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GALILEO STEREO IMAGING OF GANYMEDE AND EUROPA.  B. Giese and J. Oberst, DLR-Institute of 
Space Sensor Technology and Planetary Exploration, Rutherfordstr. 2, 12489 Berlin, GERMANY, 
bernd.giese@dlr.de . 

 
 
During the Galileo flybys of Ganymede and 

Europa, the onboard SSI camera acquired stereo 
images in local areas. These stereo images allowed us 
to reconstruct the surface topography in support of the 
geologic analysis [1], [2], [3]. 

In this paper, we give an overview of the stereo 
target sites and show the results of topographic 
modeling for selected areas. We demonstrate that even 
under unfavorable conditions (stereo images were 
taken from different ranges, at different illumination, 
or from oblique viewing directions) stereo imaging is a 
powerful method to infer 3D information of the 
surface.  

The topographic models of Ganymede and Europa, 
which exist so far, have horizontal resolutions in the 
range of 100m-1000m and vertical resolutions of some 
tens of meters. However, these models are local, in 
most cases smaller than 100 km x 100 km, and cover 
overall only a very small fraction (< 1 per thousand) of 
the total surface. There is a high need for topographic 
models in other locations, but not only at local scales. 
Regional-scale topographic models are required to 
show us the topographic relationships between 
geologic units. This can be of great value for 
constraining formational processes. Moreover, 
regional-scale topographic models may also reveal 
larger-scale resurfacing processes not visible at local 
sites (e.g. there is indication for undulations at scales 
of 50 km on Europa) and, they allow us to infer 
information on crustal properties at regional scale such 
as the thickness of the brittle layer [4].  

A major problem arising at regional-scale 
topographic modeling is to control the large-scale 
slopes across the modeled area. These are not 
sufficiently constrained by the nominal camera 
position and pointing data. 3D ground control points, 
which are commonly used for this purpose, do not 
exist yet. To cope with this problem, laser altimetry 
data could be introduced in the block adjustment of the 
stereo images. Ideally, the laser altimeter and the 
imaging system should be boresighted and operated 
synchronously to have an unambiguous relation 
between both data sets. For an orbiter mission, a 
camera with built-in stereo capability should be used. 
Alternatively, stereo partner images should be taken by 
a second camera pointing forward or backward by 
~25° with respect to the first camera. This would result 
in an elevation accuracy of 20-40 m at image 
resolutions of ~100 m/pxl. An overlap of at least 20% 

between adjacent image strips from different orbits 
would allow constructing contiguous topographic 
models.   

References: [1] Giese B. et al. (1998) Icarus., 135, 
303-316. [2] Giese B. et al. (1999) LPS XXX, Abstract 
#1709. [3] Giese B. et al. (2001) LPS XXXII, Abstract 
#1743. [4] Nimmo F. et al. (2003). Geophys. Res. Lett. 
30 (5), 1233, doi:10.1029/2002GL016660. 

 
 
Figure 1 : 
 

 
 
This figure gives an example of terrain modeling. It 
shows a color-coded digital elevation model (top) and 
a perspective (bottom) derived from Galileo stereo 
images (2 x 130 m/pxl + 5 x 20 m/pxl) acquired at a 
bright-dark terrain boundary on Ganymede. 
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REMOTE RADIO SOUNDING SCIENCE FOR JIMO. J. L. Green(1), B. W. Reinisch(2), P. Song(2), S. F. Fung(1),
R. F. Benson(1), W. W. L. Taylor(1), J. F. Cooper(1), L. Garcia(1), and D. Gallagher(3); (1)NASA/GSFC Code 630,
Greenbelt, MD 20771, 1st Author email: James.Green@nasa.gov; (2)Center for Atmospheric Research, University of
Mass. Lowell, Lowell, MA 01854; (3)NASA/MSFC, Huntsville, AL, 35812

Introduction: Radio sounding of the Earth�s top-
side ionosphere and magnetosphere is a proven tech-
nique from geospace missions such as the International
Satellites for Ionospheric Studies (ISIS) and the Imager
for Magnetopause-to-Aurora Global Exploration
(IMAGE). Application of this technique to the Jupiter
Icy Moons Orbiter (JIMO) mission will provide unique
remote sensing observations of the plasma and mag-
netic field environments, and the subsurface conduc-
tivities, of Europa, Ganymede, and Callisto. Spatial
structures of ionospheric plasma above the moon sur-
faces vary in response to magnetic field perturbations
from (1) magnetospheric plasma flows, (2) ionospheric
currents from ionization of sputtered surface material,
and (3) induced electric currents in salty subsurface
oceans. Radio sounding at 3 kHz to 10 MHz can pro-
vide globally-determined electron densities necessary
for the extraction of the oceanic current signals and
supplements in-situ plasma and magnetic field meas-
urements. Subsurface variations in conductivity, can be
investigated by radio sounding from 10 MHz to 40
MHz allowing the determination of the presence of
dense and solid-liquid phase boundaries associated
with oceans and related structures in overlying ice
crusts.

Magnetosphere-Ionosphere Science: From the
Galileo results it is clear that a wide variety of magne-
tospheric interactions occur for each of the moons
since they are located in different regions of the Jovian
magnetosphere and have time-varying positions with
respect to the local plasma sheet during Jupiter’s rota-
tion and their orbital motion around Jupiter. Magneto-
spheric plasma ions sputter atoms of various composi-
tion from the moon surfaces and produce extremely
thin (~ 1015/cm2) atmospheres. Ionization of the atmos-
pheric neutrals by solar UV photons, and by interac-
tions with energetic magnetospheric ions and electrons,
creates the local ionospheric plasma environment.
Complex magnetic field and plasma structures (e.g.,
Alfven wings, polar aurora) arise from magnetosphere-
ionosphere interactions. Field-aligned currents connect
the ionosphere of Europa and magnetosphere of Ga-
nymede to visibly glowing auroral spots in Jupiter’s
upper atmosphere. In addition, Ganymede�s magneto-
sphere generates its own non-thermal continuum ra-
diation. Existing plasma and magnetic field data sets
from many Galileo orbiter flybys of the moons are still
not complete enough to answer many of the questions
concerning these interactions.

Long-range magnetospheric sounding, pioneered
by the radio plasma imager (RPI) instrument on
IMAGE, has provided electron density distributions
along magnetic field lines and in radial directions on

time scales of minutes [1]. RPI has also been able to
measure the entire electron plasma density distribu-
tions (in the orbit plane) of the Earth�s polar cap and
the plasmasphere within one pass of the spacecraft.
These results have enabled the testing of theories on
how the Earth�s ionosphere reacts to magnetospheric
changes under a variety of geomagnetic storm condi-
tions [2]. In a similar manner, a radio sounder orbiting
the icy moons would be able to measure the electron
density along the magnetic field into each hemisphere
and provide information on the Jovian magnetospheric
background and influence on the moon�s ionospheres.
Extension of JIMO to Io would illuminate an even
more complex environment.

Subsurface Science: Radio wave sounding will
add important new capabilities to JIMO for geophysi-
cal remote sensing of icy moon crusts and oceans. The
radio sounder on ISIS showed that at frequencies
higher than the peak ionospheric plasma frequency,
radio sounder echoes could be used for subsurface
mapping [3]. Layering in the surfaces of the icy moons
produce changes in permittivity leading to reflection of
radio waves incident normal to the layering structure.
A large variety of rocks and soil along with water have
been investigated on Earth for a range of permittivity
and absorption at different radio sounding frequencies.
Most of these measurements have shown that absorp-
tion of radio waves increases with frequency in the
range from one to a few hundred MHz. Typically,
greater depths can be probed at lower frequencies. The
performance of a ground-penetrating radar is generally
expressed in terms of its �radar potential� which is the
ratio between transmitted power and the smallest de-
tectable signal. Synthetic aperture radar (SAR) and
optimized coherent detection techniques, which have
already been developed, may be required to achieve
acceptable radar potential for probing icy moon sub-
surface regions. The higher power source available
from JIMO would allow radio sounding transmissions
at much higher powers than those used on ISIS or
IMAGE making subsurface sounding of the Jovian icy
moons possible. Key science objectives include global
measurements of ice crust conductivity, boundary lay-
ers for subsurface geologic structures (e.g., linear and
cycloidal cracks, diapiric plumes, buried impact cra-
ters, and small-scale brine cavities), and the search for
crust-ocean boundaries.

References:
[1] Reinisch, B. W., et al., (2001) Geophys. Res.

Lett., 28, 1167-1170. [2] Green, J.L. and B.W. Re-
inisch, (2003) Space Sci. Rev., in press. [3] Hagg, E.
L., et al., (1969) Proc. IEEE, 57, 6, 949-960, 1969.
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HIGH SENSITIVITY LONG-WAVELENGTH INFRARED QWIP FOCAL PLANE ARRAY BASED INSTRUMENT FOR
REMOTE SENSING OF ICY SATELLITES. S. Gunapala, S. Bandara, A. Ivanov,Jet Propulsion Laboratory, 4800 Oak Grove
Drive,Pasadena, CA 91109.

GaAs based Quantum Well Infrared Photodetector (QWIP)
technology [1, 2] has shown remarkable success in advanc-
ing low cost, highly uniform, high-operability, large format
multi-color focal plane arrays. QWIPs afford greater flex-
ibility than the usual extrinsically doped semiconductor IR
detectors. The wavelength of the peak response and cutoff can
be continuously tailored over a range wide enough to enable
light detection at any wavelength range between 6-20µm.
The spectral band-width of these detectors can be tuned from
narrow (∆λ

λ
≈ 10%) to wide (∆λ

λ
≈ 40%) allowing various

applications. Furthermore, QWIPs offer low cost per pixel

µ

µµ

µ

Figure 1: NEDT histogram of the 640x512 pixel spatially sep-
arated four-band focal plane showing a high uniformity of the
FPA. Each spectral band of the FPA consisted of 640x128 pix-
els. The experimentally measured NEDT of 4-5, 8-12, 10-12,
and 13.5-15.5µm detectors at 40 K are 21.4, 45.2, 13.5, and
44.6 mK, respectively.

and highly uniform large format focal plane arrays due to ma-
ture GaAs/AlGaAs growth and processing technologies. The
other advantages of GaAs/AlGaAs based QWIPs are higher
yield, lower 1/f noise and radiation hardness (1.5 Mrad). In
this presentation, we will discuss our recent demonstrations
of 640x512 pixel narrow-band, broad-band, multi-band fo-
cal plane arrays, and the current status of the development of
1024x1024 pixel long-wavelength infrared QWIP focal plane
arrays.

QWIP sensors are ideal for remote sensing of planetary
ices. Figure 1 illustrates NEDT histogram of a QWIP sen-
sor at 40 K for various wavelengths from 4 to 15µm. It is
quite conceivable to create an imaging spectrometer for the
JIMO mission, which can perform imaging in thermal IR in-
dependent of the lighting conditions. Scientific goals for such
an instrument may include creation of maps of thermophyisi-
cal properties of the icy satellites and looking for temperature
anomalies, which might be a hint of proximity of hydrothermal
sources and variations in surface ice thickness of the satellites.
While this instrument does not require a lot of power, it can
definitely take advantage of the high data rates available for
this mission. This instrument may enable us to obtain high-
resolution thermal maps of icy satellites much faster than any
other existing imaging instrument.

References

[1] S.D. Gunapala, S.V. Bandara, J.K. Liu, E.M. Luong, S.B.
Rafol, J.M. Mumolo, D.Z. Ting, J.J. Bock, M.E. Ressler,
M.W. Werner, P.D. LeVan, R. Chehayeb, C.A. Kukkonen,
M. Levy, P. LeVan, and M.A. Fauci. Quantum well in-
frared photodetector research and development at the Jet
Propulsion Laboratory.Infrared Physics and Technology,
42(3-5):267–282, 2001.

[2] S.D. Gunapala, S.V. Bandara, A. Singh, J.K. Liu, S.B.
Rafol, E.M. Luong, J.M. Mumolo, N.Q. Tran, D.Z.Y. Ting,
J.D. Vincent, C.A. Shott, J. Long, and P.D. LeVan. 640
x 486 long-wavelength two-color GaAs/AlGaAs quantum
well infrared photodetector (QWIP) focal plane array cam-
era. IEEE Transactions On Electron Devices, 47(5):963–
971, 2000.
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ICE AND NON-ICE PROPERTIES OF THE ICY GALILEAN SATELLITE SURFACES FROM INFRA-
RED SPECTRA. G. B. Hansen1, C. A. Hibbitts1, and T. B. McCord1,2, 1Planetary Science Institute, Northwest Divi-
sion, Department of Earth and Space Science, University of Washington, Seattle, WA 98195
(ghansen@rad.ess.washington.edu, hibbitts@rad.ess.washington.edu), 2Hawaii Institute of Geophysics and Planetol-
ogy, University of Hawaii, 1680 East-West Road, Honolulu, HI 96822 (Mccordtb@aol.com).

Introduction: The first detailed near-infrared sur-
vey of the three icy Galilean satellites (Europa,
Ganymede, and Callisto) of Jupiter was undertaken by
the Near-Infrared Mapping Spectrometer (NIMS) on
the Galileo orbiter between 1996 and 2000. The first
discoveries from this data were absorption bands in the
4-µm region, which is difficult or impossible to observe
from Earth, that indicate the presence of CO2, SOx,
C≡N, C-H, and other materials [1, 2]. These bands
occur on Ganymede and Callisto, and CO2 also appears
on Europa. The 1–5 µm spectrum of these satellites is
dominated, more or less, by the spectral features of
water ice, including absorption bands at 1.04, 1.25, 1.5,
and 2.0 µm, and a Fresnel reflection peak at 3.1 µm. At
a spatial scale of many 10s of km, NIMS spectra almost
always exhibited strong water ice features, but the spec-
tra of the majority non-ice materials can be derived
from the few ice-poor regions by modeling, if neces-
sary, on all three satellites [1]. On Europa [3, 4] and
Ganymede [5], this non-ice material has asymmetric
water bands near 1.4 and 1.9 µm, indicating a hydrated
species. The analysis of NIMS data gives us only a tan-
talizing glimpse at sparse spatial and spectral sampling
of what might be discovered by global mapping at a
fine spatial scale that could be offered by the JIMO
mission.

CO2 distribution on Callisto and Ganymede: The
CO2 band near 4.25 µm has been fully characterized,
and its global abundance on Callisto [6] and Ganymede
[7] has been determined. Most of this mapping is at an
~100 km spatial scale, with occasional high-resolution
areas. Some significant areas on both satellites were not
observed at all. On Callisto, CO2 is at a moderate level
almost everywhere, but is more concentrated on the
trailing side and near some icy, fresh-looking craters
[8]. However, these conclusions are strongly affected
by the coarse spatial scale of the NIMS data, which was
never able to separate ice and non-ice, even though we
know from images and models that they are highly seg-
regated spatially on Callisto (and on most parts of
Ganymede).

Water Ice properties and distribution: The prop-
erties of water ice have been determined on a regional
scale for Europa and Callisto, and on a pixel-by-pixel
scale (again, mostly at 100-km) for Ganymede [9]. This
study demonstrated that the surface ice is amorphous
on Europa and crystalline on Callisto, and mixed in a

complicated manner on Ganymede. The ice at a depth
of ~1mm is fully crystalline in almost all areas of all
three satellites. The distribution of amorphous and crys-
talline ice on Ganymede at a global, 100+-km scale, has
patterns that are very complex and hard to associate
with albedo or geology. At a scale of 3–10 km in lim-
ited regions (<20% of Ganymede’s surface), the rela-
tionships to morphology and geology are more obvious
[10]. The mapping of the 3.1-µm reflection peak is in a
low-reflectance region that is hampered by noise in
much of the NIMS data set. This required regional
averages for Callisto and Europa. For Ganymede, fre-
quent 3×3 and 5×5 averaging is used to reduce the
effects of noise, which further degrades the effective
spatial resolution (this technique was also widely used
in the CO2 band mapping work described previously).
Other products of this analysis are estimates of surface
ice abundance, estimated from the height of the 3.1-µm
peak [11], estimates of regional ice grain size distribu-
tions, and refined estimates of the non-ice spectra for
Ganymede and Callisto.

Conclusions: The Galileo NIMS provided near glo-
bal coverage of all three icy Galilean satellites. Prod-
ucts from this data include CO2 distributions on
Callisto and Ganymede, identification of other minor
constituents, and global analysis of the ice properties
(amorphous vs. crystalline, grain size) and majority
non-ice spectra. These results are incomplete with
respect to full global coverage at desired 3–10 km (or
better) spatial scales, often sparse spectral sampling,
and limited signal-to-noise in the many interesting
spectral regions. We expect that many of these short-
comings can be addressed by science return from the
JIMO mission.

