiny
untform 101 by 10! Cartestan mesh The center of the - gud.c
With N, (v
grven it some hime we caleulate the potenual Gom 22y and
['hen that
oy by

wus fixed on the structure vyoand N0

use that result to obtain the flow tield velocttie:
information s used in {2 and (21 o advance the densit

one time step.

Suctessive point over reluxatton (SPOR) was usea 0 woe
the elliptic current balance equat:'n. This scheme mtroduces o
relaxation parameter into the equation, which then uh ws an
iterative solution of the problem [Roach 1976

tives were approximated by second-order finte dilarenoes

The deoava

and 1iterations were carrred out untd the maximumn crror ~La-
fess than 10 ° between two successive iterations. Neumann
boundary conditions were apphied in both the x and 1 direc-
tions. We required the potential to match the following
boundary conditions 1n the far field:

VxB
Vo= ——r
¢
in the ¥ x B direction and
Ve=0

in the direction of monon. The potential of the central struc-
ture was taken to be 4 V. which 1s consistent with measure-
ments taken from the shuttle.

For the convective equations we used the two-dimensional
flux correction method (FCT) of Zalesak [1979] The high-
order scheme was a leapfrog trapezoidal [Roach. 1976] with
fluxes calculated with the Aux formulac developed by Zalesak
[ 1984]. while a donor cell scheme [Roach, 1976] was used for
the lower scheme to complete the FCT algorithm Symmctie
boundary conditions were applied on the density disiributions,
and the flux limiter was applied on every iterauon No as-
sumptions were made about the svmmetry of the solutions so
that the computations were carried out through the whole
mesh. The oxygen ion density approached the ambient 1on
density (taken to be 2 = 10 cm V) at the edges of the square.
The water 1on density was assumed to have an imtial Gaus-
sian profile falhing otf on a length scale of S0 m

. , e —ry°
Voo = Nuo-ix = Ohexp (_R_)
'

where v = S0 m and R,

saale one water mnjection

SO0 m This simulates a large-
The rmitial water 10n protile for a
typical simulation as shown an Figuce 30 where the central
density for this case was Vg ax -0 = 107 om La this
figure the v direction corresponds to the negative wind veloar-
tv direction Thatas, the neutral wind 15 blowing from positine
vt negative v this ieure The negatve v direction s the
ducction ot the motonal clectnic ticld

In brgutes 4 6 we show the imtal distobution of potential
tor adensity prohle as vivenoan Frure Vand tor thiee mital
o water densities Inobigure 4 the munal water density was
Ny o= = 100 om
celectric tield decreasesy that anses when the total 1on density

In this hgure we see the shiclding

aveeeds the ambient oxyveen won density and the cloud behaves
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Fig. 3 Imiual water 1on density contours for numerical simulations. This corresponds to an imtial puff of water plasma
Water 1on density is normalized to the far field electron density
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Fig. 7 Water ion densny contours at 0.1 s for an initial central water 10n density of 10° cm * Water 1on density 1s

normatized 1o the far field electron density.

as a classical dielectric. In Figure S the central water density
was taken 10 be Ny q.(x = 0) = 10° cm ~ ? Here we see exact-
Iy the opposite tendency from Figure 4. The electric field
inside the cloud increases rather than decreases. This occurs
because the density gradient terms in the current balance
equation are large enough to overcome the natural poiariza-
tion which occurs due to the imposed motional electric field.
The electric field increases since a large mobility driven elec-
tric flux 1s necessary to balance the density gradient driven 1on
ftuy This tendency 1s confirmed in Figure 6, where we give the
potential distribution for Ny, ,.ix = 0} = 10" cm ° The po-
tenuial contours here can be well modeled as due to a4 uniform
maononal field and a positive charge on the positive 3 side of
the ¢loud and a negative charge on the negative v side of the
Thrs suggests that the picture of the plasma cloud
around large objects 1a the wonosphere as being a dielectnic
shield [KNatz et al.. 1984} 1s too ssmplisuc a model. The impor-
tant etfect of the plasma densaity gradients must also bhe taken

cloud

N0 deeount
\ typical simulation 1s shown in Figures 7-13 for the inital
water 1on putl given 1in Figure 3 and with an imtial density of
Ny v =01 =10 ¢m Since an enhanced density of this
magnitude would have to be caused by some means such as a
plasma source which would probably emit warm electrons, we
rock the recombmation rate for the water as 4, >3
<10 M em? s [ Murad and Lar 1986b], which corresponds to
an electron energy of 1 eV The neutral water 15 assumed to
have the form given (D) In Figure 7 we show the water won
Jdensits contours at O 1 s after the start of the simulanion. Thas
corresponds (o 16 gyropeniods. which s enough time <o that a
substantial Eox B daft can occur The water 1on cdoud s seen
te be drfune backward and 1o be yndergoing some distortion

on the backside of the cloud. The central region of the cloud 1s
seen 1o be breaking into two regions with very steep gradients
on the backside of the central region. The fact that most of the
distortion 15 concentrated on the backside of the cloud can be
understood by noting that the high-density core of the cloud
will drift more slowly than the rear fringes of the cloud so that
the back edge of the cloud will collide with the central core.
thus leading to the observed distoruon Also. around the
source. jonic water 1s stll being formed due to charge ex-
change and then immedtately drifing backward so that a very
steep density gradient in the sonic water 1s observed near the
source. The distortion on the backside of the cloud may be the
de elopment of the F x Banstability In barium cloud studies
where the equanons [Perkins er al. 1973) for the barium
cloud are very similar to the ones used here the cloud was
observed to break up into tilaments both experimentally and
numernically Zabusky et ul. 1973] For barium clouds 1t s
believed that the filaments may be associated with the forma-
tion of E »x B nstabilities [ Drake and Huba. 1986] This leads
us to suggest that the filaments may be due to & similar
reason. This important topic of possible instabilities 15 the
subject of ongoing research and will be reparted n a4 future
publication. This also suggests that long-wavelength, low-
frequency electrostatic noise may be inextricably inked with
the large water densities observed around large objects In
Figure 8 we show the associated oxygen density contours at
the same time This region dehimits the area where new onie
water 15 being created from the area where 10mc waler cvasts
because 1t has come from the minal conditions Comparison of
this heure with the last hgure suggests that part of the break -
up o the central core may be due 1o the creabon of some

wdater there moan assmmetric manner in this naoure we also
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see the very sharp density gradients i the oxygen densuty
along the edges of the oxvgen hole. In 0.1 < the region of
oxyvgen depletion extends back behind the structure a distance
of approvimately 0.7 km. This suggests that the center of the
water cloud 13 moving with a drift velocty of approximately 7
hm < This 1s less than the selocity at which an individual 1on
would drift backward if it saw only the mouonal ¢.cetric field
and occurs because the tons tn the cloud are being atfected by
the ~elf-consistent electric field and not the mouonal electric
held. In Figure 9 we show the potential contours at 0.1 s. The
fact that the cloud has moved relative to the structure s clear-
Iv ~een in this figure since the region where the potennal con-
tours are distorted has moved backward. For Figures 10 13
we show the tme development of the water 1on cloud at 0.15,
B2 025 and 0.3 5 The cloud continues to develop a tadpolel-
ihe shape m the direction of cloud mouon, and the central
breakup and gradients become more pronounced. The insta-
bihty on the backside of the cloud has entered a nonlinear
state where distinet tingers have formed on the backside of the
oud. This has also been seen in barum cloud releases in the
1nosphere. The cloud distribution over this peniod of time
suggests that measurements of the cloud density from the
structure will see a density that is both time dependent and
spatially amisotropic. This suggests that density measurements
from the space shuttle must be tnterpreted with care.

The tme that ions spend in the vicimty of the structure is
critical to determining the range of chemical reactions that
they can undergo. This question is of substantial interest since
there 1s evidence that chemical reactions can occur over sur-
faces in space {Green et ul. 1985]. In Table | we give an
estimate of the residence time of a water ion in the vicinty of
the space shuttle as a function of the imtial central water ton
density The residence time t was defined as ¢ = L v, where L
is the length of the shuttle, taken as 50 m. and v, is the cloud
dnft vetocity determined from the simulation. We see that the
restdence time of the ions 1s 1n the millisecond to tens of
mithseconds range and furthermore the higher-density cases
lose 1ons substantially faster than the low-density cases. This
sugpests that measurement of the decay rate of a putl of
plasma will not ginve a unique answer {or the won residence
ume [ Sasdaki et ol 19857 Rather the 1on residence time 15 4
function of the density. as we would expect for a loss process
which 15 not hinear For the fow-density crse the residence
time 15 consistent with measurements from the shuttle Caledon-
nt et ai . 19R7] In the work by Cualedoma et al. [1987] 1t was
shown that a signal of n, . n,. of 01 was consistent with a
lons trne for the water 1ons of 40 ms We also note that these
times .ir~ consistent with results from Spacelab 2. where en-
hanced 1onic densities were not seen and substanual shielding
of the motional potent il was not observed (J Runtt. private

communication, 19861

TABIE 1 Resutence Time Against Central lon Warer Densny
ARPIFL S
«m ms
jut 14
i 19
e ¥
in <
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S CONCLUSIONS

We have formulated a simple model for the plasma cloud
around a large structure in the tonosphere. One such structure
1s the space shuttle. and another may be a4 system like the
space station. The model has been applied to an 1onic water
putl. and the dvnamic behavior of the cloud followed

A number of important conclusions can be drawn. First s
that the cloud possesses no steady state if the electron density
1s enhanced above the ambient density. The second 1s that the
effect of density gradients in the cloud may actually enhance
the electric field that the cloud sees. so that the picture of the
cloud always acting as a shield against the mouonal potental
is too simphstic. The third 1s that the cloud may be subject to
electrostatic nstabihties which will grow and <aturate with
distortion of the cloud structur=. This will mean that clec
trostatic notse and turbulence may alwayvs accompany these
clouds. Finally, we conclude that the cloud structure will be
highly anisotropic. which suggests that measurements of the
cloud density from the structure must be treated with care

Future work will concentrate on elucidation of the elec-
trostatic instabilities associated with the cloud and on resoiu-
tion of the 1on residence times with the observed chemistry
around the shuttle.

These conclusions indicate that sensors or bhoard ~ystems
like the space shuttie or a space station will have to cope with
a background which 1s spaually anisotropic. temporally vary-
ing. and also clectrostatically noisy. These 1ssues will also be
studied in future work.

