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SUMMARY

On March 30, 1979, with the P78-2 (SCATHA) satellite well-within the
plasma sheet, an electron beam system was operated over a wide range of
beam currents and energies, for periods both in sunlight and in eclipse.
The Rapid Scan Partic]g Detector, measuring electrons and ions in the
energy range ~0.05-10° keV, both perpendicular and parallel to the spin
axis of the satellite, operated when the electron beam current and energy
levels were 0.01, 0.10 mA, and. 0.3, 0.5 and 3 keV respectively. The shift
in the electron distribution function indicates that the satellite became
positively charged to a value much less than beam energy for 0.01 mA, and
a value approaching beam energy for 0.10 mA. Complex pitch angle modulations
of the electron spectra are separately decomposed for each beam operation.
When electrons are emitted perpendicular to the magnetic field with an
energy of 3 keV and a current of 0.10 mA they return as a coherent beam
only to the parallel detector. Throughout the beam operations the pitch
angle distributions show electrons with energy less than beam energy
streaming along the field line. Analytic expressions for the satellite
electric field are constructed and particle trajectories are determined for
the observed initial conditions on the electron beam.

INTRODUCTION

Electron beams have been used increasingly in space as a means to probe
or control spacecraft environment. A review of the work done in this
field has been compiled recently by Winckler (ref 1). By far the greatest
number of experiments have been performed with rockets in the ionosphere,
however, beams have also been used in deep space at geosynchronous orbit.
Very low current, highly focused electron beams were used successfully on
the GEOS 2 satellite to measure the magnetospheric electric field (ref 2).
Unfocused, low energy electron emission was used on the ATS-5 satellite
to control satellite potential (ref 3). In these proceedings Cohen
et al. report on the use of the electron beam system onboard the P78-2
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(SCATHA) for operations covering a wide range of currents and energies up
to 13 mA and 3 keV, respectively (ref 4, 5). Not all beam operations led
to anticipated or benign results, a reflection of the need to better under-
stand beam and ambient plasma dynamics in the vicinity of a charged
satellite, as well as spacecraft charging effects during current ejection.

Qutstanding problems related to the structure of the beam are concerned
with the principal forces governing beam expansion and propagation in deep
space, and the mechanisms which return the beam to the emitting spacecraft.
Problems related to the ejection of charged beams from satellites are:
the level of satellite charging for given modes of beam operation; the
mechanisms by which current balance to the satellite is achieved; the
origin and dynamics of the balancing return electron current.

The SCATHA satellite was designed to study the causes and effects
of spacecraft charging. We use SCATHA measurements to study spacecraft
charging and to study additional problems associated with the beam.
We report here measurements of the plasma made by the SC5 Rapid Scan
Particle Detector onboard SCATHA during the first operations of the electron
beam on March 30, 1979. These operations took place both in sunlight and
in eclipse. For a full discussion of events during this pass and description
of the magnetospheric environment, see Cohen et al. (ref 5).

This study presents in detail the incoming particle behavior during
operation of a 3 keV electron beam system at two current levels. The lower
current (10u A) leaves the satellite charged to potentials much less
than beam energy. The higher current (100 n A) exceeds the current needed
to charge the vehicle to beam energy. Both current levels are, in fact,
small and beam spreading due to internal forces may be unimportant.

For the two current levels we show that:

a) The electron beam can achieve large, steady-state changes in the
vehicle potential and the returning ambient plasma.

b) There is no evidence for beam return when the beam current is
10uA.

c) There is strong evidence for considerable beam return when the
beam current is 1004 A.

d) The plasma measurements show reasonable current balance during
beain operations.

e) There is evidence that the beam follows the classical trajectories
of a charged particle in strong electric and weak magnetic fields.

INSTRUMENTATION AND BACKGROUND CONDITIONS

The P78-2 satellite (SCATHA) was launched into a nearly geostationary
orbit in January, 1979. The apogee, perigee and inclination of the orbit
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are 7.5 Rg, 5.5 Rg and 7°, respectively. The satellite itself is cylin-
drical in shape with a length and diameter of 1.75 m. It spins about the
cylinder axis which lies in the orbital plane, oriented perpendicular to
the Sun-Earth line. The period of rotation is 58 seconds. For a more
complete description of the satellite and instruments onboard, see ref 6.

The Rapid Scan Particle Spectrometer consists of two sets of particle
detectors, one looking parallel, the other perpendicular to the satellite's
spin axis. The parallel detector looks out the forward, flat, conducting
end of the satellite. The perpendicular detector looks out from a central
conducting band, frequently referred to as the belly-band of the satellite.
Each spectrometer consists of eight sensors, four electrostatic analyzers
and four solid state devices, capable of measuring fluxes of electrons with
energies between 50 eV and 1.1 MeV, and ions with energies between 50 eV
and 5 MeV. Here we are only concerned with responses from the electro-
static analyzers.

