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The existence of a torus of plasma generated by sputtering from Jupiter’s satellite Europa has
long been suspected but never yet convincingly demonstrated. Temperature profiles from Voyager
plasma observations indicate the presence of hot, possibly freshly picked-up ions in the general
vicinity of the orbit of Europa, which may be interpreted as evidence for a local plasma torus.
Studies of ion partitioning in the outer regions of the Io torus reveal that the oxygen to sulfur
mixing ratio varies with radial distance; this may indicate that oxygen-rich matter is injected
from a non-Io source, most probably Europa. We have constructed a quantitative model of a
plasma torus near the orbit of Europa which takes into account plasma input from the Io torus,
sputtering from the surface of Europa, a great number of ionization and charge exchange processes,
and plasma loss by diffusive transport. When the transport time is chosen so that the model’s
total number density in consistent with the observed total plasma density, the contribution from
Europa is found to be significant although not dominant. The model predicts in detail the ion
composition, charge states, and the relative fractions of hot Europa-generated and (presumed)
cold Io-generated ions. The results are generally consistent with observations from Voyager and
can in principle (subject to limitations of data coverage) be confirmed in more detail by Ulysses.

INTRODUCTION

It has long been accepted that Io is the dominant source
of plasma in the magnetosphere of Jupiter and that con-
tributions from the icy satellites are insignificant. A re-
ported detection of Europa-associated plasma in the Pio-
neer 10 data set [Intriligator and Miller, 1982] did not win
broad acceptance. Early evaluations of the source strength
of Europa ranged from 8 x 10%® s~ from sputtering by ra-
diation belt particles [Johnson et al., 1981] down to as low
as 3 x 10** s~! from sputtering by corotating iogenic ions
[Eviatar et al., 1981]. The latter estimate was made be-
fore the results of the low-energy sputtering experiments of
Bar-Nun et al. [1985] became available and significantly
undervalues the source rate. Later analyses by Sieveka and
Johnson [1982] and Squyres et al. [1983] led to a deeper un-
derstanding of the interaction of the surface of Europa with
the magnetosphere plasma [Eviatar et al., 1985].

Bagenal [1989] reported a significant enhancement of a
hot heavy—ion component outside the hot torus, as shown
in Figure 1a, and suggested that this oxygen component
might be associated with Europa.

These are preliminary results as the corrections for elec-
tron and ion feedthrough to the measured currents in the
Plasma Science (PLS) instrument have not yet been fully
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incorporated. Bagenal et. al. [1992], in an investigation of
the paucity of O*t in the Io torus reported by Brown et al.
[1983], found that O** pervades the entire magnetosphere
and that while the sulfur density drops off with increas-
ing radial distance, as expected, the oxygen does not. This
again led to the suggestion that Europa may be playing a
role as a magnetospheric plasma source. Renewed interest
in the possibility of a Europa torus was stimulated by the
Ulysses encounter with Jupiter. Observations made during
the Ulysses flyby of Jupiter confirmed the existence of signif-
icant amounts of O+ in regions of the magnetosphere well
off the zenomagnetic equatorial plane [Geiss et al., 1992].
The Ulysses instruments were turned off, however, during
the close approach of the spacecraft to the planet, and no
data were acquired in the equatorial plane. Our results com-
plement the Ulysses ion mass spectrometer results as we
strive to create a continuous latitudinal profile of plasma
density and composition. This, of course, implies basic time
independence, which is indeed a limitation of the validity
of the conclusions. Confirmation of the Europa source hy-
pothesis awaits more detailed analysis of the Ulysses plasma
data set.

We present the results from a numerical model of the Eu-
ropa torus. Sputtering from Europa’s icy surface by mag-
netospheric particles is a source of molecular and atomic
water fragments, and ionization and other atomic processes
produce plasma in the vicinity of the satellite’s orbit.

We first summarize what is known today about the plas-
ma conditions near Europa. We then present the model and
examine the effect of various parameters on the results, and
compare the calculated density and composition with the
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Fig. 1a. Radial profiles of the temperatures of various components of the ion plasma as observed by the PLS
instrument on Voyager 1. The plot is taken from Bagenal [1989)].
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Fig. 15. Ion partitioning from fits to UVS spectra (except O++

open circles which are from model calculations), taken from Bage-
nal et al. [1992).

observations. We also investigate the relative importance of
iogenic and eurogenic sources in order to determine whether
Europa provides a significant contribution to its plasma en-
vironment, that is, whether it is meaningful to discuss a
Europa plasma torus.

EuroPA’s PLASMA ENVIRONMENT

The plasma conditions in the vicinity of Europa can be
summarized as follows: The ion number density lies in the
range 30 to 50 cm™3 [Belcher, 1983]. The temperature of
the thermal or cold component rises from 50—60 eV at L
~ 6 to 200—400 eV atL ~ 9—11, and there is an additional
(30%) hot component at ~ 2 keV [Bagenal, 1989]. The hot
component can be attributed to pickup ions created outside
of Europa’s orbit and heated adiabatically. The electron
distribution function is also described by two components:
a cold component (26 eV) with a number density of 36 cm™®
and a hot (1.2 keV) and tenuous component (3.1 cm™%) of
suprathermal electrons. Any successful model of a steady
state torus must reproduce these observations of Europa’s
environment.

PLS OBSERVATIONS

The Voyager PLS instrument consists of four modulated-
grid Faraday cups (A, B, C and D) which measure ions and
electrons in the energy-per-charge range 10 to 5950 eV/gq.

The main cluster consists of the A, B, and C cups, which
are mounted about a cone whose central axis points toward
Earth. The D cup points perpendicular to the spacecraft-
Sun direction. When the spacecraft was inbound toward
Jupiter, the D cup pointed approximately into the corota-
tion direction during both the Voyager 1 and Voyager 2 en-
counters. A detailed description of the instrument and its
modes of operation is given by Bridge et al. [1977]. This is
an electrostatic instrument which has the capability to pro-
vide well-resolved particle spectra whenever the flow is cold
and directed into the detectors. Such conditions held in the
mid-magnetosphere plasma sheet [McNutt et al., 1981].