APPENDIX: ANALYTIC PROOF THar CLotn
EouaTions HAVE NO STEADY STaTE

We consider equations (200 (21). and (22) with recombu-

nation in the electron equation ignored for simphatny We
define two potenuals by
B ~
Vo =—— =D __Inn,. 23
Keye .
o 3
A
IR ~=D H.O- in Mo 24
LTI ¢

We assume that the density equatons for the oxygen und
witer possess o steady state and that the plasma cloud s
moving with some constant veloaity Vo With this assumpnion

we Can wnte

ey . .
— = =V VU, oo, (25

t

[N

1

S NI T PR A

We substitute 125 and (260 into (200 and the equisadent equa-
tron for the water 1ons and use the detinions of the potentigis
in (23 and (24 10 obtan

- L'\'ut, x hi -\, [
B

'

VooV, 77"\-‘.‘,,_,) x b Vo Y
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Fhese cauations fuave the generdd soiution

I
N H - V¥ 129)

IR

130

T N

niLn‘
where Hoand G are constant vectors related to Voand VY, .
i VWO are arbutrany functions of the water won density and
ovveen ton density, respectively  IE we substitute these ex-
pressions for the potentials in (224 we obtain

Vi - an-()" =M Vng o N V”h;n' 13

0

where the vectons Moand N oare independent of the densities
W nroerate 131 over aovolume Vobounded by a surface of
consiant clectron density to obtain
: - R
VAW, = Wy bdlb =0 132
Jh
Noew o we muitipiy 3D by W0 - W Cintegrate over the
same solume. and use 1321 and Green's theorem. we obtain

A s AV A LV (33)

ok
This s oniy possibie
VW, - VW, =0 134

[hes indicates thut the electron density equation must be of

the torm
VooV =0 3%

fhe oniv nonconstant sofution to this equation s for the elec-
rron density to vary noonly one direction ain space. which s
phisically unreasonable Therefore we can conclude that if the
electron density has closed contours then 1t has no steady
Jtate and of there s o steady state then the electron density
must be the ambient density eversywhere

The suthors would hke 1o achnowledge useful

1oa wcdamieny -
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The Motion of Contaminant Water Plasma Clouds
About Large Active Space Structures

D. E. HASTINGS AND N. A. GATSONIS

Department of Aeronavtics and A stronaubics, Masiachusetts Institde of Technology, Cambndge

Large structures in low earth orbit will release neutral water or ions through outgassing, water
dumps or thruster irings and thus perturb the ambient ionosphere. Neutrals and ions within
the perturbed environment will undergo chemical reactions to form a contaminant cloud. It is
assumed that the contaminant cloud consists of ions such as O%, H,0%, H3O* and neutrals
such as O, H, OH and H30. A two-dimensional modei for the motion of the contaminant cloud
perpendicular to the magnetic field lines is developed. Numerical soiution of the derived model
equations examines the effects of Alfvén wave coupling, neutral water density, ion temperature
and initial conditions on the cloud motion. In low density neutral water clouds (< 10° cm‘a) the
shielding of the electric field is small. In neutral water clouds with densities of interest for shuttle
conditions (~ 10'® cm~3) the shielding 1s predicted to be of the order of the motional electric
fleld and the ratios of the line averaged densities of the ions 1s consistent with experimental
data. The effect of ion temperature is negligible for the range of densities and temperatures
considered. It is predicted that for symmetric ~ itial conditions, the drifting clouds will develop
fingerlike instabilities. Plasma depletions ar- , redicted in the wake of the moving structure with
enhancements in the ram direction. Asymmetric initial conditions, such that could result from

| a thruster firing, rotate the plasma clouc which undergces a highly asymmetric distortion.

1 INTRODUCTION

With the advent of large active structures in space such
t as the space shuttle and the planned space station it has
been realized that these structures will significantly perturb
the ambient ionosphere by the generation of a contaminant
‘ plasma cloud. The plasma cloud may arise either by ioniza-
tion of gases released from the atructure due to such mech-
anisms as outgassing or thruster firings or may be due to
the deliberate release of a plasma cloud by the firing of a
plasma thruster. [t is of interest to understand the dynamic
| evolution of these clouds for three rea.ons. One reason is
: to give of information on the ambient ionosphere and ita
| chemistry. Another reason is to understand the environ-
‘ mental impact that large space structures will have on the
‘ ionosphere and thirdly to determine the impact that con-
taminant clouds may have on the operation of the apace
structure itself especially if it contains sensitive sensors.

The contaminant plasma cloud about the space shuttle
nas teen studied experimentally by several authora ; Pickett
et al., 1985; Murphy et al., 1986; Reasoner et al., 1986].
Caledonta et al. [1987) showed that their measurements were
zcnsistent with an jon residence time in the vicinity of tae
shuttle of 40 ms. Theoretical work on the plasma cloud
about the space shuttle started with the suggestion that
- the plasma cloud could be highly polarized leading to a long

residence time for the ions in the shuttle frame  Katz et al.,
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1984]|. A model for the unsteady motion of the plasma cloud
was developed by Hastings et al. (1988, where it was shown
that for the densities around the shuttie the pclarizaticn
of the cloud was highly dependent upon the ion density.
Another study of the plasma cloud which takes into accoun:
the effect of Hall and Pederson currents has been undertaken
by Eccles et al. {1988]. The Hall currents are shown to rotate
the polarization field a0 that it is not antiparallel with the
motional electric field.

In this work we extend the model of Hastings et al. '1988
to include the coupling of the cloud to Alfvén waves which
can carry current parallel to the magnetic field. The clcud
equations are studied systematically as a functicn =f the
parallel interaction length, neutral density, ion cemperature,
and the initial conditions.

2 DEVELOPMENT OF THE CLOUD EQUATIONS

We assume that the space structure mcoves with the or.
bital velocity of V, = 8 km /s perpendicuiar t7 the magnetic
field lines and creates a neutral water cioud. In a reference
frame attached to the structure (structure frame, the ambi-
ent O7 jons sweep through the water neutrals with energies
up to 5 eV. Under such conditisns ionic water is {>rmed ty
the charge exchange reaction

0 ~ H;0 %X 0 ~ H;0° SE

For simplicity we shall consider a plasma cloud consisting
of three compconents, namely, O, H;0" and HyO" nter-
mixed with a neutral cioud composed :f O, H,O, OH arnd H.
The ions and neutras are allowed t- interact ineiastica..y




Rt

gbimot
H30% R0
— HsO* + CH

H,0" + H,0 (2)

krttom
HaO*t.
—

H,O% + e ‘OH+H (3)
kl’((Om
9" H,0+H

H30+ + ¢ (4)

The charge exchange reaction rate is taken to be kcx = 2.4 x
107? ¢cm®/s [Bolden and Twiddy, 1972} and the bimolecular
reaction rate is taken as k;',“‘o".‘,_,,’o = 1.7 x107° cm?/s
‘Caledonia et al., 1987]. The electron recombination reaction

rates are taken as ki*0% = 3 X 1077 cm®/s [Murad and
La, 1986} and km . = 2.4 x 1077 cm®/s (Mitchell and
3 '€

McGowan, 1983].

We work in a frame of reference where the space structure
is stationary, the magnetic field B is in the s direction and
the ambient wind in the negative x direction with a speed
of 8 km/s (Figure 1). In the structure frame and in the
absence of any other electric field within the plasma pertur-
bation the observer will see the unshielded motional electric
field B, = V, x B in the negative y direction (Figure 1);
in that frame the guiding centers of the ions will drift with
the —V, elocity. However, within a plasma density pertur-
hation the electric field and consequently the drift velocity
v:ill be detexmined by the balance between Pedersen and
Hall currents, ambipolar diffusion currents, “pickup” cur-
rents as well as parallel currents carried by the Alfvén wings.
"Lioyd and Haerendel, 1973; Goertz, 1980; Neubauer, 1980].
Charge buildup due to ion-neutral collisions or “pickup”
processes will create a polarization field which will shield
the imposed motional electric field. Consequently, the elec-
tric field within the plasma cloud will be |E| < |En| and
the ions will drift backward (in the structure frame) with
a speed which is less than the orbital. In the case that the
motional electric field is entirely shielded, the plasma cloud
will be stationary or it will be moving with the structure
velocity in a fixed frame [Katz et al., 1984].

The continuity equation for the s-th ion with density N,
.a given by

ANA

Y +V - (UO*’ NO"') = “N()? k(xAVH‘)O (5)
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Ny, o+
at

bimol
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+V  (Unyo+ Nyyjor) = No» ke N0
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; la
HaO* e ¢ ! )
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at
N kbimol N
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recom f o~
NH;()"kH,()' N by

where the right-hand side terms are the ionic chemical
source and loss terms obtained from the chemical reacti-n
equations (Equations (1), (2), (3), and (4)).

The drift velocity of each ion species can be obtained
from the ion momentum equation {Hastings et al., 1988; E.-
cles et al., 1988]. For the i-th ion and if the ion inertia is
neglected (which implies that the drift velocity of the ions
is smaller than the thermal) the steady state momentum
equation is

0= —T,VN, +¢N, (E +

U,x B
u58) yu

=miN: Y vin(Ui = Un) - miN: i, (U - U,)  (8)

where T, is the temperature, NV, is the density, U, is the bulk
velocity, U, is the velocity of the neutral n and v, , o, s is
the collision frequency of momentum transfer between the
species i and j or n. We included the term R? to account
for momentum transfer due to reactive collision of the ion
i+ in reaction b. In general for the ion 1 created or lost in a
reaction 4, the momentum transfer operator has the form

R} = 5/m,(U, - U}) (9)
where S? is the rate of production or depletion of the 1-th
jon in the reaction b and the U? is the velocity with which
the ion is created or lost in the reaction. Clearly, with this
definition of the momentum operator, there is no average
momentum lost for those ions which are depleted in the
reactions considered, since these iorns are lost with thei. av-
erage velocity. However, for the ions which are created it is
important to establish the velocity with which they leave the
reactions. In the charge exchange reaction we assume that
the water jons are created with the water neutral velocity,
80 U;{",(,, = Un,o0. In the bimolecular reaction we assume
that the created hydronium ions gain the bulk velocity of
the water neutrals, so that we can write U;’;’“;;’L
A complete model for the momentum transfer cperator in
a chemically reacting plasma is beyond the scope of this
paper (Burgers, 1969; Li, 1966]. However, detailed numeri-
cal simulations indicated that the dominant mechanism for
momentum transfer are the elastic ion-neutral collisions and
not the reactive collisions. We can write then the momen-
tum transfer operators due to reactive collisions as follow

= UM,U-

Ry, =0

ox ’
HaO)* = mM,()‘ h(\o krl-\-]h',()(l]”")o - (I”)\))

(10)
(11)
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bimol _
Ry,or =0

(12)

W,0s =0 (13)

RyTos =
Myso+ Nujo+ k:i,"gl.u,oNH:O(Uu,r + = Uny0) {14)
Ry, 5+ =0 (15)

The perpendicular drift velocity of the ion ¢ then can be
written as

U, - AxB A ("_) B
L B? B \Q./1+(/0,)?
o [x T 1] (16)
where the vector A' is given by
A= —cV (¢+€i) +CLMF;,+;-CA-,TF{ (17)

In (17) the potential is ¢, the ion temperature is Ty, the ion
density is N,. The neutral force densities which arise from
elastic and inelastic jon-neutral collisions are

.
FQ = mosNos [ D vor oUn (18)
n
Hy0*
FN, = mH,O+ NH,O" ZVHQO*.DU"
n
+my,0+ No+ v Unyo (19)
.
F:)O = mH;O" NH;O" <Z VH304 .nUn)
”
+my, o0 Ny o0 2™ Unyo (20)

bimol bimol
where v°* = kcxNy,0 and v''™% = ku',":;)*,u,oNH:”- The

comparable force density for the t-th which arises from ion-
ion collisions is

Fi=mN> v,U, (21)

I#

The total collision frequency for momentum transfer v' is

defined as
L Al -+
v = Vin * Vrcaction Vi
n

1

(22)

is the rate of momentum transfer due to
For

.
Where UY(I((IOD

chemical reactions where an ion is created or loat‘*
Hqap O
= 0, for H;0% we have v ?

reaction
HyoO*
reaction

+ ot
07 we have V., cvine

(N« /Ny,o+ v and for HyG*' we have v
(AVH,()O/NN,()Q)V‘JI“IOI-
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We expand the ion drift velocity in the expansion pa-
rameter v' /{2, which is the collisionality, to obtain to loweat
order

(0)

Y =-5:Viv. xB (23)

and to first order
! nxB Fi«B
UM - _fg e (Y, [FaxB F )
LTI\ T B TN N, | Y

where the pressure modified potential ¥, is

vo=¢+ LN, (25)

e

In using the collisionality as an expansion parameter we re-
strict ourselves to neutral densities below 10'' ¢m ™2 and
neglect the Hall terms which give rise to the rotation seen
in the work of Eccles et al. [1988]. However, small collision-
ality allows us to keep finite ion temperature in a consistent
manner, since the effect of the ion-ion collisions appears to
first order in the velocity which we neglect for the density
equations. In the work of Eccles et al. {1888 the collision-
ality is not taken to be small and the jon temperature is
taken to be zero. We are interested in keeping a finite ion
temperature since we wish to model initial conditions such
as thruster firings.
The perpendicular ion current due to collisions is

b= T en 0 =

[} [

¢ g LA
& Fi xB—ZeA.Bn‘V%
(26)

where the collision frequency 7" is
— i
v = - E vi,

We note that all the ion-ion collision terms have dropped
out of the net current, although they have not drepped sut
of the the individual ion currents . This is due to ion me-
mentum conservation.

