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Europa flyby!

SUDA - FUNCTION PRINCIPLEE. Experiment Implementation
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Figure E.1: SUDA function principle. The ion trajectories are the result of SIMION simula-
tions of the instrument performance.

E. Experiment Implementation

E.1. Instrumentation

Overview SUDA is a high-resolution reflectron type impact ionization time-of-flight (TOF)
mass spectrometer and trajectory sensor that builds on the heritage of dust instruments on Giotto,
Stardust, Rosetta and Cassini missions (Srama et al., 2004). SUDA is a low risk, compact instru-
ment with one moving part (deployable cover). It is designed to meet or exceed all instrument
requirements (Table D.2). SUDA records cation and anion mass spectra over the mass range from
1u to 500u with a resolution of m

Dm > 200 at mass 150u. The functionality and performance of the
laboratory prototype has already been verified and calibration measurements were performed at the
MPI-K dust accelerator facility. The operation principle is depicted in Fig. E.1. The dust particle
enters the instrument through the aperture composed of a set of grid electrodes. The outermost
grid is at chassis ground. The third grid is attached to a charge-sensitive amplifier (CSA) to pick
up the induced signal from the charged dust particle for the velocity measurement. The second and
fourth grids are connected to signal ground and provide a low noise environment for charge-pickup
measurement. The CDA instrument on Cassini detected dust particles with similar arrangements
of electrodes (Auer et al., 2002; Kempf et al., 2004; Kempf et al., 2006). The particle impacts the
target at the bottom of the instrument. The target is biased at ±2.5kV and a grounded grid placed
3cm above accelerates the ions generated from the impact. The set of biased ring electrodes, to-
gether with the parabolic electrode above it near the aperture, generate the reflectron electric field
configuration that provides the spatial and temporal focusing of the ions. The reflectron geometry
is designed through numerical optimization similarly to other high-performing prototype instru-
ments (Srama et al., 2005; Sternovsky et al., 2007). The ion detector is placed at the bottom center
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Enceladus dust measurements:!
•  revealed subsurface salt water!
•  directly measured ocean composition !
•  spatially resolved profile of ice plume shows compositional diversity [4]!

TOF-spectra from Cassini CDA [3]:!
•  sampling of ice grains from Enceladus plumes!
•  extreme sensitivity to non-water compounds in ice matrix!

Compositional Mapping of the Galilean Moons by Mass Spectrometry 
Postberg@irs.uni-stuttgart.de    of Dust Ejecta    Sascha.Kempf@lasp.colorado.edu 

F. Postberg (1, 2), S. Kempf (3), E. Grün (3), K. Hand (4), M. Horanyi (3), M. Lankton (3), J.-P. Lebreton (5), 
J. Schmidt (6), Ralf Srama (1), Z. Sternovsky (3), R. Thissen (7), G. Tobie (8), M. Zolotov (9)  

(1) Institute on Space Systems, University of Stuttgart, Germany, (2) Institute for Geosciences, University of Heidelberg, Germany, (3) LASP, 
University of Colorado, Boulder, United States, (4) JPL, CalTec, Pasadena, USA, (5) LPC2E, Orleans, France, (6) University of Oulu, Finland, 
(7) IPAC, Grenoble, France, (8) LPGN, Nantes, France, (9) Arizona State University, Tempe, USA 

Motivation Performance at Ganymede and Europa [2,5]!

   !

Galileo DDS @ Ganymede: 

Galileo dust detector (DDS) heritage!
•  detection of dust envelopes around Europa, Ganymede, and Callisto [1]!
•  surface samples delivered to orbit by micro-meteroid bombardment!
•  but: DDS not equipped with TOF - spectrometer for compositional analysis!

Modern dust telescope: Compositional surface mapping [2]!
•  TOF-MS infers precise in situ particle composition à surface composition!
•  direct information on the origin on the surface!
•  unique tool to achieve scientific goals of JUICE & Europa Clipper missions !

10	  ppm	  Amino	  acid	  
Argenin	  (C6H14N4O2)	  
in	  water	  matrix	  

High detection rates from an orbiter and at flyby’s !

Accuracy of surface projection!

