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Abstract

On January 14, 2001, shortly after the Cassini spacecraft’s closest approach to Jupiter, the Ultraviolet Imaging Spectrometer (U
a radial scan through the midnight sector of Io plasma torus. The Io torus has not been previously observed at this local time. The
consist of 2-D spectrally dispersed images of the Io plasma torus in the wavelength range of 561–1912 Å. We developed a spectra
model that incorporates the latest atomic physics data contained in the CHIANTI database in order to derive the composition of the toru
plasma as a function of radial distance. Electron temperatures derived from the UVIS torus spectra are generally less than those obs
during the Voyager era. We find the torus ion composition derived from the UVIS spectra to be significantly different from the com
during the Voyager era. Notably, the torus contains substantially less oxygen, with a total oxygen-to-sulfur ion ratio of 0.9. The av
charge state has increased to 1.7. We detect S(V) in the Io torus at the 3σ level. S(V) has a mixing ratio of 0.5%. The spectral emiss
model used can approximate the effects of a nonthermal distribution of electrons. The ion composition derived using a kappa distributio
electrons is identical to that derived using a Maxwellian electron distribution; however, the kappa distribution model requires a highe
column density to match the observed brightness of the spectra. The derived value of the kappa parameter decreases with radial
is consistent with the value ofκ = 2.4 at 8RJ derived by the Ulysses URAP instrument (Meyer-Vernet et al., 1995). The observed
profile of electron column density is consistent with a flux tube content,NL2, that is proportional tor−2.
 2004 Elsevier Inc. All rights reserved.

Keywords: Jupiter; Magnetosphere; Ultraviolet Observations; Spectroscopy; Io
er’s

situ
and
from
char
the

w by
is-
the
turn

ruc-

of
ld).
nse
f
half
nd,
er-
gh
UV

rons

the
,
95)

sma
1. Introduction

The Io plasma torus is a dense (∼ 2000 cm−3) ring of
electrons and sulfur and oxygen ions trapped in Jupit
strong magnetic field, produced by the ionization of∼ 1 ton
per second of neutral material from Io’s atmosphere. In
measurements of the Io plasma torus from the Voyager
Galileo spacecrafts and remote sensing observations
the ground and from space-based UV telescopes have
acterized the density, temperature and composition of
plasma as well as the basic spatial structure (see revie
Thomas et al., 2004). Extensive measurements of torus em
sions made by the Ultraviolet Imaging Spectrograph on
Cassini spacecraft as it flew past Jupiter on its way to Sa

* Corresponding author. Fax: +303-492-6946.
E-mail address: steffl@colorado.edu (A.J. Steffl).
0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.04.016
-

allow us to further examine the spatial and temporal st
ture of the plasma torus.

On ionization, fresh ions tap the rotational energy
Jupiter (to which they are coupled by the magnetic fie
Much of the torus thermal energy is radiated as inte
(∼ 1012 W) EUV emissions. The∼ 100 eV temperature o
the torus ions indicates that they have lost more than
of their initial pick-up energy. Electrons, on the other ha
have very little energy at the time of ionization and gain th
mal energy from collisions with the ions (as well as throu
other plasma processes) while losing energy via the E
emissions that they excite. As a result, the torus elect
have an average thermal energy of∼ 5 eV, although in situ
measurements indicate that the velocity distribution of
torus electrons has a supra-thermal tail(Smith and Strobel
1985; Frank and Paterson, 2000; Meyer-Vernet et al., 19.

Analysis of torus emissions provides estimates of pla
density, composition and temperature(Brown et al., 1983).

http://www.elsevier.com/locate/icarus
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Models of mass and energy flow through the torus can
be used to derive plasma properties such as source stre
source composition, and radial transport timescale (se
view by(Thomas et al., 2004; Delamere and Bagenal, 20
Lichtenberg et al., 2001; Schreier et al., 1998). Thus, one
aims to relate observations of spatial and temporal va
tions in torus emissions to the underlying sources, lo
and transport processes. Towards this ultimate goal
present an analysis of observations of the Io torus mad
the Cassini spacecraft’s Ultraviolet Imaging Spectrograp
(UVIS) on January 14, 2001, with emphasis on determ
ing the radial structure. In a companion paper(Steffl et al.,
2004), hereafter referred to as paper I, we present exam
of the EUV spectra of the torus and its temporal varia
ity as observed during the full 6-month encounter per
Analysis of the temporal structure of the torus is presen
in Delamere et al., 2004.

2. UVIS data

UVIS consists of two independent, but co-aligned, sp
trographs: one optimized for the extreme ultraviolet (EU
which covers a wavelength range of 561–118 Å and
other optimized for the far ultraviolet (FUV), which covers
wavelength range of 1140–1913 Å(McClintock et al., 1993
Esposito et al., 1998, 2004). Each spectrograph is equipp
with a 1024× 64 pixel imaging microchannel plate detect
UVIS pixels are rectangular, and subtend an angle of 1 m
in the spatial dimension (i.e., along the length of the s
and 0.25 mrad long in the spectral dimension (i.e., along
dispersion direction). Images are obtained of UV-emitt
targets with a spectral resolution of∼ 3 Å FWHM, roughly
a factor of ten increase in resolution over previous UV sp
trographs sent to Jupiter. The spectral range and resoluti
the instrument and the extended observation period res
in the creation of a unique and rich dataset of the Io pla
torus in the extreme and far ultraviolet.