References: [1] McCord, T.B., et al. (1997) Sci-
ence, 278, 271–275. [2] McCord, T.B., et al. (1998)
JGR, 103, 8603–8626. [3] McCord, T.B., et al. (1998)
Science, 280, 1242–1246. [4] McCord, T.B., et al.
(1999) JGR, 104, 11827–11852. [5] McCord, T.B., et
al. (2001) Science, 292, 1523–1525. [6] Hibbitts, C.A.,
et al. (2000) JGR, 105, 22541–22557. [7] Hibbitts,
C.A., et al. (2003) JGR, 108, (in press). [8] Hibbitts,
C.A., et al. (2002) JGR, 107, 10.1029/2000JE001412.
[9] Hansen, G.B., and T.B. McCord (2003) Geophys.
Res. Abstr., 5, Abs. #08069. [10] Hansen, G.B., et al.
(2001) Geophys. Res. Abstr., 3, 7465. [11] Hansen,
G.B. (2002) LPSC XXXIII, Abs. #1060.
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Introduction:  Electrodynamic effects play a 

significant, global role in the state and energization of 
the Earth's ionosphere/magnetosphere, but even more 
so on Jupiter, where the auroral energy input is four 
orders of magnitude greater than on Earth.  The Jovian 
magnetosphere is distinguished from Earth’s by its 
rapid rotation rate and contributions from satellite 
atmospheres and internal plasma sources.  The 
electrodynamic effects of these factors have a key role 
in the state and energization of the ionosphere-corona-
plasmasphere system of the planet and its interaction 
with Io and the icy satellites. 

Several large scale interacting processes determine 
conditions near the icy moons beginning with their 
tenuous atmospheres produced from sputtering, 
evaporative, and tectonic/volcanic sources, extending 
out to exospheres that merge with ions and neutrals in 
the Jovian magnetosphere.  This dynamic environment 
is dependent on a complex network of magnetospheric 
currents that act on global scales. Field aligned 
currents connect the satellites and the middle and tail 
magnetospheric regions to the Jupiter's poles via flux 
tubes that produce as bright auroral and satellite 
footprint emissions in the upper atmosphere. This large 
scale transfer of mass, momentum, and energy (e.g. 
waves, currents) means that a combination of 
complementary diagnostics of the plasma, neutral, and 
and field network must be obtained near 
simultaneously to correctly interpret the results.   

This presentation discusses the applicability of 
UV spatial heterodyne spectroscopy (SHS) to the 
broad study of this system on scales from satellite 
surfaces to Jupiter's aurora and corona. 

Technology Application:  The design of spectro-
scopic instruments is a study in compromise between 
the competing goals of sensitivity, bandpass, and spec-
tral resolution.  While grating spectrograph designs 
may have high étendue or high spectral resolution, 
they rarely have both.  SHS instruments, however, 
occupy an important niche for the study of faint, ex-
tended emission (line or molecular band) sources.  
Dispersion in an SHS instrument depends on the inter-
ference of two light beams,  meaning that a narrow 
entrance aperture is not required to achieve high spec-
tral resolution on individual lines.  An SHS field of 
view can be up to degrees in extent, which allows 
small instruments with of ~0.1 cm2 effective areas to 

achieve far greater étendue than echelle-type spectro-
graphs on larger telescopes.  This is ideal for remote 
spacecraft applications where volume and mass con-
straints require lightweight compact instruments.  In 
recent years, space-borne SHS instruments have been 
used successfully in the UV, where line contrast above 
solar continuum is high.  

Scientific Implementation and Goals:  Many 
important diagnostic emissions, such as those from OI, 
OII, HI, and OH, in the icy satellite atmospheres- iono-
spheres and the Jovian corona are low surface bright-
ness.  The high étendue and spectral resolution of a 
SHS enables the measurement of their brightness and 
velocity distributions, band/line strengths, and their 
separation them from other nearby background lines 
and continuum.   A compact, bore-sighted cluster of 
SHS instruments provides JIMO with far greater sensi-
tivity to these emissions than has been achieved from 
previous in situ spacecraft.  Our proposed design in-
cludes a selectable trio of SHS units tuned to H Ly-α, 
OH, and OI/OII emission lines.  The instrument cluster 
is fed by a 20 cm telescope with a focal plane UV 
polarimeter that samples the polarization of incident 
light and extends the scientific utility to the study of 
surface scattering, radiative transfer, and the mapping 
of magnetic fields.  By taking advantage of the high 
bandwidth of the Prometheus spacecraft, the SHS 
cluster transmits data in a photon-counting format that 
maximally preserves spatial and temporal information.  
This instrument will achieve several targeted goals:  
• To develop of 3-D maps of atmospheric OH, OI, 

and H for the satellites, resolving band and line 
structure and identifying high velocity material. 

• To map of the distribution and dynamics of OII 
plasma emission in near the satellites to measure 
interactions with the Jovian magnetospheric. 

• To measure the strength of Jupiter’s magnetic 
field in its upper atmosphere and in field aligned 
currents near the planet from the Hanle 
polarization of scattered solar H Ly-α. 

• Study of the intensity and radiative transfer of 
auroral H Ly-α and the velocity structure of H 
atoms in the turbulent Jovian upper atmosphere. 

• Measurement of the density and velocity of the 
neutral corona of Jupiter and the Io plasma torus. 

• Polarimetric maps the surface scattering from the 
icy satellites.   
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EUROPA SCIENCE PLATFORMS AND KINETIC ENERGY PROBES.  C. C. Hays1 and G. A. Klein1, 1Jet 
Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109. 

 
 
Introduction:  This presentation will outline a pro-

posed mission for the Jupiter Icy Moons Orbiter 
(JIMO). The mission outlined will concentrate on an 
examination of Europa. Some of the primary science 
goals for the JIMO mission are: 1) to answer broad 
science questions, 2) improved knowledge of Jovian 
system; specifically, lunar geological and geophysical 
properties, 3) chemical composition of Jovian lunar 
surfaces and subterranean matter, and 4) the search for 
life. In order to address these issues, the experiment 
proposed here will deploy orbiting, surface, and sub-
terranean science platforms. 

Methods: The Galileo space probes two recent fly-
bys of Europa show that the lunar surface exhibits a 
complex surface structure. See Fig.-1. 

 
Fig.-1: Surface of Europa.1 

The image in Fig.-1 is a composite from two of the 
Galileo space probe flybys. The surface morphology is 
complex, and suggestive of a high degree of geological 
activity; both at the surface and at subterranean levels. 
The pits and dark features shown, arrows 1 & 2, re-
spectively are associated with surface features sized at 
≈10 km. The surface may indeed be an active icy layer 
encrusted over a liquid sea beneath. The presence of a 
liquid sea could also provide evidence for life. 

To examine the local geophysical properties of the 
surface; e.g., regions similar to 1 & 2, a novel method 
is proposed; a kinetic energy penetrator (KEP). The 
technique would employ a penetrator designed for 
high velocity impact; e.g., a self-sharpening penetrator. 
The experimental strategies are multiple. First, a KEP 
is used as a projectile to excite seismic waves; i.e., 
traveling elastic waves on the lunar surface. The dy-
namic response of the surface to the penetrator impact 
would be monitored with a network of sensing devices 

pre-deployed on chosen surface sights, and simultane-
ously with a high-resolution optical imager on orbit. 
Two possibilities for the in-situ sensors on the lunar 
surface are: 1) a network of micro-seismometers, and 
2) an array of reflecting mirrors. The positions of the 
mirrors could be precisely monitored via a JIMO 
mounted optical interferometer. The dynamic nature of 
the experiment would enable determination of the local 
surface density, sound velocity, and other properties 
from the dynamic mechanical response recorded by the 
network. A second follower probe equipped with high-
resolution, high-data transfer rate optical imaging sys-
tem could also record the impact of the primary pene-
trator. For longer-lived seismic experiments, the latter 
of these methods may be preferable due to the high 
radiation environment present; i.e., reflectors do not 
require sensitive electronic circuitry that is subject to 
radiation damage. Thus, once in-place, the mirror net-
work could monitor the geological activity of the lunar 
surface. One broad science question that might be fa-
cilitated by the mirror network and the on-orbit inter-
ferometer would test the predictions of General Rela-
tivity within the Parameterized Post Newtonian (PPN) 
formalism; the gravitationally induced space curvature 
due to Jupiter could be probed to a high degree of ac-
curacy via laser ranging methods.2 

The second strategy enabled by the KEP probe 
would be to create an excavation zone on the lunar 
surface. The ejected contents of the impact area could 
be examined optically (fluorescence spectometer) from 
the orbiting JIMO probe. If deployed, lunar rovers 
could sample the chemical composition of the ejected 
subterranean matter. The impact crater or tunnel could 
also aid in drilling experiments proposed for lunar 
rovers. In addition, lunar rovers could conduct in-situ 
experiments to the search for life.  

Conclusions:  In this talk we will review the pro-
posed concepts.  

References: 
[1] Image credits: NASA, JPL, Univ. of Arizona, and 

Univ. of Colorado. 
[2] L. Iorio et al, Class. Quantum Grav. 19, 4310 (2002). 
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GLOBAL GEOLOGIC MAPPING OF GANYMEDE: OUTSTANDING QUESTIONS AND CANDIDATE 
CONTRIBUTIONS FROM JIMO.  J.W. Head III1, G.W. Patterson1 , G.C. Collins2, R.T. Pappalardo3, L.M. Prockter4, 
1Department of Geological Sciences, Box 1846, Brown University, Providence, RI, 02912 (James_Head_III@brown,edu), 2Physics and 
Astronomy Department, Wheaton College, Norton, MA, 02766, 3LASP, University of Colorado, Box 392, Boulder, CO, 80309, 4Space 
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Introduction:  Voyager images of the surface of Ganymede 

were used to create geologic maps at 1:5 million scale and the 
variety and interpretation of units were a reflection of the view-
ing geometry and resolution of the images as well as the preve-
lant formation hypotheses of Ganymede at that time [1, 2].  Gali-
leo high resolution imaging of the surface led to modification of 
many of these hypotheses and an advance in our understanding 
of the geology and history of this important Galilean satellite [3].  
A 1:15 million scale global map of Ganymede is being prepared 
to reflect these changes and to provide a post-Galileo global 
assessment of the geology and history [4].  Many outstanding 
issues were identified by analysis of the Galileo data and the 
global mapping effort [4] that could be resolved by a JIMO mis-
sion.  We outline here some of the requirements for a mission 
such as JIMO and what types of scientific advancements this 
would bring. 

Data Needs: Currently, the combined Voyager and Galileo 
data sets provide very uneven resolution coverage across the 
surface of the Ganymede (Fig 1. a, b). Because of this, many 
areas are covered only at relatively low resolution and this re-
sults in significant uncertainty in being able to apply the lessons 
from very high resolution local coverage from Galileo to the 
globe as a whole. In addition, there are significant variations in 
emission, incidence and phase angle of the available data, and 
this results in uncertainty in the interpolation and extrapolation 
of data and interpretations between areas covered at relatively 
similar viewing geometries.  Thus, JIMO could provide an im-
portant global image data base that should be designed to be 
obtained at optimal resolution and viewing geometry for photog-
rologic interpretation.  Furthermore, global multispectral data 
would be very important as a tool in the geological mapping and 
definition and characterization of units and their relationships.  
An advantage of JIMO is that multiple global data sets could be 
obtained with viewing geometries and resolutions that would be 
optimized for these two different but synergistic objectives.   

Discussion: One example of the important issues that were 
addressed by Galileo and could be further addressed by JIMO is 
the formation of surface features by volcanism or tectonism.  
Post-Voyager ideas on the formation of surface features on 
Ganymede included multiple possible formation mechanisms for 
both dark/ancient cratered terrain and bright/grooved terrain [1, 
2].  The majority of these mechanisms focused on cryovolcan-
ism, and geologic units were designated and interpreted with this 
in mind. The Galileo mission indicated that cryovolcanism may 
have had only a limited role in the surface history of Ganymede 
and that tectonism was a more likely mechanism for the forma-
tion of many features [4].  This includes furrow and grooved 
terrain formation by normal faulting and removal of low-albedo 
material, grooved terrain formation by sequential extensional 
episodes, and grooved terrain formation by Europa-like tectonic 
resurfacing [e.g., 5].  A global geological map in development 
will reflect this change in interpreted formation mechanism, but 

without the consistent and global data set that could be obtained 
by JIMO, the extent to which these new ideas can be extrapo-
lated globally is  unknown.   

Conclusions: JIMO provides the opportunity to obtain 
global high-reolution data sets of consistent and complementary 
quality that will enable us to fully map the geology of Ganymede 
and understand its nature and evolution. Detailed recommenda-
tions on the nature of the data requirements will be presented and 
the key  scientific issues documented.   

 
 

 
a. 

 
b. 
Fig 1. a) Global map of the image coverage of Ganymede at 
various resolutions from Voyager and Galileo missions.  b) 
Graphs indicating percent area covered as a function of resolu-
tion. 
 

References: [1] Shoemaker et al., Satellites of Jupiter, 435, 
1982. [2] . W, McKinnon and E. Parmentier, Satellites, 718, 
1986.  [3] Head, J., LPSC XXIX, Abstract #1774, 1998. 
[4] Head, J.  et al., NASA Planetary Mappers Meeting, 2002.  [5]  
Head, J. et al., GRL, 29, 2151, 2002.   
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AN ULTRAVIOLET IMAGING SPECTROGRAPH FOR JIMO.  A. R. Hendrix1, L. W. Esposito2, W. R.
Pryor3, A. I. F. Stewart2, W. E. McClintock2, C. J. Hansen1  1Jet Propulsion Laboratory, California Institute of Tech-
nology (hendrix@jpl.nasa.gov), 2Laboratory for Atmospheric and Space Physics, University of Colorado, 3Hampton
University.

Introduction:  It is vital to include an ultraviolet
spectrograph as part of the JIMO payload to Europa,
Ganymede and Callisto.  Ultraviolet measurements are
key for understanding the atmospheres, auroral activity
and surfaces of these icy satellites, and a UV imaging
spectrograph will also complement a visible camera
and near-IR spectrometer, to achieve full wavelength
coverage in remote sensing of the icy satellites.

Atmospheres:  The icy Galilean satellites are
known to have tenuous atmospheres of H, O, O2 and
CO2, among other species.  A hydrogen corona (121.6
nm) has been detected around Ganymede and Callisto
[1]. An O 2 atmosphere has been inferred at Europa [2]
as a result of HST measurements of oxygen emission
features. Observations using an orbiter need to be per-
formed to map out these atmospheric species spatially
and temporally to better understand their sources. A
very sensitive UV instrument is needed to do limb
measurements to detect outgassing (particularly at Eu-
ropa). It is not clear whether the primary source of the
tenuous atmospheres is sputtering of the surface ice,
sputtering of sublimated gases, or photolysis.  A UV
spectrograph on JIMO will be able to map out the at-
mosphere and correlations can be made between abun-
dances of atmospheric species and the varying types of
sputtering of the surface by charged particles. How
thick are the atmospheres, and do they vary across the
surface? Is Ganymede’s atmosphere relatively thin due
to magnetospheric shielding? On Callisto, we expect to
detect CO and O2 atmospheres that have not been de-
tected using HST [3]. Can we detect a temporally
varying atmosphere on Callisto, as the satellite moves
in and out of the plasma sheet? These are questions
that will be addressed with an ultraviolet spectrograph
on JIMO.

Aurorae:  Auroral activity has been detected on
Ganymede using HST [4][5], where the polar regions
appear to glow with oxygen emission lines at 130.4
and 135.6 nm. Longitudinal asymmetries appear, how-
ever, in the HST data, as do latitudinal and temporal
variations that are not understood.  A UV imaging in-
strument on JIMO will map out the auroral regions of
Ganymede to better understand the distribution of spe-
cies and will explain more about the magnetic envi-
ronment of Ganymede and the jovian system.  A UV
instrument on JIMO will aid in the detection of aurorae
on Europa and Callisto as well, if they exist.

Surfaces: The icy satellites of Jupiter are embed-
ded within the magnetosphere and as such, are con-
stantly bombarded by the charged particles that popu-
late it.  The bombardment results in the formation of
species that are detectable exclusively at NUV wave-
lengths (e.g., O3, H2O2, SO2).  As such, by imaging
these bombardment-produced species at UV wave-
lengths, we can essentially map out the environmental
effects on the icy surfaces.  Furthermore, UV spectra
complement observations from longer wavelengths and
have been used to confirm the existence of species
detectable in both wavelength ranges.  An example is
the detection of hydrogen peroxide (H2O2) on Europa.
An absorption feature at 3.25 µm measured by the
Galileo NIMS was confirmed to be due to H2O2 only
after the peroxide feature was also seen in the UV
spectra [6].  The H2O2 UV feature has also been meas-
ured on Ganymede and Callisto [7]. Furthermore,
ozone (O3), which absorbs at 260 nm, has been de-
tected on Ganymede primarily in the polar regions [8],
suggesting that the source is bombardment by electrons
travelling along the field lines and impacting the polar
ice. The SO2-like UV absorption feature that appears
on Europa’s trailing hemisphere is likely correlated
with dark material in recently active areas that also
causes absorptions in IR spectra [9], and is likely the
result of a combination of exogenic and endogenic
activities. Observations by JIMO UV instrument are
necessary to understand the full complement of proc-
esses and species at the icy satellites.