Science capabilities!
•  quantitative in situ analysis of unaltered micron-sized surface samples!
•  ppm - sensitivity to salts, hydrated & unhydrated minerals, organic compounds!
•  tracing back individual grains to the surface with accuracy of < 100 km: !
   mapping out the variation of surface composition!

Ganymede & Europa science objectives addressed!
•  non-water-ice compounds in ice shell, !relation to surface geology!
•  exchange processes with interior and subsurface ocean!
•  habitability, astrobiology!
•  tectonic activity, resurfacing events, volcanism!
•  is there ongoing geological activity?!
•  coupling of the surface to exogenous environment: space weathering, surface age!
•  monitor material infall (i.e. particles from Io) !

Test case: Enceladus with Cassini CDA 

Science Objectives 

Improvements from CDA to SUDA!
!

•  10 x higher mass resolution !
•  3 x wider mass range!

•  3 x lighter  !
•  10 x higher sensitivity!

•  accurate backtracking of particles!

Lab spectra of minerals & organics with ppm-sensitivity !
SUDA - SUrface Dust Analyzer [2,5,6] 

Salts & Minerals!
•  Distinct spectra @ 2 km/s impact speed!
•  Analysis of cations & anions!
•  High quantitative precision!
•  Detection independent of hydration state!
  !

 Complex Organics !
•  No molecular breakup at impacts < 7 km/s!
•  Detection of unaltered surface compounds!
•  Analysis of cations & anions!

0,1	  ppm	  MgSO4in	  
water	  matrix	  

SUDA resources!
•  total mass:! ! ! ! ! !7 kg + shielding !
•  sensitive area: ! ! ! !225 cm2!
•  power consumption: ! !7 W (nominal)!
•  radiation w.o. shielding: !250 kRad!
•  max. data rate: ! ! ! !13 kbps (peak) !
•  TRL:! ! ! ! ! ! ! !5 – 9 !!
•  heritage: ! ! ! ! ! !Galileo, Ulysses, !

! ! ! !Stardust, Cassini
!  !

SUMMARY: The Galilean icy moons are enshrouded by dust clouds lifted from their surfaces by micro-meteroid bombardment. It is 
relatively easy to analyze these particles as almost unaltered samples of planetary surfaces at flybys or from an orbiter. In this novel 
approach dust is no longer the target but instead the means of the research. The method is based on the well established technique of 
dust detection by impact ionisation. It allows the qualitative and quantitative analysis of a huge number of samples and thus combines the 
advantages of remote sensing and a lander. The detected particles can be traced back to the point of ejection at the surface and 
information on the molecular composition can be acquired. The main scientific output is a compositional map from thousands of samples 
taken from a greater part of the surface. The approach has a ppm-level sensitivity to non-icy materials as salts and other anorganic 
compounds as well as organic compounds embedded in the ice matrix. Regions which were subject to endogenic or exogenic alteration 
(resurfacing, radiation, old/young regions) can be distinguished and investigated. In particular exchange processes with Europa’s & 
Ganymede’s subsurface ocean is determined with high quantitative precision. SUDA is an improved, low-mass (~7kg), high TRL, 
instrument based on the heritage of instruments onboard Ghiotto, Ulysses, Galileo, and Cassini. Lab-models have been built and tested.!

[1] Krüger et al., (1999) Detection of an impact generated dust cloud around Ganymede, Nature, 299!
[2] Postberg et al., (2011) Compositional Mapping of Planetary Moons by Mass Spectrometry of Dust Ejecta.!
     PSS,doi:1016/j.pss2011.05.001!
[3] Postberg et al., (2009) Sodium Salts in E Ring Ice Grains from an Ocean below the surface of Enceladus. Nature, 459!
[4] Postberg et al., (2011) A saltwater reservoir as the source of a compositionally stratified plume on Enceladus. Nature, 474!
[5] Kempf et al., (2011) Linear high resolution dust mass spectrometer for a mission to the Galilean satellites. PSS in press!
[6] Srama, et al., (2008) A small dust Telescope for the Measurment of interplanetary dust. EPSC Conference Abstract, Vol. 3!
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assumed a normal ejection of dust from the surface. A de-
tailed comparison between the model and Galileo data, given
in that paper, applies to the present model. Any tangible im-
provement of the poorly known parameters (yield, slope of
the ejecta speed distribution, etc.) is unfortunately not pos-
sible, because of the scarcity of the data, especially at small
and large altitudes. We can only state that the parameters
chosen are compatible with the data.

