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The analysis of in situ plasma electron observations in the Io plasma torus by the plasma science
experiment during the Voyager 1 encounter with Jupiter is presented in terms of two components: a
thermal (¢) Maxwellian component and suprathermal (H) non-Maxwellian component of the electron
distribution function. Average electron temperatures are T, <1 eV in the cold torus (L < 5.5), with
T, = 5-6 €V in the hot torus (5.5 < L < 7.6); T, rises abruptly to T, = 30 eV just outside the hot torus
(L > 7.6) and then continues to rise to T, > 100 eV at r > 12 R,. In the cold torus the density ratio of the
suprathermal component n, to that of the cold component n, was <10™%; but in the hot torus,
ny/nc ~ 1072 was observed, and outside the torus, ny,/n, can exceed 10~'. We present evidence that
suprathermal electrons are locally produced in the hot torus. Throughout the hot torus the electron
temperature T, is a factor of 10 less than the thermal ion temperature. A large difference in the hot
electron pressure P, is observed between the inbound and the outbound data which is interpteted as a
latitudinal gradient with P, being a maximum at the magnetic equator. If one imposes the theoretical
and observational constraint that (T} /T})gq < 2 for the hot electrons, then one requires the presence of a
parallel electric field E > 2.5 u¥/m which exceeds the ambipolar electric field E; < 1 4V/m produced by
the centrifugally confined ions. However, if unacceptable charge imbalances in the thermal plasma are
not to occur from this larger E, then sufficient wave turbulence in the plasma must be present to
adequately scatter the thermal electrons. We infer the presence of a neutral corona around Io from the
observed decrease and symmetry with respect to Io of T,. The energy input to the torus by charge
exchange and ionization in this neutral corona followed by pickup is ~2 x 10! W, substantially less
than the EUV luminosity. In the hot torus, suprathermal electrons contribute significantly to the ioniza-

tion of the more highly ionized ions (O *, O?*, §2*,and S3*).

1. INTRODUCTION

Since Carlson et al. [1975] showed that electron impact
ionization was the dominant ionization mechanism of Io’s
neutral sodium cloud, it has become increasingly evident that
electrons play a major role in the physics of the plasma envi-
ronment around Io. The importance of electrons was under-
scored by the discovery of the hot Io plasma torus by the
Voyager 1 ultraviolet spectrometer experiment (UVS) [Broad-
Joot et al., 1979]; almost all the UV emission observed from
the torus was attributed to collisional excitation of ions by
electrons. Through impact ionization, electrons make a major
contribution to the ionization of neutrals and ions within the
torus and thus control the degree of ionization within the
torus. The pickup energy acquired by newly born ions is
transferred to the electrons and provides the principal mecha-
nism for energizing the torus [Broadfoot et al., 1979; Brown,
1981; Smith and Strobel, 1985]. The importance of in situ
electron observations for ground-based and spacecraft line-of-
sight observations of the torus cannot be overstated. Line-of-
sight observations are integral measurements over the spatial
gradients of the system; models of the torus must be con-
structed in order to extract local information about the
plasma within the torus. The more accurate the model, the
more accurately one can reconstruct local plasma parameters
from these line-of-sight observations. But there is no assurance
of a unique determination of local quantities. In situ measure-
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ments of ions and electrons within the torus provide “ground”
truth for these models of the torus and will ultimately improve
interpretation of these line-of-sight observations.

In this paper we present results from analysis of in situ
plasma electron observations made by the plasma science ex-
periment (PLS) on Voyager ! during its passage through the
To torus. In an initial analysis by Scudder et al. [1981] it was
shown that the plasma electrons were composed of a cold and
hot component and that significant radial and latitudinal
gradients in the electron distribution function f(r, v, t) were
present.

In addition to the problems of spacecraft charging noted by
Scudder et al., the previous analysis of the hot electron com-
ponent was hindered by background signals produced by
positive ions, which we refer to as “ion feedthrough.” These
effects have been corrected for in the present paper, and a
detailed discussion of these feedthrough corrections can be
found in the appendix. The paper is subdivided ihto eight
sections. Section 2 presents trajectory information, and section
3 gives a brief description of the instrument and analysis perti-
nent to this paper. In section 4 a broad overview of the obser-
vations is first presented, followed by discussion and interpre-
tation of these observations in section 5. Section 6 focuses on
the To flux tube passage and passage through a planetary scale
neutral cloud (inferred from the electron observations) sur-
rounding To with dimension of <1 R,. In section 7, electron
impact ionization rates are computed from known energy de-
pendent ionization cross sections and the observed electron
distribution function along the spacecraft trajectory. Finally, a
summary and concluding remarks are made in section 8.
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Fig. la. Equatorial view of Voyager 1 trajectory in a Jupiter-

centered solar ecliptic coordinate system. Tic-marks along the trajec-
tory are spaced 2 hours apart. Superimposed upon the trajectory are
the nominal orbits of Io and Europa with their positions as a function
of time indicated by circles, which are spaced 4 hours apart. The
intersection of the Voyager 1 trajectory and Io's orbit after closest
approach occurs near the Io flux tube passage.

2. VOYAGER 1 TRAJECTORY

In Figure 1 the Voyager 1 trajectory in a Jupiter-centered
coordinate system for all of March 5, 1979 (day 64), is shown.
Figure la gives an equatorial view of the trajectory in a solar
ecliptic coordinate system with the motion of Io and Europa
indicated, while in Figure 1b a meridional view is given with
the vertical distance z measured in relation to the centrifugal
equator. For orientational purposes we have superimposed
the ion charge density contours from Bagenal et al. [1985]
upon the trajectory plot in Figure 1b. Figure 2 gives a time
plot of the dipole L shell parameter, magnetic latitude 4,,
centrifugal latitude 4., and system III longitude ¢,;. To make
this plot, we have used the dipole part of the O, model with
tilt and offset by Acusia et al. [1983].

At the beginning of day 64 during the inbound pass the
spacecraft was near the magnetic and centrifugal equators; it
then proceeded to higher latitudes where it crossed the
Europa L shell between 0401 and 0436. During the inbound
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Fig. 1b. Meridional view of Voyager 1 trajectory plotted versus
radial distance from Jupiter center and vertical distance Z relative to
the centrifugal equator. For orientational purposes we have superim-
posed the total ion charge density contours for the Io plasma torus
from Bagenal et al. [1985].
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Fig. 2. Plot of dipole L, magnetic latitude A,,, centrifugal latitude
4, , and system III longitude ¢y, versus time for all of March 5, 1979.
To compute L, 1,, and 1, we have used the O, dipole part of the
model with tilt and offset by Acusia et al. [1983]. The vertical bars
indicate the L shell crossing times for Io and Europa for which we
have used the magnetic field model with ring current from Connerney
et al. [1981]. The active sector as given by Dessler and Vasyliunas
[1979] is indicated in the top panel for ¢y,

passage of the Io torus from 0630 to 1100 it was near the
centrifugal equator, while during the outbound passage
through the Io torus from 1400 to 1700 it was at high south-
erly latitudes. The spacecraft then crossed the Europa L shell
between 1946 and 2022 near the magnetic and centrifugal
equators. At the end of day 64 it was at 4,, ~ 10° with a high
northerly latitude trajectory.

3. INSTRUMENTATION AND ANALYSIS

Detailed information about the PLS instrument is given in
the publication by Bridge et al. [1977], while information
about the electron analysis is available in the publications by
Scudder et al. [1981], Sittler et al. [1983], and Sittler [1983].
In this section we will confine our discussion to those features
of the instrument and analysis which are directly relevant to
this paper.

The PLS instrument is composed of four potential modu-
lated Faraday cups which make positive ion and electron
measurements within the energy range from 10 V to 5950 V.
Electron measurements are made by the side sensor or D cup
only, which uses two energy scan modes, E1 (10~140 eV) and
E2 (140-5950 eV). Both energy modes are composed of 16
contiguously spaced energy channels which can be shown to
be differential in relation to the electron distribution function
f. They are individually sampled in 3.84 s but separated in
time by 45 s. The side sensor has a fairly broad angular re-
sponse with conical half angle of 30° (full width at half maxi-
mum) about the sensor look direction. Since electron measure-
ments are made by only one sensor and the spacecraft is three-
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axis stabilized, angular information about f, is not available
except for those infrequent periods when roll maneuvers are
performed.

Although the D cup was favorably aligned to observed the
nearly corotating cold ions during the inbound pass of the Io
plasma torus, this orientation also allowed large ion feed-
through corrections to be present in the hot electron measure-
ments within the high-density portions of the torus during the
inbound pass (see appendix). These correction currents can
exceed 80% of the measured signal. Within those regions
where these corrections exceed 75% of the measured signal,
we consider the analysis of the hot electrons preliminary, with
accuracies in the suprathermal electron density n, and pres-
sure P, to be no better than a factor of 2. During the out-
bound pass, except for a brief maneuver near the Europa L
shell crossing, the D cup field of view was not favorably
aligned to see the high-density, nearly corotating cold ions.
Therefore during the outbound pass the ion feedthrough cor-
rections were not important, and the hot electron measure-
ments acquired during this period are considered reliable with
accuracies of <30% for ny and Py,

Because of the instrument’s wide field of view it integrates
over any angular variation in the electron distribution func-
tion such as a pressure anisotropy. Therefore if the pressure
anisotropies were not large (T, /T; ~ 1), the measurements
provide a fairly accurate measure of the mean thermal energy
of the electrons. In the case of the cold electrons within the Io
torus, isotropization time scales t,,,, (~ minutes) are so much
less than the residence time scales 7., (~1-2 months) [Smith
and Strobel, 1985; Summers and Siscoe, 1985] that one expects
the cold electrons to be Maxwellian and isotropic. Model fits
for the cold electron temperature component T, should have
an accuracy better than 10% with computed 1o errors gener-
ally less than a few percent. Because the Coulomb mean free
path, A, > 10 R, for E > 10 eV electrons, is large in com-
parison to the characteristic scale lengths within the torus
(L ~1 R,), the observed thermal electrons behave as a col-
lisionless gas, and pressure anisotropies T, /T, # 1 can occur.

The instrument integrates over the transverse component of
f, and provides a measurement of the reduced distribution
function F, which includes modifications produced by its
angular response. By using an inversion technique discussed
by Sittler [1983], the measured function F, is decomposed
into a Maxwellian for the cold electron component F, and up
to three Maxwellian components for the hot electron compo-
nent Fy. Then f, is computed from the multi-Maxwellian fit to
F,. Once f, is known, moment estimations of n, and T, as
discussed by Scudder et al. [1981] are straightforward. Details
of the fitting procedure are discussed by Sittler [1983].

