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ABSTRACT

This is the final report of an initial assessment of magnetospheric effects
of the construction and operation of a satellite power system. This assessment
effort is based on application of present scientific knowledge rather than on
original scientific research. As such, it appears that mass and energy
injections of the»system are sufficient to modify the magnetosphere substantial-
ly, to the extent of possibly requiring mitigation measures for space systems
but not to the extent of causing major redirection of efforts and concepts. The
scale of the SPS is so unprecedentedly large, however, that these impressions
require verification (or rejection) by in-depth assessment based on scientific
treatment of the principal issues. Indeed, it is perhaps appropriate to state
that present ignorance far exceeds present knowledge in regard to SPS
magnetospheric effects, even though we only seek to define the approximate

limits of magnetospheric modifications here.
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I. INTRODUCTION

The space segment of thé satellite power system (SPS) is projected to operate at
geosynchronous orbit (GEO) at an altitude of ~ 36,000 km [~ 6.6 earth radii (RE) from the
center of the earth] in the equatorial plane. During the spacecraft construction phase,
transportation and .assembly activities will take place between low earth orbit (LEO) at
~ 400 km altitude and GEO. Thus, the operational activities of the SPS and a major
segment of the constructional activities take place in the magnetosphere, which is a
region of near-earth space where the ionized medium is controlled by magnetic and
electric fields. These activities in space represent a loading upon the tenuous but
spatially vast magnetospheric environment. The magnitude of this loading, in the form

of injections of matter and energy, can be quahtatlvely accentuated by comparlson of

the mass of the SPS spacecraft T~ (3-5) x 10 kgl at GEO with the largest spacecraft
operated to date [Skylab, ~Tx 10 kgl at LEO. While Skylab did not seem to have any
appreciable effects upon the magnetosphere, the key question, however, is whether the
scaling-up of spacecraft mass by three orders of magnitude and the scaling-up of orbit
altitude by two orders of magnitude would have appreciable magnetospheric effects.
Further, if magnetospheric modifications were expected, what mitigation strategies
would be required in system design?

The primary goal of the assessment effort is to evolve an answer to the above key
questions. This report represents our initial assessment of the magnetospheric effects of
SPS based upon application of present knowledge and is written with a view toward
recommendations for future studies and observations needed to verify the assessments.
As such, we have focused our efforts to assess the entire range of magnetospheric
effects which may conceivably be of importance, rather than to do original research-in-
depth upon particular issues. In-depth assessment of the more important issues will be
considered as follow-on studies after their priorities have been determined by simple but
physically appropriate assessments of the present study.

As is implicitly noted in the SPS-Skylab comparison above, a number of uncertain
factors necessarily underlie the assessment of magnetospheric effects; the primary
reason being that the mass scale and the altitude range of construction and operation
activities of the SPS are unprecedented. In this study, theoretical knowledge is applied
to bridge this gap in scaling; however, it must be noted at the outset that a second-stage

effort towards the goal of final assessment of magnetospheric effects must necessarily



involve follow-on in-depth assessment studies and experimental verification of the
theoretical results considered here. Indeed, we may view our efforts here as exploration
and selection of issues so that a coherent program of priorities can be constructed for
experimental verification of SPS magnetospheric effects assessment.

' Obviously, our study would run the risk of being too shallow if we attempt to
cover the entire multitude of identified magnetospheric issues. We consequently focus
our efforts primarily upon the issues connected with the injections of free energy and of
mass into the magnetosphere (including the evolution of the injected free energy)
because we deem these issues to be of more immediate concern to human activities in
space and on the ground. Included in our consideration are, among others, the
magnetospheric injections of solar electric propulsion vehicles, which use ionized argon
gas as propellant, and of chemiéal propulsion vehicles, which would release neutral
hydrogen and oxygen in the magnetosphere. Effects induced by these magnetospheric
modifications include radiation belt dosage modification, optical earth-sensor inter-
ference, possible communication interference and possible modification of the atmo-
spheric electric circuit which may impact powerline and pipeline operations. The
severity of these impacts is' much more difficult to determine with a high degree of
certainty without in-depth scaling up to SPS proportions. Indeed, it can be said that we
have uncovered a higher degree of present ignorance than present knowledge insofar as
the scaling of impacts up to the SPS level is concerned. Of those cases that we were
able to consider within limits of present knowledge, it is probably fair to say that the
impacts are of sufficient concern to induce consideration of design and mitigation
strategies, but are probably not so sévere as to put a stop to the project. We remind the
reader, however, that these are present impressions on some specific issues and are
subject to future rejection when (and if) new results are obtained.

The report is organized into 8 Sections. Section II introduces the reader to

relevant features and physical processes of the magnetosphere. Readers already familiar

with the magnetosphere can skip this section without loss of continuity. Section III is an
attempt to quantify the injection sources into emission models. Section IV discusses the
basic physies of the main interactions involved in argon ion injections into the
magnetosphere. The separate magnetospheric effects upon human activities, caused by
the character and quantity of argon plasma injections treated in Sections III and IV, are
discussed in five Subsections of Section V. In Section VI, we introduce the reader to the




significance of neutral chemical exhaust of the personnel orbit transfer vehicles (POTV)
in the magnetosphere. Assessment of neutral exhaust effects were not originally called
for in the FY79 contract but their significance was realized in the course of this
assessment effort. A brief summary and assessment of magnetospheric effects is given
in Section VII. Recommendations for the completion of final assessments are considered
in Section VIII. Sections VII and VIII can be perused as an integral unit of magnetospheric

effects assessment (skipping Sections IV, V and VI) by readers who are interested in the

salient, rather than detailed physical, features of this report.
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1I. MAGNETOSPHERE

In this section, we shall give a brief description of the relevant features of the
magnetospheric environment. In the process, the reader is introduced to the technical
terms used in the text. Readers already familiar with the magnetosphere can skip this
section without loss of continuity.

The solar wind, a supersonic plasma flow (typical density ~ 8 cm_3 and speed ~ 300
km/sec at earth orbit) away from the sun, is deflected by the earth's magnetic field at a
stand-off distance of ~ 10 RE in the sun-ward direction. Equivalently, the earth's
magnetic field is said to be confined to a cavity called the magnetosphere by the solar
wind (Figure 1a). On the night side, the magnetospheric cavity extends some hundreds of
earth radii downstream where present evidence seems to indicate a merging of the
earth's magnetic field lines with that of the solar wind magnetic field. This geomagnetic
tail region is bisected near the equatorial plane by the neutral sheet where the magnetic
field lines originating from the north and south polar caps eancel each other creating a
dawn-dusk current sheet (Figure 1a). The electric field (dawn-dusk) associated with this
current sheet is called the convection electric field because the hot plasma in the
vicinity of the neutral sheet (plasma sheet) is convected sun-ward by the E x B force.
The earthward end of the plasma sheet is connected by magnetic field line to the auroral
zones. In the course of a magnetic storm, solar wind plasma enters into the plasma sheet
and is driven earthward on the night side by the increased convection electric field,
forming a ring current of hot plasma in the vieinity and earthward of GEO, where SPS is
stationed (Figure 1b). Precipitation of the hot ring current plasmanfalong dipole-like
magnetic field lines into the auroral zone causes atmospheric airglow at ~ 100 km
altitude known as the aurorae. Note that the operating location of SPS on the nightside
is in the key region where the auroral process takes place in response to solar wind

disturbances (Figure 1b).

As one moves earthward of GEO, the geomagnetic field configuration becomes
increasingly less distorted by the solar wind and more dipole—like. At a radial equatorial
distance of about _4RE, one encounters a distinet plasma boundary, the plasmapause,
which marks the surface of the plasmasphere. The plasmasphere is a dipole-like volume
inside of which the thermal plasma density is several orders of magnitude higher than
magnetospheric regions outside. Indeed, there is increasing evidence that the plasma-
sphere is just a continuation of the topside ionosphere which is trapped by the geometry




of magnetic and electric fields. The processes of particle trapping and diffusion in the
dipole-like magnetic field of this region are conducive to long-lived accumulation of
injected matter and energy. We shall consider some of these processes in this report.

Aside from the cold plasma of ionospheric origin and hot plasma of solar wind
origin, solar and galactic cosmic ray processes and magnetospheric energization give rise |
to a trapped component of energetic particles (electrons, protons and alpha particles)
which undergo trapped adiabatic motion in the plasmasphere. These particles are
primarily concentrated in two torus-like shells known as the Van Allen radiation belts

(Figure 1a). Sinece the natural radiation dosage in these belts are hazardous to humans
and to space-borne equipment, radiation belt dosages represent design limits for space
systems which operate in this region. For example, for manned lunar missions the
thrusting schedule has to be carefully designed to avoid excessive dosage in traversing
the radiation belts. Thus, any magnetospheric modification by SPS injectants must be
considered in the light of their possible effects upon the radiation belt dosage.
Fortunately, because of their practical importance and because of large scale modifica-
tion experiments in the past, e.g., the Starfish nuclear event, the physies of radiation
belt processes is relatively better understood (Schulz and Lanzerotti, 1973); and we are
able to make relatively more definitive assessments in this area. |

As is described in the morphological features above, magnetospheric particles are
not entirely isolated from interactions with their neighbors in the ionospheric and
atmospheric regions below. ‘Indeed, these interactions control the lifetime and energy
evolution of mag'netospheric particles. For this reason, it would be convenient to
introduce some basic ideas concerning particle motion in the magnetosphere.

The magnetosphere, including the denser plasmasphere, is sufficiently tenuous
that energetic particles move under the influences of the dipole-like magnetic field and
electric fields without consideration of collisions. A collision, most probably a charge-
exéhang'e interaction with the more abundant neutral species existing in the magneto-
sphere and in the upper layers of the atmosphere, usually means loss of the charged
energetic particle from the magnetosphere (precipitation). Thus, the lifetime 7 of a
charged particle is characterized by the inverse rate of charge?exchange interaction,

(1)

T=1/Nn0'V R
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where Nn is the neutral density involved (requiring various sorts of averaging over the
volume of interaction), o is the charge exchange cross-section and v is the character-
istic charged particle speed involved. At the lower regions of the magnetosphere (foot-
pf—field—line), Nn rapidly e-folds over a typical neutral scale height H ~ 20 km; hence,

the altitude z__, determined by the functional relation

ce’
oNn(zce)H(zcé)=1., @

marks the vieinity where energetic particle interactions with the atmosphere (such as
airglow emissions) occur. '

Electric fields E in the magnetosphere (with exception in the auroral region) are
primarily perpendiéular to the magnetic field B. Under the influence of these two fields,
a charged particle drifts with velocity VD perpendicular to both E and B

- _ —- — 2 » .
vp=c¢ExB/ |BI . : : (3)

In addition, the charged particle executes its usual gyration motion in the magnetic field
with a gyration frequency € = eB/mec and a gyroradius (Larmor radius) p = v 1/
Since the geomagnetic field is dipole-like and particle velocity generally has parallel
(vii) and perpendicular components (v 1), charged particles in the magnetosphere
execute a gyrating-bouncing motion in much the same way as ions in a magnetic bottle.

