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ABSTRACT

This paper reports on the convection electric fields
observed with the double-probe type DC electric field
experiment on the low altitude (677-2528 km) polar orbit-
ing Injun 5 satellite. Simultaneous measurements of
antenna impedance by the spacecraft make It possible to
investigate in detail the operation of the electric
antenna system and errors caused by sunlight shadows on
the probes, wake effects, and other factors. Electric
field maénitudes as small as +10 mV/meter can be
measured under favorable conditions.

Reversals in the DC electric field at auroral
zone latitudes are the most significant convection
electric field effect identified in the Injun 5 date.
Electric field magnitudes of typically 30 mV/meter, and
sometimes 100 mV/meter, are associated with reversals.
Electric field reversals occur on ~36% of auroral zone
traversals, at about 70° to 80° invariant latitude, and
at all locél times. They have been identified at magneti-
cally conjugate points in both hemispherés. The latitude

and structure of a reversal often change markedly on

iv




time scales less than 2 hours. Electric potentials of
greater than 40 keV are associated with these high lati-
tude electric fields. Reversals occur at the boundary
of measurable intensities of >L45 keV electrons and are
coincident with inverted 'V' type low energy electron
preéipitation events. In almost all cases the t ox %/BQ
plasma convection velocities associated with reversals
are directed east or west, with anti-sunward components
at higher latitudes and sunward components at lower
latitudes. Maximum convection velocities are typically
~v1.5 km/sec and ordinarily occur at the auroral.zone
near the reversal. Two extreme (and many intermediste)
>configurations of anti-sunward plasms convection have
been observed to occur on the high latitude side of
velectric field reversals: (1) Ordinarily, large-scale
(>0.75 km/sec) convection is limited to narrow (~5° INV
wide) zones adjacent to the reversal. (2) For ~1h4% of
reversals measurable anti-sunward convection has been
observed across the entire polar cap aloné the trajectory
of the spacecraft. A summary pattern of >0.75 km/sec

polar thermal plasme convection is presented.
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I. INTRODUCTION

The importance of electric field measurements for
studying the convection of plasme in the magnetosphere has
been recognized for a number of years (Dungey, 1961;
Axford and Hines, 1961; Piddington, 1962; Alfvén, 1967
Bostrdom, 1967; and Axford, 1969). However, only recéntly
have techniques for the measurement of magnetospheric
electric fields been developed. These techniques include
(1) obsérvations of the relative drift of neutral and
ionized components of artificial barium clouds (Heerendel
et al., 1967; Féppl et al., 1968; Mende, 1968; and Wescott
et al., 1969), (2) measurements of potential differences
between Langmuir probes on rockets and aatéllites (Mozer
‘and Bruston, 1967; Fahleson et &l., 1970; Gurnett, 1970;
Maynard and Heppner, 1970; and Potter, 1970), (3) subiono-
spheric electric field measurements with metal probve
pairs carried by high altitude balloons (Mozer ané Serlin,
1969), and (4) various other more indirect methods such as
observations of whistler duct motiohs from spectral
analysis of radio noise measurements (Carpenter, 1970},

and simultaneous charged particle energy spectrum




observations at different points in space (Van Allen,
1970). Electric 'field mill' devices (Wildman, 1965)

have not yet proved practicel in the magnetosphere. OF
these techniques, the most extensive and sensitive measure-
ments have been obtained from artificial barium cloud
releases. Unfortunately, barium cloud experiments are
limited to dusk local times. Satellite measurements
provide much more extensive spatial coverage and quantities
of data than is possible with either sounding rockets or
barium cloud releases but cannot determine small time

scale temporal effects.

This paper reports on the operation and results of
the double-probe type DC electric field experiment on the
low altitude (677 to 2528 km) polar orbiting Injun 5
satellite. . In particular, electric field phenomena which
persist for long times (2 hours) are studied and inter-
preted in terms of magnetospheric thermal plasma convec-
tion. The results are examined for their implications

concerning various magnetospheric models.



II. DESCRIPTION OF THE EXPERIMENT

A. Instrumentation

The electric field sensors on Injun 5 consist of
two spherical aluminum Langmuir probes 0.203 meters in
diameter. The spheres are separated by 2.85 meters
between centers, along an axis parallel to the spacecraft
y axis. A high impedance differential amplifier is used
to determine the potential difference between the electric
field probes. The average AC impedance of the two spheres
is measured by différentially driving the spheres with a
constant amplitude AC current source while measuring the
‘AC potential difference between the spheres. As indicated
in Figure 1, the spacecraft is oriented by an internal bar
magnet such that the x axis of the spacecraftvis maeine-
tained parallel to the geomagnetic field. The DC electric
field experiment is therefore sensitive to a component
of the electric field, El’ perpendicular to the geomag-
netic field. Most data presented in this paper were
storéd by a tape recorder on the satellite and tramsmitted
to ground later, on command, at high speed. In this

manner, up to 3.8 orbits of continuous data are obtainable.




Table 1 summarizes the parameters of the DC electric field
experiment. Details of the orbit of the Injun 5 satellite
are given in Table 2. For more information about the VLF

experimental package on Injun 5 see Gurnett et al., (1969).

B, Theory

A review of current theories of spacecraft inter-
action with the ionosphere has been given by Kasha (1969).
Fahleson (1967) and Aggson (1966) have discussed the
theory of magnetospheric DC electric field measurements
with double~probe type antennas cn satellites. The
rudiments of the theory as presented by Fahleson (1967)
are given here in order to form the basis for a discussion
of the probe operation in orbit (Section C) and the errors
associated with the measuring instrument (Section D).

The problem to be considered is that of a high
impedance metal sphere moving in a plesme of high conducti-
vity. The theory involved employs the approximations of
(1) a Maxwellian two-component plasma, (2) ion velocity <
spacecraft velocity << electron velocity, and (3) small
deviations of the probe potential from neutrality. MKS

units will be used, A high impedance probe immersed in




a highly conducting plasma has four principal current
constituents in its current-balance equation,
i-= ie - ii - ipg ag shown in the top of Figure 2. The

electron current toc a spherical electrode is given by

v/U,

i = 1Ie for V S 0 (1m)
e @
i, = I, for V. 2 0O (1p)
. kT 1/2
‘ 2 e
wvhere I = - hyr“ne
e mee
U = kT /e
e e

V = probe floating potential

a1
fl

probe radius

4]
4]

magnitude of electron charge

n = electron number density

Te = electron temperature

‘andA m, = electron mass.

The ion current to & moving probe is given by

KT ¥ 13 1/2
1 i Bam, T 16




-
where V_ = probe (satellite) velocity

ion mass

B
fl

ahd T,
i

ion temperature.
When the probe is in sunlight there will also be & photo-

electron current

IA
o

i =1 for V (3a)

-V/U

o
i
4
®
g
1V
(@]

for V (3v)
where Up = kTP/e = photo-electron potential, and Ip is

s constant depending only the probe surface properties.
Using the relations above, the current balance eguation
may be solved for the floating potential, V, defined as

the probe potential when i = O0:

= e e < I8}
V= «U 1n T % 1 for V 2 O (Lha)
i P
I
V=U_ ln3——P— for V.2 0 (4v)
e i

The current-voltage characteristic of & probe is represent-

ed schematically in the bottom of Figure 2. Zero potential




has been defined to be the 'space' or 'plasma' potential,
where Ie - Ii - Ip = 0, which would hold for a spherical
gsurface of radius r in the plasma if no physical probe
were present. When a bias current IB is drawn to =
sphere, the condition I, s I, - I, - Ip (alternatively

I > I - I, - Ip) determines that the probe will be

B e i
negative (positive) and that Equations (1) through (k) part
s (part b) will hold. If the floating potential V is
positive, an inhomogeneous 'sheath' of electrons forms
around the probe, which we shall refer to as a photo-
electron sheath. A negative probe repels electrons, so

its 'sheath' is composed of an excess number of positive

ions. The characteristic thickness of a sheath is

approximately
v 1/2
t = Ap| - T for V 5 0
e
v 1/2
= — 2
t = XD T for V 0
D
€y Ue 1/2
where AD = ne is the Debye length.




The top diesgram in Figure 3 schematicelly illus-
trates the inhomogeneousg sheath, which forms around the
entire spacecraft as well as around the probes and booms.
The bottom diagrem in Figure 3 shows a Thevenin eguivalent
circuit of the probe-plasma system for a plasma contalning
an‘electric field Ey parallel to the spacecraft +y axis.

The voltage drops VS and VS_ across the sheaths of the

4

spheres are given by the floating potentials V* and V_
-of each probe. The subscripts 4+ and - are added when

neceggary to ldentify the probes on the spacecraft +y orv
3V

%

|

-y axes, respectively. The sheath resistances RS =

e

54

=

are given in terms of plasma perameters by

— e <
R, = T % vV £ 0 (5a)
i P
_mmiﬁﬁm
o 2 {
Rg Ie - Ii v 0 (5b)

The voltage sources

E_ (2/2) and E_(=-2/2

y &/ ¥ (-2/2)
represent the plasma potential at the center of the two
gsphereg. Aeg long as the sheath thickness t is zmell

compared to the asntenna length, the effective length, %,




of the antenna will be egual to the distance between the

centers of the spheres. R represents the input resistance

B

of the differential amplifier, which is the same for
each branch, RB+ = RB_. From the circuit diagram in
Figure 3 it can readily be shown that the observed po-

tential difference between the spheres is given by

E_% es 11 e -1
AV = - =% 1+ = + 1+ (6)
B Be
4
Rs+ -1 Rs -l
+ 1y 1 0+ -V 1 + "E
s+ RB+ g - ( RB—

Ideally, the voltage drops across the sheaths of the two
spheres are identical, VS+ = VS_, and the sheath resiste
ances are small compared to the differential amplifier

R << R.., It follows from

input impedances, Rs+’ - B

Equation (6) that in this case the potential difference
between the spheres is directly proportional to the ¥y

component of the electric field

o,
“"3
R

8Vy = - E L.