For each particle species, and in each direction there are two elec-
trostatic analyzers, one for particles in the range 0.05 - 1.7 keV
(the LE ESAs) and one for particles in the range 1.7 - 60 keV (HI ESAs).
A channel set for particles with zero energy (LE ESA 0) is used to estimate
the background contribution and is to be subtracted from the other LE ESA
channels. Each electrostatic analyzer has four channels whose energy
pass bands are very wide, AE/E ~1, but whose accumulation times are
short, 200 msec, giving a complete spectrum once every second in the full
ESA energy range. Thus, SC5 gives high time resolution, but low energy
resolution. In calibrating the ESAs the energy dependent response curves
for each energy channel were obtained for isotropic fluxes. Their geo-
metric factors were calculated by integrating the response curves over
energy (ref 7). For the purpose of analyzing measurements taken during
periods of beam operations, when monoenergetic, highly directed particle
fluxes may be anticipated, we use electron count rates and laboratory
measured, directional, enerqy dependent response functions.

The electron beam system, SC4-1, is also mounted on the belly-band of
SCATHA, with the beam directed radially outward. The electron beam axis is
displaced 37° from the perpendicular ESAs of SC5, lagging SC5 in spin phase
by 6 sec. The electron beam system was first operated on March 30, 1979,
over a wide variety of beam energies (0.5 - 3 keV) and currents (0.01 - 13 mA),
with the satellite both in sunlight and eclipse. At a current level of
6 mA and a beam energy of 3 keV the beam operation disrupted telemetry,
caused the permanent malfunction of two onboard instruments and induced
multiple surface and electronic circuit arcing (ref 5).

As a precaution during most of the electron beam operations on March 30,
the particle detectors on SCATHA were turned off. The exceptions to this
were the Retarding Potential Analyzer (ML12), which was on throughout,
and the Rapid Scan Particle Detector (SC5), which was operated after the
high current beam states, at beam energies of 0.3, 0.5, and 3 keV, and
currents of either 0.01 mA or 0.10 mA (referred to in this paper as the low
current state and the high current state, respectively). As stated above,
we concentrate on SC5 responses during periods of 3 keV beam emissions in
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both 1Tow and high current states under sunlit and eclipsed conditions.

Before actually considering SC5 data it is useful to summarize con-
ditions in the vicinity of the SCATHA orbit on 30 March. The electron
beam operations took place while the satellite was near local midnight, at
a radial distance of 6.2 RE and a magnetic latitude of - 7.8°. SCATHA
entered the plasma sheet at 13.7 UT, nearly one hour before the beam opera-
tions began. The magnetosphere was in a quiet state (Kp = 2), and there
is no evidence that any injection event occurred during beam operations
(Appendix, ref 5). Plasma parameters calculated for times prior to and
after beam operations indicate that for the energy range measured by the
SC5 ESAs3 the density and temperature of the electron population are 0.35
- 0.5/cm?, and 1.2 keV, respectively; and for ions, 0.6/cm3 and 6 keV.
These numbers are obtained by integrating the appropriate moments of par-
ticle distribution functions over pitch angle. Throughout this time the
ion counts in the energy range 0.05 - 1.7 keV were at background values.
During beam operations the magnetic field configuration was more tail-like
than dipolar.

OBSERVATIONS

This section is divided into four subsections. The first contains
prefatory remarks on the sequence of beam operations, the format of SC5
data and certain non-physical effects in the data. General features of the
SC5 data, discussed in the second subsection are ordered according to the
mode of electron beam emissions: i) 3keV, 0.1 mA operations, ii) 0.3 keV,
0.1 mA operations, and iii) 0.01 mA operations. For the sake of comparison
sunlight and eclipse responses of SC5 are treated paripassu. In the third
subsection attention is directed to periods when the 3 keV beam returns
to the parallel detector. The final subsection is concerned with the
directionality of the electron current to the vehicle.

Format. Modes of electron beam operations, spanning the period when
SC5 was turned on, are listed in Table 1. Here and in Figures 1 and 2, the
letters A and B are used to designate periods of low (0.01 mA) and high
(0.10 mA) currents. During both sunlight and eclipse beam operations,
lTow current states of several minutes duration preceeded those of high
currents. In the middle of the sunlit, high current operation, the elec-
tron beam emission was interrupted for 2 minutes. Data plotted in Figures
1 and 2 give an overview of SC5 electron count rates measured during the
sunlit and eclipse beam operations, respectively. Panels proceed, top to
bottom, from the highest to lowest energy channels. The second to bottom
panel gives the background counts for the four lowest energy channels.
The bottom panel gives pitch angles of the parallel and perpendicular
detectors. Count rates from both sets of detectors are superposed; ‘those
from the perpendicular detector show sun pulses (Figure 1) and loss cone
modulations. Due to a high compression and logarithmic scaling of data
points many salient differences in the measurements of the parallel and
perpendicular detectors are not obvious in Figures 1 and 2. As required,
certain periods are shown on an expanded time scale and with counts plot-
ted linearly.
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Before discussing the significance of Figures 1 and 2, several non-
physical features should be pointed out. 1) When the ESAs are turned on,
as they are at the beginning of each Figure (at 55360 and 56782 UT), and
after the data gap in Figure 2 at 57180 UT, the ESAs are in the lowest
gain state. To correct for channeltron degradation the gain is raised to
an appropriate level at some short time interval later (at 55380, 56808,
and 57195 UT). Aside from the abrupt changes that result in the counts at
these times, all other abrupt changes are a result of beam command changes.
2) The data gap in Figure 1, from 55730 to 55770 UT, resulted from a trans-
mission loss, and occurred while the electron beam was off. Therefore, it
is not accompanied by gain changes in SC5. 3) Once per spin the perpen-
dicular ESAs face the sun. Contamination from photoemissions in the
channeltrons give the very large, double-peaked pulses in Figure 1. The
sun pulses obscure the perpendicular ESA data for 12 seconds. 4) Because
of the tail-like magnetic field configuration and the large negative mag-
netic latitude of SCATHA, the solar directions and the direction anti-
parallel to the magnetic field are near one another (~30°), a somewhat
unusual occurrence. In eclipse, with the absence of the sun pulse, a
more complete sampling of pitch angle effects is possible.