The location on a magnetic field line (customarily labelled by its equatorial geocentric
distance R in units of Rp, L = R/RE) where the particle bounces back is known as the
mirror-point. If the mirror-point of a charged particle happens to be below the altitude
Z g the particle charge-exchanges and never returns to its former trapped motion in the
magnetic field. The mirror-point of a particle depends on its initial velocity Vv with
respect to the magnetic field; in particular, the mirror-point is determined by the initial
pitch-angle o = cos ™t (v W /1v1) where vy is the component of V parallel to the
magnetic field. In other words, if an ion is injected at a geocentric distance r, on a
given dipole field line L = R/RE, then we can determine a critical initial pitch-angle

o such that all particles with initial pitch-angles o < o will have mirror-points

crit
below a given geocentric distance r / on the same field line

crit



. ~1/4 3/2
4R - 3r r
& erit = sin_1{ [4R - 31'0 ] [ —l] } . (4)
J4 To

If ry is identified with the precipitation altitude z ce’ then o is called the loss cone

erit
crit 2T "lost". According to (4),
if an ion is injected at LEO (r0 = ry ) with v = 0, it will almost certainly be lost,
because o erit & 90° at LEO. Conversely, at GEO (r0 >r / ) the loss-cone tends towards
0°; hence, only those ions injected with V almost entirely parallel to the magnetic field
are lost. Such considerations are very important in assessing a number of effects such as

airglow intensity and plasma instabilities generated by SPS spacecraft exhaust emissions.

angle because all particles with pitch angle less than o

The lower boundary of the magnetosphere is, strictly speaking, the spherical
ionospheric layer known as the E-layer in which particle motion is no longer controlled
by the magnetic field. However, for purposes of SPS assessment, ionospheric effects are
dealt with elsewhere, therefore, we shall regard LEO as the lower boundary altitude of
the magnetospheric effects, although because of magnetospheric-atmospheric intera-
ctions such a common lower boundary does not exist for all magnetospheric processes.

10



II. EMISSION MODELS

In the present sectibn, we attempt to describe the characteristics of the SPS
injectants in the magnetosphere. The description is limited to the determinable
quantitative parameters from the reference system report of the SPS concept develop-
ment prdgraﬁl (U.S. DOE, 1979) and the SPS Baseline Review (U.S. NASA, 1978). The
evolution of each injectant in the magnetosphere is not considered in this section,
because the evolution is properly the magnetospheric effect itself. Even for this limited
task at hand, we have found that the information available is not sufficient for us to
completely evaluate the impacts on specific physical processes. This is particularly true
in regard to thrusting schedules of the spacecraft engines. We have attempted to
supplement the basic information with some consideration of rocket dynamies.

The primary sources of matter and energy injected into the magnetosphere are
ionized argon exhaust from the solar-powered cargo orbit transfer vehicles (COTV) that
ferry the payload between LEO and GEO, and neutral chemical exhaust in the form of
HZO (or H and O ‘atoms after photodissociation) from the personnel orbit transfer
vehicles (POTV). In addition, the COTV may also use subsidiary chemical engines and the
SPS spacecraft in its operational form may use argon ion (At'+) engines for station-
keeping activities. Because of this simple break-down into two key‘ elements of
magnetospheric injection and because the present assessment effort is not expected to
represent a complete scaling-up of physical phenomena to SPS dimensions, we shall
consider the emissions in terms of output from a single SPS mission, rather than a
sequence of SPS missions.

The current technology of ion engines is still evolving (Kauffman, 1974; Byers and
Rawlin, 1976); therefore, the parameters of argon-ion engine operations in space must
largely be regarded as uncertain at present, although it is by now fairly firm that the
most economical and environmentally safe propellant is argon. According to the
reference system report of the satellite power system concept development and
evaluation program (U.S. DOE, 1979) argon-ion engines of specific impulse 13000 sec. are
projected for the COTV. Other considerations (Byers -and Rawlin, 1976), with perhaps
less stringent requirements on projected advances- on the fechnology of ion engines,
assumed 5000 sec. specific impulse as standard for comparison. Some projected
characteristics of these two options of ion engine operation are listed in Table I, in which
Option I (the official concept option) will be used as reference in this reporf.

11



" Table I. Ion Engine Characteristics

Specifie impulse (sec)

Ar’ kinetie energy (keV/Ar™)
ar’ streaming speed (km/sec)
Current density (amp/em?) '
Temperature (°K)

Beam densify (cm-s)

Beam diameter at exit (em)
Beam spread at exit (deg)

Number of engines required for SPS/COTV

*Kauff man (1974)

12

Option 1

13000

3.5

Option 2

5000

. 0.5




From Table I, it is seen that the ion beam exhaust is a very dense but fairly cool

plasma whose streaming kinetic energy (3.5 keV) far exceeds the thermal energy. In
order to propel the COTV to geosynchronous orbit, the argon plasma beam will be
directed primarily perpendicular to the geomagnetic field at the equatorial plane in the
azimuthal direction (Figure 2). The COTYV transfer orbit will be a spiral in the equatorial
plane (Figure 3). Plasma beams propagating perpendicular to the geomagnetic field
entail very interesting dynamical interactions with the magnetosphere-ionosphere
system; in this case, this interaction takes place not at a single location but at all
equatorial altitudes from LEO to GEO (Figures 2 and 3). Although, for purposes of
considering large-scale magnetospheric modification, the argon plasma beam can be
regarded as being perpendicular to the magnetic field at the equatorial plane, it is
technically not entirely'correct because the magnetic axis is off-set from the earth's
spin axis and because proposed SPS launch site at Florida would necessitate a 28.5° orbit
inclination change during transfer orbit ‘t‘o GEO. The exact orientation of the argon
plasma beam with respect to the local. magnetic field depends entirely on the above
factors and on the details of the planned thrusting schedule, which is not available.
Considerations of particle. motion in the previous section indicate that this exact
orientation is not of great significance for global scale environmental assessment except
at the vicinity of LEO where direct precipitation of a dense beam of 3.5 keV Ar" would
cause airglow (artificial aurora) emissions and atmospheric heating far exceeding that of
the natural aurorae. These effects will be discussed more fully in Subsection V.A.

For consideration of argon plasma emission parameters, Figure 4 (taken from Chiu
et al,, 1979a) shows the relationship between payload mass and argon propellant mass
needed to transport the payload from LEO (~ 400 km altitude) to synchronous altitude
with an accompanying orbital plane change of 28.5°.  Obviously, the amount of
propellant required for a given payload depends on the ion-beam streaming speed. For an
SPS payload of ~ 4 x 107 kg, it will be necéssary to expend ~ 106 kg of argon propellants
for option 1 in Table I. This is ~ 2 x 1031 Ar* ions, roughly comparable to the total
content of the natural plasmasphere and ionosphere above 500 km. The exhaust
deposition rate in terms of the time fraction of LEO-GEO transfer orbit, which is
nominally ~ 130 days, is shown as a function of geocentric radius R on Figure 5 (Chiu et
al., 1979a). Thus, 80 percent of the total propellant content is released in the
plasmasphere, R < 4 RE (Figure 3). The number of Ar+ released at a given geocentric

distance for a payload mass of 4 x 107 kg is shown on Figure 5a (Chiu et al., 1979¢); for

13



comparison, the number of ambient electrons lying within a flux shell of thickness equal
to twice the argon gyroradius at a given distance R is also shown.” The energy content
released into a given shell dominates the ambient energy content, however, since the
streaming Ar' kinetic energy is 3.5 keV and the ambient thermal energy is ~ 1 eV.

Argon ion engine exhaust in the magnetosphere is thus unique in that it represents
both matter and energy injections. The evolution of these two forms of injections

B e

follows very different paths, as we shall show.

Neutral chemical exhaust is initially emitted in the magnetosphere as HZO
molecules in the exhaust of LOZ/LH2 rocket engines of the POTV. In the magneto-
sphere, the HZO molecules are expected to be photodissociated into H and O atoms.
Since chemical rocket combustion temperatures are ~ 2000°K, slightly less but compar-
. able to the ambient mégnefospheric temperature, chemical rocket exhaust does not
‘ " represent injection of extra free energy, just m]ectlon of matter.

According to the SPS baseline concept review (U.S. NASA, 1978) the POTV engme
assembly consists of two stages with 4 engines in the first stage and 2 engines in the
second stage. Each engine has a mass flow rate F ~ 104 kg/seec. Because no thrusting
schedule is given, we cannot determine the scheduled flow rate. Taking an averaging
approach, one may assume as a working model avefage total POTV exhaust rate F ~ 310

kg/sec of HyO over an average exhaust cross-section of ~9 m?

at exit (average of 3
nozzles of 2 m dxameter each). The exhaust speed is u ~ 4 km/see. Once the exhaust
leaves the nozzle it expands primarily isotropically away from the exhaust beam axis.
Thermodynamically, this expansion is conti'olled by the temperature of the exhaust so
that relatively more fnolequles have zero transverse speed ‘and the abundance of
molecules with higher transverse speeds falling off in a Gausian fashion according to a
thermal distribution. The proper treatment of the .density distribution in such a
thermally expanding jet in collisionless medium is by solution of the Boltzmann equation.
Sluch an exact solution of the free expansion of a neutral jet is given in Subsection V.A.
Since the assessment of the effects of neutral POTV exhaust is not originally called for _
in the FY79 contract activity, we have not applied such a model of the neutral jet to the
limited assessment of POTV neutral exhaust effects given in this final report, Conse-
quently_, the mode of free jet expansion is given in Subsection V.A. Instead, an averaging
approach can be used to estimate the neutral jet characteristics here. Assuming the
exhaust to expand away from the beam axis at an average speed w ~ u/10 =~ 0.4
km/see, the neutral'exhaust cloud would occupy an approximately conical volume V =
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Figure 2. Schematic Representation of Cargo Orbit Transfer Vehicle
(COTV) Argon-Ion Emission Scenario at L. = 4. Coordinate
system used in this paper is also defined. Ion beam trailing
the COTV is roughly 1000 km long and ~10 km in width.
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1ru2w t3/3 at any time t > 0. The density distribution N inside this volume depends on

the details of the expansion as described above. For our purposes here an average
estimate is N ~ Ft/V. This would imply an average density of ~ 1013/(4t2) atoms/cm3,
where t is measured in seconds. As we shall see,' such a dense neutral cloud in the
magnetosphere would significantly influence the lifetimes of charged particles in the
magnetosphere.

We have attempted to collect and summarize the available information on
emission parameters of argon ion engines and of LOZ/LH2 chemical engines in the
magnetosphere for the SPS program. As we can see, the information available is not
sufficient for a complete environmental assessment although it does allow limits of
magnetospheric modifications to be roughly defined. The evolution of each exhaust
emission outside of the immediate vicinity of the relevant spacecraft represents the

effects of magnetospheric modification. These will be treated separately in the rest of
this report. '

E
s
i

s
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Iv. ARGON ION ENGINE EXHAUST (COTV) IN MAGNETOSPHERE

Argon plasma exhaust from the COTV ion engine assemly is the major source of
magnetospheric effects; therefore, this section sets the foundation for major tasks in
this assessment effort. A complete and quantitative description of the evolution of the
injected argon plasma from the initial beam stage to the final thermalized and
recombined stégé is a task probably beyond present scientific capability. Yet, a
satisfactory picture of the evolution can be obtained by breaking it down into a
collection of important phenomena taking place at various magnetospheric regions and in
various stages of argon plasma evolution. In this Section, we shall concentrate on the
interactions between the Ar+ exhaust and the magnetosphere as foundation for consider-
ation of impaets in subsequént sections.

