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A B S T R A C T

We propose the system design of a small orbiter of the Jovian moon Europa (Europa Tomography Probe, ETP in
short) aimed at unveiling its interior structure. ETP is conceived as a piggyback probe of a larger spacecraft to
the Jovian system (such as Europa Clipper). Its payload comprises only a magnetometer and transponder. The
former will be used to measure the time-varying, induction magnetic field of the moon at different orbital and
rotational frequencies, a measurement inaccessible to a flyby spacecraft. An Inter-Satellite Link (ISL) between
ETP and the main spacecraft, enabled by the on-board transponder, will be used to accurately determine
Europa's gravity field, rotational state and tidal deformation. By combining magnetic and gravity field mea-
surements, ETP could characterize the interior structure of Europa with an accuracy only attainable by a low-
altitude orbiter, thus constraining the thickness and conductivity of the subsurface ocean. Following the an-
nouncement that a 250-300-kg mass allowance was available on the upcoming NASA Europa Clipper spacecraft,
we propose ETP's mission and spacecraft design assuming Clipper's nominal trajectory as a baseline. The concept
can be adapted to a class of missions to the Jovian and Saturnian systems based upon a mother-daughter
spacecraft system. The spacecraft design has been pursued under the philosophy of determining the minimum
required total mass and volume that allows to meet the scientific requirements, rather than finding out what
science return could be obtained with pre-assigned system constraints. Since ETP shall autonomously reach its
final orbit, the propulsion system has been one of the primary focuses. The radiation analysis has also been
essential because the shielding structure affects both the mission duration and the mass budget. We show that
the ETP concept could be, indeed, technically feasible with an overall system mass budget just above 250 kg,
thus providing a valuable yet affordable augmentation to a larger flyby mission to Europa.

1. Introduction

The Jovian moon Europa is a celestial body of primary interest for
planetary scientists. The likely existence of a global subsurface ocean,
provided by measurements carried out during the Galileo mission,
makes Europa one of the most promising environments in the Solar
System to sustain extra-terrestrial habitability conditions. During its
scientific operations, the Galileo magnetometer sensed unique pertur-
bations of the Jovian magnetic field near Europa, compatible with the
existence of a global subsurface ocean with an Earth-like salinity [1,2].
Galileo's gravity field measurements suggest that Europa has a differ-
entiated structure, where a rocky interior is surrounded by an 80 to
170 km-thick ice-water layer [3], although current estimates indicate
that the icy shell can be much thinner. The thickness of the outer icy

layer and the depth of the ocean remain essentially unknown. Optical
data, which provided a detailed map of the ice-covered surface, are also
compatible with the global picture of an icy surface floating on a sub-
surface ocean. The presence of an ocean, probably sustained by the
permanent heat source given by tidal dissipation, implies that Europa
could potentially host life [4]. The determination of the ice-water
layer's characteristics is a primary objective of NASA's 2013–2022
Decadal Survey [5].

The most scientifically rewarding strategy to determine Europa's
interior structure consists of deploying a low-altitude orbiter capable of
measuring the time-dependent variations in the gravity and magnetic
fields of the moon [6,7]. Although several mission concepts have been
studied in the past years [8,9], the orbiter option has always been
deemed unfeasible because of excessive cost and mass, mostly due to
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the harsh radiation environment around the moon. Currently, two
planetary science missions are planned to flyby Europa, ESA's Jupiter
Icy worlds Explorer (JUICE), and NASA's Europa Clipper. The former
will be launched in 2022 and will perform several flybys of Callisto
(plus two of Europa), until entering into orbit around Ganymede. The
NASA spacecraft, instead, will be launched in the 2020s and will per-
form 45 flybys of Europa for a total mission duration of three years
[10,11]. The nominal trajectories of both spacecraft ensure that they
will remain mostly outside the Jovian radiation belts, thus waiving the
need of a large shielding mass. However, the Cassini-like multiple flyby
approach is not favorable to constrain the thickness and conductivity of
Europa's subsurface ocean.

We present an innovative mission concept consisting of a small
spacecraft that would orbit Europa to accurately characterize its in-
terior structure. The Europa Tomography Probe is proposed as an
augmentation to Europa Clipper following NASA's announcement in
2015 that a 250-300-kg allowance was available for an additional flight
element on the main spacecraft. ETP hosts a payload made up only of a
magnetometer and a transponder, and will autonomously acquire and
maintain a 250-km polar orbit around Europa for up to 6 months. The
magnetometer will continuously measure the variable magnetic field of
Europa at different frequencies. The transponder will be used to es-
tablish periodic Inter-Satellite Link (ISL) windows with the mother
spacecraft to perform Doppler measurements and determine the moon's
gravity field. The combination of these two measurements, inaccessible
to a flyby spacecraft such as JUICE or Europa Clipper, could allow
solving for the thickness and conductivity of Europa's subsurface ocean.
ETP will also provide a much-improved positioning of Europa Clipper
with respect to Europa, therefore enabling a measure of the physical
tides of the moon using the powerful radar REASON. The combined
measurement of the gravitational and physical tides will provide also
the thickness of the outer icy shell [7]. In a companion paper, Di
Benedetto et al. [12] present further details on the science motivation
behind ETP and the results attainable from the gravity science experi-
ment, as well as the overall science enhancement of the Clipper mission.