As noted by Scudder et al. [1981], within the Io plasma
torus where electron densities n, exceeded 1000 cm™3, the
spacecraft charged to a negative potential. When the space-
craft becomes negatively charged, the return current relation
used by Scudder et al. [1981] is no longer valid, and some
other other means must be used to estimate n, and the space-
craft potential ®¢.. This problem has been solved by using the
charge neutrality condition described by Scudder et al. and
independent estimates of the electron density from the PLS
ion measurements [McNutt et al., 1981; Bagenal and Sullivan,
1981; Bagenal et al., 1985; R. L. McNutt, private communi-
cation, 1983] and from the planetary radio astronomy experi-
ment (PRA) [Birmingham et al., 1981].
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4. SURVEY OF ELECTRON OBSERVATIONS

Electron Density and Temperature

Figure 3 is a time plot of the moment estimated total elec-
tron density n,, total electron temperature T,, and spacecraft
potential @y for all of March 5, 1979. For reference we have
added on top the system III longitude, centrifugal latitude,
magpnetic (dipole) latitude, and dipole L shell. Before 0415 and
after 1940 the electron density was computed from the PLS
electron data alone. During these periods when the electron
density was < 100 cm ™ 3, the spacecraft was known to be posi-
tively charged, and the return current relation described by
Scudder et al. [1981] was used to determine the spacecraft
potential. From 0415 to 1940 the spacecraft was negatively
charged (except for brief periods from 0458 to 0550 and from
0614 to 0635), and the independent estimates of n, noted
above along with the charge neutrality condition described by
Scudder et al. were used as follows. From 0415 to 1400 the
PLS total ion charge densities from McNutt et al. [1981] were
used because the PLS main sensors were sufficiently aligned to
observe the high Mach number, nearly corotating cold ions.
From 1400 to 1830 the PRA electron densities from Bir-
mingham et al. [1981] were adopted, since the PLS sensors
were not favorably aligned to see the cold ions. As discussed
in the appendix, the spacecraft was probably negatively
charged in the brief interval from 1830 to 1940, and “predic-
ted” total ion charge densities n,,, were used to fill in this gap.
The charge densities n,,, were computed from a scale height
model using the inbound PLS ion analysis of Bagenal and
Sullivan [1981] and Bagenal et al. [1985] and the preliminary
ion analysis by R. L. McNutt (private communication, 1983)
and then mapped to those times with identical L shells during
the outbound pass using the magnetic dipole field model of
Acuria et al. [1983].

The inbound and outbound density profiles display a large-
scale increase in n, with decreasing L until the inner edge of
the hot torus at L = 5.5 is reached. Inside L = 5.5, ie., the
cold torus, there is a general decrease in n, except for the brief
maximum when the spacecraft crossed the centrifugal equator
at 1030 (L = 5.2). The inbound and outbound n, were ~10
cm ™3 at 13 R;, with abrupt increases during the inbound pass
at 0500 (L = 9.0) where n, rose to 100 cm~3 and at 0630
(L = 7.6) where n, abruptly increased to more than 1000
cm ™3, During the outbound pass, when the spacecraft is
moving toward lower centrifugal latitudes, a similar but more
smoothly varying profile is observed. Inflection points can be
seen at 1715 (L = 7.7) and 1930 (L = 9.1) which nearly coin-
cide in L with the corresponding boundaries noted above for
the inbound pass; therefore azimuthal symmetry (see appen-
dix) in n, is roughly supported by the observations. The spa-
tial regime from L = 7.6 to L = 5.5 where n, exceeds 1000
cm "3 is referred to as the hot plasma torus.

The T, profile displays a large-scale positive radial gradient
for inbound and outbound passes. At 13 R, T, is of the order
of 100 eV, decreases to <6 eV for L < 6.8, and finally drops
to less than 2 eV within the cold torus (L < 5.4). Between 1000
and 1350 (L < 5.4), no detectable electron fluxes above 10 eV
were observed, and we attribute this lack of detection to T, <
2 €V in the cold plasma torus. (This upper limit for T, is
determined by the minimum electron flux that can be mea-
sured by the PLS instrument in the lowest E1 energy channel
and the known ion charge densities from the PLS ion analy-
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Fig. 3. Plot of the total moment electron density n,, total moment electron temperature T, and spacecraft potential
@, versus time for all of March S, 1979 (day 64). The symbols used for the different data sets are denoted in the figure. We
have also indicated at the bottom of the n, and T, panels the source of the data (PLS ELE is PLS electron data, PLS ION
is PLS ion data from Bagenal et al. [1985] and R. L. McNutt (private communication, 1983), PRA is n, inferred from PRA
data from Birmingham et al. [1981], and PRED is scale height model predicted from inbound ion data (see appendix)). See
text for details. On top we have indicated the system III longitude, centrifugal latitude, magnetic latitude, and dipole L.

sis.) Because of the short thermal equilibration time scales 1.,
(approximately hours) between ions and electrons and the
long radial inward diffusion time scales 7, (a few hundred
days or more) (see section 5) within the cold torus we have set
T, = T, for the period from 1000 to 1350 (see discussion in the
work by Bagenal [1985]). However, il a local heat source is
present as Moreno and Barbosa [1986] favor, then T, > T, as a
result of radiative losses, and T, would vary in parallel with T;
but never converge to it. Thus T, actually may be less than the
T; values adopted here, and the reader should exercise caution.
From 1300 to 1351, predicted values of the ion temperature
were obtained by taking ion temperatures from the inbound
pass [Bagenal et al., 1985] and mapping them onto identical L
shells during the outbound pass using the dipole part of the
Acuria et al. [1983] model. On the basis of the ion data, elec-
tron temperatures of <1 eV are expected within the cold
plasma torus.

Temperature of Cold Electron Component

Electron temperatures of the cold component, T,, on March
5, 1979, are presented in Figure 4. To facilitate comparison

between inbound and outbound values of T,, we have mapped
the inbound values of T, to the outbound region using the L
shell map described above. We also show in Figure 4 mean
ion temperatures T,,, computed from the preliminary inbound
analysis by R. L. McNutt (private communication, 1983) for
times before 0500 and the inbound analysis by Bagenal and
Sullivan [1981] and Bagenal et al. [1985] from 0500 to 1132.
Between 1230 and 2400, predicted values of T, , based on the
inbound analysis are used with the same L shell map as above.
It is clear from Figure 4 that the T, exceed T, by more than
an order of magnitude within the hot plasma torus. As dis-
cussed before, T,,, approaches T, at the boundary separating
the cold and hot torus.

Many of the features displayed in Figure 3 for T, are also
seen for T,. This is not unexpected, since as shown below, the
cold electron component dominates the total electron density
and pressure within the PLS energy range. During the in-
bound crossing of the hot torus outer boundary at 0630 there
is an abrupt decrease in T, from 20 €V at L = 7.7 to less than
6 eV at L = 638. T. gradually decreases to 5 eV at L=26. A
similar abrupt rise in T, is seen during the outbound crossing

of the outer boundary of the hot plasma torus.
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Fig. 4. Time plot of the cold electron temperature T, (circles), predicted estimate of T, (triangles) (see text for details),
and mean ion temperature T, (squares) computed from the inbound analysis by Bagenal and Sullivan [1981], Bagenal et
al. [1985], and the preliminary analysis by R. L. McNutt. The outbound estimates are computed from the L shell mapping
technique discussed in text. Data coverage is for all of March 5, 1979 (day 64). As in Figure 2, the L shell crossing times for
Io and Europa are indicated. On top we have indicated the system III longitude, centrifugal latitude, magnetic latitude,

and dipole L.

Hot Electron Observations

In Figure 5 we have plotted the hot electron density ny and
hot electron pressure P, as a function of time along with
ratios in the bottom two panels of n_/ny and T./T,. The hot
electron parameters ny, Ty, and P, were computed by extrap-
olating the Maxwellian fit to the low-energy portion of the hot
component, just above the break in the spectrum separating
the cold and hot electrons, to zero energy. This tends to elimi-
nate any variations in the cold electron component (move-
ment of break in spectrum) from affecting the estimations of
ny, Ty, and Py = ny kT, (k is the Boltzmann constant in elec-
tron volts). As discussed in the appendix, the region marked A
in the top panel has ion feedthrough corrections greater than
75% of the measured signal, and the parameter estimations in
this region are preliminary.

Overall, the time profiles for n, and P, are very similar,
although P, displays less variability than n,. Near the be-
ginning of day 64 when 1,, ~ 0°, the density ny ~ 0.5 cm™3,
From 0000 to 0140 the pressure Py shows little change as the
spacecraft moves to higher latitudes and smaller r, while ng
shows an increase with time. The parameters ny and P, un-
dergo a sudden decrease from 0140 to 0230, when there is a
sudden increase in cold plasma (plasma sheet crossing) which
is colder than plasma in surrounding regions (see Figure 4 and
McNutt et al. [1981]), and gradually increase until 0400, when
the Europa L shell is approached. This general rise in n, and
Py from 0000 to 0400 occurs when the spacecraft is moving to
higher 1,, and must therefore reflect a radial and/or azimuthal
variation in these parameters (since the magnetic mirror force
will tend to enhance suprathermal fluxes at the magnetic
equator). There is a localized minimum in ny and P, between
0455 and 0540 with little variation for the remainder of the
inbound pass until 0930. Since little variation in A,, occurs
during this passage through the hot torus, the radial gradient
in ny and P, must be small within the hot torus. After 0930
the analysis becomes very difficult because of interference and

greater difficulty in modeling the ion feedthrough currents (see
appendix).

The outbound data display a steep positive radial gradient
in ng and P, between 1400 and 1430 spacecraft event time
(SCET), which corresponds to the inner edge of the hot torus
(L = 5.5). When mapped onto the inbound data, the abrupt
rise in ny at 1400 (L = 5.5), the plateau from 1410 to 1425, and
the sudden rise after 1425 (L = 5.75) nearly coincide in dipole
L with similar variations in T, reported by Bagenal and Sulli-
van [1981] for the inbound data. Therefore if the ion and
electron features have a similar origin, this feature must be
fairly broad in azimuth and probably extends all around the
planet.

From 1430 to 2000 we see an overall decrease in ny and Py
as the spacecraft moves to higher latitudes, with P, displaying
a broad minimum between 1530 and 1710 when [4,] > 10°.
This variation is probably due primarily to a latitudinal effect,
e.g., the magnetic mirror force, because the corresponding
period during the inbound pass lacks a radial variation in Pp.
The sudden increase in n, and P, at 1710 (L = 7.6) nearly
coincides with the outer boundary of the hot torus. Near the
outer edge of the Europa L shell crossing we note a sudden
decrease in n, and Py after which very little change in these
parameters is observed with increasing radial distance and
magnetic latitude. This sudden drop in ng and P, just outside
the Europa L shell, for both inbound and outbound crossings,
implies there is a source of hot electrons inside Europa’s L
shell, with satellite sweeping causing the drop in flux outside
its L shell.