4.2. Dust at saturnian moons: Cassini CDA
measurements

Similar to Fig. 8 for Ganymede, Fig. 9 plots the num-
ber density of the dust clouds around all six saturnian
satellites of interest (uniform ejection only). Both $gures
have the same vertical scale, enabling immediate visual
comparison of the number densities in both cases. The max-
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Figure D.2: Observation of the Ganymede ejecta cloud by the dust detector on the Galileo
spacecraft (Krüger et al., 1999; Krivov et al., 2003). Left: Galileo’s trajectory and geometry
of dust detection during the Gaynmede flyby G7. Right: Number density of the ejecta particles
detected by Galileo during the flybys G1 and G7.

sodium salts from dissolved minerals in the ejected ice grains (Postberg et al., 2009; Postberg et al.,
2011b), stemming from the moon’s rocky core, which is, or has been, in contact with a reservoir
of liquid water (Zolotov, 2007) This finding provides indisputable evidence, which could not have
been obtained by traditional remote sensing techniques, for a liquid subsurface water reservoir
being the source of the jetted grains. Remarkably, no sodium has been detected in the emerging
gas plume, either by the Cassini neutral gas spectrometer or by ground-based remote sensing tech-
niques (Schneider et al., 2009). This implies that in situ measurements of a gaseous exosphere
around an active planetary body must be complemented by compositional analysis of the dust par-
ticles emerging from it to correctly constrain the nature of its geological activity. Nadir pointing
imaging and spectral instruments, and a ram pointing dust detector on an orbiting satellite ob-
serve the same real-estate, providing a complementary data set, and enable the identification of
the chemical composition of the surface materials.

Inspired by the successes of the Cassini dust compositional mass spectrometer, a new method
for obtaining detailed information about the surface compositions of airless planetary bodies has
been proposed (Kempf et al., 2009; Postberg et al., 2011a). This compositional mapping technique
relies on the fact that impacts of fast, large interplanetary meteoroids with the moons’ surfaces pro-
duce ejecta particles which populate tenuous, approximately spherically symmetric, clouds around
the moons (Krivov et al., 2003; Sremčević et al., 2003, 2005). Information about the geological
activities on and below a moon’s surface, in particular about the material exchange between the
interior and the surface, is contained in the types and amounts of trace materials embedded in the
dominant surface material. This method is readily available for the JUICE mission, as the ejecta
dust clouds have already been detected around all the icy moons of Jupiter by the Galileo dust
detector (Krüger et al., 1999, see Fig. D.2).

The proposed SUDA impact mass spectrometer onboard JUICE will detect a substantial number
of ejecta particles. It will be able to perform in situ compositional analysis of the surface while in
a close orbit around Ganymede, and during repeated flybys of Europa and Callisto (Kempf et al.,
2009; Postberg et al., 2011a). The primary goal of the JUICE mission to the Jovian system is to
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FIND LIQUID WATER - LOOK INTO MOONS

D. Science Investigation

D. Science Investigation

D.1. Investigation Background and Objectives

D.1.1. Background

First regarded as simply “fog” that prevented astronomers from accurately measuring the distances
to stars, cosmic dust has become an important topic in planetary science and astrophysics. Dust
research provides an unparalleled opportunity to learn about the conditions of the distant interstel-
lar space, as well as the surface and subsurface properties of airless planetary objects throughout
the solar system. Dust particles are similar to photons in many ways. Light detected by the as-
tronomer’s telescope provides information about its source body, as well as the physical conditions
in the regions traversed. Similarly, dust particles are messengers, carrying information about their
origin, and the physical and chemical processes they encountered along the way to a capable detec-
tor. This realization, together with the rapid evolution of technology, led to the development of a
“dust telescope” (Grün et al., 2005): a detector capable of determining the trajectory, mass, charge,
chemical and isotopic composition of dust particles and identifying the presence of large complex
molecules, even amino acids, the telltale signs of possible life at the source of the dust (Srama
et al., 2005; Sternovsky et al., 2007). In this new approach, cosmic dust is no longer the target but
the means of compelling research, and an in situ dust detector becomes a versatile, multi-purpose
remote sensing instrument like an optical telescope or spectrometer.