The Instrument: The UV instrument proposed for
JIMO will be similar to that currently on board the
Cassini spacecraft.  The design draws on the experi-
ence of building UV spectrometers for Mariner, Pio-
neer, Galileo and Cassini.  It will have three spectro-
graphic channels that provide images and spectra of
the atmosphere, aurorae and surface: An EUV channel
(800-110 nm), an FUV channel (110 to 190 nm) range,
and an NUV channel (180 to 350 nm).

References: [1] Barth C. A. et al. (1997) GRL, 24,
2147. [2] Hall D. T. et al. (1995) Nature, 373, 677.
[3] Strobel D. F. (2002) Ap. J. 581, L51. [4] Feldman
P. D. et al. (2002) Ap. J. [5] Hall D. T. et al. (1998) Ap.
J., 499, 475. [6] Carlson R. W. et al. (1999) Science,
283, 2062. [7] Hendrix A. R. (1999) LPS XXX #2043.
[8] Hendrix A. R. et al. (1999) J. Geophys. Res., 104,
14,169. [9] Carlson R. W. et al. (1999) Science 286,
97.
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HIGH-SPECTRAL RESOLUTION 6  to 12-µm REFLECTION SPECTROSCOPY OF THE ICY 
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Introduction: High-spectral resolution Infrared 

spectra of materials in the 6 to 12 micron region con-
tain absorption bands that are capable of discriminating 
organic and inorganic materials on the icy Galilean 
satellites.  This spectral region contains strong absorp-
tion features of bonds common in organic materials 
[1,2,3]: C≡H, SO bonds, C≡N, S-H, HCO3

-,  and other 
features diagnostic of inorganic materials such as O3, 
sulfates, H2O2, and rock-forming silicate minerals  
(Figure 1). However, their surfaces are too cold to ob-
serve at high spectral resolution in emission and are too 
dark to observe by reflected sunlight.  Modern ad-
vances in lasing technology may offer a solution.  
Quantum cascade (QC) lasers are a recent development 
that allows high power to be delivered by small, light 
weight devices over a ‘broad’ wavelength range[4].    

Science Objectives.  These absorption bands in 
the thermal infrared can be used to identify nonice 
trace constituents and bulk materials in the surfaces of 
each satellite and will provide synergistic results with 
shorter wavelength infrared observations obtained with 
instruments such as the Near Infrared Mapping Spec-
trometer (NIMS) [5,6] and ground-based observations 
[7].  For instance, SO2 (and sulfates) possibly discov-
ered by the ultraviolet and mid-IR absorptions that are 
diagnostic of the SO vibration, has the strongest bands 
between 7 and 7.75 µm and from 8 to 9.5 µm.    

Understanding, for instance, whether the surface 
bulk composition of the nonice material on Callisto is 
chondritic or if the hydrated nonice materials on Eu-
ropa and Ganymede are sulfate salts would immensely 
aid the understanding of the evolution of these moons 
and could have implication for how benevolent their 
subsurfaces would be towards life.  Additionally, or-
ganic molecules of all origins and types have varied 

and strong absorption features in the thermal infrared 
region that are diagnostic of their compositions (Figure 
1) and have been used for decades as identity signa-
tures.  If sub-surface life does or did exist in any of 
these moons, then it is possible that observable evi-
dence may exist, exposed on the surface.   If organic 
materials exist on the icy Galilean satellites, high spec-
tral resolution  longwave reflectance spectroscopy 
should be able to quantitatively identify them.  

Science Capabilities: Quantum cascade lasers are 
high-power solid state lasers that have recently been 
developed to operate in the infrared region of ~ 4 to 24 
µm [4]. The power output from QC lasing can exceed 
1000 times the power of diode lasers operating at the 
same wavelength, and is temperature-dependent, with 
peak performance at ~ 100K.  Luminescence from a 
single laser can be achieved, for example, over the 
spectral range from approximately 5 to 9 µm.  These 
lasers are also made of very radiation resistant materi-
als (commonly aluminum indium arsenide and gallium 
indium arsenide) and have proven quite rugged, known 
to operatate for six years or more under nearly contin-
uos laboratory testing [8]. A simple back-of-the-
envelope comparision with the performance character-
istics of the MOLA [9,10] suggests that a system based 
on QC lasers is viable.  Potentially limiting factors in-
clude: the instantaneous power is potentially less than 
other solid state lasers, such as the MOLA, the detector 
sensitivity of cooled MCT is approximately 3 orders of 
magnitude less than the silicon CCD [11], and the re-
flectivity of a water-rich surface will be low,  ~ 5% at 
these wavelengths.  We will discuss these and other 
considerations affecting the use of QC lasers for active 
high-spectral resolution longwave IR reflectance spec-
troscopy of the icy Galilean satellites.  

References:  
[1]Colthup, N.B., et al., Introduction to infrared and raman 
spectroscopy, Academic Press, New York, NY, 1964. 
[2]Cruikshank et al., Icarus, 94, 345-353, 1991. [3]Khare, 
B. N. et al., , Icarus, 60, 127 – 137, 1984. [4] Capasso, 
F. and Gmachl C., Bell Labs, 1999. [5] Carlson R., et 
al., Science, 274, 385–388, 1996. [6]McCord, T. B., et 
al., J. Geophys. Res., 103, 8603-8626, 1998. [7] 
Spencer et al., 2002.  [8] Kelly, J. (personal communi-
cations, PNNL), 2003. [9]Zuber, M.T., et al., ,J. Geo-
phys. Res., 97, 7781 – 7797,1992. [10]Abshire, J. B. et 
al., Appl. Op., 39, 2449 – 2460, 2000. [11] 
http://www.polytec-pi.fr/Judson/ 
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OBSERVATIONAL SELECTION EFFECTS IN EUROPA IMAGE DATA.  G. V. Hoppa1 and R. Greenberg2, 
1Raytheon Missile Systems Bldg. M02 M/S T19 1151 E. Hermans Rd, Tucson, AZ 85706-1151, 2Lunar & Planetary 
Laboratory, University of Arizona. 

 
 

The identification of terrains on images of Europa is 
highly dependent on the image resolution and illumi-
nation angle, both of which are quite variable due to 
the observational selection constraints of both the 
Galileo and Voyager  missions. In particular, theories 
for the formation of chaotic terrain have been influ-
enced by observational selection effects within the 
Galileo data sets [1]. Higher resolution images allow 
for the identification of smaller patches of chaotic ter-
rain, which are indistinguishable from surrounding 
tectonic terrain in most other Galileo imagery. The 
incidence angle of light also introduces an observa-
tional bias in the identification of chaotic terrain: Im-
ages acquired closer to Europa's terminator generally 
reveal more chaos features than images taken with 
higher Sun. Proper accounting for selection effects has 
implications for the size distribution and chronology of 
chaotic terrain, and the geologic history of the satellite 
[2]: At ~200 m/pixel 30% of Europa's surface appears 
as chaotic terrain, but with the effects of lighting and 
resolution taken into account, the portion is 40% or 
more; bias correction eliminates the 10-km-size peak 
that had been the basis of an earlier thick-ice model; 
"mottled terrain" and "lenticulae" appear to be the 

same as chaotic terrain, even though they have been 
mapped separately in the past; and accounting for how 
observational bias affects the freshness of appearance 
of chaotic terrain and the identification of tectonic 
modification of chaotic terrain demonstrates that the 
formation of tectonic and chaotic terrain have been 
concurrent processes throughout Europa's surface his-
tory. Similar observations selection effects can also be 
identified within Europa’s tectonic terrain and the cra-
tering record. Future mission planning for Europa im-
aging needs to consider strategies for minimizing and 
ameliorating observational selection effects on all of 
Europa’s features [3] in order properly allocate re-
sources for the maximum scientific return.  
 

References: [1] G.V. Hoppa et al. (2001) Icarus 
151, 181-189. Observational selection effects in Eu-
ropa image data:  Identification of  chaotic terrain. [2] 
J. Riley et al. (2000) J. Geophys. Res.-Planets, 105, 
E9, 22599-22615, Distribution of chaos on Europa. [3] 
R. Greenberg and P. Geissler (2002) Meteoritics and 
Planetary Science 37, 1685-1711, Europa's dynamic 
icy crust, An invited review. 
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PUSHBROOM SENSOR CONCEPTS FOR THE JIMO MISSION.  M. L. Kaplan and R. W. Dissly, Ball Aerospace & 
Technologies Corp., 1600 Commerce St., Boulder, CO 80301, mkaplan@ball.com and rdissly@ball.com 
 

 
Abstract:  JIMO presents an opportunity to the plane-

tary science community to expand the detailed knowledge 
(data) of the composition and geomorpology of Jupiter’s Icy 
Moons – Callisto, Ganymede, Europa.  This data will be 
used to develop understanding of the origin and evolution of 
these bodies as well as determination of life and sustainabil-
ity potential.   

This presentation focuses on a class of data collection 
payloads typically employed in a remote sensing mission 
that the JIMO space segment will provide.  Described as 
“Push-Broom” imaging, this sensor concept is explored for 
applicability to JIMO.  General data will be provided on 
state-of-the-art sensors currently being developed for the 
following missions: Mars-HiRISE (“The Peoples Camera”), 
Pluto-RALPH and National Polar-orbiting Operational Envi-
ronmental Satellite System (NPOESS – “Weather-SATs”).  
Performance of these sensors will be normalized for use on 
the JIMO mission. For example, the HiRISE payload operat-
ing at a 100 km orbit would provide: 12.5 cm/pixel resolu-
tion; 2.5 km swath width coverage in 3 distinct panchromatic 
bands (Blue-Green, Red, NIR); and stereo imaging vertical 
height resolution of ~ 7.5 cm.    

Key systems engineering parameters (SNR, Aperture, 
IFOV, ground speed, LOS pointing, data rate, etc) will be 
discussed in relation to scientific metrics (Level 1 require-
ments) and their impact on mass/power/data volume.  Envi-
ronmental (e.g. Radiation, Solar illumination, etc.) as well as 
operational (e.g. LOS pointing control, data volume, etc) 
requirements and their impacts on these sensor system pa-
rameters will be evaluated using trade space examples.  

Current Ball IRAD efforts to: simplify this class of pay-
load (mass/power reduction); as well as expanding the scien-
tific collection capabilities (resolution for both spatial & 
spectral, sensitivity for low light levels) will be discussed.   

The intent is to provide the science community a basis 
for evaluating “data collection requirements” relative to their 
impact on the sensor system(s).  
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EUROPA’S UPPER CRUST AND OCEAN COMPOSITIONS AND THE 
OCEAN’S SUITABILITY AS A POTENTIAL HABITAT, Jeffrey S. Kargel, U.S. 
Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ, U.S.A., Email: jkargel@usgs.gov 
 

A scientific consensus exists that Europa may have an ocean, and most 
researchers believe it likely that an ocean exists there, still liquid, sustained by tidal 
heating, even today.  “Ocean” of course conjures images, for scientist and layperson 
alike, of coral reefs and black smoker communities or at least primordial microbiological 
slime of one type or another.   “Where there’s water there’s life,” it is often heard.   It is 
NASA’s theme for Mars and solar system exploration, and it extends to Europa, as well it 
should.  However,  “life” is not quite the corollary of “ocean.”  Europa’s ocean, if we 
assume that it exists, could offer some seriously difficult chemophysical challenges 
beyond the conceivable abilities of life to cope.   In theory, Europa very possibly could 
have a cryogenic ocean of concentrated sulfuric acid solution where water is the minor 
component.  At the other pH extreme, though I think this is improbable, the ocean could 
be a cryogenic eutectic ammonia-water ocean.  Most likely, whatever the solute 
composition, solutes probably amount to roughly 6-10 or more times the molarity of 
Earth’s seawater, and it is probably anywhere from a few kelvin to a few tens of kelvin 
colder than Arctic Ocean seawater.    In composition it would make the Dead Sea look to 
humans like a benign environment.   However, there are microbiological Earthlings who 
consider the Dead Sea to be ideal, and others who thrive best in sulfuric acid solution 
(though not the eutectic), and who consider the global ocean to be poison.  It is certainly 
not my expertise to rule life out or in for Europa, but I will review several proposed 
alternative chemophysical models for Europa’s ocean. 

Among several models, limited available evidence may favor a model enriched in 
alkali sulfates.   This is perhaps the composition that, of the several models proposed, 
would be most amenable to the survival the largest number of Earthling microbiota.  
Regardless of the applicability (or lack) of this terrestrial life-friendliness, a Na-K-
sulfate-rich model seems slightly favored by the combination of (a) infrared absorptions 
that seem to indicate the dominance—within non-ice terrains—of heavily hydrated 
sulfates of some unknown type (sodium sulfate and sulfuric acid offering some of the 
best matches), and (b) the presence of O, Na, and K in the tenuous atmosphere of Europa.  
These compositions are assumed to reflect that of the ocean.  The possibility exists that 
alkali sulfates coexist with copious amounts of chlorides and sulfuric acid. Some models 
would predict that Mg is also a major cationic constituent.  However, just taking the 
sulfate-anion-based IR absorptions and alkali cations that have been observed, then the 
ocean would seem dominantly one of sodium sulfate with minor potassium sulfate.  
Chlorides inevitably are also present, but are harder to detect and may be less abundant 
than sulfates; sulfuric acid may or may not be a major component.   Kargel et al. (2000) 
presented one model where a Na2SO4-rich ocean and crust could have been generated by 
leaching of chondritic salt assemblages, followed by hydrothermal basalt-seawater 
interactions that would have preferentially consumed Mg in serpentine, chlorite, and 
other Mg-phyllosilicates and would have reduced a fraction of sulfate (forming iron 
sulfides).   Excess sulfate would occur as sodium sulfate plus sulfuric acid.    If Na2SO4 is 
indeed a major component of Europa’s seawater, it would suggest that the temperature of 
the ocean is in the 260’s K.  If pH>1, the ocean may be amenable to life as we know it. 
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ORBIT-BASED GEOPHYSICAL AND GEOCHEMICAL MEANS TO DETECT 
POSSIBLE TRANSIENT OUTBURST/ERUPTIVE EVENTS (TOES) ON EUROPA’S 
SURFACE OR ON ITS SEAFLOOR, J.S. Kargel, U.S. Geological Survey, 2255 N. Gemini 
Dr., Flagstaff, AZ 86001; jkargel@usgs.gov 
 
Geophysical models and geological observations suggest that Europa’s heat flow may be the 
second largest (after Io’s) of all the objects in the Solar System.   Even if tidal heating is an order 
of magnitude less than Io’s heating rate, there exists a large chance that transient 
outburst/eruptive events (TOEs) may occur in any given terrestrial month of observations.  Io’s 
volcanic and volatile eruptive activity offers just a hint of what may occur on Europa’s surface or 
seafloor.  Large active silicate magmatic eruptions, sulfur dioxide or other volatile outbursts, or 
brine eruptions may occur during the period of orbital observations by the Jupiter Icy Moons 
Orbiter (JIMO).    While any silicate eruptions would be confined to the seafloor, brine eruptions 
or outgassing events may occur either on the seafloor or onto the surface.  Any large active TOEs, 
whether occurring on the seafloor or the surface of Europa, are apt to produce consequences that 
would be observable by a suitably instrumented JIMO.  If a TOE represents a snapshot of a 
sustained localized phenomena, surface geological manifestations are likely.  Here I focus on 
active TOEs, which may be geophysically or geochemically detectable as spatially confined data 
anomalies during overflights or by changes in repeat observations.  A few possible detection 
methods are considered for the cases of (1) seafloor TOEs, including silicate eruptions, brine 
eruptions, and outgassing events,  (2) brine eruptions onto the surface, and (3) outgassing events 
from the surface.  All are assumed to be large events sufficient to give JIMO a TOEhold on 
Europa. 
1. Seafloor TOEs.  Changes to the thermal structure and dissolved volatile and brine 

composition related to lava-seawater interactions may produce significant changes in the 
electrical conductivity of the seawater overlying the eruption; this will cause perturbations in 
the flow of electrical induction currents and hence in the local low-altitude magnetic 
induction field.   These signals might be sensed at low orbital altitudes either during single-
pass JIMO magnetometer observations as local magnetic anomalies, or as changing 
anomalies during multiple passes.  Brine eruptions and outgassing events on the seafloor may 
similarly perturb the electrical conductivity, allowing for similar observing techniques. 