2.1. Observations

The data used in this analysis were obtained from a si
observational sequence that began at 12:04:25 UT on J
ary 14, 2001. This data represents only a small fractio
the total observations of the Io plasma torus made by UV
a general summary of the UVIS Jupiter encounter dat
can be found in paper I. The data consist of 39 spectr
dispersed images of the Io torus, each with an integra
time of 1000 seconds. During the observation period
moved from near western elongation to 0.4RJ (jovian radii)
east of the planet, as seen from Cassini. By maintaining a
constant angular offset of 21.1 mrad from Io, the cente
the UVIS field of view was scanned radially inwards fro
10.4 to 4.3RJ. A listing of observational parameters for t
data analyzed in this paper is provided inTable 1.
h,
-

f

-

Table 1
Observational parameters

Date Time (U.T.) Ra λIII
b

14 JAN 2001 16:31:04 8.84 252
14 JAN 2001 17:04:24 8.51 272
14 JAN 2001 17:37:44 8.14 292
14 JAN 2001 18:02:44 7.85 308
14 JAN 2001 18:19:24 7.66 318
14 JAN 2001 18:36:04 7.46 328
14 JAN 2001 18:52:44 7.25 338
14 JAN 2001 19:09:24 7.03 348
14 JAN 2001 19:26:04 6.82 358
14 JAN 2001 19:42:44 6.60 8
14 JAN 2001 19:59:24 6.38 18
14 JAN 2001 20:16:04 6.16 28

a Projected radial distance to center of UVIS entrance slit inRJ.
b System III longitude of torus ansa.

Cassini’s closest approach to Jupiter occurred on Dec
ber 30, 2000, so the spacecraft was well within the d
sector when it made these observations. The local tim
the observed torus ansa was approximately 01:50, i.e., n
two hours past midnight. This region of local time cannot
seen from earth and was not well observed by either of
Voyager spacecraft.

In contrast to the vast majority of the UVIS observatio
of the Io torus, the data used in this paper were obtained
the long axis of the UVIS entrance slits oriented appr
imately perpendicular to Jupiter’s rotational equator. T
low-resolution slit was used for both channels. This slit
an angular width, as seen from the detector, of 2 mrad
the EUV channel and 1.5 mrad for the FUV channel. At
time, Cassini was 244RJ from Jupiter, resulting in a field o
view 0.48RJ wide for the EUV channel and 0.36RJ wide for
the FUV channel.

In addition to the difference in slit width, there is a sm
pointing offset between the EUV and FUV channels s
that, in this configuration, the fields of view of the two cha
nels do not overlap. The sense of this offset is such
the FUV channel views a section of the torus at a gre
radial distance from Jupiter than that viewed by the E
channel. Fortuitously, the field of view of the FUV cha
nel at a given time lies completely within the field of vie
of the EUV channel one integration time earlier. Therefo
we have excluded from our analysis the first image from
FUV channel and used the second FUV image in conju
tion with the first EUV channel image. Likewise, the th
FUV image is used in conjunction with the second EU
image, and so on for the rest of the dataset. Since the
channels view the same radial distance 1000 seconds a
systematic errors will be introduced if there are strong lon
tudinal or temporal variations in torus properties. Howe
since the integration period less than 3% of Jupiter’s
tation period, these systematic effects should be relati
minor. The projection of the UVIS EUV slit field-of-view
and the positions of Io and Europa relative to Jupiter
shown inFig. 1.
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Fig. 1. Observing geometry for the UVIS observation of the Io torus on
January, 2000. The initial and final positions of the projected field of v
of the UVIS EUV channel entrance slit, Io, and Europa are shown. Jo
north is up. The local solar time of the spacecraft is 19:40. The Ca
spacecraft is south of the jovian equator, so the far side of the obits a
below the near side.

2.2. Data reduction

The data were reduced and calibrated using techni
similar to those described in greater detail in paper I. To s
marize this procedure: the background is subtracted from
raw data, a flat-field correction is applied, and the data ar
vided by the effective area curve of the instrument to con
it from counts to physical units.Figure 2shows a calibrated
background-subtracted sample of the data.

To increase signal-to-noise in the data, each 2-D spe
tral image was averaged over the latitudinal extent of th
torus (i.e., in the vertical direction on the detector) to cre
a 1-D spectrum. This was accomplished by first summ
along the rows of the detector (the spectral direction) to
ate a latitudinal emission profile. A Gaussian plus quadr
background was fit to the latitudinal emission profile and a
rows lying within 2σ of the centroid of the Gaussian fit we
averaged together to create the final spectrum. This corre
sponds to those rows lying within 1.2RJ of the centrifugal
equator. Spectra created in this fashion were average
gether to produce the spectrum inFig. 3.

This spectrum, which contains data from both EUV a
FUV channels, covers a wavelength range of 561–191
It is the average of 17 individual 1000-s images cov
ing a range of projected radial distances from 4–8RJ. The
major spectral features are labeled by approximate w
length and the ion species responsible for the majo
of the emission in each feature. Below the spectrum
plotted the wavelengths of the radiative transitions p
-

duced by the five major ion species of the Io torus: O(
S(III), S(II), S(IV), and O(III), as contained in the CH
ANTI version 4.2 atomic physics database(Dere et al., 1997
Young et al., 2003). The wavelength region covered by UV
contains over 500 individual radiative transitions from th
five ion species. The high density of emission lines, c
pled with the∼ 3 Å spectral resolution of UVIS, means th
with only three exceptions—the S(IV) line at 1063 Å a
the S(III) multiplet at 1713 and 1729 Å—all the featur
observed in the UVIS spectra are blends of the multi
structure within a particular ion species, blends of rad
tive transitions from two or more different ion species,
some combination thereof. This spectral complexity nece
sitates a detailed, multispecies model to properly inter
the data.

