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Abstract
We present an overview of the radiation environment monitoring program planned for the
Europa Clipper mission. The harsh radiation environment of Jupiter will be measured by
a dedicated Radiation Monitor (RadMon) subsystem, yielding mission accumulative Total
Ionizing Dose (TID) and instantaneous electron flux measurements with a 1-Hz cadence.
The radiation monitoring subsystem is comprised of a stand alone sensor assembly along
with distributed TID assemblies at various locations on the spacecraft. The sensor assembly
itself is made of a TID sensor stack using the Metal-Oxide Semiconducting Field-Effect
Transistor (MOSFET) and a Charge Rate Monitor (CRM) that uses a stack of bulk charge
collection plates. The TID measurements will provide the critical information about the
overall radiation levels relevant to the degradation of electronics over time, and the elec-
tron flux data can serve as a proxy for the Internal ElectroStatic Discharge (IESD) en-
vironment by measuring the >∼1 MeV electron environment. In addition, the radiation
monitoring subsystem data will be augmented by serendipitous radiation data from science
instruments onboard. This will be enabled by careful modeling and analysis of opportunis-
tic background data from potentially the following instruments: Europa Imaging System
(EIS), Europa-Ultraviolet Spectrograph (Europa-UVS), Mapping Imaging Spectrometer for
Europa (MISE), MAss Spectrometer for Planetary EXploration (MASPEX), Plasma Instru-
ment for Magnetic Sounding (PIMS), and SUrface Dust Analyzer (SUDA). Based on the
current analysis, these instruments will be most sensitive to >1 MeV electrons. As such,
the high-energy electron data obtained by the radiation monitoring subsystem will be qual-
itatively and quantitatively enhanced by the high-energy electron data acquired by the in-
struments. The holistic radiation monitoring program for the mission will be an extensive
collaboration among many teams across the flight and payload systems.

Although the radiation monitoring subsystem itself is an engineering resource for the
mission, the collective data from the mission can also be used to improve the scientific
understanding of the Jovian magnetosphere and the high-energy electron environment near

Europa Clipper: A Mission to Explore Ocean World Habitability
Edited by Haje Korth, Bonnie J. Buratti and David Senske

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11214-023-01003-8&domain=pdf
http://orcid.org/0000-0003-2707-0191
http://orcid.org/0000-0001-5663-8888


61 Page 2 of 47 R. Meitzler et al.

Europa, where the motion of charged particles is perturbed by the local electromagnetic
environment. The data could also help in the understanding of the radiation modification
of Europa surface compounds, which could subsequently help guide lab experiments to
aid in understanding the origin and evolution of surface materials and in constraining the
interpretation of observational data. To this end, the radiation monitoring subsystem is a
useful resource for helping address the Europa Clipper mission’s primary goal of assessing
the habitability of Europa.

Keywords Europa Clipper mission · Radiation Monitor · RadMon · RadFET · Charge Rate
Monitor

1 Introduction

The main objective of this paper is to describe the Jovian radiation environment monitoring
program to be carried out by the Europa Clipper mission. This monitoring will be mainly
achieved by the Radiation Monitor, hereinafter referred to as “RadMon”, which is an en-
gineering subsystem of the spacecraft, augmented by both planned and serendipitous radi-
ation measurements by other science instruments onboard. The radiation-monitoring effort
for the Europa Clipper mission will enhance our knowledge of the radiation environment in
a number of ways. Improved characterization of Jupiter’s radiation belts will be achieved,
especially in the equatorial region between ∼8 and ∼50 Rj (representing the radial dis-
tance in Jovian radii, with Jupiter’s radius Rj = 71,492 km), using measurement data from
the dedicated radiation monitor unit, shielded assets, and information from the instruments.
These measurements will provide invaluable real-time information about the charged par-
ticle environment that may affect the health of the spacecraft and will be used in diagnos-
ing potential spacecraft anomalies (Fieseler et al. 2002). In addition, these data can inform
spacecraft operations in real-time to maximize the science return. Finally, the data returned
from the mission can be used to validate and update existing spacecraft shielding models as
well as Jovian radiation environment models. The radiation data collected can be a resource
to enhance our scientific understanding of the global Jovian magnetosphere and the local
radiation environment in the vicinity of Europa.

