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Possible in Situ Detection of K?* in the Jovian Magnetosphere

RALPH L. MCNUTT, JR.

Applied Physics Laboratory, Johns Hopkins University, Laurel, Maryland

During the Voyager 1 and 2 encounters with Jupiter in 1979 the positive ion composition of the cold thermal
plasma in the Jovian plasma sheet and cold Io torus could be obtained when the plasma Mach number in the
spacecraft rest frame was sufficiently large. Clear indication of an ionic species with a mass-to-charge ratio
between 16 (O and/or S2*) and 23 (Na*) is present in two spectra, one from the Voyager 1 encounter and one
from the Voyager 2 encounter. Both of these spectra were acquired during apparent crossings of the plasma
sheet in the middle magnetosphere. One interpretation is that the most likely identification of the jon is K2,
even though there is no evidence in the data for K*. Such an ion presence would be consistent with reports of
neutral potassium associated with the Jovian system and originating at To as well as with the identification of an
ion with a similar mass-to-charge ratio at higher energies in the Ulysses data. An alternative interpretation is
that the ion is a singly ionized molecular species associated with water products sputtered from Europa, a sce-
nario which may also be consistent with the Ulysses data. However, other species present in the data and the

low temperatures favor the logenic potassium hypothesis.

INTRODUCTION

The encounter of the Voyager 1 spacecraft with Jupiter in
March 1979 demonstrated that the magnetosphere of Jupiter is
filled with a complex heavy-ion plasma. Determination of the
composition of the low-energy thermal component (T, < 100
eV) measured in situ by Voyager relies upon the convective elec-
tric field of Jupiter providing a common bulk velocity to the ions
that were measured by the Plasma Science (PLS) experiment.

As the PLS instrument is an electrostatic device [Bridge et al.,
1977], ions appear in the energy-per-charge spectra separated by
mass per charge, provided that they enter with the same velocity
and their effective Mach number (ratio of convective speed into a
given cup of the PLS instrument to the ion thermal speed) is suffi-
ciently large (see, for example, Appendix A of McNust et al.
[1981]). Along the Voyager trajectories, the magnetic field is typ-
ically about perpendicular to the cup normals, so most of the ion
velocity is simply the convective E x B velocity in the magneto-
sphere, and differential field-aligned streaming velocities of ions
with respect to each other are not an issue. A net potential on the
spacecraft with respect to the surrounding plasma can also pro-
duce shifts that distort a true mass-per-charge separation of the
ions. However, in the regions of the cold plasma sheet the tem-
perature of the core electron population is ~10 eV, comparable to
the ion temperatures. The associated potential of Voyager is then
small compared with the convective energy of the positive ions
into the PLS sensors [McNutt et al., 1981; Barnett and McNutt,
1983], and any spacecraft potential produces negligible shifts in
the position of the heavy-ion peaks in the energy-per-charge spec-
tra.
By using the PLS ion data the mass-per-charge ratios of the
major ions in the cold lo torus [Bridge et al., 1979; Bagenal and
Sullivan, 1981; Bagenal, 1985] and in the middle magnetosphere
of Jupiter [McNutt et al. 1981; Bagenal et al., 1992] were derived.
Consistency arguments based on EUV spectra [e.g., Shemansky
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and Smith, 1981; Bagenal, 1989] and the observed mass-to-charge
ratios (e.g., Appendix B of McNutt et al. [1981, and references
therein]) have shown that the positive ions consist of H*, Na*, and
a variety of sulfur and oxygen ions as well as SO} [Bagenal and
Sullivan, 1981].

The observed high-ionization states of oxygen and sulfur, that
is, O m (O**) and S v (S*) are primarily created by the
suprathermal electron population in the torus, as the thermal tem-
perature is small compared with their ionization temperature [Sit-
tler and Strobel, 1987]. Once created, these states are not greatly
depleted; during the Voyager 1 encounter, significant amounts of
ions with mass-to-charge ratios 8 and 32/3 with kinetic tempera-
tures of ~10 eV were found in the middle magnetosphere (~10 R,
to ~40 R, at crossings of the plasma sheet) [McNutt et al., 1981;
Bagenal et al., 1992]. The mass-to-charge ratio of 8 could be a
combination of O 111 and S v. However, the unique identification
of the peak at 32/3 with S 1v, the lack of a discernible peak at 16/3
(for O V), and the comparable ionization potentials of O 11 and S
1 (35.1 and 34.8 ¢V) and O 11 and S 1v (54.9 and 47.3 eV) [Allen,
1973] all argue for little Sv in the middle magnetosphere. In addi-
tion, the presence of O** and S** suggest that any other ions pre-
sent in the Jovian system would have charge states consistent with
ionization potentials of up to ~35 eV.