3. Torus spectral emissions model

In order to model the torus spectra, we developed a ho
geneous, 0-D “cubic centimeter” spectral emission mo
Such a model calculates the volume emission rate fo
given spectral line, i.e., the number of photons at a spe
wavelength produced by a single cubic centimeter of pla
in one second, and integrates this over the line of sigh
produce a synthetic spectrum. The technique is simila
that used byShemansky (1980) and Shemansky and Sm
(1981). The brightness,B of a given spectral line is give
by:

(1)B = 10−6
∫

Ajifj (Te, ne)niondl Rayleighs,

whereAji is the Einstein coefficient for spontaneous em
sion,fj is the fraction of ions in statej , Te is the electron
temperature,ne is the electron number density,nion is the
number density of the ion species responsible for the e
sion, and the integral is over the line of sight. The le
populations,fj , are determined by solving the level balan
equations for each ion species in matrix form:

(2)Cf = b,

where f is a vector containing the fraction of ions in
particular energy state, relative to the ground state;b is
a vector whose elements are all zero except for the
element, which is equal to one; andC is a matrix con-
taining the rates for collisional excitation and deexcitat
and radiative deexcitation. The elements of this matrix
given by:

(3)C[i, j ] = Aij + neqij ,

whereAij is the Einstein coefficient for spontaneous em
sion if statei is at a higher energy than statej and zero
otherwise.qij is the rate coefficient for collisional excita
tion (or deexcitation) from statei to statej and is given
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Fig. 2. Spectral image of the Io torus at 6.5RJ. The EUV channel appears above the FUV channel. For theobservations presented in this paper, the long
of the slit was oriented roughly perpendicular to Jupiter’s equator. North is up and Jupiter is to the left. The data have been background-subtracted,flatfielded,
and calibrated to physical units. The region from 1210–1230 Å in the FUV channel is dominated by Lyman-α from the interplanetary medium and has be
set to zero. The spatial scale is 0.24RJ/pixel in the vertical (spatial) direction and 0.06RJ/pixel in the horizontal (spectral) direction.

Fig. 3. Composite spectrum of the Io plasma torus from 561–1913 Å. 1-D spectra ofthe Io torus were created by averaging the rows of the 2-D spectral ims
lying within 1.2RJ of the latitudinal center of the torus. The composite spectrum was created by averaging together 17 individual 1-D spectra of the t
covering a radial range of 4–8RJ. The spectral features are labeled and color-coded by the ion species that makes the dominant contribution to th
Locations (as contained in the CHIANTI database)of the individual spectral lines of the five major ion species in the torus are plotted beneath the spectrum.
m
el
its
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by:

(4)qij =
∞∫

0

ĝevσij dv.

ĝe is the normalized distribution function,v is the electron
velocity, andσij is the cross-section for the transition fro
statei to statej . OnceEq. (2) has been solved, the lev
populations vector,f , is renormalized so that the sum of
elements is equal to one.
3.1. Thermal and nonthermal electron distributions

If the electrons are distributed according to Maxwell–
Boltzmann statistics:

(5)ĝe(v) = 4π−1/2(me/2kTe)
3/2v2 exp

(−mev
2/2kTe

)
whereme is the mass of an electron andk is the Boltzmann
constant. With this equation for the electron distribut
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function,Eq. (4)reduces to:

(6)

qij = 2π1/2a0hm−1
e w−1

e w−1
i (I∞/kTe)

1/2Υij exp(Eij /kTe),

where 2π1/2a0hm−1
e = 2.1716× 10−8 cm3 s−1; wi is the

statistical weight of statei; I∞ = 13.6086 eV; andEij is the
transition energy between statesi andj . Υij is the thermally-
averaged collision strength, as defined bySeaton (1953)and
is given by:

(7)Υij =
∞∫

0

Ωij exp(−Ej/kTe) d(Ej/kTe),

whereEj is the electron energy after the collision andΩij is
the collision strength, which is related to the collision cro
section,σij , by:

(8)σij = πh2Ωij /m2
ev

2wi.

In the basic form of our spectral emissions model,
electron distribution is Maxwellian and therefore defined
a single parameter,Te. However, in situ measurements
the electron distribution in the Io plasma torus made by
Voyager and Galileo spacecrafts suggest that the elec
distribution function in the Io torus may actually be nonth
mal or at least have a nonthermal, high-energy tail(Sittler
and Strobel, 1987; Frank and Paterson, 2000). Rather than
examining the changes in the torus spectrum due to a
bitrary, nonthermal electron distribution, we have focu
our efforts on modeling the effects of a kappa electron
tribution function (Vasyliunas, 1968). Kappa distributions
have been invoked to explain discrepancies between s
tra from the Voyager Ultraviolet Spectrometer (UVS) a
model spectra based on emission rates generated by the
lisional and Radiative Equilibrium code (COREQ)(Taylor
et al., 1995; Taylor, 1996), differences in the in situ plasm
measurements made by the Voyager and Ulysses spacecra
(Meyer-Vernet et al., 1995; Moncuquet et al., 2002), lati-
tudinal changes in torus ion temperature in ground-ba
observations of the torus(Thomas and Lichtenberg, 1997,
and features of Io’s ultraviolet limb-glow(Retherford et
al., 2003). A review of kappa distributions and their e
fect on astrophysical plasmas is given byMeyer-Vernet
(2001).

A kappa distribution, defined by the equation:

ĝe(v) = 4π−1/2(me/2κkTe)
3/2

(
Γ (κ + 1)/Γ

(
κ − 1

2

))
v2

(9)× (
1+ mv2/2κkTe

)−(κ+1)

is quasi-Maxwellian at low temperatures but falls off a
power law at high temperatures. From a computational
spective, a kappa distribution has an additional advan
over other types of nonthermal distributions in that it
fully defined by only two parameters: the characteristic te
perature of the distribution,Tc, and the parameter,κ . The
-

l-

characteristic temperature,Tc, of a kappa distribution is re
lated to the energy at the peak of the distribution funct
Unlike a Maxwellian distribution, the characteristic temp
ature in a kappa distribution is not the same as the effec
temperature,Te, which is related to the mean energy per p
ticle of the distribution. Instead,Tc andTe are related by the
equation:

(10)Te = Tcκ/(κ − 3/2).

As can be seen fromEq. (10), theκ-parameter determine
the degree to which the distribution is non-Maxwellian. The
larger the value of the kappa parameter, the closer the
tribution is to a Maxwellian and in the limit ofκ = ∞, the
distribution is equivalent to a Maxwellian.