This paper is focused on the system architecture of the probe as
derived from the scientific requirements and the mass constraint. It is
structured as follows. Section 2 describes the spacecraft design method.
Section 3 lists the scientific requirements and Section 4 describes the
reference mission profile. Section 5, which is the core of this paper,
describes the spacecraft design and its architectural configuration.
Section 6 presents the final mass budget, providing considerations
about the flexibility of the proposed design for other main spacecraft
configurations and mission profiles.

2. Spacecraft design method

The feasibility study presented in this paper was motivated by
NASA's 2015 announcement that a 250-kg mass allowance was avail-
able on the forthcoming Europa Clipper spacecraft. This opportunity,
open to non-US contributions, triggered considerable interest especially
in Europe, where the planetary science community and industry out-
lined possible uses of the available mass. Although Clipper hosts a
complete suite of scientific instruments dedicated to the investigation of
Europa's outer shell and plasma environment, the nominal mission
profile is not optimal for investigating the interior structure of the
moon. As previously mentioned, a low-altitude orbiter is possibly the
most appropriate option to probe the subsurface ocean of Europa.
Previous studies of orbiters proposed as an additional flight element for
Europa Clipper included complex scientific instrumentation, such as
plasma sensors and optical instruments that would study the presence
of chemicals on the surface of the moon and the composition of gas
plumes observed by NASA's Hubble Space Telescope in the southern
regions of Europa [13]. Thus, the resulting mass budgets exceeded the
250-kg limit by several hundred kilos.

Following NASA's announcement, instead, we proposed a small
probe with a minimal payload (just a magnetometer and a transponder)
complementing and enhancing the science return of a large flyby mis-
sion (Europa Clipper) while still meeting the strict mass constraint. The
use of small spacecraft (weighing less than 500 kg) for deep space ex-
ploration represents an emerging concept among space agencies and
research institutions as it is a viable design choice to augment larger
missions with a limited added mass and cost increase [14]. We assessed
the feasibility of the Europa Tomography Probe concept by formulating
a complete set of scientific objectives (Section 3) and assessing the
added scientific return as opposed to that provided by Clipper alone;
the results are described in Ref. [12]. Then, as described below, we
addressed the technical feasibility of ETP, especially regarding the total
mass budget. The preliminary design of the spacecraft and the defini-
tion of each subsystem have been carried out and iterated several times
as per the consolidated approaches reported in the reference literature
[15–20]. When defining ETP's mass budget, we focused on the state-of-
the-art small satellite technology [21]. As small satellite components
are mostly tailored towards near-Earth applications, their radiation
hardness was a crucial driver during component selection and led to
several system trade-offs between mass and shielding thickness. Since
this study can be classified as Phase 0 or Mission Concept Study (as per
ESA/NASA classification) an appropriate mass margin definition has
been a primary concern. According to NASA/JPL flight design princi-
ples and AIAA's guideline on mass properties control for space flight
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systems [22,23], the Current Best Estimate (CBE) mass of a component
or subsystem is the basic value of the mass measured or computed at the
latest design status. Then, a 5–15% Mass Growth Allowance (MGAl) is
added to the CBE to take into account the mass increase due to ad-
vanced design stages that lead to higher Technology Readiness Level
(TRL). A final 5–35% mass margin on top of the predicted mass (CBE
plus MGAl) represents the contingency due to unpredictable effects that
could cause an increase in mass (for example, changes in the reference
trajectory and thus in the required propellant mass). The total margin
(composed of MGAl and mass margin) can range from 25 to 40% de-
pending on the mission status and criticalities in the design [24]. The
actual values of the MGAl and mass margin selected for the analysis
presented in this paper are based on the following considerations. Early
concept phase designs such as the one presented in this paper generally
require a mass margin of at least 25% [22]. Furthermore, although
many of the components selected for ETP are TRL>6, they are mostly
tailored towards Earth-bound applications, so that the MGAl shall take
into account the increased radiation shielding required to adapt the
already flight-proven design to deep-space missions. Consequently, we
varied the MGAl from 5% to 15% according to the TRL and radiation
hardness of the single components (see Section 6). Regarding the
margin on the predicted mass, we assumed the maximum re-
commended value of 30% due to the large number of uncertainties on
the final spacecraft design, mainly related to the radiation environment
[22].

The system and mission design described in the following sections
and in Ref. [12] have been carried out by assuming Europa Clipper's
nominal trajectory as a reference. However, regardless of whether the
additional mass allowance will still be considered, we demonstrate that
the concept of a small probe with minimal payload that can augment
the scientific return of a larger mission to Europa is feasible. The pro-
posed design can indeed be flexibly adapted to future missions to the
Jovian moon.

3. Mission requirements

The main goal of ETP is to employ a combination of continuous
measurements of Europa's magnetic field and an accurate estimate of
the moon's gravity field though the ISL with the main spacecraft to
determine independently the depth and conductivity of the subsurface
ocean.