OBSERVATIONS

In surveying all of the high-resolution (M mode) spectral scans
acquired at Jupiter, I have identified two energy-per-charge spec-
tra from the Voyager PLS data, which indicate the presence of a
magnetospheric ion with a mass-to-charge ratio between 16
(0*/S?*) and 23 (Na*). The first spectrum was identified in the
Voyager 1 data 41.3 R, from Jupiter in the first inbound crossing
of the cold plasma sheet by that spacecraft [McNutt, 1980]. The
second was identified in Voyager 2 data acquired in a cold plasma
sheet crossing near closest approach at 10.2 R, [McNuttr, 1982].
Features in a few other spectral scans may also contain the signa-
ture of this ion; however, a lack of clear definition of the peak (in
Voyager 1 data) and the lack of simultaneous signatures of enough
of the major ionic species to identify clearly the plasma convec-
tive velocity makes these identifications more problematic.
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ANALYSIS OF THE DATA

Fitting Procedure

In fitting the spectra referred to immediately above I have
employed the damped least squares procedure [Levenberg, 1944,
Marquardt, 1963] as modified by Bevington [1969] and employed
previously in analyses of PLS data from the magnetospheres of
the outer planets and the solar wind. The analysis incorporates the
model response of Barnett and Olbert [1986] but does not include
a fit to all of the data in the spectra. In both cases a still-
unidentified warm plasma background and/or electron
"feedthrough" contributes to the measured currents, and a success-
ful simulation to the entire spectrum has not yet been obtained.
However, the cold plasma is sufficiently concentrated in a few
energy-per-charge channels that this omission is not critical to
deriving fairly accurate parameters for the modeled parts of the
distribution. Details of the fitting function and related caveats are
given in the appendix.

As discussed in more detail in the appendix, the various ion
species are here assumed to be well represented by convected
isotropic Maxwellian distributions. A density, a component of
convective velocity into the PLS side sensor, and a thermal speed
are then fit for each of the components. Although a mass-to-
charge-ratio is assumed for each species, it provides a normaliza-
tion rather than an additional constraint in the the fitting process
(see equation (A4) and the accompanying discussion). To the
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extent that spacecraft charging is negligible (not always the case
as discussed below), the equality of the convective speeds for the
various species then acts as a consistency check on the assumed
mass-to-charge ratios. Despite the presence of low kinetic tem-
peratures among the high-ionjzation state ion species observed by
Voyager in the middle magnetosphere, the plasma is not in a state
of thermodynamic equilibrium. McNutt et al. [1981] showed that
neither equal thermal speeds or equal temperatures prevail for the
cold ions, in contrast to the isothermal ions observed in the cold Io
torus [Bagenal and Sullivan, 1981]. This basic result of lack of
thermodynamic equilibrium is reproduced in the analysis reported
on below and remains an outstanding problem of the energetics of
the low-energy plasma.

Voyager 1: 41 R,

The top row in Figure 1 shows the spectral scans taken with the
Voyager 1 PLS side sensor (D cup) at 1020:47 and 1030:23 space-
craft event time (SCET) on day 62 of 1979. Voyager 1 was 41.3
R, from Jupiter (inbound), and the corresponding rigid corotation
speed was 518 km s~ for the first scan and 41.2 R; and 516 km
s~!, respectively, for the second scan.

These data are from the first crossing of the dense, cold plasma
sheet identified by Voyager 1 [McNut: et al., 1981]. The random
measured currents in the lower half of the scan (channels 1
through ~80) indicate the instrumental noise level in this mode.
Data obtained at this time from the three other sensors (not
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Fig. 1. Spectra and partial fits from ~41 R acquired by Voyager 1 on day 62 (March 3) of 1979. The top two panels show the full
spectral scan from the high-resolution spectra taken with the PLS D cup. The lower two panels show a blowup of the spectrum to
the left and a fit to the resolved parts of the data to the right. Unresolved pieces correspond to a combination of ions with mass-to-

charge ratios of 8, 32/3, and others with higher temperatures.
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shown) exhibit similar noise signatures throughout the entire scan.

The scan at 1020 SCET exhibits peaks consistent with mass-to-
charge ratios of 16 and 23, an enhancement consistent with 32/3,
and a shoulder at ~19 (assuming a common convective velocity
and a spacecraft potential of zero volts with respect to the sur-
rounding plasma). The scan 10 min later shows peaks consistent
with ratios of 8, 10 2/3, and 16; the features near 19 and 23 are no
longer obvious in this more typical spectrum (the low-resolution
scan at this time shows a low-energy shoulder consistent with H*,
but a "good" set of fit parameters for the H* cannot be uniquely
determined).

The second row in Figure 1 shows a blowup of channels 80 to
128 for the spectrum at 1020 along with a fit to the data utilizing
the "full response” function of the instrument [Barnett and Olbert,
1986]. To the right, these data are reproduced along with a super-
imposed fit. Isotropic Maxwellian distributions convected in the
azimuthal sense around the planet are assumed. To avoid prob-
lems with the unmodeled background (which can be modeled with
populations of O** and S**, but not unambiguously), the fit is to
channels 111 through 119 (16 and 39/2) and channels 122 through
125 (23). The fit parameters yield a good representation of the
data, given the assumptions. The plot shows the azimuthal veloc-
ity component of the mass-to-charge 16 component as well as
densities and thermal speeds for all three components assumed.
Separate Maxwellians were actually fit to allow for an assessment
of the assumed mass-to-charge ratio of 39/2 (this choice is dis-
cussed below) as well as an assessment of spacecraft charging
effects. Also, one-sigma uncertainties in the fit parameters were
determined by estimating the reduced chi square () by the fit
variance (see, for example, Bevington [1969]). The fit parameters
and one-sigma uncertainties are shown in Table 1.