Outside the hot torus (L > 7.6) the ratio for n_ /n, varies
between 10 and 100, while the ratio T,/T, varies between 0.5
and 0.1. Within the hot torus, where the density of the cold
component n, exceeds 1000 cm ™3 and the temperature of the
cold component is considerably lower (T, ~ 5 eV versus 20-30
eV outside the torus), the ratio n_ /ny is approximately 103
and T, /Ty is less than 1072 In the cold torus the ratio n,/ng
can exceed 10*. These large ratios for n, /n, are in rough
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Fig. 5. Time plot of the moment hot electron density n,, moment hot electron pressure Py, ratio of n, /ny, and ratio of
T,/T,, for all of March 5, 1979 (day 64). On top of the figure we have indicated the system III longitude, centrifugal
latitude, magnetic latitude, and dipole L. As in Figures 2 and 4, the dipole L shell crossing times for Io and Europa are
shown. The letter A denotes the region where the hot electron analysis is preliminary because of ion feedthrough
corrections. The horizontal bars in the second panel up indicate those regions of different plasma wave character as
defined by Birmingham et al. [1981] using PRA observations.

agreement with the ground-based optical observations report-
ed by Brown et al. [1983b], who set an upper limit of 2 x 1074
for the ratio ny/n, in the post—Voyager 2 epoch on the basis of
nondetection of O2*,

5. DISCUSSION AND INTERPRETATION

Cold Electron Component

Most of the EUV emission observed by the UVS experi-
ment on Voyager is confined to the hot torus with maximum
intensity at about 5.7 R, [Broadfoot et al., 1979; Sandel et al.,
1979]. From UVS observations at this radial distance, She-
mansky and Smith [1981] inferred a cold electron temperature
T, = 6.9 eV. During the inbound pass when the spacecraft was
near the centrifugal equator, in the highest-density regions of
the hot torus (n, > 1800 cm ™3, radial range 6.1-5.9 R, and
times 0837—-0858) and not in the vicinity of Io, the comparable
in situ measurement was T, = 5.06 eV + 0.2 eV (see Figure 4).

The apparent discrepancy between the PLS and UVS esti-
mates of ~1.8 eV. Recent analyses by Smith and Strobel
[1985] and Shemansky [1987] are in agreement with the lower
in situ values of T,.

In Figure 4 we searched for local time, system III longitude,
and latitudinal variations in T, by superimposing predicted
values of T,, based on inbound estimates, upon the outbound
estimates of T, (see section 4). No systematic variation in T,
with local time, 4, or ¢ can be seen. If one considers the
large-scale minimum in T, centered on the Io flux tube cross-
ing as a local effect, then within the hot torus there is a tend-
ency for T, to be greater during the outbound pass than in the
inbound pass. Between 1600 and 1700 the difference in T,
inbound and outbound can be more than 50%. It can be seen
from Figure 2 that the spacecraft is at higher magnetic and
centrifugal latitudes during the outbound pass (1400-1700)
than during the inbound pass (0635-0933). Also, the discrep-
ancy between T, (outbound) and 7T, (inbound), within the hot
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torus, becomes greater as the difference in latitude increases.
Qualitatively, this tendency lor higher temperatures at higher
latitudes can be understood in terms of particle motion in a
confining magnetic field with no collisions. For example, as
the particle moves to higher A,, where the magnetic field
strength is greater, its parallel energy is converted to perpen-
dicular energy, since the particle’s total energy (1/2mv? =
1/2mv % + 1/2mv, > = const) and first adiabatic invariant
(v, 2/B = const) are conserved. Since the electron sensor is
looking nearly perpendicular to the magnetic field for both
inbound and outbound passes (see appendix), the instrument
should observe an increase in T, with increasing 1,, (i.e., in-
strument measures T, ). Coulomb collisions will tend to
reduce the presence of an anisotropy, but as discussed in sec-
tion 2 the Coulomb mean free path for the cold electrons is
large in comparison to the plasma scale height H ~ 1 R, and
a latitudinal gradient in T, /T, could persist.

We note that there was an observed decrease in T, from 5.1
to 4.6 eV when the angle 0, between the D cup normal and
magnetic field B changed from 90° to 135° during a roll ma-
neuver at 1523 (cf. Figure A2). This change in T, is consistent
with T, /T ~ 1.2 for the cold electrons at 1), ~ —10° and
supports the view that a pressure anisotropy in the thermal
electrons is present.

We will next consider a possible relationship with ¢; and
the active sector model by Dessler and Vasyliunas [1979].
Ground-based observations of the cold torus do show evi-
dence of brightness variations at the system III period of 9.925
hours which appear to be caused by the active sector [ Trafton,
1980; Pilcher and Morgan, 1980; Trauger et al., 1980]. She-
mansky and Smith [1981] found no evidence for a variation in
the hot torus at the system III period, but recently, Roesler et
al. [1984], Sandel [1983], and Pilcher et al. [1985] found
brightness variations at a longer period of 10.2 hours (system
IV [Dessler, 1985]). The brightness variations observed within
the hot torus do not appear to have a direct relationship with
the active sector. If one were to attribute the inbound-
outbound difference in T, to the magnetic anomaly model,
then one would conclude that T, was lower within the active
sector than outside it, which is contrary to the prediction
(prediction 1) by Dessler and Vasyliunas [1979]. The data may
be consistent with the magnetic anomaly model in the context
of a corotating convection electric field as proposed by Hill et
al. [1981, 1983] for which there is plasma outflow in the active
sector for 170° < ¢y < 300°. Recently, Cheng et al. [1984]
reported a longitudinal asymmetry in Voyager 1 low-energy
charged particle (LECP) phase space densities for ions and
electrons within the Io plasma torus. This asymmetry has out-
bound fluxes greater than inbound fluxes at the same L shell
and is similar to the T, effect reported here. Although plasma
flowing outward in the active sector should adiabatically cool,
one might argue (A. J. Dessler, private communication, 1985)
that on the basis of the observed increase in T, with radius the
mechanism of Goertz [1978] may apply in the active sector to
produce a net heating of the outward flowing plasma.

We next consider the possibility of a local time effect which
was detected in the EUV emissions of the hot torus [Sandel
and Broadfoot, 1982; Shemansky and Sandel, 1982]. Theoreti-
cal explanations for this asymmetry have been proposed by
Barbosa and Kivelson [1983] and Ip and Goertz [1983] in
terms of a dawn-to-dusk convection electric field. From the
analysis by Shemansky and Sandel they predicted a local time
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(LT) variation in T, with a maximum value at 1900 LT and a
minimum value at 0700 LT. The difference in T, with local
time tended to increase with radial distance within the hot
torus. From Figure la it can be seen that the Voyager 1
spacecraft penetrated the hot torus at about 1600 LT during
the inbound pass and 2240 LT during the outbound pass.
Only a limited range of local times were sampled, and it is
difficult to reach any definitive conclusions from out data set.
In reference to Figure 5 of Shemansky and Sandel [1982] one
would expect no significant difference between the inbound
and outbound estimates of T,, and one might conclude that
the PLS electron observations are not in agreement with the
predictions of Shemansky and Sandel [1982] if T, has no A or
¢ dependence. An alternative interpretation is that the pre-
dictions by Dessler and Vasyliunas [1979] and Shemansky and
Sandel [1982] are correct and that the difference between the
inbound and outbound data is a latitudinal effect.

Hot Electron Component

Scudder et al. [1981] demonstrated that the electron distri-
butions have suprathermal tails. These hot electrons can pro-
vide a mechanism for rapid heating of the cold electrons
through electron-electron collisions. Such a mechanism seems
to be needed to account for the local time asymmetries (10%
variations in T, within 10 hours) observed by the Voyager
UVS experiment [Shemansky and Sandel, 1982]. Barbosa et al.
[1985] calculated an energy transfer time scale of ~0.9 hours
via Coulomb collisions for a 100-eV electron interacting with
a background component with n, ~ 2000 cm~? and 7, ~
5 eV; in contrast, the typical energy transfer time scales be-
tween ions and electrons are >5 days. The hot electrons also
provide the energy source for many of the plasma wave emis-
sions observed by the Voyager plasma wave experiment
(PWS) [Scarf et al., 1979a] and the planetary radio astronomy
experiment (PRA) [Warwick et al., 1979].

Localized Source and Sink of Hot Electrons

Typical temperatures Ty for the suprathermal electrons
within the hot torus are ~500 ¢V, so the Coulomb collisions
will thermalize these electrons with the cold electrons in about
1 day (tyerm ~ 10 hours) while residence time scales are about
1-2 months [Smith and Strobel, 1985; Summers and Siscoe,
1985]. Therefore most hot electrons within the torus must be
locally generated by some anomalous electron energization
mechanism (see discussions by Barbosa et al. [1985]). The ny
and Py profiles in Figure 5 show clear evidence for a source of
hot electrons within the hot torus. The rapid drop in n, and
P, at the boundary separating the cold and the hot torus
(L = 5.5) defines the inner boundary of the hot electron
source, while satellite sweeping by Europa at L = 9.4, inbound
and outbound, provides a clearly defined outer boundary for
the hot electrons. The source of these hot electrons must be
confined inside Europa’s L shell for this decrease to occur.
Note that in the vicinity of Europa the ratio 1., /T, could
be ~1, as compared to ~0.01 in the Io torus, and therefore
local generation of suprathermals in the vicinity of Europa
need not occur.

The primary mechanism causing the depletion of hot elec-
trons at the inner boundary of the hot torus is Coulomb col-
lisions with cold electrons (t,,,,,, ~ 4 days). Inelastic collisions
with cold ions have longer time scales (~ 25 days). Since this
depletion occurred over a distance of only 0.1 R,, an inward
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Fig. 6. Plot of the reduced electron distribution function F, (see Sittler [1983] for definition) versus observed electron
speed v, during the outbound traversal of the boundary separating the cold and the hot torus. Figure shows energy
dependence of suprathermal electron depletion at this boundary. Spectrum time, moment estimated total electron density
and temperature, spacecraft potential, cold electron density and temperature, and x2 of cold component fit to spectrum are

displayed in upper right-hand corner of each panel.

radial diffusion time scale 15, of ~40 days over a radial dis-
tance of 1 R, can be estimated. Theoretical arguments by
Siscoe et al. [1981] imply a considerably longer diffusion time
scale, and this fact suggests a weak source of hot electrons in
the cold torus. At this inner boundary, auroral hiss was re-
ported by Gurnett et al. [1979], which at earth is known to be
associated with intense low-energy (10 eV to 1 keV) auroral
electron precipitation [Gurnett and Scarf, 1983]. The elec-
trostatic waves reported by Birmingham et al. [1981] could
precipitate electrons below 100 eV (see, for example, Barbosa
and Kurth [1980] and Kurth et al. [1983]). In Figure 6 we
show the energy dependence of the hot electron depletions,
from which it can be seen that this energy dependence is weak,
with a tendency for the spectrum to become steeper as the
spacecraft moves across this boundary. It is qualitatively con-
sistent with energy loss by Coulomb collisions for which the
collision frequency obeys a 1/E>* dependence. This is in sharp
contrast to the hot electron depletions at Saturn, where the
attenuations were greater at higher energies. The depletions at
Saturn were believed to be caused by either electron precipi-
tation induced by wave-particle interactions or collisions with
micron-sized dust particles [ Sittler et al., 1983].