General Features of SC5 Measurements. Periods of high current emis-
sions (labelled B in Figures 1 and 2) are characterized in SC5 measurements
by greatly enhanced count rates (up to an order of magnitude) in the energy
channels close to beam energy. Electron fluxes for the 3 keV, 0.10 mA
state (55548 - 55685 UT in Figure 1 and 56974 - 57109 UT in Figure 2) are
consistent with a satellite potential of + 3 kV relative to the ambient
plasma. The sharp rise of counts in energy channels below 3 keV is
attributed to the measurement of backscattered and secondary electrons.
Responses in sunlight and eclipse are generally similar. However, the
pitch angle variations of the E = 4.6 keV channel (closest to satellite
potential) show more complexity during eclipse. The parallel detectors
show a sharp rise in counts in all energy channels with E <9 keV, follow-
ed by a slow decay at 55567 and 55624 UT (Figure 1), and 56996 UT (Figure 2).
At these times the electron beam was emitted nearly perpendicular to the
magnetic field. These pulses represent direct returns of the beam to the
satellite in one gyroperiod. A more detailed presentation of the measure-
ments is given below. An analytical expression for calculating the tra-
jectories of beam electrons in the presence of a magnetic field and a
Coulomb-like sheath electric field is derived in the discussion section.

During periods of 0.3 keV, 0.10 mA beam emission (55658 - 55707 UT and
55869 - 55905 UT) the measured fluxes are consistent_with a satellite
potential of + 0.3 kV. The peak response is in the E = 0.27 keV channel.

An examination of the response of the perpendicular detector indicates a
possible saturation in this energy channel. The perpendicular counts are
generally lower than the parallel counts by a factor of 4. More
importantly, when the detector look direction is close to the magnetic
field, instead of recording increased counts as do all neighboring channels,
it records fewer counts. This behavior is consistent with channeltron
saturation.

For low current emission periods which coincide with the first several
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minutes of Figures 1 and 2 (labelled A) no charging peaks are obvious in
the measurements. There are relative shifts of the vehicle potential at
these times. Figure 3 shows a plot of four ten second averages of distri-
bution functions measured by the parallel detectors with the 3 keV, 0.01 mA
beam on and off, in sunlight and in eclipse. Relative to the 'in-sun-
light, beam off' distribution the distribution functions with the beam on
in sunlight (eclipse) indicates that the satellite potential is shifted by
+ 100 (+ 300) volts. The distribution function measured in eclipse with
the beam off is depressed relative to all others. Simultaneous measure-
ments by the Electric Field Detector on SCATHA (SC10) indicate that
satellite ground was -320 v, below that of the ambient plasma. We do not
believe that this measured satellite potential is entirely representative
of a natural plasma-satellite equilibrium. It also includes residual
effects of previous electron beam operations. Cohen et al. (ref 5) show
that after electron beam turn off in eclipse the vehicle potential swings
from positive to highly negative, then slowly relaxes to the ambient poten-
tial.

Low-energy electrons observed during low-current states were near
field-aligned. In sunlight (Figure 1), count rates in the three Towest
energy channels (E = 0.11, 0.27 and 0.65 keV) show a broad increase when
the perpendicular detector monitored pitch angles within 45° of the field
line. This field-aligned streaming of electrons also may have been present
in the high current states, but is obscured by generally high counts when
the beam current was increased. We note that the streaming persisted after
the high current beam is turned off (55715 UT, Figure 1) extending into the
E = 1.5 keV channel. In eclipse (Figure 2) the streaming again occurred
during low current emissions. Here it appears only in the two energy
channels (0.27 and 0.68 keV) closest to the satellite potential, and appears
to grow with time. During eclipse the peak values did not occur at the
closest approach to the field line, but rather at some 30° to the field
line, extending from 6° 90° and from 174° - 90°, The streaming is not
seen when the beam was off in eclipse (>57180 UT), but here the depression
in low energy electron counts indicates that the satellite was charged
negatively, which would prevent access of the streaming electrons
(Figure 3).

Direct return of the 3 keV, 0.1 mA beam to the parallel detectors.
Previously we noted pulses in the count rate of the LE ESA channels of the
parallel detector at 55567 and 55624 UT (Figure 1) and 56996 UT (Figure 2).
These pulses were interpreted as signatures of the 3 keV beam electrons
returning coherently to the satellite. In this subsection we support
this.interpretation by considering the response of various channels as a
function of the pitch angle of the emitted beam. That the beam was mono-
energetic and highly directed is demonstrated by comparing the pulse shapes
with prelaunch calibration curves for SC-5 (ref 7).

Laboratory testing has shown that the background channel as well as
channels 1-3 of the electron LE ESA's respond in the same way to 3 keV
electrons (Figure 4 of ref 7). In Figures 1 and 2 the pulses are clearly
seen in the background channel but are obscured in the other electron LE
ESA channels by large numbers of backscattered and secondary electrons
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that accompany high current beam operations.

