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Abstract

On January 14, 2001, shortly after the Cassini spacecraft’s closest approach to Jupiter, the Ultraviolet Imaging Spectrometer (UVIS) made
a radial scan through the midnight sector of lo plasma torus. The lo torus has not been previously observed at this local time. The UVIS data
consist of 2-D spectrally dispersed images of the lo plasma torus in the wavelength range of 561-1912 A. We developed a spectral emission:s
model that incorporates the lategomic physics data contained imet CHIANTI database in order to dee the composition of the torus
plasma as a function of radial distance. Electron temperatureseddriom the UVIS torus spectra are generally less than those observed
during the Voyager era. We find the torus ion composition derived from the UVIS spectra to be significantly different from the composition
during the Voyager era. Notably, the torus contains substantially less oxygen, with a total oxygen-to-sulfur ion ratio of 0.9. The average ion
charge state has increased to 1.7. We detect S(V) in the lo torus ad tlewed. S(V) has a mixing ratio of 0.5%. The spectral emission
model used can approximate the effects of a nantlaédistribution of electins. The ion composition derived using a kappa distribution of
electrons is identical to that derived using a Maxwellian electron distribution; however, the kappa distribution model requires a higher electron
column density to match the observed brightness of the spectra. The derived value of the kappa parameter decreases with radial distance ar
is consistent with the value af = 2.4 at 8R;j derived by the Ulysses URAP instrument (Meyer-Vernet et al., 1995). The observed radial
profile of electron column density is consistent with a flux tube conféa, that is proportional to —2.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction allow us to further examine the spatial and temporal struc-
ture of the plasma torus.

On ionization, fresh ions tap the rotational energy of
Jupiter (to which they are coupled by the magnetic field).
Much of the torus thermal energy is radiated as intense
(~ 10 W) EUV emissions. The- 100 eV temperature of

per second of neutral material from lo’s atmosphere. In situ the t : indicates that thev h lost than half
measurements of the lo plasma torus from the Voyager and € forus 1ons Indicates that they nave fost more than ha
of their initial pick-up energy. Electrons, on the other hand,

Galileo spacecrafts and remote sensing observations from . i o )
the ground and from space-based UV telescopes have Char[1ave very little energy gt the t.|me of !onlzat|on and gain ther-
acterized the density, temperature and composition of the M2l €nergy from collisions with the ions (as well as through
plasma as well as the basic spatial structure (see review byPtn€r plasma processes) while losing energy via the EUV
Thomas et al., 2004Extensive measurements of torus emis- €Missions that they excite. As a result, the torus electrons
sions made by the Ultraviolet Imaging Spectrograph on the Nave an average thermal energy-ob eV, although in situ

Cassini spacecraft as it flew past Jupiter on its way to SaturnMeasurements indicate that the velocity distribution of the
torus electrons has a supra-thermal (8inith and Strobel,

1985; Frank and Paterson, 2000; Meyer-Vernet et al., 1995)
* Corresponding author. Fax: +303-492-6946. Analysis of torus emissions provides estimates of plasma
E-mail address: steffl@colorado.edu (A.J. Steffl). density, composition and temperatiBrown et al., 1983)

The lo plasma torus is a dense 2000 cnv3) ring of
electrons and sulfur and oxygen ions trapped in Jupiter’'s
strong magnetic field, produced by the ionization-of ton

0019-1035/$ — see front mattéi 2004 Elsevier Inc. All rights reserved.
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Models of mass and energy flow through the torus can then Table 1
be used to derive plasma properties such as source strengthybservational parameters

source composition, and radial transport timescale (see re-pate Time (U.T.) R P
view by (Thomas et al., 2004; Delamere and Bagenal, 2003; 14 JAN 2001 16:31:04 84 252
Lichtenberg et al., 2001; Schreier et al., 1998hus, one 14 JAN 2001 17:04:24 81 272
aims to relate observations of spatial and temporal varia- 14 JAN 2001 17:37:44 84 292
tions in torus emissions to the underlying sources, losses# JAN 2001 18:02:44 85 308

’ . 14 JAN 2001 18:19:24 86 318
and transport processes. Towards this ultimate goal, Wej, jan 2001 18:36:04 26 308
present an analysis of observations of the lo torus made by14 jan 2001 18:52:44 75 338
the Cassini spacecraft's Ultrialet Imaging Spectrograph 14 JAN 2001 19:09:24 03 348
(UVIS) on January 14, 2001, with emphasis on determin- 14 JAN 2001 19:26:04 82 358
ing the radial structure. In a companion pagsteffl et al., ﬂ jﬁm 3881 igfggfgj 'gg 1§
2004) hereafter referred to as paper |, we present examples; 4 jan 2001 20:16:04 46 o8

of the EUV spectra of the torus and its temporal variabil-
ity as observed during the full 6-month encounter period.
Analysis of the temporal structure of the torus is presented
in Delamere et al., 2004

2. UVISdata

UVIS consists of two independent, but co-aligned, spec-
trographs: one optimized for the extreme ultraviolet (EUV),
which covers a wavelength range of 561-118 A and the
other optimized for the far ultraviolet (FUV), which covers a
wavelength range of 1140-1913cClintock et al., 1993;
Esposito et al., 1998, 2004tach spectrograph is equipped
with a 1024x 64 pixel imaging microchannel plate detector.
UVIS pixels are rectangular, and subtend an angle of 1 mrad
in the spatial dimension (i.e., along the length of the slit)
and 0.25 mrad long in the spectral dimension (i.e., along the
dispersion direction). Images are obtained of UV-emitting
targets with a spectral resolution 6f3 A FWHM, roughly
a factor of ten increase in resolution over previous UV spec-

trographs sent to Jupiter. The spectral range and resolution of

the instrument and the extended observation period resulte
in the creation of a unique and rich dataset of the lo plasma
torus in the extreme and far ultraviolet.