The perpendicular ion current due to the polarization
drift is

(27)

2 1 dVe
Jigo = ";1-4—”‘—&'!— (28)
where the Alfvén velocity is
3
i 5 (29)

AT 3, Nom,

An expression for the parallel current can be derived from
the theory of Alfvén wings |{Goertz, 1980}. The parallel cur-
rent is 2 B

4
vV E,=
*B

Ju==%

(30)
4¥vu,

Ws use (26), (28), and (30) in the charge conservation
equation, keep the largest time derivative terma, neglect the
parallel electric field compared to the perpendicular electric
field and obtain




(REN
? d
v —V . E
vivAds +
~4r¥ Z'BTFN"B ZcN Vv. =0 (31)

where d/de is the derivative along the Alfvén characteristic

_ U, +tvaB/B

VA

We can integrate {31) along the Alfvén characteristics tn
obtain the potential equation

-V | V¢ 1+/ v“‘
UAI
ds iT ds Y Fuxb
—_ —_ In N, - =0 (32
+/UAZUZ /v,eZN/ﬂ (32)

where va is the Alfvén velocity of the 1-th jon species. The
current carried by Alfvén waves is represented by the first
term in (32). As can be seen from the second term the
Alfvén term is dominant for low collision frequencies while
f.r higher collision frequencies the Pederson terms are dom-
inant. The charge conservation equation can be seen to be
of the form

v (€V¢)] = Pext

f:r some dielectric constant € and some external charge den-

(33)

:ity poxe. The dielectric constant has the form
ds _,
e~1+ [ —7 (34)
Va

The parallel interaction length to perform the parallel inte-
gration over can be estimated as

Va
Lu 2~ 2Fctoud —
v

(35)
where *,)..,4 i8 the cloud radius in the perpendicular direc-
and v, is the average perpendicular drift velocity of
the ¢loud. This expression is the distance an Alfvén wave

v, -
ton

“an travel in the time the cloud takes to convect acrnss a

magnetic field line. If we use (35) in {34) we obtain the
fieiectric constant as

e~ 1 + 27,40 — (36)

v

For plasmas with low neutral water density the collision fre-
quency i3 small and the drift velocity is of the order of the
crbitai speed. In this case, € < 1 and the electric field in the
pinsma ia the motional electric field since the plasma does
notehigld out the field. Physically, the parallel electron cur-
carried by Alfvén waves i &0 large that no mignificant
neit can tuild up in the plasma cloud to shield out the im-
r:2ed motional electric field. For a plasma where neutral
water density is high, the collision frequency is large and the
irift velscity is small. We find that ¢« » 1 and so the elec-

r:- feil i« highly shielded.

rent

In this case the perpendicular
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ion current is sufliciently large to give rise to a substynt!
change in the motional electric field.
The density equation for the 1-th ion is given 'y

dN, ¢ . "
—5?-— zﬁ‘7L¢ xB UN, = S, - L. (ul}
where the righthand side terms are the isnic chiemncnl zource

and loss terms (see also (5), (6), (7).
neglect the parallel flow terms relative to the perpendicuiar
flow terms. This can be justified by noting that the parallel
scale length is expected to be much longer than the perpen-
dicular scale length and if the electric field s not perfectiy
shielded {Hastings et al. 1988!, then the perperdicular iun
velocity is much larger than the parallel ion velocity waich
is in magnitude of the order of the ion acoustic velocity
[Caledonia et al., 1987].

The neutral densities (for water, oxygen, hydroxyl and
atomic hydrogen) are obtained as the eolution of equations
of the form

In this equatioin we

AN,

sn - Ln
at

V. (NU,) = (38)

where S., L, are the appropriate neutral source and loss
terms. Consistent with our low collisionality limmit we take
the neutrals to be ballistic and therefore take the neutral
velocity as the initial velocity with which they enter the sys-
tem. For the oxygen and hydrogen this is the orbital speed
in the negative x direction, i.e Uo o, v = —V,. This stream
of neutrals constitutes the neutral wind in the structure
frame of reference. For the water and hydroxyl we assume
that their velocity has a radial direction from the moving

structure with magnitude equal to the thermal speed, i.e.,
‘JﬂgOnrOH = 27}/1nne“

3 NUMERICAL ANALYSIS OF THE CLOUD EQUATIONS

The density and potential equations have been solved as
in Gataonss (1987 and Hastings et al. [1988]. We briefly
review the procedure. The equations are solved for a 5 km
by 5 km square region using a uniform 101 by 101 cartesian
mesh. The center of the computational domain was fixed cn
the structure which is assumed to be circular with a rading
nf 50 m. The magnetic field is in the s direction and the
motional electric field is in the negative y direction (Figure
1). With Ny, o+ {(2.v), Ny, »+ (2,¥) and No(z,y) given
at some time we calculate the potential from (32) and use
that result to obtain the flow field velocities. Then that
information is used in the ion density equations ({37)), to
advance the densities by one time step. The neutral density
equations ((38)) were advanced in a similar manner.

A successive point over relaxation (SPOR) scheme was
used to solve the elliptic current balance equation ((32)).
Neumann boundary conditicns were applied in both the x
and y directi~ns. We required the potential to match the
following boundary conditicons in the far field

V. xB

<

V.- -
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in the V, x B direction and
Vig=0

in the direction of motion. The potential of the central
structure was taken to be 4 Volts which is consistent with
measurements taken from the Shuttle. A potential of this
order would arise from spacecraft-ionosphere sheath effects.

For the convective equations ((37), (38)) we used the
two—dimensional flux correction method (FCT) of Zalesak
[1979]. The high order scheme was a leapfrog-trapezoidal
with fluxes calculated with the flux formulae developed by
Zalesak [1984] while a donor-cell scheme was used for the
lower scheme to complete the FCT algorithm. Symmet-
ric boundary conditions were applied on the density distri-
butions at the outer boundaries while solid wall boundary
conditions on the interior. The flux limiter was applied on
every iteration. All simulations were run to a time of 0.2 8
(~ 6 ion gyroperiods)at which time the cloud has moved a
significant way towards the edge of the computational grid.

Symmetric Initial Conditions: An Outgassed Cloud

We assumed that the water neutrals are outgassed ra-
dially from the moving body with their thermal velocity.
Then their initial density can be written like

To

Nu,o(r) = Nuyo(r = 0) (—)2 (39)

i 4

where 7, = 50 m is the radius of the moving structure and
r is the distance from its center. The central neutral water
density was taken as a variable in the simulations.

For the water ions we assumed that they follow an initial
distribution given by

Ny,o+(rit=0) =

2
1074 + Ny, 0+ (r = 0)exp {— (I' :Lr" ) (40)

The above formula represents a Gaussian distribution
falling off at a distance rp = 500 m on the top of a flat
distribution. The central water ion density was taken to be
Ny o+(r) = 10 cm™>. For the hydronium ions we assume
an initial fat distribution with Ny, ,+(r,t = 0} = 107*
cm~>. The neutral ambient species were assumed to follow
uniform distributions with No(r,t = 0) = 8 x 10® cm™?,
Nu(r,t =0) =10° em™*, and Nou(r,t =0) =10"* cm™>.

For the ion temperatures needed in the potential equa-
tion we assumed that the outgaesed contaminant cloud is
at a temperature of 300° K, so that Ty, + = 0.025 eV and
Th,+ = 0.025 eV. For the oxygen ions however the tem-
perature was that of the ambient LEO environment taken
to be Teys = 0.1 eV.

The ion-neutral collision rates were calculated assuming
a hard-sphere collision model. For collisions between H,0*
sr HyO% and O, H, OH or H;0 the ion temperature was
taken to be 0.025 eV. For collieions between O* and O or

55

H we assumed that T,+ = 0.1 eV, since most of the colli-

sions will be between the ambient Ot which is the domi-
nant jon and the background neutrals O and H. However,
for collisions between ionic oxygen and neutral water or the
hydroxyl radicals it was assumed that the relative energy
was 5 eV. For the time scales that we are interested in, the
outgassing occurs at a constant rate giving rise to a spher-
ically expanding neutral water cloud. Hence the outgassed
neutrals will always see a streaming O with energies al-
most equal to the ram energy, i.e., 5 eV. We anticipate also
that the OH species upon their creation follow the water
neutrals and interact with the O% in a similar manner like
H;0.

We performed simulations assuming central neutral wa-
ter density of 10® cm >, 10° cm™® and 10'° ¢cm ™2 for both
the limits of the parallel interaction length of 50 and 500
km. The lower limit of the parallel length corresponds to
a 500 meter in radius cloud, moving with drift velocity of
approximately 8 km/s in an environment where the Alfvén
velocity is about 400 km/s. The upper limit of the paral-
lel length, taken to be 500 km, is the distance along the
lines of force from the cloud in low earth equatorial or-
bit down to the E—layer of the ionosphere; this is a ait-
uation where the cloud should experience strong shielding
and, thus should drift with much slower than the orbital
velocities. Figures 2, 3 and 4 show results for the three
neutral densities and for the maximum parallel interaction
length of 500 km.

The three casea shown in Figures 2-4 mark the transi-
tion from a practically unshielded cloud (Figure 2) to a
cloud with moderate shielding (Figure 3) to a cloud with
substantial shielding (Figure 4). This behavior is depicted
very clearly in the pictures of the potential. The potential
contours start from almost a flat distribution for the low
density neutral cloud to end in a highly shielded distribu-
tion for the high density neutral water cloud case.

In Figure 2 where the central neutral water is 10® cm™
the contaminant cloud drifts backward quickly. The front
side of the water ion cloud remains smooth while its back
develops fingerlike disturbances. New ionic water is formed
with - maximum of 1.39 x 10® cm™? at the wake of the
mov.  etructure. The hydronium ions, initially flat, de-
velop a cloud-structure as well. Hydronium ion formation
is predicted to be confined at the wake region of the mov-
ing structure. The oxygen ion distribution completes the
above picture, showing a depletion region which extends al-
most 2000 m behind the moving structure. This depletion is
confined at the region where charge exchange and recombi-
nation reactions are important, i.e., the region of new ionic
formation.