The shape of the pulse can be determined in greater detail by studying
the response of the ion LE ESA's. During the period of beam operations,
all Tow energy ion channels were at background levels. Laboratory calibra-
tions show that the ion LE ESA channels respond identically to incident
electrons with energies greater than 1 keV that scatter through the detec-
tion plates, but are insensitive to incident electrons with energies below
1 keV (Figure 12, ref 7). Because the response of the channels to high
energy electrons is the same, the counts can be plotted sequentially in
time irrespective of channel. This increases the time resolution from 1
to 0.2 seconds. Figure 4 shows the three pulses as observed by the back-
ground and four LE ESA's of the parallel ion detector as functions of time
(bottom scale) and pitch angle of the emitted beam (top scale). In all
three cases the pulses have identical shapes: a sharp rise in less than
one second is followed by a falloff over the next two seconds. In sunlight
the pulse peak occurs when the electron beam is emitted perpendicular to
the magnetic field; in eclipse it occurs at pitch angles of 78°. The
Took direction of the parallel detector was 100° (Figure 1) in sunlight
and 96° (Figure 2) in eclipse. In the discussion section we show analyti-
cally that beam electrons emitted perpendicular to the magnetic field
should return to the satellite in the vicinity of the parallel detector if
the beam energy and the satellite potential are equal.

The insert to Figure 4 shows the response curves for the E = 4.6 keV
electron channel to a 3 keV beam as a function of the angles a (the
heavy line) and B (the thin line). The angle ais measured from the
normal to the detector aperture in the plane perpendicular to the plates
of the detector. The angle B is measured from the normal to the
detector aperture in the plane parallel to the detector plates. The
plane containing the angle a is parallel to the spin axis of the satellite
and passes within several inches of it. The response curve for changes in
the angle o« closely resemble the shape of the pulses. Since the ion LE
ESA is responding to scattered electrons, the similarity in shape could be
coincidental. We have, however, compared the pulses as seen in the ion
LE ESAs to those seen in the electron LE ESAs, and although the time reso-
lution for a given channel is poorer, the shape is reproduced. The agree-
ment between the pulse shape and the response curve implies that the detec-
tor is indeed detecting a monoenergetic, unidirectional beam that is slowly
sweeping over the aperture of the detector, while rotating in the a direc-
tion. If the beam were rotating in a combination of the two directions
measured by oand B, the pulse would have a more symmetric shape.

We now wish to calculate the energy of the returning beam and the
current it is carrying. For the case of a monoenergetic and monodirectional
beam returning to the spacecraft counts will be recorded simultaneously in
more than one channel of the detector. This is the result of the very
large AE/E of the instrument. The ratio of the peak counts measured in
the different channels will be the same as the ratio of their maximum
effective detection areas in those channels at the energy of the beam, i.e.
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nj = A]'[[I%EB; , (1)

nj jmiEB
where nj, nj and Ajn, Ajq are the counts and maximum detection areas
for channels i and j respectively. The effective detection area, A(E), is
the factor that converts counts to flux for a unidirectional and mono-
energetic flux at a specific set of angles aand B. The maximum effec-

tive detection area, An(E), is the largest value of A(E) over all angles

at a given energy, E. Values of Ap(E) for three channels of interest are
listed in Table 2.

From the laboratory calibration we know that the ratios of A(E) for
the LE ESA channel 4 and the HI ESA channel 2 at 2, 3, and 4 keV are
1.12 x 101, 2.81, and 6.61 x 10-2 respectively. The channel that shows the
peak response to the returning beam is HI ESA channel 1, but it cannot be
used in this case since the return flux has saturated the channeltron.
The measured ratio of peak count rates for the beam returning for LE ESA
channel 4 and HI ESA channel 1 is ~0.8. Interpolating the ratios gives a
beam energy of ~ 3400 eV. Considering the uncertainties in the measurements
this value is within error of being the beam energy. Taking the beam to
have an energy of 3 keV we calculate the current using the count rate seen
in the HI ESA 2 and the corresponding value of Ay(E) listed in table 2.
This gives a current of ~0.1 nA/cmé,

Directionality of Electron Fluxes. Figures 5 and 6 illustrate the
directionality and intensity of electron fluxes to SCATHA during low and
high beam operations, in sunlight and eclipse. In each case, one full
spin of the satellite is represented. Heavy (1ight) lines represent
measurements of the perpendicular (parallel) detector. For convenience
in our discussion below, current balance measurements are plotted as
directional current densities (j*). These quantities are obtained by
numerically integrating differential fluxes over the energy range of the
electron ESA's. The pitch angles of the SC5 perpendicular detector and
the SC4 beam as functions of time are provided in the bottom panels of the
figures. The pitch angle of the SC5 parallel detector was 99-101° in
sunlight and 95-96° in eclipse. Data gaps occur during sun pulses.