2.1. Observations

The data used in this analysis were obtained from a single

@ Projected radial distance to center of UVIS entrance slijn
b System Il longitude of torus ansa.

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

In contrast to the vast majority of the UVIS observations
of the lo torus, the data used in this paper were obtained with
the long axis of the UVIS entrance slits oriented approx-
imately perpendicular to Jupiter’'s rotational equator. The
low-resolution slit was used for both channels. This slit has
an angular width, as seen from the detector, of 2 mrad for
the EUV channel and 1.5 mrad for the FUV channel. At the
time, Cassini was 24 from Jupiter, resulting in a field of
view 0.48R;wide for the EUV channel and86R; wide for
the FUV channel.

In addition to the difference in slit width, there is a small
ointing offset between the EUV and FUV channels such
hat, in this configuration, the fields of view of the two chan-
nels do not overlap. The sense of this offset is such that
the FUV channel views a section of the torus at a greater
radial distance from Jupiter than that viewed by the EUV
channel. Fortuitously, the field of view of the FUV chan-
nel at a given time lies completely within the field of view
of the EUV channel one integration time earlier. Therefore,

observational sequence that began at 12:04:25 UT on Januwe have excluded from our analysis the first image from the

ary 14, 2001. This data represents only a small fraction of
the total observations of the lo plasma torus made by UVIS;

FUV channel and used the second FUV image in conjunc-
tion with the first EUV channel image. Likewise, the third

a general summary of the UVIS Jupiter encounter datasetFUV image is used in conjunction with the second EUV

can be found in paper I. The data consist of 39 spectrally-
dispersed images of the lo torus, each with an integration
time of 1000 seconds. During the observation period, lo
moved from near western elongation t@R; (jovian radii)
east of the planet, as seen fromasSini. By maintaining a
constant angular offset of 21.1 mrad from lo, the center of
the UVIS field of view was scanned radially inwards from
10.4 to 43R;. A listing of observational parameters for the
data analyzed in this paper is providedimble 1

image, and so on for the rest of the dataset. Since the two
channels view the same radial distance 1000 seconds apart,
systematic errors will be introduced if there are strong longi-
tudinal or temporal variations in torus properties. However,
since the integration period less than 3% of Jupiter’s ro-
tation period, these systematic effects should be relatively
minor. The projection of the UVIS EUV slit field-of-view
and the positions of lo and Europa relative to Jupiter are
shown inFig. 1
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duced by the five major ion species of the lo torus: O(ll),
S, S, S(Iv), and O(lll), as contained in the CHI-
ANTI version 4.2 atomic physics databd8ere et al., 1997;
Young et al., 2003)The wavelength region covered by UVIS
contains over 500 individual radiative transitions from these
five ion species. The high density of emission lines, cou-
pled with the~ 3 A spectral resolution of UVIS, means that
with only three exceptions—the S(IV) line at 1063 A and
the S(Ill) multiplet at 1713 and 1729 A—all the features
observed in the UVIS spectra are blends of the multiplet
structure within a particular ion species, blends of radia-
tive transitions from two or more different ion species, or
some combination thereof. Thipectral complexity neces-
sitates a detailed, multispecies model to properly interpret
the data.

Initial Slit Position

(behind Jupiter)

Final Slit Position o
3. Torusspectral emissions model

In order to model the torus spectra, we developed a homo-
Fig. 1. Observing geometry for the UVIS observation of the lo torus on 14 geneous, 0-D “cubic centimeter” spectral emission model

January, 2000. The initial and final positions of the projected field of view Such a model calculates the volume emission rate for a
of the UVIS EUV channel entrance slit, lo, and Europa are shown. Jovian u u volu ISSI

north is up. The local solar time of the spacecraft is 19:40. The Cassini 9iven spectral line, i.e., the number of photons at a specific

spacecraft is south of the jovian equator, so the far side of the obits appearwavelength produced by a single cubic centimeter of plasma

below the near side. in one second, and integrates this over the line of sight to
produce a synthetic spectrum. The technique is similar to
that used byShemansky (1980) and Shemansky and Smith

2.2. Datareduction (1981) The brightnessB of a given spectral line is given

The data were reduced and calibrated using techniquesby'

similar to those described in greater detail in paper |. To sum- _ .

marize this procedure: the bgckground is sut?trgcted from the® =10 6[ Aji fj(Te. ne)niond! Rayleighs Sy

raw data, a flat-field correctionis applied, and the data are di- . . . . .

vided by the effective area curve of the instrument to convert V\{hereAj,» is the Einstein coefficient for spontaneous emis-

it from counts to physical unitssigure 2shows a calibrated, tsmn, fi Its the fr_acttr|]0n cl)f |(t)ns n statt)gz, 7(;6 IS t_hg el_ec::]on
background-subtracted sample of the data. emperaturege Is the electron number densityin Is the

To increase signal-to-ng# in the data, each 2-D spec- number gerr']s'ty of thel ion SDECIES rlésporflSIblifoq_thhelemHS-
tral image was averaged over the latitudinal extent of the lo sion, an the integral s over the ine ot sig t. The leve
torus (.., in the vertical direction on the detector) to create POPUlations f;, are determined by solving the level balance
a 1-D spectrum. This was accomplished by first summing equations for each ion species in matrix form:
along the rows of the detector (the spectral direction) to cre-