2. Active or very recent brine eruptions on the surface may be detected by thermal infrared 
anomalies due to heat flow through crusted brine flows, thermal emissivity anomalies due to 
freshly quenched and unweathered flow surfaces, unique multispectral absorption and 
spectrophotometric features due to quench phases (vitreous and microcrystalline material, 
with possible preferred grain orientation)  or due to unweathered (unsublimated, 
unradiolyzed) chemical composition (e.g., sodium still sulfate bound, and salts still fully 
hydrated).   Highly volatile constituents may be emitted into the neutral atmosphere, where 
neutral gas spectrometers may detect them.  Open brine-filled connections between the ocean 
and the surface may trigger powerful unipolar induction currents, with effects detectable in 
magnetometer data and in flourescence of the Europan and Jovian ionospheres (Europa flux 
tube).  

3. Outgassing plume events.   If sufficiently dense and containing condensates or dust 
impurities, plumes may be directly imaged.  Neutral gas spectrometers could look for noble 
gases, SO2, CO2, etc.   
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To Understand Europa we Must Investigate the Composition of Europa’s 
Atmosphere and of Io’s Emissions Inward of 9.5RJ, Jeffrey S. Kargel, U.S. Geological 
Survey, Flagstaff, AZ 86001 
 

The Jupiter Icy Moons Orbiter (JIMO) incorporating Prometheus nuclear power and 
propulsion technologies offers an exciting opportunity to conduct detailed studies of Europa’s icy 
surface and ice-covered ocean as well as exploration of Ganymede and Callisto.   While the prime 
mission is well defined and warranted to be confined to the icy moons, full understanding of 
Europa requires an examination, if at all possible, of the composition of  Io’s volcanic and surface 
emissions. Io’s emissions dominate the plasma composition of the overall Jovian system, and it 
may or may not dominate close to Europa.   There is a need to look at the magnetospheric plasma 
and neutral matter close to Europa (from Europa orbit and approach to orbit) and in Jupiter orbit 
space both inside and outside of Europa’s orbit.  This could be possible by use of sensitive neutral 
mass spectroscopy (NMS) and ion mass spectroscopy (IMS), which would also find general use 
in studies of the other satellites and of the Jovian magnetospheric plasma environment.  The 
NMS/IMS technology must make measurements significantly inward of 9.5 RJ, perhaps during an 
extended mission, to resolve an unambiguous signature of Io’s charged emissions from those 
originating on Europa. I will present some likely geochemical signals of Europa and Io, the 
implications of these signals for endogenic processes, and how these signals and their 
implications could become confused lacking a clear resolution of the two objects’ emissions.    
The JIMO instrument payload and mission design should not preclude, if possible, studies of the 
Io torus either during approach to Europa or afterward during a potential extended mission 
journey to Io, as well as of the tenuous Europa extended atmosphere.  Any NMS/IMS capability 
should look at very low-mass elements to fairly heavy minor/trace components (at least from H to 
Ni, preferably to Sr or even Xe).   The payload should be capable of resolving isotopic masses of 
H, S, O, and noble gases.  Lacking any observations made inside Europa’s orbit, any signals 
associated with Europa will be difficult to resolve clearly from possible outflow from Io or even 
outflow from Europa due to implanted Iogenic material.     

The issues at stake are substantial.  Possible cryovolcanism or emissions from an ice-
crusted ocean or an ocean-equilibrated ice crust could provide powerful clues to the chemical 
composition, temperature, and suitability for life of Europa’s ocean.   The elemental content of 
the ocean, and hence of any erupted brines and related surface salts, might be indicated in the 
elemental ratios of sputtered materials (sensible in the extended atmosphere of Europa).  For 
example, Al and Fe plus S and O (and others) would indicate an acidic ocean, perhaps of sulfuric 
acid.   Mg, Na, K, S, and O, in ratios close to those expected for sulfate salts, would call for a 
chondrite-derived near-neutral or alkaline ocean.  Just Na, K, and Cl, would indicate a very cold, 
near-neutral ocean.   However, potentially diagnostic elements such as Fe could be derived by 
thermal volatilization of Ionian lavas; is the Fe coming from Europa or from Io?  Is Si and Mg 
associated with it?  Is the Cl expected near Europa entirely of Europan origin, or does some 
derive from Io?  If Al is detected, it would be difficult to evolve from Io by thermal evaporation 
(due to extreme refractory nature), but it might be sputtered.   The possibility of mixed signals 
and mis-interpreted results at Europa due to Io contamination (or lack thereof) is clearly a major 
issue that should be addressed by the JIMO mission if at all possible.  Acknowledgements.   
Thanks to Bruce Fegley for constructive discussions and cooperative modeling relevant to JIMO 
and Europa/Io studies.  
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DOWSING FOR WATER ON JUPITER’S ICY SATELLITES BY USING A MAGNETOMETER ON 
JIMO, K. K. Khurana, M. G. Kivelson and C. T. Russell, Institute of Geophysics and Planetary Physics, Slichter 
Hall, University of California at Los Angeles, CA 90095-1567 (e-mail: kkhurana@igpp.ucla.edu) 

 
 

Introduction: Many geophysical investigations 
suggest that Europa [1] and Ganymede [2, 3] contain 
subsurface oceans. Using Jupiter’s rotating magnetic 
field as a primary signal, the magnetometer experiment 
onboard Galileo measured secondary induction signals 
emanating from Europa [4], Ganymede [2] and sur-
prisingly Callisto [4, 5]. The strong electromagnetic 
induction from these moons suggests that large global 
electrical conductors are located just below their icy 
crusts. A detailed analysis reveals that global salty 
oceans with salinity similar to the Earth’s ocean thick-
ness in the range of  ~ 6 -100 kms and depth in the 
range of a few tens of km can explain the induction 
observed near Europa [5]. However, icy crusts thicker 
than  100 km are required to explain the magnetic data 
from Callisto and Ganymede. 

Galileo’s Observations are Limited: Although 
Galileo’s geological and geophysical observations 
have provided vital clues to the interior structure, dy-
namics and the presence of liquid water in the icy sat-
ellites, none of the inferences is unambiguous because 
of the limited nature of the observations. Alternate 
models that do not postulate liquid oceans can explain 
many of the observations [1, 3]. These observations 
also constrain the internal structures rather poorly. For 
example, the permissible range of sizes for the postu-
lated metallic core of Ganymede are anywhere be-
tween 0.15 and 0.5 RG [6]. Future systems on JIMO, 
like ice penetrating radars will undoubtedly improve 
our knowledge of the upper icy crusts and the loca-
tions of the oceans. However, ambiguities about the 
thicknesses of the oceans and deeper structures are 
likely to persist.    

JIMO to the Rescue: Because Galileo spent very 
short intervals in the vicinity of the Galilean icy moons 
during each flyby, the Galileo work has relied on a 
single signal frequency corresponding to the synodic 
rotation period of Jupiter (as seen in the rest frame of 
the moon) to infer the interior structures of the moon. 
However, the spectrum of the primary field contains 
several other important frequencies out of which the 
frequency corresponding to the orbital period of a 
moons is particularly useful in inferring the depth, 
thickness and conductivity of the interior ocean. We 
show that by using the induction response at several 
frequencies, in addition to the previously used synodic 
frequency, the ocean conductivity and the thickness of 
the ocean at each of the icy moons can be determined 

uniquely for a range of ocean shell thicknesses and 
conductivities. We discuss how the measurements 
from JIMO nominal orbits can be decomposed into the 
internal (which is the secondary field) and external 
(the primary imposed field) components not only for 
the steady field but also for the varying field. We dis-
cuss techniques that can then be used to invert the ob-
servations and obtain information on the composition 
and structure of the ocean. We discuss the otimum 
orbital elements (latitude, altitude, duration etc.) of 
JIMO for obtaining the best information.  

Additional Science: The orbiter will also measure 
higher order spherical harmonics of the permanent 
internal field of Ganymede and determine secular 
changes in the field since the Galileo era measure-
ments. The orbiter will place better upper limits on the 
permanent internal fields of Europa and Callisto. 
These observations are necessary to understand the 
deeper interior structures of these moons. In addition, 
the portions of orbits passing through the wakes, 
Alfven wings and mass loading regions of the icy 
moons provide information on the interactions of the 
icy satellites with the magnetosphere of Jupiter. Fi-
nally, the external field measured by Galileo will pro-
vide key evidence on the nature and strength of local 
time asymmetries in Jupiter’s magnetosphere.  

  
References: [1] Pappalardo, R.T. et al. (1999) 

JGR, 104, 24015-55. [2] Kivelson, M.G. et al. (2002) 
Icarus, 157, 507-522. [3] Head, J. et al. (2001) EOS, 
81, #48, F790. [4] Khurana K.K. et al. (1998), Nature, 
395, 777-80. [5] Zimmer C. et al. (2000), Icarus, 147, 
329-347. [6] Anderson J.D. et al. (1996) Nature, 384, 
541-3. 
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PLANETARY PROTECTION CONSIDERATIONS FOR JIMO.  R. C. Koukol, Mail Stop 125-224, Jet 
Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena CA 91109 (Robert.C.Koukol@jpl.nasa.gov). 
 
 
 
Europa is the only body in the solar system besides 
Mars that is currently viewed as a body “of 
significant interest relative to the process of chemical 
evolution and/or the origin of life or for which 
scientific opinion provides a significant chance of 
contamination which could jeopardize a future 
biological experiment.” Thus, both NASA and 
COSPAR policy require that Europa be protected 
from biological contamination that could result from 
scientific exploration conducted by robotic 
spacecraft.  In 2000, the Task Group on the Forward 
Contamination of Europa (Space Studies Board) 
published its report on Preventing the Forward 
Contamination of Europa recommending a limit of 
10-4 probability of contamination of Europa’s ocean 
per mission (at any time in the future) by a single 
viable terrestrial microbe.  While NASA guidelines 
do not yet explicitly reflect this new 
recommendation, it is likely that the SSB 
recommendation will be adopted by NASA planetary 
protection in the form of a sterility requirement or at 
least a stringent total microbial burden requirement. 
 
Planetary protection (PP) planners at JPL expect that 
missions to Europa will have to incorporate PP into 

mission design, system design, and manufacturing 
processes.  Mission designers will have to take into 
consideration possible PP requirements pertaining to 
such things as orbital lifetime and final disposition of 
hardware.  System, subsystem, and instrument 
designers will have design for cleaning and 
sterilization requirements, e.g., materials and parts 
selection for compatibility with sterilization 
processes.  Cleanroom handling and assembly will be 
required, possibly earlier in the manufacturing cycle 
than normally considered for Mars missions. 
 
As scientists, hardware designers, and mission 
specialists plan for the Jupiter Icy Moons Orbiter 
mission, planetary protection will have to be 
considered early to assure feasibility and 
compatibility with emerging NASA and COSPAR 
requirements for the protection of Europa for future 
exploration.  In my presentation, I will present an 
overview of the anticipated planetary protection 
requirements for both orbiters and landers destined 
for Europa and some of the challenges these 
requirements will present. 
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A SECONDARY ION MASS ANALYZER FOR REMOTE SURFACE COMPOSITION ANALYSIS OF THE GALILEAN
MOONS. H. Krüger, R. Srama,MPI Kernphysik, 69029 Heidelberg, Germany, (Harald.Krueger@mpi-hd.mpg.de), T. V. Johnson,
JPL, Caltech, Pasadena, CA 91109, USA, H. Henkel, H. von Hoerner, A. Koch,von Hoerner & Sulger GmbH, 68723 Schwetzingen,
Germany, M. Horányi, LASP, Dept. of Physics, Univ. of Colorado, Boulder, CO 80309, USA, E. Gr̈un, MPI Kernphysik, 69029
Heidelberg, Germany, HIGP, Univ. of Hawaii, Honolulu, HI 96822, USA, J. Kissel (Adviser),MPI extraterrestrische Physik, 85741
Garching, Germany, F. Krueger (Adviser),Ingenieurb̈uro Dr. Franz Krueger, Darmstadt, Germany.

Galileo in-situ dust measurements have shown that the Galilean
moons are surrounded by tenuous dust clouds formed by col-
lisional ejecta from their icy surfaces, kicked up by impacts
of interplanetary micrometeoroids [1, 2]. The majority of the
ejecta dust particles have been sensed at altitudes below five
radii of these lunar-sized satellites. Average particle sizes were
between 0.5 and 1µm, just above the detector threshold, indi-
cating a size distribution decreasing towards bigger particles.
The dust particles in the clouds consist of surface material from
their parent bodies. They carry information about the prop-
erties of the surface from which they have been kicked up.
In particular, these grains may carry organic compounds and
other chemicals of biological relevance if they exist on the icy
Galilean moons. In-situ analysis of the grain composition with
a sophisticated dust analyzer instrument flying on a Jupiter Icy
Moons Orbiter can provide important information about geo-
chemical and geophysical processes during the evolutionary
histories of these moons which are not accessible with other
techniques from an orbiter spacecraft.

Thus, spacecraft-based in-situ dust measurements can be
used as a diagnostic tool for the analysis of the surface compo-
sition of the moons. This way, the in-situ measurements turn
into a remote sensing technique by using the dust instrument
like a telescope for surface investigation.

An instrument capable of very high resolution composi-
tion analysis of dust particles is the Cometary Secondary Ion
Mass Analyzer (COSIMA, Fig. 1). The instrument was origi-
nally developed for the Comet Rendezvous and Asteroid Flyby
(CRAF) mission [3] and has now been built for ESA’s comet
orbiter Rosetta. Dust particles are collected on a target and
are later located by an optical microscope camera. A pulsed
primary indium ion gun partially ionizes the dust grains. The
generated secondary ions are accelerated in an electric field
and travel through a reflectron-type time-of-flight ion mass
spectrometer. The instrument performance is characterized
by:

• high sensitivity that allows the analysis of dust particles
in the micrometer range

• a wide mass range of 1 . . . 4000 atomic mass units

• high mass resolutionm/dm> 2500 at mass 300 a. m. u.

The instrument provides sufficient resolution for

• analysis of the elemental composition (and isotopic
composition of some key elements) of dust grains

• chemical characterization of the main organic compo-
nents, present homologuous and functional groups

• mineralic and petrographic characterization of the inor-
ganic phases—all related to solar system chemistry

The COSIMA instrument has a total mass of 20 kg and a power
consumption of 20 W [4].

For dust measurements and compositional analysis on
the Jupiter Icy Moons Orbiter mission the instrument needs
some modifications. In particular, a new target is required
for the higher particle impact speeds and the lower fluxes at
the Galilean moons compared to the cometary environment.
The dust collection process to be employed in the environ-
ment of the Galilean moons is still to be defined. Furthermore,
radiation-resistant electronics is necessary to meet the strong
radiation requirements. On the other hand, the very high-
resolution mass spectrometer of the instrument can be used as
it is.

References:
[1] Kr üger, H., et al., 1999, ”Detection of an impact-generated
dust cloud around Ganymede”,Nature, 399, 558–560
[2] Kr üger, H., et al., 2003, ”Impact-generated dust clouds
surrounding the Galilean moons“,Icarus, in press
[3] Zscheeg, H., et al., 1992, ”COMA – advanced space exper-
iment for in-situ analysis of cometary matter”,Astrophysics
and Space Sciences, 195, 447–461
[4] http://www.vh-s.de/projects/cosima/cosima.html
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A LOW FREQUENCY RADIO AND RADAR INSTRUMENT TO EXPLORE JUPITER’S ICY MOONS.     

W.S. Kurth1, D.A. Gurnett1, J. Plaut2, S.J. Bolton2, W.M. Farrell3, M.D. Desch3, M.L. Kaiser3,  P. Zarka4, A. Lecacheux4,

S.D. Bale5, and P. Canu6, 1Dept. Physics & Astronomy, U. of Iowa, Iowa City, IA 52242, william-kurth@uiowa.edu,
2JPL, Pasadena, CA, 3GSFC, Greenbelt, MD, 4Observatoire de Paris, Meudon, France, 5UCB, Berkeley, CA,
6CETP/UVSQ, Velizy, France.

Introduction:  The addition of a comprehensive wave

investigation to the Jupiter Icy Moons Orbiter (JIMO)

science payload will provide a broad range of information

on the icy moons of Jupiter including the detection of

subsurface liquid oceans; mapping of their ionospheres;

their interaction with the magnetospheric environment;

and on the Jovian magnetosphere.  These measurements

are obtained through the use of both passive and active

(sounding) means over broad frequency ranges.  The

frequency range of interest extends from < 1 Hz to 40

MHz for passive measurements, from ~ 1 kHz to a few

MHz for magnetospheric and ionospheric sounding, and

between 1 and ~10 MHz for subsurface radar sounding.