As is noted in Sections Il and III, the geometry of Ar’ beam injection and the
likelihood of Ar' precipitation into the atmosphere can be used roughly to divide the
magnetospheric effects into two regimes. First, near LEO where the loss-cone is large a
substantial portion of 3.5 keV Ar' is likely to precipitate as a dense beam, stimulating
artificial local airglow and atmospheric heating some orders of magnitude above the
natural aurora. Second, in the plasmasphere ( = 2500 km altitude) and near GEO, the
loss-cone becomes small and the Ar' beam is likely to undergo magnetospheric
interactions as a plasma. In what follows we shall discuss the approximate behavior of
the argon ion enginé exhaust in these two regimes as groundwork for assessing the
various specific magnetospheric effects.

By examination of (4), it is well-established that 3.5 keV Ar+ emitted at LEO with
nonvanishing v, is likely to charge exchange with neutral thermospheric constituents
without first losing its initial energy by other interactions. A more quantitative
consideration requires determination of the charge-exchange altitude Zoe for r, in (4)].
Since major thermospheric neutral constituents are O, N2 and 02, the following charge-
exchange processes must be considered:

Art +0— 0"+ Ar (5)
Ar' + N,— N; +Ar [0 ~ 1.2%x 107186 cmz] (6)
Ar'+0,—0; +Ar [0 = 45x 108 em?y . M
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These processes at 3.5 keV incident energy are needed to determine Zae for a given
distribution of neutrals. The cross-sections associated with (6) and (7) were measured by
Hedrick et al. [1977] but there is no known measurement of total eross-section for (5). If
the incident energy far exceeds the O2 binding energy, we would expect that roughly
o[ =~ o (M2 ~2.25x 100 em? . (8)
With the use of the CIRA/COSPAR International Reference Atmosphere (1972) at an
average 1000°K exospheric temperature, it is a simple numerical procedure to determine
z,o from the functional relation (2) for each of the processes (5) - (7). We obtain:
2,,[(6)] ~ 280 km, z,, [(6)] ~ 200 km, and z,, [()] ~ 140 km. Thus, the Ar" charge-
exchange altitude can be taken as 280 km. This is due to charge exchange with atomic
oxygen, which is the main neutral thermospheric constituent. With r I Ry + 280 km,

we can use (4) to calculate the loss-cone angle (o _ ..) for give a field line L = R/ Rp and

crit

for various locations of injection ry on the same field line. The relationship between

it and r[; is shown in Figure 6. From this figure, we determine that prompt
precipitation of substantial numbers of Ar' of 3.5 keV energy is unlikely for source radial
distances greater than ~ 2000 km from LEO, primarily because the beam pitch-angle is

not likely to.be much less than ~ 30°. Further consideration of precipitation of 3.5 keV
+. . . : o
Ar is given in Subsection V.A.

Thus, in the rest of the magnetosphere at radial distances ~2000 km from LEO
and up to GEO, trapping of the argon plasma, as depicted in Figure 2, is likely to occur
for substantial length of time if the argon plasma beam does not pass entirely out of the
magnetosphere. For this case, we must consider beam-plasma interactions. The plasnia
interactions can be roughly divided into the largest spatial scale interaction with the
magnetospheric shell as a whole and into the spectrum of smaller scale plasma
instabilities, although the two are not unrelated. Here we shall deal only with the
former; discussion of the latter is found in Subsection V.E.

The physies of a plasma beam propagating transverse to a homogeneous vacuum
magnetic field is very simple: if the beam is sufficiently dense so that polarization
currents can maintain the charge separation electric field necessary to satisfy E + ‘EV x
B = 0 (V is the beam velocity), the beam will propagate across the magnetic field. An
alternative view of the effects of the polarization eleetric field E seen by a co-moving

22



¥4

CRITICAL PITCH-ANGLE, degrees

[=p]
o

[ g
(e

-
(enen ]

(F%]
o

)
h—

—
o

1 1 B 1 1
[][J ] 2 3 | 4 ) b
RADIAL DISTANCE FROM LEO FOR GIVEN L, 1000 km

Figure 6. Critical Pitch Angle (Charge-Exchange Loss Cone Angle) Shown as Function
of Radial Distance from LEO at Various L-Values. Loss cone narrows
drastically for all L.-values at radial distances greater than ~2000 km from LEO.




observer above is that, in the coordinate system of the stationary magnetic field outside
of the cloud, the plasma cloud, under the force of E, appears to be drifting with a
veloeity V = o(E x B)/B2. But ¥ above is also the drift velocity of magnetic field lines in
the cloud induced by the electric field E; hence, the field lines in the cloud are said to be
"frozen" into the plasma, drifting with veloeity v relative to the field lines outside of the

cloud. For this condition to apply, the beam density n, must satisfy
2,22 -
41rnAmAc/B > 1 (9)

where m, is the argon-ion mass (Curtis and Grebowsky, 1979). Numerically, (9) yields
(500-30000) n A (cm'3) > 1‘for 2 € L < 4, which would seem to be well-satisfied for the
beam parameters of Table I; if so, the beam simply moves out of the magnetosphere to
be dissipated in space. ‘

Unfortunately, this conclusion is false. The magnetosphere, and particularly the
ionosphere, cannot be considered in terms of a vacuum magnetic field. Plasmas in the
magnetosphere, and especially in the ionosphere, act to short out the charge-separation
electric field E and stop the beam in a distance of ~ 1000 km. |

The basie physies of beam plasma cloud interaction with the magnetosphere and
ionosphere is well-known, and was worked out by Scholer (1970) and Pilipp (1971) in
connection with the HEOS release of an ionized barium cloud at L = 12 (Haerendel and
Llst, 1970). This high-altitude release had, as will the argon engines, a high initial 8 (=
8P, /Bz, where P, is the pressure perpendicular to the field lines of the injected
plasma). The beam expands rapidly, in a direction perpendicular to Vv and to §, to the
point where BSI. Of course, the beam also spreads without constraint (except for
mirroring forces) along B as in Figure 2 and as discussed above.

One could calculate the final beam spread Ay in the y-direction (or V x B

direction; see Figure 2) using zero-Larmor-radius magnetohydrodynamics, that is, by V

equating P, (including thermal pressue n AKT plus dynamic pressure 1/2 n, m A v2 tan20)

to the asymptotic plasmaspheric pressure, which is essentially B /8w, Flux
conservation requires n A=y AA/ Az Ay, where TN and A are the initial beam density
and area (see Table I) and Az is the beam spread along the field. Assuming Az 2 Ay,
one finds that Ay is less than ~ 1 km from L < 4, much smaller than the argon Larmor

radius R A In effect, this calculation of the confinement of gyration centers tells us
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that Ay is of the order of the argon Larmor radius (40-80 km at L = 4) because the

gyration centers are confined to a Ay much smaller than the argon Larmor radius, at
least for the first ten or so Larmor radii downstream from the nozzle; past this, the ~
10° angular divergence of the beam could produce substantially larger Ay [as long as (9)
continues to hold].

In first approximation, then, we have a beam of Ay ~ R A propagating across the
earth's field as shown in Figure 7. In this figure, the dotted lines show schematically
earth's maghetic field lines at various times. The condition E + (1/¢) V x B = 0 means that
these lines are frozen into the plasma beam at the equator; their distortion is an Alfvén
wave (t = 1, in Figure 7). At t = 2, the wave reaches the ionosphere, where the foot of
the field line slips, because of the ionosphere's finite conductivity; the wave then
reflects back to the beam (t = 3, 4).

The field lines act somewhat like rubber bands, tending to retard the cloud. The
physical mechanism is that the polarization charges responsible for E move along the
field lines at the Alfvén speed v A? accelerating magnetospheric plasma and transferring
momentum out of the beam. Ultimately, the Alfven wave reaches the ionosphere and
drives dissipative Pedersen currents (in the absence of dissipation, the argon beam would
oscillate like a mass on a rubber band field line). '

Let M A De the mass density of the argon beam, integrated along field lines
passing through the beam: '

MA=./'dznAmA . (10)

When this mass density is equal to the mass per unit area incorporated by the Alfvén
wave, namely 2 v AT Dgm p’ the beam is essentially stopped. Here T is the time it takes
D _i:athe rr}ag_.r;etospheric mass
Az5x10 gm cm atL=4;iva

cm_3, this gives T~ few seconds. The beam's velocity

the Alfven wave to travel a distance v AT > and n, m
density per unit volume. For the argon beam, M
=3 X 107 3
behaves like v ~ Vo ©
. 103 km. In this example, the beam momentum is soaked up by magnetospheric plasma
extending at most a few thousand kilometers down the field line on either side of the

beam.

em see L and ng ~ 10

-t/ T, so the beam can only travel a distance of the order of Vo T =
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This picture of argon beam plasma cloud interaction with the magnetosphere is

based on high 8 (8 > 1) explosive barium releases in the far magnetosphere (Pilipp, 1971;
Scholer, 1870). The B of ion engine exhaust is much greater, but a second "eonfirmation"
of the action of an Alfven shock to short out the polarization eleetric field can be found
in the stopping of Starfish debris motion perpendicular to the magnetic field. (Zinn et
al.,, 1966), although for this case B is again not as large as the case of the argon ion
beam. It is sometimes claimed (Curtis and Grebowsky, 1979) that the argon ion beam
regime is trans-Alfvénic, i.e., v A < v, and that the physies of beam stopping is different
because the beam speed is too fast for the Alfvén shock to act. However, actual
calculation of plasmaspheric Alfven speeds, as in Figure 8, based on a plasmasphere
model which compares favorably with observations (Chiu et al., 1979b), shows conelu-
sively that the 3.5 keV argon ion beam is sub-Alfvénic by at least one order of
magnitude. While the basic detailed physies of beam stopping requires further research,
We feel that the physical ideas of the above references are sufficiently sound to allow us
to estimate beam stopping characteristics. The basic physies of Alfvén shocks generated
by a conducting body in the magnetosphere have also been treated (Drell et al., 1965).

The further fate of the injected Ar' after the major part of the initial 3.5 keV
energy has been imparted to the ambient magnetosphere may be very complex because it
depends on the plasma dynamics of the Ar cloud. We would expect a whole zoo of
plasma instabilities to be operative; some of these may indeed hasten and spread the
uniform beam stopping process discussed above. Some discussion of plasma instabilities
are given in Subsection V.E. The longer-range evolution of Ar’ is characterized by the
competition between loss of energy by Coulomb collisions and the loss of Ar' itself by
charge exchange. Long range Coulomb collisions with ambient electrons degrade the
kinetic energy into ambient thermal energy without causing substantial pitch-angle
change because these Coulomb collisions are primarily forward scatterings. For
energetic Ar' to be physically lost from the magnetosphere, they will have to suffer
charge exchange collisions which would allow the neutral argon atom to escape the
magnetosphere. Figure 9 shows the cemparison of charge exchange lifetimes of Ar' in
the magnetosphere (L 2 2) with the thermalization lifetime due to Coulomb collisions.
In this Figure, the lifetimes are computed for lower energies because substantial
fractions of the initial 3.5 keV have been lost in the beam stopping process. Also, these
lifetimes are computed for Ar' mirroring in the equatorial plane primarily because of
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the previous consideration that Ar' are unlikely to reach the loss-cone if they are
injected at > 2000 km from LEO. The charge-exchange process in the magnetosphere is
quite different from the processes (5), (6) and (7) because the magnetospheric neutral
constituent is primarily hydrogen, i.e.,

Art +H~H + Ar (11)

is dominant. The cross-section for (11) is unknown, but again for sufficiently high energy
of(11)] = %— c [Ar+ + HZ]' The Ar' + H2 charge-exchange cross-section has been
measured by Gilbody and Hasted (1956). Note that the charge-exchange lifetimes (~ 100
hrs) are comparable to the average duration between magnetosperic storms which
typically defines the lifetimes of the natural magnetospheric plasma. Thus, we expect
that the injected Art plasma will substantially modify the magnetosphere with a time
constant roughly equal to several days until a new magnetospheric storm sweeps out the
‘accumulation, if the storm mechanism remains effective under the modified circum-
stances. '
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V. MAGNETOSPHERIC EFFECTS DUE TO ARGON PLASMA EXHAUST

In this Section, we shall apply the physical interactions discussed in the previous
Section to phenomena affecting human activities in space and on the ground. The entire
Section is organized into five Subsections, although the Subsections are by no means
independent.