N S , . . Cf=b, (2)
ate a latitudinal emission profile. A Gaussian plus quadratic
background was fit to the latituakl emission profile and all where f is a vector containing the fraction of ions in a
rows lying within 2r of the centrpid of the Gaussian fit were particular energy state, relative to the ground statds
averaged together to createetfinal spectrum. This corre- 3 yector whose elements are all zero except for the first
sponds to those rows Iymg W|t'h|n2IRJ' of the centrifugal  glement, which is equal to one; ar@ is a matrix con-
equator. Spectra created in this fashion were averaged O4ining the rates for collisional excitation and deexcitation

gether to produce the spectrumfig. 3 and radiative deexcitation. The elements of this matrix are
This spectrum, which contains data from both EUV and given by:

FUV channels, covers a wavelength range of 561-1912 A.
!t is the average pf 17 indiyidugl 1000-s images cover- Cli. j1= Aij + neqij. 3)
ing a range of projected radial distances from Rs8The

major spectral features are labeled by approximate wave-whereA;; is the Einstein coefficient for spontaneous emis-
length and the ion species responsible for the majority sion if statei is at a higher energy than stajeand zero

of the emission in each feature. Below the spectrum are otherwise.g;; is the rate coefficient for collisional excita-
plotted the wavelengths of the radiative transitions pro- tion (or deexcitation) from staté to statej and is given
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Fig. 2. Spectral image of the lo torus ab®&;. The EUV channel appears above the FUV channel. Fooltiservations presented in this paper, the long axis
of the slit was oriented roughly perpendicular toifexs equator. North is up and Jupiter is to th&.l& he data have been background-subtradietfielded,
and calibrated to physical units. The regionnfra210-1230 A in the FUV channel is dominated by Lymaafrom the interplanetary medium and has been
set to zero. The spatial scale i28R;/pixel in the vertical (spatial) direction and0BR j/pixel in the horizontal (spectral) direction.
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Fig. 3. Composite spectrum of the lo plasma torus from 561-1913 A. 1-D spethm loftorus were created by averaging the rows of the 2-D spectral §mage

lying within 1.2R; of the latitudinal center of the torus. The composite spectrum weeteni by averaging together 17 individual 1-D spectra of the torus
covering a radial range of 488. The spectral features are labeled and color-coded by the ion species that makes the dominant contribution to the feature.
Locations (as contained in the CHIANTI databas&dhe individual spectral lines of the five majami species in the torus are plotted beneath thetspac

by: 3.1. Thermal and nonthermal electron distributions
o0

qgij :/geUO'[j dv. 4) If the electrons are dishuted according to Maxwell—
0 Boltzmann statistics:

ge is the normalized distribution function, is the electron

velocity, anda;; is the cross-section for the transition from = ge(v) = 41 ~Y2(me/2k Te)¥?v? exp(—mev?/2k Te) (5)

statei to statej. OnceEq. (2) has been solved, the level
populations vectorf, is renormalized so that the sum of its whereme is the mass of an electron akds the Boltzmann
elements is equal to one. constant. With this equation for the electron distribution
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function,Eq. (4)reduces to: characteristic temperatur®;, of a kappa distribution is re-

o 12 1 -1 -1 12 lated to the energy at the peak of the distribution function.

qij = 21 “aghme ~we ~w;~ (loo/ kTe) ' “Tij €X(Eij / kTe), Unlike a Maxwellian distribution, the characteristic temper-
(6) ature in a kappa distribution is not the same as the effective

where 2r2aghmg" = 21716 10°® cns; w, is the  (SPETalUrel which is related to the mean energy per par-

statistical weight of statg I, = 13.6086 eV; andE;; is the ic'e o1 !ne CIStrbution. Instead andle are related by the

transition energy between staiesnd; . 7;; is the thermally- equation:
averaged collision strength, as defined3saton (19533nd To= Tex/(k — 3/2). (10)

is given by: .
As can be seen frofaq. (10) thex-parameter determines

Y the degree to which the distribon is non-Maxwellian. The
Tij = / $2ijexp(—Ej/kTe)d(E/kTe), (7) larger the value of the kappa parameter, the closer the dis-
0 tribution is to a Maxwellian and in the limit of = oo, the
distribution is equivalent to a Maxwellian.

The atomic data required fdhese calculations (wave-
lengths, energy levelsA coefficients, thermally-averaged
collision strengths, etc.) are obtained from the CHIANTI
oij znhZQij/mgUZwi, (8) databaséDere et al., 1997; Young et al., 2008HIANTI

i o consists of a set of critically evaluated atomic data together

In the basic form of our spectral emissions model, the it 5 set of routines written in the Interactive Data Lan-
ele(;tron distribution is Maxwelllan an'd therefore defined by guage (IDL) to calculate emission spectra from astrophysical
a single parametefle. However, in situ measurements of  5ja5mas. The database is argilation of both experimental
the electron distribution in the lo plasma torus made by the 5,4 theoretical values and is periodically updated. Ver-
Voyager and Galileo spacecrafts suggest that the electrongiq 4 2 of CHIANTI was used for all modeling in this paper.
distribution function in the lo torus may actually be nonther- thao cHIANTI database implicitly assumes a Maxwellian

mal or at least haye a nonthermal, high-energy (&ittler distribution and contains only thermally-averaged collision
and Strobel, 1987; Frank and Paterson, 208@ther than strengthsY;;, stored according to the method Bfirgess

examining the changes in the torus spectrum due to an ar-5q4 Tully (1992) The cross-sectionsy;, are required to
bitrary, nonthermal electron distribution, we have focused evaluateEq. (4)if the distribution functionge, is non-Max-
our efforts on modeling the effects of a kappa electron dis- \yg|jign, When using a kappa distribution, we must therefore

tribution function (Vasyliunas, 1968)Kappa distributions approximate the integral iiq. (4)as the linear combination
have been invoked to explain discrepancies between specqy five thermally-averaged rate coefficiengs;:

tra from the Voyager Ultraviolet Spectrometer (UVS) and

whereE; is the electron energy after the collision af2g is
the collision strength, which is related to the collision cross-
sectiono;;, by:

model spectra based on emission rates generated by the Col- 5

lisional and Radiative Equilibrium code (COREQaylor  4/; = Y _ wkqij(Th). (11)
et al., 1995; Taylor, 1996}ifferences in the in situ plasma k=1

measurements made by the ¥yer and Ulysses spacecrafts whereg;; (7x) is the rate coefficient, given biq. (6)with
(Meyer-Vernet et al., 1995; Moncuquet et al., 2002}i- Te = Ty and wy is the relative weighting of the rate coef-

tudinal changes in torus ion temperature in ground-basedficient. The weightswy, are determined by logarithmically
observations of the toru§homas and Lichtenberg, 1997) fitting the linear combination of five Maxwellians to a kappa
and features of lo’s ultraviolet limb-glowRetherford et distribution over the energy range of 0.01-500 eV. The re-
al., 2003) A review of kappa distributions and their ef- sulting fit is within 10% of the value of the kappa distribution
fect on astrophysical plasmas is given Meyer-Vernet  over the entire energy range. It is worth reiterating that when
(2001) we fit the spectra, we solve only for two parametefs,

A kappa distribution, defined by the equation: and«, that fully describe the kappa distribution; the'’s

andTy’s in Eq. (11)are completely determined by the val-

Ze(v) = 4n—1/2<me/2/<kTe>3/2<r<K + 1)/F(K - 1)) v? ues ofT¢ andx.

2 The decision to use the CHIANTI database over other
means of determining radiative emission rates, namely the
Collisional and Radiative Equilibrium (COREQ) code that
is quasi-Maxwellian at low temperatures but falls off as a is an extension of the work &hemansky and Smith (1981)
power law at high temperatures. From a computational per-was made based on the public availability, documentation,
spective, a kappa distribution has an additional advantageperiodic updating, and ease of use of the CHIANTI database.
over other types of nonthermal distributions in that it is For most spectral features in the UVIS wavelength range, the
fully defined by only two parameters: the characteristic tem- differences between models using CHIANTI and models us-
perature of the distributionf;, and the parametex,. The ing COREQ are at the 10% level, with COREQ generally

x (1~|—mv2/2/<kTe)_(K+l) 9)
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predicting more emission tha@®HIANTI (D.E. Shemansky, The plasma composition of our model is specified by
personal communication). However, for several spectral fea- six parameters, one for the column density of each of six
tures (e.g., S(II) 1021 A, S(IV) 1063 A), and S(I1) 1260 A) ion species: S(Il), S(Il1), S(IV), S(V), O(Il), and O(Ill).
there exist large (factors of several) differences betweenFor computational reasons, as well as to reduce correla-
the emissions predicted by the two databases. One notabld¢ions between parameters, we have found it advantageous
weakness of the CHIANTI database—at least as it exists in to use five parameters for the ion column densities relative
version 4.2—is that it does not include radiative transitions to the column density of S(l1) (81)/Nsqiry, Nsavy/Nsqiy,
from singly ionized sulfur (S(Il)) at wavelengths less than Nsw)/Nsqiy, Noany/Nsqiy, Noqiy/Nsany) and a sixth pa-
765 A. As a result, the S(I1) features at 642 and 700 A are rameter for the electron column densitye. The column
absent from our model. density of S(lll) is then derived from the charge neutrality
condition:

3.2. Line of sight assumptions
Z dionNion = Ne, (13)
Evaluating the integral ifEq. (1)requires knowledge of ~ ions
how Te, nion, andne vary over the line of sight. Since these  where gjo,, is the charge on each ion. Protons are in-
are the very quantities we are trying to derive from the cluded in the calculation of charge neutrality at th&N)
spectra, certain assumptiomsist be made. As indicated by  |evel (Bagenal, 1994)In addition to the six parameters for
Ed. (1) the level populations of the iong;, are afunctionof  the plasma composition, the model requires one parameter
the electron density. In theory, this dependence can be usedTy) to specify the electron distribution if we are using a ther-
as a diagnostic of the local torus electron dengigldman et mal distribution, or two parametergq{and«) for a kappa
al., 2001, 200%In practice, however, the spectral resolution djstribution.
of UVIS is insufficient to resolve the density-sensitive mul- With these parameters and the above equations we pro-
tiplet structure present in the torus spectra, and therefore, theduce model spectra and fit them to the data by minimiz-
torus spectra observed by UVIS are effectively independenting the x2 statistic using a combination of Levenberg—
of the local electron density. Marquardt least squares and downhill simplex (amoeba)
We have chosen to use a relatively simple treatment of glgorithms(Press et al., 1992 his combined approach was
projection effects. We make the assumption that the electronnecessary because the Levenberg—Marquardt method, while
distribution function of the torus, be it Maxwellian or kappa, computationally efficient, tended to get stuck in small, local
is uniform over the line of sight. This assumption should not 2 minima of the seven-dimensional parameter space. The
significantly affect our results for two reasons. First, the ob- downhill simplex method was more successful at finding the
served brightness of the torus falls off sharply with radial global minimum value for 2, at the expense of greatly in-
distance outside of®; (Brown, 1994 paper I). Second, be-  creased computation time. Therefore, we began the fitting
cause we are observing the torus at its ansa, the pathlengtyrocedure using the Levenberg—Marquardt algorithm. Once
of the line of sight through regions of the torus lying exterior  the algorithm had settled in to a local minimum in parame-
to the region of interest is minimized. The combination of ter space we used the fit parameters to specify one point in
lower brightness and smaller pathlengths mean that the specthe initial input simplex. The remaining points of the simplex
tral contributions from regions of the torus Iylng exterior to consisted of the Levenberg_Marquardta|gorithm fit parame-
the region we are interested in will be relatively small. Inside ters p|u5 a random deviation. With these inputs, the downhill
of 6Ry, however, the local electron temperature is too low to simplex algorithm was generally able to climb out of local
excite much emission in the EUV/FUV. Inthis region, line of - minima in parameter space and find a lower overall value of
sight projection effects become much more important as the the 5 2 statistic.
majority of observed EUV/FUV photons are actually emit-
ted from regions of the torus lying at greater radial distances
than the ansa, and the validity of our assumption breaks; Reqults
down. Therefore, we have limited our analysis to those re-
gions lying outside of &;.
With the assumption of a uniform electron distribution
over the line of sightEq. (1)reduces to:

A typical fit of the spectral model to an individual UVIS
spectrum of the lo torus can be seerfig. 4.

This spectrum of the ansa aB®; is typical of the qual-
1064 .. ¢ _ ; ity of the data and quality of the model fit There is generally
B =107"4, f;(Te)Nion Rayleighs (12) good agreement between the model and the data. However,

where Nion = [ niondl is the ion column density. The ion  the S(IV) 657 A, S(111) 702 A, S(11) 910 A, and S(111) 1729 A
column densities)V;, needed to match the observed torus features are consistently underfit by the model. The discrep-
brightness depend on the level populations of the ion speciesancies between the spectral emissions model and the UVIS
fj,» which, in turn, depend on the shape of the electron dis- spectra are likely caused, at least in part, by inaccuracies in
tribution function. the atomic data contained in the CHIANTI databa$erbert
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Fig. 4. Sample fit of the model to a UVIS spectrum of the Io torus 2R & Radial Distance (RJ)
The model generally fits well to the spectrum with the exception of the
three features at 657, 702, and 729 A, which are consistently underfit. The Fig. 5. Best-fit electron parameters as a function of radial distance. The
region from 1210-1230 A is dominated by Lyman-alpha emission from the electrons distribution is assumed to be a single Maxwellian. The solid lines
interplanetary medium and has been set to zero. are the UVIS results, while the dotted lines are the parameters from the
\Voyager-based model &agenal (1994)The error bars are the formaldl-
errors obtained from the fitting algorithm. The electron column density is

etal. (2001)ep0rt similar dlscrepan0|es in their anaIySIS of derived from the ion column densitiesing the charge-neutrality condition.

EUVE spectra of the lo plasma torus.

Preliminary work on the in-flight cahpra'uon of the EUV. and HSO00. Although it is not plotted, HSO00 generally has
channel of UVIS suggests that the true instrumental effective . .
area below 740 A may be greater than what was measured ird slightly higher electron temperature than B94. The sharp

the laboratory by as much as a factor of two (D.E. Sheman- increase in electron temperature betweehky and 85K,

sky and W.E. McClintock, personal communication). If the present .in the B94 model is not seen in the UVIS spectra,
true instrumental effective area below 740 A has been under—nor was it seen by HS00. Our results support the claim made

estimated then the brightnesstbé spectral features in this by HSO0 that this sudden increase in electron temperature

region has been overestimated. which would bring the fea- is not representative of “typical” conditions in the lo torus.
9 ; ' orng Curiously, the UVIS electron temperature profile reaches a

tures at 657 and 702 A into better agreement with the model. ~: . S o .

. . . minimum value of 4.43 eV at.6R;. A similar dip is seen in
However, given the relatively good fit of the S(lll) features the electron temperature orofile of HS00. but not in B94

A, the shape of the instrumental effective . P P o . '

at 680 and 729 A, b ) The derived electron column densifyg, is plotted in the
area curve (see paper |) would have to change dramaucallylower panel offig. 5. The column density,falls off Mmonoton-
to fully reconcile the differences between model and spec- . -

; . ; . ically with increasing radial distance from a maximum value
tra at 657 and 702 A while preserving th lity of the fit .
aat 657 and 70 © preserving the qualtty ot the Tt 5 st under 187 electrons cm? to 5 x 102 electrons cm?

glns;\év:e;reé Itrtikrf;ﬁ:‘orceasueseegsbrr?;cs;ullrl;eclé ;hia: iﬂgsztg';fge'}near R;. Inside of 75R;, the UVIS values generally lie
X y within one error bar of the values derived from B94. Out-

physics data., side of 77R; the column density falls off more rapidly with
distance than the B94 model.

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

4.1. Electron temperature and densities

The electron temperatur&s, and column densitypNe,
derived from the Cassini UVIS torus spectra are shown
in Fig. 5.

For comparison to the Voyager era, we also plot these
guantities as obtained by the modeB#Hgenal (1994)here-
after referred to as B94, which is based on an analysis of
Voyager 1 Plasma Science (PLS) data coupled with the ion
composition derived from analysis of the Voyager 1 UVS
spectra by D.E. Shemansky. Independent analysis of Voy-
ager 1 UVS spectra of the torus was conductedHeybert
and Sandel (2000Wwhich is hereafter referred to as HSOO.
The electron temperatures derived from the UVIS spectra {ae(r/G)—f’l forr <r/,

are somewhat lower than those from the models of B94 "el/) = ag(r/8)F2 forr>r, (14)