Subsurface Radar:  Low frequency (1 - 10 MHz)

radar sounding for subsurface liquid oceans can be used

to extend the wavelength, hence penetration depth,

beyond that achievable with an assumed higher frequency

radar (operating at 50 MHz or above).  The lower fre-

quency forces the use of low gain dipole antennas and

special methods for subtracting ground clutter and off-

nadir returns such as those employed in the MARSIS

instrument on Mars Express.  In fact, the MARSIS

method of removing clutter which utilizes a nadir-point-

ing monopole antenna can be improved with the use of a

triaxial array to fully resolve the wave field of the return-

ing radar signal.  This enhancement can also be used to

limit the contamination from Jovian radio emissions

which can occur in this frequency range.  In many cases

the natural radio emissions should be occulted over the

anti-Jupiter hemisphere.  In addition to the primary goal

of detecting subsurface oceans and their depth below the

icy crust, the radar measurements also contribute informa-

tion on the scattering properties of the ice and the conduc-

tivity of the ice, which in turn, provides information

relevant to the temperature of the ice and its impurities.

Plasma Sounding:  Ionospheric sounding accom-

plished by sweeping the active pulses from as low as 1

kHz to ~ few MHz should provide an ionospheric density

profile for all of the Galilean satellites along the space-

craft trajectory, hence, an ionospheric model for each

moon.  Such measurements are an important element of

subsurface radar sounding since the ionosphere can affect

the propagation of the radar signals.  Ionospheric densi-

ties are also important in understanding the interaction of

the moon with the magnetosphere such as understanding

variations in the ionosphere driven by different lighting

conditions and likely patchiness in the moon’s exosphere.

Sounding can also provide accurate plasma densities

elsewhere in the magnetosphere.

Magnetospheric Interactions:  In passive mode, a

comprehensive wave investigation coupled with the

fluxgate magnetometer will allow for ion cyclotron wave

spectrometry which has been used successfully on Galileo

to identify various atomic and molecular ions being

picked up in the vicinity of the satellites, thereby contrib-

uting to the determination of surface composition by

directly measuring products sputtered off the moons’

surfaces.  Furthermore, initial surveys of the plasma wave

environments of the Galilean satellites by Galileo show a

rich and varied interaction between the moons and the

Jovian magnetosphere, including the discovery of

Ganymede’s magnetosphere.  A wave instrument can

provide accurate magnetospheric plasma densities via a

number of methods including sounding as mentioned

above; by the identification of resonances and propaga-

tion cutoffs in the wave spectrum; and given antennas

longer than the plasma Debye length, from the spectrum

of quasi-thermal noise.  Finally, extending the passive

spectrum to the 40-MHz upper frequency limit of the

Jovian decametric radiation allows a means for continuing

the study of the Jovian magnetosphere and its dynamics

through variations in intensity of its various radio emis-

sions.  With the triaxial antenna array suggested for the

radar measurements, this instrument will provide the most

comprehensive description of the polarization and source

locations of the very complex Jovian radio spectrum.  At

the highest frequencies where short antenna effects limit

the ability to perform accurate direction-finding, repeated

occultations of the Galilean satellites will provide very

accurate source locations for the first time.

By extending the electric field measurements to DC,

one can measure the electric field in the vicinity of the

moon, which will be the product of both the induced

interior field and the field associated with the

magnetosphere-moon interaction.  
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Abstract: A concept based on a short rotating electro-
dynamic tether system is being investigated as a means 
to deorbit a small Probe at Jupiter. Jupiter’s strong 
magnetic field and relatively high plasma density 
makes the environment suitable for short electrody-
namic tethers. Instead of relying on gravity gradient 
that would require a long tether to be effective, tether 
stability is accomplished by rotation. A bare tether 
concept with no plasma contactor is studied. The idea 
not to use a plasma contactor is not only reducing the 
hardware required, but also guarantees that the current 
and heat dissipation will not be excessive and can be 
dealt with in a practical manner with today’s technol-
ogy. On Jupiter, due to the high plasma density and 
strong magnetic field, even without an active device to 
emit electrons, a significant current will flow, the cir-
cuit being closed by ion collection. The Lorentz drag 
force created can be sufficient to deorbit a low-mass 
atmospheric entry probe. The Lorentz force distribu-
tion and the resulting torque is such that, if given an 
initial rotation, this rotation will self-accelerate, thus 
keeping the tether taut through centrifugal force and 
stable through the gyroscopic effect. In this paper, the 
concept of the rotating tether is described and prelimi-
nary results of the study are presented.  
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A LARGE-AREA PARTICLE SENSOR FOR NEAR-EARTH ORBITAL DEBRIS, INTERPLANETARY 
METEOROIDS, AND DUST IN THE JOVIAN SYSTEM.  J.-C. Liou1, Mark Matney1, and Gene Stansbery2, 
1Lockheed Martin Space Operations, Mail Code C104, 2400 NASA Road One, Houston, TX 77058, USA (jer-
chyi.liou1@jsc.nasa.gov; mark.matney1@jsc.nasa.gov), 2ARES, NASA Johnson Space Center, Houston, TX 
77058, USA (eugene.g.stansbery@nasa.gov). 
 

Introduction:  With the large vehicle size and pay-
load capacity, increased power supply capability, and 
unique trajectory of the Jupiter Icy Moons Orbiter 
(JIMO), there is a great opportunity for a large-area 
particle sensor to sample near-Earth orbital debris, 
interplanetary meteoroids, dust in the Jovian system, 
and dust around the three Jovian icy moons. Our pro-
posed instrument would accomplish several major sci-
entific goals as well as provide an integrated environ-
ment definition (near Earth and inner Solar System) 
for the protection of future Project Prometheus (and 
other) missions. 

Scientific Objectives:  Both dust streams and dust 
clouds have been detected inside the Jovian system by 
the sensors on the Galileo spacecraft [1, 2]. The de-
tected submicron- to micron-sized dust particles are 
charged and are coupled with the Jovian magneto-
sphere. While dust streams are being injected into in-
terplanetary space, dust clouds are found to be sur-
rounding Galilean satellites. The most likely origin of 
dust clouds is continuous ejection of particles from the 
surface via bombardment of the satellites by inter-
planetary meteoroids [3]. Based on Galileo’s detection 
rate, it is estimated that 3,000 tons of meteoroids im-
pact each Galilean satellite every year. What this 
means is Europa, Ganymede, and Callisto are not 
closed systems. There is a strong interaction between 
these icy moons and interplanetary meteoroids that 
come from primitive bodies in the outer Solar System, 
such as comets and Kuiper Belt objects.  Understand-
ing this link may  help answer the question concerning 
whether or not subsurface oceans exist on the icy 
moons and the possibility that these oceans might har-
bor life. 

We propose to place a large-area particle sensor on 
JIMO. With the increased power supply and large 
spacecraft size, a sensor on the order of 10 m2 or larger 
is feasible. By comparison, the dust sensor on Galileo 
only has a detection area of 0.1 m2. A larger area de-
tector would allow us to detect much larger particles 
and construct an ejecta size distribution up to about 1 
mm or larger. It will allow us to better quantify the 
dust environment in the Jovian system as well as the 
interaction between Jovian satellites and meteoroids.  

A large-area particle sensor will also address sev-
eral critical scientific questions in interplanetary space 
(between 1 and 5 AU), and in the near Earth environ-
ment. From the measured particle characteristics (size 

distribution, orbit distribution, etc.), the question re-
garding the sources of meteoroids (comets, asteroids, 
or Kuiper Belt objects) and relative contributions from 
the sources can be answered. Data for objects larger 
than about a hundred microns is very limited in regions 
far from the Earth. Such data could be collected during 
the extensive cruise phase of the mission. In  near-
Earth space, a large-area particle sensor migrating 
from the low Earth orbit outward would provide a 
unique opportunity to survey the orbital debris envi-
ronment. It is also critical from the engineering per-
spective to have a good environment definition to pro-
tect the vehicle. There is also the possibility of detect-
ing interstellar meteoroids [4] in size regimes previ-
ously unmeasurable. 

Options for the Instrument: There are two possi-
bilities for a large-area particle sensor.  The first is to 
use a detector that measures impacts on the detector 
surface.  A multiple-layer PVDF detector or other 
types of impact detectors can be designed to achieve 
the objectives. The second option is more ambitious, 
and would entail using the spacecraft reactors to power 
a radar or lidar as a dust detector.  This method has the 
benefit of having an equivalent collecting area of hun-
dreds or thousands of square meters, and potentially 
detecting objects up to centimeter sizes or even larger. 
It would not be ideal, however, for detecting smaller 
debris.    

It might be possible to fly both types of instruments 
to obtain complete statistical data over many orders of 
magnitude in size. 

Conclusions: The major scientific objectives of 
our proposed large-area particle detector can be sum-
marized as the following:  (1) characterization of the 
dust environment of each of the Jovian icy moons, (2) 
characterization of the dust environment in the inner 
Jovian system, (3) understanding of the interaction 
between icy moons and interplanetary meteoroids, (4) 
characterization of the interplanetary meteoroid com-
plex including possibly the interstellar component, (5) 
characterization of the near Earth orbital debris envi-
ronment. 
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THE SEARCH FOR LIFE ON EUROPA:  JUPITER ICY MOONS ORBITER 
OBJECTIVES 
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On Europa, present and past life preserved in the icy crust might be abundant and varied.  
Indeed, analogous icy habitats on Earth suggest that many opportunities for life and 
ecosystem development are possible on Europa.  Possible habitats include benthic soft 
and rocky substrates on the ocean’s floor, pelagic ones in the water column, and 
cryophilic types in various ecologic settings in the ice cover itself.   
 These habitats have potential for transportation to and preservation at the surface 
of Europa, thus making them accessible to a surface sampler.  Surface sites that might 
contain life or fossils include the areas of refrozen ocean, chaotic terrains, the ridges and 
rills associated with fissures, low areas where water may have collected, and “dirty” ice 
that may include benthic material floated to the surface by bottom anchor ice or gouged 
by ice, as well as the variety of ice habitats.  Because the ice on Europa varies in age and 
a stratigraphy can be reconstructed, evolutionary patterns of life may also be sampled. 

Thus, a sampling strategy for life and its history on Europa should include 
paleontological and molecular biological objectives that would clearly document the 
present and former existence of life on Europa.  The strategy should include pre-landing 
study of probable preserved or extant ice habitats, followed by robotic landers equipped 
to sample surface materials and image them after appropriate processing.  The Jupiter Icy 
Moons Orbiter and possible associated lander should obtain high resolution images, laser 
altimeter mapping, chemical analysis of materials, radar penetration of specific sites in 
likely areas where life might be preserved.  These will allow detailed analysis of the 
geology and structure of the ice to determine the potential for a successful search for life.  
Objectives for a lander should include the ability to land in rough terrains, to roam 10’s to 
100’s of kms, to traverse steep slopes, to withstand chemical and radiation attack, and to 
sample to depths greater than one meter.  These objectives present engineering challenges 
and vision for the construction of a lander that will require new approaches to 
locomotion, power, command, specimen acquisition and analysis, and data processing at 
Europa.   
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1979.  Life below the Ross Ice Shelf, Antarctica.  Science.  203:447-449.  [9] Lizotte, M. P., and K. R. 
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JIMO PROPULSION SYSTEM AS AN ION PROBE OF SATELLITE SURFACES.  R. D. Lorenz1,  
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Introduction:  Secondary Ion Mass Spectrometry 

(SIMS) is a well-established laboratory tool for surface 
analysis. An ion beam is used to sputter materials from 
the target surface for capture in a conventional mass 
spectrometer. A free-space version of the technique 
was flown on the Russian Phobos-2 mission [1], but 
was sadly not tested before the mission was lost. Here 
I advocate as an experiment (with little or no resource 
requirements) the use of the ion propulsion system on 
JIMO as a long-distance ion probe. A previous 
investigation by the author [2] indicated the technique 
of using an ion thruster as a probe has potential for 
asteroid surface investigation. As  the JIMO factsheet 
(spacescience.hq.nasa.gov/missions/JIMO.pdf) 
suggests that (ample) ion propulsion is to be available 
on this mission, the technique merits application as an 
experiment at the Galilean satellites, exploiting 
equipment already on board.  

Background:  An ion beam impinging on a 
surface in vacuum will sputter ions from the top 
micron or so of the target surface. These might include 
species diagnostic of the ices, rock minerals and ice 
solutes on Galilean surfaces. Remote laser mass 
spectrometry can also be used, but would require a 
separate and powerful laser to deposit energy onto the 
target surface.  

BOTE Feasibility :   Assuming typical parameters 
(Xenon working fluid, Isp~3000s using an accelerating 
potential or grid voltage of ~ 1kV) imples about 20mA 
of beam current per mN of thrust, or, neglecting 
thruster inefficiencies, about 20 W/mN. Devoting a not 
unreasonable 20 kW to thruster power yields a thrust 
of 20N, and a beam current of 20A, or (for singly-
charged ions) about 1020 ions/sec. (The ion source on 
the Phobos instrument had a 2mA 3 keV krypton ion 
source.)  Ground tests on ion thrusters suggests that 
the beam will typically spread out into a cone with a 
half-angle of 10 degrees.  Thus the physical size of the 
spot illuminated by the beam will directly correspond 
to distance from the target area – at 100km altitude, the 
beam footprint will be 20-30km across (still small 
enough to be useful in isolating species from 
individual terrains), with ions striking the surface 
about 3 seconds after emission. Ions sputtered from the 
surface will be emitted with a typical energy of a few 
tens of eV, or a velocity of a few km/s, meaning it may 
take around one minute for the ions to reach the 
spacecraft altitude. Thus the beam should be aimed 
somewhat ahead of the vehicle, so that the vehicle will 
fly through the sputtered cloud a minute later. (In fact 

sputtering yields are typically higher for incidence 
angles of 60-80 degrees anyway.) One assumes the 
ions are emitted isotropically, with a yield of order 0.1, 
so around 1019 ions/s are deposited on a hemisphere of 
6x1010m2 area. A typical ion spectrometer collection 
area of 10 cm2 should therefore capture ~106 ions/s. 

This back-of-the-envelope calculation indicates 
that the technique should at least be possible. The 
technique performs better (as does most remote 
sensing) at shorter distances : lower altitudes would 
improve the spatial resolution of the techniqe and 
minimize spread of the emitted ions, both due to time-
of-flight effects and bending in the ambient magnetic 
field. 

Resource Requirements:  Basically none!  It is 
likely that the JIMO mission may in any case carry 
some sort of mass spectrometer as a space 
physics/magnetosphere payload, and propulsion 
system diagnostic. It is presumably safe to assume that 
the mass and energy range accommodated by the 
instrument is adequate to cover species of interest 
sputtered from the surface. It should be ensured that 
the sensing aperture can be oriented appropriately (i.e. 
somewhat orthogonal to the propulsion system.)   A 
useful capability would be to modulate or ‘chop’ the 
ion beam (either by physical obstruction, or by pulsing 
the gas valves) in order to enable discrimination of 
ions sputtered by the thruster beam from those 
sputtered by magnetospheric particles.  The ability to 
change the grid voltage on the thrusters (and thus the 
energy of the ions in the beam) would also be useful.  

Applying full thrust to JIMO for SIMS purposes 
will of course introduce perturbations to the JIMO 
orbit; with the beam aimed down and ahead of the 
vehicle, JIMO’s orbital energy will be reduced 
(although perhaps negligibly, if the beam is close to 
vertical). Thus this type of observation may be best 
performed during the arrival/orbit contraction phase of 
a satellite encounter.  
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Introduction:  The proposed system is a novel ap-

proach to high performance spacecraft radars. It is a 
150 m2 electronically scanned phased array with dis-
tributed amplifiers and signal processing, composed of 
hundreds or thousands of independent elements fabri-
cated on a lightweight deployable substrate. Each ele-
ment consists of an antenna, RF and digital circuitry, 
directly attached to the supporting membrane using 
Chip Scale Packaging (CSP). A primary design feature 
is that the elements only require DC power connec-
tions. The beam steering commands, the RF signals, 
and array calibration are all done with wireless links. 
The distributed architecture uses the antenna element 
as a thermal radiator, making effective utilization of 
the large DC power available in the JIMO spacecraft. 
The architecture is applicable to operation from 50 
MHz to 20 GHz with 10% BW with selectable bands. 
This greatly reduces the mechanical design require-
ments, particularly for higher frequency operation.  