In Figure 3 the central neutral water density is 10° cm ~
and shielding effects are important. In that case the cen-
tral, dense region of the cloud is8 moving slower than the
edges, producing a tadpole shaped formation. In the back
side of the cloud a steep gradient is formed, since the back
side moves more quicly and catches up with the slowly mov-
ing center. The front side however elongates and the whole
cloud deforms into a “dumbbell® shape. The front side of
the moving cloud remains smooth while its back side devel-
ops finger like disturbancea. Overall, there is a substantial

formation of ionic water, with a maximum of 1.5x 10% cm =,

3

3
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density of 10% cm™3 at a time of 02 » after release
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Fig 2 lon density contours and potential distribution in a plasma cloud with symmetnc instial conditions and central neutral water

The interaction parallel length is 500 km and the contaminant H;0' and

H3O™* temperature 18 0 025 eV (top-left)Water 10n contours. Normalization 1s to the imitial central value of 10°3 ¢m =2 (top-right)

Hydronium i1on contours. Normalization 1s to the ambient value of

-3

10" 4em (bottom-left) Oxygen ion contours. Normaligation 1s

te the ambient value of 2 x 10% cm™? (bottom-right) Patential distnbution in volts as meaaured in the frame of the moving structure

which i8 lncated at (0,0) km

an ~rder of magnitude increase to the initial central density.
The hydronium ion species develop a very similar *dumb-
bell” structure with a maximum at the wake, predicted to be
at1.4<10? cm~>. The oxygen ions deforms in a cloud atruc-
ture forming a depletion region in the wake with a “hole®
which levels off at 0.7 x 10®> ¢m ™®. In the ram direction,
hnwever, an "enhancment” is predicted due to the density
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pile-up. The morphological picture of the cloud deforma-
tion presented here in very similar to what was predicted
in previous work in the discussion of the behavior of dielec-
tric clouds [Perkins et al., 1973]. The potential figures show
the shielding behavior of the cloud to be confined at places
where neutral density is high. A very important feature is
shown in the wake region of the moving structure where the
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Fig. 3 lon density contours and potential distribution in a plasma cloud with symmetric initial conditions and central neutral water
density of 10° cm =3 at a time of 0.2 seconds after release. The interaction parallel length 18 500 km and the contaminant H;0* and
H30™* temperature is 0.025 eV (top-left) Water ion contours. Normalization is to the initial central value of 103 cm ™3 (top-nght;
Hydronium 1on contours. Normalization is to the ambient value of 107* cm ™2 (bottom-left) Oxygen 10n contcurs Normalization s
to the ambient value of 2x 10° cm~2 (bottom-right) Pnatential distribution in volts as measured in the frame of the moving structure
which 18 located at (0,0) km.

potential contours are shown to steepen in contrast with  apecies. At high neutral density regions, collision frequen-
the ram region where they smoothly fall off to match the cies are large, the drift velocities are small and the electric
boundary conditions. This behavior of the potential is also  field is shielded. However, in regiona where coilisicn fre-
depicted in Figure 2 and Figure 4. The explanation lies in  quencies are low currents due to ion density gradients act
the equation of the potential and the associated currents. In  with the motional electric field and short-circuit the shield-
the wake the water neutral density is low, compared with ing currenta. These regions in turn move very fast with
the ambient, while there is an excessive build-up of ionic  large parallel zurrents carried by Alfvén waves. A similar
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Fig 4 lon density contours and potential distribution 1n a plasma cloud for symmetric initial conditions and central neutral water
jensity f 1017 cm ™2 at a time of 0 2 & after release. The interaction parallel length is 500 km and the contaminant H,07* and H30+
temperature 1s 0 025 eV (top-left) Water 1on contours. Normalieation is to initial central value of 10% cm™2 {top-night) Hydronium
ion conteurs Normalization 1s to the ambient value of 1074 em ™2 (bottom-left) Oxygen ion contours Normalization is to ambient
value f 2 x 10° ecm ™3 (bottom-nght) Potential distribution in voits as measured in the frame of the moving structure which 18
crated at (0.0) km

behavicr has been observed before in cases where the ion  earlier state of development. At 0.2 s the cloud just atarted
iensity was larger than the ambient [Hastings et al., 1987]. t~ develop the “dumbbell” shape. There is a substantial

Figure 4 represents a cloud with central neutral density f.rmation of ionic water due to much longer residence time
-£10*" :m ™. The shielding effect is dominant at the re- f uxygen ions with a maximum at 142 x 10° c¢m *. The
gi>n of high neutral densities. The water jon cloud drifts fingerlike disturbances are just about to start forming in the
“ackward more slowly than the previous cases. The overall central regions, due to the differential streaming of the ions.

picture of the cioud resembles that of the Figure 3 but onan  The hydronium ion also shows significant formation and a

5%
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Fig. 5 Normalized line average HaO* densities as function of the azimuthal angle for different neutral water densities Normalication
is to the initial [O%](8,t = 0) = 5 x 10! em~2. I, Normalized [H20 ™| density at the time of release. A, Normalized iH207! denaity
at a time of 0.2 s after the release for an initial central neutral water density of 108 cm~3. B, Normalized [H;O’[ density at a time of
0 2 s after the reiease for an initial central neutral water density of 10° cm~3. C, Normalized [H,0*] density at a time ¢f 0.2 a after
the release for an initial central neutral water density of 10!® cm™2. (left) The interaction parallel length is L, =50km {nght) The
interaction parallel length is Ly = 500 km.
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cloud stucture. The maximum at the wake is 3.4x10* cm ™3,
There is also a large depletion of the ionic oxygen with a
“hole” at 0.3 x 10° cm ™*.

The simulations in the case of an outgassed cloud were
performed to study the effects of the initial central water

Normallzed line average H30O+ densities
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density, the parallel interaction length and the ion temper-
ature. For comparison of this information we calculated the
line average densities as measured from the center of the
moving structure as function of the azimuthal angle. For a
species s* the line average density is defined as
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Fig. 7. Normalized line average O densities as function of the azimuthal angle for different neutral water densities. Normalization
is to the mnitial [O*](8,t = 0) = 5 x 10'° em~2. ], Normalized [O*] density at the time of release. A, Normalized [O%] density at a
time of 0.2 s after the release for an initial central neutral water density of 10® em~3. B, Normalized [Ot] density at a time of 0.2
s after the release for an initial central neutral water density of 10° em~2. C, Normalized [0t} density at a time of 0.2 s after the
release for an initial central neutral water density of 10'° cm™. (left) The interaction parallel length is L; = 50 km. (right) The

interaction parallel length is Ly = 500 km.

R
[s*1(8,1) =/ N,.(1,8,t)dl (41)

where R is the radial distance taken to be 2.5 km and 8 is the
azimuthal angle measured from the direction of the velocity
vector counterclockwise. For all ions the line average density
at time 0.2 s after the release was normalized with that of
the O7 at the time of the release. Using the definition of
the average and the initial conditions one can show that
'0°'(8,t = 0) =5 x 10" cm ™%

The 'H,0O*| densities are shown initially and at time 0.2
a for Ly = 50 km in Figure 5A and for L) = 500 km in
Figure 5B. For all the central water densities considered
there is ionic water formation in the wake of the moving
body. For the Nu,o(r = 0) = 10® cm > neutral cloud there
is no difference in the levels of ionic water between the two
parallel lengths. The shielding is not important for the low-
density cloud. However, for high-density neutral clouds the
difference becomes more evident, since shielding slows down
the cloud, thus making the charge exchange reaction more
efficient in producing ionic water.

The {H.O*! denaities are shown initially and at time 0.2
s for L, = 50 km in Figure 6A and for L, = 500 km in
Figure 6B. In all cases there is production of hydronium
ions. The levels of hydronium ions increase witl, the zen-
tral neutral density for both the interaction lengths. Again,
as for the water ions, the low-density case shows n»> differ-
ence between the two interaction lengths. For high neutral
densities however the large interaction length allows more
hydronium inn creation due to larger water ion residence

tilnes.

)

The [O*] densities initially and at time 0.2 8 are shown
in Figures TA and 7B, for interaction lengths of 50 and 500
km, respectively. The O% depicts a depletion region ex-
actly where new ions are formed, that is, at the wake of the
moving structure. The depletion increases with increasing
neutral water density for both the parallel lengths. For the
dense cloud with Nu,o(r = 0) = 10'° cm® the depletion
extends throughout the structure while for the less dense
clouds it is confined between 4 = 120° and 4 = 240°. For
Nu,o(r = 0) = 10'° and Ly = 500 km the ratio of ionic
water to oxygen and the ratio of the hydronium ion to water
ion is ~ 0.1 at the wake , which is consistent with measure-
ments indicated by Caledonia et al. [1987|.

From the above results we can conclude that at Jow neu-
tral water densities (< 10° cm ") there is no difference
in the ionic water formation between the two interaction
lengths. The potential field shows no effectively shielding
and the ions that are formed are “trapped™ in the mag-
netic field. For high neutral water densities (> 10° cm~3),
shielding occurs, especially for the large parallel interac-
tion lengths. These cases represent slow moving clouds
where large parallel current build up at the edges of the
cloud, thus diminishing the motional electric field. The re-
actions, then, basically charge exchange and recombination,
build up more ionic species - ‘epiete the ambien. vaygen
ions. However, as our resuits _.dicate, the dominant factor
which determines the shielding is not the parallel length but
the initial central neutral water density. In the high den-
sity neutral clouds the currents due to collisions are large
enough to shield the motional electric field. In Figure 8
it is shown the magnitude of the electric field for a cloud
with Ny, o(r = 0) =10'Y cm ™% and Ly - 500 km, initially
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Fig. 8. Magnitude of the electric fleld as measured in the moving
frame initial (top) and at a time of 0.2 ¢ after the release (bot-
tom) The initial conditions are symmetric with central neutral
water density of 10'® ¢m~3, the interaction length is 500 km
and the contaminant H,0*% and H3O0* temperature is 0.025 eV
Normalization 1s to the motional electric field of 0 279 V/m.

and at a time of 0.2 s after the release. The magnitude
of the electric field has been normalized with that of the
motional taken to be |Em! ~ 0.28 V/m. Shawhan et al.
[1984] from measurements on STS-3 anticipated reductions
on the potential of the order of the motional. Furthermore,
Katz et ol. [1984) showed that the ions near the vicinity of
the space shuttle could be almost stationary with respect to
the moving frame. As Figure 8 shows, the electric field is
strongly diminished in the near space of the body. Initially,
the shielding is symmetric in both directions, a direct result
of the symmetry of the initial ion-neutral distributions. At
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time of 0.2 s, however, the symmetry of the electric field
in the motional direction no longer holds, a direct result of
the evolution of the cloud; the increase in the magnitude of
the field occurs at the wake of the body, and, as we already
speculated, this may be attributed to the high icn density
region which is located at the wake. In general the electric
field disturbances are shown to be both highly localized, as
anticipated from Shawhan et al. {1984}, and time dependent.
Finally , all cases show fingerlike deformations located in the
backside of the drifting clouds in agreement with previous
theoretical and experimental data. These disturbances may
be attributed to E x B instabilities.

To study the effect of ion temperature, we performed
simulations using the same set of initial conditions as the
above but with with a higher ion temperature (7, = 0.1
eV).

In Figure 9 the line average densities for water ion and
hydronium ijon are shown for two simulations with different
ion temperatures but with Nu,o(r = 0) = 10° cm™* and
Ly =500 km. The [H,O%] are shown to be identical, while
[H30+] shows a slight increase with increasing ion tempera-
ture. The line average densities for oxygen ion were identical
for the two cases. The magnitude of the higher ion tem-
perature was chosen to be consistent with the temperature
expected in a thruster firing. The weak dependence on the
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Fig. 9. Normalized line average H30* and H O™ densities as
function of the azimuthal angle for different ion temperatures
Normalization is to the itial [OF](4,t = 0) = 5 x 10'" em 3
The initial conditions are symmetnc with central neutral water
density of 10° ¢cm~3 and the interaction length 1s 50 km 1A,
Normalized [H307%| denmities at the time of release 1B, Nor-
malired [H30%| densities at the time of release. A, Normalited
{HQO"'} densities at a time of 0.2 s after the release The contam-
inant H,0% and H3O' temperature is 0.025 eV B, Normalized
[HgO*] densities at a time of 0 2 s after the reiease The con-
taminant H,0t and HaOt temperature 15 0025 eV AA, Nor-
malized [H207| densitiens at a time of O 2 s after the release The
contaminant H,0% and HyO* temperature s 01 eV BB Nor-
malized {HyO*] densities at a time of 0 2 s after the release The
contaminant H;0*% and HyO ™ temperature ia 01 eV
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jon temperature occurs because in the potential equation
the diffusion terms (which contain the temperature) are al-
ways subdominant for the ion density ranges explored. The
electric field is primarily determined as the V, x B field
with a modification due to the dielectric shielding. For ion
densities higher than the ambient the behavior is different
and is illustrated by Hastings et al. {1988|. The other major
effect of the ion temperature is on the collision frequencies.
However {or the density ranges considered the dominant col-
lision frequency is that due to oxygen atomas colliding with
ions. The relative velocity in this collision frequency is de-
termined by the orbital velocity of the oxygen which is only
very weakly dependent cn the ion temperature. However,
we must state that the conclusions about the temperature
are limited from the range of temperatures considered. The
newly created ions within the plasma cloud could have tem-
peratures much higher than 0.1 eV. The possible tempera-
ture for the H,O% produced in the charge exchange reaction
18 possibly 1eV or more. There are large source terms in the
ion energy equation as a result of the large differential mo-
ticn of the reactants but this consideration is beyond the
limits of the isothermal model assumed in this study.