98 AJ. Seffl et al. / Icarus 172 (2004) 91103
14

_ 10000 e j10 o~ scale heightH, varies asfié{f, this assumption should not
= I T 5 significantly affect our calcuten of flux tube content. The
2 I e > derived values foN L2 as a function of radial distance are fit
Z L Vovager 1 g @ well by a single power lawN L2(r) = 2.0 x 10%%(r/6) 21
o T 8 The index of the power law for the UVIS-derived value of
2 1000 - s 1 410" g flux tube content, 2 4 0.4, is statistically identical to the
2 I 2200(016) o] 3 value derived by B94, and significantly less than the value
ks 4000y | | 3 of 3.5 derived byHerbert and Sandel (1995)\n index of
'i(; < § 2 is consistent with flux tube interchange as the mechanism
= N ‘g for radial transport of plasma (see review Blgomas et al.
- 100 10125 (2004) and references therein)h&re is some evidence to

6. 7‘ é °. suggest that the index of the power law fit to the UVIS-

Distance. From Jupiter.(R )

derived flux tube contenty L2, is greater than two outside

of 7.5R;. However, this finding is only marginally statisti-

Fig. 6. The derived electron column density (points with error bars) plotted cally significant.
versus radial distance. To match the observed electron column density pro-

file, we have fit the local electron density profile as two power laws joined at 4 2 |on mixi ng ratios
7.8Rj (solid line). The Voyager 1 electron density profileBg#genal (1994)
(dotted line) is shown for comparison. The local density profile integrated
over the sight (dot-dash line) closely matches the observed electron column
density profile.

The torus composition derived from the UVIS spectra
obtained from the January 14, 2001 radial scan is plotted
in Fig 7.
wherer is the radial distance, measuredip We then var- We have plotted the derived composition information as
ied the parameter@e, ’31, asg, ’32' andr’ to fit the integra| ion miXing ratios, (i.e., ion densities divided by the elec-
of ne(r) over the line of sight to the derived values of the tron density). For comparison to the Voyager era, we have
electron column density' SUbjECt to the constraint that) also pIotted the mixing ratios from B94. The UVIS-derived
be continuous at = r’. The resulting fit to the integrated ~composition is significantly different than the Voyager val-
column density is show ifig. 6. ues, implying a fundamental change in torus composition

Also shown are the functione(r) and the electron den-  between the two epochs. This is hardly surprising, given
sity profile of B94. Although the value of the curve itself is  that substantial compositional changes were observed dur-
slightly less than the B94 value, betweeRy@nd 74R;, the ing the six months of the Cassini Jupiter flyby (see paper I).
slope of the electron density curve derived from the UVIS Itis important, then, to remember that the compositional in-
spectra is almost identical to the slope of the B94 model. formation presented in this paper comes from observations
The UVIS electron density is less than the electron density made during single day, January 14, 2001.
derived by HS00 and a factor of 2 less than the electron The torus observed by UVIS contains substantially less
density derived by the Galileo Plasma Wave Subsystem dur-0xygen than the torus of the Voyager epoch. The totls;

ing the JO flyby(Gurnett et al., 1996)

ion ratio, averaged betweemRgand 8R;, is 0.9, compared

We derive the number of electrons per shell of magnetic to 1.6 in B94. The sharp decrease in the amount of oxygen

flux using the equation:

Gmax
NL2=4nRJ3L4fne(9)co§(9)d9
0

in the torus relative to the Voyager 1 conditions supports
the findings of ground-based optical observations of the lo
torus(Morgan, 1985; Thomas et al., 200Bnd is opposite
to the higher oxygen levels found by Galileo PLS on the JO
flyby (Crary et al., 1998and EUVE(Herbert et al., 2001)

The UVIS composition shows a trend toward higher ioniza-

i . o , tion states: the mixing ratios of S(II) and O(ll) derived from
whereL is the radial distance of a magnetic field line atthe o yy|s spectra are both l@rthan the B94 values, while
magnetic equatoq is the magnetic latitudere(d = 0) is the mixing ratios of S(Ill), S(IV), and O(lll) are generally
given byEg. (14) and# is the scale height given by: higher. This results in an increase in the average charge per
torus ion,(Z;), to 1.7 compared with a value of 1.4 in the
B94 model.

~ 23/?R3ne(0 = 0)H L3, (15)

H = (2kTion(1+ ZionTe/ﬂon)/3mQ§)l/2

= 0.64(Tion(1 + ZionTe/ Tion)/ Aion) /%Ry, (16) Determination of the relative ion abundance of O(ll)
whereT|on is the average ion temperatuf,,, is the average  and O(Ill) from EUV spectra has been historically diffi-
charge per ion, andjo, is the average ion mass number. The cult(Brown et al., 1983)This is due primarily to the paucity
average ion temperaturBen, cannot be directly determined  of bright emission lines from these ions in the EUV/FUV re-
from our analysis of the UVIS spectra so we use the values gion of the spectrum. In marked contrast to the sulfur ion
from B94 (60 eV from 6.0-7.B3, and increasing roughly  species present in the torus, O(lll) has just three relatively
linearly from 75R;to a value of 228 eV at.ORj). Since the bright spectral features in theawelength range covered by
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Fig. 7. Model derived mixing ratios as a function of radial distance. Thid 8pes are the UVIS results, while the dotted lines are the parameterstire
Voyager-based model &agenal (1994)The error bars are the formald.errors obtained from the fitting algorithm.