3.1. Scientific requirements

In order to fulfill this objective, ETP will exploit the magnetic in-
duction sounding technique, that consists of measuring the perturbed
Jovian magnetic field at Europa at both synodic (11.1 h) and orbital
(85 h) periods. When a conducting medium is bathed in a time-varying
magnetic field, electrical currents start to flow and generate secondary
magnetic fields. By measuring such fields, it will be possible to confirm
the presence of a global ocean under Europa's surface and constrain
both its thickness and conductivity [25]. ETP's magnetometer shall be
able to sense the smallest expected amplitude variation of the magnetic
field, ~7 nT at Europa orbital frequency over a background field of
450÷500 nT [26]. Moreover, the magnetic measurements shall be
continuously performed for at least three months in a low-altitude polar
orbit to obtain a complete map of the variable magnetic field. The or-
bital altitude shall be less than 1000 km (a 200-250-km orbit would be
optimal).

ETP will measure the static and time-varying gravity field of Europa
through Doppler measurements carried out with a two-way coherent
microwave inter-satellite link that will be performed for about 6
months, corresponding to 9 Europa Clipper's flyby according to the
current trajectory [12]. Precise knowledge of Europa's gravity field will
shed light on its interior structure, including the depth of the subsurface
ocean. In particular, the gravity experiment will focus on determining

Europa's static gravity field to degree and order 30 of the classical
spherical harmonic expansion, although higher-order terms could be
accessible. The parameters of interest are estimated as part of ETP's
orbit reconstruction process. The time-varying, degree-2 part of the
gravity field, induced primarily by the non-negligible eccentricity of the
satellite, will be measured at different anomalies along the orbit of
Europa to allow estimating the Love number k2 with an absolute ac-
curacy lower than 0.0001. k2 accounts for variations in Europa's gravity
potential (and shape) due to the differential attraction exerted by Ju-
piter along the eccentric orbit of the moon, and it depends on the
presence and characteristics of the ocean. Since ETP acts as a reference
point during the Doppler measurements, the use of the ISL can also
significantly improve the accuracy of the main spacecraft's trajectory
reconstruction. Radial positioning during flybys at the (sub) meter level
could enable a very accurate estimation of the h21 Love number, pro-
vided that a laser altimeter is foreseen among the mother spacecraft's
payload (such as the REASON instrument on Europa Clipper). The re-
ference signal for the ISL will be generated on the mother spacecraft by
means of an Ultra-Stable Oscillator (USO). Doppler measurements will
also be produced on-board Clipper.

The combined measurement of the Love numbers and magnetic field
intensity will allow constraining the icy shell thickness with an accu-
racy impossible to achieve with a flyby spacecraft such as Clipper. In
particular, it can be shown that an accuracy of± 30 km is attainable,
assuming that the h2 Love number can be determined to ~0.05 and
considering a 6-month mission lifetime [12].

3.2. Spacecraft requirements

The main system requirement specifies that the final mass of the
probe shall fit within the 250–300 kg range. Furthermore, the magnetic
field measurements require knowledge of the spacecraft attitude with
respect to the inertial frame with an accuracy of 0.05°. The harsh en-
vironment at Europa imposes additional operational requirements. The
power, thermal, radiation shielding and propulsion subsystems shall
indeed be designed to sustain efficient payload operations throughout
the 6-month mission.

3.3. Payload description

The magnetometer is composed of three sensors that measure the
amplitude and orientation of the magnetic field vector with a frequency
of 0.1 Hz. The measurement range is± 1000 nT and the accuracy is
1–2 nT.

The transponder is the core of the telecommunication subsystem but
since it also supports radio science measurements, it can be considered
as part of the payload. This component will be used to establish a two-
way coherent X-band ISL with the mother probe, providing highly ac-
curate Doppler measurements during the ISL windows. The fractional
frequency stability of the USO used to generate the reference signal on
the main spacecraft is expected to be to the level of a few 10−13 at
1–1000 s integration times, according to the current state-of-art tech-
nology [27]. This could represent a serious limiting factor to the ac-
curacy of Doppler measurements. However, thanks to the short round-
trip light time during the ISL due to the short distance between the two
spacecraft (< 1 s), the on-board clock noise is largely suppressed, and
the attainable measurement accuracy is comparable to that granted by
Ka-band tracking from ground [28].

Both the magnetometer electronics and the transponder require
shielding from radiation and should thus be placed in a radiation vault
(see Section 5), while the magnetometer sensors should be located as
far as possible from the spacecraft bus. Since ETP is a solar-powered

1 The h2 Love number represents the tidal deformation of Europa in the radial
direction.
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probe, the panels are most appropriate to host the magnetometer sen-
sors, although a boom could also be considered in the spacecraft design.

4. Mission overview

Table 1 presents a list of ETP's mission parameters, referenced to the
nominal Europa Clipper trajectory. Each item in the table is detailed in
the following paragraphs.

4.1. Launch

Clipper will host ETP for the launch and cruise phases. The nominal
mission profile envisions a launch in June 2022 with the Space Launch
System (SLS). The launcher can bring Clipper and the secondary probe
to Jupiter in 2.7 years using a direct trajectory. Alternatively, the
Europa Clipper team is considering a Delta IV Heavy launcher. The
vehicle can insert the two spacecraft in a ΔV-Earth Gravity Assist (EGA)
trajectory that would last 4.7 years.