Na+ (H20)Na+ (NaOH)Na+ (NaOH)2Na+

(NaCl)Na+ (Na2CO3)Na+K+

(NaOH)3Na+

Laser dispersion spectrum of salt water

Co-added CDA spectra of salt-rich ice grains 
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Figure D.1: The comparison between co-added CDA spectra of salt-rich water ice grains de-
tected near Enceladus and a laser dispersion spectrum of salty walter provided proof for a
subsurface water reservoir (Postberg et al., 2009).

Measuring the composition of cosmic dust provides unique insight into the physical and chemi-
cal conditions at its origin. This was recently demonstrated by the Cassini dust detector at Saturn,
which provided proof for a subsurface liquid ocean on Enceladus (Fig. D.1). The Cassini Cosmic
Dust Analyser (CDA) measures the dust-impact-generated ions to identify the grains’ chemical
composition (Srama et al., 2004). CDA detected small amounts of sodium salts from dissolved
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J. Appendices

Figure J.2: The SUDA prototype instrument. The right pictures shows the prototype in the vacuum
chamber of the Heidelberg dust accelerator.

SUDA mechanical design and functionality benefits from the thermal vacuum and Heidelberg dust accel-
erator tested laboratory prototype instrument. Fig. J.2 is a photo of the prototype instrument. The prototype
was built as a flight capable miniaturized version of the larger previously tested LAMA laboratory instru-
ment. SUDA is designed to look much like the successful bench-top prototype in many respects as shown
in Fig. J.3. Both instruments have

• An Aluminum cylinder base structure with a PEEK (Polyetheretherketone) non conductive lining

• Flexible Kapton sheet with etched potential rings

• Machined honeycomb charge sense grids

• Two transmission screens

• A parabolic grid with > 80%, < 4mm spacing, < 1mm thick,

• An acceleration grid with > 74%, < 2.5mm spacing, < 1mm thick

• Detector electronics located in a ring around the Ion Sensor

• Similar design implementation to 1m reflectron type time-of-flight spectrometers instruments Giotto
& VeGa (5 cm2, m

Dm =100) and Stardust (90 cm2, m
Dm =100)

There are few differences between the prototype and SUDA:

• SUDA will use a multiplier instead of an MCP to achieve a significantly larger dynamic range and
to be insensitive to dust impacts onto the ion sensor

• The prototype target has an Au/Ni coating, whereas the SUDA target is Iridium coated, which has
good impact ionization properties, and also has double mass peaks of comparable strength at 191 u
and 193 u, that will not interfer with the spectrum of the dust material.

• SUDA operates the mass spectrometer at 2 500V target potential and 3 000V reflectron potential,
while the prototype allows the application of arbitrary potentials.
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Figure J.4: Left: Image of the ion-electron converter prototype. Middle: Function principle of the
ion-electron converter combined with an MCP as a third stage. The SUDA ion sensor will employ
an MM1 multiplier (Cassini/CDA heritage) instead of an MCP because of its superior dynamic
range. Right: Mass spectrum recorded with a linear mass spectrometer employing the ion-electron
converter as the ion sensor.

at the acceleration grid, the target, and the multiplier output signal, comparing these signals to threshold
levels. This method has been effective for CASSINI/CDA and will will be re-used on with adjustable
threshold levels on SUDA.

A slightly modified configuration of the CDA MM1 ion detector/multiplier will be employed on SUDA.
The MM1-type multiplier will be built to SUDA specification as the MM1 was for CASSINI/CDA. The
SUDA Ion Detector consists of an ion-electron converter (IEC)/multiplier stack. The SUDA ion electron
converter (IEC) is in fact just the first 2 stages of the original MM1, plus the MM1 itself. A picture of the
first two stages, as used in the SUDA prototype, can be found in Fig. J.4. The SUDA IEC looks like this,
but with approximately 26 more stages arranged accordingly. The active parts of the assembly are all metal
and can withstand direct particle impacts, as well as the radiation environment. In fact, the empty space
in each grid purposefully does not align with the empty space in other grids such that the entire assembly
effectively acts as a shield to the components below. This can be beneficial to SUDA electronics located
nearby.