A number of mechanisms have been proposed for producing
hot electrons within the torus. In the model by Thorne [1981],
secondary electrons with energies of <1 keV are produced by
energetic ions which precipitate into the auroral zone of Jupi-
ter’s upper atmosphere. The bulk of these secondary electrons
have energies of ~20-40 eV and rapidly thermalize with the
dqminant cold electron component. This provides an energy
source for the torus. Thorne estimated an energy input of
~3 x 10! 'W for proton precipitation and ~1.5 x 10'2 W
for heavy ion pracipitation if the energetic particle (30 keV to
1 MeV energies) precipitation is occurring at the strong diffu-

sion limit. A suprathermal electron component with energies
approaching 1 keV is produced by this process.

Barbosa et al. [1985] have proposed a different mechanism:
production of hot electrons by growth of lower hybrid (LH)
waves which are generated by newly picked-up ions within the
hot torus. This mechanism produces a hot component with
mean thermal energy T, ~ 1 keV and ny/n, ~ 1073, which is
in agreement with the observations shown in Figure 5. As
shown in the work by Barbosa et al., the PWS data provide
evidence for the presence of lower hybrid noise within the cold
and hot torus with average wave amplitudes of 100 uV/m.
Associated with this emission due to the ions is enhanced
whistler mode emissions above 1 kHz caused by suprathermal
electrons [Scarf et al., 1979a, b] between the inner (L = 5.5)
and outer (L = 9.4) boundaries of the hot electron region (see
Figure 5). The hot ion fluxes observed by the PLS instrument
display morphological features similar to those of the hot elec-
trons. This supports the contention by Barbosa et al. [1985]
that the hot ions are the source of the hot electrons. The hot
ions display the same satellite sweeping signature at Europa’s
L shell, as well as reduced fluxes within the cold torus. The
wave emissions below 1 kHz which have been identified as
lower hybrid waves and whistler mode hiss by Barbosa et al.
also have enhanced intensities inside Europa’s L shell and
outside the cold torus.

Outbound Roll Maneuver

An opportunity for obtaining pressure anisotropy infor-
mation about the hot electrons occurred during the outbound
roll maneuver just inside Europa’s L shell crossing (1940-
2000) when the spacecraft was near the magnetic equator.
Figure 7 is a 2-hour plot centered on this roll maneuver of the
moment estimated hot electron temperature T estimated
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Fig. 7. Plot of the hot electron temperature T}, for electron ener-
gies of >650 eV and the angle 8, during the outbound roll maneu-
ver near Europa’s L shell; 8y, is the angle between the magnetic field
B and the D cup normal 7, Figure shows evidence for pressure
anisotropy in the hot electrons with T, > 7.

from a moment analysis for electron energies of >640 eV
versus the angle between the D cup normal and the magnetic
field Ogy. At lower energies a similar dependence on 8y is
observed, but not as clearly. From the observed dip in Ty
centered on Oy, = 0° one can estimate a pressure anisotropy
T, /T, of at least ~1.17 for the hot electrons. Because temper-
ature variations before and after the roll maneuver are <5%,
this dip in T} is significant.

Latitudinal Dependence of Py

We now consider the outbound variations in Py, for which
the suprathermal fluxes maximized at the magnetic equator.
Although temporal and azimuthal variations are evident in
Figure 5, we assume all systematic variations displayed by the
data are caused by radial and/or latitudinal dependences. The
inbound profiles for P, display very little radial dependence
between the orbits of Io and Europa. During this period the
spacecraft is confined closely to the magnetic and centrifugal
equators (4,, and 4, < 5° in magnitude) from 0600 to 0930.
The decrease between 0440 and 0535 is considered temporal.
The pressure from 0400 to 0440, when the spacecraft was
about 9.5° below the magnetic equator, is about a factor of
2-3 higher than what would be inferred from the latitudinal
variations of the outbound data with no assumed radial vari-
ation. The values for Py between 0600 and 0930 when |1,,| <
5° are within a factor of 2 in magnitude to that observed near
the outbound crossing of the magnetic equator at about 2000.
With the above in mind we have taken the outbound data
inside Europa’s L shell and plotted 5-min averages of P,
versus A,, in Figure 8. In addition to the expected 4,, depen-
dence, the data show a hysteresis in 4,, associated with the
crossing at L ~ 7.7 (1715 SCET) of the position of the EUV
hot torus outer boundary. The lower curve is confined to
L < 7.7. This boundary is not evident in the inbound data,
which may be explainable in terms of an increase in vertical
scale height of the hot electrons outside this boundary (ie.,
Ay ~0° at L & 7.7 inbound and 4, ~ —10° at L = 7.7 out-
bound). This change in scale height could be caused by a
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change in pressure anisotropy such that T, /T, was less out-
side this boundary.

In an attempt to explain this latitudinal dependence on Py,
we have constructed a simple model for the parallel compo-
nent of the momentum equation for hot electrons:

oP d
T;”'L —(Py, — Py)) 3 log B + nyeE; =0 ()

Here Py, and Py are the parallel and perpendicular compo-
nents with respect to B of Py, E, =5b-E (b =B/B) is the
field-aligned electric field, and 6/0l = b - V. To obtain closure,
we have used the approach described by Vasyliunas [1983]
and assumed the first and second adiabatic invariants, Py /
ngB and Py B?/ny>, respectively, are constants. The first in-
variant, convervation of magnetic moment y, is expected to be
conserved; but conservation of the second invariant as given
above may not hold. Solutions to (1) are obtained as a func-
tion of the pressure anisotropy (T, /T))gq for the hot electrons
at the magnetic equator, in a dipole field for B, and a specific
form for E| = E (L, 4y). In this model, T, /T, is an increasing
function of [1,].

Solutions to (1) with E} = 0 are given by curves 1 and 2 in
Figure 8. The large 1,, dependence in Py requires large pres-
sure anisotropies (T, /T))gq » 1 because an excursion of less
than 12° from the magnetic equator in a dipole field produces
only a small change in B (ie., B(L, 1,,)/B(L, 0) < 1.21 for
|4 < 12°). Deviations from a dipole field inside Europa’s L
shell due to the ring current modeled by Connerney et al.
[1981] would provide an increase in the ratio of B(L, 4,,)/
B(L, 0) from 1.21 to 1.45 (J. E. P. Connerney, private com-
munication, 1985), but this decreases T, /T by no more than a
factor of 2 and still leaves T, /T > 1.

These inferred anisotropies are considerably larger than
those calculated from the outbound roll maneuver and are
theoretically unexpected because of the isotropizing effects of
Coulomb collisions, as well as effects of pitch angle scattering
due to whistler mode waves when T,/T, > 1 [Kennel and
Petschek, 1966]. High inferred anisotropies are also in conflict
with the models by Thorne [1981] and Barbosa et al. [1985].
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Fig. 8. Plot of the hot electron pressure P, versus magnetic lati-
tude A,, for data acquired during the outbound passage of the hot
torus. Theoretical curves allowing estimation of (7, /T})gq for the hot
electrons are superimposed (see text for details).
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In Thorne’s model the secondary electrons initially have equa-
torial pitch angles near 0° (T} /T, » 1). Coulomb collisions are
not expected to reverse the anisotropy so that T, /T, <1.
Similarly, in the model by Barbosa et al. [1985] the lower
hybrid waves will tend to accelerate the electrons along B
[Winske et al., 1985; H. K. Wong, private communication,
1985) so that T} /T, > lis expected. However, the detection of
chorus emissions at 0620 (outside the hot torus) by the Voy-
ager 1 plasma wave instrument (PWS) was interpreted to be
due to keV suprathermal electrons with pressure anisotropies
(T, /T,) of ~2 by Coroniti et al. [1980]. Therefore anisotropies
(T,/T)gq of < 2 outside the hot torus cannot be excluded.

Finally, to try to reconcile our model predictions of T,/
T,>»1 with expectations and observations to the contrary, we
have introduced a nonzero E. Consider the possibility of an
ambipolar electric field set up by the centrifugally confined
thermal ion and electron populations with the following as-
sumed polarization potential:

1 T,
O (L iy)=—|—=2—F|4
POI( M) 2 (T;on + Zion’r;) fon

: ("—3) @,R,L(1 —cos® 4,)  (2)
and

Bl b = — 22
which applies for a single ion plasma in a dipole field with no
tilt. A,,, is the ion mass in atomic mass units, Z;, is the ion
charge state, £, is Jupiter’s angular rotation frequency, R, is a
Jovian radius, m, is a proton mass, and e is the unit electric
charge. In Figure 8, curve 3 results when we set A, = 32,
Z,,, = 2composition S2*), and T, = T,, into (2) and intro-
duce the resultant E | into (1). In reality, T, is less than T, /3,
and the adopted E is an overestimate, but it shows the im-
portance of an electric field. The solution provides a good
match to the data for |4,,] < 8° with an equivalent anisotropy
(T./T))eo = 10. More realistic models of E, require a self-
consistent scale height calculation similar to that of Bagenal
and Sullivan [1981], but such models would not significantly
increase the E, magnitude. On the basis of the roll maneuver
data, plasma wave observations of chorus emissions outside
the hot torus, and theoretical expectations we require T,/
T, < 2, which implies larger E; 2 2.5 uV/m than predicted by
(2). In estimating E ~ 2.5 uV/m we took into account nondi-
pole corrections to the magnetic field which decreased E| by a
factor of 2. Such corrections are not applicable within the hot
torus. One way of generating such a large E; is the thermo-
electric E| that Hultquist 1970, 1971] (see also Stern [1981])
proposed for the earth’s magnetosphere where field-aligned
currents are produced by precipitating electrons, thus gener-
ating large E .

The most obvious consequence of invoking such a large
E; % 2.5 pV/m is that the latitudinal thickness of the plasma
torus would increase beyond the values deduced by Bagenal et
al. [1985] and possibly that inferred from the inbound-
outbound profile of n, constructed from the PRA observa-
tions. However, a more serious consequence of this larger E
is the charge imbalance between the ions and electrons which
would occur. Inspection of the generalized Ohm’s law equa-
tion
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shows the presence of a resistivity term due to collisions. If
this term is small, then E, must equal the ambipolar electric
field, and (T, /T})gq > 1. If the resistivity term is large in com-
parison to the pressure gradient term, then the plasma can
support such a large E. Coulomb collisions can be shown to
be inadequate, so that wave turbulence in the plasma must be
present to provide adequate scattering of the thermal elec-
trons. One possibility is the broadband wave emissions within
the Io torus reported by Scarfet al. [1979a, b].