C. Operation

In this section we describe the features of the
data taken with the Injun 5 DC electric field experiment
believed to be associated with errors or instrumental
effects. Several of these features are shown in Figures
L and 5. Each figure displays both the electric field
and the electric antenna impedance measured during one
orbit of the spacecraft. The data are presented in terms

of 'measured’ electric field, EM’ defined by

If the sheath resistance Rs is much less than the biasg
resistance RB and the two probes are sufficiently identi-
cal that their floating potentials V+ and V, are equal,

then Egquation (7) holds and E, = Ey. General features of

10

the impedance measurements are discussed by Gurnett et al.

(1969). The impedance is found to be almost entirely
resistive at 32 Hz and is attributed to the resistance of
the plasma sheath around each probe. The impedance given
in the figures is the average of the resistances of the

sheaths around the two spheres. Also shown in Figures b
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and 5 is the electron number density, n, of the thermal
plasma asg measured by the Air Force Cambridge Research
Laboratories (AFCRL) experiment on Injun 5. (A constéﬁt
electron temperature of 2500 °K is assumed in calibrating

this data.)

1. ﬁs x B

The dashed lines in Figures 4 and 5 represent the
magnitude of the ?s x B electric field in the reference
frame of the satellite. %s is the satellite velocity
calculated from the Injun 5 orbit relative to a coordinate
system co-rotating with the earth, and 3 is the magnetic
field at the spacecraft position computed using the 1965
Cain et al. (1967T) expansion for the geomagnetic field.
Neglecting wake and shadow effects, the measured electric
field E, in Figure 4 has a sinusoidel shape modulated by
the 1{38 x gl envelope. This sinusoidal shape is due to
the satellite spin about the geomagnetié field with =&
period of about 20 minutes. When the +y axis of the
spacecraft is aligned perallel to %s X ﬁ, there is a

peak in the E, curve; when the -y axis is parallel to

M
vs b4 ﬁ, there is a wvalley.




In Figure 5 the spacecraft is almost not rotating.
In the northern hemisphere the y axis of the satellite is
nearly aligned with ?S x %, 80 Ey = +|v8 x %8. Since the
VS x B direction reverses at the magnetlic eguator,
Ey = -ﬂ?s b's %i in the southern hemisphere. During
Injun 5'g lifetime the spin rate has increased and

decreased several times. Both senses of spin about the

geomagnetic field direction have been observed.

2. Shedow Effects
The large perturbations in Figures 4 and 5 labeled
'spacecraft shadows' occur when the photo-electron current
to one of the spheres changes as the sphere enters the
sunlight shadow of the spacecraft body. Figure 6 illus-
trates that small Iincreases in the impedance often
accompany the occurrence of shadows on the spheres. Also

shown are the angles es and @s" between the sun direction

N
and the vectors to each sphere from the spacecraflt @en%eﬁc
Since, from Figure 1, the spacecraft subtends a 20°¢
half-angle as seen from a sphere, shadow effects are

predicted to occur when 98 exceeds 160°. Shadows on the

+y (-y) sphere cause positive (negative) perturbations in




$mt
a2

the measured electric field. Shadow effects are wider
when the satellite is spinning slower. The magnitude of
the offsets in EM caused by shadows is larger at high
latitudes and smaller near the eguator. Occasionally one
sphere is shadowed by the other, as occurs in Figure L

at 1340 UT. A shadow of one of the joints in the electric
antenna booms falls on a probe at 2017 UT in Figure 5.

For orbits in the dawn-dusk plane, such as that
shown in Figure L4, shadowing of the spheres by the support-
ing booms (cf. Figure 1) is unequal for the two spheres
st orientations corresponding to peaks and valleys in
the § . ﬁs x B electric field. As illustrated in Figure b,
this asymmetrical boom shadowing effect adds to peaks in

~

y - VS x ﬁ in one hemisphere and subtracts from peaks in

~

y e ﬁs x B in the other hemisphere, because ﬁs x B reverses

direction at the equator. For noon-midnight orbits, boom

shadowing is symmetrical on the two spheres at y - ﬁs x §

peaks and valleys. Figure 7 shows that, in this case,
I >

x §| at peaks and velleys to within 10 mV/

I+

EM equals

meter.

8
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3. Umbra Effects

Figure 5 shows an orbit of electric field data in
which Injun 5 passes through the earth's umbra. In
Figure 5, as the spacecraft enters the earth's umdbra, a
peculiar perturbation occurs. It consists of two separate
effects: (1) a change in the electric field toward zero
(which in Figure 5 is a positive change in EM), and (2)
several periodic negative spikes in the electric field
measurement. These spikes correspond exactiy to the times
that the impedance measurement is made. Figure 8 shows
two more examples of both the spikes (negative in both
cases) and the change toward zero. These effects occur
only when the spacecraft is in the umbra and simultaneously
~very low electron number densities are measured, as |
illustrated by Figure 5. Impedance values of about 106
ohms or greater invariably accompany the phenomenon.

When the spacecraft leaves the umbra in Figure 5,

a negative step in EM occurg. Such steps occur commonly

at umbrae transitions, with EM greater inside the umbra.

4, Wake Effects
The large negative perturbation in Figure L

labeled 'spacecraft wake' occurs when the +y sphere
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enters the satellite's rarefied velocity wake. Figure ¢
shows the correlation between wake effects and the angle

. between the +y sphere and —§S, on three successive passes
over the north polar cap. § ° Vs b4 ﬁ has been subitracted
from the electric field data shown. 'The wake effects
shown occur while the probe is within 80° of -Vs.

Tables 3 and 4 give the results of a study of 451 cccasions
when one sphere came closer than *30° to the -%S vector.
Any ciearly distinguishableyelectric field perturbation
which correlated with fhe minimum angle to —VB was
classified as a wake effect in this study, so some natur-
ally occurring electric field events may be included by
chance. Table 3 shows that virtually all wake effects
are accompanied by'impédances greater than lO6 ohms and
that most of the wake effects in the study occurred at
high altitude. Table 4 shows that more than 88% of the
time the perturbation was such that the potential of the
probe in the wake was more positive than the potential of
the probe outside the wake region, and that wake effects
occurred more than twice as often when the +y sphere was

in the wake as when the -~y sphere was in the wake. The

example of a wake effect shown in Figure L occurs when the




impedance is greater than 106 ohms. Figure 4 also shows
the low electron number density, as measured by the AFCRL
experiment on Injun S, which is commonly observed whenever
wake effects or high impedances occur. During the orbit
shown in Figure L4 the electric antenna spheres entered

the wake region seven times, in both hemispheres. Never-
theless only one wake effect occurred, and that event
occurred when the +y sphere was in the wake, at high

altitude, high impedance, and low electron number density.

D. Errors

In this section we shall explain the occurrence
of the instrumental effects described in Section C and
we shall investigate other possible sources of error in
the DC electric field measurements. Because varilations
in measured electric fields not otherwise explained will
be attributed to magnetospheric phenomena, considerable

detail is Justified in discussing errors.

1. Theoretical Predictions of Probe Behavior
To help delineate the relative conditions under
which various effects may be expected to occur, we shall

develop & numerical model of the response of the double
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probe system in tefms of plasma parameters. The theory
presented in Section B comprises the mathematical basis

of the model. Equation (6) depends, through Equations (4)
and (5), on parameters which are constant, except for the
medium parameters n (number density), T, (electron temp=-
erature), T, (ion temperature), and Ey (electric field
component). In Equation (9), Equations (6) and (8) are
rewritten to show explicitly the linear dependence of the

measured gquantity, EM’ on the electric field Ey and the

floating potentials, V+ and V_.
E, = El(Ey) + E, (V) , (9a)
%y T T
E, (E) = 1+ E |1 4+ == (9®)
1 y 2 RB~ RB+
v_ R._ -1 vy R -1
E, (V) = 7|1+ 5 ) - Ii( 1+ RB+) (9¢)
B- B+

Since the Injun 5 orbit includes altitudes from

- 677 to 2580 kilometers, the electron number density may
vary‘by several orders of magnitude. The electron
densities, as measured by the AFCRL experiment on Injun 5,

p 3

are commonly in the range 10“ to 10° electromns/em™, but




18

may be higher at perigee near the equator and occasionally
as low as 103 electrons/cm3 at apogee over the polar caps
(R. Sagalyn, private communication, 1970). In the model
we shall therefore independently vary n. The electron
temperature Te is less well known. DBrace et al. (1967)
have reported average values of 500 - 3000 °K at EGQ@ km
at solar minimum. The preliminary results of Sagelyn's
experiment (privete communication, 1970) on Injun 5
indicate a typical electron temperature of 2500 °K, with
temperatures sometimes as high as 10,000 °K and frequently
“about 5000 °K above 1500 km over the polar caps (at

solér maximum). In the model we assume Té = 2500 K, or
else vary T, independently. The calculation is insensi-

tive to the ion temperature T which is taken to be

i’
1500 °K.
It is obvious from Equation (9¢) that asymmetries

in V, Rs’ or R, for the two spheres may be important

B
gources of errors. V and RS are dependent on plasma

parameters (see Equations (4) and (5)) except for the
photo~electron current Ip. The photo-electron current

may differ for the two spheres at a given time due to

either (1) differential shadowing or (2) unequal surface
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properties of the spheres. Assuming that the latter
effect is constant in time, shadowing may be exploited

to find approximate values of Ip for each sphere. A4 study
has been made of 86 occasions when the spacecraft body
shadowed one of the electric antenna spheres. Flat-
topped shadow perturbations were selected to ensure that

a sphere was completely shadowed. Figure 10 shows the
regults of the study. In the bottom drawing, using the

Ohm's Law approximation,

lav, | 2| AR, |
AT X . M. . M
P 8 8
pheoto-electron currents of Ip+ = 4 pamps and Ip_ = 3 uamps
are suggested. The top drawing shows the results of an

analytic solution (described in the Appendix) for the

photo-electron currents, which gives Ip+ = 3 *1 usamps

and I = 2 *1 uamps. The latter values have been adopted

for use in the model. The difference Ip+ - IP" can be

checked by examining transitions from the umbra region
into sunlight (excluding situations with shadowing). A
study of 26 such transitions implies that Ip+ - Ipw =
1.5 *0.5 pamps in the linear approximation (whiech will
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tend to overestimate the currents). The asymmetry pre-
sumably arises from surface contamination of the spheres,
perhaps during the launch. Because sunlight strikes
different areas of each sphere as the spacecraft rotates,
the magnitude of the photoc-electron asymmetry and its
consequences may be orientation dependent. In the model,
however, any orientation dependence of IP has been
neglected. Table 5 summarizes the values of parameters
employed in the numerical model.