UVIS: the brightest centered at 834 A and the other two at spectra. Therefore, the values we derive for the mixing ra-
703 and 1666 A. Singly ionized oxygen has but one bright tio of O(Ill) (O(l1)) as a function of radial distance should
spectral feature, located at 833 A. Initial analysis of the Voy- more properly be thought of as an upper (lower) limit on the
ager UVS spectra focused on determining the abundance ofactual value. With this caveat in mind, there is still signifi-
O(lll) by fitting to the multiplet at 703 A. The O(Il) abun-  cantly more O(Ill) and less O(Il) compared to the Voyager
dance was then derived by determining the extra emissionmodel of B94. The [O(Il)] / [O(lll)] ratio, averaged over
required to fit the feature at 833 A. Unfortunately, the O(Ill) 6.2-88Rj, is 3.7—less than half the corresponding value of
multiplet at 703 A is heavily blended with significantly 8.8 from B94. The value of this ratio generally decreases
brighter emissions from S(lll) centered on 702 A. Thus, this with increasing radial distance, which is consistent with the
approach requires knowledge of the amount of S(lll) along observed increase in electron temperature. The upper limit
the line of sight and accurate atomic data for O(ll), O(lll), on the amount of O(lll) seen in the UVIS spectrais still sig-
and S(lll). These difficulties ledio the initial analyses of  nificantly less than the lower limit reported iy oos et al.,
Voyager UVS spectra concluding that the ratio of O(Il) to 1991) during the Galileo spacecraft’s flythrough of the lo
O(ll) in the lo torus was less than (Shemansky, 1980; torusin 1995.

Shemansky and Smith, 1981; Broadfoot et al., 198i)ce In the EUV/FUV region of the spectrum, the brightest
that time, numerous additional analyses of torus observa-emission feature (by over two orders of magnitude) due
tions at UV and optical wavelengths have confirmed that to S(V), occurs at 786 A. Since the 786 A S(V) feature
O(ll) is actually the dominant ionization state of oxygen, lies between several nearby spectral features from S(I) and
with O(lll) being a relatively minor constituentB¢own S(IlN) it has proven difficult to detect. The initial analysis
et al., 1983; Smith and Strobel, 1985; Shemansky, 1987;0f Voyager UVS spectra of the lo torus placed an up-
McGrath et al., 1993; Thomas, 1993; Hall et al., 1994; per limit of 11 cnT2 on the mean ion number density of
Herbert et al., 2001and others). S(V) (Shemansky and Smith, 1981I)he factor-of-ten in-

If we consider only the EUV channel of UVIS, the spec- crease in spectral resolution of the Cassini UVIS over the
tral emissions model concludes that O(lll) is the dominant Voyager UVS us to make what we believe to be the first
ionization state of oxygen in the lo torus. This unphysical spectroscopic detection of S(V) in the lo torus. Ne®;,6
result occurs because theodel maximizes the amount of  where the signal-to-noise ratio is highest, S(V) is detected at
O(l11) in order to minimize the model/spectrum discrepancy the 3o level. S(V) is a trace component of the torus, present
at 702 A (seeFig. 4). With the inclusion of the FUV chan-  at a mixing ratio of 0.003 at®; and rising to maximum of
nel, there are two additional O(lll) spectral lines located at 0.01 at 85R;. Another instrument aboard the Cassini space-
1661 and 1666 A. These lines, first detected in the lo torus by craft, the Charge-Energy-Mass Spectrometer (CHEMS) of
Moos et al. (1991)place a strong constraint on the amount the Magnetospheric Imaging Instrument (MIMI), detected
of O(lll) present in the torus. Unfortunately, they are rela- S(V) ions on January 10 and January 23, 2001—periods
tively faint and barely above the level of noise in the UVIS when the spacecraft wasthin the magnetosphere of Jupiter
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(Hamilton et al., 2001; Krimigis, 2001While the MIMI re- confidence intervals, so the error bargigs. 6 and Bhould
sult does not directly confirm the detection of S(V) ions in be used with some caution.

the lo torus, it does confirm that S(V) is present within the

jovian magnetosphere. 4.4. k-Distribution results

As described above, the spectral emissions model used
to fit the UVIS spectra can acoonodate either a thermal,
i Maxwellian electron distribution function or an approxima-
The error bars presented Kigs. 6 and 7represent the  joy 1o a nonthermal, kappa electron distribution function.
formal 1o error bars of the least-squares fit, i.e., they are rii of the spectra were made using both distribution func-
the square roots of the diagonal elements of the covariance;gns. The models that used a Maxwellian distribution and

matrix. This method of estimating errors implicitly assumes e models that used a kappa distribution both produced fits
that the model parameterseaindependent of each other. (4 the data qualitatively similar ig. 4 However, the value

However, many of the model parameters are correlated (0rof the » 2 statistic was marginally lower 2%) for the mod-
anticorrelated), e.g., electiccolumn density and electron  ejs ysing a kappa distribution, indicating a somewhat better
temperature. In order to assess the effect of parameter corfit. The torus ion composition derived by the two models was
relations on the actual uncertainty in the model parameters,statistically identical—a surprising result. It appears that the
a series of two-dimensional confidence intervals was gener-derived ion mixing ratios are nearly independent of the shape
ated following the method ofPress et al., 1992Four of  of the electron distribution function for most “reasonable”
these confidence intervals for the spectrum.aRg can be  distribution functions. This effect can also be seen in the rel-
found inFig. 8. atively large error bars for the electron parameters derived
The cross in the center of thﬁ)(z contours repre- from the kappa distribution model.
sents the size of the formal error bar. The top two panels,  Although the ion composition between the two models
Nsqv)/Nsqaiy vs Nsan/Nsqiy and Ns vs Nsqv)/Nsqiy, pro- was indistinguishable, the models using the kappa approx-
vide examples of parameters that are minimally correlated, imation required an electron column densityl.7 times
while the bottom two panels show pairs of parameters that greater than the models that used a Maxwellian to fit the
are strongly anticorrelated. The 1-D confidence interval for spectra. The reason for this can be understood by examin-
a single parameter is defined by the projection of the contouring the shape of the distribution functior@gure 9shows
of desired probability onto that parameter’s axis. For exam- the two best-fit distribution functions for the spectrum of the
ple, the probability that the “true” value ofdy) /Nsqu lies torus obtained at.4R;.
in the interval 0.065-0.255is 68%. The formal error bars al-  FromEq. (12)we see that the observed brightness of the
most always underestimate the full extent of the parametertorus spectrum is dependent on the level populations of the