Uncertainties are large for the sodium peak as it does not yield
a good fit to a Maxwellian (even with only four channels used).
This makes it difficult to assess the effect of spacecraft charging
on the assumed composition based upon these two peaks. By
using the values from this fit a negative spacecraft potential of
-356 V would be inferred from the O* and Na* signatures. This
implies a true bulk speed into the cup of 198 km s~ (equivalent to
a streaming energy of 3.27 keV) and a "true” identification of the
shoulder as having a mass-to-charge ratio of 18.6. However, a
best fit to the ill-defined proton peak in the following low-
resolution spectrum yields a positive potential. These results from
postulating a spacecraft charge thus are limited by the noise asso-
ciated with the low-flux levels in these spectra. Nearer Jupiter,
Barnett and McNutt [1983] found that the Voyager 1 data were
consistent with much lower spacecraft potentials, less than ~50 V
in magnitude.

Because of the electrostatic nature of the PLS experiment, sepa-
ration of the ~19 mass-to-charge peak from the 16 peak only
occurs if the effective Mach number (ratio of convective speed
into a PLS cup to the thermal speed) of the 16 peak is sufficiently
high. The kinetic temperatures of the sample spectra are anoma-

TABLE 1.

21,223

lously low in this regard, here <10 eV. These conditions are typi-
cally encountered when the electron temperature (of the core pop-
ulation) is comparable to the ion temperature. Such low electron
temperatures also imply that the spacecraft potential is probably
not an issue for the correct interpretation of these data.

The assumption of O for the peak at 16 is an oversimplifica-
tion, as part of the contribution to the signal is $** [Bagenal,
1985; McNutt et al., 1981]. The assumption that the high-energy
peak is Na* is based upon the known presence of sodium in the
Jovian system [see Sullivan and Bagenal, 1979] and rough consis-
tency in convective velocity with the peak at 16. The fit velocity
components imply a mass-to-charge ratio of 23.8 £ 0.4 which is
suggestive of Mg*, but magnesium has not been identified spec-
troscopically in the Jovian magnetosphere while sodium has been.
The assumption that the feature with a mass-to-charge ratio near
19 actually is K?* is discussed in more detail below.

Voyager 2: 10 R,

The Voyager 2 spectra Figure 2 are from the main sensor cups
acquired by the Voyager 2 PLS experiment near its closest
approach to Jupiter. At this time the azimuthally moving plasma
flow is almost directly into the main sensor cluster (similar to the
geometry encountered by Voyager 1 in moving through the cold
Io torus). A subset of the data is shown along with best fits to the
data in the individual cups in Figure 3; the corresponding fit
parameters are given, along with formal one-sigma errors, in
Tables 2 through 4. It is important to note that although the data
were obtained simultaneously, the fit to the data in a given cup is
made independently from the data in the other two cups. The data
in the B and C cups are similar yet quite different in detail from
the data in the A cup, for example, near the top of the largest peak
in the scans. Fits based on isotropic Maxwellians and using the
data in all three cups exhibit marked deviations from the data in at
least one of the cups. Near this time the average magnetic field is
most closely aligned with the normal into the B cup and even a bi-
Maxwellian is incapable of resolving the discrepancies. A possi-
ble resolution to this observational problem might be that the
magnetic field, and hence pitch angle distribution, was changing
on the same timescale as the measurement (this implies time alias-
ing in the plasma data as well as noted below). A full study of the
possibilities is beyond the scope of this paper.

The fits have been made assuming independent Maxwellian dis-
tributions of O** (8), $* (32/3), O* (16), H,0" (18), and K*
(39/2). In addition, there is an unmodeled (and unresolved) warm
plasma background, which is typical of the spectra scans obtained
by Voyager 2 in the middle magnetosphere; these spectra as well
as those in the cold plasma sheet near it are quite anomalous [cf.
McNutt et al., 1981, Figure 20].

In going from one high-resolution spectral scan to the next (96
s) there are significant (sometimes factor of ~2) shifts in the mea-
sured current levels. Given the plasma convective speed of ~125

Inferred Plasma Parameters at 1020 SCET, Day 62, 1979,

Voyager 1 - PLS D Cup: Channels 111 - 119 and 122 - 125

Ton Density, cm™ Convective Velocity, km s™ Thermal Speed, km s™' Temperature, eV
o* 0.0986 + 0.0032 208.96 £ 0.26 10.92 £ 0.37 9.96
K* 0.0113 £ 0.0021 207.76 £ 0.51 4.69+043 4,48
Na* 0.0103 £ 0.0025 212.04 £ 1.51 7.28+2.74 6.36




21,224

MCNUTT: POTASSIUM AT JUPITER

VOYAGER SPECTRAL DATA

105 B CUP

—
=
Lt
[a s
o
]
(48]
o3t
0 32 bu 96 128
CHANNEL NUMBER
08 bclp
TTT T T T T T T I T T 1173
105 )
= 3
Ly m
x ]
o 10t -
w3ttt
0 32 Bu 96 128