A comparison of data in the two figures shows that:

a) The values of j* are approximately a factor of ten larger for the
high beam current (0.10 mA) than for the low beam current (0.010 mA).

b) The parallel detectors (thin 1ine) give systematically lower
values of j* than the perpendicular detectors (heavy line). Except during
high current emissions at pitch angles near 90°, discussed above, this is
true of all pitch angles.

c) With the exception of the low current case in sunlight, SC5

shows that there is an enhanced current return at pitch angles near 0° and
180°. The peak return is 10° - 20° from nearest field alignment but in
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sunlight occurs on opposite sides of the field than in eclipse. For high
currents in sunlight the enhancement near the magnetic field direction
accounts for nearly all the pitch angle modulation in the perpendicular
detectors. In eclipse, however, there are a variety of additional modu-
lations; one which is as large as the magnetic field-aligned variation
occurs for SC5 (SC4-1) pitch angles near 90° (50°, 130°).

DISCUSSION

Current Balance during Beam Emissions. In an equilibrium situation,
the surface potential of a body immersed in a plasma adjusts itself so that
there is a zero net current to the body. This is true whether or not the
body is an emitter of charged particles. In the case considered here, the
satellite emits an electron beam and the current balance equation is:

Ig + Iy+ Igg + 1 +1Ipgg -1 =0, (2)

where Ig, Iy and Ipe represent the fraction of the beam, photoelectron

and secondary electron currents, respectively, that escape from the satel-
lite; I3 and I, represent the positive ion and electron currents to the
satellite from the ambient plasma and Igg represents the current due to
backscattered ambient electrons away from the satellite.

The fraction of the emitted beam that escapes the vehicle and contrib-
utes to Ig is possibly quite different during low and high current beam
operations. During low current operations the satellite potential relative
to the plasma was a small fraction of the beam energy. In this case, all beam
electrons leave the satellite. Only the small fraction of secondary and
photoelectrons with energies greater than the satellite potential (+100 -
+300V) contribute to I2e and I, . During high current operations the
satellite potential approximates the beam energy. Here a substantial
fraction of the emitted beam may return to the satellite. The high posi-
tive satellite potential completely supresses Ipe and I, . Thus Ig +
I; + Igs must be balanced by electrons from the ambient plasma, Ig.

The SC5 measurements can provide empirical indications of the means
by which current balance between the satellite and plasma is achieved
during electron beam operations. As stated above, the SC5 package
consists of two sets of mutually orthogonal, outward looking detectors.
The electrostatic analyzers sample incoming electrons and positive ions in
approximately 10° by 10° solid angles about appropriate surface-normals in
eight rather broadly spaced egergy steps. The directional, differential
flux (J(E;)) in electrons/(cm“-sec-sr-keV) is obtained from the count
r?te)(Ni) of the ith energy channel using the isotropic geometric factor
G(Ej) AEj:

J(Ej) = Ni/(G(Ej) A Ej . (3)
The calculation is valid when the incoming plasma is isotropic over the
angular width of the detectors, a condition generally met by the ambient
plasma even with strong pitch angle modulations found in nature; but not
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for the case of a returning beam that is narrow in energy and/or direction.

The directional current density to the satellite for the range of the SCb5
ESAs is:

j*(A/cmzsr) = e
j

J(Es

])AEj ’ (4)

e

where e is the charge of an electron (1.6 x 10']9C). Like J(E;), J*
has a one second resolution.

The values of j* in Figures 5 and 6 represent the total electron
current measured by the detectors, but not necessarily the electron
current provided by the ambient plasma. That is, electrons which origin-
ate on the satellite surface and return to the satellite as a result of
the attractive satellite electric field will also be detected if they
have energies >50 eV and are directed within 10° perpendicular to the
surface. These can include photoelectrons, backscattered and secondary
electrons and returning beam electrons. Nevertheless, an initial
comparison to the beam current can be made by calculating the total
current, I, to a satellite of area Ag assuming the particle flux to be
isotropic:

[ = j*Ag ™ . (5)

The area of SCATHA is 14.2 m2. Thus to balance an emitted current

of 0.1 (0.01) mA an isotropic directional current density of 0.22 (0.022)
nA/cmzsr would be required, and is shown as the dashed line in figure 6.
In figure 5 the values of j* are more than twice the value required for
isotropic return.

In view of our anticipatory remarks concerning the effects of the
satellite potential (@) on Ipe, I, and the fraction of the beam that
escapes, it is not suprising that the naively calculated quantity j*Agm
exceeds the normally emitted current. To estimate the "contamination"
effects of photo, secondary and returning beam electrons on our measurement
of Ig it is useful to define several spin-averaged directional fluxes,

J*T, J*E and j*y.

8
" =2¢e JU(E;)BE; > . (6)
i=]
*osce S
e =<e LUEDBE > 5 B >laog]. (7)
1=
%1 =< e J(Eg) A Eg >. (8)

The < > brackets indicate spin-average values. In the averaging process
periods are excluded when: (a) the parallel detector was subject to direct
beam return, e.g., T = 0 - 30 sec in Figure 5; and (b) the perpendicular
detector is contaminated by sunlight. The averaged quantities in eq 6, 7,
and 8 sacrifice the 1 second resolution and pitch angle complexity of j*.
By excluding electrons with energies less than the satellite potential,

651



j*g eliminates photoelectrons and secondaries whose trajectories

begin and end on the satellite from our estimate of Ie. The quantity,
j*H1, 1S the spin-averaged, directional current density to the E = 4.5

keV channel. This is the channel closest in energy to 3 keV. It is sen-
sitive to returning beam electrons and to cold, ambient electrons acceler-
ated to a +3 keV satellite.