4.2. Cruise phase

During the cruise phase, the instruments will be switched off;
however, vital subsystems such as the on-board computer and the
heaters shall be operative. The basic functions of the probe will be
powered by Clipper through an electrical interface. Furthermore, a data
cable will deliver any possible change in the pre-insertion trajectory.

ETP will be physically connected to the main spacecraft by me-
chanical interfaces that can transfer the launch loads to the primary
structure. The cylindrical structure of the probe, shown in Section 5, is
most efficient when subject to axial loads. Clipper's current structure is
cylindrical as well, with the High Gain Antenna (HGA) placed on top
[29]. Therefore, the most reasonable volume allowance for an addi-
tional probe would be on the side, meaning that ETP's structure would
have to sustain flexural loads during launch. Given the intrinsic un-
certainty on the main spacecraft's configuration, the mechanical inter-
faces have not been analyzed in this study. However, the large mass
margin accounted for the structural subsystem should allow for future
changes without severe impacts on the final mass budget, as well as
providing flexibility to adapt the ETP concept for future large planetary
science missions to the Jovian moon.

4.3. Pre-insertion and Europa orbit insertion (EOI)

In the early phase of this study, a direct EOI maneuver requiring an
average ΔV of at least 3 km/s was considered. Since the system mass
budget resulting from this mission baseline was well over 500 kg (thus
against the overall idea of a small probe), we referenced the propulsion
system design to the pre-insertion flyby trajectory designed specifically
for ETP in [30]. Thus, after being released by the main spacecraft, ETP
will perform 8 flybys of Europa and 1 of Ganymede until achieving a
6:5 resonant orbit with Europa. The pre-insertion phase will last for
~130 days; at the end of this period, ETP will perform a 25-min burn to
achieve its final orbit. The overall ΔV required for the pre-insertion
phase and the EOI is about 954m/s, which includes an additional 8m/s
contingency ΔV per flyby to account for trajectory dispersion, following
the approach used in the trajectory design for the JUICE mission [31].
Although the additional period spent in the Jovian system will increase
the total radiation dose, the pre-injection phase is spent relatively away
from Europa and from Jupiter's radiation belts, with consistent benefits
on the final mass budget.

4.4. Orbital phase

The orbital altitude listed in Table 1 is optimal for the magnetic field
measurements. The orbital inclination value has been computed to
obtain a dawn-dusk Sun-Synchronous orbit, beneficial for the solar-

powered probe. Thus, ETP will not experience regular orbital eclipses,
but only short occultation periods (maximum 2.9 h, every 85 h) when
Jupiter crosses the Europa-Sun line.

ETP's orbit belongs to the unstable class of low-altitude polar orbits
around planetary satellites, characterized by a short natural lifetime (on
the order of days) due to the third-body perturbation caused by the
primary planet. The disturbing force produces an exponential increase
in eccentricity while leaving the orbital energy constant, eventually
leading to an impact with the central planet. These orbits are, however,
ideal for many scientific purposes, and therefore their stability has been
extensively studied in the past. Several papers describe methods to in-
crease the natural orbit lifetime, for example by optimizing the initial
argument of perigee ω0 [32,33]. The evolution of ETP's eccentricity,
shown in Fig. 1, has been obtained for a reference case by numerically
integrating the three-body problem equations, following the approach
in Ref. [32]. The Sun-Synchronous condition used to obtain i0 has been
modified to include the effects of the third-body perturbation (see
Equation 13 of [34]). ω0 has been selected through a trial-and-error
process focused on obtaining the longest orbit lifetime. Without active
maintenance, ETP would collide with Europa in less than two months.
Hence, periodic orbit maintenance is mandatory for the mission. The
optimal one-burn maneuver frequency that allows to minimize the total
propellant, computed through a parametric optimization, is 11 days.
The reference orbital parameters selected to produce Fig. 1 are opti-
mized for the mission's scientific objectives. Injection errors and un-
certainties may cause discrepancies from this solution and, although a
complete error analysis is not the aim of this paper, these effects can
reasonably be included in the mass margin on the propellant.

4.5. End of mission

At the end of the nominal mission, the orbit will be left to drift
naturally. This End-Of-Life (EOL) strategy shall be planned with parti-
cular attention to comply with the planetary protection guidelines es-
tablished by the Committee on Space Research. ETP is indeed a Class-IV
spacecraft as it will orbit and impact a body of scientific interest for the
possible presence of life. Hence, during the realization and testing of the
probe, appropriate countermeasures such as those listed in Table 1.1 of
[35] must be implemented. As an example, a Class-IV spacecraft shall
be partially or totally sterilized in a clean room, and the bioburden (i.e.,
the number of non-sterilized bacteria) shall be continuously monitored.

5. Spacecraft design

Table 2 presents an overview of ETP's nominal configuration and a
summary of the main system characteristics. The spacecraft is com-
posed of a bus module, which hosts the avionics and the subsystem
components, and of a propulsion module that contains the propellant
and thrusters. The probe can communicate with the main spacecraft
either through a conical horn Medium Gain Antenna (MGAn) or via two
Low Gain Antennas (LGA). A central cylinder structure, aided by four

Table 1
ETP reference mission profile.