CHANNEL NUMBER

JUPITER MAGNETOSPHERE

g6 A CUP
TTTTTTT T LT TTTTT]
—
=
Ll
[am
o
|
(8]
0 32 64 96 128
CHANNEL NUMBER
6 E-clH
10 _
T T T T T T T T T TTTTT3
10° ]
= E
b :
< 3
3 104 _
o3l vl
0 32 B4 96 128
CHANNEL NUMBER
VOYAGER 2  CHARGE DENSITY ESTIMATE = 67.2044

B = (-31.981 , 47.959 , -72.010 ) GAMMA

1979 190 2057:46.042
R = 10.179 RHO(MAG) = 10.062 Z(MAG) =

VCUP = (99.319 , 100.281 , 99.837 , 4,949 ) KM/S
-1.540

RIGID COROTATION SPEED = 126.286

Fig. 2. Spectra acquired by Voyager 2 from ~10 R; on day 190 of 1979 at 2057:46 spacecraft event time. These data were taken
near closest approach to Jupiter. The scans are all from 10 to 5950 eV (convective energy into each of the cups of the Plasma Sci-

ence experiment).

km s, such changes correspond to density/composition/thermal
gradients with scale lengths of ~0.2 R,, and, since Voyager 2 is
near periapsis at this time, such changes are most likely associated
with azimuthal (rather than radial or latitudinal) plasma sheet
structure. In other words, this observation may have resulted from
the spacecraft encountering a parcel of plasma, rather than passing
through a plasma sheet per se.

Features in the D cup spectrum of Figure 2, such as the "dip"
around channel 72, suggest even smaller-scale length gradients, in
turn giving rise to time-aliased features within these spectral scans
themselves. This feature is ~10 channels wide; interpreted as spa-
tial rather than velocity-space features, the data imply scale
lengths of the order of 300 km ~0.004 R,.

Returning to the main-sensor data, the lower-energy peak mod-
eled with O?* and $* actually starts at channel 57; data in channel
56 and below are from the previous scan, and the sharp onset may
be an aliasing feature. In addition, the derived convective velocity
components for these two species are quite different, and the data
are, as an alternative, also consistent with a single species with
mass-to-charge of 32/3 appearing to “cool" in the spacecraft refer-
ence frame as a blob of cold plasma is convected by Voyager. The
$* and O* velocity components are essentially the same. For the
assumed O?* feature in the A cup to have a convective velocity
component of 125.9 km s, it would need to be an ionic species
with a mass-to-charge ratio of 8.8.

One could argue that some of these problems are due to
misidentification of the mass-to-charge ratios (there are no H* sig-

natures in any of the plasma data acquired in this region by Voy-
ager 2). However, the fit in the B cup yields a consistent speed of
all components into the cup (except the species with mass-to-
charge ratio of 8) of between 97.4 and 99.0 km s\, This com-
pares favorably with a component expected from rigid corotation
of 100.3 km s~!; similar results hold for the other cups.

The inclusion of a species at mass-to-charge 18, for example,
H,0", suffices to provide a good fit to the data but could as easily
(and likely) be either a non-Maxwellian feature on the 16 peak or
time aliasing of the same. The purported K** feature actually
shows a peak in all three cups. This is the only spectrum for
which (1) there is a distinct peak near mass-to-charge ratio of 19
(for any data from either encounter), (2) there is a more dominant
O" (mass-to-charge ratio = 16) feature present, and (3) the derived
azimuthal speed is sufficiently close to rigid corotation that the
species identification is plausible. The peak at 32/3 also has a -
consistent speed, but the feature on the low-energy side makes the
identification somewhat problematic as discussed above.

In each of the cups the identification of the peak at mass-to-
charge M/Q ratio of 16 as $** would bring the temperature more
in line with those of the other plasma components.

It is also worth noting that in each of the cups the fit velocity
component of (the assumed) K** is higher than that of the O*. If
the O* velocity components in the various cups are accepted as
"correct,” then the heavier component would have M/Q of 19.7 to
20.0, depending upon which cup is used for the calculation.
These offsets could be due to (1) the unmodeled background, (2)
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Fig. 3. Spectra and partial fits to the same spectral scans depicted in Figure 2. Only part of the full scan is shown along with

superimposed fits to a subset of the data.

nonzero spacecraft potential, and/or (3) the inclusion of H,0* in
the fit. For comparison, the same procedure using the Voyager 1
data discussed previously (see Table 1) yields M/Q values of
19.13 to 19.42, again assuming no spacecraft potential (as well as
having no actual peak).

Unlike the Voyager 1 observations, there is no evidence for Na*
at comparable density levels in the Voyager 2 data. If the
observed peak were really due to Na*, the convective velocity
would have to be lower by a factor of (19.5/23)"2, inconsistent
with the largest peak having a mass-to-charge ratio of 16. Given
the totally anomalous character of this spectrum, it is not clear
what this implies (if anything) for the sodium and potassium
sources. It does imply that the plasma density, temperature, and
composition can be quite erratic as close as ~10 R, to the center
of Jupiter.

TABLE 2.