The atomic data required forthese calculations (wave
lengths, energy levels,A coefficients, thermally-average
collision strengths, etc.) are obtained from the CHIAN
database(Dere et al., 1997; Young et al., 2003). CHIANTI
consists of a set of critically evaluated atomic data toge
with a set of routines written in the Interactive Data La
guage (IDL) to calculate emission spectra from astrophys
plasmas. The database is a compilation of both experimenta
and theoretical values and is periodically updated. V
sion 4.2 of CHIANTI was used for all modeling in this pap
The CHIANTI database implicitly assumes a Maxwelli
distribution and contains only thermally-averaged collis
strengths,Υij , stored according to the method ofBurgess
and Tully (1992). The cross-sections,σij , are required to
evaluateEq. (4)if the distribution function,̂ge, is non-Max-
wellian. When using a kappa distribution, we must theref
approximate the integral inEq. (4)as the linear combinatio
of five thermally-averaged rate coefficients,qij :

(11)q ′
ij =

5∑
k=1

wkqij (Tk),

whereqij (Tk) is the rate coefficient, given byEq. (6)with
Te = Tk and wk is the relative weighting of the rate coe
ficient. The weights,wk , are determined by logarithmical
fitting the linear combination of five Maxwellians to a kap
distribution over the energy range of 0.01–500 eV. The
sulting fit is within 10% of the value of the kappa distributi
over the entire energy range. It is worth reiterating that w
we fit the spectra, we solve only for two parameters,Tc
and κ , that fully describe the kappa distribution; thewk ’s
andTk ’s in Eq. (11)are completely determined by the va
ues ofTc andκ .

The decision to use the CHIANTI database over ot
means of determining radiative emission rates, namely
Collisional and Radiative Equilibrium (COREQ) code th
is an extension of the work ofShemansky and Smith (1981,
was made based on the public availability, documentat
periodic updating, and ease of use of the CHIANTI datab
For most spectral features in the UVIS wavelength range
differences between models using CHIANTI and models
ing COREQ are at the 10% level, with COREQ genera
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predicting more emission thanCHIANTI (D.E. Shemansky
personal communication). However, for several spectral
tures (e.g., S(III) 1021 Å, S(IV) 1063 Å), and S(II) 1260 Å
there exist large (factors of several) differences betw
the emissions predicted by the two databases. One no
weakness of the CHIANTI database—at least as it exis
version 4.2—is that it does not include radiative transiti
from singly ionized sulfur (S(II)) at wavelengths less th
765 Å. As a result, the S(II) features at 642 and 700 Å
absent from our model.

3.2. Line of sight assumptions

Evaluating the integral inEq. (1)requires knowledge o
how Te, nion, andne vary over the line of sight. Since the
are the very quantities we are trying to derive from
spectra, certain assumptionsmust be made. As indicated b
Eq. (1), the level populations of the ions,fj , are a function of
the electron density. In theory, this dependence can be
as a diagnostic of the local torus electron density (Feldman et
al., 2001, 2004) In practice, however, the spectral resolut
of UVIS is insufficient to resolve the density-sensitive m
tiplet structure present in the torus spectra, and therefore
torus spectra observed by UVIS are effectively indepen
of the local electron density.

We have chosen to use a relatively simple treatmen
projection effects. We make the assumption that the elec
distribution function of the torus, be it Maxwellian or kapp
is uniform over the line of sight. This assumption should
significantly affect our results for two reasons. First, the
served brightness of the torus falls off sharply with rad
distance outside of 6RJ (Brown, 1994; paper I). Second, be
cause we are observing the torus at its ansa, the pathl
of the line of sight through regions of the torus lying exter
to the region of interest is minimized. The combination
lower brightness and smaller pathlengths mean that the s
tral contributions from regions of the torus lying exterior
the region we are interested in will be relatively small. Ins
of 6RJ, however, the local electron temperature is too low
excite much emission in the EUV/FUV. In this region, line
sight projection effects become much more important as
majority of observed EUV/FUV photons are actually em
ted from regions of the torus lying at greater radial distan
than the ansa, and the validity of our assumption bre
down. Therefore, we have limited our analysis to those
gions lying outside of 6RJ.

With the assumption of a uniform electron distributi
over the line of sight,Eq. (1)reduces to:

(12)B = 10−6Ajifj (Te)Nion Rayleighs,

whereNion = ∫
nion dl is the ion column density. The io

column densities,Ni , needed to match the observed to
brightness depend on the level populations of the ion spe
fj , which, in turn, depend on the shape of the electron
tribution function.
e

d

h

-

,

The plasma composition of our model is specified
six parameters, one for the column density of each of
ion species: S(II), S(III), S(IV), S(V), O(II), and O(III)
For computational reasons, as well as to reduce cor
tions between parameters, we have found it advantag
to use five parameters for the ion column densities rela
to the column density of S(III) (NS(II)/NS(III) , NS(IV)/NS(III) ,
NS(V)/NS(III) , NO(II) /NS(III) , NO(III) /NS(III) ) and a sixth pa
rameter for the electron column density,Ne. The column
density of S(III) is then derived from the charge neutra
condition:

(13)
∑
ions

qionNion = Ne,

where qion is the charge on each ion. Protons are
cluded in the calculation of charge neutrality at the 0.1Ne
level (Bagenal, 1994). In addition to the six parameters f
the plasma composition, the model requires one param
(Te) to specify the electron distribution if we are using a th
mal distribution, or two parameters (Tc andκ) for a kappa
distribution.