A.  Artificial Airglow and Optical Earth-Sensor Interference

Space-based optical sensors that peer at or through the earth's atmosphere
for military, scientific, or earth-resource applications are widely used at the current
time, and prognostications indicate even further exploitation of remote sensing tech-
niques in the future. The interpretation of data from such systems must, of 'course, take
into consideration the optical emissions that emanate from the atmosphere itself. For
many if not most vapplica'tions the atmospheric emissions ‘represent an unavoidable
"backgrOund against which measurements must be made. Quite understandably, any
changes in the background would have impaet on the performance of such systems via
their effect on data analysis and interpretation. In cases of extreme changes in the
background sensor design modifications might be called for.

‘ In the unperturbed low and mid-latitude regions of the upper atmosphere the
optical emissions are called collectively "The Airglow". They range in wavelength from
the extreme ultraviolet to the far infrared. These radiations, which are comprised
mainly of lines and bands of O, 02, N2’ NO and H, are produced by various processes
such as resonant and fluorescent scattering of.sunlight, photoelectron execitation, and
chemical interaction. It is instructive at this point to distinguish between photoelectrons
in the ionosphere, which are the immediate product of the photoionization of neutral
atmospheric particles, and the ambient electron gas, which is the ensemble of electrons
that have reached thermal equilibrium. Photoelectrons are the more energetic of the
two populations,- éapable even of producing further ionization, whereas the thermal
electrons in the present undisturbed ionosphere have energies only of the order of a few
tenths of an electron volt. In the auroral region,‘ much more intense radiations of
primarily the same character are stimulated by precipitated auroral electrons and ions
with typically 1-30 keV of energy; these are properly known as the aurorae.

‘The energy deposition associated with the argon ion engines of the SPS
stimulates artificial airglow in two ways. First, the beam stopping mechanism heats the
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ambient magnetosphere and ionosphere (see IV, V.B., V.C. and V.E.) to a thermal energy
level of a few electron volts, comparable to the energy of natural photoelectrons and
therefore capable of stimulating similar airglow. This source of artificial airglow
involves the natural atmospheric constituents and the well-known natural emission lines.
The intensity is expécted to be much greater. than the natural airglow because the
thermal electron flux is orders of _niagnitude higher  than the photoelectron flux;
however, it is not possible to assess at present exactly what the modified thermal energy
level is, except that averaging consideration would put it in the 0.2 - 5 eV range. The- |
most important consequence appears to be the enhancement of the well-known atomic
oxygen lines at 5577 A and 6300 A. The 1S andlD states of atomic oxygen, which lie at
about 4 and 2 eV respectively above the ground state and give rise to the aforementioned
lines, can easily be excited by thermal electrons of ~ 5 eV. Under natural conditions
these lines originate from photoelectron impact and ion-chemical proceses. In a similar
context, thermalized argon ions may also modify oxygen and nitrogen airglow intensity
because they react efficiently with N2 and 02 in charge exchanging processes:

Art + N, =~ Ar + N; o | - (12)
'Ar++02——Ar+O; | | ‘_(13).

Process (12) is followed by
N;+0—NO' +N | (14)

which is sufficiently exothermic to electronically excite either product. Process (13) is
immediately followed by the dissociative recombination reacion

0,+e—=0+0 - (15)

in which one or both of the oxygen atoms may be excited and capable of radlatmg at
either 5577 A and 6300 A.

It is difficult to assess the impact of this source of airglow modification not |
only because we do not know the exact level of thermal modification without doing
original resea_?rch but also because the oxygen (red and green) regions of the spectrum do
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not seéni to extensively interfere with present space systems. A test example can be
cited in the case of SAR ares (stable auroral red) which are stimulated by similar
thermal pfoéesses at the atmospheric footprints of the plasmapause. Satellite measure-
ments of electron temperature near the plasmapause indicate temperatures of ~104°K
( ~1 eV). As far as we can determine SAR arcs do not seem to impact optical earth-

sensor systems.

A second mechanism of airglow modification is much more serious since it
affects directly near-UV portions of the speetrum where some critical sensors operate.
This is due to direct impact upon the atmosphere by 3.5 keV Ar+ beam from the vicinity
of LEO. We call this process "artificial aurora" because it is a direct analog except that
the excitation agent is 3.5 keV Ar' instead of (1-10) keV electrons from the aurora.
Unlike the case of auroral excitation, excitation cross-sections for Ar' collisions with
atmospheric atoms and molecules are not as well-measured as with energetic electrons.
The only applicable measurement is reported by Liu and Broida (1970) for the excitation
reaction

+
Ar.+N2

—Ar+ N, (822" - x? }:;) o | (16)
where the emission of the excited 'N; in the measured UV spectral range of (2500 -5000)
A have a cross-section o [(16)]~ 20 x 10-18 cm2 for 900 eV Ar' impact. In addition, the
emission cross-seetion for the 3914 A line of (16) is o[3914 A] ~ 1 x 10-18
1972]. These measurements allow us to make a sample assessment of the factors
controlling possible interference with optical earth sensors. |

cm2 {Thomas,

Consider the impact of Ar' (density N A» Sbeed vy ) upon atmospheric nitrogen of
density N and scale height H with excitation eross-section o. The emission intensity I
from a 1-cm2 column is given by

1=N,v, No H/10% Rayleighs (1)

where the quantities in the numerator of the right hand side are expressed in cgs units.
Thus the emission intensity depends entirely on the density distribution N A» Which
depends in turn on the dynamics of the ion engine beam at LEO. Considerations of pitch-
angle distributions such as in Section II indicate that the magnetic field exerts little
influence on the beam density distribution between LEO (~ 400 km) and the charge
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exchange altitude (~ 300 km); therefore, to study the mapping of beam density from the

nozzle at LEO to the airglow-emission altitude, we need only solve the collisionless

Boltzmann equation for the free expansion of a neutral gas with dlstrlbutlon function f(v,
T, t) for a source distribution S(V, T, t) which is a jet.

{ of

T V. vf=§ : (18)

Our source is a time-independent beam at the origin firing off Ar" with

speed v, in the z-direction of a ecylindrical coordinate system (r, z, ¢). A eylindrical

system in velocity space (Vr’ Vo A) is also used. The velocity distribution in the r-

direction is assumed to be a Gaussian with a cut-off constant V We shall study the

effect of this beam spread constant v upon the artificial auroral emission intensity. A

properly normalized (to the Art propellant flow rate F) source function is
s = 2-2 ' 2,2
S=(F/27 v.") (1/r) 6(r) 6(2) & (v, - vg) exp (-vr ) (19)

where F (Ar+/sec) isF=sJS d3r &Bvs. The exact solution of (18) for S given by (19) can
be obtained as '

t . ) . .
£, V,t) = f at’ f &Sy 6 [F-F - Wt S @, V) -~ (20)
0 ' .

The density N A is 'given by

= fd3 vVt = (F 90/1r Vrz zz) exp - (r Vo/Z Vr)z . (21)

-2

From (21), we note that the beam density falls off as z “ in the beam propagation

direction but more importantly the beam is confined to a transverse regionr < z v /VO’ ’

Since z and vy are given for our case, the constant v determines the cross-sectional
area of the beam. The magnitude of V V. is bounded by two limiting cases. For Case 1, a
rather unrealistic case, all particles make a 10° angle with the nozzle axis as they
emerge (including those from the middle of the nozzle); we have Vr/v0 = tan 10°. From
(21), it is seen that Case 1 yields a beam which spreads very fast. For Case 2, the
perpendicular spread of the beam is due entirely to thermal motion, a more realistic case
for an exhaust jet; then, '\7!_ = (2kT/m A)l/ 2 where T is the Ar’ temperature (~ 1000°K).
This yields a dense beam. The truth probably lies between these two limits.
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Table II. Artificial and Natural N; (2500-5500 R) Auroral Intensities.

Al_titude _I_l (rayleighs) lZ (rayleighs) - Natural (rayleighs)
350 1.24 1.58 x 10° -
300 1.30 1.65 x 10° -

* 6
250 2.50 3.17 x 10 -
200 | 6.5 8.25 x 105 -

*%k

ok 7 5

150 24.4 3.1 x 10 1.5 x 10

* - \
Art + 0 charge exchange altitude. Below this altitude, the Ar" become fast ?
neutrals and the calculated intensities are not accurate. |

*% ‘ '
Electrons of energy (1-10) keV penetrates much deeper than Ar' of 3.5 keV and
generates aurora in this region and below.
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We have computed the column emission intensity for these two cases (11 and
L,) using (21) and (17) for propellant flow rate given in Table I and for a CIRA (1972)
atmosphere with 1000°K exospheriec temperature. The artificial N; aurora brightness
stimulated by 3.5 keV Ar+ in the spectral range 2500-5500 A range is given in Table II.
For comparison, the brightness of the natural aurora of moderate strength emitted by
the same N; band in the 3500-5500 A range (Baker and Pendleton, 1976) is also listed.
It is seen that the artificial auroral may be an order of magnitude brighter in intensity
than the natural aurora in these spectral bands. It must be noted, however, that this.
result applies only to Ar+ beams emitted at LEO. Since these spectral regions may be of
importance to optical earth-sensors, our considerations suggest that such interference
can be mitigated by a thrusting schedule which directs the Ar' beam at LEO primarily in
the azimuthal direction (pérpendicular to the magnetic field as in Figure 2 until the
COTV is more than ~ 2000 km from LEO. This thrusting schedule would require orbit
plane change operations to be performed in the magnetosphere rather than at LEO. This
is an interesting case in which environmental effects may feed back upon the system
design concept. ' |

B.  Ionospheric and Plasmaspheric Heating

In this Subsection, 'we move away from LEO and consider the prompt effects
of the interaction between the Ar " beam and the magnetosphere as described in Section
IV and Figure 7. We recall that the Art beam exchanges energy with the entlre ambient
magnetosphere via the propagation of Alfvén shock waves before the Ar particles are
physically present in the entire magnetosphere.

The ionosphere "feels" the beam after a time =~ f/v AR tens of seconds (£
is the length of the field line and v A is the Alfven speed). The electric field E; imposed
on the ionosphere differs from the % VxB field, mapped to the ionosphere, for two .
reasons: first, the electric field diminishes along the field line by a factor of order exp
(-£/v A‘r), and second, the electric field is partly reflected at the ionosphere (to produce
the upgoing Alfven wave at t =3, 4 in Figure 7). Scholer (1970) gives the relation

E; = [2/(1 + x)] E ut ’ (22)
x=41r):p vA/c2 : - (23)
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where Eo ut is the field just outside the ionosphere, EI the field in the ionosphere, and “:p
the ionospheric Pedersen conduetivity. It is somewhat hazardous to make numerical
estimates with exponential factors floating around, but it would be surprising if the

ionospheric time scale for dissipation, Tp defined by

71
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=my vy©/2 Ep E; - (29

were very much greater than 7. In (24) m, is the argon mass and v, is the argon speed.