Figures 11 through 18 show results calculated
using the probe system model. Figure 11 shows values for
the floating potential, V, of a sphere as & function of
electron number density, n, for a range of electiron temp-
erature values. The curves were calculated using
Equation (4). The potentials are typically a fraction of
a volt negative, gso the condition that V be small is
gatisfied. For the values of Ti and Te used in the calcu-
lation the inequality ion velocity < satellite veloccity <«
electron velocity is also satisfied. Typicel Debye
lengths and sheath thicknesses encountered in the Injun 5

orbit are shown in Figure 12. Sheath widths less than

the probe radius are predicted. In Figure 13 V is compared
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for the two gpheres and the spacecraft body. The effects
of the obvious asymmetry will be discussed below. Figure
1k shows that in sunlight conditions there is also an
ssymmetry in the corresponding sheath resistances for the
two spheres.

The principal test which may be applied to deter-
mine the extent to which the model is quantitatively
correct is to compare predicted and measured values of
the sheath impedance. The points plotted in Figure 15
correspond to sheath resistances measured around the
Injun 5 orbit and electron number densities measured
simultaneocusly with the AFCRL experiment on Injun 5.
| Because Te varies strongly with altitude, latitude, and
local time (cf. Brace et 8l., 1967), it is not expected
thaet the measured points Rs(n) will fall on any one
calculated curve R_ (n, Te). In general the highest T
will occur at high altitudes where n is low, and con-
versely. An examination of the measured versus computed
‘values in Figure 15 verifies that this occurs. Further-
more, the valuesgs of Rs observed fall‘on theoreticel curves
corresponding to reasonable values of Te' Thege facts

‘suggest that there is reasonable guantitative correspondence
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between the model predictions and actual probe behavior.
Additional verification of the validity of the model is
its abllity to explain the various instrumental sources

of error.

2. Shedow Effects

Figure 16 shows the calculated magnitudes of the
quantities El(Ey) and EZ(V) introduced in Equation (9),
for darkness, sunlight, and shadow conditions. If
Rs << RB, El = Ey repreéents the real electric field
y-component measurable in the satellite reference frame.
Under ideal conditions of sphere symmetry in every
respect, E2 = 0.

It is evident from Figure 16 that the behavior of
E2 when either sphere is shadowed explalns the larger
magnitudes of polar (lower n) versus equatorial (higher n)
shadow effects. (Consistency is expected because shadows
were used to estimate Ip.) Since the electric field
antenna booms and boom joints can shadow as much as 20%
of the surface of a probe, the effects of boom shadows
are proportionately smaller then those indicated for

total sphere shadowing. Maximum boom shadowing errors

are therefore expected to be about 40 mV/meter.
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3. Umbre Effects
The discrepancy of 2 mV/meter between El in
sunlight and Ey, for large n, shown in Figure 16 is due
to finite bias resistance in the factor (1 + Rs/’RB)"31
in Equation (9). This factor is negligible for usual n
values. When n 1is low, the discrepancy increases Dbecause
R_ becomes large (see Figure 14). In daylight the effect

is important only below n = 2 x 103

electrons/cm3 {which
rarely occurs). At night, when the Ip term disappears
from Eguation (5), the effect of large sheath resistance
iz much greater. We attribute the change towards zero
electric field which appears in Figures 5 and 8 (ignoring
the spikes) as the satellite enters the earth's umbra,

to this cause. It is consistent with this explanation
that as n rises towards lower latitudes in the umbra,

the effect disappears. In the example in Figure 5 the
magnitude of the change is about 50 mV/meter, while the
AFPCRL number density experiment indicetes n = 2 x 103
electrons/cm3° The agreement with the model prediction
is good. Figure 14 shows the accompanying large increase
in impedance predicted (and observed; see Figures 5

and 8) as the spacecraft goes from sunlight into dark-

negs while n is low.
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Figure 16 verifies that in darkness, E, is nearly

2
zero. However, in sunlight, the sphere floating poten-
tials are different, as shown in Figure 11, due to
asymmetric photo-electron emission. Excluding values when

3

densities are below 2 x 10 electrons/cmS, E, may be

2
as great as -30 mV/meter in sunlight. This is in exact
agreement with the magnitude and direction of the Jump
in the measured electric field observed when the space-
craft undergoes the transition frdm the earth'’s umbra
into sunlight at 2127 UT in Figure 5. The spheres were
not shadowed at this time by the spacecraft booms or
body. E2 for both spheres in sunlight may vary by up

to 20 mV/meter as n varies slowly with altitude and
latitude around the Injun 5 orbit. Like boom shadowing,
this error contributes to the difference between Em and
¥y e Vs x ﬁ, and is virtually impossible to calculate.
The method for eliminating these effects will be dis-
cussed in Section E. The combination of 20 mV/meter due
to the response of the asymmetric probe system to slow
plasme variations around the Injun 5 ordit, and Lo mV/
meter boom shadowing, gives a maximum of 60 mV/meter for
EM - § e Vs x ﬁ, This is in good agreement with the

50 mV/meter maximal discrepancies observed.




In Figure S the satellite crosses the earth's
umbra while its y axis is nearly parallel to the %5 x B
direction in the northern hemisphere. The measured
electric field fails to go through zero at the midnight
equator where Vs b4 % changes direction, by about 50 nV/
meter. This difference corresponds to a 0.1k volt
congtant 'contact potential'. This constant offset
should not affect the results of the DC electric field
experiment beyond shifting its zero point. In sunlight
the contact potential is counteracted almost completely
by the effects of the photo-emission asymmetry of the
two spheres. As shown in Figure 5, at the sunlit equator
the electric field measurement misses zero by Jjust
20 mV/meter. (Prior to the boom joint shadow indicated
at 2018 UT, neither sphere was shadowed.) The difference
between the amounts by which EM exceeds zero at the two
equators is 30 mV/meter, which corresponds exactly to the
30 mV/meter Jﬁmp attributed to photocurrent asymmetry
evident at 2127 UT in Figure 5. Furthermore, the shesath
impedance at the sunlit eguator is Rs = 8 x 1oh ohms .
In the linesr approximation, therefore, the photo-current

asymmetry should be
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AIp ¥ &l%ﬁl = 1.1 uamps.
8

This value is in agreement with the results of the shadow
study previously discussed. The consisténcy evident in
the observations of contact potentiels, umbra transition
discontinuities, shadowing magnitudes, and sheath imped-
ances promotes confidence in the numerical model, which
correctly reproduces their interrelationship.

The so-called 'fectification effect’ observed in
the umbra region (see Figures 5 and 8) may be explained
as follows. The potential of a sphere due to the sinu-

soidally varying current of magnitude iz = V /RB im-

Z0

pressed briefly on each sphere by the impedance measure-
ment (see Gurnett et al., 1969) may be expanded in a

Taylor series:

1 3%y

312

V=V <+ CAA

2
o 5T (A1) + ...

(A1) +

|

where 1 = iz cos wt and Vo is the floating potential
from Equation (4). The DC electric field measurement
effectively averages this potential over time, so we

obtain
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oV 1 73V ,2 2
vV = <Y;>’+<:§~ i cos wt:>+ 5 »: i€ cos mﬁ?}% o
2
1 3°v .2
=V 4 5 S (10)
o i 312
=V + v
o P

Vz is an edditionel term present only when the impedance

measuremnent is made. In terms of plasma parameters we

have, for V < 0,

We shall investigate the effects of this term in darkness
for low electron densities. Figure 13 verifies that the
sphere floating potential will be negative. IP = (0 in
darkness, and Ii is proportional to n, so VZ under the
specified conditions will become very large and can
dominate the floating potential term Vo in Equation 10.
If Vo # Vz_, which in darkness could happen due to an
asymmetry in the bias resistances (see Equation (9C§}% E2

will change when the impedance measurement is on. If

RB+ were greater than RB~ then the resulting perturbation
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in E2 would always be negative., This effect, which
constitutes a rectification of the impedance measurement
driving current by the electric antenna system, gqualita-
tively explains the negative spikes observed when the
impedance measurement is made in the umbra et low number
densities as shown in Figures 5 and 8. Because umbra
effects generally occur at middle to low latitudes, they
do not interfere with the measurement of aurorsal zbn@

and polar cap electric fields.

4. Wake Effects

The satellite velocity Vs exceeds the thermal
jon velocity at Injun 5 altitudes. As a result, lons are
swept away by the moving spacecraft and a rarefied wake
region exists behind the satellite. Because approximate
charge neutrality must be maintained, electrons cannot
enter the wake until the heavier, slower, ilomns do.
Hence the wake region is rarefied and hes & slightly
negative potential.

The model of probe behavior predicts that when the
electron number density in the probe vicinity drops below

3

~ 2 x 10 electrons/cm3ﬂ the probe floating potentisal
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becomes positive with respect to the space potentlel and

a photo-electron sheath is formed (see Figure 13).