With these parameters and the above equations we
duce model spectra and fit them to the data by minim
ing the χ2 statistic using a combination of Levenber
Marquardt least squares and downhill simplex (amoe
algorithms(Press et al., 1992). This combined approach wa
necessary because the Levenberg–Marquardt method,
computationally efficient, tended to get stuck in small, lo
χ2 minima of the seven-dimensional parameter space.
downhill simplex method was more successful at finding
global minimum value forχ2, at the expense of greatly in
creased computation time. Therefore, we began the fi
procedure using the Levenberg–Marquardt algorithm. O
the algorithm had settled in to a local minimum in param
ter space we used the fit parameters to specify one po
the initial input simplex. The remaining points of the simp
consisted of the Levenberg–Marquardt algorithm fit para
ters plus a random deviation. With these inputs, the down
simplex algorithm was generally able to climb out of lo
minima in parameter space and find a lower overall valu
theχ2 statistic.

4. Results

A typical fit of the spectral model to an individual UVI
spectrum of the Io torus can be seen inFig. 4.

This spectrum of the ansa at 6.3RJ is typical of the qual-
ity of the data and quality of the model fit There is genera
good agreement between the model and the data. How
the S(IV) 657 Å, S(III) 702 Å, S(II) 910 Å, and S(III) 1729 Å
features are consistently underfit by the model. The disc
ancies between the spectral emissions model and the U
spectra are likely caused, at least in part, by inaccuraci
the atomic data contained in the CHIANTI database.Herbert
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Fig. 4. Sample fit of the model to a UVIS spectrum of the Io torus at 6.3RJ.
The model generally fits well to the spectrum with the exception of
three features at 657, 702, and 729 Å, which are consistently underfit
region from 1210–1230 Å is dominated by Lyman-alpha emission from
interplanetary medium and has been set to zero.

et al. (2001)report similar discrepancies in their analysis
EUVE spectra of the Io plasma torus.

Preliminary work on the in-flight calibration of the EU
channel of UVIS suggests that the true instrumental effec
area below 740 Å may be greater than what was measur
the laboratory by as much as a factor of two (D.E. Shem
sky and W.E. McClintock, personal communication). If t
true instrumental effective area below 740 Å has been un
estimated then the brightness ofthe spectral features in th
region has been overestimated, which would bring the
tures at 657 and 702 Å into better agreement with the mo
However, given the relatively good fit of the S(III) featur
at 680 and 729 Å, the shape of the instrumental effec
area curve (see paper I) would have to change dramati
to fully reconcile the differences between model and sp
tra at 657 and 702 Å while preserving the quality of the
elsewhere. It therefore seems most likely that these disc
ancies are primarily caused by inaccuracies in the atomi
physics data.

4.1. Electron temperature and densities

The electron temperature,Te, and column density,Ne,
derived from the Cassini UVIS torus spectra are sho
in Fig. 5.

For comparison to the Voyager era, we also plot th
quantities as obtained by the model ofBagenal (1994), here-
after referred to as B94, which is based on an analysi
Voyager 1 Plasma Science (PLS) data coupled with the
composition derived from analysis of the Voyager 1 U
spectra by D.E. Shemansky. Independent analysis of
ager 1 UVS spectra of the torus was conducted byHerbert
and Sandel (2000), which is hereafter referred to as HS0
The electron temperatures derived from the UVIS spe
are somewhat lower than those from the models of B
-

Fig. 5. Best-fit electron parameters as a function of radial distance.
electrons distribution is assumed to be a single Maxwellian. The solid
are the UVIS results, while the dotted lines are the parameters from
Voyager-based model ofBagenal (1994). The error bars are the formal 1-σ

errors obtained from the fitting algorithm. The electron column densit
derived from the ion column densities using the charge-neutrality condition

and HS00. Although it is not plotted, HS00 generally h
a slightly higher electron temperature than B94. The sh
increase in electron temperature between 7.4RJ and 8.5RJ
present in the B94 model is not seen in the UVIS spec
nor was it seen by HS00. Our results support the claim m
by HS00 that this sudden increase in electron tempera
is not representative of “typical” conditions in the Io toru
Curiously, the UVIS electron temperature profile reache
minimum value of 4.43 eV at 6.6RJ. A similar dip is seen in
the electron temperature profile of HS00, but not in B94.

The derived electron column density,Ne, is plotted in the
lower panel ofFig. 5. The column density falls off monoton
ically with increasing radial distance from a maximum va
of just under 1014 electrons cm−2 to 5×1012 electrons cm−2

near 9RJ. Inside of 7.5RJ, the UVIS values generally lie
within one error bar of the values derived from B94. O
side of 7.7RJ the column density falls off more rapidly wit
distance than the B94 model.

Although the electron column density is the quantity tha
is actually measured by remote sensing instruments, o
we would like to know the local electron number density.
order to extract this information from the integrated colu
density, we must make additional assumptions about how
torus plasma is distributed along the line of sight. The fi
additional assumption we make is that the relative pla
composition is uniform over the line of sight (previously w
had assumed only that the electron distribution function
uniform over the line of sight). We then assume that the lo
electron density as a function of radial distance is reason
well described as a power law:

(14)ne(r) =
{

α6(r/6)−β1 for r � r ′,
−β2 ′
α8(r/8) for r > r ,
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Fig. 6. The derived electron column density (points with error bars) plo
versus radial distance. To match the observed electron column densit
file, we have fit the local electron density profile as two power laws joine
7.8RJ (solid line). The Voyager 1 electron density profile ofBagenal (1994)
(dotted line) is shown for comparison. The local density profile integr
over the sight (dot-dash line) closely matches the observed electron co
density profile.

wherer is the radial distance, measured inRJ. We then var-
ied the parametersα6, β1, α8, β2, andr ′ to fit the integral
of ne(r) over the line of sight to the derived values of t
electron column density, subject to the constraint thatne(r)

be continuous atr = r ′. The resulting fit to the integrate
column density is show inFig. 6.

Also shown are the functionne(r) and the electron den
sity profile of B94. Although the value of the curve itself
slightly less than the B94 value, between 6RJ and 7.4RJ, the
slope of the electron density curve derived from the UV
spectra is almost identical to the slope of the B94 mo
The UVIS electron density is less than the electron den
derived by HS00 and a factor of∼ 2 less than the electro
density derived by the Galileo Plasma Wave Subsystem
ing the J0 flyby(Gurnett et al., 1996).