Taking the two time scales equal, the rate at which beam energy is dissipated in the

ionosphere is roughly m , v02/2‘r ~ few el'gs/cm2 sec, and this might occur over an area
3 4, 2 '

of 10

-10" km"” in the ionosphere.

Before we discuss the consequence of Jouie dissipation of the beam-induced
ionospheric electric field EI’ we note that it drives a Pedersen current across the
magnetic field in the ionosphere in exactly the same manner as the auroral ionospheric
current driven by the increased convection electric field. This ionospheric current
appears, however, at the footprint of the magnetic field line connecting the COTV
spacecraft and the ionosphere, i.e., at mid-latitudes. The natui'al auroral currents are
known to induce relay-tripping effects in high latitude power transmission lines and to
cause increased corrosive effects in long distance pipelines near the auroral zone (U.S.
NOAA, 1980). Exactly what the effects of the artificial ionospheric current in the
"densely populated mid-latitude zones would be requires in-depth assessment of the
transmission of such an artificial electrie field through the mid-latitude ionosphere. The
presence of such an ionospheric current necessarily implies Joule dissipation and
consequent heating of the ionosphere. We argue that the major part of the beam power

of ~5x10%° ergs/sec will be dissipated in the magnetosphere and ionosphere.

By comparison, a natural geomagnetic storm dissipates energy at a rate ~

1017

per unit area for a storm is also a few ergs/cm2 see (Ching and Chiu, 1973), comparable

ergs/sec, but only sporadically and over a much larger area. The dissipation rate

to the argon beam dissipation. The difference is that the argon beam will be present,
day and night, for several months, while storms occur only every few days. The amount
of naturaily—occurring energy precipitated into the ionosphere over a span of time like
four months (the ion-engine operational period), is not likely to exceed a few times 1022
ergs per month in moderately quiet times; this is of the order of magnitude of the energy

released into the plasmasphere by the SPS ion engines.




Thus, the beam may well deposit (by Joule heating) a substantial amount (~
1014 ergs sec_l) of energy in a relatively small area of the ionosphere connected by
magnetic field line to the argon beam at any given moment of operation (see Figure 2),
long before the majority of Ar' ions are physically present in the ionosphere. Since the
COTYV spirals outwards toward GEO, as in Figure 3, the relatively localized "footprint" of
the instantaneous field line becomes a band of heated ionospheric—plasmaspheric flux
shells. The exact level of heating and the exact extent of heated areas need to be
evaluated for a complete assessment, but these can only be arrived at by doing applied
research. For the present effort, it is perhaps sufficient to seize upon the similarity in
magnitude between beam energy dissipation and geomagnetlc storm energy dissipation in
the 1onosphere, and note that the heating input is not unlike that in a flux tube
containing the auroral are. It has been estimated that in the auroral arc. approximately
one-half of the heating is by particle dissipation and the other half by Joule dissipation
(Evans/NOAA, private communication 1979). Since it is difficult to see how Joule
dissipation of the eleectric field EI can be ahy different from Joule dissipation of the
auroral electric field, we would expeect the plasma conditions to be similar in the two
flux tubes also. If so, then we would expect the plasma temperature to be a few electron
volts (10'?'—1{)4 ©K). This estimate is also consistent with the averaging approach taken in
Section IV and Figure 9.

_ What is the primary consequence of ionospheric-plasmaspheric heating to a
few electron volts? We argue that this will lead to a modification of plasmaspheric
composifion. This argument is based on a steady state model of the density and
composition distribution of the plasmasphere; thus, it needs qualification and refinement
based on further applied research. However, since the results are physically sound, we
feel that the first order estimates are sufficiently significant for present purposes.

As a first approximation it is assumed that the ionized argon can be treated
as a constituent of the steady-state plasmasphere. An earlier analytical model of the
equilibrium plasmasphere derived by Chiu et al. (1979b) is used to predict the changes
that will occur due to the presence of argon ions and to the heating of the ambient
plasma by the thermalizaton of the argon ions.

Chiu et al. (197 9b) found that the observed plasmaspheric density included in
the region between an altitude of 500 km and the dipole field line L = 5 can be
adequately described by the expression
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' s
n(s) = n,() (BT, (A/BIDT(S)] - exp fz ds'

[qj el E - m, (GME/r2 v 2np. §']/ij (s" - (29)

E
where nj is the density of ion species j, s is the distance along the dipole field line
measured from the equator (s = 0) to the ionosphere (s = /), B is the magnetic field
strength, q le| is the charge, E is the ambipolar diffusion electric field strength, m is the
ion mass, G is the gravitational constant, ME is the mass of the earth, Qg is the angular
rotation frequency of the earth, k is Boltzmann's constant, and r is the geocentric radial
coordinate. The empmcally determined temperature proflle along a field line is given by

T =Ty + T, [To] [ll—s] | | (26)

where TO’ Tl’ LO’ o and B are constants with the following norminal value5° T0 =
2000°K, T, = 3000°K, Ly = 3, « = 1/2, B = 1/2. These authors considered a charge-
neutral four constituent model composed of electrons, H R 0" and He". Their result in
the equatorial plane and the above natural temperature parameters is shown in the left
panel of Figure 10,

For the purpose of the present investigation, the minor constituent He+ was

- omitted and argon ions were substituted as the fourth plasmasphere constituent.in the

model. As mentioned above, the ionospheric (500 km) concentration of argon ions was
set equal to either the local concentration of hydrogen ions or of oxygen ions as nominal
lower and upper limits. It must be recognized that these limits are at present arbitrary;
eventually, these limits should be set by a detailed study of the fate of Ar' in the
magnetosphere. Several different fractional temperature increases were assumed. The
results of the calculations are a bit tedious to be shown here in detail but the salient
features are summarized by the right hand panel of Figure 10, in which T0 isset at 5 eV
and T

normal distribution of the plasmaspheric hydrogen and oxygen; however, as shown by the

1° 0. Our results show that the addition of the argon ions will not upset the

right-hand panel, the addition of heat by the argon-ion interaction with the ambient
medium or by Joule heating can drastically alter the plasmasphere. At high altitudes,
hydrogen can be replaced by the heavier constituents (oxygen or a combination of oxygen
and argon) These results are easily understood, because the increased heating drives 0
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and H+ up the field line but the supply of ionospheric of is orders of magnitude higher
than H+, thus inereasing the proportion of 0" in the higher altitude region. This
situation is further accentuated by the gravitational sinking of Ar’ relative to the
accompanying electron, driving up more 0" to maintain charge neutrality. It must be
recognized also that the assumed boundary conditions are simplificatigms of the actual
situation, which is very far from steady state. The argon ions will be\' introduced onto
different L shells at different times; plasma convection processes and radial diffusion
can modify the spatial distribution of the argon which, because of the nature of its
source, is already quite different from that of a normal plasmasphere constituent. >In
addition, interhemispheric flows, which may affect the plasmasphere as a whole were not
included in the model. Work on including these effects is currently underway.

The conseqhence of having large concentrations of heavy ions in the
plasmasphere can be quite serious for the dynamies of the radiation belt relativistic
electrons. These effects will be discussed in Subsection V.C. and V.D.

C. Ring Current Modifications

Consideration of magnetospheric effects caused by the presence of Ar" ions
may best be ordered in terms of the energies of various plasma constituents in the

magnetosphere. This classification is particularly convenient because the beam-stopping .

mechanism slows down significant numbers of Ar’ to ambient plasma energies ( <1 eV)

while other 3.5 keV Ar'+ may escape uniform deceleration due to pitch-angle scattering
or other smaller scale interactions. '

For natural magnetospheric particles other than thermal particles, it is
customary, for both kinematical and dynamical reasons, to distinguish between particles
having E ~ (1-100) keV and those having E 2 100 keV. The former are known as ring-
current particles, since they account for the major share of diamagnetic disturbances
observable with low-latitude magnetometers at the earth's surface. The latter are
known as radiation-belt particles, since they acecount for most of the radiation damage to
hardened spacecraft. The ring current and the radiation belts consist of electrons,
protons, and heavier ions trapped in the earth's magnetic field. Such particles obey the
laws of adiabatic charged-particle motion in the first approximation, and their spatial
iso-intensity profiles are toroidal in shape (e.g., White, 1966).

The ring current and radiation belts are populated with energetlc particles
by v1rtue of the dynamical interaction between the earth's magnetosphere and the solar
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wind. They are depleted of such particles mainly by interaction with plasma turbulence,
which tends to violate the adiabatic invariants of charged-particle motion. Such
violation allows particles to escape confinement by the earth's magnetic mirror and to
precipitate (i.e., deposit their energy) in the earth's atmosphere ahd ionosphere.
However, the interaction of geomagnetically trapped particles with plasma turbulence is
~ very selective, in that it is contingent upon a "resonance" between the gyration of a
particle and the frequency of a wave in the turbulent spectrum (after one takes account
of the Doppler shift associated with the motion of the particle through the plasma).
Thus, different classes of turbulence are found to interact with different classes.of
particles. '

The energy spectrum of trapped Ar+ ions in the magnetosphere may range from
3.5 keV on down to a few eV. Thus they are properly classified 'as‘ ring currents and
thermal particles. In this Subsection, we shall discuss some features of their interactions

while the systems effects of these interactions will be discussed in Subsections V.D. and
VOE.

In order to discuss the main dynamical effects of heavy ion additions to the
natural ring current (thermalized Art discussed above and thermal o* driven up from the
ionosphere, as discussed in Subsection V.B.), we must discuss the physies of electromag-
netie eyeclotron instability in the magnetosphere, although the main discussion on the zoo
of plasma instabilities connected with Ar+_ injection is in Subsection V.E.

“Turbulence in a plasma can be created by various mechanisms. A main
source of instability in the magnetospheric plasma is the velocity-space anisotropy
intrinsic to ring-current particle distributions. Anisotropy here means that relatively
more particles have larger velocity components paraliel or perpendicular to the magnetic
field. Thus iso-intensity contours in (v“ » V| ) - space are no longer circular. Since the
magnetic mirror points of ring-current protons and electrons are concentrated near the
magnetic equator rather than being distributed uniformly along a field line, there must
be relatively more energy per degree of freedom associated with particle gyration than
with translation of guiding centers along field lines. This condition can easily lead to
instability in certain electromagnetic wave modes. The ahisotropy of ring-current
electrons can lead to instability of a field-guided wave with right-handed polarization,
i.e., the so-called "whistler" wave mode. The anisotropy of ring-current ions can lead to
instability of the analogous field-guided wave with left-handed polarization. Both
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instabilities require the wave frequency to be somewhat smaller than the corresponding
particle gyrofrequency. Both instabilities cause velocity-space diffusion so as to reduce
the anisotropy of the corresponding charged-particle species, and so as to reduce the
lifetime of that species against precipitation into the earth's atmosphere (Kennel and
Petschek, 1966; Cornwall, 1966, Cornwall et al.,, 1970). Moreover, the unstable ion-
cyclotron waves generated by the anisotropy of ring-current protons are resonant with
relativistic radiation-belt electrons (E 2 2 MeV) and thus account for the observed
precipitation of such electrons during the recovery phase of a magnetic storm (Thorne
and Kennel, 1971; Vampola, 1971). It happens that the electromagnetic instabilities
noted here are not effective at ring-current energies for protons outside the plasma-
sphere, since the larger phase velocities attained there require a correspondingly larger
proton energy for eyclotron resonance. Thus, the precipitation of relativistic electrons
is contingent on the spatial co-existence of ring current and plasmasphere, which occurs
only during the plasmaspheric expansion characteristic of the recovery phase of a
magnetie storm.