THE POTASSIUM HYPOTHESIS
The Case for Potassium

The original reasoning that led to a tentative identification of
K* in the magnetosphere was [McNutt, 1980]: (1) there was clear
evidence (see Figure 1) for an additional ionic species with a
mass-to-charge ratio between 16 and 23, (2) such a mass-to-
charge ratio was not possible with other ionic states of previously
identified species, (3) neutral potassium had been identified in
Jupiter’s magnetosphere [Trafton, 1975, 1977], (4) the mass-to-
charge ratio for doubly ionized potassium at 39/2 = 19.5 is nearly
correct for the observed feature, and (5) the ionization potentials
for K*, §*, and O** are comparable, so the presence of all of
these ions is consistent with neutral sulfur, oxygen, and potassium
having the same ionization / thermal history.

Inferred Plasma Parameters at 2057 SCET, Day 190, 1979,

Voyager 2 - PLS A Cup: Channels 57 - 66 and 72 - 83

Ion Density, cm™ Convective Velocity, km s™! Thermal Speed, km s~ Temperature, eV
o* 3.8505 + 1.3817 132.3068 + 2.4188 6.8236 £ 3.4962 3.89
s 3.8226 £ 0.9716 125.2385 + 0.8184 5.7900 £ 0.7932 5.60
ot 30.0487 £ 1.3290 125.9276 1 0.1566 4.5781 £0.1934 1.75
H,0" 3.4675£0.5530 124.3957 £ 0.1535 1.3991 £ 0.2963 0.18
K* 49771 £ 0.5295 126.4702 + 0.4640 5.3311 £ 0.6182 5.78
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TABLE 3.
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Inferred Plasma Parameters at 2057 SCET, Day 190, 1979,

Voyager 2 - PLS B Cup: Channels 57 - 66 and 72 - 83

ITon Density, cm™ Convective Velocity, km s™' Thermal Speed, km s~ Temperature, eV
o* 5.7631 £ 1.3810 132.6553 + 1.4456 7.6631 +1.5318 4.90
s* 3.0244 £ 0.9740 124.9582 £ 0.4781 4.0739+£0.5334 2.77
o* 19.8068 * 1.4994 123.7146 £ 0.2191 3.8759 £0.3135 1.26
H,0* 3.4032 £ 1.7599 123.2102 + 0.4673 2.0345 +0.6522 3.89
K2 4.3907 + 0.9294 125.3786 £ 0.9915 5.8721 £ 1.3375 7.02

Subsequent to the presentation of this hypothesis, Shemansky
and Smith [1981] noted that a combination of K m and S v gave a -
satisfactory explanation for some of the features observed in the
EUV spectra of the lo torus. Their model is, at the least, a consis-
tency check with the identification of K** in the in situ PLS data.
From their analysis, any M/Q = 8 spectra in the PLS data would
be ~3% Sv (S*) if the lo torus composition prevails in the middle
magnetosphere [Bagenal et al., 1992]. Such a fractionation is
consistent with the nominal identification of the M/Q = 8 peak
with O?* rather than S* as was argued above, based on the ioniza-
tional potentials of the various sulfur and oxygen ions.

During a period of more work on the interpretation of the
Jupiter data from Voyager the spectra shown in Figures 2 and 3
were found with the characteristic peak just above that at 16. It
was reported that K** had probably been identified [McNurt,
1982], but that Ca** could not be ruled out (neutral calcium emis-
sion from lo at 422.7 nm was reported by Mekler and Eviatar
[1974] but has never been confirmed). Also, at that time it was
reported [McNutt, 1982] that in the spectral set following that of
Figure 3 (192 s later), the plasma characteristics had changed to
show an Na' signature. Closer examination (and more care)
shows that the following spectrum may actually show S*,
although neither identification is unique; in any case the kinetic
temperature of the plasma is higher and the mass-to-charge peak
near ~19 is totally obscured.

There is no evidence for K* at a mass-to-charge ratio of 39 in
any of the Voyager PLS data; however, this could partially be a
selection effect as even the M/Q peaks at 23 (Na*) and 32 (S%)
typically lie above the energy range of the instrument in the mag-
netosphere (to see a peak at a mass-to-charge ratio of 39, the con-
vection speed into a cup must be less than 170 km s™'). The ion-
ization potential of neutral potassium is low (4.3 eV) and that for
K* (31.6 eV) is lower than that of O* (35.1 eV) and S** (34.8 V).
Given the dominance of the mass-to-charge species at 16 (ioniza-
tion potential of neutral oxygen 13.6 eV and of S* at 23.3 eV) [see
McNutt et al., 1981, Table 1] and the presence of O** and $* in

TABLE 4.

the magnetosphere [McNutt et al., 1981; Bagenal et al., 1992] it is
plausible (as noted above) that most of the ionized potassium pre-
sent in the middle magnetosphere is in the doubly ionized state.
In addition, when this signature is present, there are also present
Na* and $* both of which are associated with an Io torus source.

In addition, the ionization potential for Na* and S* is ~47.3 eV
and is greater than that for K** at 45.7 eV. Hence the presence of
doubly ionized potassium is also consistent with a lack of Na**
and $*.

Voyager data obtained at higher particle energies provide no
corroborating evidence for potassium ions. Vogt er al. [1979]
found only upper limits for potassium at energies of > 7 MeV per
nucleon (their Figure 4 shows a small signature at Z=19.5, which
is not statistically significant). At the same time, they did find
energetic sodium to be enhanced by a factor of > ~270 with
respect to solar system abundances.