Parameter Description

Mission objective Determine Europa's interior structure
Estimated launch date June, 2022
Cruise phase duration (yrs) 2.7 (Direct)/4.7 (ΔV-EGA)
Pre-insertion duration (days) 131
Scientific mission duration (months) 6
Science orbit Sun-Synchronous (dawn-dusk)
Orbital altitude (km) 250
Eccentricity <0.00001
Inclination (°) 91.18
Max. eclipse duration (hrs) 2.9 every Europa period
EOL strategy Natural orbit decay
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shear panels, provides the primary load path. The structural subsystem
includes supporting elements for each component.

The bus view in Fig. 2 contains a detailed overview of the spacecraft
subsystems, which will be discussed in the following paragraphs.
Moreover, Fig. 7 provides a functional block diagram of the bus.

0 10 20 30 40 50 60
Time (days)

0

0.02

0.04

0.06
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0.12

0.14

e

Fig. 1. Natural eccentricity evolution until impact with Europa. The initial
conditions on the eccentricity (e0), the semi-major axis (a0), the inclination (i0),
the argument of perigee (ω0) and the RAAN (Ω0) used for this simulation are:
e0= 0.00001, a0= 1810 km, i0= 98.184°, ω0=375°, Ω0=0°.

Table 2
Spacecraft overview.

Power • 4m2 deployable solar arrays (GaAs 3J solar cells), output: 36W EOL

• 454Wh Li-Ion battery for eclipses and peak loads

• Single axis Solar Array Drive for array pointing
Thermal • ETP~ always faces the Sun, major heat dissipation spot: radiation vault

• Heaters + gold MLI + black paint to achieve ε = 0.03 and α = 0.3

• Louvers & oxidized aluminum surface finish to control the temperature of the radiation vault
Attitude • Three-axis stabilized, Sun-pointing spacecraft

• 2 Star Trackers, 2 Sun Sensors and 3 FOG for attitude determination

• 3 Reaction Wheels and 12×1N Hydrazine thrusters for desaturation
Propulsion • ~1200m/s total ΔV

• 4×22 N MMH/NTO main engines and 12×1N Hydrazine attitude control thrusters
On-Board Data Handling • ~0.5 Mbit daily data volume

• Rad-Hard, 32 bit SPARC V8 CPU and 4×16 Mbit Rad-Hard SRAM
Telecommunications • Short- and Long- range ISL: X-band

• 1 conical horn MGA and 2 LGAs
Structure • 78 cm3 aluminum structure + trusses or annular clamp as interfaces

• Aluminum radiation vault to reduce TID for the avionics

MGA

TransponderZ reaction wheel

Battery pack

Space-facing
panel

Aft LGA

22 N bi-prop 
main engines

1 N Hydrazine 
attitude & roll 
control thrusters

Sun-facing panel

Sun sensor

Radiation 
vault

Fig. 2. ETP bus exploded view. Colors in the figure represent different sub-
systems: structural subsystem (red and grey, outer panels), attitude control
system (green), EPS (yellow), TT&C (orange), propulsion system (violet), OBDH
(blue), payload electronics (dark red, not visible). Solar panels have been re-
moved for visual clarity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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5.1. Propulsion system

The propulsion system shall execute the EOI maneuver, regularly
maintain the orbit against perturbations, as well as desaturate the re-
action wheels. The overall required ΔV is 997m/s, which includes the
pre-insertion corrections (159m/s), the EOI (716m/s), the contingency
for trajectory dispersion after the flybys and the overall orbit main-
tenance (43m/s).

The primary propulsion system comprehends 4, 22-N MMH/NTO
thrusters that are fired in pulsed mode to allow thrust vector control,
which, in turn, provides two-axis attitude control during the main burn.
The third axis (i.e., the thruster's axis of symmetry) is instead controlled
by 4 secondary Roll Control Thrusters (RCT), placed at the spacecraft
corners. The secondary propulsion system is composed of the 4 RCTs
and two redundant sets of 4 thrusters; the 12 thrusters provide three-
axis attitude control for desaturation maneuvers. The attitude control
thrusters are based on a monopropellant hydrazine feed system. Fig. 3
shows a schematic of the propulsion system, while the implemented
architecture can be visualized in Fig. 2.

5.2. Attitude determination and control system

Although Star Trackers (ST) can satisfy the requirement on the at-
titude determination accuracy, these sensors are subject to false-star
detections in harsh radiation environments. This leads to a large com-
putational cost that can be reduced using the Active Pixel Sensor
technology, currently not employed on small satellite sensors. However,
small satellite STs represent an advantageous and mass-efficient
method to satisfy the mission requirements and, assuming that the
technology gap will be filled in the coming years thanks to the in-
creasing interest for small probes for deep-space exploration, two sen-
sors have redundantly been selected as primary attitude determination
devices. The attitude determination system includes also two Sun
Sensors (SS) (for fine solar array pointing) and 3 Fiber Optic Gyroscopes
(FOG). The accuracy of the STs is 6 arcsec around the boresight axis,
while that of the SSs is 0.02° (about 70 arcsec) up to 50 AU.