The electromagnetic prdton—cyclotron instability, however, is likely to be
suppressed by the presénce of substantial numbers of heavy ions such as Ar' or OF in the
magnetospheric plasma (Cornwall and Schulz, 1971). This means that the major
mechanism for the depletion of relativistic electrons from the outer radiation belt is
likely to be made inoperative by SPS ion engine injections of Ar+, resulting in
enhancement of relativistic electron flux. Discussion of radiation belt relativistic
electron effects is found in Subseection V.D.

There is no danger that the population of ring-current protons would be
similarly enhanced, since these are subject to rapid charge exchange with ambient

-neutral hydrogen, as are ring-current helium and oxygen ions on a substantially longer

time scale (Tinsley, 1976; Lyons and Evans, 1976). Moreover, the addition of argon
plasma (or any other type of plasma) to the natural plésmasphere would tend to enhance
the loss rate of ring-current electrons (Brice, 1970; 1971). One should not worry about
the development of a charge imbalance in the magnetoéphere on account of modified
precipitation rates. There is ample cold plasma in the plasmasphere to balance charges
through minor modifications of the already weak ambipolar electric field, which has been
included in the model calculations in the previous section. |

Suppression of the electromagnetic ion-cyclotron wave mode is illustrated in
Figure 11. The normalized growth rate v/ Qp is plotted as a function of normalized wave
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frequency w/Qp for selected argon/hydrogen plasma-concentration ratios. For the
parameters chosen it is clear that a ratio N Ar/NH 2 1 is sufficient to suppress the
proton-cyclotron branch altogether. The lower-frequency argon-cyclotron branch
achieves a growth rate of at most 3 of the maximum proton-cyclotron growth rate
attained in the absence of argon. Thus, the electromagnetic ion-cyclotron mode is very
much stabilized overall by the addition of cold argon plasma to the medium. This
conclusion is consistent with the results obtained by similar methods for the addition of
even lighter ions such as Li" and He' (M#rk, 1974). .

On the other hand the injected 3.5-keV Ar+ ions might be scattered out of
the beam by some mechanism and come to constitute a plasma having a 3.5-keV
temperature. In this latter case the injected argon plasma would contribute direetly to
the ring-current population, and the o drawn up from the F-region would constitute the
cold-plasma additive. The cold 0+ would tend to suppress the electromagnetic proton-
eyclotron and helium-cyelotron instabilities of the natural ring current at frequencies
below the oxygen gyrofrequency (e.g., Cornwall and Schulz, 1971). However, the hot
argon plasma would become anisotropic with time because of charge exchange, and
would thus constitute an additional source of free energy for instability (ef. Cornwall,

1977). The argon-cyclotron instability would occur at frequencies somewhat below the -

argon gyrofrequency. Its gfowth rate would be enhanced by the presence of cold o' in
the plasmasphere (ef. Cornwall and Schulz, 1971). The argon-cyclotron waves would tend
to resonate wth relativistic electrons (ef. Thorne and Kennel, 1971) and thus to facilitate
the loss of such trapped electrons into the atmosphere.

These energetic Ar' begin to act like a man-made ring current of 21 keV
ions, with a residual pitch-angle anisotropy left over from the initial injection nearly
perpendicular to B. Just what energy and anisotropy are left after the beam-plasma
interactions is not known at present; they need to be evaluated in order to make a more
complete assessment. This ring current acts much like a natural one, subject to charge
exchange, Coulomb scattering (Section IV), and wave-particle interactions (see below).
If charge exchange is the dominant loss process (Coulomb scattering and other forms of
energy loss do not effectively remove argon), this ring current may have ~ 103 jons in
it,. comparable to the natural ring current. .A major difference is that the argon ring
current is mostly inside the plasmasphere, while the natural ring current penetrates
perhaps one earth radius inside the plasmasphere with the rest outside. Nonetheless,

there could be substantial overlap between the ring currents, especially during storm
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times when the plasmasphere is eroded and the natural ring current driven in by
convection electric fields. The argon ring current can make a substantial contribution to
the plasmaspheric pressure and hence "to the currents which flow there (both across and
along B); this will significantly stiffen the plasmasphere to deformations associated with
enhanced storm-time convection electric fields and diminish the strength of electro-
static radial diffusion. The result may be (other things being unchanged) a buildup of
ring-current particles and inhibition of inward transport of higher-energy particles;

In summary, SPS injection of Ar’ and heating of the plasmasphere and
ionosphere system necessarily imply substantial modification of the composition and
density of the thermal and ring curre;lt particles of the magnetosphere. The increase of
thermal heavy ion populations is likely to suppress ion eyeclotron plasma turbulence,
which is primarily responsible for scattering loss of radiation belt relativistic electrons.
On the other hand, addition of thermal plasma would increaée the loss rate of ring
current electrons, thus modifying the auroral process during magnetic storms.

D.  Radiation Belt Modification

The radiation belts consist of energetic electrons and ions (E 2 100 keV)
trapped in two toroidal shellssin the magnetosphere (Figure 1a) earthward of GEO. The
relativistic ion component probably originate from the decay of solar neutrons and from
the effects of heavy cosmic-ray particles. The heavy particles, also known as HZE (for
high atomie number and energY) particles, are the most penetrating and are hazardous to
humans and to space-borne equipment. Fortunately, the flux of these HZE particles is
low and is unlikely to be affected by artificial magnetospheric modification. Relativistic
electrons, on the other hand, constitute a component as important és HZE particles in
defining design limits to space systems. As is pointed out in the previous Subsection
(V.C.), relativistic electrons are rather more likely to interact with magnetospheric
turbulence by resonant pitch-angle scattering with ion cyclotron waves; therefore, ring
current and thermal plasma modifications are likely to impact Van Allen belt relativistic
electrons. The present population of such hazardous electrons is kept in balance by the
occurrence of several large magnetic storms per/ year‘. During such large storms,
relativistic electrons in the radiation bélts are seen to precipitate into the atmosphére.
Such an event is known as an REP (relativistic electron precipitation) event. Suppreséion
of the proton-cyclotron instability might, therefore, result in a major enhancement of

the radiation level from relativistic electrons within a year after argon-ion saturation of
the plasmasphere. |
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The enhancement of relativistic-electron radiation can be analyzed within
the framework of a simple model. Consider the model equation (e.g., Schulz, 1974)

di/dt =S - AJ, (27)

in which I represents the radiation intensity, A the natural radiation-belt decay rate, and
S the strength of a weak source of relativistic electrons. The decay rate X is perhaps
inversely proportional to the particle energy E, such that 1/X = (E/1 MeV) x 10 days.
The solution of (27) approaches the limit I = S/\ as t —co. Suppose, however, that I is
reduced to zero by ralativistic electron precipitation (REP) events, which oceur
randomly in time. Thus, let exp (- At/ T) be the probability that a time interval of length
At is free of REP events.. The radiation intensity grows from zero in accordance with
“(27) after each REP event, and so never quite reaches I. A careful implementation of
this model shows that the instantaneous probability for I to be in excess of some
arbitrary threshold Io < I, at any given time is

1/ AT

PU > 19 =1 - (Ij/Ie0)] (28)

and that P(I > I.,) = 0.

Here is a simple proof of (28): If t is the elapsed time following the most
" recent REP event, then is follows from (27) that

W=0-e /) =01-e Y. (29)

* This is the solution of (27) for I(0) = 0. The intensity I, would thus be attained at time
to, where

exp (- Atg) = 1 - (/1)) (30)

The probability that the immediately past interval of duration to has been free of REP
events is exp (- tO/ 7). Thus, the probability that I instantaneously exceeds I, is also exp
(- to/ T). It follows from this consideration, and from (30), that '

P(I > Iy) = exp (- to/‘r) = [exp (- MO)]I/ AT

- 1/ AT
- [1 - (Io/lw)] ’
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as we have claimed in (28). Moreover, it follows from (29) that I will not exceed I,.

The mean value of I, averaged over a time interval of duration At> T, is
given by

1= "; IoldP/dIOIdIO, ‘ : (32)
since IdP/dIo | dI0 is-the probability of finding I between I0 and Io + dIO. In other words,
the factor |dP/dIO| in (32) represents the probability density of I. It follows from (31)
and (32) that

T=[AT/1+ AT)] Iy - : (33)

This is the natural state of affairs. The intensity of relativistic electrons in the vicinity
of the plasmapause fluctuates in time in such a way that (28).and (29) are satisfied.
Suppose, however, that REP events are suppressed, by the addition of heavy ions to the
plasmasphere, causing suppression of ion cylotron waves. This environmental modifica-
tion corresponds to the limit 7 — oo, whereupon I = Ioo- The mean radiation intensity has
been enhanced by a factor (1 + AT)/ AT. Thus, if 7= 20 days (correspondmg to the

annual occurrence of about 18 REP events), the 1ntens1ty of 2-MeV eleetrons will be

enhanced by a ‘factor ~ 2 (relative to its natural mean value) by the addition of major
quantities of Ar' or 0" to the plasmasphere. The mean intensity of 4-MeV electrons will
be enhanced by a factor ~ 3. With the addition of heavy ions to the plasmasphere, the

radiation intensity ceases to fluctuate between zero and I; it approaches I, as a

permanent condition of the modified environment.

The above estimates of I and P(I > Io) are based on a hlghly idealized model
of radiation-belt dynamics. Other sources of fluetuation are quite likely to broaden the
probability distribution. For example, one might expeet both A and (especmlly)»S in (27)
to depend on geomagnetic activity and therefore on time. Moreover, the magnetosphere
is subject to reversible (adiabatic) compressions that change the scales of energy and
distance. Such compressions (caused by slow variations of solar-wind speed) are not of
dynamiecal interest and so are omitted from (27)-(29), but such adiabatic processes would
have to be considered in formulating a model of the detailed time history of radiation
dosage impacting a hardened spacecraft. '
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The expected relativistic electron dosage increase estimated here is not
sufficiently hazardous to preclude activity in space. However, increased dosage over
long durations will undoubtedly impact space-borne equipment lifetimes. This is
especially true for space systems operating in the regions of the radiation belts
(earthward of GEO); an example among these is the Global Positioning System of twenty-
four navigation satellites in 20,000 km orbits. Ironically, radiation belt modification is
unlikely to impact SPS construction and operation at GEO if the modified plasmasphere
does not extend further towards GEO. Nevertheless, it is rather likely that mitigation

" measures in the design of future space activities may have to be introduced to cope with

radiation belt modification if SPS construction and operations become reality. This is
especially true if the source of radiation belts are modified also.