Asymmetric Inatsal Conditions: A Thruster Cloud

In order to simulate a directed contaminant release, such
that cculd result from a thruster firing we chose asymmetric
initial conditions for the water ions and water neutrals. The
neutral water was modeled as

NH,()(I’,t = O) = 10_‘

|z -z VAT
»A\'H,,)«(r =0)exp | — ( _ o > (ey . y,‘> (42)
z; v

where z° and y° are the coordinates in the rotated frame,
z; .a the decay distance in the z° direction and y] in
rhe y° direction. The decay distances were chosen a0 that
2. = 150 m in the positive z°, while z{ = 450 m in the neg-
ative ° direction. The y{ = 150 m in the y° direction. The
initial profile described by the above is an asymmetric ellip-
soidal distribution on the top of a flat profile and is shown
in Figure 10. The central water was taken to be 10° cm™>.
The water ions were following a similar distribution with
a central density of 10> ¢cm™®. The ion temperature was
taken at 0.1 eV, which is consistent with what is expected
in a thruster firing and the parallel interaction length was
50 km.

In Figure 11 we show the normalized densaity distribu-
tions «f ioniic water, hydronium and oxygen ions at time of
3.2 a after the release. The ion density peak haa rotated due
ts the E - B motion of the ians. In addition, both densities

ahiow - nsiderable asymmetry, while hydronium 1on haa bro-
ker tp into two discernible cloud structures. The ion clouds
irift Lbackward and remain amoacth in their front sides with
instatiities Jeveloping in the hack side. In the same figure
3t a titne [ 0.2 athe oxygen ion cantours depict a depletion

2
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Fig. 10. Asymmetric (ellipsoidal) initial conditions for a cen-

tral water density of 10° cm~? at initial time and for a parallel

interaction length of 50 km. lon temperature is 0.1 eV.

in the wake of the moving body, while the potential con-
tours shows the shielding and the assymetry. The rotation
of the cloud is confirmed from Figure 17 where we show
the line averages for the ions at 0.2 seconds as compared
to the initial line averages. The oxygen ion density is seen
to undergo a slight reduction behind the body. The water
ion density increases by about an order of magnitude from
its initial value and shows a broad peak mainly behind the
body. The hydronium ion density also shows asymmetry
behind the body with the line averaged density having two
asymmetric peaks at ~ 180° and ~ 210° . This asymmetry
is due to the nonlinear coupling of the density and potential
fields and suggests that the initial conditions for a water re-
lease are very important to understanding the subsequent
evolution of the water plasma cloud. This also suggests
that mass spectrometer measurements taken from a space-
craft such s the shuttle will see a substantial dependence
on the look angle relative to the ram direction. Of course
one reason for such a dependence is that the collection of
ions is mich more efficient in the ram direction than in other
directions due to the fact that ions from the ram direction
can directly enter the instrument. Here we point out that
another reasun is the existence of nonlinear distortion of the
plasma density contoura which is a strong function of angle.
From Figure 12 we see that typically there is a factor of 2
to 5 between the line averaged densities for angles less than
» and for angles greater than ».

4 SUMMARY AND CONCLUSIONS

A model has been deveioped for the mation of contami-
nant water plasma clouda about large space structures. The
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model includes emission of Alfvén waves from the cloud to
carry current along the magnetic field. The ijons exhibit
E x B drifts which is determined by the current balance
within the plasma cloud. A parallel interaction length scale
is derived which represents the coupling of the cloud with
the ionosphere via parallel currents carried by the Alfvén
waves emitted by the moving cloud. The cloud equations
have been studied systematically as a function of the paral-
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assymetric ellipsoidal initial conditions and central neutral water

at a time of 0.2 & after release. The interaction parallel length is 50 km and the ion temperature 18 0 1 eV
Normalieation is to the initial central value of 10% ¢

m~™3 (top-nght) Hydronium denmty

{bottom-left) Oxygen ion contours. Normalization 18 to ambient
(bottom-right} Potential distribution in volts as measu ed in the frame of the moving structure which is

lel interaction length, neutral denaity, ion temperature and
initial conditions. We conclude that for low density neutral
water clouds (< 10° cm™?) the amount of ghielding is amall
and the electric field ia the motional. In this case the cloud
drifts with almost the orbital speed in the structure refer-
ence frame. However, for neutral water densities ¢.f interest
{or shuttle conditions (~ 10'” ctn ™ ?) shielding i8 very aignif-
icant in the vicinity of the moving structure and is predicted
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Fig. 12 lon line average densities as a function of azimuthal

angle, for initial and at time of 0.2 8 conditions. The interaction
length i1s 50 km, the ion temperature is 0.1 eV and the initial
neutral water density 18 10° cm™3 lonic line averages are nor-
maiized to the imitial line average for 1onic oxygen. Asymmetric
ellipsaidal) initial conditions.

to be of the crder of the motional electric field, in accordance
with experimental data. This represents a case in which the
plasma cloud drifts aimost with the moving structure. For
the highest density neutral cloud the ratios of the line av-
eraged signals is consistent with experimental data. The
effect of ion temperature is negligible for the range of densi-
ties considered. The effect of different (asymmetric) initial
conditions is mainly to allow the plasma cloud that is formed
to rotate under t}  crossed electric and magnetic fields and
to undergo a high.y asymmetric distortic... In all the cases
c-nsidered it is predicted that the backward moving clouds
wi.l develop fingerlike instabilities in the back-side of the
-ivuds; the appearance of these instabilities is in agreement
with theoretical and experimental data.

Future work will be to develop a three-dimeneional model
~f the plaama cloud and will attempt to elucidate the low-
frequency stabiiity of the cloud
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A THREE-DIMENSIONAL MODEL FOR AN ARTIFICIAL PIASMA
CLOUD ABOUT A SPACECRAFT IN LOW EARTH ORBIT

- . - . . *
Nikolaos A. Gatsonis®* and Daniel F. Hastings'
Department of Aeronautics and Astronautics
Massachuacetts Inst. of Technology, Cambridge, MA 0£139

We developed a fully three-dimensional model for an artificial plasma cloud in the ionosphere. Such
a cloud could be a result of a deliberate release or contamination about a spacecraft. We tcok into
account finite perpendicular and parallel lengths, all elastic collisions between the considered species,
finite temperature effects, variable ioncspheric densities, variable neutral winds, ambient electric
fields and gravity. The velocities of the charged species were written with the use of transper
coetficient tensors. We derived an equation [or the self-consisted perturbation potential due to the
plasma perturbation which is a three-dimensional, non-self 3joint elliptic type of equation with very
dissimilar coefficients. The current balance equation was solved numerically in order to obtain the
perturbation potential at the time of the release. We examined the effects of the central density of
the tons and the dimensions of the cloud. The perturbation potential increases with increasing icn
density. With densities of 10'® m~™> the cloud shields out the motional electric field. Ion clouds
with smaller dimensions resuit in weaker electric field perturbations. In all cases, the magnetic
field lines are not equipotential lines within a region bounded by the density perturbation. The
perturbaticn along the magnetic field lines is stronger for the case of denser and larger zlouds.
The effect of the presence of neutral was also investigated through the use of a gaussian neutral
cloud. The perturbation potential is stronger when neutrals are present. Due to the screening -f
the motional electric field the cloud is expected to drift with differential speeds which will res.it in

finger-like shaping.

Introduction

The presence of 3 moving body in the ionogphere repre-
sents a3 disturbance in the ambient environment. The Space
Shuttle Orbiter (SSO) flights provided clear evidence of the
severe interactions between a space vehicle and the am
bient 1oncaphere. Carignan and Miler (1983], Shawhan ¢t
2 19841, Picket et 0l11985) Murphy at al{1986i. Caledonia
et al. 1987

The study nfthe induced environment about a space vehi-
cleweviremely mportant as a design parameter. Fspeciilly
{rawvenisie which 1s expected to remain in space {or a.ng
periia, ke the proposed apace atation, it is important to
irgeratand the characteristics of the induced environment
% .3 vl to be able to model this environment for drag
cawcuatiung, prediction of surface degradation and apace-
ralt “harging, contrel of electrnatatic nose and airglow,
esciziate of the impact on the ionoaphere and the scale

Listurbiance that it represents.

Tlendunate Redearch Asmistant. “tudent Member ATAA
.

Asacciste Professor, Membier ATAA

In this study we will focus our attention to the plasma
cloud which surrounds a space vehicle in Low Earth Orbit
(LEO). Hastings et al. '1988|, Gatsons,'1587 Eccles et ai.
(1988, Hastings and Gatsons {1989’ The schematic of the
process that we study is as follows: we consider a vehicle in
LEO which creates 3 neutral cloud around it. The neutrai
clond expands while undergoing chemical reactions which
produce ions. The motion and compesition of this plasma
cloud is then a result of complicated chemicai and eiectrody-
namical processes. "he schematic that we consider is quite
general and thus can be applied to processes like cutgassing
or a thruster firing. It can also be applied t= ancther class
=f evenia, those of ion cloud experiments. The s

ruT

oge At
P’~JC" RS
this atudy is to wbtain a theory and a wmodei {~7 the moticn

2f an artificial high speed plaama cloud in the o n-arhere.

A S-Dimensional Model for an Ion-Neutral Cloud
in the lonosphere

In the present inodel we assume that there are two neutral
and two ion apecies; s for the ejected neutrals and a1 for
the amuvient ionnspheric neutrals. Similarly, 57 desiznates

the contaminant iens and 27 the ambient »ons. Emphasis

P N e g b e o Ner et g 65
Nt [ Nl oot poser e
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wiil be given on water neutrals and water ions since those
two epecies have been identified as the major contaminants
about large space structures. There are subsequently two
neutral winds which are taken into account. The ambient
reutral wind, U, and the contaminant neutral wind, U..

We adopted a simple chemistry model. The ejected neu-
trals interact with the ambient atream in ions via charge
exchange reaction to form ions and produce neutrals. The
zharge exchange reaction is

3" ve—a+a”

(1)

Tseexpansjon of the neutral gas in a rarefied environment
s by jtself a very difficult apalytical and computational
protlem. One expects the neutral cloud to pass through
-iricus flcw regimes and be highly dependent upon the con-
Jitions of its release. Initially we will use simple spherically
expanding neutral clouds. This will enable us to develop
and validate the ion cloud model.

Fluid Model for the Plasma Motion

Coordinate System

Given the latitude of the release of the neutral cloud

we constract an orthogonal coordinate system, the fixed to
x

ey

Fixed 1o earth coordinate systern

‘HE.