 
Principle of operation:  The elements in the pro-

posed architecture (Figure 1) consist of an integrated 
antenna/thermal radiator, frequency/phase translation, 
local reference oscillator, wireless link transceiver, and 
a micro-controller. The only physical electrical con-
nection is for DC power.  A smaller number of calibra-
tion nodes placed throughout the array are used to 
measure and correct for electrical and physical element 
positions. This greatly reduces the mechanical design 
requirements, particularly for higher frequency opera-
tion.  
Wireless links are used for video waveform and con-
trol/telemetry between one or more control nodes and 
the array elements.  The elements are essentially smart 
transponders, using real-time metrology to compensate 
for the inevitable production and aging performance 
variations. 

Salient features:  The proposed architecture has 
the following key technical features: 

• Lightweight scalable construction using chip 
on deployable substrate (<1 kg/m^2, esti-
mated) 

• Architecture supports designs for operating 
frequencies in range from 50 MHz – 20 GHz 
with 10% bandwidth with multiband opera-
tion possible in some cases 

• 150 m2 aperture thermally supports 40 kW 
average DC input power  

• Antenna radiating element used for thermal 
radiator 

• 10 kW average RF radiated power, architec-
ture supports duty cycles from continuous to 
very short pulses with >100 kW peak power 

• Distributed processing both of RF and digital 
information/signals  

• Wireless distribution of signals, phase refer-
ence, control and telemetry 

• Large number of elements (number of ele-
ments depends on operating frequency) 

• Inherent redundancy and graceful degradation 
• Low Voltage DC power is the only required 

interconnection 
• Adaptive calibration for wavefront correction 

and beamforming 
• Capability to null interfering signals 

 

 
 

Figure 1 – Element Block Diagram 
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Introduction: The topographic data set obtained 

by MOLA has provided an unprecedented level of 
information about Mars’ geologic features.  The pro-
posed flight of JIMO provides an opportunity to ac-
complish a similar mapping of and comparable scien-
tific discovery for the Jovian moons through use of an 
interferometric imaging radar analogous to the Shuttle 
radar that recently generated a new topographic map of 
Earth. A Ka-band single pass across-track synthetic 
aperture radar (SAR) interferometer can provide very 
high resolution surface elevation maps.  The concept 
would use two antennas mounted at the ends of a de-
ployable boom (similar to the Shuttle Radar Topog-
raphic Mapper) extended orthogonal to the direction of 
flight.  Assuming an orbit altitude of approximately 
100 km and a ground velocity of approximately 
1.5 km/sec, horizontal resolutions at the 10 meter level 
and vertical resolutions at the sub-meter level are pos-
sible. 

Science applications:  
High-resolution topographic data of the surfaces of 

the icy Galilean satellites would be immensely valu-
able to improving our understanding of the surface 
geology and geologic processes (both endogenic and 
exogenic) and of the subsurface structures of these 
bodies.  Such a data set, in combination with theoreti-
cal models, would allow strong constraints to be 
placed on the satellites' interior structures and material 
and thermal properties.  For example, quantifying the 
extent to which impact craters have undergone viscous 
relaxation [e.g., 1-3] will constrain the rheology, and 
thus temperature, of the ice.  Knowledge of the thermal 
structure of these satellites is essential for understand-
ing the current states and evolution of their interiors.  
Topographic data would also provide a necessary tool 
for discriminating between different formation theories 
for geologic features that are unique to these bodies 
such as Europa's double ridges and chaoses [e.g., 4-6] 
and Ganymede's grooved terrain [e.g., 7-8]. 

Instrument Details:  Synthetic Aperture Radar 
(SAR) imaging allows photo-like high resolution strip 
images to be generated from orbital height.   The reso-
lution mechanisms are ranging and antenna synthesis 
that provides a narrow antenna beam in the along-track 
dimension, on the order of half the physical antenna’s 
length.  Each pixel element of a one-look SAR image 
holds amplitude and phase information.  By interfering 
two SAR images it is possible to measure displace-
ments at the fractional wavelength level. If an interfer-

ometric SAR system (InSAR) uses two antennas dis-
placed across the direction of motion and orthogonal to 
the look direction, it is possible to locate the radar re-
turn in three dimensions, a capability that has recently 
been used to generate the most accurate global digital 
elevation data for Earth [9].  A second way to utilize 
interferometric information is, if a given repeat pass 
geometry can be repeated at two different times, in 
which case InSAR can be used to measure deforma-
tion/displacements at the fractional wavelength scale. 

The instrument that we are here suggesting will 
apply a 5 m long boom extended orthogonal to the 
direction of flight.  The frequency applied would be 
35 GHz (8 mm wavelength) and the peak transmit 
power would be 5 kW.  The antennas at the tip of the 
boom would be 2 m long and 5 cm in width.  The sys-
tem would have the capability to look both right and 
left simultaneously, imaging swaths on the order of 
30 km.  The performance of the resulting data would 
be described by the equation: 

dH x dV ≥ 10 m2   
where dH is the linear horizontal resolution and dV the 
elevation accuracy, e.g. if a 1 m vertical resolution is 
required, the best horizontal resolution would be 10 m. 

Calibration schemes:  Measuring relative heights 
within the 30 km swaths on either side of the ground 
track, is relatively simple, achieving absolute height 
accuracy is more difficult.  Other than system issues 
(delays, phase shifts etc.) the attitude of the spacecraft 
is needed with great accuracy.  Mapping both to the 
right and left is critical in that regard.  Unknown roll-
angle of the spacecraft will impact the heights of the 
right and left swaths in opposite directions, thus orbit 
crossing analysis can be used to refine the roll and the 
height measurements to a level comparable to the 
height noise of the data. 
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We review Galileo and Cassini findings regarding the 

character and dynamics of energetic (> 20 keV) charged ion 
and electron environments of Europa, Ganymede, and Cal-
listo; and regarding energetic neutral atom (ENA) emissions 
from the Europa environment.  We document the value of 
energetic particle measurements in diagnosing the geometry 
and topology of the near-satellite space/surface interaction 
regions, knowledge that is vital to interpreting magnetic and 
electric signatures of satellite internal structures.  We review 
what is known about the distributions and effects of direct 
energetic particle impacts on satellite surfaces, and what is 
known about the deposition and removal of materials by 
those interactions.  Finally, we discuss the value of the new 
ENA techniques in 1) directly imaging the distribution of 
interactions between sparse satellite atmospheres (and asso-
ciate surfaces) and energetic ions, and 2) determining the 
distributions of neutral gases emitted from the satellites, 
particularly Europa.  We end with recommendations regard-
ing energetic particle and ENA instrumentation for the Jupi-
ter Icy Moons Orbiter. 
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HIGH-RESOLUTION IMAGING AND TOPOGRAPHY FROM JIMO: THE HiRISE MODEL.   
A.S. McEwen, LPL, University of Arizona. 

 
MRO/HiRISE: The Mars Reconnaissance Orbiter 
(MRO) is expected to launch in August 2005, including 
the High Resolution Imaging Science Experiment 
(HiRISE) [1]. The HiRISE camera, described by 
Delamere et al. [2], features a 0.5 m telescope, 12 m focal 
length, and 14 CCDs.  Imaging is in pushbroom mode, 
but with Time Delay and Integration (TDI) over 128 
lines to increase signal:noise ratio. Basic capabilities 
are summarized in Table 1. 
 

Table 1. HiRISE Capabilities 
Ground Sampling 
Dimension (GSD) 

30 cm/pixel (at 300 km 
altitude) 

Swath width (Red 
bandpass) 

6 km (at 300 km altitude) 

3-Color swath width 1.2 km (at 300 km) 
Maximum image size 20,000 x 65,000 pixels  
Signal:Noise Ratio (SNR) >100:1 
Color Bandpasses Red: 550-850 nm 

Blue-Green: 400-600 nm 
NIR: 800-1000 nm 

Stereo topographic 
precision 

~20 cm vertical precision 
over ~1 m2 areas 

Pixel binning None, 2x2, 3x3, 4x4, 8x8, 
16x16. 

 
We expect to acquire ~10,000 observations in the first 
Mars year, including ~2,000 images for 1,000 stereo 
targets.  Each observation will be accompanied by a ~6 
m/pixel image over a 30 x 45 km region acquired by 
MRO’s context imager.  Many HiRISE images will be 
full resolution in the center portion of the swath width 
and binned (typically 4x4) on the sides.   This provides 
two steps of context, so we zoom out from 0.3 m/pixel to 
1.2 m/pixel to 6 m/pixel (at 300 km altitude).   
 
Given the science objectives of MRO, the key HiRISE 
capabilities in order of priority are:  
(1) Achieve the highest possible spatial resolution 

and detection of surface features.  We expect to 
detect 1-meter-scale objects and begin to 
characterize objects or landforms with dimensions 
of 2 meters.  

(2) Achieve high-resolution topographic data from 
stereo images and Digital Elevation Models 
(DEMs).  We expect to achieve a vertical precision 
of ~0.2 cm over areas of 3x3 or 4x4 pixels (~1 square 
meter on the ground).   

(3) Acquire observations in up to 3 colors with high 
radiometric fidelity.  HiRISE color images at sub-

meter scales, correlated to mineralogies of interest 
in the search for life, may enable identification from 
orbit of specific outcrops of interest for in situ 
analysis or sample return.  

 
To achieve the highest spatial resolution and precision 
stereo, the layout of CCDs was carefully designed to 
enable us to derive 2 types of information: (1) how 
spacecraft jitter during the HiRISE integration time (up 
to ~12 ms) broadens the PSF in the downtrack and 
crosstrack directions, and (2) geometric distortions 
introduced by spacecraft pointing instabilities over 
timescales longer than 12 ms. This information will 
enable (1) PSF deconvolution to sharpen the images 
(and make the resolution more uniform as a function of 
time, i.e. down an image); and (2) geometric 
reconstruction to enable precision stereo.   
 
Modification for JIMO.   A HiRISE-like instrument 
represents a good starting point in the design of a very 
high-resolution imager for JIMO.   The basic problem is 
the same: how to collect enough photons over a very 
small instantaneous field-of-view (IFOV) with a rapid 
ground speed. The problem is 12X more severe at 5.2 
AU than at 1.5 AU, partially compensated by a ground 
speed that is likely to be slower than MRO's ~3.5 km/s.  
A larger IFOV would be needed (assuming the same 
primary mirror size) to achieve adequate SNR, which 
would also enable coverage of larger areas and/or 
reduced data rate.  One possibility would be to use 3 
CCDs in each of 3 rows (for 3-color images) with an 
IFOV of ~3 microradians (3X that of HiRISE). Use of 
fewer CCDs and other modifications could decrease the 
volume of electronics in need of shielding from the 
intense radiation environment. The rapid readout rate 
of pushbroom imaging would greatly reduce radiation-
induced noise in the images, compared with a framing 
camera like that of Galileo. 
 
High-resolution topographic data would be valuable for 
JIMO, but very precise geometric reconstruction is 
needed along with pushbroom imaging.  A solution 
similar in concept to that used for HiRISE could be 
designed via overlapping CCDs.   
 
References.   [1] McEwen, A.S., et al. 2003, abstract 
submitted to 6th International Conference on Mars.  [2] 
Delamere, W.A., et al. 2003, abstract submitted to 6th 
International Conference on Mars. 
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Introduction:  Jupiter’s icy satellites possess tenu-

ous atmospheres that are indicative of the surface com-
position and chemistry of these moons, and the plasma 
environments in which they orbit [1]. Gas phase 
measurements therefore provide important, and often 
unique, information about the satellite surfaces and the 
physical processes, such as sputtering, radiolysis, and 
sublimation, that they are subjected to, processes that 
are potentially important sources of energy and nutri-
ents for life. We will briefly review the science 
drivers, which determine some of the desirable instru-
ment/measurement capabilities.  

Science drivers:  The atmospheres of Jupiter’s icy 
moons derive primarily from sublimation and sputter-
ing of their icy surfaces, or, for Callisto, perhaps from 
micrometeorite bombardment. They are very tenuous 
with surface pressures in picobars, measured column 
densities in the range (3-10)x1014cm-2, and small scale 
heights (H ~ 30-100 km). For Europa and Ganymede 
the atmosphere is dominated by O2 from the subli-
mated/sputtered surface H2O and preferential escape of 
the H, either as an atom or molecule. The O2 has been 
deduced from remote sensing detections of dissocia-
tively excited oxygen emission in the UV by the Hub-
ble Space Telescope [2,3], and the escaping H directly 
detected by both HST and the Galileo UVS [4,5]. 
Whereas CO2 has been detected on Callisto, interpreta-
tion of measured electron densities seem to imply a 
denser background atmosphere, presumably O2. The 
Europa and Io atmospheres are also known to contain 
Na and K [6,7], detected via their strong resonance 
fluorescence of sunlight at visible wavelengths. The 
significantly different Na/K ratio at Europa compared 
to Io, where the Na and K are likely to be of volcanic 
origin, has been used to argue for a subsurface (ocean) 
source [8]. The alkalis and alkali halides have not been 
detected in solid state on the Galilean satellites, while 
the gas phase detection is relatively easy.  

Instrument capabilities:  The scientific goals of 
studying the atmospheres and related surface processes 
require the ability to detect low-density O, Na, K, Cl 
(Io), H2O, H, S, SO2, O2, CO2, and previously unde-
tected gaseous constituents near and bound to the sat-
ellites from many vantage points in the JIMO orbit. 
Obviously, as all the icy moon atmospheres were dis-
covered via this technique, spectroscopy is an invalu-
able tool for studying the satellite atmospheres. How-
ever, spectroscopy can have undesirable limitations, 
which depend strongly on the s/c orbit and the closest 

approach distance to the satellites. For example, the 
severe radiation environment can limit the ability to 
perform effective measurements, especially in close 
proximity to the satellites. Because spectroscopic 
measurements are not well suited to very close satellite 
approaches, a mass spectrometer would be an impor-
tant capability for understanding both the surface and 
atmospheric compositions and the physical processes 
that characterize them. Imaging spectroscopy, or a 
variable field of view or slit size capability, is highly 
desirable to maximize photon counting when relatively 
far from the satellite, yet still obtain useful spatial cov-
erage and spectral resolution when close to the satel-
lite. Broad wavelength coverage, from the UV to IR, is 
highly desirable as no one wavelength region contains 
the transitions required to study all the satellites. Na 
and K, potentially important constituents of a Europa 
ocean, have been detected only in the visible, while the 
CO2 atmosphere of Callisto has been detected only in 
the IR [9]. Further, broad wavelength coverage enables 
detection of species in emission, and also in absorption 
superposed on the solar reflection spectrum of these 
bodies, which becomes important only at λ > 150-200 
nm, depending on the sensitivity of the instrumenta-
tion. Spectroscopic observations complement the in 
situ mass spectrometer data by providing a global pic-
ture within which to place the local measurements. 

These capabilities would also provide important 
science return from observations of the Jovian and Io 
atmospheres, the Jovian magnetospheric plasma (espe-
cially the Io plasma torus), and the surface composi-
tions of the icy moons (e.g., solid state O2 and O3 on 
Ganymede [10,11,12] and SO2 in ice on Europa [13]).   

References: [1] McGrath et al. (2003) “Satellite 
Atmospheres”, in Jupiter: Planet, Satellites, & Magne-
tosphere. [2] Hall D. T. et al. (1995) Nature, 373, 677-
679. [3] Hall D. T et al. (1998) ApJ, 499, 475. 
[4] Barth C. A. et al. (1997) GRL, 24, 2147-2150. 
[5] Feldman P. D. et al. (2000) ApJ, 535, 1085-1090. 
[6] Brown M. E. and Hill R. E. (1996) Nature, 380, 
229-231. [7] Brown M. E. (2001) Icarus, 151, 190-
195. [8] Johnson R. E. et al. (2002) Icarus, 156, 136-
142. [9] Carlson R. W. (1999) Science, 283, 820-821. 
[10] Noll K. S. et al. (1996) Science, 273, 341-343. 
[11] Calvin W. M. and Spencer J. R. (1997) Icarus, 
130, 506-516. [12] Hendrix et al. (1999) JGR, 104, 
13169-14178. [13] Noll K. S. et al. (1995) JGR, 100, 
19057-19059. 
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Introduction:  We describe a miniaturized suite of 

instruments which provides both bulk energy resolved 
plasma properties and coarse neutral mass spectros-
copy suitable for measurements on the Jupiter Icy 
Moons Orbiter (JIMO).  The suite is comprised of two 
instruments; the Miniaturized Electro-Static Analyzer 
(MESA), and the Flat Plasma Spectrometer (FLAPS), 
designed to measure the near earth environment on the 
Air Force Academy small satellite missions Falconsat-
2 and 3. 