4.3. Uncertaintiesin derived model parameters
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Fig. 8. Four selected 2-D confidence intervals of thedel parameters. The contours represent the valugydt corresponding to the probability of finding
the pair of parameters within the contour. The crosthe center of the panels represents the formaletrors (i.e., the square root the diagonal elements of
the covariance matrix) obtained from the fitting algorithm. The formal Hars often, though not always, underestimthe true range of possible parameter
values. The upper panels show examples of two pairs of parameters thatyaneeakly correlated, while the bottom panels show pairs of parametérartha
highly anticorrelated.
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Fig. 9. Normalized distribution functions for the Maxwellian and kappa dis-
tributions fit to the spectrum at#R 3. The Maxwellian distribution contains
more particles than the kappa in theeegy range of 5-40 eV. Consequently,
model fits using a kappa distributionqere a higher electron column den-
sity than those using a Maxwellian distribution.

ions, which fromEgs. (2) and (3ill depend on the shape
of the electron distribution function. For the example shown
in Fig. 9, the kappa distribution function is greater than the
Maxwellian distribution function below 5 and above 60 eV.
However, electrons with energies of 5 eV or less are gen-
erally incapable of collisionally exciting ions to the states

that produce EUV/FUV photons. As a result these electrons

have little effect on the observed EUV/FUV spectrum. Elec-
trons in the high-energy tail of the kappa distribution are
certainly capable of exciting EUV/FUV transitions, but there
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Fig. 10. Best-fit values of the parameter versus radial distance. The solid
diagonal line is the best-fit line through the values oT he labeled M-V 95

is the value of determined from the Ulysses URAP instrument during the
lo torus flythrough in 1992Meyer-Vernet et al., 1995)The decrease af
inside of 65R 3 may be due to line of sight projection effects.

in anticorrelation with densityMeyer-Vernet et al., 1995;
Moncuquet et al., 2002)The authors proposed that this
effect could be explained if the electron distribution approx-
imated a kappa distribution with= 2.4 £+ 0.2.

The values forx derived from the UVIS spectra are
shown inFig. 10

Outside 66Rj, the values fok show a steady decrease
with radial distance. The Ulysses URAP valuecof 2.4 +
0.2, which was measured at 8R;, fits nicely between the
UVIS values derived at 7.9 and1®;. The decrease of kappa

are far fewer of these electrons than there are electrons ininside 66R; may result from a projection of the outer re-

the 5-60 eV range. In this crithl middle energy range, the
Maxwellian distribution has more electrons than the kappa
distribution. As a result, the kappa distribution model re-
quires higher ion column densities than the Maxwellian
distribution model in order to match the observed brightness
of the spectrum. The similgr? statistic of models using the
two different distribution functions (Maxwellian and kappa)
implies that the shape of the electron distribution cannot be
tightly constrained by EUV/FUV observations of the torus
alone. The electron distribution function could be better con-

gions of the torus into the line of sight.

5. Conclusions

We have analyzed a radial scan of the midnight sector
of the lo plasma torus obtained by the Ultraviolet Imag-
ing spectrograph on January 14, 2001. These observations
record the radial structure of lo torus at a local time of 01:50,
which has not been previously observed. Two-dimensional

strained by either obtaining an independent measure of thespectrally dispersed images of the torus are obtained from

ion column densities or extending the wavelength range of
the analysis into the optical.

In February 1992, the Ulysses spacecraft flew through
the lo torus. This pass through the torus is unique in that

the spacecraft trajectory was basically north-to-south, as op-

posed to lying close to the equatorial plane. For the period
when ULYSSES was within 50f the jovian equator, it
sampled the region from approximateli#82R; in radial
distance. Although the particle detector instruments were
not turned on for this encounter, in situ measurements of

the electron density and temperature were made by the Uni-

fied Radio and Plasma (URAP) wave experimtbne et
al., 1992a; Stone et al., 1992Mnalysis of this data re-
vealed that the bulk electroemperature was not constant
along magnetic field lines, but rather varied with latitude

the UVIS instrument, although to increase the signal-to-

noise, we average over the latitudinal structure of the torus.
Features from six different ion species are readily apparent
in the torus spectra.

In order to derive information about the plasma compo-
sition from the spectra, we developed a spectral emissions
model, similar to that used iyhemansky and Smith (1981)
which incorporates the latest atomic physics data from the
CHIANTI databasdDere et al., 1997; Young et al., 2003)

In order to deal with line of sight projection effects, we as-
sume that the electron distribution function is uniform over
the column through the torus, an assumption that should not
significantly affect our results. We find that the electron tem-
perature is less than that predicted by the Voyager era model
of Bagenal (1994)We find that the observed radial profile
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of electron column density is well matched by assuming that IDS under contract JPL959550. The authors wish to thank
the local electron number density profile is proportional to Bill McClintock and the resbf the UVIS science and oper-
r~54 from 6.0-7.8R; andr 12 outside of 78R;. If we use  ations team for their support. We thank Craig Markwardt for
this profile for electron density and the ion temperatures de- use of the MPFITFUN IDL routine and Peter Young for his
rived byBagenal (1994yve find that the flux tube contentof  help with the CHIANTI databse. CHIANTI is a collabora-
the lo torus is proportional to—2, which is consistent with  tive project involving the NRL (USA), RAL (UK), and the
flux tube interchange acting to transport plasma radially out- Universities of Florence (Italy) and Cambridge (UK).
ward.
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