Equations 6, 7 and 8 can be combined with eq 5 to determine the
corresponding spin-averaged total currents:

IT = wAsj*T (9)
I = wAgi*E (10)
IHT = wAgi*HI (1)

Values of these quantities in uA during various beam operations are listed
in Table 3. The standard notation A, B, S and E are used to describe high
and lTow current and sunlight and eclipse operations, respectively. The
column 0(S) gives current values when the beam was off in sunlight. Also the
averaged currents are listed according to whether the appropriate values

of j* were calculated using the parallel or perpendicular detector. For
zero-order current balance the currents listed in Table 3 should to be
compared with the nominal beam currents of 10 and 100 uA.

First consider results during low current operations A(S) and A(E):

a) The beam did not return to the satellite. IH} maintains a value
of 6 uwA with the beam off and on (A(S): 6-7uA; 0(S): 6uA; A(E):
6uA).

b) If the value of Iy in eq 2 is taken to be I, the ambient plasma
electrons provide a current to the satellite that is greater by almost a
factor of 2 than the current of the beam leaving the satellite
(A(S): 16-18uA; A(E): 19-23uA; 0(S): 16-19uA). Note that values
for A(S), 0(S) are nearly the same.

c) For low satellite potentials, < +400 v, ambient keV electrons
are little affected by beam operations. Therefore, for low beam current,
we divide I into two parts: contributions from E <1.7 keV, and from
E > 1.7 keV. These are shown in Table 3 in parentheses next to the value
of Ig, with the contribution from E < 1.7 keV first. (High current cases
contain only contributions to If for E > 1.7 keV, since satellite potential
is 3 kV). The high energy contribution (> 1.7 keV) increases between
A(S) (11 uA) and O(S) (14uA); then decreases at the time of A(E)
(13-11wA). The increase between A(S) and 0(S) is due to the satellite
having crossed a 9 keV Alfven boundary layer. The decrease between 0(S)
and A(E) is due to the development of loss cones in the electron pitch
angle distribution (cf Figures 1 and 2).

d) Electrons with E > 1.7 keV are responsible for between 11 and
14 uA of electron current to the satellite.
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e) Beam operations result in an additional electron current to the
satellite of beween 2 and 7 uwA. This current is carried by < 1.7 keV
electrons. (Compare A(S): 5-7u A, and A(E): 6-12u A low energy currents
to 0(S): 2-5uA.)

f) "More low energy electrons reach the satellite during eclipse
than during sunlight beam operations, (A(S): 5-7uA; A(E): 6-12uA).

g) While the data has not been explicitly presented, total ion cur-
rent to the satellite is less than a factor of ten below the total electron

current (j* ~0.001 nA/cmzsr) and appears to play little role in current
balance.

Consider next the results during high current operations B(S) and
B(E):

a) There is evidence that a substantial fraction of the beam returns
to the satellite. IH[ ranges between 62 and 105u A as opposed to 6uA
for the 0(S) period, (79, 105, uA for B(S) and 62, 104; uA for
B(E)). As noted above, the channel closest to satellite potential is
sensitive both to beam electrons and to accelerated cold plasma. In the
last row of Table 3 we have estimated the current that would be provided
by cold electrons (< 50 eV) accelerated to satellite potential (Iyg)
assuming a background density of 1 en-3. During high current operations
these accelerated electrons could provide up to 72uA. Note however,
that the shifted spectra given in Figure 3 are more consistent with a
cold background density of <0.2 cm™°, We include, as well, the density
of the low energy ambient population (50 eV <E < 1.7 keV) which is also
accelerated to near beam energy. An upperbound to this density is 0.5 cm-3
(i.e., the total plasma sheet electron density). Thus, the ambient cold
and low energy electrons can make a maximum contribution to Iyj of
~50uA. The returning beam electron current, then, has lowerbounds
to the two detectors between 12 and 55u A.

b) The current to the 4.5 keV channel is highly pitch angle modulated
(Figure 6), with the perpendicular detectors recording 30% to 60% more
current than the parallel detectors. (For B(S) compare I y=79uA to
1,=105uA; for B(E) I ,=62pA, I,=104uA.)

c) The additional current supplied by ambient electrons with E >
4.5 keV to the satellite (Ig - Iyy) is ~20uA.

d) The total electron current to the satellite, returning beam plus
ambient (Ig), is 85-134 uA, or within 30% of beam current.

e) The current to the satellite is greater in sunlight than eclipse;
differences between parallel and perpendicular detectors are greater in
eclipse.

Beam Particle Trajectories. In this section the dynamics of beam
electrons during operations at current levels from 10-100u A are
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described by particle trajectories in electric and magnetic fields,
ignoring space charge effects in the beam.

A particle of mass m, and charge q, in time-independent electric
and magnetic fields, E(r) and B(r), is governed by the equation of motion:

m(dv/dt) = qE(r) + q(v x B), (12)
where r is the position of the particle, and v, its velocity.

The electric field can be written in terms of a scalar potential
¢ (r): E = -v¥r). For the electron beam operations discussed above
the beam electrons are in an attractive satellite potential. Writing
g=-e, e¢ is a positive quantity. It is assumed that there is spherical
symmetry in the electric field potential: &= &r); and that B is a
constant over the domain of interest.