Figure 2 shows spectra from the Voyager 2 PLS instru-
ment obtained near closest approach; the corresponding best
fits (given the input assumptions) to these spectra are shown
in the panels of Figure 3. The spectrum in Figure 24 is ob-
tained 1.5 R, south of the magnetic equator at a radial
distance of 10.16 R;. Well-defined peaks appear in the A,
B, and C cups. Figure 3a shows a fit to this spectrum using
a Maxwellian plasma comprised of O%,S*,0t+ g3+ Nat,
and K*+ [McNutt, this issue]. Another example of a spec-
trum in which well-defined peaks appear is shown in Figure
2b and its associated fit is shown by Figure 3b. Figure 2¢
presents a spectrum obtained at closest approach, outside
the orbit of Europa at a similar distance (1.5 Ry) off the
magnetic equator. Since the plasma is warm, the currents
from individual species overlap. Nevertheless, this spectrum
shows the presence of a hot locally picked-up background
plasma as found by Bagenal [1989]. The crowding of six
ion components into 50 energy channels (Figures 3a and 3b)
prevents a unique determination of plasma parameters.

An agreement between a numerical model and the results
obtained from the analysis of the PLS spectra is an im-
portant test for the model. Though the process of fitting
ion distribution functions to the PLS spectra is not unique
(i.e., the A/Z=16 component might be attributed either to
O% and S**.), general characteristics of the model param-
eters (e.g., the total number density and the partitioning
between (cold) iogenic and (hot) eurogenic plasma) should
match those of the fits. The poor quality of the fits to the D
cup currents may imply that significant electron feedthrough
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Fig. 2. Plasma ion spectra obtained by Voyager 2 near closest approach of the spacecraft to the planet: (a) 1979
190 2013:46.042 UT, at radial distance of 10.157 R, at centrifugal equator crossing; (5) 1979 190 2057:46.042
UT, at radial distance of 10.179 R ;, at centrifugal equator crossing; (c) 1979 190 2000:10.045 UT; radial distance:

10.290 Ry, 1.5 R below the equator.
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Fig. 2 (continued).

contamination occurs (Ralph L. McNutt, Jr., private com-
munication, 1993). It is obvious that any material of Eu-
ropan origin cannot be described simply by cold corotating
Maxwellian distribution functions.

We shall discuss below the various possible interpretations
of these findings, while bearing in mind that the hot tem-
perature profile shown in Figure 1a is the signature expect-
ed from pickup of water group matter from Europa whereas
the low temperature plasma observed near magnetic equator
crossings is consistent with the idea of adiabatically cooled
Io material.

MobDELING THE ToRrus

A planetary plasma torus is created by the effects of sun-
light, corotating plasma and energetic particle fluxes [Evi-
atar et al., 1978; Huang and Siscoe, 1987]. Its density, com-
position, and energy budget depend on the nature, composi-
tion, and strength of the source, radiative processes, atomic
and molecular reactions, and the radial diffusion coefficient.
If the source strength, transport rates, and reaction rates are
given, we can determine the relative importance of iogenic
and eurogenic matter.

In our model we include: (1) Sputtering of neutrals off the
surface of Europa by sunlight, corotating ions, and energet-
ic particles; (2) electron impact ionization and photoioniza-
tion; (3) dissociative ionization of neutrals by photons and
by electron impact; (4) charge exchange; (5) inflow by diffu-
sion of iogenic plasma; and (6) loss of ions by diffusive flow
and by collision with Europa. We use a ”zero-dimensional”
model similar to that which Richardson et al. [1986] used
to describe the Kronian tori: iftwocol
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where the following notation has been used: The sub-
scripts j and k denote individual species, the superscripts
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TABLE 1. Rates of Photoprocesses

Reaction Rate, s~! Reaction Rate, s~
H—-Ht 4+ e~ 2.7F-9 H,O —HT +OH 4+ ¢~ 4.8E-10
H, —H+H 1.26 E-9 HO0 - Ot + Hy + e~ 2.16E-10
Hy - Ht 4+ H 4 e~ 3.5E-10 H20 — H, Ot 4 e~ 1.24E-8
Hy - Hf +e” 2.0E-9 0; - 040 2.2E-9
0—=0t+4e 7.84E-9 Oy -0t 4+ 04 e 1.87E-9
OH— O+H 1.85E7 O = OFf 4 e~ 1.9E-8
OH — OHt 4+ e » 1.2E8 S—St4e— 4.07E-8
H,O — H+4 OH 3.8E-7 SO — SOt 4 e~ 3.2E-8
H, O —=-H2+0 5.0E-8 SO =+ S0z + e~ 4.07E-8
HO—-H+H+O0 2.2F-8 S0; — S 40, 2.15E-6
H,O0 — OHY +H+ e~ 2.0E9 S0; =+ S0+0 7.0E-6

Data are from Schmidt et al. [1988]. Read 2.7E-9 as 2.7x10~9. Photoprocesses
include ionization, dissociation and dissociative ionization of the nine neutral

species included in the model.

* Ionization rate of OH was set equal to that of H20.