The lack of a significant latitudinal gradient in Py from
0400 to 0600 during the inbound pass could be construed as
providing evidence that a radial dependence was important
during the outbound pass (dPg/dr > 0), at least for L > 8. But
temporal variations in Py are also evident during this same
time interval. So it is not clear whether the inbound data for
L > 8 could be used as evidence against our interpretation for
a latitudinal gradient in the outbound data. It is difficult to
interpret the increase in Py with r as a radial dependence for
L > 8 outbound, since one expects a dilution effect from the
increase in flux tube volume with r (dPg/dr < 0 expected).
Inside L = 8 our inference of a latitudinal gradient is more
established, and the overall systematic variation of Py with 4,
during the outbound pass strongly argues for a latitudinal
dependence. (The possibility of an Io effect can be excluded
from the difference in scale length between that expected for
an Io effect and that observed.) It may also be true that there
is a local time asymmetry in E .

Ey=-

Half-Harmonic Electrostatic Waves

Birmingham et al. [1981] interpreted PRA observations of
upper hybrid resonance (UHR) emissions and half-harmonic
emissions above and below the UHR line position in terms of
a bimodal distribution for the electrons within the Io torus,
with the hot electron component having a loss cone anistropy.
As shown in their paper and Figure 5, half-harmonic elec-
trostatic waves are observed below the UHR emission line
Sonr = (f,2 + £,)"2 in the outer torus, both above and below
fuur at intermediate radial distances within the hot torus,
above fyug Within the inner portions of the hot torus, and only
fung emission within the cold torus. In their model calculations
they determined that n_/n; must be » 1, which is supported
by PLS observations displayed in Figure 5. They also deter-
mined that the ratio T, /Ty should have a positive radial gradi-
ent in order to account for the movement of the half-harmonic
emission from above fyy to below fuyg with increasing radius.
For half-harmonic emission above fyz they estimated T,
/Ty < 0.02, which is very close to that shown in Figure 5 for
the inner regions of the hot torus. For T,/T; ~ 0.04, half-
harmonic emission is confined below f{;z, and this is approxi-
mately what is observed near the outer boundaries of the hot
torus. Therefore, semiquantitatively, this effect is supported by
the PLS observations. The lack of half-harmonic emission
within the cold torus is probably due to the low suprathermal
electron fluxes (T. J. Birmingham, private communication,
1983).

Chorus Emissions

Coroniti et al. [1984] reported the detection of chorus emis-
sions by the Voyager 1 plasma wave experiment from 0457:35
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Fig. 9. Plot of the electron distribution function f, for the time period Coroniti et al. [1984] reported no chorus
emission. Figure shows a reduction in suprathermal fluxes centered on 500 eV during the time period chorus emission is

not observed.

to 0630 SCET with a broadband chorus component between
0.25f/f, and 0.45f/f, a narrow-band chorus emission just
above 0.5f/f,, and no emission between 0.45f/f, and 0.5f/f,
We make no attempt here to comment about the theoretical
explanations for this emission; we only wish to clarify some
points made in that paper with regard to how they relate to
the in situ electron observations. They noted that no chorus
emission was evident in the plasma wave data from 0505 to
0542 SCET and suggested a reduction in the pitch angle ani-
sotropy as the preferred explanation. Although the timing is
not exact, one notes in Figure 5 a reduction in the suprather-
mal fluxes from 0457 to 0550 SCET with P dropping below
10~° dyn/cm? at about 0500 and rising above 10~° dyn/cm?
at about 0540 SCET. Within this region the cold electrons
also tend to be colder, with T, ~ 15 eV inside, while outside
this region, T, is =20 eV. To see this more clearly, we show in
Figure 9 a plot of the electron distribution function f, before,
during, and after this event. Of major importance is that the
reduction in f, maximizes at about 500 eV, a typical resonance
energy discussed by Coroniti et al. for producing the chorus
emissions. The lack of chorus emission from 0505 to 0542 is
primarily caused by a reduction in the flux levels of the supra-
thermal electrons, but we agree with Coroniti et al. that the
lack of chorus emission after 0630, when the spacecraft enters
the Io plasma torus, is caused by an increased isotropization
of the suprathermal electrons by Coulomb collisions due to
the higher background densities within the torus, n, ~ 1000
cm ™3, versus n, < 300 cm ™3 outside the torus.

6. I0’s NEUTRAL CORONA

The electron temperature data (Figure 3) in the vicinity of
Io contain a signature which we tentatively attribute to a
dense neutral corona or cloud around Io. In Figure 10 the
cold electron temperature is plotted as a function of radial
distance from the center of Io with the closest approach being
the nominal passage through the predicted Io flux tube at 11.5
R,, or ~0.3 R,. In this Io-centered coordinate system the cold
electron temperature displays a symmetry with respect to Io.
From a distance of 20 R, or 0.5 R; where T, ~ 5.5 eV the
electron temperature decreases to ~4.8 eV at closest ap-
proach. In plasma penetrating a dense neutral cloud where

considerable ionization is occurring, the electron density
would be expected to build up. Because the newly picked-up
electrons acquire only ~ 1072 eV of energy in the acceleration
process and have little kinetic energy initially, the electron
temperature would be expected to decrease.

From the geometry of Figure 1a, the time required for the
corotating plasma to traverse a tangential distance of 0.4 R,
from the outer radius of 0.5 R, to the point of closest ap-
proach to Io is 520 s. The observed electron temperature de-
creases by 0.7 eV with a time constant 7 = (dT,/dt T,”")™' ~
4 x 103 s, which is extremely short in comparison to the ion
confinement or diffusion time. The question arises whether
this observed decrease in T, is generated locally in the vicinity
of the spacecraft trajectory or produced nonlocally somewhere
along the magnetic flux tube, perhaps in the vicinity of closest
approach to Io. For T, =5 eV and n, = 2000 cm ™3, we esti-
mate a mean free path of ~1.4 R, which is greater than the
plasma scale height and indicative of a quasi-collisionless

TeleV)
[}
T
1
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Fig. 10. Plot of the cold ¢lectron temperature T, versus radial
distance from Io for the time period centered about the Io flux tube
passage. The crosses and squares are used for data acquired while the
spacecralt approached and departed from Io, respectively.
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plasma. A 5-eV electron traverses 1 R, in 54 s, which is short
in comparison to the traversal time of the corotating plasma.
The time scale for electron self-collisions is ~ 74 s, while the
time it takes newly picked-up electrons (T ~ 10~ 2 eV) to ther-
mally equilibrate with the ambient electron plasma (T, ~ 5 eV)
is ~45 s. On the basis of these time constants we conclude
that the observed change in T, is produced nonlocally, ie.,
generated somewhere along the magnetic flux tube where the
neutral density of Io’s extended atmosphere (corona or exo-
sphere) is highest.

Heat conduction by thermal electrons can rapidly transport
thermal energy along magnetic flux tubes. In the collision
limit the time constant for heat conduction driven by the
0.7-eV observed temperature change over a distance of 1 R, is
only ~3 s. Because the plasma probed by Voyager is quasi-
collisionless, this time scale is obviously longer, of the order of
the self-collision time scale (~ 74 s), which is still substantially
smaller than the spacecraft traversal time.

To explore this hypothesis quantitatively, consider the con-
tinuity equation for electrons which is given as

dn, 2 n

Y INp — )

j=1 D

dt =

where the summation is over neutrals S and O with densities
N, and I; is their ionization rates by electron collisions. The
electron energy equation may be written as

My AL g dn) & el
—|n — | = gln ——— :
2 e dt e dt ot i i'te T i

—Graa + V) @ud C)]

where g,, is the Coulomb collisional energy transfer rate be-
tween the hotter ions and cold electrons, gy is the thermal
electron heat flux, V, is the divergence along the B field, and
G,aq is the ion EUV radiative loss rate due to electron col-
lisional excitation; ¢, is the net energy added/subtracted in the
ionization process. Because the ionization potentials (I.P.) of
O and S are 13.6 and 104 eV, respectively, whereas T, ~ 56
eV in the hot torus, most ionization of neutrals occurs by
electrons at the threshold ionization energy. Newly picked-up
electrons acquire only ~10~2 ¢V; thus g, =~ —LP. of the neu-
tral. Substitution of (3) into (4) yields

dT,
£ €
2% dt

2
==Y [(L.P); + %Te]Iij"e + Gie = Graa + V) * (@no)
j=1

4

When (5) is integrated over the entire torus volume, steady
state conditions approximately apply, i.e., dT,/dt ~ 0, and
Gie = Graa-

Because g, and q,,4 are functions of n;, n,, T,, T, and not N,
with time constants of 19 days and 0.8 day, respectively, the
observed decrease in T, near Io cannot be produced by g;, and
4,.q through changes in plasma parameters. This disparity in
time constants is related to the fact that many photons must
be radiated away to balance the energy transfer of 270 eV for
O and 540 eV for S of pickup energy acquired by each newly
created ion. Also, the time constant for g,, is based solely on
the collision frequency.

Thus the only terms in (5) which can account for the de-
crease in T, are the first term on the right-hand side which is a
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function of the neutral density and the last term il there is a
temperature gradient along B.

On the basis of the time constant arguments above we at-
tribute the local observed dT,/dt along the spacecralt trajec-
tory to V| : quc and V| - qyc to a nonlocal interaction of
thermal electrons with newly created electrons on magnetic
flux tubes at their closest approach to Io. Unfortunately, we
do not know how the magnetic field lines are draped around
Io, and the densities that we infer below cannot be assigned a
precise radial position. Equation (5) can be written approxi-
mately as

,, 4T
z"eI >V - qyc

SC

2
~ _,Z [.P), +3T,JI,Nn,
=1

Io corona
(©)

The Lagrangian or material derivative in (6) may be re-
placed by v, 0T,/ds where v, is the plasma velocity and s is a
measure of distance along the plasma trajectory. Equation (6)
can be integrated to obtain

SC

N,ds ()

7

2 2 o
Tfs) — Tf0) = — . M,J'
i=1

Y 'Rexobase

where we have arbitrarily assumed that the magnetic field
lines penetrate to the exobase of Lo, which is approximately at
r = 1.5-2 R,, (M. E. Summers et al., The radial distribution of
constituents in Io’s corona and implications for atmospheric
escape, submitted to Journal of Geophysical Research, 1987
(hereinafter Summers et al., 1987)), that the integral is per-
formed along a radial path upstream from Io at closest ap-
proach, and that the plasma density remains approximately
constant as it penetrates Io’s corona. We do not attempt to
model the radial variation of T, which requires further as-
sumptions about the radial dependence of N,. The radial vari-
ation of T, does indicate that the corona extends to ~04 R,
from Io. From the definition of the exobase,

IN,-dr:S x 10'* cm™?