MESA Specifics:  MESA is both a unique, flight-
qualified instrument and a proof-of-concept device 
pointing toward true spacecraft “smart skins” for 
charged particle analysis. The advantage of miniaturi-
zation of instrumentation is obvious, since volume 
directly impacts mass and mass directly impacts launch 
costs.  In this instrument, 1920 individual ESA’s are 
arranged in an array, so that the ESA section of the 
instrument is 2.5 mm thick. The ESA is stacked onto a 
double-sided circuit board; one side of which is the 
current collector, while on the other side is an auto-
matic-range-switching, dual-range linear electrometer.  
The tested proto-type for MESA is currently at NASA 
Technology Readiness Level 6, and is shown below in 
Figure 1.   
 

 
Figure 1. The MESA Laminated Analyzer, consist-

ing of an array of 1920 individual ESAs. 
MESA acts as an energy bandpass filter, and can 

be swept over a range from 0 to approximately 100 
eV.  It is sufficient to determine the equivalent Max-
wellian temperature of the plasma to a fraction of an 
eV.    The current design has mass 500 g, volume 100 
cm3, and uses 1 watt power [1].  Most of the mass and 
size is in electronics, and we envision greatly reducing 
this for JIMO.  MESA is a current measurement de-

vice, and in this paper we present the trade off between 
detection limits and spacecraft speed relative to the 
plasma environment.  

FLAPS Specifics:  FLAPS was designed to meas-
ure the full neutral wind vector, full ion-drift velocity 
vector, neutral and ion temperatures, and deviations 
from thermalization in plasma depletions found in the 
low latitude Earth ionosphere.  In addition, course 
mass spectroscopy is possible using an energy analysis 
technique.   It is thus well suited to measurements in 
the rarefied atmospheres of the icy moons of Jupiter.  
Figure 2 below depicts a conceptual view of the 
plasma spectrometers.  The collimator is used to select 
a look direction (represented by the colored cones) 
unique to each individual analyzer.  The energy selec-
tor is then used as a band-pass filter to image plasma 
spectra differential in energy.  The MicroChannel 
Plates (MCPs) provide charge multiplication to in-
crease the sensitivity of the instrument. The Anode and 
Pre-Amplifiers Discriminators (PADs) are then used to 
collect the resulting current and process the signal that 
will be stored by the instrument electronics assembly. 

 
Figure 2: FLAPS schematic 

Advances in miniaturization technology have en-
abled a design in which the entire sensor package re-
quires a volume of 200 cm3, power of 1.5 W, and a 
mass of 500 g [2].  The current version will be at 
NASA Technology Readiness Level 6 by the fall of 
2003.   

References:  
[1] Enloe, C. L., L. Habash Krause, R. K. Haaland, T. 
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[2] Herrero, F. A., et al., Proc. 2002 IEEE Aerospace 
Conference, 2407-2416, 2002. 
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INTERNAL STRUCTURES OF THE GALILEAN SATELLITES: UNFINISHED BUSINESS AND THE
ROAD AHEAD.  William B. McKinnon, Dept. Earth and Planetary Sciences and McDonnell Center for Space Sci-
ences, Washington University, Saint Louis, MO 63130, mckinnon@levee.wustl.edu.

Introduction:  Among the real highlights of the
Galileo mission were the first formal constraints on the
internal configurations of the Galilean satellites,
mainly from gravity data but augmented beautifully by
detection of both internal and induced magnetic fields.
Because there were many satellite passes during the
multiply-extended mission, gravity fields could be re-
liably determined out to degree two, which allowed
determination of satellite moments-of-inertia provided
the satellites were in hydrostatic equilibrium. This lat-
ter assumption is not necessarily secure, however, due
to incomplete gravity coverage. Orbital missions pro-
vide the potential to reliably determine satellite mo-
ments-of-inertia plus evaluate the role (if any) of non-
hydrostatic contributions. These nonhydrostatic contri-
butions in turn provide windows into regional interior
processes of great interest (such as suboceanic volcanic
loads on Europa).

Nonhydrostatic stresses: Active geology results in
nonhydrostatic mass arrangements, some of which far
outlast their origins (e.g., lunar mascons, Tharsis). The
terrestrial planets Venus, Earth, Moon, Mars have sig-
nificant nonhydrostatic gravity fields at degrees > 2,
and with Mercury, significant contributions at degree 2
[1-5]. It would be miraculous if the Galilean satellites
had none whatsoever. Whether they are important, of
course, depends on their magnitude relative to the hy-
drostatic component. The latter are smaller for more
slowly rotating and less tidally extended bodies, so all
other things being equal, the farther a Galilean satellite
from Jupiter, the potentially more important the non-
hydrostatic contribution.

Io:  Both polar and equatorial passes of Io were
made by Galileo, allowing independent estimates of J2

and C22, which were found to be in the correct ratio for
hydrostatic equilibrium [6]. This is probably not sur-
prising as Io rotates very rapidly and is strongly tidally
heated and thus is a good candidate for a low level of
nonhydrostatic stress. The existence of a core is there-
fore secure and the characteristics of the core, mantle,
and crust can be profitably studied [7-9]. Higher order
gravitational components would still be extremely
valuable, as much of what is transpiring volcanically
and tectonically on Io is rapidly buried, and potential
field measurements may be one of the few ways to
better understand Io’s geophysics. Although Io is not
acronymically part of JIMO, every feasible measure
should be taken to study Io during this mission.

Europa: Many passes were made of Europa by
Galileo, but all were equatorial. Thus hydrostatic equi-
librium must be assumed to get the moment-of-inertia
so useful in structural modeling [10]. [It is worth not-
ing that individual passes are subject to systematic er-
ror (such as whether coherent Doppler is achieved); the
E4 pass is a particularly valuable cautionary tale.] It is
quite important to get confirmation of hydrostaticity
for Europa, as it is not as severely tidally heated as Io,
and in principle could support substantial mass
anomalies in its silicate lithosphere. Orbital gravity,
from a suitably stable platform, would also be critical
in determining whether volcanic loads exist below the
ice (these could also be corroborated by laser altimetric
“geoid” measurements of the ice surface).

Ganymede: The possibility of a non-hydrostatic
contribution to the gravity field must be taken seri-
ously for Ganymede. Slowly rotating and non-tidally
heated, Ganymede offers the best prospect for a non-
negligible contribution from its rock+metal interior
(below its thick ice shell). With several passes by
Galileo, including a single polar pass, J2 and C22 were
determined early on to be in the proper ratio for hydro-
static equilibrium [11], but there remains unmodeled
power in the Galileo gravity field (J.D. Anderson and
R.A. Jacobson, pers. comm.), and a final solution to
Ganymede’s gravity field has not been published. The
effect of a nonhydrostatic contribution (to a synchro-
nously rotating satellite’s gravity field) is to overesti-
mate the moment-of-inertia and thus to underestimate
the degree of differentiation.

Callisto: Callisto’s moment-of-inertia indicates
that it is only partially differentiated [12], if it is in
hydrostatic equilibrium. The latter must be assumed,
however, in the absence of a confirming polar pass by
Galileo. All structural models of Callisto ride on this
assumption. It should be tested. JIMO should do it.

References: [1] Anderson et al. (1987) Icarus, 71, 337-
349. [2] Konopliv A.S. and Sjogren W.L. (1994) Icarus, 112,
42-54. [3] Yoder C.F. (1995) Global Earth Physics (T.J.
Ahrens, Ed.) AGU, 1-31. [4] Lemoine F.G.R. (1997) JGR,
102, 16,339-16,359. [5] Smith et al. (1993) JGR, 98, 20,871-
20,890. [6} Anderson J.D. et al. (2001) JGR, 106, 32,963-
32,969. [7] Kuskov O.L. and Kronrod V.A. (2001) Icarus,
151, 204-227. [8] Sohl F. et al. (2002) Icarus, 157, 104-119.
[9] McKinnon W.B. and Desai S.S. LPSC XXXIV, abs. #
2104. [10] Anderson J.D. et al. (1998) Science, 281, 2019-
2022. [11] Anderson J.D. et al. (1996) Nature, 384, 541-543.
[12] Anderson J.D. et al. (2001) Icarus, 153 , 157-161.
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SCIENCE AND PAYLOAD DRIVERS FOR THE JUPITER ICY MOONS ORBITER (JIMO).  R. L.
McNutt, Jr., Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins Road, Laurel, MD,
U.S.A.,    ralph_mcnutt@jhuapl.edu    

Introduction:  Primary science goals of a mission
to the outer three Galilean satellites include the deduc-
tion of internal structure and the possible presence of
liquid water beneath the ice crusts of these worlds.
Ganymede has shown evidence of a magnetic field
driven by a dynamo [1], while he presence of a sub-
stantial amount of liquid water on Europa has been
inferred from the presence of a large-scale induced
magnetic field [2]. A liquid-water mantle can provide
an explanation of the magnetic characteristics of these
moons and also provide a possible site for biological
activity, but major unknowns include the possible ex-
tent and composition of a sub-surface brine “sea.” [3]
Using the power resources available on the Jupiter Icy
Moons Orbiter (JIMO) spacecraft critical data on all of
these topics can be returned to Earth. A comprehensive
payload requires a radar sounder, laser altimeter, and a
suite of fields and particles instruments.

Radar-Sounder Characteristics:
Requirements. The lower frequency limit is set by

the need to penetrate the plasma, notable that of an
ionophere, between the spacecraft and the moon. Peak
ionospheric densities of greater that 105 electrons cm -3

are unlikely and provides a margin over the measure-
ments that are an order of magnitude lower [4, 5]. This
suggests a lower frequency limit of ~3 MHz. At higher
frequencies, the Jovian decametric radiation dominates
the background between ~10 MHz and 50 MHz [6].
Hence, an optimized radar sounder for probing beneath
the ice should likely be capable of functioning between
~3 and ~20 MHz at as high a power level as consistent
with JIMO resources.

Existing technology.  The required frequency range
overlaps those used in two high-power over-the-
horizon (OTH) radar and short-wave radio transmis-
sion. Significant funds have been invested in these
applications, e.g. scientific use in the Super Dual Auro-
ral Radar Network (SuperDARN) and the High Fre-
quency Active Auroral Research Program (HAARP),
and commercial use in short-wave transmitters, e.g. the
Elcor SW-10K, tunable from 3.9 MHz to 17 MHz with
10 kW of transmitter power.

Modifications for JIMO. Power conditioning and
transmitter mass drive both the mass and power re-
quirements. Ruggedized transmitter tubes will be re-
quired and typical forced-air cooling systems will need
to be replaced with radiators. A simple dipole antenna
will likely suffice and should not be a technology
driver. For example, a commercial 10 kW transmitter

requires ~23 kW of power and has a mass of 1814 kg,
about three times the planned payload mass allocation
for JIMO.

Laser Altimeter: A laser altimeter will have a
larger mass-to-power ratio and worse power efficiency
than a radar sounder. A model for a “best case” laser
altimeter for JIMO is the Geoscience Laser Altimeter
System (GLAS). GLAS has a mass of 300 kg and an
average power use of 330 while developing data at
~450 kbps. Mass is driven by the optical receiver and
alignment requirements.

Complementary Instrumentation: In addition to
a sounder and altimeter, supporting instrumentation
such as a magnetometer (magnetic field in situ),
imager (“geology” and ice structures), and spectrome-
ters (“mineralogy”) are obvious candidates for JIMO.
Not as obvious is the inclusion of particle instruments
similar to those on the Advanced Composition Ex-
plorer (ACE) spacecraft. Such instruments with their
long time-of-flight drift spaces can measure pickup
elements and their isotopes which will be present in the
in-situ plasma due to sputtering from the surface of the
moons. Such trace elements and isotopes are important
for understanding surface processes and adducing the
materials present in the ice and implications for sub-
surface biological activity.

Strawman Payload for JIMO: Nominal resources
discussed as available for science on JIMO are ~600
kg and up to 45 kWe (kilowatts electric). A “wish list”
payload combining state-of-the-art instrumentation on
Cassini, ACE, Galileo, ICESat, and MESSENGER
would comprise 19 instruments with a mass of 644 kg
and requiring 712 W of power (including a GLAS in-
strument but not a radar sounder). The average mass-
to-power ratio of such instruments is similar with a
payload average of 0.90 kg/W. Addition of a 1-kW
radar sounder would bring the mass and power totals to
nominal values of 871 kg and 3712 W, respectively. A
20-kW sounder would bring the totals to ~2900 kg and
~44 kW (0.066 kg/W). These numbers can be used to
give some guidance in the science/spacecraft trades
that will be required at the system level.

References: [1] M. G. Kivelson et al. (1996) Na-
ture, 384, 537-541. [2] M. G. Kivelson et al. (1999)
JGR, 104, 4609-4626. [3] COMPLEX (1999) [4] A. J.
Kliore, et al. (1997) Science, 277, 355. [5] A. J. Kliore,
et al. (2002) JGR, 107, S1A 19-1 [6] C. F. Chyba, S. J.
Ostro, and B. C. Edwards (1998) Icarus, 134, 292-302.
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CALLISTO: A WORLD IN ITS OWN RIGHT. Jeffrey M. Moore1, Paul M. Schenk2, and William B. McKin-
non3, 1Space Sciences Division, NASA Ames Research Center, MS 245-3, Moffett Field, CA 94035
(jeff.moore@nasa.gov), 2Lunar & Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058, 3Dept. Earth &
Planetary Sci., Washington Univ., Saint Louis, MO 63130.

Callisto, once unknown and then disregarded
after Voyager, has emerged in the post-Galileo era
worthy of the same intense scientific scrutiny that is
lavished upon her sisters, playing an essential role in
our understanding of the evolution of icy moons, and
in a larger sense, the grand tapestry of solar system
history.  Along with the discovery of Callisto’s con-
ducting, probably fluid sub-surface layer, major Gali-
leo discoveries about Callisto include the complete
absence of cryo-volcanic resurfacing, the apparently
incompletely differentiated interior, and the presence
of massive landform erosion from sublimation proc-
esses.  Callisto’s landscape at decameter scales is
unique among the galilean satellites, and might be
most akin to that of cometary nuclei.  The process of
sublimation degradation, previously underappreciated,
is now recognized as a major surface modification
process on Callisto.  Its role in mass wasting and land-
slide initiation was elemental in creating the bizarre
and astonishing scenery imaged by Galileo.

Outstanding questions remaining in Callisto
studies must begin with what is the actual configura-
tion of its interior?  Is there a rock core?  How is undif-
ferentiated material distributed within Callisto’s inte-
rior?  What is the composition and thickness of the
liquid layer?  Does it indeed exist, and, if so, and how
has it survived to the present?  Moving toward the sur-
face, what is the structure of the “crust?”  Is the dark,
non-icy material, so abundant on its surface, restricted
to the upper several km?  What is the composition of
this non-icy material?  Why is Callisto’s “crust” appar-
ently so volatile-rich compared to its siblings?  Why
are there 100 km-scale heterogeneities in composition
and albedo of the surface? ?  Do we really understand
why knobs with bright summits dominate the surface
at decameter scale?  What is the nature and origin of
the leading-trailing hemisphere dichotomy in pho-
tometric properties?  Why is there apparently a dearth
of palimpsests relative to Ganymede?  How do large
impact ring structures vary with azimuth, radial dis-
tance, and overall scale, and what do they imply for
Callisto's interior (and by extension to the smaller
structures on Europa, for ice shell/ocean combinations
in general)?  How do impact crater populations vary as
a function of distance from the apex of motion, every-
where on Callisto?  What are the roles of "saturation
equilibrium," viscous relaxation, sublimation degrada-
tion, and nonsynchronous rotation (and other possible
lithospheric shifts) in determining these populations
(and high-resolution views of crater chains are impor-
tant here)?  And what are the retention ages repre-
sented by these crater counts?  What is all of this tell-

ing us about galilean satellite formation and evolution?
And the big question: should we assume that the rea-
son Callisto and Ganymede had divergent histories is
solely the consequence of the role of tidal torque heat-
ing, or are there viable alternative explanations (such
as accretion dynamics)?

Future exploration of Callisto will probably
piggy back on missions to and through the jovian sys-
tem.  The currently planned New Horizons  mission to
Pluto/Charon and the Kuiper belt may fly close enough
in 2007 to obtain disk-resolved spectra of Callisto.
Indeed, depending on the encounter geometry, Callisto
may be studied at moderately high spatial resolutions
by all remote-sensing instruments aboard that space-
craft.