The required dynamic range for SUDA is achieved by recording simultaneously the signals from three
dynodes in the multiplier stack. Each of these signals is digitized and merged into a single high-resolution
spectrum onboard. The CDA ion sensor sums the dynodes signals up, while SUDA will readout the signals
of three dynodes individually.

The CASSINI/CDA QP sensor (the trajectory sensor) has a common design with the SUDA entrance
grid sensor. CDA uses four grids whereas SUDA uses three. The CDA grids are larger and noisier than the
SUDA implementation. The grid system is a flight proven configuration.

J.9.3. Design, testing, and operational expertise found in a familiar set of dust physics
collaborators

The SUDA science team has extensive experience building time of flight mass spectrometers. Aspects of
design, characterizations, operations, and data review are well-represented skills. SUDA is similar in design
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SUDA 
Prototype model

Ion detector : converter / MM1

SUDA performance!
•  polarity: ! ! ! ! ! !cation & anion!
•  mass resolution: ! ! ! !m/Δm > 200!
•  simultaneous mass range:!1 – 500 amu   !
•  grain size (composition): !0.2 – 10 µm!
•  grain size (velocity):! ! !0.3 – 100 µm!
•  speed range: ! ! ! ! !1 – 10 km/s!
•  max. detection rate: ! ! !10 s-1!
•  event time resolution: ! !0.01 s!

D. Science Investigation
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Figure D.4: MC simulations of the compositional mapping of the bright ray crater Tros (93km
diameter) on Ganymede with SUDA. Left: SUDA detections along the JUICE groundtracks
in the 200km altitude phase of randomly launched ejecta > 500nm from inside (red dots) and
outside (blue dots) the crater are marked by white crosses (rate ⇠ 0.05s�1, see Table E.2).
Right: Resulting probability map for the origin of the detected crater particles (red dots in left
plot) identified by their unique composition.

bombardment by hypervelocity interplanetary meteoroids. The ejecta size distribution approxi-
mately follows a power law with a slope of g ⇠ 2.4 and ranges from at least 100nm up to the
typical size of the impactor of about 100µm. The total mass ejected in an impact far exceeds the
mass of the impacting meteoroid, typically by a few orders of magnitude (see Table D.1). The spa-
tial distribution of the cloud particles at low altitudes is strongly affected by the angular distribution
of the ejecta (Fig. D.3). SUDA measurements at three different altitudes during the Ganymede tour
will constrain this poorly known parameter, providing information about the mechanical properties
of the surface, and enabling reliable estimates of the surface erosion rates. Specifically, knowledge
of the ejecta cone angle allows to better constrain the point of origin of a grain on the surface from
the measurement of its speed at the detector.

Ejecta Backtracking Method When SUDA detects a particle in the vicinity of a satellite it
is possible to constrain the location of origin of that particle on the surface. This enables SUDA to
relate the measured composition of the grain to geologic patterns and features on the moon. Such
a backtracking is constrained by: (a) the known position and velocity of the spacecraft; (b) the
measurement of the impact speed; and (c) employing probabilistic models (Krivov et al., 2003;
Sremčević et al., 2003) specifying the likelihood of possible impact directions.

SUDA determines the velocity component of a dust particle along the instrument axis by mea-
suring its time-of-flight between the entrance grid at the aperture and acceleration grid at the target
(see Section E.1) with an accuracy of about 1%. From this measurement, a ram-pointing SUDA
instrument will infer the most likely distance of the particle origin from the sub-spacecraft point

5

Monte Carlo simulation: compositional mapping of crater Tros (93 km) from a Ganymede orbit. 
Surface features down to 30 km can be resolved from 200 km altitude.!

>	  106	  samples	  /	  month	  
>	  10	  samples	  /	  100	  km2	  