Evaluation of the right-hand side of (7) with T, = 5.2 ¢V for an
atomic oxygen corona gives —1 eV and for a sulfur corona
—6.5 eV, in comparison to the observed 0.7 eV. Based on the
models of Kumar [19801, Smith and Strobel [1985], and Sum-
mers et al. (1987), the oxygen corona is appropriate for the
Voyager 1 encounter, and our assumption that the plasma
penetrates to the exobase is a realistic estimate. Actually, a
rigorous derivation of (4){(6) would include all electron-
neutral inelastic collisions that cool the electron gas. This
would lead to, at most, a factor of 2 reduction in the inferred
neutral column density probed in the Io corona. The major
experimental uncertainty is the location of the exobase. The
PLS data cannot provide an answer, as closest approach to Io
was only 11.5 R,,. Currently, we are forced to rely on theoreti-
cal models.

The corresponding solution to the electron continuity equa-
tion can be written as

2 I.
H, = N €Xp ( y - nj)

=1 Y

@®

Numerical results from (7) yield modest increases in n, of
6.5-8% from ionization of neutrals by electron impact in the
corona. A comparison of the inbound and outbound electron



SITTLER AND STROBEL: [0 PLASMA TORUS ELECTRONS

5753

W2 T T T T T T T T T T T T T T T T T T T T T T T T T T T 17T
oNa+e~ — Nat + 2e~
AS+e~ > St + 2
+St +e~ =Sttt 4+ 2e~

1073 XSttt = = Sttt 4 2e-

10~4

10-3

10°6 |

V|(S_1)

10~8

102

Osttt o7 — gttt 5

MARCH 5, 1979

Plot of electron impact ionization rates along the Voyager 1 trajectory for all of March 5, 1979, for Na (circles),
S (triangles), S* (pluses), S2* (crosses), and S3* (diamonds).

Fig. 11.

densities inferred by the Voyager PRA experiment reveals no
difference when corrected for latitude. However, the accuracy
of PRA densities or model calculations is no better than
~10-20%, so the absence of a change in electron density is
not fatal to the dense corona hypothesis.

The Voyager UVS upper limit is 50 R for emission from the
vicinity of Io at wavelengths between 1250 and 1450 A [She-
mansky, 1980]. Based on the revised Stone and Zipf [1974]
cross sections for e + O production of 1304-A photons [Zipf
and Erdman, 1985], the yield of 1304-A photons relative to
ionization of O is 0.7 at T, = 5 eV. This revised cross section
contains a significant contribution due to cascade from higher
3p terms. Excitation by T, =5 eV electrons will occur pre-
dominantly near threshold for the 3S° upper term of 1304 A,
and direct excitation should be more important than the cas-
cade contribution. Recent experimental work by Vaughan and
Doering [1986] indicates 0.6 of the revised Stone and Zipf
cross section is due to direct excitation and the net 1304-A
yield relative to ionization approaches 0.4 at T, = 5 eV. In the

optically thin limit the 1304-A intensity produced by electron
impact above the exobase would be ~ 250 R with an assumed
yield of 0.4. With the substantial reduction in the electron
impact cross section for 1304-A photons, the electron impact
excitation rate and intensity for semiforbidden O I 1356-A
radiation should be comparable to that of 1304 A at T, ~ §
eV.

Because the O column density above the exobase is 3

x 10'* ¢cm ™2, the optical thickness at line center for 1304 A is
7 ~ 28, In addition, resonance scattering of solar 1304-A pho-
tons by this oxygen corona would produce an additional
~8 R of 1304-A radiation. Radiative transfer at moderate
optical depth introduces two important, opposing effects. Self-
absorption tends to reduce the emergent intensity, whereas
multiple scattering increases the emergent intensity.

The total estimated intensity of 1304-A emission from the
oxygen corona is estimated at 260 R, which when averaged
over the Voyager UYVS slit for the range given by Shemansky
[1980] reduces to 35 R, ie., below his upper limit. With the
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Fig. 12.

Plot of electron impact ionization rates along the Voyager 1 trajectory for all of March 5, 1979, for K (circles), O

(triangles), O* (pluses), and O?" (crosses).

exobase at 2 R,, the corresponding ionization rate of atomic
oxygen is ~7 x 10%° jons s~ '. For neutral sulfur a density
approximately an order of magnitude less than the oxygen
density is consistent with inferences from (7) and the theoreti-
cal models of Summers et al. (1987). Electron impact on sulfur
would produce ~ 110 R of 1429-A radiation based on Ho and
Henry’s [1985] collisions strength and ~4 x 10?¢ S* ions
s~ 1. Averaged over the UVS slit, the 110 R is equivalent to
15 R and below the limits of detectability by the UVS. There
are strong theoretical reasons for expecting a dense neutral
corona around Io (Summers et al., 1987), and it is imperative
to detect optical emissions from neutrals around Io or set an
upper limit as low as 5 R on 1304- and 1429-A emissions to
make progress in understanding the corona.

In addition to ionization of neutrals in this corona around
To there would be substantial amounts of charge exchange
which would lead to the creation of hot ions and energize the
torus. With the Johnson and Strobel [1982] cross sections and

the Smith and Strobel [1985] ion composition, the charge ex-
change rate integrated over a cylindrical corona of diameter 2
R,, corresponds to an energy input to the plasma torus of
~14 x 10'* W. Electron impact ionization followed by
pickup of the ions yields another 6 x 10'® W. Thus jonization
and charge exchange processes occurring in this neutral
corona would supply ~ 10% of the new plasma and energy to
replenish plasma lost by outward radial diffusion and balance
EUYV radiative power loss, respectively. Critical velocity ioni-
zation may also occur, although there is no universally accept-
ed mechanism to evaluate this possibility.

7. ELECTRON IMPACT IONIZATION RATES

One straightforward calculation that can be carried out
with the plasma electron data base is the ionization rates of
neutrals and ions along the Voyager 1 trajectory. In Figures
11 and 12 the ionization rates of the indicated neutrals and
ions are illustrated. These rates are the reciprocal of the ioni-



SITTLER AND STROBEL: I0 PLASMA TORUS ELECTRONS

5755

A

"

o L1 ¢ %le‘”mwm_m.

1T T T T T T T 17T 171

1=

L

vHoT/ VTOTAL

’ w.”&”?’ﬂ

I

d

AL

12 18 24

MARCH 5, 1979

Fig. 13. Plot of fractional ionization rates for the hot electrons v,,, /v,.,,, for all of March 5, 1979, for (@) S, (b) S*, (c) $**,
and (d)S3*. The analysis is preliminary for the time period A when ion feedthrough corrections are important (see text).

zation lifetimes 7, and were computed with the electron distri-
bution function by the expression

1,7 =4dn J afv)f. (v, dv,
0

where o(v) is the ionization cross section. The laboratory
cross-section measurements for O by Brook et al. [1978] and
for O* and O2* by Aitken and Harrison [1971] were adopted.
For sulfur species the laboratory cross-section measurements
for S by Ziegler et al. [1982] were used; for S*, S2*, and S$3*
the semiempirical expressions of Lotz [1967] that were used
by Jacobs et al. [1979] were adopted. Lotz’s expressions were
also used to calculate Na and K ionization rates, shown in
Figures 11 and 12, respectively. For §2*, 8**, O*, and O2*
these calculations are extremely sensitive to threshold cross-
section behavior at low electron temperatures. The raw lab-
oratory data were adjusted to ensure that the cross sections
smoothly approached zero at threshold to remove any contri-
bution from ionization of excited states.

From Figures 11 and 12, typical lifetimes against ionization
can be extracted for the hot torus. Sodium and potassium

atoms have a typical lifetime of ~10* s against electron
impact ionization along the centrifugal equator and ~2 x 104
s at higher latitudes, i.e., 1 R, above and below the equator. In
the inner torus their ionization lifetime increases substantially,
approaching 107 s at 5 R,. This is, of course, consistent with
the observational data base that the extended sodium cloud is
inside Io’s orbit [cf. Pilcher and Strobel, 1982]. The lifetime of
neutral sulfur against electron impact ionization in the hot
torus is ~5 x 10* s; whereas for O it is ~5 x 10° s along the
equator. At higher latitudes these lifetimes increase by a factor
of 2. In the inner torus these lifetimes increase substantially,
exceeding 10° s at 5 R,. As a consequence of these long life-
times in the inner torus, charge exchange processes control the
lifetime of O and S there [Johnson and Strobel, 1982]. In the
hot torus the lifetime of S* against electron impact ionization
is ~(2-4) x 10° s; whereas the lifetimes of S2* and O* are
(1-4) x 107 s. The greater variation in lifetimes of $2* and O*
than in lifetimes of O, S, and S* in the ramp region L = 7-8 is
due to the extreme sensitivity of the lifetime to electron tem-
perature. For example, T, ~ 30 ¢V at 0600 and decreases rap-
idly at ~0630 to a plateau value of 5-6 eV in the hot torus.
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Fig. 14. Same as Figure 13 except fractional ionization rates are for (a) O, (b)) O*,and (c) O**.

Inside the hot torus the variations in lifetime are due to vari-
ations in the density of hot electrons, ny (cf. Figure 5). This
effect is even more evident in the lifetimes of O2>* and S3*,
which vary from 2 x 107 to 5 x 107 in the hot torus but de-
crease to ~4 x 10°sat 0600 and L = 8.

The presence of suprathermal electrons with density ng ~ 2
cm ™3 in the hot torus yields an upper limit of 7; ~ 5 x 107 s
for O2* and S3* and ~1.6 x 107 s for O* and S?”. In re-
gions where 7, is significantly less than these values, the cold
electrons control the ionization rates. This effect can be clearly
seen in Figures 13 and 14, where we plot the fractional ioniza-
tion rate due to suprathermal electrons along the Voyager 1
trajectory. In the hot torus the suprathermal electrons make a
negligible contribution to the S ionization rate, contribute
20-40% of the S* ionization rate, and contribute 50-80% of
the S2* ionization rate. In the case of S3*, essentially all the
electron impact ionization is due to suprathermal electrons in
the hot torus. Because the ionization potentials (I.P.) of S$2*
and S** are 35 and 47.3 eV, respectively, and the ionization
rates are proportional to exp (—I.P./T), it is obvious why in a
plasma with ny/n, ~ 1073 and T, ~ 5 eV the suprathermal
electrons play a critical role in the ionization balance for
multiple-charged ions.