We derive the number of electrons per shell of magn
flux using the equation:

NL2 = 4πR3
JL4

θmax∫
0

ne(θ)cos7(θ) dθ

(15)≈ 2π3/2R3
Jne(θ = 0)HL3,

whereL is the radial distance of a magnetic field line at
magnetic equator,θ is the magnetic latitude,ne(θ = 0) is
given byEq. (14), andH is the scale height given by:

H = (2kT̄ion(1+ Z̄ionTe/T̄ion)/3mΩ2
J )1/2

(16)= 0.64(T̄ion(1+ Z̄ionTe/T̄ion)/Āion)
1/2RJ,

whereT̄ion is the average ion temperature,Z̄ion is the average
charge per ion, and̄Aion is the average ion mass number. T
average ion temperature,T̄ion, cannot be directly determine
from our analysis of the UVIS spectra so we use the va
from B94 (60 eV from 6.0–7.5RJ, and increasing roughl
linearly from 7.5RJ to a value of 228 eV at 9.0RJ). Since the
-

scale height,H , varies asT̄ 1/2
ion , this assumption should no

significantly affect our calculation of flux tube content. The
derived values forNL2 as a function of radial distance are
well by a single power law:NL2(r) = 2.0× 1036(r/6)−2.1.
The index of the power law for the UVIS-derived value
flux tube content, 2.1 ± 0.4, is statistically identical to th
value derived by B94, and significantly less than the va
of 3.5 derived byHerbert and Sandel (1995). An index of
2 is consistent with flux tube interchange as the mechan
for radial transport of plasma (see review byThomas et al
(2004)and references therein). There is some evidence
suggest that the index of the power law fit to the UV
derived flux tube content,NL2, is greater than two outsid
of 7.5RJ. However, this finding is only marginally statis
cally significant.

4.2. Ion mixing ratios

The torus composition derived from the UVIS spec
obtained from the January 14, 2001 radial scan is plo
in Fig 7.

We have plotted the derived composition information
ion mixing ratios, (i.e., ion densities divided by the ele
tron density). For comparison to the Voyager era, we h
also plotted the mixing ratios from B94. The UVIS-deriv
composition is significantly different than the Voyager v
ues, implying a fundamental change in torus composi
between the two epochs. This is hardly surprising, gi
that substantial compositional changes were observed
ing the six months of the Cassini Jupiter flyby (see pape
It is important, then, to remember that the compositiona
formation presented in this paper comes from observat
made during single day, January 14, 2001.

The torus observed by UVIS contains substantially
oxygen than the torus of the Voyager epoch. The totalOi/Si

ion ratio, averaged between 6RJ and 8RJ, is 0.9, compared
to 1.6 in B94. The sharp decrease in the amount of oxy
in the torus relative to the Voyager 1 conditions supp
the findings of ground-based optical observations of th
torus(Morgan, 1985; Thomas et al., 2001)) and is opposite
to the higher oxygen levels found by Galileo PLS on the
flyby (Crary et al., 1998)and EUVE(Herbert et al., 2001).
The UVIS composition shows a trend toward higher ioni
tion states: the mixing ratios of S(II) and O(II) derived fro
the UVIS spectra are both lower than the B94 values, whil
the mixing ratios of S(III), S(IV), and O(III) are general
higher. This results in an increase in the average charg
torus ion,〈Zi〉, to 1.7 compared with a value of 1.4 in th
B94 model.

Determination of the relative ion abundance of O
and O(III) from EUV spectra has been historically dif
cult (Brown et al., 1983). This is due primarily to the paucit
of bright emission lines from these ions in the EUV/FUV
gion of the spectrum. In marked contrast to the sulfur
species present in the torus, O(III) has just three relati
bright spectral features in the wavelength range covered b
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Fig. 7. Model derived mixing ratios as a function of radial distance. The solid lines are the UVIS results, while the dotted lines are the parameters from the
Voyager-based model ofBagenal (1994). The error bars are the formal 1-σ errors obtained from the fitting algorithm.
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UVIS: the brightest centered at 834 Å and the other two
703 and 1666 Å. Singly ionized oxygen has but one br
spectral feature, located at 833 Å. Initial analysis of the V
ager UVS spectra focused on determining the abundan
O(III) by fitting to the multiplet at 703 Å. The O(II) abun
dance was then derived by determining the extra emis
required to fit the feature at 833 Å. Unfortunately, the O(
multiplet at 703 Å is heavily blended with significant
brighter emissions from S(III) centered on 702 Å. Thus, t
approach requires knowledge of the amount of S(III) alo
the line of sight and accurate atomic data for O(II), O(I
and S(III). These difficulties ledto the initial analyses o
Voyager UVS spectra concluding that the ratio of O(II)
O(III) in the Io torus was less than 1(Shemansky, 1980
Shemansky and Smith, 1981; Broadfoot et al., 1981). Since
that time, numerous additional analyses of torus obse
tions at UV and optical wavelengths have confirmed t
O(II) is actually the dominant ionization state of oxyge
with O(III) being a relatively minor constituent (Brown
et al., 1983; Smith and Strobel, 1985; Shemansky, 19
McGrath et al., 1993; Thomas, 1993; Hall et al., 19
Herbert et al., 2001; and others).