Equation (9) indicates that if thé +y (~y) sphere potential
will drop (rise). This is in

rises, E through E

M’ 29

sgreement with the observations of wake effects reported
in Section C., Furthermore, as shown by Figure 13, &
photo-sheath forms around the +y sphere at higher n than
for the -~y sphere. It is therefore expected that wake
effects should be obéerved more frequently when the +y
sphere is in the wake region than when the -y sphere is
in the wake. This prediction, also, agrees with observa-
tions (see Table 4). Figures 1L and 15 show that the
impedance should rise drametically, to i 106 ohms, when

& photosgsheath forms. High measured impedances have been
reported to be a feature of wake effects (see Figure L).
Quantitative comparisons are not possible because the
densities and temperatures in the wake regions are un-
known. However, on the basis of the excellent gualitative
agreement of these predictions of wake effects with the
observations discussed in Section C, we conclude that
wake effects are in fact casused when one probe develops

a photo~electron gheath in the rarefied region behind the

moving spacecraft.




5. Variations and Gradients in Plasma Parameters

The effect of variations in n and Te (at botih

30

spheres) may be investigated by taking partial derivatives

of Equation (9) with regspect to these guantities. The toyp

diagream in Figure 17 shows the numerical evalusation

of terms of the equation

as functions of n, for an arbitrarily chosen, but large,
S AT_ = 100 °K, evaluated at T, = 2500 °K. AE, is clearly
very small everywhere except for & small interval at

low n which corresponds to Just the +y sphere having o

photo-sheath. In the bottom diagram of Figure 17, the

terms of
aEl oF
AEMz-B—E—-An'*-?E—An
are shown for An = 0.1 n. The results are similar in

that AEM is negligible except while Just one sphere has

e photo-sheath.




Figure 18 illustrates the effects of gradients
in the plasma such that n or 'I‘e ig different at the two
spheres. In the top diagram of Figure 18 the changes in
El and E2 are shown which would occur 1if the +y sphere
encountered temperatures of 2450 °K while at the -y
sphere the temperature was 2500 °K. It is unlikely that
such a large, 2%, gradient would be encountered in the
2.85 meters between spheres. The magnitude of AEM
predicted remains less than 6 mV/meter, so the effect
for actual gradients is probably negligible. The bottom

of Figure 18 shows the change AE, resulting from lowering

M
n at the +y sphere by 10%. This unphysically large
gradient in only 2.85 meters produces less than 10 mV/
. meter change in the measured electric field above
n =2 x 103 electrons/cmB. We conclude that the effects
of gradients in electron temperature or number density
are not serious except at densities low enough to cause
photo-sheaths to occur.

In addition to these plausibility arguments,
experimental evidence can‘be given that n and Te variations

‘and gradients have negligible effects on the DC electric

field measurement. Although electron number densities




or temperatures measured by the AFCRL experiment on
Injun. 5 frequently exhibit fluctuations in the same
intervals when electric field noise is observed, the
AFCRL data and the DC electric field variations do not
correlate on a one~to-one basis. Figures 19 through 22
show ‘'worst-case' examples of both electric field and
number density fluctuations. These data were taken in
the high data rate mode during apogee polar passes in

the northern hemisphere in winter. The DC electric field
is measured 16 times per second in this mode while the
AFCRL experiment in fact measures a quantity proportional
to n\/fgi A constant electron temperature of 2500 °K

has been assumed in calibrating the data. It is evident
that the fluctuations shown as due to number density
variations could alternatively be due to electron tempera-
ture variations. The lack of correlation of the AFCRL
and DC electric field data may therefore be taken as an
indication that neither n nor Te variations which

exist directly affect the DC electric field measurement.
In Figures 19 and 20 large (2 50 mV/meter) electric field
fluctuations occur but only small variations in n (or T)

occur. Figures 21 and 22 show number density (or
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temperature) fluctuations of 2 100%, but these fluctuations
show no relationship to the variations in electric field

observed.

6. Energetic Charged Particles

Over the auroral zonegs Injun 5 encounters intense
fluxes of energetic charged particles. 1In order to
affect the operation of the DC electric field experiment
the current contribution from energetic ions minus the
current contribution from energetic electrons must be
different for each sphere. Because the gyroradius of =a
50 eV electron is about one meter or greater at Injun 5
altitudes, no significant gradients are expected in the
2.85 meters between spheres. An upper limit for > 50 eV
electron flux encountered in the Injun 5 orbit is
Jg = 5 x 108 particles/cme—sec. (L. A. Frank, private
communication, 1971). This flux corresponds to a density

of

3

n, (> 50 eV) = = 1 electron/cm
assuming 50 eV electrons. As this density is about 0.17%
of the thermal electron densities encountered in the Injun

5 orbit, energetlic perticle contributions are neglected.
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T. Interference

On just a feﬁ occasions during the Injun 5 life~
time, small (20 mV/meter) oscillations with ~30 second
period were detected by the DC electric field experiment.

" These oscillations were found to coincide precisely

with the voltage sweep of the AFCRL electron number
~density experiment on Injun 5. The exact cause of the
interference has not been determined. As the oscillations
are unmistakable in appearance, no further efforts are
necessary to eliminate them.

Most errors in the data which originate in tele-
metry or recording electronics also cause parity errors
‘and are eliminated by a parity check. It is not uncommen,
however, to encounter single data points considerably
different from the § e Gs x % electric field value.

These isolated points are eliminated from the data because
they are believed to be caused by telemetry or recording
errors which involved no parity change.

cThermal noigse due to the bias resistances is
evidently small, aé the electric field measured at low
latitudes varies smoothly down to the 2.75 mV/meter

minimum measured step size.
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8. Summary

With the aid of a numerical model of Langmuir
probe fesponse to plasma parameters based on ranges of
values of‘plasma parameters encountered in the Injun 5
orbit, we have explained, qualitatively, and, where
appropriate measurements exist, quantitatively, all of
the various instrument-associated effects evident in the
Injun 5 DC electric field experiment data. The amounts
by which the measured electric field misses the i!?s x B
limit have been accounted fﬁr by the slowly~-varying
errors due to shadowing by the spacecraft booms and
. changes in plasma parameters around the Injun 5 orbit.
Other observed effects we have explained include (1) per-
turbations associated with shadows of the spacecraft
.body or boom joints on the electric antenns spheres, (2)
perturbations associated with the spacecraft velocity
wake, (3) discontinuities upon entering or leaving the
earth's umbre caused by differences in the photo-emission
properties of the two spheres, (i) negative spikes due
to rectification of‘the impedance measurement driving
current, (5) changes in the measured field magnitude due

to finite bias resistance, (6) contact potentials, and
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(7) interference phenomena., In addition, we have examined
the possibility of errors due to other effects, such asz
énergetic charged particle fluxes, electron density and
temperature gradients between the spheres, and plasma
variations along the satellite path.

| Spacecraft shadows and steps at the edge of the
umbra can be easily identified from spacecraft attitude
and orbital parameters. All remaining errors are found
to be less than 10 mV/mefer except at electron densities

predicted by the model to be less than about 2 x l@g

electrons/cmB, below which photo-sheaths begin to form
around the spheres. However, a criterion for the possibil-
ity of’large errors based on observations, rather than on
the model, can be determined. When a photo-sheath forms
around either‘sphere, the antenna impedance rises sharply.
The study of 451 spacecraft wake predictions‘discusseé in
Section C and summarized in Tables 3 and 4 shows that wake
effects (and hence photo-sheaths) occur only when imped-
ances are.greater than 106 ohms. The impedance messure-
ment thus provides a rigorous observational test of the

quality of the DC electric field data. If the impedance

ig less than 106 ohmsg, the DC electric field measurements
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may be interpreted using Egusation (7). When the impedance
is greater than lO6 ohms, caution must be exercised
because large impedances can result from either unusually
high electron temperatures or low number densities.

Only the latter will result in the formation of photo-
sheaths and the associated susceptibility to various
large errors. For impedances less than 106 ohns, &
"1imit on the contributions due to all errors except the
various manifestations of shadowing and slow changes in
plasme parameters around the Injun 5 orbit may be set

at *10 mV/meter. In the next section the method used %o
eliminate the larger, slowly changing errors, as well,

will be discussed.

E. Data Anslysis

1. Magnetospheric Electric Field Determination

In order to determine naturally occurring electric
fields it is necessary to subtract the Vs X § electric
field and other instrumental effects from the measured
electric‘field,. In this study electric field effects
6

are disregarded when the sheath resistance exceeds 10

ohms. As described in Section D, this condition eliminates
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virtually all wake and umbra effects and assures that the
differential amplifier impedance is much larger than the
sheath resistance. ©Since spacecraft shadow effects are
predictable from the spacecraft orientation, data are
also discarded when a probe is close to the anti-sun
vector. The component of the vs x B electric field
parallel to the antenna axis, y - vs x B, is easily
‘calculated also from knowledge of the spacecraft orienta-
tion. The only serious problem which remains is to
correct for the smooth long term variations responsible
for the amount (5 50 mV/meter) by which the measured
eiectric field misses vy e Vs x ﬁ, as discussed in the
last section. Because of uncertainties in the various
plasma parameters involved, this factor cannot be calcula~
ted with sufficient accuracy to be useful.

The procedure which has been adopted for sub-
tracting § . ?S b4 ﬁ and the boom shadowing error is the
following: a smooth curve Es is hand-drawn through the
‘measured electric field subject to the following requir&w
ments:

(1) It haes a sine wave shape which is qualitatively

the same as the computed y - VB x 3 field.
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(2) The modulation amplitude and phase are
adjusted to provide a good fit a low latitudes
where no convection electric flelds are
expected.

(3) In cases of uncertainty the curve is drawn

cloger to the average measured field.