Figure i.
feid aiigned system ‘x.y,1)

NJ and the

earti, fes; (Figure 1) In that aystem the E points to the
N the north and Ff refers to the altitude.

T - b
Pl aystemn win

east, pointe U
Pring the epatial variability of the amta-
ent ..n.spheric parameters. The cocrdinate system which
s vstat.e o analytical purposes is the field aligned aystem

(;iven the latitude and altitude of the release this system
has its origin at the point of the release and is orthcgonal
The 7 axi2 s parasel to the local magnetic Seid line, the y
ax:4 .8 paradel t5 the £ direction and the 2 directisn i the
“oth the 2 and ¢ direstions

perpendisiuiar te
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Continuity and Momentum Equations

P
NS

ions with density n,, and velocity V,. T!. ty
ambient ions is n,+ and their velocity 18V .. Elestrons are

shown with a density n, and velocity V..
+

The countinuity

equation for any species t =a™*, 5% ¢ i3
an
"5’;‘"‘V ("(‘7:):1)«*[« o

The terms on the r.h.s of the continuity equation come fremr
the production or loss of the species due to chemical renc.
tions are

Puf =0 L.o = N, k"n.
Py =n.kn, L, =0
P=0 L,=0 (2)

In the momentum balance we take into account electric
fields, pressure forces , gravity and elastic collisions. As-
suming that the time scales of interest are much larger than
collision times the unateady term can be neglected. This as-
sumption restricts the analysis to the low frequencies. The
inertia term VVV can be neglected as long as the thermal
velocity 18 much greater than the drift velocity. The mo-
mentum equations can be written in the following form

F - .
-’-nltﬁ-%(v‘xB)—(u..+u..+Zu,,)V,:O (4)
1#£1
where the force for the species ¢ is
ft = q.If <+ mﬂll.U. + m.u..U. + Z m,U.,V,
1%t
\F
-— +m (5)
n,

Here m, is the mass of the species, E is the electric field,
Vi, i8 the collision frequency for momentum transfer, P, is
the pressure and § is the gravitational acceleration. The
ambient neutral wind is denoted by V, while the neutral
wind from the ejected neutrals is V,.

The momentum equations written in this form allows aa
to define the total collision frequency for momentum trans-
fer due to elastic collisions for any of the plasma apecies
as

Vet T Vot e ¥ Var, T Va+,r +V, 0,
U:" :U...*—U.,.f‘/..u, *U"(
Ve = Veg " Vea ¥V, gr + 1, (e}

Imiplicit Solution of the Momentum Equation

We have shown that the momentum equatisn f3r any
species can be written in the form
vV

L. j28
™ ]

-d

F
= (
m




tlere, V is the velocity, m is the mass, ¢ is the charge, v is
the total collision frequency and F is the force. Take now
a coordinate system with its 2 axw aligned to the magnetic
deld direction B. For any vector Awecanwrite A =V_ +V

With the use of vector identities we can obtain the Vel)cxty

components
4 1 f 4 = 1 x? "
V., = — Fi+———F . xB
- qu+—x’L gB1 +«3 Lx
- 1 -
Vy = —F (8)

where {2 is the gyrofrequency defined a8 (1 = ¢B/m and x =
(/v is the ratio of the gyrofrequency to the total collision
frequency.

“Motion on the Perpendicular Plane
Electron Perpendicular Flow

Feor the perpendicular component of the electron velocity

we can write

V.. = kP:ch + kn.f-; xb (9)

This expression can be further simplified by examining the
magn;tude of the collisionality ratio for electrons at alti-
ies between 150 — 600 km. For both the ambient und
the ~i.ud conditions the collisionality ratio ia very large i.e
5 1. The Pedersen term in the perpendicular electron
velic.ty can be neglected since it will be much smaller than
the Hall term. Furthermore since we expect that for both
ambient and cloud conditions [-—“'I‘f‘ <« 1 we can neglect all
the ~antribution from the ion and neutral collisions as well
as fr.m gravity so that the velocity can be written finaijly

[EY!

e

a8
[_ Viea 0 —uy E,
.
\‘ Ve; My 0 Ev
. . Loy
Df‘e He :: I (19)
- i)
3 ¢ I An
DH- L] ne _5_,‘

s . 1 «? e ..
where iy, '—Lﬂ—’*g 18 the electron Hall motility (in
(e ko and Doy = —L-, 18 the Hail eiectron iif

'
fain oty tae to erectron density ,.;mdiunts {in m?’s).
Porpeadicuiar Flow
‘e owoution of the system ~f the ion momentutm »ua-
1. onaovie da the pun velocities. After adme manipuiation the
Py “Liar velzaty of theiona V,, wheret . 17,17 un
Peowr ;o the {orm
t 0
Via Br —Hy E,
t ’ ~
Vig Y by E,
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The diffusion coefficients of ions @™ asscciated with denaity

gradients of a7 are
s _ 2 H
Davp = ["m.vm,vVao,'V,vn'k,vp(kavp *ka'H)
1
~kyep) kT, . 1/C. (12)
+ r
a T 3 2
Di., = L*m,,m,.ya.,n/,.u.k,.”(kd.p+k°.H)
_ku"Hl[kTu'}/CP”P (13‘
The denominator C is given by
_ 1 3 3 2 2 3y 3
Co=miom v e, eviean b p v R0k~ k)
~IM,e M, el e Ve = ) 14}
The diffusion coefficients of ions a” asscciated with fensity

gradienta of s* are

+

DY ,=-mlom vl v o (KD~ kD)
2 2 WY
(kuvr‘ - ka'H) T M Var .t (ka'Hk"H - ku'rk.*n,‘“
(kT,.)/C. f1s)
Divy = =myetoe,e (kyepkyepy =k opk,op)
(kT,. . /C. 116)

The diffusicn crefficients of ions 27 assaciated with tenaty

gradients of eiectrons are

a® _ (2 i 3 2
DY - lmiom v, ook (KD < kL)
‘ ‘
T TN R e T R TP L ey
[l 2 kT, .,
Mo ek L= A (7
2 § 2t M \ H1 s xt I ,‘/J - ‘)
at g : ) ‘ /s R
17 {‘ ""J'm"":‘a"’n‘:""a‘e‘n’l"k.;'r‘"..'H)
, ‘ ( ; ;
Tl e Mk e NS NN IR RN SR
3 FE i : 2
m .m_,uq,"v,.m'v..,(k . 'k_.”)(k_‘., ~ k)
f1 &P RT. |
AT TR R e ke Rt I 18)
TR e ;




The diffusion coefficients of ions & associated with den-

sity gradientsa of s are

D::p - u—ma'm,.va',*u,w‘,k.'p(kf,,, *k,zfn)
+k,+pj[kT,.1/CL (19)
D::” = :—mv m,+ Vet ot Vyr ot k.vH (kj'(’ -~ k:, H)

ke ) KT, 21 /C (20)

The diffusion coefficients of ions 4™ associated with density
cradients of a¥ are

+ r 2 2 3 3
D:¢p = “—m.+m,#v.+,fl’.v.0 (k.vp *‘k.¢H)

1 2
G k) M veras (keenkoen = koo pkiep)]

(kT,+)/C< (21)

M, s Vet ar (ka’ Pkn*H -+ kt" f’kn* H)]
(kTe+)/Cy

Dloy ="
(22)

The diffusion coefficients of jons s associated with density
gradients of electrons are

r 2 p] 2
D:p = {\ma.m.,v,nf V.?.?V,f,kaﬁu (k‘.p -+ k.vH)
\
M s M,s ¥, +a+Var, (kt'Pka’H - kn'!’kc’H/
2 .
ek [cL 2N o 2y
B1+-x7 4.
- ! 3 2 3
Dly = { LM Vet gt Vs gt Vor Korp (k.'r’ + k.'H)

TM,r M,y ¥V,vatrVet, (kn’ Hku”l'l - k:’l’ka'r’)

2 2 2 pl 3 2 3
S M, s Vs v Vet Var, (k-"P + k"H) (ka'f’ + ka'H)

1 ,;3 kT,
-m, . U,?akc*P] <_-§1 + &3 —Q'_> } /C&

A carefull examination of the obtained transport coefficients
reveals very important and simple relations among them.
First, a generalized Einstesn relation holds between the mo-
bility and the diffusion coefficients

(24)

Ja+

‘ ¢ Fot ' ¢ Qe
= .y — D,.p— 25
wp =D,.p T, +D,+p kT.. + Dep kT (25)
C ot Jer . Fa+ ¢t Qe 26
b D.’H——*ET,, D.vH—'——an' +D'H_kT, ( )

he amtient neutral wind transport coefficiente relate with

the 1% .ai7n ccerfoients as {olows

ot » [ t 1 3 3 -~
Wle D, s 2~ Dlup T (27)
s? 3
m, ey, m,.v,, ,
LL:, = D'. » » @ D"H .‘x a k] {:'C
’ Yo kT,. . kT, .

~ilaf expressrons hold between the contaminant ney-

tra. wend tranapert coefficients and the diffusion coetficients

. ¢ m,+V,+, ¢ M e V,e,
Wi - D, e pt, et 29
F o P kT,. «t P kT‘. ( )
e " eV, e, N m,. v, ., )
" ot [',‘ " '11:."‘— i 1)_.,, —;}‘-::‘ P30

Finally the following relaticnghips hold hetween the .94

gion coefficiente and the coetlicients fur pravily

m._«+ n m.,. @ m. 3
3‘,): ‘, -2 v D g ~ D, p— i
TPkT,, atPkT. T,
+ m,. ' m., ; m. ,
ﬁ‘ = D¢ — + D, ~D N
H *THET,. oTHET.. kT, ’

Parallel Plasma Motion

The parallel velocity for any species t is given in the ‘m-
plicit solution of the momentum equation in the form

1 =
ch = = {y {33:
movs

From the parallel momentun equaticne we can write the

solution for the parallel velocity of a speciest =a",s" ¢ in
the form
Vin,. Vin,. A\
Vi = sy Ey - Dywy—== - D\ - D,
Na+ n,s ne

+Wa'|t0ux( - vv:'ﬂljl'f e g"'i. '.’:34)

The parallel diffusion coefficients of ambient ions due to
density gradienta of a®, +* and ¢ are

ot Volye =V, v Vv, kT, +
D3, = o)
%, m, -
at VeV, e, TV, eV e, k’rav
2t T
i C” mo.
et _ Var,+ Ve, *Var Ve kT
e T C (35)
f me
The denominator Cy is given by
Cy = Vele Vot — Velyr 4Vt ar — Vgt Vor Vs
TVeat Vet Vyte T VgtV Vot TV vVt Vg (36)

The parallel diffusion coefficients of the contaminant inns
due to denpity gradients in ambient, contaminant and elec-

trons are
D::q L VeVarar t Ve Vs, kT, +
‘ Cy M.
et _ WeVi e V. ar Vi e, kT1v
v Cq Mg+
Dt = Voo o Wye, =V, e v, . kT. .
e T a —';— 2

The paraiiei diffusion coetficients of the electrons due to
density gradienis :n

ambient and contaminant ions oarnd,

electroar are
DI - Voped,e ~ b, oi,e e T
. Cw,} ™M, «
D, = Vgt Voo + U, eV s, kT 4
' C. m, .
IeN Varkee Waorertorae )‘_7: 4
" m, s
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As in the case of the perpendicular transport coefficients.
simpic relations hold between the paralel tranaport coeffi-
cients a8 well. A generalized Einstesnrelation holds between
the parallel mobility and the parallel diffusion coefficients

= D, 2

u'llkT +D,

+ D! (39)

r kT kT, kT

Also, the following relation holds between the diffusion co-
efficient and the ambient and contaminant neutral wind co-
efficients

re [ M+ Vyta t M, +V,+q ¢t MeVea
Lh” = u’!z__—kT_,. ?D,v” an' ell T
¢ e Marla+, ¢ M, V,., . m.i.,
W, _D‘,”-TT‘—:—-fD,," T + D T {40)

Finally, the diffusion coefficients and the gravitaional drift
coetficient relate as follows

3“D"‘k7‘,+0'“k7‘ + D, (41)

e kT

Electric Currents

The current balance within the plasma cloud is the key to
the eiectrodynamical interactions taking place. The current
clasure between the plasma cloud and the ambient iono-
sphere will determine the self-consistent potential of the
cloud and consequently will determine the dynamical be-
havior and evolution of the cloud. As a first approach to
the problem we will not include polarization and Alfvén cur-
rents in the model. The current balance in this model will
determined by direct currents , diamagnetic {or diffusion)
currents, currents due to both ambient and neutral winds
and £naily currents due gravitational drifts.