The coordinate system is chosen such that EfBo? and the origin of
the coordinate system is the center of the sate]]iggy‘ The equations
of motion are written in spherical coordinates (F, 8, ¢ ). The initial
condition for beam electrons is that at t=0: r=rg (ro the satellite
radial dimension); 6= & (the pitch angle of the beam); and the
electrons leave EEe sT}gllite radially with kinetic energy, Eo, and
velocity v, = [ 0 ] .

The ¢ and the 6 components of equation 12, are:

d [r251n26 (4d¢y - ﬁersinze] = 0; (13)
dt dt 2

d [rz( _d_e)] = r‘zsinecose[(_d_ip)2 - wdd]. (14)
dt t dt t

Here w = eBg.
m

For the equation of motion in r, we use the lower order (in time
derivative) energy conservation equation

_l_m(ﬁ)2+ _1:2- edr) = E, (15)
dt 2mr2
where E is the total energy of the particle; and

L2 = m?rf (e 2 + sin%e d9 2 . (16)
dt

dt

L is the kinetic angular momentum, L = mrxv.
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Equation 13 can be solved exactly and for the initial condition
d¢o =0 (radially emitted beam) the solution is:

dt
[ 1 - ro s1n °o (17)

t Z sinle

In the Timit ro+ 0: d¢/dt= w /2. The electron executes circular motion
with frequency w /2, in a coordinate system whose origin is on the path
of the particle, (gyromotion of a charged particle in a constant magnetic
field). The second term in eq 17 may be considered a small correction
resulting from emitting the beam at ry, rather than at r = 0. We will
neglect the second term in the following simply to expedite the argument
and take:

d¢ =

dt

(18)

w.
2
Equation 14 has obvious solutions for two values of 8y: 6, =

w2, that is, for either sing,, cos§ = 0. For both cases, rzdfydt
remains zero at r = ro. However, r is generally non-zero, requiring
dg/dt = 0, 62- 8. We consider only these two cases. For

sin § =0, L® = 0 and the particle trajectory is along the magnetic field.
The equat1on in r is:

S12 1/2 19
_caj_% [m_E+ Zemgr)] (19)

For cos § = 0, (pitch angle of the beam *90°), L2 = mr*f. The

part1c1e motion remains in the plane perpendicular to B, and the equation
in r is:

dr =[2E + 2e¥r) -rzu.?]]/z.
dt m m 4

(20)

Consider two extreme cases. The first is representative of the low
current case, in that the satellite potential difference with respect to
the plasma, e® g, is much less than beam energy, E,. That is, e¢ g
K Ep, and E ~Eg. Thus, the satellite potential makes only a small
perturbation on the motion of an electron with kinetic energy Ey in the
given magnetic field.

The second extreme case represents the maximum potential the satel-
lite can reach; that is, beam energy: e® 4 = Eg. In this case the
beam particles leave the satellite with total energy equal to zero. Equa-
tions 19 and 20 become:

= [ 2e & (r)]1/2, along the field; (21)
m

[ 2e@(r) - rzu?]]/z perpendicular to the f1e1d(22)
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Solutions to eqs 21 and 22 have turning points for r, given by
dr/dt = 0. Along the field, the turning point, rt, occurs for ®r¢) =
0. If &r)+0 at a distance less than infinity, beam particles emitted
along the field (or near the field direction) will stream back to the
satellite. 2PeEpendicular to the field, the turning point occurs when
®ry) =mwre®. The value of ry is less for perpendicular emission

8e

than for parallel emission,

To proceed further we must assume a functional form for &(r).
The electric potential that results from an excess positive charge on the
satellite to lowest order, can be modelled by a Coulomb potential:

o=
Sfo (23)

For a Coulomb potential and the given initial conditions the solutions to
eqs 21 and 22 are:

r=rqy (1 +_% Szt)2/3 , along the field; and (24)
r=ro 20)%3 sin?3r3 wt v _w g, (25)
w T 2% ]

perpendicular to the field. Here @ =vg/rg. To write eq 25 in the
form shown, the approximation: sin (w/22) ~ w/2Q, has been

used. £or a 3 keV beam electron in a 100 nT magnetic field, w/2Q=
3 -10°%,

The time required for the beam electron to return to the satellite
can be derived from eq 25. For r = 0,

3 wt + _w =nw,nan integer. (26)
T 29

Choosing n = 1 and neglecting the second term on the left hand side of eq 26,

wt = Ap =27 (27
Z 3 )

that is, the beam returns displaced azimuthally by 120°.

The SC5 results indicate that A¢ = w/2. (Recall that the beam emit-
ted perpendicular to the magnetic field on the belly band was detected
in the parallel detectors.) Thus, the Coulombic potential is not a good
mode] og the satellite environment. One can anticipate from eq 22 that
the addition of a sheath electric field, causing the potential to decrease
more rapidly with distance, will give a smaller ry. The electron will
spend less time in orbit, and wt will be closer to w2.