These ionization rates can be combined with ion density
data to derive, in principle, the ion residence or confinement
time. If strict collisional ionizational-recombination equilibri-
um held, a T,=56 eV plasma would have comparable
amounts of O* and O?* [Jacobs et al., 1978], and ~80% of
the sulfur would be S$2* with 15% S3* and ~5% S* [Jacobs

et al., 1979]. The inclusions of suprathermal electrons will shift
the ionization balance toward more highly stripped ions [She-
mansky, 1980]. Direct determination of ion concentrations
from in situ PLS measurements is complicated by the inability
to uniquely infer n(S8%*) and n(O*), which have the same
charge to mass ratio, and by the hot ion temperatures which
smear out individual ion signatures. Remote UV sensing of
the o torus also has a number of problems which prevent a
unique interpretation of ion concentrations [Brown et al.,
1983a; Smith and Strobel, 1985]. Thus Smith and Strobel
[1985] have argued from a theoretical model for the ion distri-
bution functions and observational data that the plasma ion
concentrations appropriate to Voyager 1 conditions were
n(S*) < 350, n(S?*) ~ 430, n(S3*) ~ 10-25, n(O*) ~ 660, and
n(O%*) ~ 40-80 cm ~3. These relative ion density ratios can be
understood in terms of a finite residence or confinement time
for the ions which shifts the ionization balance to less highly
ionized species [Shemansky, 1980]. Shemansky [1980] on this
basis inferred a residence time of 100 days when T, =7 eV.
Smith and Strobel [1985] preferred a shorter residence time of
~60 days and calculated T, = 4.8 eV. The latter inference of
residence time was also based on the shape of the ion distri-
bution functions. Because of the uncertainty in ion compo-
sition we did not repeat these calculations which would imply
a residence time of 60-100 days. It is important to note that
this range of residence time implies that the major loss of O**
and S** in the hot torus is outward radial diffusion, not elec-
tron impact ionization. As a consequence, higher ionization
stages of O and S (e.g., O%* and $**) would not be abundant
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in the hot torus and to date have not been spectroscopically
detected.

Outside the ramp region L = 7-7.5, however, the ionization
lifetimes of O?* and S** are comparable to the residence
time, and we might expect the formation of detectable
amounts of O3* and S**. In a preliminary analysis of EUV
emission from the ramp region, Shemansky and Strobel (un-
published results) found some evidence for S** and/or O3*.
The analysis of PLS data in the middle magnetosphere by
McNutt et al. [1981], however, did not indicate the presence
of significant amounts of O3 at the mass to charge ratio of
51. One would expect the ionization state of the plasma to be
frozen in once it had passed through the ramp region outside
of which the ionization rates drop rapidly and outward radial
transport is more rapid. The lack of O** in the Voyager PLS
data in the outer magnetosphere may suggest more rapid pas-
sage of the plasma through the ramp region than one would
infer from the Siscoe et al. [1981] and Smith and Strobel
[1985] results.

The rapid rise in T, in the ramp region (L = 7.5-8) is consis-
tent with the corresponding plunge in electron density if radi-
ative emission in the EUV is a dominant energy loss mecha-
nism. The radiative cooling rate is given by

R oc e g-wu.

e

To compensate for a density decrease, the electron temper-
ature must increase. The radiative cooling rate is maximum
for fixed plasma density when T, ~ 2hv. With an average value
of hv = 15-18 eV, T, = 30-36 ¢V results in maximum radiative
cooling. This is precisely the observed value of T, in the
L = 7.5-8 region. The factor of 10 decrease in n, through the
ramp region lowers the radiative cooling rate by a factor of
100. But the increase in T, from 5.5 to 30 eV enhances the
cooling rate by a factor of 7 for a net factor of 14 decrease in
the cooling rate. This reduced rate of cooling is consistent
with substantial radiative losses as the plasma radially diffuses
outward by centrifugal interchange instability.

8. SuMMARY

We have presented a comprehensive analysis of the Voyager
1 PLS electron observations on March 5, 1979, As first shown
by Scudder et al. [1981], the plasma electrons within the Io
torus and Jupiter’s magnetosphere are composed of a thermal
(cold) Maxwellian component and a suprathermal (hot) non-
Maxwellian component with significant positive radial gradi-
ents in T,. T, is less than 1 eV in the cold torus (L < 5.5),
increases to 5-6 eV in the hot torus (5.5 < L < 7.6), and rises
abruptly to T, =~ 30 eV just outside the hot torus (L > 7.6)
with an asymptotic value of ~100 eV at r > 12 R,. The mean
temperature of the hot electrons is Ty ~ 500 eV. Within the
hot torus the electron temperature T, is a factor of 10 less than
the temperature T, of the thermal ions.

In the cold torus the PLS instrument detected no suprather-
mal electron fluxes, which implies ny/n, < 10% In the hot
torus, ny/n, ~ (5-10) x 10™* was observed, and outside the
hot torus, beyond L = 7.6, ny/n, can exceed 10~ . This latter
increase is due primarily to a decrease in n,. Satellite sweeping
of the hot electron fluxes by Europa at 9.4 R, was observed.
This process defines the outer boundary of the hot electron
torus, and Coulomb collisions between the cold and hot elec-
trons (sink mechanism) within the cold torus provide the inner
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boundary (L = 5.5). These observations support the theoreti-
cal expectations by Barbosa et al. [1985], who proposed a
localized source for the hot electrons in the hot plasma torus.

An attempt was made to look for any inbound-outbound
asymmetry in the cold electron temperature T,. If one consid-
ers the minimum in T, centered on the Io flux tube passage as
a local effect, then T, outbound tends to be greater than T,
inbound. This difference in temperature tends to become
greater as the latitude difference between inbound and out-
bound trajectories increases. Although this asymmetry could
have been caused by a local time [Sandel and Broadfoot, 1982;
Shemansky and Sandel, 1982] or system Il [Dessler and Vasy-
liunas, 1979; Hill et al., 1981, 1983] variation, the more plausi-
ble interpretation is a latitudinal variation. This asymmetry, if
not due to a latitudinal variation, is at variance with predic-
tion 1 by Dessler and Vasyliunas [1979] but is qualitatively
supportive of the Hill et al. [1981] model predictions (see also
Cheng et al. [1984)).

The inferred outbound latitudinal variation in the hot elec-
tron pressure Py was modeled in terms of the magnetic mirror
force and a parallel electric field E . If we set an upper limit of
E| ~1 pV/m for the ambipolar electric field based on the
centrifugal confinement of the cold ions, then pressure aniso-
tropies T, /T, ~ 10 for the hot electrons were required to pro-
duce the more than factor of 5 observed decrease in Py from
Ay = 0° to A, = —12°. Theoretically, such large pressure an-
isotropies are not expected because of Coulomb collisions and
wave-particle interactions driven by such a large pressure ani-
sotropy. Furthermore, from a roll maneuver near the out-
bound Europa L shell crossing (r ~ 9.4 R;), T, /T, ~ 1.17 was
estimated for the hot electrons, although chorus emissions
outside the hot torus require T,/T ~ 2. Therefore if we
impose the constraint (T, /T))gq < 2, then E|| > 2.5 uV/m fol-
lows. Consideration of the generalized Ohm’s law equation
shows that unacceptable charge separations would occur in
the thermal plasma from such a large E; and the only way
such large E| can be supported by the plasma is that there be
adequate wave turbulence in the plasma to scatter the thermal
electrons (Coulomb collisions unimportant) to prevent signifi-
cant ion-electron drift.

Observed ratios of T,/T,, were compared with the predic-
tions by Birmingham et al. [1981] with regard to the position
in frequency of electrostatic half-harmonic emissions relative
to the UHR emission line within the torus. For scale lengths
of ~1 R, the time-averaged estimate of T,/T, was in good
agreement with their predictions; within the hot torus, T,
/Ty $0.02 for half-harmonic emission above fyu and at
L~38, T./Ty ~ 004 for emission below fus. Lack of half-
harmonic emission in the cold torus can be attributed to the
lower suprathermal electron fluxes in that region (T. J. Bir-
mingham, private communication, 1983). We argued that the
lack of chorus emission from 0505 to 0542 reported by Coron-
iti et al. [1984] using Voyager 1 PWS data was caused by a
reduction in the suprathermal electron flux. This flux decrease
maximized in energy at about 500 eV, which is typical of the
resonance energies discussed by Coroniti et al. for chorus
emission.

During the To flux tube passage there was a remarkably
symmetric decrease in T, centered on closest approach to Io.
We attributed this localized cooling of electrons to thermal
conduction along magnetic flux tubes to a dense neutral
corona surrounding Io. At closest approach the flux tubes
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sampled by the PLS experiment were draped around Io near
Io’s exobase. Observations by IUE and Galileo should be able
to confirm the presence of this neutral corona which has been
predicted theoretically by Kumar [1980], Summers [1985], and
Summers et al. (1987). Recent IUE observations by Ballester et
al. [1986] have confirmed our prediction for a neutral corona
around Io. This neutral corona provides a modest source of
energy to the torus (~2 x 10'! W or about 10% of the total
EUV emission) due to the production of pickup ions from
charge exchange reactions and electron impact ionization.

Finally, in section 7 we presented electron impact ionization
rates along the spacecraft trajectory for all of March 5, 1979.
Typical lifetimes against electron impact ionization within the
hot torus are ~10* s for Naand K; 5 x 10*sfor S; 5 x 10°s
for O; (2-4) x 10° s for S*; (1-4) x 107 s for S2* and O™;
and (2-5) x 107 s for O?* and S3*. In the cold torus, lifetimes
approach 107 s for Na and K, which is consistent with the
observational data base that the sodium cloud resides inside
Io’s orbit [cf. Pilcher and Strobel, 1982]. The lifetimes for S
and O exceed 10° s, which means their lifetimes are dominated
by charge exchange reactions [Johnson and Strobel, 1982].
Approximately 50% of the ionization for S** and O* and
almost all the ionization of $** and O2* in the hot torus is
due to suprathermals. The rise in electron temperature from 5
eV within the hot torus to 30 eV in the ramp region is consis-
tent with radiative emission in the EUV being the dominant
energy loss mechanism of the plasma and the tendency for the
plasma to maximize its rate of cooling as the electron density
drops rapidly below 10° cm ™3 to 10?> cm 3.