ETP will maintain a Sun-pointing reference attitude to optimize
energy production in the low-illumination, low-temperature Jovian
environment. Any disturbance to the attitude (mostly gravity gradient
torque from Europa and solar radiation pressure torque) is counteracted
by 3 Reaction Wheels (RW). To account for variable ISL geometry, a
worst-case repointing maneuver has thus been included in the RW de-
sign. The angular momentum storage of the selected RWs (0.5 Nm) fits
the estimations, with a saturation period of about 30 days; nonetheless,
desaturation is still required before every ISL window. For the attitude
control system design, we estimated the moments of inertia analytically
by reducing the complete spacecraft configuration shown in Fig. 2 to
simpler shapes. The algorithm used to obtain the solution has also been
run to predict the displacement of the center of mass during the main
burn. Results have then been validated by a static analysis performed
on a simplified Finite Element mmodel of the spacecraft.

Table 3 lists the operative modes of the probe. The first two modes
are critical; during pre-insertion and orbital insertion, the core sub-
systems shall indeed be functional. In addition, the TT&C subsystem
must be fully operational to allow determining the trajectory of the
probe. The magnetometer payload is only active during the orbital
modes (3–6). Moreover, in case of a fault, the on-board computer ac-
tivates the Safe Mode (7) and switches the SSs on to regain a Sun-
pointing attitude, while waiting for additional commands from the
main spacecraft. The radio frequency input/output is consequently
transferred from the MGAn to one of the two LGAs.

5.3. Electrical power system

Two solar panels with an overall area of 4.2 m2 will power ETP
during its mission. The panels are made of triple-junction GaAs solar

cells that provide a state-of-the-art efficiency of 29%. Because of the
low temperature and solar flux, as well as the high level of radiation,
the solar panels degrade quicker than in an Earth-orbiting mission. The
degradation factor Ld is defined in Equation (1), where PEOL and PBOL
are the solar panel specific power outputs at EOL and BOL, respectively:

=L P
P

.d
EOL

BOL (1)

We selected Ld=0.87 to account for the particularly harsh en-
vironment at Europa [36]. The total area has been sized with the power
consumption data shown in Fig. 4: the arrays shall sustain the average
load level in the sunlight orbital modes (3 and 4), plus a 25% margin.
Assuming an accurate Sun pointing granted by a one-axis Solar Array
Drive motor, the resulting EOL power output is 35.8W. Furthermore, a
Li-Ion battery with an overall energy capacity of 454Wh has been sized
to handle every peak load (like that in mode 2) and power ETP during
occultations.

The power regulation and conditioning system is based on a Sun-
Regulated, Direct Energy Transfer bus with a 28 V reference voltage.
Three power lines selected by switches are included in a Power Control
and Distribution Unit (PCDU) to satisfy the voltage requirements of
each component (Fig. 7).

5.4. Thermal control system

The temperature environment has been examined by developing an
analytical thermal model with ETP treated as a one-node sphere. We
included the following heat sources: solar radiation, albedo and in-
frared emission from Europa and Jupiter, as well as the spacecraft in-
ternally dissipated power. The main dissipation spot inside the probe is
the radiation vault: the enclosed electronics consume 15W, on average,
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during nominal operations. Since the mean solar input at Jupiter is only
~50W/m2, high absorptivity (α) and low emissivity (ε) coefficients are
desirable. A α/ε ratio equal to 10 has been selected from the equili-
brium analysis as it ensures a spacecraft temperature above the strin-
gent requirements of the STs and batteries (273 K). This is attainable
with an appropriate combination of Gold MLI blankets and black paint.
However, the thermal control system is not completely passive; loca-
lized heaters must indeed be placed along the propulsion feed lines to
maintain the propellants within their design temperature range.

We also carried out a transient analysis by integrating the energy
evolution equations over two orbital periods of Europa. A 4-h com-
munication window has been included during the first sunlight period,
as shown in Fig. 5. Thanks to the large sunlight-over-eclipse time ratio,
the temperature of the probe always remains close to the sunlight
equilibrium, dropping by a few degrees during occultation periods. The
thermal analysis for the solar panels revealed that their sunlight equi-
librium temperature is below 150 K due to the low solar flux. The be-
havior of the solar cells under these conditions can be predicted using
the models developed in Ref. [36].

Another issue for the thermal control system is the temperature
control inside the radiation vault. Without countermeasures, tempera-
tures as high as 350 K can be reached inside the vault during the most
power-intensive operative modes. A higher emissivity of the vault, such
as that attained with an oxidized aluminum finish, can sensibly de-
crease the internal temperature. Additional countermeasures, to be
investigated in future analyses, might include thermal tapes or louvers.

5.5. Telecommunication system

The radio link with Clipper can be divided into short-range mode
and long-range mode. The long-range mode is used for inter-satellite
distances higher than 105 km and up to 106 km, such as those reached
during the pre-insertion phase. In this situation, it might be necessary
for the main spacecraft to modify its attitude to point the HGA to ETP.
The short-range mode, instead, is nominally employed during the or-
bital phase when the relative distance is lower than 105 km and it is
used for the gravity science experiment and for TT&C.

We carried out the link budget considering X-band for both the
radio link modes because it is compliant with the communication
system of the main spacecraft. Moreover, the radio frequency output
power of the probe has been set to 1W, to be delivered by the conical
horn MGAn. Including a minimum margin of 3 dB [37], the signal-over-
noise ratio is always larger than 25 dBHz (computed at the largest
distance, 106 km). The complete communication system on ETP in-
cludes the 20-dBi MGAn for nominal communications and two LGAs
that provide a quasi-omnidirectional antenna gain pattern. A Radio
Frequency Distribution Unit provides switches to select the desired
antenna output, and the transponder is used for Doppler measurements
during the ISL.