We model the sheath field with an infinitesimally thin spherical shell
of negative charge at r = a. The total charge in the shell is taken to be
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equal to the excess positive charge on the satellite. Solving Laplace's
equation inside and outside the sphere and matching the solutions at r = a,
gives for the sheath potential, &:

& = - &ro » for r <a; (28)
a

& = - dro , for r > a. (29)
r

Combining the sheath potential and the Coulomb potential gives the total
potential in the vicinity of the satellite:

o= Gro (1 -1), forr<a; (30)

r a

®=0, forr>a. (31)
Using this potential to determine motion along the field, gives a turning
point at ry = a (eq 21). Perpendicular to the field, r{ is less than a
(eq 22). Therefore, for functional analysis we need only use the form
for & given by eq 30. Along the field the solution to eq 21 is:

- AT ro 1/2 1/2 1/2
r=asin“fQ't -1 0 +(r -r
)Ly -y

3 T3
(32)
Here @' 5(_131 )1/2 Yo; and the form of eq 33 assumes
a a
in=1 ro 1/2 - ,ry 1/2 ro .3/2
sin ) = 0 + 1 0 .
) T Te ) s

that is, that rp/a << 1. As before, the beam electron returns to the
vehicle (r = 0) when the argument of the sine function is =, or for:

Lo [ee1  To V2], (33)
("t 2 e

To keep the argument tractable, we do not solve eq 22 for the poten-
tial of eq 30. But instead we recognize that the time required to return
along the magnetic field is always greater than that required to return
perpendicular to the field. Using, then, the return time in eq 24 as an
upperbound, we calculate the upperbound on the displacement in A4 :

(34)

Ap= wt = w 1r+'|(r0 )]/2]
Z e 3 a

Neglecting the second term on the right hand side we see that the beam
electron can return to the satellite with a displacement of w2 if

w= Q"'; or if 1/2

232 - v/ % v, (35)

L]
w
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For a 3 keV electron in a 100 nT magnetic field, eq 36 requires a ~ 100 m.
(This value of a justifies the assumptions concerning the smallness of
ro/a.)

In this section we have presented simple mathematical models of the
satellite potential to show that the electron beam can return to the satel-
lite under the following conditions:

a. The satellite is charged to beam energy.

b. The electric potential is Columbic, and the beam is emitted per-
pendicular to the magnetic field. The beam returns displaced azimuthally
by 120°.

c. The electric potential is a combination of Coulomb and sheath
potentials. The beam will have a maximum radial excursion from the satel-
lite, along the field, to the position of ¢ = 0. Angular momentum effects
will turn the beam at a Tesser distance when the beam is emitted perpen-
dicular to the field. The functional form of the sheath potential deter-
mines the azimuthal displacement, and can reduce it from 120° to ~90°,
for a sheath equal to a negatively charged shell at ~100 m. It should be
noted that such simple potential models give trajectories which reasonably
fit the data, because the electrons spend most of their time near the
turning point, that is, far from the vehicle where the potential models
may be quite good.

Finally, we wish to make a few comments on the low current case. For
this case the beam particle trajetories are determined principally by the
magnetic field. Motion in a dipole field has been studied thoroughly (ref
8), and we expect the beam electrons to leave the satellite and to gyrate
perpendicular to the field, to mirror along the field and to drift east-
ward. The periods for these motions for a 3 _keV electron are: 4 « 10~
sec (gyroradius = 103 m), 4 sec and 1.3 « 105 sec. respectively. The
volume of space occupied by the beam will approximate a 1 km tube (near
the equator) which moves ahead of the satellite (which is also moving
eastward) with a relative speed of ~3 km/sec. Any interactions between
the beam and the plasma will also occupy this volume. When the beam is
turned off the satellite will continue to move on field lines which the
beam has recently occupied for a time interval on the order of 10 min.

The low energy plasma streaming along field lines during the low current
operations, and continuing when the beam is turned off, may be an indica-
tion of a beam-ambient plasma interaction.
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In Sunlight
*

> %

In Eclipse

P> 2N w ™

® SC5 off

TABLE 1

UT(sec)

-55058
55058-55122
55122-55463
55463-55535
55535-55548
55548-55658
55658-55707
55707-55869
55869-56269

-56692
56692-56955
56955-56965
56965-56974
56974-57109

A: Tow current, Vg < Eg
=to

B: high current, Vg

Energy (KeV)

TABLE 2

ELECTRON BEAM OPERATIONS, MARCH 30, 1979

Energy (keV)
to 3.0

to

.
oo!nmoo w woovowm

WWoww OCOOWWOWw—

EFFECTIVE DETECTION AREAS

LE ESA4
Ap(E) (cn?)

7.42(-3)
4.46(-3)

5.77(-4)
6.33(-5)

1.5
2.0
2.5
3.0
3.5
4.0
5.0
6.0
7.0
(-n) = 10-n
I in uA
It 1
1
Ig !
1
IH1 1
1
Iys (n=1)

TABLE 3

A(S) B(S)
16 124
18 157
16 (5,11) 105
18 (7,11) 134
6 79
7 105
13 72
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HI ESAl
An(E) (cm?)
3.59(-4)
2.92(-3)
2.67(-3)
2.57(-3)
2.54(-3)
1.18(-3)

1.01(-3)

CURRENT TO THE SATELLITE, MEASURED BY SC5

0(s)

16
19

16 (2,14)
19 (5,14)

Current (mA)

to 13.
01
01
.01
.01
.10
.10
0
10
to 1.
.01
.01
.01
.10

HI ESA2
An(E) (cm)

4.00(-5)

1.59(-4)

9.58(-4)

3.10(-3)

3.13(-3)

A(E) B(E)
20 103
24 155
19 (6,13) 85
23 (12,11) 130

6 62
6 104
23 72
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