The Possibility of Water Group lons

An alternative explanation is that the ion is a water group ion
with a mass to charge ratio of 17, 18, or 19 (H,0*, n = 1, 2, or 3)
[Schreier et al., this issue]. In this case the source is not Io but
rather, most likely, water debris from Europa. Lanzerotti et al.
[1978] considered the possibility that sputtered jons from water
ice on the surfaces of the Galilean satellites could contribute sig-
nificantly to the heavy-ion population of the Jovian
magnetosphere. Depending on the species and concentrations
present, the density of H;O* can dominate that of H,O" [Aiken,
1974] yielding a dominant signature with an M/Q of 19. How-
ever, as Schreier et al. [this issue] show conditions in the Jovian
magnetosphere result in rapid recombination of H;O" and about
equal amounts of H,O" and OH*. Further, they find that these
two species should have densities of no more than approximately
one third that of either S* or Na*, unlike what is actually
observed. So, on the basis of density ratios with other species, the
identification of the mass-to-charge peak of 19 with water group
ions appears to be ruled out.

Inferred Plasma Parameters at 2057 SCET, Day 190, 1979,

Voyager 2 - PLS C Cup: Channels 57 - 66 and 72 - 83

Ton Density, cem™ Convective Velocity, km s’ Thermal Speed, km s7! Temperature, eV
o* 7.5695 + 1.4269 133.2154 £ 1.2294 8.3835+1.3012 5.87
s+ 2.9913+0.9833 125.1967 + 0.3888 4.1582 £ 0.5068 2.89
ot 18.9990 + 0.1962 124.1750 £ 0.1558 3.5205+£0.2318 1.04
H,0" 4,0990 £ 1.3775 123.5977 £ 0.2841 1.8095 1 0.4445 031
K* 3.7278 £ 0.0168 125.4982 + 1.3689 6.3391 £+ 1.8091 8.18
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The Voyager 2 observation tends to rule out Ganymede and
Callisto as sources because they would have to provide inwardly
diffusing ions that retain a low temperature rather than heating
adiabatically. The more remote Voyager 1 observations could be
consistent with all three outer Galilean satellites though.

If the signature observed by Voyager 2 is from water group ions
associated with Europa, then the ions should originate with a ther-
mal speed comparable to the local pickup speed. The implied
temperature is on the order of ~1 keV (comparable to that of the
hot background plasma discussed below). Relatively rapid trans-
port times [see Schreier et al., this issue] would remove the mate-
rial from this region before it cooled to the observed temperature.
Hence the temperature found from the Voyager 2 observation
tends to rule out water group ions.

Finally, the Voyager observations would appear to favor slightly
a mass-to-charge ratio of 19.5 (= 39/2) rather than 19. A mass-to-
charge ratio of 17 or 18 is even less likely; however, given all of
the uncertainties, this information of itself cannot be regarded as
conclusive.

Ulysses Results

Results from the Ulysses flyby of Jupiter also suggest the pres-
ence of a minor ion with a mass-to-charge ratio of ~19. This ion
is probably the same ion seen by Voyager and, again, may be K**
[Hamilton et al., 1992]. Unfortunately, the integrated counts at
the higher energies sampled by the Solar Wind Ton Composition
(SWICS) experiment [Gloeckler et al., 1992] are small, and no
triple coincidences have been identified at the time of this writing.
Such triple coincidences in the instrument data set would unam-
biguously identify the charge state as +1 or +2 and would settle
the potassium versus water group ion identification issue; work on
this project is currently underway (D. C. Hamilton, private com-
munication, 1992).

Implications of a "Hot" Background

The Jovian magnetospheric plasma sampled during the Voyager
2 flyby did not exhibit the regions of cooler, and therefore analyz-
able, plasma sampled-by Voyager 1 [McNutt et al., 1981]. It has
been suggested that this difference may be due to the magneto-
sphere undergoing a compression during the dayside pass of Voy-
ager 2 as compared with an expansion during the similar pass of
Voyager 1 [McNutt et al., 1987]. One is given the impression in
looking at the data that the plasma during the Voyager 2 encounter
was hotter; however, there has always been a question as to
whether a hot background plasma was present in the Voyager 1
data but just at a relatively lower amplitude.

Much work done on the PLS data since the time of the Jupiter
encounters has confirmed that there are sufficient quantities of hot
electrons to cause a background feedthrough signal into the the
positive ion data at some level [Sittler and Strobel, 1987; McNutt,
1988]. There is unquestionably an additional background signal,
in addition to the cold ions, in the spectra of Figure 3. In fact, the
background, without the cold ion peaks, is typical of the data
returned by Voyager 2 during its closest approach to Jupiter. If
the signals were only due to cross talk between the electron and
ion modes of the instrument, then it would be similar in shape and
amplitude in all four sensors, not just in the A, B, and C cups.
Some of the signal is undoubtedly due to such an effect; however,
it can be shown that the signals in all four sensors are consistent
with a background heavy-ion plasma (M/Q ~8 to 16) with kinetic
temperature of ~700 eV (thermal speed of ~90 km s!). Further-
more, the M/Q peaks for the O* and K** are near the peak of such
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a hot plasma distribution, so the fit parameters presented above
are not significantly affected (/, versus ¢, is relatively flat for the
background in this region; see the Appendix).