E. Plasma Instabilities and Effects on Space Communications

As we have alluded to in previous Sections and Subsections, we expect the
injection of the ion engine beam into the magnetosphere would cause turbulence in the
form of plasma and electromagnetic waves. The effects on a particularly important _
mbde, the electromagnetic ion cyclotron wave, have been dealt with in detail in
Subsections V.C. and V. D. Thus, even the beam stopping process, discussed in Section
IV, is not expected to be entirely a smooth deceleration by action of the Alfven shocks
alone, plasma turbulence stimulated by the plasma beam will undoubtedly play a
contributory role. From a quasi-thermodynamic point of view, the beam-plasma system
is highly unstable because the uniform streaming energy of the beam and the gradients of
density and temperature set up between beam plasma and ambient magnetospheric
plasma contain free energy. The evolution of this free energy into bound thermal energy
is likely to take place by action of plasma instabilities which generate various wave
modes in the plasma. In this Subsection, we shall first attempt to sort out the zoo of
plasma instabilities which would be expected from SPS plasma injections. Some of these,
such as the electromagnetic ion cyeclotron instability, have been discussed previously;
hoWever, we have not yet discussed the effects of instabilities which generate plasma
density irregularities which scatter communication signals. The second part of this
Subsection shall be devoted to effects upon space comrﬁunications.

The specific causes of plasma instabilities associated with argon plasma
injection are a) relative streaming of one plasma (Ar) into another (ambient), b) veloeity
shear in the argon beam, c) spatial gradients of plasma parameters and d) residual
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Table OI. Instabilities Relevant to SPS Plasma Injection

Character of Source of Special Density Effect on
Instability Wave Free Energy  Consideration Irregularities  Argon Plasma Alias
Modified Relative : N
Beam Plasma Electrostatic  streaming in Beam L to B Yes " Slows beam Cross-field
: velocity space ‘ ion acoustic

(Two-Stream)
Cross-field Relative o~ ,
Current-Driven Electrostatic streaming in Beam L to B Yes Slows beam Farley-Buneman

velocity space o -

(Two-Stream)
Kelvin-Helmholtz Electrostatic Velocity Beam being bounded

shear in transverse Yes Disturbs beam —_—

' direction

Drift Wave Electrostatic Spatial gradi- N

ants of tempera- 1B Yes Spreads beam Universal

ture, density, and plasma cloud instability

and composition
Post-Rosenbluth Electrostatic Ion temperature After : i::’; dli:fnstem

. Cyclotron anisotropy beam thermaliza-  Yes Pitch-angle ? .
Harmoniec : tion diffusion Electrostatic
: Loss Cone

Electromagnetic Electro- Ion temperature After beam Piteh-angle " Electromagnetic
Ion Cyclotron magnetic anisotropy thermalization " No diffusion Loss Cone
(EMC) 'Lefthanded : )
Electromagnetic Electro- Temperature Enhanced by Kennel-Petschek;
Electron magnetic anisotropy of addition of Whistler mode
Cyelotron Righthanded = hot electrons’ cold plasma No -

(EMC)




temperature anisotropies left over after beam thermalization. A more comprehensive
discussion of plasma instabilities in the magnetosphere can be found in Hasegawa (1975),
although this reference does not specifically address SPS effects. The early consequence
of such instability effects is the rapid amplification of thermal noise to appreciable
amplitudes, such that the beam itself becomes diffused. Thus, plasma instabilities
contribute to beam stopping; however, the question of how important these are in
comparison to the action of Alfven shocks is not yet known, since beam-plasma
instabilities have not yet been investigated thoroughly in this context. A list of the
major plasma instability species which are relevant to SPS plasma injection is given in
- Table IIl. This table is constructed in the hope of eclassifying and summarizing the
characteristics and effects of the zoo of plasma instabilities which may be involved in
the evolution of the argon beam free energy. The entries in the "Instability" column,
running from top to bottom is meant to roughly parallel the sequence of this evolution.
These involve not only the dense (1-100 cm-3), relatively cold (~ 1 eV) thermal plasma,
but also ring-current and radiation-belt particles whose energies range from keV's to
MeV's,

Anothér way of classifying the plasma instabilities may be by means of the
time and spatial scales involved. This is especially relevant to the electrostatic modes
which generate plasma density irregularities interferring with space communications. A
partial list of processes in order of increasing time scale: cross-field current-driven
instabilities (time scale R /v ~ milliseconds, where R is the electron Larmor radlus), ion

electrostatic modes (tlme scale = Al. the Ar plasma frequency =~ 10 ~2

sec ), proton
electromagnetic cyclotron (EMC) modes (time scale = @ p-l =~ 0.1 sec). These are
important because they can cause local transfer of energy from the beam to the
plasmasphere (first itwo modes), or because they affeet natural magnetospheric
processes. There are also magnetohydrodynamic instabilities of considerably larger time
scale (e.g., Perkins et al., 1973), which cause deformations of the beam (striations, ete.),
but which probably do not transfer much energy from beam to plasmasphere. Kelvin-
Helmholtz and drift wave instabilities in Table III are some éxamples. The spatial scales
(perpendicular to _l;) are, as noted above, the electron and ion Larmor radius, probably
with the argon ion Larmor radius as the outer spatial scale (see Table 1). Plasma density
striations formed by the zoo of electrostatic modes cause signal scintillation effects
which will be discussed below.

The anticpated signal scintillation effects, or equivalently the formation of
plasma irregularities connected with ion engine beam-exhaust in the plasmasphere, can
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be attributed to various classes of electrostatic modes: a) the current-driven plasma
instability of the exhaust beam such as entries 1 and 2 in Table III, and b) plasma drift
instabilities associated with the density and velocity gradients of the exhaust plasma

~ such as entries 3, 4 and 5 in Table IIl. The former is very intense because the exhaust

beam has a great deal of available free energy, but the turbulent region will probably be
confined to the vicinity of the space transport. The latter includes a number of
individual modes (typified by Kelvin-Helmholtz and drift modes) which may occur over

an extensive region and at a range of plasmaspheric parameters since the instabilities -

are associated with the diffusion of the injected plasma cloud.

The cross-field current-driven ion acoustic instability has been observed in
beam-plasma devices with operating conditions similar to those projected for ion engines
(Barrett et al., 1972), except that the ion engines will have much higher beam current.
This instability draws its energy from the free energy of the streaming plasma beam and
generates ion acoustic waves (derisity irregularities) propagating at large angles to the
magnetic field. These waves have frequencies well below the electron cyclotron
frequency and have wavelengths of the order of the electron gyroradius, which is ~ 30 em
in the ionosphere and is ~ 20 m at 4 Rp. Since signal scintillation effects are most
severe when the signal wavelength closely matches the irregularity size, we expect that
the 30 em irregularities of the beam-plasma instability will cause signal secintillation
effects at carrier frequencies of ~ 1 GHz. Curfently, most ecivilian and military

communication and navigation systems operate in this frequency region.

Drift instabilities draw their energies from the free energy available in
plasma density gradients and are instrumental in the diffusion of plasma density
concentrations. Observational evidences of drift-induced density striations are available
from numerous plasma injections in the magnetosphere ranging from barium releases to
nuclear detonations at high altitude. Since these instabilities are not directly related to
the beam-exhaust, but are related to the .plasma cloud after the streaming plasma beam
motion has been randomized, we would expect that rather large areas will be striated.
This has recently been confirmed by the CAMEO barium release experiment (Smith et
al., 1979). Further, since there is a virtual zoo of drift related instabilities, the scale
sizes of the density irregularities will probably be broadband;. although, if natural
equatorial spread-F condition is any guide, drift-induced density irregularities will
probably affect VHF and UHF more severely than frequencies in the gigaheftz range.
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In summary, our assessment effort has identified that plasma instabilities
will likely occur and play a significant role in the energy evolution of SPS plasma
injections by the COTV. The electrostatic modes of these plasma instabilities generate
density irregularities in the form of plasma striations aligned with the geomagnetic field.
These irregularities are of the proper size to be potential scattering centers for satellite
communication signals, causing signal scintillation effects. The strength of communica-
tion interference effects cannot be determined in the present assessment effort because
this will require more complete research work. In the natural casé, signal scintillation
effects are primarily caused by plasma irregularities below 1000 km altitude because
magnetospheric irregularities are not strong enough to produce significant effects.
Booker (1975), however, pointed out that signal interference effects require spatial
integration over the extent of the scatterers and that even weak irregularities may
produce signal interfere'nce if they are extensive enough. Recently, the CAMEO barium
plasma release experiment at ~ 500 km altitude (Smith et al., 1979) showed density
striations extending to 210,000 km altitude. Obviously, this area is still under active
scientific investigation. We cannot yet determine with some degree. of certainty the

severity of potential communication signal interference effects of SPS plasma injections,

although the dynamical role of plasma instabilities in magnetospheric modifications is
surely to be very significant. ‘
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VL EFFECTS OF NEUTRAL EXHAUST (POTV)

Assessment of POTV neutral exhaust effects in the magnetosphere is not
originally called for in FY79 contract activities. However, in the course of assessing SPS
effects on modification of ring-current and auroral processes (including modification of
induced ionospheric currents which may cause power-line surges), we came to realize
that the quantity of neutral exhaust and the loeation of its injection is so critical to ring
current processes that assessment of auroral process modification would be quite
meaningless unless the effects of the neutrals were included. For this reason, we include
here our initial assessment of POTV exhaust effects. Our discussions will be brief and
qualitative: In the nature of leading into the projected assessment program in FY80
rather than in the nature of presenting assessment results for FY79.

The main effect of the neutral exhaust cloud is that it acts as an artificial source
that can charge-exchange with ring-current ions, thereby reducing the lifetime of these
energetic particles and modifying auroral activity. Natural charge-exchange lifetimes
for ring current ions E ~ 1-100 keV are ~ 105 sec, as can be seen from the duration of the
recovery phase of a geomagnetic storm. If the ring-current particle lifetimes are
significantly shortened by charge exchange interaction with the neutral cloud, auroral
activity would be significantly reduced by the following sequence of effects: (a) charge-
exchange reaction converts an energetic charged particle into an energetic neutral which
immediately escapes geomagnetic confinement; (b) ring current precipitation and
trapped fluxes are reduced, leading to (¢) reduction of strength and duration of
geomagnetic storms and ionospherie disturbances. Taken from a narrow viewpoint, if
geomagnetic disturbances can be considered as interfering with the smooth functioning
of a number of technological activities, this potential magnetospheric effect may be
considered beneficial. However, it must be noted that it would be premature at present
to assess<such effects as being of benefit or harm.