APPENDIX

Ion Feedthrough Corrections

As discussed by Sittler [1983] (also see Vasyliunas [1971]),
positive ions entering the D cup when in the electron mode
with energies comparable to the current energy level of the
instrument will produce an in-phase contaminating signal
I;.s7 > 0. This signal could incorrectly be interpreted as a
suprathermal electron component. Sittler [1983] also showed
that ion impact upon the sensor’s modulator grid, with subse-
quent secondary electron emission, can produce an out-of-
phase feedthrough current I, ,~ < 0. This effect becomes im-
portant enough for the high-energy electron channels (above a
few keV) such that |I,.,"| > |I;.4*| can occur for the highest-
energy channel (E = 5.2 keV). The feedthrough current I * is
caused by the refraction of ion trajectories as they pass
through regions of nonzero electric field produced by the
modulator grid. Some of these trajectories will be moved on or
off the sensor’s collector plate as the modulator voltage, with
dc level V,,, is varied at 400 Hz with square wave amplitude
AV, (AVy/Vy « 1). The amplifier and phase detection elec-
tronics of the instrument are capacitively coupled to the col-
lector such that only the ac component of the incident current
is measured. I;_, ~ is caused by the change in ion energy before
it strikes the modular grid as the modulator voltage is varied,
coupled with the energy dependence in the secondary electron
yield due to ion impact. The net result of these two effects is
that they will enhance the suprathermal fluxes below a few
keV and cause a possible deficit in fluxes at higher energies,
ie.,

Iobs=le+lfed+ +If=d— (Al)
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Fig. Al. Plot versus channel number of the observed electron
current I, (solid curve) and ion feedthrough current (I, *), for the

different cold ions. Spectrum time is given in upper right-hand corner.
The total I, * is indicated by the crosses with overbars. The symbols
used for the other ions are as follows: O?* (open squares), S** (open
circles), S2* (solid triangles), O* (pluses), S* (crosses), SO, * (open
diamonds), and H* (arrows). The ion parameters come from the
analysis by Bagenal and Sullivan [1981] and Bagenal et al. [1985].
The zero telemetry count level is indicated by the dashed line.

with I, the observed electron current and I, the incident
electron current produced by the ambient plasma electrons.

A third correction not shown in (Al), referred to as I, is
current produced by electron impact upon the collector with
subsequent secondary electron emission which is not suc-
cessfully returned to the collector by the suppressor grid. This
effect can reduce the incident electron current I, (ie., I .. < 0)
by <30% for electron energies E > 100 eV and by <10% for
E < 100eV.

8¢y (DEG)

LI B S B S s e S T T T T T T

By (DEG)

o J A S T T T T Y S B |

6
SCET TIME (HOURS) DOY 1979 64

Fig. A2. Plot of the angles 0,y and 6, versus time for March 5,
1979: Oy is the angle between the D cup normal —#,, and corotation
direction, while 8,y is the angle between the magnetic field B and #j,.
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Fig. A3. Plot of I 4/, versus time for all the usable electron speed channels (El: 1-16 and E2: 21-32). Time period
covered is from 0600 to 1000 SCET.

In Figure Al we have a plot of the observed electron cur-
rent (solid curve), the total ion feedthrough current I ,*
(crosses with overbars), and the ion feedthrough current
(Itea 7); Produced by the different ions used in the simulations;
the ion parameters come from the analysis by Bagenal and
Sullivan [1981] and Bagenal et al. [1985]. The simulations
were performed by a program originally written by V. M.
Vasyliunas and later improved by other members of the
plasma team. In Figure A2 we plot 8,y and 0.y versus time,
where 8py is the angle between the sensor normal 7 and the
ambient magnetic field B, and 0., is the angle between the
corotation direction and sensor normal 7 (i defined to point
into the side sensor). The angle 0.y is 0° lor ions flowing
directly into the sensor. During the inbound pass the flow is
into the D cup, and it becomes more oblique as the spacecraft
moves inward, while during the outbound pass the flow is
from the back of the sensor except for a roll maneuver be-
tween 1820 and 2000 SCET. For the spectrum shown in
Figure Al the ion flow is into the D cup with angle 0., = 45°,
and ion feedthrough corrections are expected to be important.

As can be seen in Figure Al, the cold electrons are totally
unaffected by I, *, but the hot electron component above the
breakpoint energy Ej is severely affected by I, *, which can

be more than 80% of I .. Except for the upper E2 channels,
I, is greater than I, ,* as expected. The sharp turnover in
the energy spectrum above 3 keV is probably caused by the
dominating influence of I;.,~. Throughout the inbound pas-
sage of the plasma torus when |I, 4 *| ~ I, we see this turnover
in the spectrum, while during the outbound pass when |I;.,*|
« I, this effect is generally not seen. It is important to note
that I..,* tends to peak at higher energies for those ions of
greater mass per charge and thus greater corotational energy
per charge. For example, the corotational energy of O* at this
time is about 364 eV, while for SO, it is about 1.45 keV;
It,q* due to O* peaks at 900 eV, while for SO, * it peaks at
3.9 keV. Thus for this orientation of the side sensor relative to
the corotation direction, I.,* peaks at about 3 times the
corotational energy. In these simulations we have not included
the contributions provided by the hot ions which can be
shown to be generally less than a 10% effect. During the
outbound pass at |i,| ~ 10°, where the suprathermal fluxes
are lowest, the hot ions may provide a 30% correction. In
these regions, I;4* due to the thermal ions is negligible. Cor-
rections due to I, will tend to offset those produced by the
hot ions.

In Figure A3 we display the ratio of I 4*/I,,, versus time
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Fig. A4. Time plot of the observed electron density (crosses) and
predicted electron density (pluses) [rom 1200 to 2400 SCET on March
5, 1979 (outbound pass). The predicted estimates were computed [rom
the inbound ion and electron analysis and the dipole part of the O,
model from Acufia et al. [1983].

from 0600 to 1000 SCET. As in Figure A1 we have used the
simulation program and ion analysis results from Bagenal and
Sullivan and Bagenal et al. The total ion charge densities from
McNutt et al. [1981], which are weighted sums of the cold and
hot ion currents, tend to exceed the total charge densities from
Bagenal and Sullivan by 10% + 5%. We have normalized the
total charge densities of Bagenal and Sullivan to equal those
of McNutt et al, as a patch to our feedthrough calculations
which omit contributions due to the hot ions. When the hot
ion parameters become available, the simulations and electron
analysis will be repeated to obtain improved suprathermal
electron parameters. We have also added a 5% contribution
due to H* which is shown in Figure Al to provide a negligi-
ble effect. However, within the cold torus, where the flow is
more oblique (see Figure A2) and where the ion Mach num-
bers are larger, the lighter ions such as H*, which will have a
lower Mach number for the same temperature, may provide
an important contribution to I;,,* at the lower electron ener-
gies.

Comparing Figures 3, A2, and A3, one can see the feed-
through corrections do not begin to be important until after
0645, when the densities exceed a few hundred per cubic centi-
meter and the ion flow is not too oblique in relation to the D
cup normal. As expected, the lower channels dominated by
cold electron fluxes are almost totally unaffected by I, . We
also see that the upper two E2 channels (31 and 32) are domi-
nated by I;4*, which is much greater than the observed cur-
rent. We think that this is caused by I,.,~ being large enough
so that I, < 0. After 0930 the spacecraft is entering the cold
torus, and the suprathermal fluxes are dropping rapidly. At
this time the flow is very oblique, and the Mach numbers large
enough so that proper modeling of the high-energy tails of the
cold ion distributions is required for an accurate estimation of
I.4*. Also, hot ions probably make a more important contri-
bution to I, * in this region. For these reasons and the ap-
pearance of interference after 1008 we have omitted the in-
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bound analysis after 0933. Simulations based on “predicted”
estimates of the ion parameters during the outbound roll ma-
neuver from 1820 to 2000 SCET show that I, ;" is less than
10% of I, for E < 300 ¢V and less than 50% for E > 300 eV.
Furthermore, during the roll maneuver outbound there is no
evidence of a turnover in the E/Q spectrum above a few keV
(upper two E2 channels) which indicates that |I;,, 7| « I.

Spacecraft Charging and Qutbound Predicted Densities

In section 3 it was shown that the Voyager 1 spacecraft
became negatively charged within the high-density regions of
the Io plasma torus where n, exceeded 1000 cm ~3. During the
inbound pass when T, = 5 ¢V the spacecraft potential g =
—10 'V, while during the outbound pass in the outer regions of
the torus, @ ~ —20 V when T, > 10 eV. To a first approxi-

mation,
KT, n
Oy=—SIn|—=
S )

ne (A2)
where k is Boltzmann’s constant, e is the unit electric charge,
n* is the electron density estimated from the electron data
with ®;c =0 V, and n, is the actual electron density deter-
mined from independent estimates (i.c., PRA, PLS ions, etc.).
Equation (A2) shows that |®g]oc T, and that ®g, <0 for
n, > n*.

In section 4 we noted that the spacecraft was probably
negatively charged between 1830 and 1940 and “predicted”
ion charge densities determined from the inbound pass were
instead used for n,. Figure A4 is a plot of the observed elec-
tron density n, (crosses) and predicted electron density n,, ,
(pluses) from 1200 to 2400 on day 64. The observed density
n., is a composite of different data sets as described in section
4 for Figure 3. The predicted density computation is also de-
scribed in section 4. Between 1636 and about 1900 the space-
craft was in the shadow of Jupiter, and the spacecraft is ex-
pected to be negatively charged. From Figure A4 one can see
that n, 4 ~ n, within the high-density (n, > 500 cm~?) re-
gions of the torus from 1400 to 1700. It can also be seen that
azimuthal symmetry is roughly obeyed out to 13 R, After
about 1830, PRA estimates of n, were not available, and n,,,
was computed from the electron data using the return current
relation in the work by Scudder et al. [1981] (i.e, Pgc >0V
assumed). An abrupt decrease in n,,, results, which indicates
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Fig. A5. Fit to the reduced ion distribution function F, observed
by the PLS instrument during the outbound roll maneuver near
Europa’s L shell when the D cup was aligned to see the nearly coro-
tating cold ions. The data are indicated by the histogram plot while
the fit is denoted by the solid circles. See text for details.
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that @y is still negative after 1830 and consistent with the
spacecraft in Jupiter’s shadow until ~ 1900. Figure A2 shows
that a roll maneuver occurs during the time period from 1830
to 1940 when predicted estimates are used. In Figure A5 we
show an ion spectrum at 1857 SCET when 6., was 45°.
Superimposed upon the spectrum is a fit to the spectrum
which is a modified version of the predicted ion values com-
puted from the inbound analysis of Bagenal and Sullivan. The
fit required the addition of hot ion components for O*, O?*,
and S* to account for the fluxes in the A, B, and C sensors
and a 33% reduction in the cold ion densities relative to their
predicted values in order to properly account for the main ion
peak in the D cup. When this was done, n,,, and n,., were
almost identical. It should be noted that the inbound analysis
by Bagenal and Sullivan was renormalized to equal the ion
charge densities by McNutt et al. [1981] which include the
contributions of the hot ions to n,. Though not obvious, one
can show that for ion Mach numbers greater than 1 and
normally incident flow the estimated ion charge densities
using the technique by McNutt et al. are almost exact for both
the main and side sensors. Therelore, by renormalizing the
analysis by Bagenal and Sullivan we have partially accounted
for the hot ion contributions to n, that were needed to proper-
ly fit the ion spectrum in Figure AS. Because of uncertainty in
composition for the hot ions in Figure A5, we conservatively
estimate that the predicted estimates should be accurate
within 30%, if not better. Therefore we conclude that @ is
negative for the period that predicted estimates are used and
that usage of the predicted estimates for this time interval is
warranted.
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