(m,n),(m,t),(a,n), and (a,i) denote molecules, neutral and
jonized and atoms, neutral and iomized, respectively. The
superscripts (e + m,i) and (a 4+ m,n) imply that kis to be

summed over both atomic and molecular species. F ;m'")

and F J(a'") denote the total output of neutral molecules and

atoms from the satellite, I (3:%) i5 the input of ions of iogenic
origin, a; is the electron 1mpact ionization rate coefficient,

B, the electron impact dissociation rate coefficient, 17;‘) the
photoionization rate, ng-d) the photodissociation rate, 7("')

and 7(") the dissociative and dielectronic recombination
rates, respectively, op, the charge exchange cross section
between neutral p and ion g, v the relative velocity between
the reactants, NJ(p "D the total population of constituent j
which is of structure s = m or a and charge state ¢ = » or
1, n,(s,¢) = N,(s,¢)/V the density of constituent j, V the
volume of the Europa torus, n. is the electron density, 7 is
the transport loss time, and c is the collision frequency of
ions with the satellite. For each constituent, F is given by

F =nad%[J, +4 Z YexJEk +ver Z Yingt™]  (2)
% 3

where ag = 1560 km is the radius of Europa, vgcr =
105 km s™! the relative corotation speed at Europa orbit, J,
the rate of photosputtering by sunlight (1.6 x 10" cm™?s~1)
for H and OH [Harrison and Schoen, 1967], Jg the flux den-
sity of energetic particles which sputter matter from the sur-
face of Europa, taken as 6 x 10 cm™2s~! with 20% heavy
ions [Sieveka and Johnson, 1982]. The summation repre-
sents the flux density of corotating ions and the Y values are
the sputtering yields. Sputtering by energetic particles oc-
curs over the entire surface of Europa because of their large
gyroradii (hence the factor of 4), while the other factors af-
fect only one side. In order to include transport from Io in
the zero-dimensional equations (1), we parametrize the Io
input rate and the diffusion transport by means of I, and .
The basis of this parametrization is given in the appendix.
We use the Io torus ion partitioning at 8.25 Ry shown in Fig-
ure 1b (taken from Bagenal et al. [1992]) and a value of 5/3
for the ion average charge state (see results and discussion).
Following Bagenal et al. [1992], the Io source is assumed to
be composed of the ions O+,O++, st st+ g3+ Nat and
H*, in relative number percentage of 32.7, 41, 1.7, 13, 5, 3.3
and 3.3, respectively.

TABLE 2. Sputtering Yields Per Corotating Ion

Species Heavy Ions HT
H,O 9.5 0.6
(073 5.5 1.2
Ha 6 0
H 11 0

Data are from Bar-Nun et al. [1985].

Matter sputtered off the surface of Europa will differ in
composition and energy spectrum from lo torus matter. The
heavy component will consist of water vapor and molecular
oxygen. The escape fraction of the sputtered neutrals pro-
duced by cascade sputtering was estimated by Sieveka and
Johnson [1982] as 0.83, and we multiplied the yield values
by this factor. From the assumed energy partition of the es-
caping neutrals, one may estimate the half thickness of the
neutral particle torus of Europa as approximately Ar =1
Ry; the volume V of the torus is then V = 2xrg x w(Ar)?,
where rg is the orbital radius of Europa.

Molecular ions of iogenic origin (e.g., SO7 or S]) found by
Bagenal[1985] are unlikely to be found beyond the hot torus
because dissociative recombination times for these ions are
small compared to the transport time, and thus these ions
are not included in our model. logenic alkali ions such as
Na't and K*t [see McNutt, this issue] were included as sput-
terers but not in the atomic processes under consideration
in the model, since as their abundance is low.

The various rate coefficients used in the model are listed
in Tables 1 to 6.

The rate coefficients for the atomic and molecular pro-
cesses can be calculated from Arrhenius’ equation [Bond et
al., 1966]:

k=ax (l)l8 exp(—v/T) cm®s™! 3)
300 ’

where T is the electron temperature at Europa’s orbit in
kelvin. Since the bi-Maxwellian electron distribution has a
core component at 26 eV and a suprathermal halo at 1200 eV
[Sittler and Strobel, 1987], Tables 3 and 4 list the «, 8, and
v coefficients and the rate coefficient at both temperatures.
For charge exchange (Table 5), a temperature of 1 keV was
used in Arrhenius’ equation for the ioms.

In cases of an inconsistency among the published reaction
values of the same process, we chose our value according
to the following criteria: first priority was given to a graph
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TABLE 3. Rates of Electron Impact Dissociation, Ionization, and Dissociative Ionization

Reaction o 8 ¥ k(26 eV)  k(1.2keV) Ref.
H+ e~ — HF + 2¢~ 1.8E-8 2.8E-8 1
Hy+e  —H4+H+e™ 3.22E9 0.35 102000 2.58E-8 1.4E-7 2
Hy + e~ —» Hf 426~ 2E-8 4E-8 3
H, + e~ — HY + H + 2¢- L1E7 6E-8 3
O+ e~ = OF 4 2¢— 3.9E8 8E-8 1
Ot +e= = O+ 2~ 5E-9 3E-8 1
OH+e~ - O+H+e™ 1E-8 2.02E-7 *
OH + ¢~ — OHt + 2¢~ 2E-8 7.2E8 *
HyO+ e~ - Hy+ 0+ e~ 9.43E-10 0.5 81234  2.28F-8 2.02E-7 4
HO+e~ —OH+H4 e~ 9.43E-10 0.5 59301 2.45E-8 2.02E-7 4
H20 4+ e~ — H,0F 4 26— 2E-8 7.2E-8 3
HoO+ e~ = HY + 0 426~ 6E-11 1.2E-9 3
HoO 4 e~ — o} +Hp +2e— 6E-11 1.8E-9 3
HO 4+ ¢~ — OHt + H 4 2¢~ 3E-9 1.8E-8 3
H0+ e~ — Ht + OH + 2¢~ 1.2E-9 2E-8 3
O2+e~—=04+0+¢~ 9.43E-10 0.5 59417 2.45E-8 2.02E-7 4
Oz 4+ e~ = OF 26~ 2E-8 1.6E-7 5
Oz +¢= —OF +0+2¢- 2.4E-9 6E-S 5
S+e~ =St +2¢- 1.6E-7 1E-7 6
St 4 e~ =S+t £ 2e~ 2E-8 2E-8 6
St+ 4 e— — 83+ 4 26 7E-9 1E-8 6

Read 3.22E-9 as 3.22x107°. 1, Lotz [1967); 2, Millar et al. [1990]; 3, Kieffer [1969]; 4,
Schmidt et al. [1988]; 5, Banks and Kockarts [1973]; 6, Brown et al. [1982]. The o, 8, and
« are coefficients of Arrhenius’ equation, The calculated rates are given for both thermal and
suprathermal electrons. Rates are in cm3s™1,

» Ionization rate of OH was set equal to that of HzO.