If we consider only the EUV channel of UVIS, the spe
tral emissions model concludes that O(III) is the domin
ionization state of oxygen in the Io torus. This unphysi
result occurs because the model maximizes the amount o
O(III) in order to minimize the model/spectrum discrepan
at 702 Å (seeFig. 4). With the inclusion of the FUV chan
nel, there are two additional O(III) spectral lines located
1661 and 1666 Å. These lines, first detected in the Io toru
Moos et al. (1991), place a strong constraint on the amou
of O(III) present in the torus. Unfortunately, they are re
tively faint and barely above the level of noise in the UV
f

spectra. Therefore, the values we derive for the mixing
tio of O(III) (O(II)) as a function of radial distance shou
more properly be thought of as an upper (lower) limit on
actual value. With this caveat in mind, there is still sign
cantly more O(III) and less O(II) compared to the Voyag
model of B94. The [O(II)] / [O(III)] ratio, averaged ove
6.2–8.8RJ, is 3.7—less than half the corresponding value
8.8 from B94. The value of this ratio generally decrea
with increasing radial distance, which is consistent with
observed increase in electron temperature. The upper
on the amount of O(III) seen in the UVIS spectra is still s
nificantly less than the lower limit reported by(Moos et al.,
1991), during the Galileo spacecraft’s flythrough of the
torus in 1995.

In the EUV/FUV region of the spectrum, the brighte
emission feature (by over two orders of magnitude)
to S(V), occurs at 786 Å. Since the 786 Å S(V) featu
lies between several nearby spectral features from S(II)
S(III) it has proven difficult to detect. The initial analys
of Voyager UVS spectra of the Io torus placed an
per limit of 11 cm−3 on the mean ion number density
S(V) (Shemansky and Smith, 1981). The factor-of-ten in-
crease in spectral resolution of the Cassini UVIS over
Voyager UVS us to make what we believe to be the fi
spectroscopic detection of S(V) in the Io torus. Near 6RJ,
where the signal-to-noise ratio is highest, S(V) is detecte
the 3-σ level. S(V) is a trace component of the torus, pres
at a mixing ratio of 0.003 at 6RJ and rising to maximum o
0.01 at 8.5RJ. Another instrument aboard the Cassini spa
craft, the Charge-Energy-Mass Spectrometer (CHEMS
the Magnetospheric Imaging Instrument (MIMI), detec
S(V) ions on January 10 and January 23, 2001—per
when the spacecraft waswithin the magnetosphere of Jupit
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(Hamilton et al., 2001; Krimigis, 2001). While the MIMI re-
sult does not directly confirm the detection of S(V) ions
the Io torus, it does confirm that S(V) is present within
jovian magnetosphere.

4.3. Uncertainties in derived model parameters

The error bars presented inFigs. 6 and 7represent the
formal 1-σ error bars of the least-squares fit, i.e., they
the square roots of the diagonal elements of the covari
matrix. This method of estimating errors implicitly assum
that the model parameters are independent of each othe
However, many of the model parameters are correlated
anticorrelated), e.g., electron column density and electro
temperature. In order to assess the effect of parameter
relations on the actual uncertainty in the model parame
a series of two-dimensional confidence intervals was ge
ated following the method of(Press et al., 1992). Four of
these confidence intervals for the spectrum at 6.2RJ can be
found inFig. 8.

The cross in the center of the�χ2 contours repre
sents the size of the formal error bar. The top two pan
NS(IV)/NS(III) vs NS(II)/NS(III) and Ne vs NS(IV)/NS(III) , pro-
vide examples of parameters that are minimally correla
while the bottom two panels show pairs of parameters
are strongly anticorrelated. The 1-D confidence interval
a single parameter is defined by the projection of the con
of desired probability onto that parameter’s axis. For ex
ple, the probability that the “true” value of NO(III) /NS(III) lies
in the interval 0.065–0.255 is 68%. The formal error bars
most always underestimate the full extent of the param
-
,

confidence intervals, so the error bars inFigs. 6 and 7should
be used with some caution.

4.4. κ-Distribution results

As described above, the spectral emissions model
to fit the UVIS spectra can accommodate either a therma
Maxwellian electron distribution function or an approxim
tion to a nonthermal, kappa electron distribution functi
Fits of the spectra were made using both distribution fu
tions. The models that used a Maxwellian distribution a
the models that used a kappa distribution both produced
to the data qualitatively similar toFig. 4. However, the value
of theχ2 statistic was marginally lower (∼ 2%) for the mod-
els using a kappa distribution, indicating a somewhat be
fit. The torus ion composition derived by the two models w
statistically identical—a surprising result. It appears that
derived ion mixing ratios are nearly independent of the sh
of the electron distribution function for most “reasonab
distribution functions. This effect can also be seen in the
atively large error bars for the electron parameters der
from the kappa distribution model.

Although the ion composition between the two mod
was indistinguishable, the models using the kappa app
imation required an electron column density∼ 1.7 times
greater than the models that used a Maxwellian to fit
spectra. The reason for this can be understood by exa
ing the shape of the distribution functions.Figure 9shows
the two best-fit distribution functions for the spectrum of
torus obtained at 7.4RJ.

FromEq. (12)we see that the observed brightness of
torus spectrum is dependent on the level populations o
g
f
ter
a

Fig. 8. Four selected 2-D confidence intervals of the model parameters. The contours represent the value of�χ2 corresponding to the probability of findin
the pair of parameters within the contour. The cross in the center of the panels represents the formal 1-σ errors (i.e., the square rootof the diagonal elements o
the covariance matrix) obtained from the fitting algorithm. The formal 1-σ bars often, though not always, underestimate the true range of possible parame
values. The upper panels show examples of two pairs of parameters that are only weakly correlated, while the bottom panels show pairs of parameters tht are
highly anticorrelated.
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Fig. 9. Normalized distribution functions for the Maxwellian and kappa d
tributions fit to the spectrum at 7.4RJ. The Maxwellian distribution contain
more particles than the kappa in the energy range of 5–40 eV. Consequent
model fits using a kappa distribution require a higher electron column den
sity than those using a Maxwellian distribution.

ions, which fromEqs. (2) and (3)will depend on the shap
of the electron distribution function. For the example sho
in Fig. 9, the kappa distribution function is greater than
Maxwellian distribution function below 5 and above 60 e
However, electrons with energies of 5 eV or less are g
erally incapable of collisionally exciting ions to the sta
that produce EUV/FUV photons. As a result these electr
have little effect on the observed EUV/FUV spectrum. El
trons in the high-energy tail of the kappa distribution
certainly capable of exciting EUV/FUV transitions, but the
are far fewer of these electrons than there are electron
the 5–60 eV range. In this critical middle energy range, th
Maxwellian distribution has more electrons than the ka
distribution. As a result, the kappa distribution model
quires higher ion column densities than the Maxwell
distribution model in order to match the observed brightn
of the spectrum. The similarχ2 statistic of models using th
two different distribution functions (Maxwellian and kapp
implies that the shape of the electron distribution canno
tightly constrained by EUV/FUV observations of the tor
alone. The electron distribution function could be better c
strained by either obtaining an independent measure o
ion column densities or extending the wavelength rang
the analysis into the optical.