This procedure takes into account both § - §s x B
and the smooth changes due mostly to boom shadowing. In
cases of uncertainty the residual electric field, Ec =
EM - ES’ attributed to magnetospheric electric fields, will

in general underestimate the actual naturally occurring

electric field. If natural electric fields occur which
are small and uniform for times comparable to the rotation
period of the spacecraft, they will unfortunately but
unavoidably be subtracted out by this procedure and will
not appear in Ec' However, when the spacecraft is
rotating slowly, for some orientations boom shadowing is
excluded and the magnitude of Ec can be determined to an
accuracy of *10 mV/meter. The absolute values of ES and
Ec cannot usually be determined more accursastely than

about *30 nV/meter. Fluctuations in the Ec electric field

which occur with periods much less than the satellite spin
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- period are significant if their magnitude exceeds 10 mV/
meter. Figure 23 shows an example of ES compared with
E, and ¥ e Vs x B for a full orbit of Injun 5.

The left-hand side of Figure 24 illustrates the
data reduction procedure used to determine the natural
electric field, Ec’ for & typical polar pass. ES is

the smooth curve drawn to best approximate the y o° §s x %
field and the boom shadowing error. The difference
electric field, Ec = EM - ES, haé abrupt reversals of
approximately *30 mV/meter at 2225 and 2234 UT. The
angles between the probes énd the sun vector, 98,

verify that for these events neither probe was in &
shadow. The angles between the probes and the velocity
vector, ev, indicate that the +y sphere was in the wake
region at 2234 UT, but because the impedance is much less
than 106 ohms the event at thig time could not be due to
a wake effect. Hehce, these electric field reversals

are assumed to be due to naturally occurring magneto-

spheric electric fields.

2. Convection Velocity Determination
Axford (1969) has explained that at Injun 5 alti-

tudes the conductivities are such that a DC electric fileld




is related to the convection velocity Vc of the plasma

by the equation

The magnetic orientation of Injun 5 (x || B) restricts

the DC electric field experiment to measure only eleciric
fields pefpendicular to the geomagnetic field. Further-
more, since only the Ey component of the electric field
is sensed, only the component of convection velocity
parellel to the z axis of the spacecraft can be inferred.

The convection velocity component measured is computed

from the relation

(E y) x (Bx) E
c - _c

The convection wvelocity components associated
with the electric fields shown in the left-hand side of
Figure 24 are illustrated on a magnetic local time/
invariant latitude polar diagram in the right-hand side
kof Figure 24. Each arrow represents the measured com-

ponent of the convection velocity computed using




Equation (11). The length of the arrow is proportional
to the magnitude of vc and the direction of the arrow is
in the direction of the convection velocity semsed. If
I?cl < 0.25 km/sec, & dot is drawn. The base of each
arrow, or the location of each dot, gives the satellite
position at half-minute intervals. Since variations in
§c occur within the 30 seconds between arrowg, each a&rrow
corresponds to the maximum or ‘'envelope' convection
velocity during the interval. It must be emphasized

that the arrow represents only the component of the

convection velocity detected; it does not represent the

vector direction of the convection velocity since only
one component 1s measured. Because of the orientation of
the spacecraft during the events shown in Figure 2h, the
north-gsouth component of the convection velocity cannot
be determined.

Since the gatellite is rotating very slowly and
boom shadowing cannot occur for the orientations shown
in Figure 24, the convection velocity component camn be
determined very smccurately for this example. In general
the magnitudes of convection velocity variations deter-
"mined for intervals much smaller than the satellite

rotation period are belleved to be uncertaln by about
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0.25 km/gec and, as in the case of Ec’ represent a lower
limit. Uniform convection velocities for times cemparsble
to the Injun 5 spin period are not expected to be
detectable if the convection velocity is less than about

1 kxm/sec because slowly-varying electric fields are

eliminated in the date reduction procedure.

F. Improvements

As an aid to future missions to measure magneto-
spheric DC electric fields, we briefly list some of the
practical considerations we have found to be extremely
important.

1. Symmetry for double-probe systems is obviously
of paramount importance. Stub booms should be added to
give the probes translational symmetry, as suggested by
Fahleson (1967). This would eliminate the boom shsdowing
problems we encountered. Efforts should be made to
achieve identical photo-emission properties for the
surfaces of the two spheres (see Fahleson et al.. 1970},
and to ensure»that the surfaces stay clean during launch.
The spheres must be as similar as possible elecirically,
also, particularly with respect to having equal differen-

tial amplifier input resistances in each branch.




2., It is esgential that the input impedsnce of
the differential amplifier be very much higher than the
sheath impedances encountered anywhere in the satellite
orbit.

3. Accurate knowledge of satellite attitude is
critical for calculation of § e %s x B and gshadowing
conditions.

k, The measurement of plasma sheath impedsance
by Injun 5 proved to be a valuable adjunct to the IC
electric field measurement, and quantitative error
analysis would not have been possible without it. We
suggest that future missions by other experimenters
would also be improved by including an impedance measure-
ment.,

5. Simultaneous measurements of plasma paramelters,
such as electron number densgity and temperature, are
also useful in evaluating the performance of the electric
antenna, as well as for investigating the complex pheno-
mena, such as aurorae, occurring in the magnetosphere.

6. The use of three orthogonal pairs of electric
field probes would permit measurement of the vector

direction of the DC electric field.




IIT. OBSERVATIONS

A, General Observations

Significant DC electric fields not attributable
to any known instrumental effect are observed at middle
and high latitudes on nearly every orbit of the Injun 3
satellite. At the plasmapause/light ion trough boundary
small (10 - 20 mV/meter) electric field perturbations are
sometimes observed, generally corresponding to westward
convection outside the plasmasphere. At high eltitudes,
above about 1500 km, over the auroral zone/polar cap
regions irregular electric field fluctuations called
'noise' with time scales generally less than 60 seconds
are consistently detected. Figure 19 shows an example
of electric field noise. The general characteristics
of both electric field noise and plaesmapause effects
have already been discussed by Cauffman and Gurnett

(1971a).

B. Observations of DC Electric Field Reverssals

1. General Characterisgtics
Freguently at the auroral zone electric field

perturbations are observed which take the form of revergals




in the electric field direction in a geostationary
reference frame. The occurrence of such reversals does
not depend on sheath impedance or spacecraft orientation.
An example of an electric field reversal has been shown
in the left-hand side of Figure 24 at 2125 UT. In the
right-hand side of Figure 2k the same reversal is inter-
preted in terms of an ﬁ x %/BQ convection velocity. On
either side of the reversal is a 'zone' of oppositely-
directed thermal plasma convection. Table 6 gives the
occurrence statistics, for 286 auroral zone crossings,
of 'noise' (more than 2 zones; an example is shown in
Figure 24 at ~2234 UT), reversals (2 zones), single
zones, and quiet crossings (l%cl < 10 mV/meter). Rever-
sals have been chosen as the subject of this study be-
cause they occur most ffequently, they evidently ildentify
a boundary which is of fundamental significance with
regard to magnetospheric structure, and they are the
most reliably measured electric field phenomenon. The
signature of a reversal cannot arise due to a gpuriocus
shadow. Because the overall magnitude cannot be changed
by an error in drawing Es’ uncertainty is confined to
where the electric field crosses zero; the peak-to~peak

megnitude 1s unaffected by the data reduction procedure.
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Three examples of reversals which cccurred on
different days of January, 1969, are shown in Figure 25.
In these three cases a reversal occurs at T5° INV at
dawn, but, as is freguently true, no corresponding
electric fleld perturbation is detected at dusk.

In Figure 26 reversals are shown which occur at
similar latitudes at both dawn and dusk local times.
The different polar diagrams in Figure 26 represent
opposite hemispheres one hour apart. The reversals in
the two hemispheres occur on opposite ends of the same
magnetic field lines. On the dawn side, in the northern
hemisphere (top and bottom diagrams in Figure 26), =
reversal occurs at ~T3° INV. In the opposite hemisphere
(center‘diagram), a reversal occurs at T70° INV, asgaein at
~3.5 hours MLT. The electric fields for these reverssals
(not shown) display several oscillations with ~20 second
periods on the low latitude sides of each of the three
reversals. On the dusk side of Figure 26 another,
"smaller, pair of conjugete reversals may be seen at T5°
INV and ~15.5 hours MLT.

Special mention should be made of the observation

at 1643 UT in Figure 26. Here, because the satellite
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rotates, only the north-south component of convection

is being measured. Simultaneously, the magnitude of con-
vection measured becomes equal to zero, and afterwards
again becomes non-zero. Both before and after 1643 UT,
the convection is determined to have eastward components.
This event is interpreted to mean that the true convection
direction is eastward, with no north-south component.

One hour later (at 1730 UT) at the magnetically conjugate
location, only the east-west component is meeasured,

and large eastward convection is observed.

In Figure 27 six successive polar cap crossings in
the nqon-midnight plane are shown. The plasma convection
detected at auroral latitudes is consistent with the
interpretation that the satellite peth sliced through
narrow longitudinel bands of convection which were
directed sunward at latitudes below about T75° INV and
anti-sunward at higher latitudes. The width of the con-
vection zones observed appears greater before dawn and
efter dusk.

Figure 28 depicts an example of pairs of convection
reversals occurring on both sides of the polar cap at

about 75° INV, for three successive dawn-to-dusk passes
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over the north polar cap. A large anti-sunward zone of
convection appearg to be directed across the center of
the polar cap in the top diagrem. At 1930 UT in the
middle diagram the OL:00 - 16:00 hours MLT component
of convection is being measured, and no electric field
is measured, Thie does not rule out the possibility
that convection in the 10:00 - 22:00 direction persists
at 1930 UT. Some of the wvariation in velocity magnitude
 between passes in Figure 28 may be ascribed to the d4iff-
erent orientations of the satellite. However, a close
examination, for instance of the convection zones at 1924
and 2121 UT, showe that in the 2 hours between passes
the magnitude of the eastward convection component
changes significantly, the width of the zone changes,
and the invariant latitude of the reversal shifts by
several degrees. Thus the time scales of the phenomens
in this example are shorter than the two hours between
passes, although the overall pattern persists.