TABLE 4. Rates of Recombination

Reaction o ] 5 k(26 eV) F(1.2keV)
Hf + e~ = H 3.5E12 -0.75 0 1.96E-14 1.1E15
Hi +e-—=H+H 9.8E9 -05 0 3.1E-10  4.55E-11
HY + e~ = H; 2.25E-7 -0.4 0 1.4E-8 3.06 -9
0F +e= =0 « 4E12 5E-14

Ott 4 e= = 0Ot « 1.5E-11 1E-13

OHt + e~ > O+H 7588 -0.5 0 2.37E-9  3.48E10
H,Ot + e~ = OH+H 2E7 -0.5 0 6.31E9  9.20E-10
Hy,0t + ¢~ = O+ H; 2E-7 -0.5 0 6.31E9  9.20F10
Of+e- =040 1.95E-7 -0.7 0 1.54E-9 1.06E-10
03 +e~ =03t 4F-12 -0.7 0 3.17E-14
H30t + e~ = H;O+H 3.5E7 -0.5 0 1.1E-8 1.63E-9
H30t + e~ — OH+H, ¢t 2.348-7 -0.5 0 7.4E-9 1.0E-9

Hz;O0t +e~ - OH+H+H 65E7 -0.5 0 2.05E-8 3.02E-9
H} +e-—-H,+H 1.1E11 -0.5 0 347E13 5.11E14
Hir +e~—-H+H+H 11E11 -0.5 0 347E13 5.11FE14
OHt + e~ =034+ H 3E-7 -0.5 0 9.47E-9 1.39E-9
St4+e~ =8 x 7E-12 5E-14

Sttt 4+ e~ — St « 3E-11 1F-13

83+ 4 o= = STt 1E-10 2E-13

SOt +e~ =S40 2E-7 -0.5 0 6.31E-9 9.29E10
Sf+e —S+8 2B7 -05 0 631E9 9.29E10
SOt + e~ = S0+S 1E7  -0.5 0 3.1E9  4.64E-10
HS?" +e- —=S+H 2E7 -0.5 0 6.31E9  9.29E-10
H,St+e~ =S+H+H 1.5E-7 -0.5 0 437E9 6.97E-10
H,S* + e~ —HS+H 1567 -0.5 0 437E9 6.97E-10
HSOt + e~ —SO+H 2E-7 -0.5 0 6.3159 9.29E10
SoHY + e~ =S, +H 1587 -05 0 437E-9  6.97E-10
SoHY + e~ - HS+ S 1.5E7 -0.5 0 437E9 6.97E10
HSO} + e~ = SO, +H 2E-7 -0.5 0 6.31E9  9.29E-10
Hsogf +e~—=SO0O+H+0 1E-7 -0.5 0 3.1E9 4.64E-10
HSOEL + ¢~ — S0+ OH 1E-7 -0.5 0 3.1E9 4.64E-10

%qta]are from Millar et al. [1991]. Read 3.5E-12 as 3.5x10~!2. Rates are in
cm®sT .

» Brown et al. [1982].

t Schmidt et al. [1988].