Since the mass, volume and power consumption of currently
available transponders for deep space exploration do not satisfy the
system requirements, this component requires further specialized de-
velopment. However, we selected NASA's IRIS V2 Deep Space
Transponder for budgeting purposes and adapted its power consump-
tion to the radio frequency output of the probe. This is the optimal
transponder in terms of mass, power consumption, and volume, and it
can be used as a guideline during the development of the final com-
ponent.

5.6. On-board data handling

ETP's daily data production is composed of the magnetic field vector
measurements (which account for 415 kbit/day) and the subsystem
telemetry, for a total of 0.5 Mbit/day. Since, according to Clipper's
nominal trajectory, communication windows happen once every 15
days, adequate mass storage capability is provided by 4, 16-Mbit Rad-

Table 3
ETP operative modes; the items marked with× are active in the current mode.
Mode legend: 1: Pre-EOI Mode, 2: EOI Mode, 3: Orbit (Sunlight, no ISL) Mode,
4: Orbit (Sunlight, ISL) Mode, 5: Orbit (Eclipse, no ISL) Mode, 6: Orbit (Eclipse,
ISL) Mode, 7: Safe Mode.

Mode ST SS FOG RW TT&C MAG

1 × × × ×
2 × ×
3 × × ×
4 × × × × ×
5 × × ×
6 × × × × ×
7 × × ×

Fig. 4. Power budget for each operative mode defined in Table 3.

Fig. 5. Spacecraft temperature behavior (blue) and dissipated power (red) over
two Europa periods. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Hard SRAM units. The on-board computer shall provide fault detection
and correction capabilities, especially as the spacecraft does not com-
municate directly with the Earth. To this aim, the Spacecraft Mode
Controller monitors the subsystem telemetries and switches between
the different modes when programmed or when receiving a command.
The software is embedded into the centralized CPU along with the
power-intensive attitude determination filter. The selected CPU is a 32-

bit SPARC V8 Rad-Hard processor that largely fulfills the estimated
software requirements with an 86 Million Instructions Per Second
(MIPS) throughput.

5.7. Radiation shielding

The major sources of ionizing radiation are the electrons trapped in
Jupiter's magnetic field. A radiation dose analysis showed that the Total
Ionizing Dose (TID) for ETP's mission is over 4000 krad under 0.5 cm of
equivalent aluminum shielding. Since this value is high enough to ex-
ceed the radiation hardness of almost every space component, a ra-
diation vault has been selected as the primary shielding method. The
most sensitive components are the avionics, the attitude determination
sensors, the magnetometer electronics, the transponder and the PCDU
electronics.

The design of the vault has been iterated many times with particular
attention to the radiation hardness of the least hardened component
and the shielding thickness (and thus mass). The final configuration has
then been determined after a system trade-off that included the con-
straints imposed by the attitude determination sensors and the trans-
ponder. In particular, the STs shall both look to the free space, while the
SSs shall be placed on the Sun-facing panel. Both the STs and the SSs
also require a clear field of view. Furthermore, the positioning of the
transponder is influenced by possible electro-magnetic interference
with the rest of the avionics. A simplified view of the radiation vault
configuration is shown in Fig. 6. The geometry of the vault has been
conceived in such a way to obtain the least overall dimensions with
reasonable margins for the currently unknown geometry of the PCDU.
Moreover, a margin of 1 cm has been applied to every face of a com-
ponent that is adjacent with a wall.

Fig. 6. Radiation vault internal configuration; the red arrows indicate the op-
tical axes of the star trackers. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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The TID at the center of the vault is 75 krad under 5 cm of alu-
minum, which becomes 100 krad after imposing a 30% TID margin. STs
do not currently comply with this value, but the component manu-
facturer is already planning to upgrade their radiation hardness to at
least the required value. The Sun Sensors have been independently
shielded with a 3.5 cm-thick aluminum enclosing because their intrinsic
radiation hardness is significantly higher than the other components
(300 krad), thus leading to mass savings. The TID at the center of the
SSs box is 150 krad.

6. Results and discussion

Table 4 shows the Master Equipment List for ETP. The CBE mass for
each component is listed along with the MGAl percentage, predicted
mass, mass margin and final allowable mass. The table also shows the
TRL of the selected components based on their current design. The total
wet mass with MGAl and margin is> 40% larger than the system-level
CBE, and, with the architecture described in Section 5, is well under
300 kg. This result satisfies the constraint imposed by the maximum
available added mass on Europa Clipper as per the NASA announce-
ment, and demonstrates that a small probe with minimal payload can

still sensibly increase the science return of a larger flyby spacecraft to
Europa. Although we considered Europa Clipper's reference mission
profile, the large margin imposed on each subsystem assures that the
mass budget presented in this analysis is robust under different as-
sumptions on the ISL frequency and duration. Therefore, regardless of
whether the mass allowance on Europa Clipper is still being considered
by NASA, the ETP concept and the resulting system analysis presented
here and in [12] are of general significance for the demonstration of the
capabilities of the inter-satellite link to augment gravity science, and
can be flexibly adapted to future planetary science missions aimed at
determining the interior structure of Europa. The mass margin accounts
also for the intrinsic uncertainty related to the main spacecraft's con-
figuration and the design of the mechanical interfaces with ETP.