The peak magnitudes of convection velocities
observed in individual zones aversasge 1.5 km/sec end
include speeds greater than 5 km/sec. The maximum

magnitudes of convection observed do not vary




systematically as a function of local time. In general
the maximum convection velocities at latitudes above and
below reversals are unegual.

In Figure 29 the average width of éonvection zones
(exeluding zones extending across the entire polar cap)
‘is displayed as a function of MLT, The zones appear o
be widest just before dawn and just after dusk. Figure
30 shows that the widths of the zones on each side of 112
reversals are often, but not necessarily, equal.

| In about 14% of the reversals studied, the con-
vection zone on the high latitude side of the reversal
does extend across the polar cap, a&s shown in the top
diagram of Figure 28. Figure 31 shows the largest ex-
ample of this trans-polar convection encountered in the
Injun 5 data. In most cases the magnitude of convection
ascross the polar cap cannot be determined more accurately
than #0.75 km/sec. In a few cases, due to slow space~-
craft rotation or orientations precluding boom shadowing,
the absolﬁte magnitude of polar cap convection can be
determined to be less than 0.25 km/sec. Figures 32, 33,
apd 34 show three of these cases. In these examples Eg

can be drawn more accurately than *10 mV/meter, so the




convection velocity components determined are accurate
to less than *0.25 km/sec. Figures 32, 33, and 3L
indicate both that (1) (in these cases) Vc is small
(<0.25 km/sec) over the center of the polar cap and

(2) that the major convection (except near midnight)
ig in relatively narrow zones separated by electric
field reversals at auroral zone latitudes., Thus trans-
polar convection is normally less than 0.75 km/sec,

and sometimes less than 0.25 km/sec.

A catalogue of 112 examples of electric field/
convection velocity reversals has been compiled (Cauffman
and Gurnett, 1971b). The points in Figure 35 show the
locations of these reversals in invariant latitude and
magnetic local time. The relative occurrence of reversals
as a function of MLT is determined by the satellite orbit
and data coverage. It is evident in the figure that
reversals tend to occur at 75° to 80° INV near noon, at
60° to T5° INV near midnight, and at intermediate invari-
ant latitudes near dawn and dusk. Individual exceptione
do oceur. It is not known whether or not the cluster of
‘reversals observed between 80° and 85° INV at dawn and
dugk is a result of the greater amount of datsa which is
available in those sectors. Table 7 lists the average

INV for the 112 reversals, by local time sectors.




2. Convection Directions

The convection shown in Figures 2k, 25, 26, 27,
28, 31, 32, 33, and 3L illustrates the persistent
occurrence of reversals in the east-west direction of
the convection in the auroral zone. In most of these
ceses the primary convection pattern is limited to a
region several degrees in latitude on either side of the
reversal with sunward convection generally observed on
the low latitude side of the reversal and anti-sunward
convection on the high latitude side of the reversal.
Broad convection zones with velocities gresater than
0.75 km/sec over the polar region, such as those evident
in Figure 31, are less common.

Although only one component of convection velocity
ig measured, it is possible to deduce the general direction
of the plasma flow from large numbers of observations,
The points in Figure 35 are coded to show which of the
112 reversals studied had eastward flow componenis mesasg-
ured on the high latitude sides of the reversals, and which
had westward components. (The directions of flow comn-
penents méasured on the low latitude sides of the re-
versals are opposite to those indicated, because the

spacecraft does not rotate significantly in the time
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reguired to detect a reversal.) It is clear from the
figure that nearly all reversals which occur at magnetic
local times between O and 12 hours have westward convecw
tion components measured on the high latitude sides of
the reversals. Similarly, between 12 and 24 hours MLT,
most reversals possess eastward flow components on their
high-latitude sides. In Figure 36 the 112 reversals

are analyzed with respect to pole-ward versus equator-
ward meassured flow components. The distribution sasppears
to be random. Randomness would be expected, due to
arbitrary satellite orientation, if the true convection
direction were east or west. The contention that the
true convectlon direction is east or west is further
supported by the large numbers of reversals (see Figure
36) which have no north-south component, as compared %o
the few (see Figure 35) which have no east-west component.
(Midnight may be an exception.) Table 8 summarizes the
statistics concerning the convection directions. Ve
conclude, on the basis of these statistical results

and on the basis of interpretation of individual cases
such as that at 1643 UT in Figure 26, that true convection

directions are primarily westward at local times less




than about 12 hours, and eastwvard at local times
greater than 12 hours, on the pole-ward sides of re-
versals.

Figure 37 summarizes the directions of >0.7%
km/sec plasma convection associated with DC electric
field reversals. The diagram has Iincorporated the
evidence that (1) convection is ordinarily less than
0.75 km/sec over the polar cap, (2) zones may be wider
just before dawn and after dusk, (3) even near noon,
convection directions are east or west, not north cor
south, (4) near midnight some equator-ward convection
may ocecur, (5) convection magnitudes are greatest
nearest reversals, and (6) convection magnitudes may be
greater at night than in day local times. It must be
emphasized that this diagram represents a gross simpli-
fication of the actual convection. Major departures
include (1) temporal variations of the latitude of the
reversal, (2) variations in the position of the sunward

neutral point of the magnetosphere by *2 hours MLT (as

shown by the region of ‘overlap'® of east-west convection

in Figure 35), (3) the occasional occurrence of anti-

sunward convection (>0.75 km/sec) across the entire

%7
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polar cap, (4) the existence of multiple reversals,
possibly associated with turbulence, and (5) the
occasionel disappearance of one or both of the two

convection zones associated with a reversal.

3. Magnetic Activity Dependence

Figure 38 shows the maximum convection velocity
magnitude versus the magnetic index KP. A weak dependence
may be deducéd. However, in many cases large convection
velocities occur when KP is low, and conversely. The
relative occurrence of reversals as a function of K@ is
shown in Figure 39. Again there 1s weak dependence avi-
dent. A detailed comparison of convection with substorm
phenomena is required to determine better the relationship
between the convection magnitudes and magnetic ﬁc%iviﬁye
Sueh a study is in progress. It should be poin%e& out
that the large-scale convection shown in Figure 31
occurred on & disturbed day when Kp was +4, Large dis-
turbances in T north polar cap magnetograms occurred
about an hour after this large trans-polar convection was
first observed. However, in Figure 27 convection veloci-
ties obser#ed range from less than 0.25 km/sec to 1.75

km/sec while KP was 1 and 0, respectively.
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4, ©Potentials

Figure 40 shows two oppositely-directed electric
field zones separated by & region of zero electric
field. This pass is of interest because the satellite
was not rotating, and the electric antenne axis was
parallel to the velocity vector, as illustrated in
Figure 4l. The orientation is fortunately such as to
exclude all shadow effects. Under this (rather rare)
set of circumstances the potentiel across the polar cap
may be integrated directly from the electric field,

assuming that the electric field is & spatial effect:
$ = - Iﬁc - a% (13)

The potential, plotted in the top of Figure 40, reaches

L ,000 volts in about 2500 kilometers. The polar dia-
gram in Figure 41 shows the convection velocity components
implied by the measured electric field zones. Only the
sunward/anti-sunward convection component is measured.

The anti-sunward flow above T5° INV and sunward flow
below T5° INV is consistent with the general directions

of convection already discussed.
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Not all electric field reversals occur on time
sceles of minutes. Figure 42 ghows a reversal which
~changesg from minimum to maximum (117 mV/meter) in 8
gseconds. As the y axis at this tiﬁe was aligned parallel
to Vs, the potential may again be found as indicated
by Equation (13). The top of Figure 42 shows the
potential obtained, which reaches 3600 volts in less
than 100 km. The electric field in this example was

measured every 4/30 second.

5. Association with Energetic Charged Particles

The association between DC electric fileld reversals
and energetic charged particles has been investigated
by Frank and Gurnett (1971). They have found that elec-
tric field reversals are coincident with the high lati-
tude termination of measurable intensities of >L5 keV
energetic electrons, as shown in Figure 43. Also shown
in this figure are the intensities of low energy protons
and electrons measured by the LEPEDEA detector on Injun o
(cf. Frank et al., 1966). The peaks in the low energy
electron intensities are an index to the location of

inverted 'V' type precipitation events described by
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Frank and Ackerson (1970). The average position of
electric field reversals as shown in Figure 37 correlates
‘well with the average position of visual aurora as reported

by Feldstein (1966).

6. Summary

Electric field reversals are the most gignificant
convection electric field effect identified in the
Injun 5 DC electric field data. Electric field reversals
occur on ~36% of the auroral zone traversals, at about
T0° to 80° invariant latitude, and at all local times.
They have been identified at magnetically conjugate‘
points in both hemispheres. Amplitudes are often greater
than 30 mV/meter, and occasionally greater than 100 mV/
meter. The latitude and structure of a réversal often
change markedly on time scales less than 2 hours.
Electric potentials of greafer than 40 keV are associated
with reversals. Frank and Gurnett (1971) have shown that
reversals occur_at the boundary of measuradble intensities
of >h5 keV electrons and are coincident with inverted 'V'
low energy electron precipitation events. Generally
the plasma convection velocities associated with rever-

sals are directed east or west, with eanti-sunward
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components at higher latitudes and sunward components

at lower latitudes, as summarized in Figure 37. Maximun
convection velocities generally occur near reversals

and average ~1.5 km/sec. Over the polar region above
the auroral zone the convection velocity is usually
small (generally less than 0.75 km/sec, and sometimes
less than 0.25 km/sec) compared to convection velocities
in the region of the reversal. Large scale anti-sunward
convection across the magnetic poles with convection
velocitlies exceeding 0.75 km/sec is occasionally ob-

served.