TABLE 5. Rates of Charge Exchange

Reaction a B ¥ k(1 keV)
HY + H- HY 2520 1 0 7.7E-16
Ht +H—- H+HY « 3.5E-8
Ht +0—=H+ 0Ot 7E10 0 232 7E-10
Ht + OH — OHt + H 219 O 0 2.1E9
H* + H, - H+H} 1E10 0 21200 1E-10
H* + H,0 — H + Hyo0t 82E9 0 0 8.2E-9
H* 4+ 0, - H+ 0O} 1.17E9 0 0 1.17E-9
Ht+S—>S+t+H 1389 0 0 1.3E-9
H* +S0 - 80t 4+ H 3.2E9 0 0 3.2E9
H+ +8, =S} +H 3B9 0 0 3E-9
H} + H— H; + Ht 6.4E10 0 0 6.4E-10
HY +H, — H} +H 208629 0 0 2.08E-9
HY + Hy = Ho +HY t 36E9 0 0 3.6E9
H?"+O—>OH+ +H 1E9 0 0 1E-9
H?" + OH — OHt 4+ H, 76E10 0 0 7.6E-10
Ha' + OH — H,O0t +H 76E10 O 0 7.6E-10
H?" 4+ H,0 = HsOt +H 34E9 0 0 34E9
H?* 4+ H,0 - H,Ot+H, 39E9 0 0 3.9E9
H?" + 02, — H+ OzHt 1959 0 0 1.9E9
Hy +0; = Hy +0F 8E10 © 0 8E-10
H?" +H,0 - H;O0t+H, 59E9 0 0 5.9E-9
H1 4+ 0 — OHt +H, 8E-10 O 0 8E-10
Hi + OH — H,0% + Hy 1369 0 0 1.3E-9
Hi + 0 = O2HT + H; 5E-9 0 150 5E-9
Ha' + S —HS* + H, 26E9 0 0 2.6E-9
HY 4+ SO — HSO* + H, 1989 0 0 1.9E9
Har 4 S; — S;Ht + H, 2089 O 0 2.0E9
HY +50; — HSOZ H, 1389 © 0 1.3E-9
01 +4H-H+4+0 68E10 O 0 6.8E-10
O+t +H, - OHt+ +H 1769 0 0 1.7E-9
oOt4+0—-0+0t ¢ 1.8E8
0t +OH— OH* 4+ 0 3.6E-10 0 0 3.6E-10
Ot + OH — HY + 0, 36E10 0O 0 3.6E-10
Ot +H,0 — H,0t 4+ 0 32810 0 0 3.2E-10
0t 40, = 0§ +0 19611 0 0 1.9E-11
0+t 4580, — O} + 50 8E10 © 0 8E-10
OHt 4+ H; — H,0% + H 10189 0 0 1.01E-9
OH+ 4+ OH — H,0F + 0 7E10 0 0 7E-10
OHt +0— 0} +H 71E10 0 0 7.1E-10
OHt +H;,0 - Hz3Ot+0 13E9 0 0 1.3FE-9
OH* + H,0 — H,0t + OH 1.59E9 0 0 1.59E-9
OH* + 0, — O} + OH 59E10 0 o 5.9E-10
OHt + S~ S+ 4+ OH 43E10 O 0 4.3E-10
OHt+ 48— SOt +H 43E10 0O 0 4.3FE-10
OHt +S—HSt + 0 43E10 O 0 4.3E-10
H,0* +H, = Hz;0*+H 83E10 O 0 8.3FE-10
H,O0t +0 =0} +H; 4E11 0 0 4E-11
H,0t +OH - H30t + 0 6.9E10 O 0 6.9F-10
H,0t +H,O —+ H30t 4+ OH 21E9 0 0 2.1E-9
H,0t +0, - O0F +H,0 43E10 0 0 4.3E-10
H,0% + 8 — 8t 3+ Hy0 43E10 © 0 4.3F10
H,0% +S — HSOt +H 43E10 © 0 4.3F-10
H,Ot +S — HSt 4+ OH 43E10 O 0 4.3E-10
H30% 4+8S; = SoHY +H,O0 2.0E9 0 0 2.0E-9
oif +0; -0, +07 § 1.3E-8
01 +Hy; - OHt 4+ H || 2.5E-9
OF+S—=st+0,; 54E10 0 0 5.4E-10
O +s—sot+o0 54E-10 0 0 5.45-10
O,Ht + O — OH + 02 62510 0 0 6.2E-10
OHt 4+ S — HSt 4+ 0, 1.1E9 0 0 1.1E9
O,Ht +H; - HY + 0, 64E10 O 0 6.4E-10
O,H* + OH — H,01t +0, 6.1E10 0 0 6.1F-10
O,Ht + H,0 — HzOt + O, 82E10 0O 0 8.2E-10
St4+0;, -0t 4+S0 ¢ 2E-11 0 0 2E-11
St 4+0, S0t +0 1.5E11 0 0 1.5F11
s+ +H, - HST +H 11F10 0 9860 1.1E-10
s+ + H, — H,S% 1E-17 0 0 1E-17
S+ +OH - SOt + H 6.1E10 o0 0 6.1E-10
SO} + H, — HSOF +H 1711 0 0 17E11
so¥ + 0, — 0} +50; 25E10 0 0 2.5E-10
HSZL +H St +H,; 1.1E-10 0 0 1.1E-10
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TABLE 5. (continued)

Reaction o 8 v k(1keV)
HS* + H, — H,ST +H 2E-10 0 6380 2E-10
HSt + H; — H3St 2.4F16 -0.8 0 3.2E19
HSt+ 0 —=8S0++H 29F10 O 0 2.9E-10
HSt + 0 — S+ + OH 2910 O 0 2.9E-10
HSt + HoO — H3;0t 4§ 78E10 O 0 7.8E-10
HS* +S — S+ 4+ HS 9.7E10 O 0 9.7E-10
H,S* + H — HSt + H, 2E-10 0 0 2E-10
H2S*+ + Hy, — HaSt +H 6E-10 0 2900 6E-10
H;St + O — HSt+ + OH 3.1E10 O 0 3.1E-10
H;St + 0 — SOt + H, 3.1F10 O 0 3.1E-10
H,S* + H,O — H301 4+ HS 81F£10 O 0 8.1E-10
H3S* +H — H,St + Ho 6E-11 0 0 6E-11
S;Ht + HpS — HaSt + 8, 29E10 O 0 2.95-10
HSOF + H,0 - H30t +S0; 2.13E9 0 0 2.13E-9

Data are from Millar et al. [1991]. Read 2E-20 as 2x10~2%. Rates are

in cm3s—1.
*x Newman et al. [1982].
t Massey and Gilbody [1974).
1 Stebbings et al. [1964].
§ Banks and Kockarts [1973].
§ Fehsenfeld et al. [1967].
|| Schmidt et al. [1988].

TABLE 6. Steady State Densities of the Torus Model

Case a Case b Case ¢ Case 4 Case e
Dg, R5 71 4x 10~ % 4x 10~% 4x 10 ¢ 4x 101 2% 10~ %
Io’s source
strength, amu/s 6 x 102%° 6 x 10%° 3 x 10%° 1.2 x 1030 6 x 10%°
Energetic particles
flux, cm=2 s~1 6 x 10° 1.2 x 10° 6 x 108 6x 108 6 x 108