In February 1992, the Ulysses spacecraft flew thro
the Io torus. This pass through the torus is unique in
the spacecraft trajectory was basically north-to-south, as
posed to lying close to the equatorial plane. For the pe
when ULYSSES was within 15◦ of the jovian equator, i
sampled the region from approximately 7.1–8.2RJ in radial
distance. Although the particle detector instruments w
not turned on for this encounter, in situ measurement
the electron density and temperature were made by the
fied Radio and Plasma (URAP) wave experiment(Stone et
al., 1992a; Stone et al., 1992b). Analysis of this data re
vealed that the bulk electron temperature was not consta
along magnetic field lines, but rather varied with latitu
Fig. 10. Best-fit values of theκ parameter versus radial distance. The so
diagonal line is the best-fit line through the values ofκ . The labeled M-V 95
is the value ofκ determined from the Ulysses URAP instrument during
Io torus flythrough in 1992(Meyer-Vernet et al., 1995). The decrease ofκ
inside of 6.5RJ may be due to line of sight projection effects.

in anticorrelation with density(Meyer-Vernet et al., 1995
Moncuquet et al., 2002). The authors proposed that th
effect could be explained if the electron distribution appr
imated a kappa distribution withκ = 2.4± 0.2.

The values forκ derived from the UVIS spectra ar
shown inFig. 10.

Outside 6.6RJ, the values forκ show a steady decrea
with radial distance. The Ulysses URAP value ofκ = 2.4±
0.2, which was measured at∼ 8RJ, fits nicely between the
UVIS values derived at 7.9 and 8.1RJ. The decrease of kapp
inside 6.6RJ may result from a projection of the outer r
gions of the torus into the line of sight.

5. Conclusions

We have analyzed a radial scan of the midnight se
of the Io plasma torus obtained by the Ultraviolet Ima
ing spectrograph on January 14, 2001. These observa
record the radial structure of Io torus at a local time of 01:
which has not been previously observed. Two-dimensio
spectrally dispersed images of the torus are obtained
the UVIS instrument, although to increase the signal
noise, we average over the latitudinal structure of the to
Features from six different ion species are readily appa
in the torus spectra.

In order to derive information about the plasma com
sition from the spectra, we developed a spectral emiss
model, similar to that used byShemansky and Smith (1981,
which incorporates the latest atomic physics data from
CHIANTI database(Dere et al., 1997; Young et al., 2003.
In order to deal with line of sight projection effects, we a
sume that the electron distribution function is uniform o
the column through the torus, an assumption that should
significantly affect our results. We find that the electron te
perature is less than that predicted by the Voyager era m
of Bagenal (1994). We find that the observed radial profi
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of electron column density is well matched by assuming
the local electron number density profile is proportiona
r−5.4 from 6.0–7.8RJ andr−12 outside of 7.8RJ. If we use
this profile for electron density and the ion temperatures
rived byBagenal (1994)we find that the flux tube content o
the Io torus is proportional tor−2, which is consistent with
flux tube interchange acting to transport plasma radially
ward.

The plasma composition derived from the UVIS spec
of January 14, 2001 is significantly different that the to
composition during the Voyager era. However, paper I
shown significant temporal variations over the six-mo
flyby of Jupiter. Both O(II) and S(II) are depleted co
pared to the Voyager values, while S(III) and S(IV) sh
enhancements. The O/S ion ratio of 0.9, obtained from
UVIS spectra, is much lower than the Voyager value of 1.6
Ground-based observations of the torus have also found
oxygen than predicted by the Voyager models. In addi
to the lower O/S ratio, we find that the charge per ion
increased to 1.7 from 1.4. Thespectral resolution of UVIS
allows us to report the 3σ detection of S(V). S(V), which ha
not previously been detected in the Io torus, is present in
torus at a mixing level of∼ 0.5%.

Our spectral emissions model has the ability to appr
mate the effects of an arbitrary, nonthermal electron dis
ution as the linear combination of Maxwellian components
We explored the effects of using a nonthermal kappa
tribution, which is quasi-Maxwellian at low energies a
a power law at high energies, to analyze the torus spe
Models using a kappa distribution of electrons had a m
ginally lower value of theχ2 statistic, although the actu
spectral fits were qualitatively very similar to those produ
by the Maxwellian model. We found that the ion compo
tion derived using the kappa distribution model was ident
to the ion composition derived using a Maxwellian mod
However, as a result of the shape of the distribution func
in the 5–60 eV range of energy, the kappa models requir
higher electron column density to match the brightness o
UVIS torus spectra. The value of theκ parameter, which de
termines the index of the power law, high-energy tail of
distribution, was found to generally decrease with radial
tance. The derived radial profile value of theκ parameter is
consistent with the measurement ofκ = 2.4 at 8RJ made by
the Ulysses URAP instrument(Meyer-Vernet et al., 1995).

The analysis presented this data set has focused on t
dial variations of torus parameters. However, the orientatio
of the UVIS entrance slits parallel to the jovian rotatio
axis also make these data well suited to analyze the lati
nal structure of the torus. Such a latitudinal analysis will
the focus of future work.
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