It is beyond the scope of this paper to discuss the various trade-
offs which can be made in fitting this background, for example,
more species or non-Maxwellian features versus such a high
kinetic temperature. What is significant is that this spectrum cap-
tures a snapshot of two different plasma distributions with entirely
different thermal and therefore source and/or transport histories.

Evidence for a Europa Plasma Torus?

Intriligator and Miller [1982] identify an increase in the ion
densities measured by Pioneer 10 near the time that spacecraft
crossed the Europa L shell. They associated these enhancements
with ion species consistent with water debris sputtered from the
icy surface of Europa. They suggested that enhancements of the
plasma density in data from Voyager 2 were also detections of
plasma from a Europa source.

In the Voyager 2 data they referred to two density increases
shown in Figure 7 of McNutt et al. [1981]. The first of these
increases includes the spectra shown in Figures 2 and 3 of this
paper (the maximum of the density increase they note is provided
by this measurement). The presence of S** ions with a low kinetic
temperature ~5 eV (see Tables 2 through 4) implies that the cold
plasma population has its origins at lo, with subsequent ionization
by relatively hot electrons, and then cooling from pickup energies
on its way to this observation point outside the hot plasma torus.
Their second identification in the Voyager 2 data is an enhance-
ment of the hot plasma with no discrete peaks, so no conclusions
based upon composition can be drawn.

The potassium hypothesis suggests that these density enhance-
ments are lo-related and contrary to the suggestion of Intriligator
and Miller [1982] are not a signature of a Europa plasma torus.

Similarly, there are no unique signatures of a Europa torus in
any of the Voyager 1 PLS data. In the vicinity of Europa the
plasma is sufficiently hot to obscure characteristic ion peaks in the
spectral scans, and compositional changes that could be a torus
signature are buried in a hot plasma background similar to that
seen in the Voyager 2 data near closest approach (but see Bagenal
et al. [1992] and Schreier et al. [this issue]).

SUMMARY AND CONCLUSIONS

To summarize, a minor ion species with a mass-to-charge ratio
of ~19 has been identified in the Voyager 1 and 2 data acquired in
the Jovian magnetosphere. The plasma conditions were especially
suited to the detections, that is, high Mach number, in only two of
positive ion spectra from both of the Voyager encounters. As a
result, there is no information on the spatial distribution of this
species. Although the mass-to-charge ratio cannot be determined
from Voyager data to sufficient precision to rule qut Ca*, observa-
tions of neutral potassium favor the ion being K?* if it originates
near lo. Such an origin is suggested by the simultaneous presence
of ‘other lo-associated ions in the same spectral scans, namely sH
and Na*. If the ion species is K**, the kinetic temperature is low
but comparable to those of the other cold ions present. In addi-
tion, the ionization state is consistent with the presence of $** and
O?* and the lack of sulfur and oxygen ions in the next higher ion-
ization state.

The simultaneous presence of both hot and cold heavy-ion pop-
ulations in the Voyager 2 data (associated with one of the K*
observations) implies two different thermal histories. The obser-
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vations also imply different transport histories and/or origins. The
hotter material could be "more locally,” that is, in a different loca-
tion, picked-up from the ionization of neutral material. In this
case the different component temperatures could just be due to
different adiabatic cooling histories and/or collision rates. The
apparent upper limit to the thermal speed of the hot material is in
excess of Io’s orbital speed and could suggest pickup remote from
Io and/or other energization processes. At the very least these
observations reveal that a single scenario of ionization near Io’s
orbit and transport outward is not consistent with the Voyager
data.

If the ions with M/Q ~19 are singly ionized then the likely
identification is water group molecules from the vicinity of
Europa. Although a mass-to-charge ratio of ~19 ion has been
identified in the SWICS data from Ulysses, the count rates are so
low that it has not been possible to determine the charge state or
the spatial distribution (integration of the count rates over most of
the magnetospheric pass was required to obtain a significant sig-
nal)(D. C. Hamilton, private communication, 1992). Even though
the ions detected with the SWICS are at a higher energy than
those detected by Voyager, it is likely that the species is the same,
given the presence of other kinetically hot ions of high ionization
states found in the SWICS data. If Europa is the source, then one
must account for either a large shielding electric field in the
pickup region or an anomalously rapid cooling between Europa
and the observation point.

Unless there is conclusive evidence found for the M/Q ~19 ions
to be singly ionized, then the bulk of the current observational
data (such as it is) favors the identification of the signatures as K**
associated with the Io plasma source.

APPENDIX: OPERATION OF THE PLS INSTRUMENT

The Plasma Science instrument consists of four modulated-grid
Faraday cups of a type used for interplanetary plasma measure-
ments since the early 1960s [seeVasyliunas, 1971]. The basic
operation of the PLS instrument is described by Bridge et al.
[1977], and special characteristics of the operational mode during
the encounters with Jupiter are described in detail by McNuts et al.
[1981], Bagenal and Sullivan [1981], and Scudder et al. [1981].
The detailed effects of grid transparency, refraction of particle tra-
jectories within the cup [see Vasyliunas, 1971], and collection
inefficiency have been modeled for the main PLS sensor (the A,
B, and C Faraday cups) by Barnett and Olbert [1986] and by Bar-
nett [1984] for the side sensor (D cup). This model of the
“response function" R has been employed with great success in
analyzing data from the lo flux tube passage [Barnett, 1986], the
magnetosphere of Saturn [Richardson, 1986], the middle magne-
tosphere of Jupiter [McNutt et al., 1987; Sands and McNutt,
1988], the magnetosphere of Uranus [Selesnick and McNuit,
1987], and the magnetosphere of Neptune [Richardson et al.,
1991; Szabo et al., 1991].