Neutral Species
H 13.6 (0) 20 (0) 20 (0) 10 (0) 9.6 (0)
H, 0.4 (0) 0.6 (0) 0.5 (0) 0.3 (0) 0.3 (0)
o] 5 (0) 7.4 (0) 7 (0) 3.5 (0) 3.3(0)
0. 1.5 (0) 2.4 (0) 2 (0) 1 (0) 1 (0)
OH 1.3 (0) 2 (0) 1.6 (0) 1 (0) 0.9 (0)
H,0 1.3 (0) 2 (0) 1.6 (0) 1(0) 1(0)
Major Ion Species
H 3.5 (1.3) 4.7 (1.3) 2.4 (0.7) 5.8 (2.6) 9 (2.6)
o+ 15 (12.6) 16 (12.6) 8.3 (6.4) 27 (24) 28 (23)
ot+t 17.1 (16.9) 17.1 (16.9) 8.4 (8.4) 34.9 (34.7)  37.5 (36.3)
of 0.3 (0) 0.5 (0) 0.2 (0) 0.4 (0) 0.8 (0)
o+ 0.2 (0) 0.4 (0) 0.2 (0) 0.4 (0) 0.7 (0)
H,0t 0.2 (0) 0.3 (0) 0.2 (0) 0.3 (0) 0.5 (0)
s+ 0.6 (0.6) 0.6 (0.6) 0.3 (0.3) 1(1) 0.8 (0.9)
s++ 5 (5) 5 (5) 2.5 (2.6) 9.7 (9.8) 9 (9)
g3+ 2.3 (2.3) 2.3 (2.3) 1(1) 5 (5) 6 (6)
Nat 1.3 (1.3) 1.3 (1.3) 0.7 (0.7) 2.6 (2.6) 2.6 (2.6)
Minor Ion Species

H;; 0.06 (0) 0.09 (0) 0.05 (0) 0.07 (0) 0.13 (0)
Hj 5-1078 (0) 1-10~% (0) 5-107%(0) 4-107%(0) 2-1073(0)
H3z0+% 1-10—% (0) 3.10—% (0) 1-10~* (0) 1-107% (0) 3.10~* (0)
O;Ht 4.1075(0) 1.107* (0) 5.107%(0) 4-1075(0) 1-10~* (0)
so+ 4.1075(0) 7-1075 (0) 3.1073(0) 6-10-5(0) 8.10-5 (0)
HS+ 2.1078 (0) 3.10-¢ (0) 2.10%(0) 3.107%(0) 4.10-%(0)
N,- 75 (70) 78 (70) 40 (36) 145 (137) 156 (140)
Nion 45 (40) 48 (40) 24 (20) 87 (80) 95 (80)
Europa's source
strength, ions/s 2x10%7 (0) 3.4x10%7(0) 1.7x10% (0) 3x10% (0) 3x10% (0)

Densities are in cm™3.

given in parentheses.

Case @, normal parameters characteristic of Europa’s environment. Case
b, enlarged energetic particle flux. Case ¢, reduced iogenic corotating flux. Case d, enlarged iogenic
corotating flux. Case e, reduced transport rate. The number densities for the case of no Europa are
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presenting the measured quantity versus the incident energy
of the electrons or ions, as in Kieffer [1969], and if two or
more different sets of Arrhenius’ coefficients were given, we
chose the most recent of them. Millar et al. [1991] summa-
rized rate coefficients of 2880 gas—phase reactions among
313 species involving 12 elements for use in astrochemical
models; part of this data was used in our model.

Equations (1) were solved numerically by starting with an
empty magnetosphere, turning on the sources and sinks and
integrating the equations over time until (after some 50-100
days) the number density of all the species reached steady
state. For comparison, we run the model with no Europa
source to determine what the plasma conditions would be
without Europa.

REsULTS AND DiscussioN

The steady state densities calculated for various transport
rates, iogenic corotating flux and energetic particle flux are
shown in Table 6. In order to study the sensitivity of the
model to the input parameters, five different sets of input pa-
rameters were used. Parameters characteristic of Europa’s
environment are presented as case a. In case b the energet-
ic particle flux was enlarged by a factor of 2. The iogenic
corotating flux was multiplied and divided by 2 in cases ¢
and d, respectively. The influence of the transport rate was
examined by reducing it by half in case e. For each set of
results the number densities which result if there were no
Europa source are given in parentheses.

Pickup oxygen ions at 9.4 R; would fill a shell in phase
space at & 874 eV and would not be resolved in the PLS
spectra. Spectra not near the magnetic equator have low
count rates with no distinct current peaks indicative of a
tenuous, hot plasma. During equator crossings, additional
well resolved Maxwellian spectra are observed, as shown in
the spectra in Figures 2a and 2b. The common cold tem-
perature of these ions and the presence of high— ionization
states and alkali ions are consistent with transport from the
Io’s orbit over a timescale long enough for thermalization to
occur. (We note that the question of whether plasma trans-
port from Io outward is adiabatic or whether heating occurs
remains an outstanding issue [Abe and Nishida, 1986].) The
need, dictated by the shape of the spectrum, to place an ion
between those of mass-to-charge ratios of 16 and 23 raises
the question whether it is a local water group ion, H,O* or
OH* or another ion such as doubly ionized potassium. The
resolution of the PLS instrument along with the possibility
of nonzero spacecraft potential, does not allow us to differ-
entiate uniquely between adjacent values of mass-to-charge
ratios such as 17, 18, and 197 which might be ascribed to
OH*, H,O%, and K** respectively. We refer the reader to
the companion paper by McNutt [this issue] for the physical
considerations of why this peak should be associated with
doubly ionized potassium.

Our calculated values of the parameters which are char-
acteristic of Europa’s environment are presented as case a
of Table 6 and as shown in Figure 4. An interesting re-
sult of the model comes from the comparison between the
number densities of the ions with and without Europa. A
neutral cloud of water fragments with a density greater than
20 molecules per cm®, none of which would exist without the
sputtering process, is immersed in the torus plasma. With or
without Europa source, the density of sulfur and alkali met-
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Fig. 4. Calculated composition distribution at Europa's orbit
for case a.

al ions is the same; a Europa source causes the total density
to increase from ~ 40 to ~ 50 cm™ due to the enhancement
of the water group ion plasma from Europa. Thus the con-
tribution of Europa, while insignificant in comparison with
the Io torus source, nonetheless affects the plasma composi-
tion locally. This is consistent with the results of Bagenal et
al. [1992], which show that oxygen to sulfur ratio increases
outside the hot torus, consistent with a Europa source.