IV. CONCLUSIONS

A. Comparison with Barium Cloud Measurements

Haerendel and Lust (1970) summarize recent results
of measurements of plasma convection by the barium clcud
drift technique. The reguirement of twilight conditions
restricts barium cloud measurements to the midnight
sector and invariant latitudes generally below T0°.
However, at local times nearer dawn, eastward drifts
" are observed, and near dusk, westward drifts. These
directions are entirely consistent with the 'sunward’
convection'reported in this paper at dawn>and dusk at
éomparable latitudes. Several cases of high latitude
clouds which reverse drift directions have been reported.
The magnitudes of convection electric fields we cobserve
are consistent with those quoted by Wescott et al.,
(1969), who report intensities of 10 - 130 mV/meter.
These authors also report that large irregularities in

the electric field exist most of the time.

B. Comparison with Magnetospheric Models

High latitude convection is intimately tied to

 the topology of the outer magnetosphere and tall, and
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probably to events and magnetic field directions in the
- solar wind as well. DC electric field reversals and the
'simple’' convection pattern (Figure 37) they imply may
represent an equilibrium configuration of this generally
dynamic system.

Dungey (1961) suggested that the solar magnetic
field could merge with the earth'’'s magnetic field in an
'open' magnetospheric model. Field lines merged at the
bow of the magnetosphere would be pulled across the polar
caps by the solar wind and would reconnect on the earth's
night side. Consequently there would be a return flow
of field lines to the sunward side of the earth at
lower latitudes. As charged particles would remain
attached ('frozen') to field lines except near reconnection
regions, bulk motion, or convection, of the magnetcsphere
would result. The measurements presented here of DC
electric fields related directly to plesmse convection,
indicate that the large-scale (>0.75 km/sec) anti-solar
convection flow across the polar caps implied by Dungey's
model is not s normal feature of the magnetosphere.

Figures 28 and 31 indicate, however, that such a convective




flow does sometimes occur, but the velocities are less
than would be expected from a geometrical reduction of
the solar wind velocity to satellite altitudes.

Axford and Hines' (1961) ‘closed' magnetospheric
model more explicitly suggested convection across the
polar cap with return flow at the auroral zone, but
used 'viscous interaction' with the solar wind at the
magnetospheric boundary as the principal driving force.
To the extent that their trans-polar flow was concentrated
at auroral zone latitudes, the observations presented
herein are consistent with the Axford and Hines model.

Frank (1970, 1971) uses observed energetic parti-
cle distributions to trace geomagnetic field lines to
different regions of the magnetosphere. Frank and
Gurnett (1971) show the agreement of this ‘observational’
model of the magnetosphere (see Figure LL) based on the
magnetic field structure deduced from the observed
particle spectra, with the convection inferred from the
observations of electric field reversals presented here.
In this magnetospheric model the convecting field lines
at latitudes just above reversals are thosge which have

been connected to the interplanetary magnetic field at




the polar cusp (field lines B and b in Figure bh)., These
field lines are drawn back into the plasma sheet (field
lines B' and b') by the solar wind. In the plasma sheet
they become reconnected (field lines A) and refurn to

the sunward side of the magnetosphere (field lines A'),
convecting plasma in the ionosphere towards the sun on
the low-latitude sides of reversgals. The pattern of
convection which results st lonospheric levels is thus

in agreement with that presented in Figure 37.

C. Comparison with Models of Substorms and Aurorae

The short time scales we observe for major changes
in the magnetospheric electric fields measured, suggest
ties with magnetic subgtorm phenomena. The same esgen-
tial features of high latitude convection, anti-sunward
trans—polar flow and auroral zone return paths, appear
in the magnetic substorm equivalent current systems
derived by Nishida (1967), Heppner (1969), Wescott et al.
(1969), and others,.on the basis of ground magnetometer
measuremenﬁs. These currents are assumed to be concen-
trated in the ionosphere. Usually we observe >0.75 km/sec
anti-solar convection to be concentrated in the auroral

zone, rather than spread across the polar cap. However,
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we do at times (cf. Figures 28 and 31) see trans-polar
flow components, and since the substorm current pattern
is presumably a transitory feature of the iomosphere,
these theories may explain the strong convection some-
times observed across the polar cap.

A competing theory of magnetic substorms utilizes
a 3-dimensional current system with field aligned
cur:ents (Bostrtm, 1967; Bonnevier, et al., 1970;
Akasofu and Meng, 1969). A current is assumed to flow
through the ionosphere (auroral electrojet) from dawn
to dusk, then outward slong a dusk magnetic field line.
There the ring current, which drives the system, connects
dusk to dawn, where the current flows inward along a
field line. The effects of such field-aligned currentes
in the ionospheré have been investigated theoretically
by Block and F#lthammar (1968), leading to & theory of
space-charge regions above aurorae (Carlqvist and Bostrinm,
1970). One of the consequences of such a space-charge
region is the existence of a current slab above the
aurora containing & north-south electric field which
reverses in the center of the slab. The fields will

point towards the center if the field-aligned current
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is upwafds, and away from the slab center if the field-
aligned current is downwards. The electric fields are
then presumed to cause T x 5/82 drifts. With the current
gsystem postulated, these drifts will be sunward at
latitudes below the surcore and anti-sunward at higher
‘latitudes. These fields and drifts are entirely
congistent with our observations of the predominant
directions of reversals. Carlqvist‘and Bostr®m predict

3 w 106 volts,

potentials at the center of the slabs of 10
and this is consistent with the 3600 volt and bl , 000
volt examples shown in Figures 40 and L2. However, one

must assume s8lab widths of 102 - 103

kilometers to make
the range of convection velocities predicted encompass
the range of velocities we observe.

The large potentials, >40 keV, observed hetween
magnetic field lines associated with reversals, and the
coincidence of inverted 'V' electron precipitation events
with electric field reversals (Frank and Gurnett, 1971)
suggest that an acceleration mechanism involving
electric fields parallel to magnetic field lines is
operating to energize magnetospheric plaesma. This inter-

pretation is discussed in detail by Frank and Gurnett

(1971).
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APPENDIX
Solution for Photeo-Electron Current

The impedance measured by the Injun 5 VLF plasna
impedance experiment at 30 Hz is the average of the resis-
tances of the plasma sheaths around the two electric
field probes. For ﬁhe normal case of negative probe
potential, Equation (5a) gives the sheath resistance in
terms of plasme parameters and probe dimensions according
to Fahleson (1967). 1In an unshadowed situation the

measured impedance will be

u
7 = 1 e + e
o 2 I1 + p+ Ii + Ip_
We shall assume that I_ = I = I , so
p+ b=
= € D
ZO I > I ° é;x:‘%“¢

If one sphere is shadowed, the measured impedance will be

1 e e
= = — {anh
Zs 21T, + 1 771 ° VA2




The change in measured electric field, AE wvhen ED = O

M’

for Just one sphere and RS << RB, is found from Eguaticns

(4a), (6), and (8) to be

U, I, + 1
= — {
AR, - 1n -—————EIi . (43)

The three equations (A1), (A2), and (A3) may be
algebraically solved for the unknowns Ue’ Ii’ and I ,
in terms of Zs’ Zo’ and AEM, in spite of the non~linearity

"evident in Equation (A3). The solution for Ip is

Zs
7o l} L AEM
o]

I = . (ak}
P
(22 - Z 1n
S

o]/

Z !

The .photo-electron cprrent Ip may be found from Egusation
(A4) when one sphere is completely shadowed by determin-
ing the change in measured electric field, AEM, the
impedance, Zo’ just before or after the shadow occurs, and
the impedance, Zs’ measured during the shadow occurrence.

While the accuracy of the solution is limited by the

approximation IP = T Ip_ and by the fact that the

p+
fundamental equations used are for 'small’' bias currents,
nevertheless the result should be more accurate than

the linear 'Ohm's law" assumption
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Figure 10 shows that the effect of using Eguation
(Ah) (top graph) instead of Equation (A5) (bottom graph)
is to reduce I_. There are fewer cases considered in

the top graph because for many of the shadows in the

study (see Section IID) the natural impedance variations

were of the same magnitude as the changes produced by

the shadow, and Equation (Ak4) is invalid if Z 2 Z
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Table 1

Parameters of the DC Electric Field Experiment

Sphere separation distance
radius

coating

Boom coating
diameter

Differential amplifier
dynanic range

RC time constant

input impedance to
each sphere

Electric field sampling rate
normal data rate mode
high data rate mode

Tape recorder storsage

capacity (normal data rate

only)

Impedance measurement
frequency

gampling rate

constant current

2.85 meters between centers
0.1015 meters

conducting silver paint
with gold dots for thermael
control

black insulating paint
0.019 meters

+1.0 volt

0.4 second

20 megohms

every U4 seconds
every L4/30 second

456 minutes of date

32 Hz

every 30 seconds

0.1 puamp RMS




Table 2

Injun 5 Orbita

Date of launch

Date of alignment with the geo-
magnetic field

Maximum alignment error after
alignment date

Orbital period
Inclination

Apogee

Perigee

Orvbital precession rate

Velocity

1 Data

August 8, 1968

December 3, 1968
+15°

118 minutes

80.7°

2528 km

67T km

12 hours LT in 103 days

6.4 to 7.9 km/sec

T5
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Table L

Probe Potential in the Spacecraft Wake

Sphere 1 Sphere 2
+ potentiall | 95% (54) 88% (22)
- potentiall 5% (3) 12% (3)
both potentials2 26% (57) 11% (25)
total samples (222) (229}

Numbers in parentheses indicate number of samples (probe
within 30° of -V )

1 Percent of samples for this sphere exhibiting wake
effects

2 Percent of total samples for this sphere




Table 5

T8

Standard Parameters Used in Probe Model Calculation

Symbol

Quantity

electron temperature
ion temperature

number density of ions
or electrons

satellite velocity
radius of sphere
sphere separation
spacecraft body radius

electric field component
measured

blas resistance: +y
sphere branch

bias resistance: -~y
sphere branch

photo-electron potential
kTP/e

ion mass

photo-~-electron current
to +y sphere

Value

2500 °K
1500 °K

3 to lO6 partie-
cles/cm

10

T km/sec

0.1015 meter
2.85 meters
0.305 meter

350 mV/meter

T

2.0 x 10" @

T

1.9 = 10" @

1.5 volts

16 amu

3 x 10_6 amp




Teble 5 (cont'd.)