The current is given by direct subatitution of the velocities
»f the piasma apecies Eqa. (11, 10,77} into the definition of
the current density.

J = na’Q.‘V.'n-’Qa"’Vn' + nquVlJ. (42)

We can write for the total current density

- Fher “d r'ds rd fha e ey
N R i R MR M LGN P E)
wlhiore we have taken into account the direct current, the
179 » o urrent Jue to density gradients of the source ions,
the unr ent ions, the electrons and the current due to the
Lravatat, nal Seid.

Tle tirect total current denaity is given by

.J” ap -0y 9} E.
,:" = TH ap g E,
e 0 0 . E\

-

(44)
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Here, we have defined the total direct canductivitiesin the

Pedersen, Hall and parallel directions, taking inte, account
all the plasma species. They are give by

" ﬂ‘

op =0p +0p

- P st .

OH =0} +O0f -0y

hd *

o =i o~ /451

Note also that there is no electron current the
Pedersen direction, since we assumed that electrona mainly

exhibit drifte in the Hall direction.

lensity .n

The total diffusion current density due t5 gradients of

species t = a¥, 4" ¢ is given by
dsf h)
Jes Dnr‘ ~Dli-l 0 T".x
dif — 3n
Jiy = - Dy D.p 0 ’T" (46)
der 3
Jey o 0 D": T“.l
where the total diffusion coefficient tensor due tc ions «* ia
n,+ et Rar a”
D,sz D,fp"—" R
[ N,
n,+ ' Nae Q@
D,vp—n D,.H"'—D,~H
s n,-
N,e ot n,. - n, .
D,,y=—+D, ~-—=Dj,. - D;. (47)
n,. n,. n,.
The totai diffusion coefficient tensor due to ions a¢™ '8
T,+ et N,+ a”*
Da’f' = Da’P + a*p
Nar av
n,r e ng? a*
Dy+p = — atH * Di.y
Nn,+ n,+
Nyr ~e* far 4% n.
Duf‘l = d D-f' + atlh — -—_D'*n '48)
I i PR \
N, at RN+
The total diffusion coefficient tensor due to electrona
N,e . o* n,+ -
DEP = _—._ ’P - % D:”
fie .
n,. B n,« + n.
Del‘ = :H - 2 D:H he —D:H
n! L4 1 4
", - n,. - .
D.,= —-D! +——D; - =D (49)
n, n, ne

The current density due to the contaminant (scurce) neutral

wind is
P W,p W, 0 U, ‘,
Ty =l Wy W,p 0 Uby {52
e J 0 W, AR
where
Wop =n,eWin «n, W2
Wop =n, Wi = n, Wy
W, =n,+ W,'; v-nu.lV:,. ~n MW/ 51)




The current density due to the ambient neutral wind is

Jos® W,p -W,u 0 U..
]::. =¢ WlH wlP 0 Uc. (52)
::he- O O Wnl U¢||
where
Wep = n,+ w:; + no’w:;
W.H = n,+W.'; i PR W:I:
W’m. =N, W:'T + N+ W:Ir - "'W:H (53)

©.2aily, the total current density due to gravitational drifts

18
],g" B.p —Ben 0 gs
],g" =¢e BOH ﬂvP 0 gy (54)
yire 0 0 By gi

Equation for the Current Balance

We rneed now to derive an equation for the potential
within the plasma cloud . We make here the assumption
that the plasma is quasineutral, that is,

No+@er + M+ Qe = Neqe (55)
This assumption implies that the Debye length is small com-
pared with the length scales of interest. Also, we assume
that the electric fields are electrostatic, that is £ = -V,
where ¢ is a scalar potential. This in turn implies that
dB/3t = 0 which means that the self-consistent plasma
currents produce negligible variations in the magnetic field
B. Charge conservation then implies
v.i=0 (56)
In the analysis before we denoted by E the self-consistent
electric Seld. We take now the electric field to be

E(z,y,z) = E, + ¢~ En (s7)
Here £, .8 the ambient sell-consistent electric field, ¢ is the
seif-consistent potential due to the presence of the plasma
perturbation and E~ s the motional electric fieid used to
account for any change of reference frame that we might
cornsider. The equation for charge conegervation 18 now

TS e T v T e T

~ -
+T IRV IV JT =0 (58)
If we assume that the electric Selds are electrostatic then
the perturtation poteatial is ¢ such that &= -V, We will
ccncentrate :n the divergence of the direct current, since this
atheterm which wiil give the differential dependence of the
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Height | 90 km 160 km 160 km 500 k;n%‘i
n 1.5 x 10'° | 3 x 10'° S 10 2wt
op 6.4x107°% | 6.8x107° | 51077 | 2x :;"’W
oH 68x107% | 2.7x107° | ~0 .~ 0

oy 2.8x 1072 | 9.5x107" | 179 5.7 » 107 |

Table 1: Ambient conductivities (in S/m) calculated from
Haerendel et. al

potential ¢ It is important to recast the above equation @ »
form of a steady-state advection-diffusion equation for the
potential ¢ as follows

~dur 3 aé 3 ae 3 8¢
v 7= (nge) oy \ray) T3 (05)
az \7?3z) Tay \7ray ) T 3z \7' 3
+30H92_30H92

dy Jz dz Jy

3op 3o ; 3op 30H\) don .
+<31+6y>E'Y(3y az,E"T{L'

3E. JE, JE, OE, IE. .
+0P<az + 3y>+‘y”<3y Oz>?m‘ 3z (55)

where, £ = E, + Ewm From inspection we see that all the
terms which are not ¢ dependent can be regarded as source
terma. Note also that it is only the direct { conductive) cur-
rent which depends on the potential. Thus, we can consider
the divergence of all the other current densities as source
terms, in an non-self ajoint elliptic equation for the poten-
tial. This can be written as

) a¢ a 3¢ 3 aé
0 I (03) 5 (3) R )
z ”’az +6y (a’3y>+az 0”62
8on 3¢ don 3¢
3y 3z Az ay+s‘° (60)

where o0p,04,02 and S are functions of z,y, 2.

Current closure - Boundary Conditions

To solve the equation for the potential one must supply
appropriate boundary conditions. In turns -ne needs t-
discuss a current closure model . In the beginning we wi'i
describe a closure model which 18 applicable to the high lat:
tude ivnnapher outside of the equatorial region. The density
distribution of the ambient ionosphere is shown in Figure 2.
The conductivities calculated {rom our model are shown in
Figure 3. For comparison we calculated conductivities
based on the formulas and the ambient conditions given in
Haerendel et al[1967) We can see that the conductivities
derived from »ur model compare well with those presented

in Table i, the differences are Jdue to the adopted model
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Figure 2: The ambient ionospheric conductivitiea {in S/m)

ion>sphere and the models for collision frequencies. From
Figure 3 it is shown that that the maximum of the tranverse
ceonductivities occurs at ~ 180 km. Above and bellow that
altitude both Pedersen and Hall conductivities decrease in
magnitude significantly. The parallel conductivity increases
with aititude and is between 5 and 12 orders higher than
the tranverse conductivities. In high latitudes the magretic
field lines will go through the magnetosphere before reaching
the conjugate ionosphere. Thus, one can consider that the
upper F-region to be a noncunducting boundary since in ef-
fect 1s ccllisionless. The lower E-region can be also regarded
as an insulator. Given that, one can bound the ionospheric
plasma between two insulators iocated at heights Ay and
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hu respectivelly.

For the disturbed jionosphere we assume that at the upper
and lower boundaries the flux will be mainly in the longitu-
dinal direction, and that the electron flux will be equal to
the ambient ion flux.

Cpe =Tyas

Dpor =0 2= hy, Ay (61)

H we substitude for the flux from equations (11, 10,34) we
can write

ae an,
(e —oury) g7 = —e(Dery - D)5 (62)
But from the definition of the electric field it will be
@(z,y,2) = o + ${2,y,2) (63)

In the undisturbed ionosphere the equality of longitudinal
fluxes holds as well so that after manipulating the above
equations one gets

a¢

3z - 0
In other words, we impose the condition that no current will
flow peprendicular to the bounding insulators. However, for
the equatorial regions the closure occurs between the two
conjugate E-—regions of the ionosphere and the magnetic
field lines which cross the perturbation do not neccecerely
pass through the magnetosphere; a closure model appliaca-
ble to this case is under development.

z2=hr,hy (64)

For the tranverse direction we require that

#(2,9.2) =0 (z,y) — oo (65)

Numerical Solution of the potential

The equation for the potential (60) is a non-szelf adjoint
elliptic equation, three dimensional, with highly dissimilar
coefficients. It is this inherent difficulty that prohibited the
solution of the fully three- dimensional problem in the past,
and resulted in the well known two- dimensional theories.
The difficulties can be revealed further if one recasts the
potential equation in the form of a steady-etate advection
diffusion equation. From a physical and consequently nu-
merical point of view one has to deal with time scales wich
are very dismimilar, in the the tranverse and parallel direc-
tions. One more source of difficulty lies in the Neumman
condition which s applied in the parallel direction, which
is the direction of the highest conductivity, thus making
convergence very difficult to achieve.

Discrete Potential Equation

We descritized the potential equation =on a rectangular
grid with Az ,Ay and Az being the grid sizeain the z,y and




: sirections respectively. ln the discrete space the indices
1, ;. & refer to the computational coordinates, aligned with
the z,y and z directions and such that z; =182, y, = 74y
and 2+ = kAz. For a grid point (1, j, k) as shown in Figure
‘4) the following finite difference operator was used

u
g ke

w
F
=11k
S
4
)=,k

‘1,;*-‘
L

Figure 4: Grid geometry
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(66)

Bota A and F oare functions of z,y,z. The quantities at the
interfaces of a cell is defined as

Aivi,h + A,
Avvijagn = _“_’_2___2_ (67)

Siwnilar sperators applied in the j and & directions. Using
the above and expanding in all three directions the finite
difference equation for the potential ¢,,: at the grid point
1,7,k can be written as

-oP 00")
Pk dy
biergn | it L 2L
Az 2Az
L
[ p 5,11)
® 0\—17.;,1 sy )
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where S,,: is the descrete source term obtained through
the finite difference of all the source terms in the potential
equation. If we work on a grid with nz,ay and nz grid
points in the z,y and z direction respectively, applying the
above discretization in all the interior grid pointa we end ugp
with a matrix equation of the form

[Ain] {85} = (S,}

The subscript p refers to a natural ordering which orders
the three dimensional array into a one dimensional vector
given by the transformation

)

¢l.).k g ¢p
p=(k—-2){nz—-2)nz -2} + () - 2)(nz - 2) + (1 ~ 1) (70)

Consequently ! and m of the two-dimensional array denotes
the row and column destination of the elements envolved
in the finite difference equation at each grid point. The
matrix [Aim| is an N x N sparse, where N = (nz - 2) x
(ny — 2) x (nz — 2), with only seven nonzerc elements in
each row. In order to make the problem computationaly
tractable we developed a apecial storage system. We denote
as the East Weet,North and South grid pointe as shown in
Figure 4. Then for each grid point t, ), k we store the seven
nonzero components along with the pointer denoting the
column destination in the uncompressed array A;.. In do-
ing 8o the matrix is compressed into an N x 7 matrix result-
ing thus in O(NN) saving in storage requirements. Solution
then of the matrix equation was obtained by a conjugate
gradient algorithm, after applying suitable preconditioning
on the original matrix.