During the parameter study the following results were
found:

1. Photo-sputtering is an insignificant process. It con-
tributes at most one half of one percent to the number den-
sity of certain species such as OH and OH*.

2. Elimination of the atomic processes occurring in the
Europa torus increases the neutral cloud of water fragments
by two orders of magnitude, leaving the ion densities and
partitioning almost unchanged.

3. A change in the energetic particle flux causes only a
slight change in the water-group neutral and ion number
densities. It does however affect Europa’s source strength
since the sputtering rate is also changed. This is due to the
overwhelming effect of the transport.

4. Changing the Io’s source strength by a factor of two
leads to almost similar changes in the number densities and
to a smaller effect in Europa’s source strength.

5. An increase (decrease) in the transport rate is al-
most equivalent to a decrease (increase) in the Io’s source
strength.

Sieveka and Johnson [1982] computed the Europa source
rate to be 8 x 10%® s™1, as was previously estimated by John-
son et al. [1981]. Our model, which includes sputtering
caused by both corotating iogenic thermal plasma ions and
radiation belt particles, gives a source strength ~ 2.5 times
greater. The sputtering yields used here for perpendicular
incidence to the surface [Johnson et al., 1989]. The yields
(and thus the source strength) are enhanced for nonnormal
incidence.

Particles originating at Europa diffuse inward as well as
outward, and it is of interest to ask if they can make a
significant contribution to the resolution of the Io energy
crisis discussed by Shemansky [1988] and by Smith et al.
[1988]. If the pickup energy is 1 keV and the source strength
is as given in Table 6, the power added to the Io torus,
including adiabatic heating, would be ~ 3 x 10* W if all
particles reaches the torus. In fact, only 10% of them will
diffuse inward, so Europa will not greatly affect the energy
balance of the Io torus.

The degree of ionization in the plasma can be obtained
by dividing the total ion number density by the total charge
(electron) density. Typical values for the warm and cold
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Io tori are ~ 4/3. The degree of ionization increases to ~
5/3 in the outer regions of the warm torus, which may be
understood in light of the local enhancement of suprather-
mal electron flux in this region as reported by McNutt et al.
[1990].

As might be expected, the results are sensitive to the
transport rate and plasma temperature. Early estimates
[Eviatar et al., 1985] predicted that there would be no Eu-
ropa torus because the ions would be swept away in the rapid
outwash of the Io matter. Reducing the transport rate from
4x107™* R;%s™ 1 to2 x 107* R;2s7? (case ¢), increases the
total number density to ~ 100 cm™2, which contradicts ob-
servations. A higher transport rate (8 x 10~* R;*s™") re-
duces the total number density (which includes the iogenic
ions) to ~ 20 cm™®, much less than the observed values.
Since the source strength and diffusion rate are both obser-
vationly constrained (determined by Io torus) the calculated
densities appear quite reasonable.

One might ask why the ratio of HsO% to HoO% is as low
as 5 x 10™%, whereas in a cometary coma H30% is the most
abundant jon within 20,000 km of the nucleus [Balsiger,
1990]. The main reactions with which HsO% is involved
and their rate coefficients (in units of cm®s™!) are

H,O0t + H,O — HsOY +OH k=21 x10"°

HsOt +e~ — OH+H+H 47 =2.05x10"°
HsOt +e- —H,O4+4H  42=11x10"%
HiOt +e~ —OH4+H, y3=74x10"° (4)

For a Europa collision frequency of ¢ = 2.4 x 10~%s~! and
a transport rate of % =1 x 107 57! the rate equation

dng o+
dt
1

- ;+c+(‘¥1+‘72+‘)’3)><ne] X B o0+ (5)

=kx NH,0 X NH,0+

gives for steady state the ratio:

TH0+ _ k X nu,0
o+ (Mt 12+78) Xxne+ (2 +¢)

~2x107* (6)

where the electron and the neutral water densities are 75
and 1.3 cm™2, respectively, according to the results of case
a. Despite the neglect of atomic interaction with the oth-
er ions and neutral species, this value is close to the model
ratio, which indicates that reactions (4) are the most signif-
icant processes in the plasma. This insignificance of H;O%
(in contrast to cometary comea) is a result of the large disso-
ciative recombination rate and the low abundance of neutral
water molecules.

CONCLUSIONS

Matter sputtered off the surface of Europa differs in com-
position and energy spectrum from Io torus matter. If ion-
ized by electron impact ionization near Europa, molecular
ions will have very broad energy spectra and thus should be
distinguishable from the cold matter that has diffused out
from the Io torus. Both PLS spectra and the model results
show a partitioning of ~ 40 (cold) ions per cm® of o origin
and 5-10 (warm) ions per cm®, presumably of Europa origin.

We have shown that a Europa source results in an en-
hancement of the total abundance of oxygen-bearing con-
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stituents. If we bear in mind that the creation of most
O** takes place in the outer reaches of the Io torus, where
suprathermal electrons were observed [McNutt et al. 1990],
we can explain the nonsimilarity in the sulfur and oxygen
abundance reported by Bagenal et al. [1992].

If we ignore Europa’s contribution to the plasma en-
vironment we are led to a picture contrary to observa-
tion. We must therefore conclude that Europa’s surface
is sputtered by iogenic matter and is, therefore, a source
of magnetospheric plasma. If there were no effective Eu-
ropa source, no intensification would have be observed in
the abundance of oxygen ions and their profile would re-
semble that of iogenic sulfur. The survival of eurogenic wa-
ter group ions will depend on the transport rate. We have
shown that the transport rate at Europa orbit must satisfy
5x107° < 1/7 <2 x 107°s™* in order that densities com-
parable to those observed be derived by the model. This
rate is not consistent with L® diffusion and the observed
transport rate at Io. Siscoe et al. [1981] point out that the
strong gradient in flux tube content on the outside ledge of
the warm torus implies the diffusion exponent is as large as
12. Thorne [1983] shows that this value of the exponent fits
the Armstrong et al. [1981] observations of the intermediate
energy particles (magnetic moment of 70 MeV/G) very well.
Although Europa’s contribution to the total plasma content
is small compared to that of the Io torus, it has an effect on
the local plasma composition. From the model, we estimate
Europa’s source strength as 2 x 102" molecules per second
(case a).