Symbol Quantity Value
I__ photo-electron current 2 x :LO-6 amp
p to -~y sphere
I photo-electron current 7.5 x 10—6 amp

to spacecraft body




Table 6

DC Electric Field Phenomensa Observed
at the Auroral Zone

Single convection zones

Reversals (two oppositely-
directed convection zones)

Noise (multiple convection
zones ) :

Noise extending across the
polar cap

Quiet (IEc] < 10 mV/meter)

Total

number of
cases

66

102

5T

25

36

286

percent
occurrence

23

e

36

20

13

80




MLT
(hours)
0 - 3
3 - 6
6 - 9
9 - 12
12 - 15
15 - 18
18 - 21
21 - 2L

Table T

81

Average Invariant Latitude of Reversals

number of
cases

25
34

12
10
1L

average inverliant
latitude (degrees)

69.7
T6.7
TT.5
78.5
7T.0
T5.3
73.0
T0.5




MLT Sector
0 3
3 6
6 9
9 12
12 - 15
15 18
18 21
21 24

Table 8

Directions of Convection Components®

82

Number of Cases

Eastward Westward No Easgt-West Total
Components Components Component Cases
1 5 2 8

1 23 1 25

1l 31 2 3k

1 2 0 3

8 L 0 12

10 0 0 108
12 2 0 1k

3 1 2 6




Table 8 (cont'd.)

MLT Sector Number of Cases
Pole-ward Equator-ward No North-South Total
Components Components Component Casen
0 - 3 6 2 0 &
3 - 6 6 1k 5 25
6 - 9 12 16 6 3k
9 - 12 2 1 0 3
12 - 15 2 6 N 12
15 - 18 3 5 2 10
18 - 21 2 : 8 L 1k
21 - 24 2 L 0 6

#Directions given correspond to the high latitude side of
electric field reversals. Convection directions on
the low latitude side of reversals are opposite to
those indiceted.
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FIGURE CAPTIONS

Orientation of electric antennas on the
Injun 5 satellite.

Top: Schematic representation of the
currents to a Langmuir probe.

Bottom: Current-voltage characteristic
of a probe.

Top: Schematic illustretion of the plasma
sheath.

Bottom: Equivalent circuit of the probe~
plasma system.

Meagured electric field, electric antenns
impedance, and electron number density for
a complete orbit of Injun 5 in the dawn-
dusk plane.

Measured electric field, electric antenna
impedance, and electron number density for
a complete orbit of Injun 5 in the noon-
midnight plane.

Examples of the effects of shadows of the
spacecraft body on the electric field probes.

Measured DC electric field E stbtracte&

M’
curve EB, and magnitude of electric field due
to satellite motion, t|$s X %I, for & noon-

midnight satellite orbit. The contact poten-
tial has been subtracted from the data shown.

Examples of (1) change of E, toward zero
and (2) rectification spikes sometimes ob-
served at the edge of the earth's umbra.
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Figure

Figure
Figure
Figure

Figure

Figure

Figure

Figure

‘Figure

10

11

12

13

1k

15

16

17

18

&5

Spacecreaeft wake effects observed on 3
successive high-altitude passes.

Top: Photo-electron currents to the two
electric antenna spheres for 47 shadow
occurrences, calculated using the analytic
solution for Ip described in the Appendix.

Bottom: Photo~electron currents for 86
shadow occurrences calculated using the
linear approximation.

Theoretical curves of probe floating poten-
tial &s a function of electron number density
and temperature.

Values of the Debye length and sheath thickness
calculated for electron number densities
encountered in the Injun 5 orbit.

Theoretical floating potential values of the
electric antenna spheres and spacecraft

body in sunlight and darkness.

Sheath resistances %% corresponding to the

potentials shown in Figure 13.

Comparison of measured and calculated values
of the probe sheath resistance.

Values of the terms El and E2 (see Equation

(9)) calculated for sunlight and shadow
conditions.

Calculated changes in the values of El and

E, (see Equation (9)) caused by large electron

number density (top) and temperature (bottom)
variations in the plaesma at both probes.

Calculated changes in the values of El and Eg

cauged by very large electron temperature
(top) and number density (bottom) differences
between the spheres.
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

23

2l

25

26

86

Comparison of Injun 5 DC electric field and
electron number density fluctuations taken
at apogee.

Comparison of Injun 5 DC electric field and
electron number density fluctuations taken
at apogee.

Comparison of Injun 5 DC electric field and
electron number density fluctuations taken
at apogee.

Comparison of Injun S5 DC electric field sand
electron number density fluctuations taken
at apogee.

Measured DC electric field E subtracted

MD
~ > >
curve Es’ and calculated y - Vs x B electric

field for & complete dawn-dusk satellite
orbit.

Example of & poler pass illustrating the

data reduction procedure. Left: The convec~
tion electric fleld is assumed to be given
by Ec = EM - Es‘

Right: Arrows representing the magnitude
and direction of the component of convecticn

velocity calculated from Vc = (ﬁc x ﬁ)/Bgu

The arrow does not represent the true con=-
vection velocity, but only the one component
measured.

Convection velocity reversals inferred from
DC electric field measurements on three davs
of January, 1969. (Only the one measured
component of the actual convection velocity
is shown).

Convection velocity reversals observed to
occur on conjugate ends of the seme geomag-
netic fileld lines, one hour apart.
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Figure

27

28

29

30

31

32

33

34
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Components of plasma convection measured on
six polar passes during a magnetically quiet
period.

Pairs of convection velocity reversals ob-
served at dawn and dusk MLT on three success-
ive passes over the northern polar cap.

Average width of the convection zones on the
high and low latitude sides of electric field
reversals as a function of magnetic local
time. The error bars give average deviations.

Comparison of the width of convection zones
on the high and low latitude sides of 112
reversals.

Large-scele anti-sunwerd convection observed
over both poles during a magnetically dis-
turbed period.

DC electric fields and derived plasma convec-
tion velocity components observed when the

satellite was slowly rotating. The accuracies
of the measurements in these favorable circum-
stances are 10 mV/meter for Ec = EM - Eg end

+0.25 kxm/sec for Vc = Ec x %/Be.

DC electric fields and derived plasma convec-
tion velocity components observed when the

satellite was slowly rotating. The accuracies
of the measurements in these favorable circume
stances are *10 mV/meter for E, = Ey - E_ and

+0.25 km/sec for %c = Ec x g/Be.

DC electric fields and derived plasma convec-
tion velocity components observed when the

satellite was slowly rotating. The accuracies
of the measurements in these favorable circunm~
stances are *10 mV/meter for Ec = Ey - Eg and

+0.25 km/sec for VC = ﬁc x §/B2.
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Figure

Figure

Figure

Figure

Figure

Figure

35

36

38

39

ko

b1

L2

88

Locations in invariant latitude and magnetic
local time of 112 reversals. The points are
coded to show whether the measured component
of convection velocity on the high latitude

side of each reversal had eastward or west-

ward components.

Points corresponding to those in Figure 35
showing whether the measured component of
convection velocity on the high latitude
side of each reversal had pole-ward or
equator-ward components.

Schematic diagram showing the average location
and normal directions of >0.T5 km/sec convec-
tion of thermal plasma at low altitudes in the
magnetosphere asg derived from measurements

of DC electric fields with the Injun 5 satellite.

Meximum magnitude of the measured convection
velocity component in the zones associafted
with 112 reversals, as a function of the mag-
netic index Kp.

Occurrence of reversals (see Table 6) for 286
auroral zone crossings, displayed as a function
of the magnetic activity index K_. The error

P
bars give tN-l/Q.

Electric field measured parallel to the satellite
path for & southern polar cap pass at low
altitude, and the corresponding potential

-
¢ = - Ec-ds.

Convection velocity components corpesponding
to the electric fields shown in Figure 4O,

Example of a very rapid reversael in the north-
gsouth convection electric field.




Figure k3

Figure Lk

(After Frank and Gurnett, 1971)
Simultaneous observations of proton and
electron intensitites at local pitch angle
a = 90° and of DC electric fields for a
northern polar pess in March, 1970.

(After Prank and Gurnett, 1971)

Schematic diagram showing the relatiomnship
of plesma and convection regions at low
altitudes with the topology and plasma
regimes of the distant magnetosphere.
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C-G71-63

ELECTRON CURRENT

/iezie(V,Ie)

BIAS CURRENT

LANGMUIR ION RAM CURRENT

T N « —
i=ig-ij~ip PROBE ij =iV, I;)
‘\\\PHOTO-ELECTRGN
CURRENT
ip = ip(V,Ip)
i izIe"Ii .
A V<O

SATURATION
ELECTRON

\— CURRENT

. SPACE POTENTIAL

POSITIVE ION SHEATH

TYPICAL V=0
FLOATING M
POTENTIAL % =le-li=lp=0
V =V(Ie,1|,1p)
i=0 l V>0
PHOTO-ELECTRON
SHEATH
TOTAL ELECTRON
REPULSION
= -V
1= -Ii "Ip

Figure 2
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