The proposed Jupiter Icy Moons Orbiter
(JIMO) is currently planned to first orbit Callisto then
its two icy sisters Ganymede and Europa.  During the
Callisto phase of the JIMO mission, three globally
complete mapping sets, one at nadir viewing low-sun
for geomorphology, a second same-low-sun but at 30°
off-nadir for topographic mapping derived from
stereogrammetry, and a third at low solar phase for
compositional mapping, should be obtained, all at a
nominal resolution of at least 100 m/pixel.  It would be
desirable to map selected areas of high science interest
at resolutions greater than 10 m/pixel.  Spectroscopic
studies should, in addition to good (~100 m/pixel) spa-
tial resolution have sufficient spectral resolution (say
~5 nm bandwidths) and a spectral range of 0.8 - 4.5
µm and at high (>100) signal-to-noise at all wave-
lengths.  A mid-IR imaging radiometer, similar to
THEMIS on Mars Odyssey, could map the thermal-
physical properties of surface materials, such as their
thermal inertia from which particle size could be de-
rived.  A far-IR or microwave radiometer, if sensitive
enough, could conceivably make measurements from
which Callisto’s heat flux might be determined.  Care-
ful measure of the orbits themselves will permit the
detection of any mass anisostasy within Callisto’s inte-
rior, which would go far to resolving its degree of dif-
ferentiation.  Ground penetrating radar, if available,
would permit a measure of the segregation ice from
non-ice and map the thickness of the refractory lag.
Also, radar might reveal buried but surviving roots of
ancient endogenic activity.  Active energetic ionizing
of surface materials would greatly complement orbital
compositional investigations.  These are but a few ex-
amples of the ability of a comprehensive orbital study
afforded by JIMO toward answering many of the out-
standing questions remaining in Callisto studies.
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RADIATION SYNTHESIS OF NEW MOLECULES ON JUPITER’S ICY SATELLITES 
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Abstract:  Surface chemistry and geophysics.  
Spectra of Jupiter’s icy satellites reveal sur-
faces dominated by water-ice (1), minor 
amounts of SO2 and CO2  (2), and (for Eu-
ropa) H2O2 (3) along with hydrated materials 
(4,5).  Jovian magnetospheric ions (protons, 
sulfur, and oxygen) and electrons signifi-
cantly modify the chemical composition of 
these moons’ surfaces in times ranging from a 
few years for Europa to thousands of years 
for Callisto at micrometer depths (6).  Appro-
priate laboratory studies examining relevant 
volatile and non-volatile materials under low-
temperature radiation conditions can provide 
information on likely radiation chemical 
mechanisms, on the stability and evolution of 
species, and on new species awaiting detec-
tion. 
 
Although the molecules detected on the icy 
moons are relatively simple, predicting their 
responses to radiation in space remains diffi-
cult.  One problem is that there is a dearth of 
fundamental data examining solid-phase reac-
tions.  Our laboratory experiments have fo-
cused on infrared studies (2.5 to 25 microns) 
of a few simple irradiated ices.  We have 
measured the spectra of proton-irradiated 
H2O ice containing SO2, H2S, and/or CO2.  
Ices with H2O/SO2 or H2O/H2S ratios of 3 
and 30 have been irradiated at 86 K, 110 K, 
and 132 K.  In irradiated H2O + SO2 ices new 
ions have been identified: SO4

2−, HSO4
− and 

H3O+.  After warming to 260 K the residual 
spectrum is similar to that of H2SO4.  Ices 
with H2O + H2S form SO2.  After warming to 
175 K, the residual sample matches the spec-
trum of hydrated H2SO4.  H2O + CO2 ice 

forms carbonic acid, H2CO3 which is stable to 
temperatures near 230 K.  In addition, OCS 
has been detected in irradiated ices containing 
H2O + SO2 + CO2.  The radiation half-life of 
SO2 and H2S in H2O has been calculated.  
Our results (7) give compelling evidence for 
the presence of new species awaiting detec-
tion. 
 
Future experiments will examine the signa-
tures of these ices and hydrated materials in 
the 1 to 5 micron region, where possible 
weaker overtone bands may occur.  In addi-
tion, absolute strengths for both the funda-
mental and overtone bands will be deter-
mined.  Finally, good arguments can be made, 
based on current information, for remote 
sensing observations that have spectral cov-
erage to at least 5 microns on the long wave-
length end.  This range would include some 
of the characteristic bands of  H2O, H2O2, 
CO2, SO2, H2CO3, H2S, and OCS.    
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McCord, T.B. et al. 1998, Science 280, 1242-1244; (5) Carl-
son, R.W. et al. 1999, Science 286, 97-99 (6) Cooper et al. 
2001 Icarus 149, 133-159; (7) Moore et al. 2002, BAAS  34, 
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THE TIDAL RESPONSE OF GANYMEDE AND CALLISTO WITH AND WITHOUT LIQUID WATER OCEANS. W.
B. Moore, G. Schubert, Department of Earth and Space Sciences and Institute of Geophysics and Planetary Physics, University of
California, Los Angeles, Los Angeles, CA 90095, USA.

It has been proposed that a measurement of the ampli-
tude of the tidal deformation of Europa would allow confirma-
tion of the existence of a global liquid ocean beneath the ice
[Moore and Schubert(2000), Wu et al.(2001)]. With an ocean
that decouples the surface ice from the rocky interior, the am-
plitude of the semi-diurnal tide on Europa is roughly 30 m, vs.��� m in the absence of an ocean. This signature would be
observable from orbit by measuring the time-dependent grav-
ity and topography over the course of several Europan days.
The accuracy of a tidal amplitude determination would depend
mostly on the amount of time spent in orbit and the ability to
revisit the same points on the surface allowing crossovers to
constrain the spacecraft orbit. This technique has been used
with the Mars Global Surveyor spacecraft to measure seasonal
variations in the topography of Mars with amplitudes as small
as ��� � cm [Smith et al.(2001)] over the course of slightly
more than a Martian year. Due to the shorter period of tidal
variations at Ganymede and Callisto, a mission lasting a few
months could sample many tidal cycles, thus greatly improving
the signal strength.

In order to determine if an experiment with ��� � cm
accuracy could identify the tidal signature of liquid oceans at
Ganymede and/or Callisto, we have constructed models of the
tidal response of these bodies (see figures at right, and table
below). The figures show the tidal amplitude as a function of
the viscosity of the ice shell. Models without oceans predict
small tidal amplitudes, from about 10 cm at Ganymede and
20 cm at Callisto when ��� � � � 	 Pa, to about 40 cm at
Ganymede and 25 cm at Callisto when �
� � � � Pa (solid
lines).

Table 1: Model Parameters
Ganymede Callisto

Satellite Radius, � [km] 2638 2410
Surf. Gravity,  	 [m s � � ] 1.42 1.24
Core Radius [km] 710 723
Core Density [kg m � � ] 5150 3200
Mantle Thickness [km] 1035 1390
Mantle Density [kg m � � ] 3100 2200
Ice Shell Thickness [km] 893 298
Ice Density [kg m � � ] 1050 1050
Eccentricity, � 0.0015 0.007
Orbital Freq., � [rad s � � ] 1.016 � � � � � 4.357 � � � � �
Potential, ����� � [m � s � � ] 3.46 2.48� � � ��� ��� �!��� � "  	 [m] 2.43 2.00

Models with oceans have tidal amplitudes of several me-
ters on both Ganymede and Callisto. The total tidal varia-
tion (twice the amplitude) for a Ganymede model with a thin
(45 km) ice shell (200 km thick ocean) is 6 to 7 meters de-
pending on the rigidity of the ice (dashed lines), while a similar
model on Callisto (66 km shell, 200 km ocean) has 5 to 6 me-

ters of variation (dashed lines). The influence of the rigidity is
greater for thicker shells (since it is the product that matters),
but even a thick, strong shell over a small ocean (20 km) only
reduces the total variation to 5 meters on Ganymede and 4
meters on Callisto (lowermost dotted lines in figures). These
tides should be easily observable from orbital missions lasting
a few months.
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MEASURING EUROPA’S SHELL THICKNESS AND SURFACE DENSITY USING JIMO-DERIVED GRAVITY AND
TOPOGRAPHY. F. Nimmo,Dept. Earth Sciences, University College London, London WC1E 6BT, UK (nimmo@ess.ucla.edu).

On silicate planets, analysis of satellite-derived gravity
and topography in the frequency domain constrains the elastic
thickness, crustal thickness, and near-surface density [e.g. 1].
In principle, this admittance technique could also be used on
JIMO-derived data . Here I discuss how these techniques could
be applied, and the data requirements.

At short wavelengths, topography is uncompensated and
the gravity anomaly∆g is given by

∆g = 2πρG∆h (1)

whereG is the universal gravitational constant,ρ is the surface
density and∆h is the topography anomaly. At an altitudez
this anomaly is attenuated by a factorexp(−kz), wherek is
the wavenumber. A 1 km topography anomaly would produce
≈40 mGal surface gravity anomaly for likely ice parameters.

Equation (1) shows that gravity variations will be more
difficult to detect on icy satellites than silicate bodies: the
surface density is smaller by a factor of≈3, and the topog-
raphy is more subdued (<1 km). Furthermore, most topog-
raphy is short wavelength (<100 km), which will require a
correspondingly low spacecraft altitude to produce detectable
gravity anomalies.

Figure 1: Theoretical admittance profiles for Europa calcu-
lated using method of [2]. Ice density 900kg m−3, water
density1000 kg m−3, Young’s modulus 1 GPa, Poisson’s ra-
tio 0.3., gravitational acceleration1.3 m s−2, Te is elastic
thickness,tc is shell thickness.

Equation (1) allows the surface densityρ to be inferred
directly if ∆h and∆g can be measured at sufficiently short
wavelengths. At longer wavelengths, the gravity signal is re-
duced because the topography is partially compensated. The
ratio of the gravity to the topography at a particular wavenum-
ber, Z(k), provides information about the shell and elastic
thickness. For icy bodies, these quantities are likely to be
coupled [e.g. 3].

Figure (1) shows theoretical curves ofZ(k) for two dif-
ferent shell (tc) and elastic (Te) thicknesses. The two curves
are very different, mainly because of the differentTe values
used. However, sincetc andTe are coupled, Fig 1 suggests
that with sufficiently precise measurements, Europa’s shell
thickness can be determined. Note that below a characteristic
wavelength the curve flattens to a value which depends only on
the surface density (equation (1)). Thus surface density can be
inferred directly. For an elastic thickness of 6 km, compatible
with flexurally-inferred estimates [3], this characteristic wave-
length is≈100 km. On Earth and Venus, the long-wavelength
admittance is affected by convection [2]. While convection
may be occurring on Europa [4], this signal is unlikely to be
detectable because of the short-wavelength nature of the in-
ferred convective features and the small stagnant lid thickness.

Based on the success of the MOLA instrument, obtain-
ing high-resolution topography is unlikely to be a problem.
However, the gravity data requirements are challenging. Fig 2
shows the gravity signal expected above an example Europan
feature at the surface, and at 20 km altitude. Even at this low
altitude, the expected gravity anomaly is only 1 mGal. To
detect this acceleration requires the spacecraft velocity to be
known to 0.1mm s−1 for a typical sampling interval of 10 s.
Such precision will be difficult to achieve. The most practical
way of achieving the low altitudes required would be to use a
subsatellite, in a similar manner to the Apollo missions.

Figure 2: Gravity due to Europan topography at surface (solid
line) and 20 km altitude (dashed line). Topography is taken
from [3] and converted to gravity by using the solid admittance
profile in Fig 1 (Te=6 km). A 28 km long buffer has been
applied to each end of the profile.
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INVESTIGATION OPTIONS FOR ATMOSPHERIC SCIENCE USING NEAR- AND MIDDLE-INFRARED 
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Yanamandra-Fisher, Jet Propulsion Laboratory, Pasadena CA 91109, USA, (padma@vidya.jpl.nasa.gov). 
 
 

Major science goals for Jupiter’s atmosphere include 
mapping the temperature field on spatial scales that are well 
below the radius of deformation and close to the spatial 
scales for which the details of Jupiter’s constantly changing 
cloud features appear -~1000 km and smaller. An additional 
goal for the temperature field is to extend the vertical grasp of 
temperature profile further into the stratosphere (above the 1-
mbar pressure level) than has been done in previous missions 
in order to characterize the propagation of vertical waves and 
constrain better the interactions between the neutral and 
charged atmosphere - particularly in “auroral” regions. 

Concomitant with this goal is the assessment of cloud and 
compositional variability on the same spatial scales. For 
clouds, a combination of spatial and spectral resolution that 
can, for example, detect relatively pristine NH3_ ice would 
constrain the rate of vertical winds in specific locations as 
well as provide clues to the physical behavior of ice particles 
and to ice-surface chemistry over much of the planet. Cloud 
information must be gathered at spatial scales consistent with 
those providing temperature field information in order to 
extend the temperature retrieval at least into the ammonia 
condensate cloud region of 400-700 mbar pressure. 

Compositional information from both the stratosphere 
and troposphere provide the most substantive constraints on 
atmospheric chemistry and dynamics. These goals include 
not only the chemical pathways for CH4 photolysis and re-
combination but those of PH3 and NH3 from which may 
originate the material that creates stratospheric (mostly) polar 
hazes, covers ice particles (or provides their nucleation sites), 
and even colors cloud particles at visible wavelengths. Com-
positional information from the 5-µm region provides con-
straints on H2O and other constituents at depth. 

Near- and middle-infrared remote-sensing capabilities are 
key to the achieving most of these observational goals. They 
are also kep to critical characteristics of satellite surfaces and 
even interiors for the case of Io. The remote-sensing require-
ments involve both a spectral range that is unavailable from 
the earth and high spatial resolution that is available only 
from the proximity of the spacecraft to the target. Middle- 
through far-infrared sensors and spectrometers inherit some 
technology that has been proven with instruments that have 
flown on the Pioneer, Voyager, Galileo and Cassini missions. 
Some instrumentation concepts are more novel. An array of 
options is available. 

Relatively simple instrument options include a filtered 
imaging or multiple-camera spectral imaging device. Broad-
band observations of the satellite surfaces are sufficient to 
provide thermal characteristics that can be used to determine 
specific heat and thermal conductivity of the surface. In turn, 
these characteristics diagnose composition and macroscale 
properties such as porosity or particle size. Broad-band 
measurements can determine bolometric emission properties. 
Medium-band filtered imaging can be used to map Jupiter’s 
temperature structure in the upper troposphere and the parato 
ortho-hydrogen ratio. Narrow-band filtered imaging can be 
used to map temperatures in the stratosphere, as well as prop-
erties of clouds near the ammonia condensate level and the 

ammonia mixing ratio in the upper troposphere. Correlation 
filters, with gases matching constituents in Jupiter’s atmos-
phere, can be used to enhance sensitivity to narrow spectral 
emission lines of specific molecules, increasing the altitude 
range over which stratospheric temperatures can be retrieved, 
or to stratospheric molecules such as acetylene, ethylene and 
ethane. 

High-resolution spectrometers - cross-dispersed echelle 
grating spectrometers, Fourier-transform spectrometers, 
Fabry- Perot devices, or even acousto-optical filters (for cer-
tain spectral regions) may also be capable of imaging. An 
FTS or Fabry-Perot instrument could be designed which is 
capable of 2-dimensional imaging, and all three could (like 
the Cassini CIRS experiment) use a 1-dimensional array de-
tector that is swept orthogonally using spacecraft motion (or 
internal mirror motion). In addition to providing sensitivity to 
the minor constituents mentioned above, it could also provide 
a more thorough inventory of constituents in Jupiter’s atmos-
phere - in regions of aurorally enhanced temperatures, in 
polar vortices, in 5-µm hot spots, in the Great Red Spot and 
other anticyclonic regions, as well as in cyclonic regions and 
other areas where lightning has been detected. The large 
spectral grasp and flexibility are traded against the higher 
instantaneous signal-to-noise ratio of lower-resolution in-
struments. 

High-resolution spectroscopy may be useful for observ-
ing satellites, as well. While not an icy satellite, Io can be 
observed at unprecedented spatial resolution from between 
Ganymede and Europa. While it would not fully resolve Io’s 
volcanic vents, a high-spatial and high-spectral resolution 
instrument would also be capable of helping to complete a 
chemical inventory of constituents in Io’s volcanic plumes. 
Because they are expected to have reached chemical equilib-
rium before escaping the surface, thus plume composition 
provides an indication of chemistry of source regions in Io’s 
interior. It is also possible that remnant gases escaping the 
surfaces of Europa, Ganymede and Callisto could be detected 
using occultations of each other, Jupiter and Io being too 
spatially variable or time dependent. 

How can the capabilities of this mission enable instru-
ment technologies that can accomplish these goals? Clearly 
transmission of the appropriate data volume from 2-
dimensional, multi-spectral instruments is one way. Another 
is the possibility of sustaining active coolers for near- and 
middle-infrared instruments. While appropriately cool detec-
tor temperatures are possible using radiative cooling, the 
presence of active cooling capabilities for the instruments 
themselves can stabilize temperatures and enhance the preci-
sion of the data acquired. It can also and obviate the need for 
extremely cautious and slow movements of the spacecraft in 
order to minimize stability of the thermal regime of the in-
strument and detector. 
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