To estimate the reduction of ring current lifetimes by charge exchange, we make
use of (1) in Section II: T = 1/N nv where N is the mean neutral density on the drift
| shell of the rmg-current ion. The neutral exhaust is initially H20 which may undergo
various charge-exchange reactions resulting in HZO as in the case of "ionospheric holes"

or photo-dissociate into neutral atomic constituents. In any case, it is quite clear that'

N and ¢ above will involve various species of neutral atoms or molecules, requiring a
careful assessment of chemical processes. However, the upper limit of ‘T can be
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evaluated by assuming the photodissociation case because charge¥exchange cross-
sections for molecules are necessarily larger than atomic charge-exchange cross
sections. Further, since we are only interested in order-of-magnitude estimates, we
shall limit ourselves to charge exchange of the ring-current ions with neutral hydrogen
atoms. The quantities ov for neutral-hydrogen charge exchange with ring-current
particles of various energies and species are quite well known. These are shown on
Figure 12, taken from Cornwall and Schulz (1979). The primary natural ring-current
species are H+, He+, He++ and O+; under conditions of SPS modification, Art may also be
added. As is discussed in Section II, an order-of-magnitude estimate of the lifetimes of
variousring-current ions mirroring in the equatorial plane may be obtained by using
Figure 12 and a model of neutral-cloud expansion such as that discussed in Subsection
V.A. and Section IIl. Evaluation of the drift-shell-averaged density Nn for neutral jet
release at R=5RE yields N n” 104 3. Thus, from Figure 12, we determine that
10-keV ring-current protons would have a lifetime of ~ 1000 sec and a 10-keV 0" would
have a lifetime of ~ 2 x 104 sec at SRE. Compared to natural ring-current lifetimes of ~
10° sec, we see that the effects of neutral exhaust upon ring-current dynamics may be
quite drastic.

atoms/cm

Radiation-belt particles have much higher energies (E 2 100 keV), and so,
according to Figure 12, they are relatively immune to charge-exchange loss induced by
the neutral exhaust cloud. However, a plasma effect (not yet understood theoretically)
may take place and convert a fraction of the neutrals into thermal ions, in which case
the processes discussed in Subsections V.C. and V.D. concerning suppression of electro-
magnetic eyeclotron instability will become operative if the ion is o*. This plasma effect
is the critical-velocity phenomenon (Alfvén and Arrhenius, 1976; Angerth et al., 1962;
Danielsson and Bfenning, 1975; Mdbius et al., 1979) which suggests that a neutral-
particle cloud moving with velocity relative to the ambient plasma greater than v e
=(lel Vi/ m)l/2 is apt to be ionized, where 1e1 \f is the ionization potential energy of
the neutral particles of mass m. Although the Alfvén ecritical-velocity phenomenon
needs to be verified further in the laboratory and in space, some preliminary evidence
for it in space may have been observed in the interactions between a lunar dust cloud and
the solar wind (Lindeman et al., 1974). Since v e is ~ 50 km/sec for hydrogen and ~ 13
km/sec for oxygen, it is possible that the ecritical-veloeity phenomenon may'prodqce a
large source of cold o' ions, especially since rocket speeds of ~ 13 km/sec are achieved
during the passage from LEO and GEO. The effects of this extra source of thermal o'

Y
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Figure 12,

- L
10" 10 10
ENERGY, keV

Product (ov) of Charge-Exchange Cross Section
o (between Indicated Ions and Neutral Hydrogen
Atoms) and Ion Speed v Shown as Functions of Ion
Energy. One of the curves for H ' (composed of
crosses) is for stripping while thé other is for
charge exchange.
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ions in the plasmasphere would be the same as the effects that have been described
previously: suppression of ring current ion-cyclotron instability and enhancement of
radiation-belt relativistic-electron intensity (see Subsections V.C. and V.D.). Therefore, -
if the critical-velocity phenomenon observed in the laboratory, is applicable in space, the
operation of chemical rockets in the magnetosphere will generate ion clouds which
behave in much the same manner as the argon-ion clouds. »

In summary, the large amount of POTV neutral exhaust has drastic effeets on the
ring current because ring-current particles rapidly charge-exchange with the neutral
cloud and escape magnetic confinement. The result is likely to be a shortened duration
and reduced intensity of auroral geomagnetic storms. In addition, neutral O atoms from
the chemical exhaust may constitute an extra source of thermal o' ions in the
plasmasphere, giving rise to enhancement of relativistic electron flux in the radiation
belts. It appears that evaluation and assessment of this new source of magnetospheric
effects must be evaluated in FY80 before a more complete and integrated assessment of

~ SPS magnetospheric effects can be made.
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VI. SUMMARY OF MAGNETOSPHERIC EFFECTS

Exhaust emissions from propulsion and stationkeeping activities of SPS spacecraft
induce substantial modifications of magnetospheric processes on both the local and the
global scale. This is primarily because of the relatively large mass and energy contents
of these emissions when compared with the total mass and energy contents of the inner
magnetosphere. The sources of these emissions are: (a) the argon plasma jet from the
solar electric propulsion' modules of the cargo orbit transfer vehicle (COTV), and (b) the
HZO neutral exhaust from LOZ/LH2 main engines of the personnel orbit transfer vehicles
(POTV). Assessment of the SPS scenario, based on presently-known physical mechanisms
operative in plasma and neutral injections in the magnetosphere, indicates that the major
part of the exhaust emissions are likely to be deposited inside the magnetosphere.

Injection of argon ions of 3.5 keV energy causes magnetospheric modification in
several ways. The energy released is sufficient to cause turbulent response in the
magnetospheric plasma. As this free energy evolves, the magnetospheric composition is
modified not only by the presence of argon ions but also by the heating. This physical
evolution of injected energy and mass causes an increase in the intensity of radiation
belt relativistic electrons which may require mitigation on the part of systems design in
space equipment and human activity. At low earth orbit (LEO), a substantial fraction of
the energetic argon may escape magnetic confinement and impact the atmosphere in the

form of an intense beam. The optical emissions stimulated by such a beam may be more . .~ =

than an order of mag'nitude more intense than the aurora at near UV wavelengths. The
possible interference with space-borne optical sensors induced by such a strong source of
artificial atmospheric emissions may require further technological assessment by the
sensor community. The earth's response to solar disturbances, in the form of auroral
magnetic storms, depends on the density and composition of the magnetospheric
constituents (plasmas and neutrals); modification of the magnetospheric density and
composition is likely to change the magnetospheric response to solar activity. Because
of the rapid rate of charge exchange interaction between energetic particles of solar
wind origin and the neutral exhaust cloud from the POTV, we expect that the earth's
response to solar activity may become shorter in duration and weaker in intensity under
SPS-modified circumstances. Further, some plasma disturbances caused by the trans-
formation of injected free energy involve density irregularities and currents to form in
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the m‘agnetospheric and ionospheric plasma. If these density irregularities are of
sufficiently large extent, they may cause signal scintillation effects in space communi-
cation systems. The ionospherie currents induced in the ionosphere are of comparable
magnitude to the auroral currents but are located at mid-latitudes; thus they may
adversely impact powerlines and pipelines.

For the benefit of the reader, Table IV lists the salient features of the principal
SPS magnetospheric effects discussed above. The listing is not ordered according to
importance of impact, because we deem it premature to make such judgments at the
current stage of assessment. However, some general judgmental impressions can be
made at the present stage if such are called for. It appears to us that the principal
magnetospheric effects are sufficiently serious to require mitigation measures on the
part of space systems design. Indeed, radiation belt modifications may impact upon the
SPS system design itself. However, it is also our general impression at this point that
these effects are not sufficiently serious to put a stop to the project.
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~ Table IV. Satellite Power System Magnetospheric Effects

Effect

Cause

Mechanism System/Activities
Impacted

1. Dosage Enhancement
of Trapped Relativistic
Electrons

2. Artificial
Ionospherie Current

3. Modified Aurorall
Response to Solar
Activity

‘4. Artificial Airglow

5. Plasma Density

Disturbance on Small
Spatial Scale

O+ and Ar+ in magnetd-‘
sphere due to exhaust .
and plasmasphere
heating

Ionospheric electrie
field induced by
argon beam

Neutrals and heavy
ions in large quantities

3.5 keV argon ions

Plasma injection

Thermal heavy jons suppress ring - Space equipment

current ion cyclotron turbulence, - Modification of human space
which keeps electron dosage in activity

balance in natural state

Beam induced Alfvén shocks - Powerline tripping
propagate into ionosphere - Pipeline corrosion
Rapid charge-exchange loss of - May reduce magnetic storm
ring-current particles interference with earth and

space-based systems

Direct impact on atmosphere - Interference with optical
from LEO source earth sensors
Plasma instabilities - Signal scintillation for space-

based communication
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Vil. RECOMMENDATIONS FOR FINAL ASSESSMENT

Even though the foregoing report deals only with the results of an initial
assessment of magnetospheric effects of the SPS, a number of general and specific
impressions have been gained in the course of studying the physical implications of the
principal issues treated in the previous Section. These impressions may be germane to
the development of a final assessment program. Indeed, some specific impressions méy
be critical elements in determining the direction of future efforts in the project, not
necessarily with the specificity of an environmental impact statement but with a view
towards establishing a physically sound basis to define the approximate limits of
magnetospheric modification. These impressions are set forth below:

1. In order tb deal with the physies of magnetospheric modification, it is
of critical importance to know unequivocally the quantity and characteristics of exhaust
emissions in space and time. We have not been able to find such a collection of SPS
parameters defined primarily for environmental assessment. Emission parameters for
COTV and POTV engines used in this report are gleaned from brief entries in the concept
definition report (U.S. DOE, 1979) and the SPS Baseline Review (U.S. NASA, 1978) which
deal primarily with engineering development. Since some principal magnetospheric
effects such as radiation belt dosage enhancement may impact upon the engineering
design of SPS itself, it would be.advantageous to have a definitive compilation of SPS
emission and other parameters of concern to environmental assessment.

7 2. Magnetospheric modification by plasma beam injection is a topic of
current scientific interest; consequently, the results of these current researches can be

~applied to SPS magnetospheric effects (the present effort being one of such). However,

the scale of SPS magnetospheric modifications is so many orders of magnitude larger
than present modification experiments that theoretical efforts must be applied to
determine the probable effects. In this initial assessment the emphasis is on examination
of the physical basis of magnetospheric effeects and selection of prinecipal areas of

.concern. We recommend that the second stage of semi-realistic scaling-up of the
. principal magnetospheric issues to SPS dimension be attempted before the FY80 final
_assessment. More specifically, effects such as determining the severity (if any) of

interference with powerline and pipeline operations by ionospheric currents (artificially
induced by the SPS plasma beam) can be evaluated; but to do so, we must first perform
in-depth modeling of the Alfven shock electric field propagation in a semi-realistic




plasmasphere. Without such semi-original applied research, the assessment results would
remain indeterminate.

3. Data on physical processes relevant to SPS assessment, such as argon
ion charge-exchange and photo-excitation cross-sections, are generally considered to be
exotic and not relevant to natural atmospheric physics. Consequently, there has been
little research on such processes; and, the results of whatever research that is relevant
to SPS are usually archived in out-of-the-main stream journals. A semi-empirical
research effort on atmospheric chemistry may benefit not only magnetospheric effects
assessment but also assessment for ionospheric and upper atmospheric regions as well.

4. Because of the paucity of physical data and the lack of a definitive
compilation of emission rates and characteristics, comprehensive environmental
modeling on physically uncertain (or not yet fully understood) issues, such as possible
connections between magnetosphex:ic effects and lower atmospheric climate, do not
seem to be cost-effective. Howevei-, specific physical modeling on principal issues are
absolutely essential for final assessment.

5. It appears to us at the present stage that the five principal effects
listed in Table IV are of more immediate concern in the magnetospheric effects area.
We recommend in-depth study and scaling (up to SPS dimensions) for these issues. Note
that some of these issues are caused by a complex chain of events often involving both
argon ion engine and chemical engine exhausts.

6. On a longer term viewpoint, observational verification of the assess-
ment is absolutely necessary; therefore, we recommend coordination and support of
experimental programs on magnetospheric modification.

1. Although we have attempted to assess in the short time available as
many magnetospheric effects as we have considered to be of importance, we realize that
important issues will probably be discovered in the future. The POTV neutral exhaust
issue is a very good example. Aside from this, a couple of important issues have been
recognized by us but are not reported here because assessment and coordination are
continuing. First, the enhanced loss of hydrogen from POTV neutral exhaust released in
the magnetosphere is not only a substantially larger loss of hydrogen from the earth, but
is also a source of increased geocorona which may impact astronomy. Further, D-region
ionospherie electron density is critically dependent on Lyman-a emission intensity from
the geocorona. This effect will be investigated in FY 80. Second, we have coordinated
with observations of spacecraft charging effects by the SCATHA satellite and we expect
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to report on its assessment more fully in FY 80 when data from SCATHA will be more

fully analyzed.
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