We point out some issues related to ETP's system design. Note that
ETP has been conceived as a small secondary probe aimed at aug-
menting the mother spacecraft: given the simplicity of its payload, a
non-redundant design has been selected for each subsystem except for
the propulsion system (due to the need for attitude control). However,
internal redundancy at the software- and component-levels has been
envisioned. Furthermore, we did not carry out a complete cost break-
down in the framework of this feasibility study as the main aim has

Table 4
ETP Master Equipment List (MEL). Propulsion and radiation shielding (included in the structural mass) are the mass-driving items. Mass of tankage, tubes and valves
has been estimated using guidelines from [15]. The total propellant mass includes both primary and secondary propulsion and includes a 5% margin to account for
residual propellant.

Subsystem/Component name Quantity Unit mass (kg) CBE mass (kg) MGAl (%) Predicted mass (kg) Margin (%) Allowable mass (kg) TRL

Propulsion (dry) 27.75

Tankage and valves, lines 1 / 16.01 / / 30 20.80 9
Main engine 4 0.45 1.80 5 1.89 30 2.46 9
RCS engine 12 0.33 3.96 5 4.15 30 5.39 9

AOCS 5.94

Sun Sensor 2 0.33 0.66 5 0.69 30 0.90 9
Star Tracker 2 0.35 0.70 15 0.81 30 1.05 6
Gyroscope 3 0.14 0.42 15 0.48 30 0.63 6
Reaction wheel 3 0.75 2.25 15 2.59 30 3.36 6

EPS 33.64

Solar panels 1 18.70 18.70 10 20.57 30 26.74 9
Power cells 24 0.13 3.12 15 3.59 30 4.66 6

PCDU hardware 1 1.50 1.50 15 1.73 30 2.24 6

TCS 0.54

MLI 1 0.38 0.38 10 0.42 30 0.54 9

OBDH 1.00

CPU and SRAM 1 0.70 0.70 10 0.77 30 1.00 9

Payload 0.42

Structure 109.45

Aluminum structure 1 24.10 24.10 10 26.51 30 34.46 /
Radiation shielding 1 50.16 50.16 15 57.68 30 74.99 /

Telecommunications 6.56

MGAn 1 3.00 3.00 5 3.15 30 4.09 9
LGA 2 0.30 0.60 5 0.63 30 0.82 9
Transponder 1 1.20 1.20 10 1.32 30 1.72 6

Total dry mass 185.35

Propellant 71.55 35 96.59

Total wet mass 281.94
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been to demonstrate that the concept is technically feasible and fits in
the 250-300-kg range. The total cost associated to the addition of ETP
to a planetary mission to Europa would probably be driven by the
technology advancement required to develop a transponder with low
power consumption tailored for deep space exploration. However,
thanks to the ever-increasing interest in small spacecraft for deep space
applications, we expect this technology gap to be filled in the coming
years. A detailed cost estimation shall be carried out if the ETP concept
will be considered for further analysis, either for the Europa Clipper
mission or for a future mission to the Jovian moon.

7. Conclusions

This paper has presented the results of a feasibility study for Europa
Tomography Probe, proposed as a small Europa orbiter aimed at
characterizing the moon's interior structure. The global subsurface
ocean present on Europa is still a mystery for planetary scientists, as its
characteristics are largely unknown. Europa Clipper will be launched
by NASA in the 2020s to perform a series of flybys of Europa and study
its internal and surface composition. Due to its intermittent encounters
with the moon, Clipper will not be able to resolve the time-variable
magnetic field (induced by Jupiter on the global ocean conductor) at
the relevant frequencies (11 h and 85 h), preventing an accurate de-
termination of the ocean's depth and conductivity. Following NASA's
announcement of a 250-300-kg mass allowance on Europa Clipper, we
proposed ETP as a secondary probe equipped with only a magnetometer
and a transponder as payloads. In a parallel paper, we show that by
continuously measuring the magnetic and gravity fields of Europa, ETP
would be able to determine the ocean's characteristics with high ac-
curacy, thus increasing the scientific return of the main mission. The
use of an inter-satellite link will also improve the radial positioning of
the main spacecraft and will be beneficial to its altimetric measure-
ments [12]. Here we have demonstrated that the concept is technically
feasible with a total mass under 300 kg, accounting for a conservative
design margin that ensures that ETP fits within the NASA requirement.
The same concept can also be suitable as an added payload to other
planetary science missions dedicated to the investigation of Europa's
interior structure (and other icy moons as well). In fact, regardless of
whether the mass allowance on Europa Clipper is still being considered,
the ETP concept presented here and in [12] is of general interest for the
minimal payload suite that is yet sufficient to answer crucial scientific
questions about Europa's habitability. Furthermore, ETP would be a
major example of the use of small probes for deep-space exploration, in
that it would enable scientific discoveries otherwise inaccessible with
larger flyby spacecraft.
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