The unperturbed electric flelds

To obtain the equilibrium electric fields we solve equation
(68). The problem is to find the potential @, such that the
ambient density distribution is in steady state. An approx-
imation to the unperturbed electric field can be obtained
by assuming steady state ion and electron continuity equa-
tions. With the absence of source and sink terms for the
ions and the electrons it is required that

VIE=VTI=0 (71)

[f we neglect the ambient neutral wind and gravity and un-

der the assnmption that there is no shear in the perpendic-
ular electric field, sthe above relation becomes

vor 2 ("“3’5\) - aé; {(”::u - ”:“’) J_H}

dz Jz
< g . a . . Jdn
v N, = -(g (n“nb‘l) - 'a—z‘ [(l),” 3 [)‘,”) 5;} (72)

Wit some manipulation and applying the condition of equal
Buxes «{ ions and electrons at the boundaries we get
D, - D, 3n

£, = et a3z
“‘v] He

(73)




The numerical satution is shown in Figure % in c-mpurisan

with the analytic Boltzman potential derived from Equa-
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Figcure 5: Electric field obtained from the numerical solution
{su:d line) and the analytical Boitzman potential (symbotls)

Nentral Cloud Model-1aitlal Conditions

In most cases of artificial ion clouds a neutral cloud in
present. It is beyond the scope of this study to model com-
pletely the neutral cloud. Instead we assume that the basic
processes is sell-diffusion of the neutrals with losses due to
charge exchange reaction. We also assume that the neutral
can be d_..ribed initially by a gaussion profile given by

3 2 2
n,(r.t =0) =n,,exp [—(f—;;—!-] exp [—(;ﬂ (74)
1

where 2,4, 2 are the distance from the point of release and
n,. :8 the density at the center of the cloud. With this
lei the mass of the released material is given by M, =
For the ion cloud we assume initialy a profile
v ~anddar gaussian distribution.

m
s

v ‘n,r

crom,

Lty

5

Numerical Results

We stul.rd numerically the release of an ion and a neu-
tral cloud at an altitude of 230 km and high latitude. We
considred water 1ons and neutrals, since water was found to
be the majnr contaminant about space structures. However,
the anailysis could be easily apllied to any other release The
cowmputational grid was orthogonal with 20 x 20 x 64 grid
e z,y and z directions respectiveiy The upper
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pom\s inowh

73

o

and iCwer Doundaries ocated Lppropriately oL thai ihere
would be no effect on the obtained numericai solution. A
uniform mesh was generated with Az Ay = 3 km and
Az = 4 km. The choice of almost equal grid sizes prooved
to be necessary since unequal grid sizes wouid aiter and re-
duce the physical difference between the tranverse and par-
allel directions. The temperature of the contaminant jons
was taken to be Ty, 5+ = 0.025 eV. The ambient ionosphere
was modeled by isothermal oxygen ions with T,,, eV and
isothermal electrons with T, = 0.2 eV . In all the simula-
tions we neglected neutral winds and gravity. The results
are presented in a reference frame moving with the orbital
speed of 8km/sec, so that in this Orbiter frame there is a
motional electric field of [Ea| = 0.35 V/m. The computa-

tional reference frame is shown in Figure (6). ln that frame

Y

/Em

T

B

N

2
Figure 6: Computational grid

positive z direction points towards lower altitudes, the posi-
tive y direction points to the east and is the direction of the
motional electric field, and the negative z direction pointa
to the south and is the direction of the orbital motion. In
this series of numerical experiments we investigated the ef-
fects of the central density, the cloud dimensions and the
presence of a neutral cloud on the electrodynamic behavior
of the cloud.

Ion cloud

In Figures {7,89) we present results {from a low denaity
ion cloud. The central density s two orders lower than
the ambient and thus, corresponds to a very weak density
perturbation. The falling distances of the ion cloud are
ri =45 km and ry = 6km and the mass of the release wa-
ter ions is M, . =0.002 kgr. The perturbation potential
at the plane of the release is shown in Figure 7. The poten-
tial shows a dipole structure and the perturbation electric
ield is directed oposite to the motional and tries to screen it
sut. [n the center of the cloud the perturbation electric field
is e =4.1x 107" V/m. Thus, the total electric field in the
Orbital reference frame will be almost the motional. Note




that the maximum and minimum of potential are symmet-
rical since diffusion currents are very small and effects from
Hall currents are not important. The y = O plane shows
the very important effects of the three-dimensionality; the
magnetic field lines are no longer equipotential lines, an as-
sumption present in all the previous two-dimensional cloud
models. The non-equipotential region seems to be confined
within the cloud boundaries. Beyond a radius of ~ 9 km
in the perpendicular plane and ~ 12 km in the parallel di-
rection the magnetic fild lines become equipotential again.
“-« weak perturbation can be attributed to the very slight
soaification of the conductivities as it is shown in Figures

5,9).

As the central density increases the potential perturba-
ti-n .ncreases. In Figure 10 the central density is of the
srder of the ambient and the perturbed electric field at the
center is now ¢ = 4.1 x 107* V/m. The equipotentiality
>f the B lines holds outside of the cloud boundaries. The
conductivities are altered in the cloud region as it is shown
in Figures (11,12). Both the Pedersen and the parallel con-
ductivities increase, while the effect of the ion cloud on the
Ha!l conductivity is not so evident.

In Figures (13,14,15) results are shown ior a very dense
Jloud with central ion density of 10'* m™° and My, o+ =
15 kgr. The perturbation electric field is now 0.349 V/m,
which shows that the motional electric field is practicaly
shielded at the cloud center. There is also a rotation in the
perturbation electric field due to the }!au currents. The Hall
currents however are flowing to the En x B direction which
implies that the ion Hall conductivity dominates over the
electron. As Figure 14 showe the Hall conductivity becomes
negative (with our definition of conductivities it is positive
when is dominated by the electron conductivity and would
imply Hall currents in the BxEn direction}. In Figure 15
the Pedersen conductivity shows an increase of almost three
order of magnitudes and thus , once expects a significant
perturbation to propagate along the B field. The y 0
plane plot in Figure 13 shows that the non- equipotential
region extends now to almost 18 km along the magnetic
field.

We investigated also the effects of the cloud dimensions
on the electrodynamic behavior of the cloud. In Figure 16
the perpendicular and parallel lengths are . = 3 km and
i 4 km and the perturbation field becomes ¢ = 0.341
V/m at the cloud center. The rotation of the electric fieid
denctes Hall currents in the E. x B direction. In Figure 17
the Hail conductivity is shown to be negative in the osuter
region of the cloud but remains always smaller than the
Pedersen. As the cloud dimensions decrease (Figure 19) t»
T pern 15 km and ry = 2 km, the perturbation electric
fieid at the center of the cloud drope to 0.327 V/m. The
dipoie structure of the potential prevails again but in this
smail radius there is an asymmetry in the center caused
ty the ditfusion currents, which are comparable there with
t'e direct currents. The non-equipotential region has also

become smaller and now extends to ~ 9 km along the B
lines, and to a radius of ~ 3 km in the perpenicular plane.

Ion and Neutral Clouds

We studied the effects of the presence of contaminant neu-
trals along with the ions. We considered a neutral cloud
with central density of 10'” m™> and falling off distances
of rperp = 3 km and r; = 4 km. This corresponas tc
release of 15 kgr of H,0% and 1500 kgr of H,O. Results
are shown in Figures (22,23,24). The perturbation electric
field is ¢ = 0.3496 at the center which is larger than the
case where only the ion cloud is present. Coilisizne with
the contaminant neutrals are very frequent and the ..
ductivites are much larger than the case where only izns
are present as we see by comparing Figures 17 and 23. The
effects of Hall currents are also less visible and the Hail con-
ductivity is dominated by the electrons. The maximum and
minimum of the perturbation potential are also larger. The
region however of nonequipotential B lines seems to extend
at ~ 18 km along the B lines, although the disturbance itself
appears to be stronger (compare Figures 22 and 16).

Conclusion - Future work

We developed a fully tree-dimensionnal model for an ar-
tificial pj{lasma cloud in the ionosphere. Such a cloud could
be a result of a deliberate release of neutrals or ions or a re-
sult of contamination about a spacecraft. The neutral cloud
consists of the ejected neutrals s and the ambient neutrals a.
The ejected neutrals undergo charge exchange reaction with
the ambient jons to create contaminant jons. It is assumed
that the cloud has finite perpendicular and parallel lengths.
We take into account all elastic collisions between the con-
sidered species and include finite temperature effects. We
model the ionosphere and take into account variable densi-
ties for ambient neutrals and ions, altitude dependent ambi-
ent neutral winds, ambient electric fields and gravity. In the
momentum balance of the charged species we include elec-
tric fields, forces due to elastic collisions, pressure forces and
gravity. The plasma species are assumed to be isothermal.
An analytic solution to the system of momentum equations
yields the velocities of the charged species in both the per-
pendicular and parallel plane. The velocities were written
with the use of transport coefficient tensors. These trans-
port coefficients account for the mobility, the diffusion due
to density gradient of all the charged species, gravity and
ambient and contaminant neutral winds. The transport co-
efficients depend drastically on the direction and are greatly
medified by the presence of the plasma cloud. The values
for the undisturbed ionosphere calculated from our model
compared with simplified models and found to be in good
agreement. It is found that generalized Einstein relationa
hold hetween the wobility and the diffusion transport co-
efficienta. Simple relations hold between the diffusion ana
the reat of the transport coefficients.
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The current balance between the cloud and the ambient
plasma determines the dynamical behavior of the plasma
cloud. It is assumed that the plasma is quasineutral and
that the electric fields are electrostatic. On applying charge
conservation an equation for the self-consisted potential due
to the plasma perturbation is derived. The current balance
includes conductive currents, diffusion currents due to den-
sity gradients in the ambient and contaminant ions as well
as electrons, currents due to the ambient and contaminant
neutral winds and gravitational drift currents. The coupling
of the plasma cloud tc the ambient plasma is examined with
the use of a closure model in which insulators are placed in
the upper and lower boundaries and coupling is obtained
via classical currents only. The equilibrium electric field
were obtained and compared with simple analytical solu-
tions. The current balance equation was solved numerically
in order to obtain the perturbation potential at the time of
the release. We examined the effects of the central density o!
the ions and the dimensiona of the cloud. The perturbation
potential increases with increasing ion density. With densi-
ties of 10'® m ™ the cloud shielda out the motional electric
fieid. lon clouds with smaller dimensions resuit in weaker
electric field perturbations. In all cases. the magnetic field
lines were not equipotential lines within a region bounded
by the density perturbation. The perturbation along the B
lines was stronger for the case of denser and larger clouds.
The effect of the presence of neutral was also investigated

A gaussian neutral cloud was considered with the same
dimensions as the ion cloud. The perturbation potential
was stronger than the case where only ions were present.
The electric fields will determine the velocities of the ion
species. It is expected that {or there will be a differential
speed within the cloud, which will result in the finger-like
shaping of the cloud. Currenlty a numerical model for the
solution of the three-dimensional equations for the densities
is under development. This will allow to follow in time the
motion of the release.
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