Huang and Siscoe [1987] have classified Europa’s torus as
heterogenic and heterotropic, that is, generated by sputter-
ing from an external source with a transport mechanism
externally imposed. We have demonstrated that the strong
diffusion induced by the iogenic plasma inhibits the growth
of the Europa torus and prevents it from reaching densi-
ties comparable to those of the Io torus. In the absence of
a strong Io source, the transport rate would be lower, and
would result in a denser and larger Europa torus. Trans-
port might then become autotropic, that is, self-driven and
self-limiting.

Had the SWICS instrument of Ulysses [Geiss et al., 1992]
been operative at the equatorial plane, it might have differ-
entiated iogenic potassium ions from lighter Europan water
group ions. Since the scale height of pickup water ions is
much larger than that of cold iogenic potassium (6.7 Rs
compared to 0.33 R;), any intermediate A/Z ions detect-
ed by Ulysses far from the plane will be associated with
the presence of the Europa plasma source. Indeed, a ten-
tative identification of water group ions is made by Geiss
et al. [1992] on the basis of preliminary Ulysses data anal-
ysis. Further analysis of data from Ulysses and from the
forthcoming Galileo encounter is expected to provide an ul-
timate resolution of this question. We expect the Galileo
spacecraft to find, either by means of observation of UV
emission or by using a mass spectrometer, a neutral cloud
of hydrogen, oxygen, and water molecules at the orbit of Eu-
ropa. The plasma instrument will measure a small increase
of ~ 10% in the local number density (attributed mostly
to water group ions) and a small reduction in the joniza-
tion state at that location. A residual Europa atmosphere
is a most speculative idea but certainly worth examining (by
occultation techniques).
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APPENDIX: RELATION OF TRANSPORT AND SOURCE
TERMS TO THE DIFFUSION COEFFICIENT
Equations (1) in the text are formulated in terms of the
total content N of the various species within the volume V'
of the Europa torus. Plasma flow into and out of the volume
is represented by the diffusion term

19 d (nh

75 205 (5)]
where D is the diffusion coefficient assumed, for simplicity,
to vary as a power law in the radial distance r,

p=ps (=)

TE
where Dg and rg are the values at the orbit of Europa, n
is the equatorial number density (related to N of equation
(1) by n = N/V), h is the scale height of the torus along
the magnetic field and B oc 72 is the equatorial magnetic
field strength. We wish to approximate the term (A1) by

the simple forms of equation (1), I for plasma input from
the Io torus and —N/r for plasma loss.

(A1)

(A2)

Evaluation of r

We consider first only the contribution of plasma from
within the volume of the Europa torus, rg — Ar < r <

rg + Ar. We define £ = r — rg and write (in the steady
state limit)
62
DE82+Q—0 —Ar <z < Ar (A3)

where @ represents all the local nontransport source and
loss terms of equation (1) and Ar < rg has been used to
neglect all variation of D, r, B and k in (Al). Equation
(A3) has the solution

1Q

n=———=71 +C1$+Cz

2Dg (A4)

where C; and C; are integration constants. The total diffu-
sive flux at a given distance r is given by

§=-2xrBD o ("") (A5)

B
and the difference between the values of S at r = r + Ar
(outward of the source, Sout) and r = rg — Ar (inward, Sin)
determines C; from (A4) we obtain the following relations:

Sewt = 27REQAr—C*

Sn = —27ReQAr-C" (46)
where C* = 2xrg DgC1. If we define ¢ as the ratio of inward
to total flux,

€ = _Sin
- Sout - Sin ’

then equation (A6) becomes

Sout = 27rg QAT(2 - E)

Sin = -—-e2rrgQAr (A7)
The loss time 7 is evidently defined by

Qr = =

Qr = Ci-igf(ary (A8)
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where 7 is the value of n averaged over the interval —Ar <
z < Ar. The value of C; is fixed by matching (A4) to
solutions of the diffusion equation in the external region r >
rE + Ar. Since there are no sources in this region, S, which
is given by (A5) is constant and must be equal to Sou¢ which
is given by (AT7). For D given by (A2) the solution for n in
the region r > rg is:

-2

B
n(r) F3out _',f dz ¥

2rDph
n(r) 2—11931;7 log ( )
n(r)

3 ,. v—3
21rDEh = [('E' 'ﬁ') ] v#3
(A9)
where R is the distance at which » = 0. Equating n(rg) to

v=23

7 gives Cz; to lowest order in %, the result is
1 Dg
= Tl (A10)
where ) ( )
i = (1-—¢)log v=3
R (A11)
E = v—3 174 95 3

and the factor £ may be regarded as of order unity. The
value of € must be assumed to be very small; the flux Sy
of Europa—generated plasma is also constant for r < rg
and hence equal to its value at r = 6 Ry, but for r < 6 R,
diffusion is generally assumed to be extremely weak.

Evaluation of I

We now consider only the contribution of plasma coming
from the Io torus. With all the Europa-related and non-
transport terms neglected, equation (1) in the steady state
limit can be reduced to:

(A12)

43

I
| %
where n is to be taken as the density at r = rg produced by
diffusion from an Io source of strength S and 7 is defined by

(A8). The value of n is now given by a solution identical to
(A9) except for the replacement of S,u: by S:

£
S 'E v=2
2xDgh /1 dz e

Combining (A13) with (A8) and recognizing that the same
integral occurs in both, we obtain

IS
V ~ dxrghAr(1—¢)

n(rg) = (A13)

(A14)
For reasons already stated, ¢ may be neglected.
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