Each PLS cup can be thought of as a linear operator, which
when applied to a distribution function f, (v) of species a, pro-
duces a current I, in the kth energy-per-charge channel which is
then encoded into the spacecraft telemetry stream. The current
measured in the kth energy-per-charge channel due to an isotropic
Maxwellian distribution of ions of charge Z" and mass A m, (m,
being the mass of a proton) is given by

lk=l;_l;+l (AD)

I; =Z"e Tv, dv, J I dzv, S (W) R (v, V) (A2a)
i

=00 —oo
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where the response function R has units of area and v, is defined
by

(A2b)

where ¢, is the modulator grid potential at the "bottom" of chan-
nel k, and the z axis is along the cup normal. For the Voyager
PLS instrument the modulator potentials are, in turn, given by
[Bridge et al., 1977]

¢k =g lO‘TI ~ Pofrsct (A2C)
with ¢g = 60 V and @y, = S0 V (the offset allows for both low-
and high-energy ions and electrons to be detected while driving
the step voltages over only two decades. Here k is the channel
number and refers to the potential at the lower edge of the chan-
nel. For the high-resolution ion spectra (M mode) the constant m
= 64 and k ranges from 1 to 128; for low-resolution ion spectra (L
mode) m = 8 and k ranges from 1 to 16 (for the electron modes of
the instrument, called El and E2 and only implemented in the D
cup, k again ranges from 1 to 16, and m is 32 and 8 respectively;
the sign of ¢, is, of course reversed from the ion modes, Z* = -1
and A = 1/1836).
Note that (A1) can be rewritten as

Y+l

L=Z"¢ I vodv, I Id’v, F MR, v)]
(]

-0 —vo

+z‘¢[ [ vt [ [ewsotrmw-roam1|  (A3)

Vil ~e0 —00

which separates the current into the differential part (the first
term) and the feedthrough contribution (the second term). The
latter tends to skew the distribution of measured currents to lower
energies with respect to the distribution function and gives a sig-
nificant contribution to the measurements if the plasma is hot. As
the ratio of thermal speed to normal velocity component decreases
to small values (as in the solar wind), the second term becomes
arbitrarily small, and the differential nature of the measurements
is regained. If v, is imaginary, which occurs if, for example, elec-
trons are considered in the positive ion mode, then it can be
shown that the differential term vanishes, but the feedthrough
term still gives a contribution where the lower limit on the integral
is now zero (all particle of the "wrong" sign can get into the sen-
sor) but R is evaluated with —vi instead of vi wherever the latter
appears in the expression for R [Barnett, 1984; Barnett and
Olbert, 1986].

The ambiguity in the model parameters (density, thermal speed,
and convective velocity) is made apparent by first noting that the
response R is a function of vZ/v} and v} /v and is therefore
independent of the mass-to-charge ratio of the ions (as it must be).
Introducing the quantity ¢; = Am,v} / 2Z"e with i representing x,
y, or z, and assuming a Maxwellian distribution convected with
velocity V, we obtain

p=—2_[Zn Td e\,i‘j;r R
"—ml,ﬁ A w P ¢z

where R includes the transverse integrations and is only depen-

(A4)
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dent upon VA/z° V, and YA/Z° w. Here n is the density and w is
the thermal speed, related to the temperature T by Am pw2/2 =kT.

It is readily apparent from (A4) that the model parameters for a
given Maxwellian are actually Z°n Vz°'/a, Va/z* w, and Yaiz* V.
Thus the fit parameters can be found from a best fit to the data
combined with assumed values of the mass and charge of the ions.
In the cold plasma sheet data in the middle Jovian magnetosphere
[McNutt et al., 1981] and in the cold lo torus [Bagenal and Sulli-
van, 1981; Bagenal, 1985] peaks in I, versus k corresponding to
ions of differing mass-to-charge ratios are well resolved in the
PLS data, and the assumption of a common convective velocity,
combined with fits to the data, yields values of A and Z * consis-
tent with (1) rigid corotation in the cold torus and (2) species iden-
tified on the basis of their UV spectral signatures in the warm lo
torus [Bagenal, 1989].

In the warm torus as well as in regions outside the cold plasma
sheet there is no resolution of the various ion species: information
about the mass-to-charge ratios of different species is obscured by
the large thermal speeds and non-Maxwellian tails of the observed
distributions. The formulation just given can still be used to ana-
lyze the data, but the results are now in the form of a model based
upon a non-unique parameterization of the in situ plasma and its
assumed composition. Hence, even in regions where the plasma
is "hot," one can still test null hypotheses and bracket plasma
parameters [see Bagenal, 1989].
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