It is widely known that Jupiter is a host to the most intense radiation belts yet observed in
the solar system (e.g., Bolton et al. 2004). The magnetosphere of Jupiter is remarkably dif-
ferent from that of the Earth, and its intense radiation environment likely results from several
factors: First, Jupiter possesses the strongest magnetic field in the solar system with a mag-
netic moment ∼20,000 times stronger than the Earth’s. As the magnetic field at the equator
is proportional to the magnetic moment divided by the cube of the radial distance when the
distance is expressed in the respective planetary radius, correspondingly, Jupiter’s magnetic
field is about 20 times stronger than that of Earth. In addition, the environment is enhanced
by large amounts (∼1000 kg/s) of sulfur and oxygen ions that are continuously supplied by
Io’s volcanic activity (Lopes-Gautier et al. 1999; Russell et al. 2001). Finally, Jupiter’s rapid
rotation (10 hour versus 24 hour for Earth) shields the inner magnetosphere from the fields
carried by the solar wind (but see Murakami et al. 2016) and disturbances in that plasma
(Carbary 1980; Paranicas et al. 1991; Khurana 1992, 1997; Khurana and Schwarzl 2005).
Figure 1 is a schematic representation of the Jovian magnetosphere. Pronounced wave-like
variations in the high energy particle fluxes led to the idea that the Jovian magnetosphere is
distorted into a thin disk or plasma sheet (Dessler 1983) – and that this thin disk is populated
by a cold plasma consisting of heavy ions originating from Io.
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Fig. 1 Schematic representation of Jupiter’s magnetosphere illustrating the various plasma regions and parti-
cle flows (Credit: University of Colorado, Laboratory of Atmosphere and Space Physics). The Europa Clipper
mission will spend most of its time in the equatorial plasma sheet region

Another feature of the Jovian magnetosphere is that the energy spectrum of the trapped
electrons in Jupiter’s radiation environment extends to much higher energies than do the
spectra at other planets (Bolton et al. 2002; de Pater and Dunn 2003). In other words,
the fluxes of electrons do not fall off as sharply with increasing energy as, for example,
at the Earth or Saturn (Jun and Garrett 2005; Jun et al. 2019b). Instead, the flux energy
spectrum decreases more gradually with increasing energy. This makes it much more diffi-
cult to shield instrumentation and electronics for missions visiting the Jovian environment.
Electrons have much longer path lengths into materials than protons and heavy ions of the
same energy, due to their much smaller mass. When high-energy electrons impact materi-
als, they slow down and, in the process, create secondary electrons and energetic photons
(i.e., bremsstrahlung). These secondary photons can reach much deeper into the material
since their absorption cross-sections are much smaller than those of electrons. Significantly,
based on Galileo Near-Infrared Mapping Spectrometer (NIMS) data, the γ -rays produced
by energetic electron bremsstrahlung within shielding have been shown to be at least as sig-
nificant as the primary radiation flux (Carlson and Hand 2015). These γ -rays are also very
hard for additional shielding to mitigate.

The radiation belts of Jupiter have been explored by many spacecraft during flybys of the
planet (Pioneers 10 and 11, Voyagers 1 and 2, Ulysses, New Horizons, and Cassini) and with
orbiters (Galileo and Juno). Although the Jovian system has been visited many times, under-
standing the characteristics of the radiation environment and magnetosphere still remains a
scientifically interesting subject that requires more comprehensive spatial and temporal mea-
surements of low- and high-energy electrons and ions. Especially, characterization of the
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Fig. 2 Total ionizing dose-depth curve, with dose as a function of the thickness of a spherical shield of
aluminum for the Europa Clipper design reference mission without any safety factor added. For reference,
1,000 mil = 1 inch = 2.54 cm

very high range of the energy spectrum has been lacking for electrons above ∼1 MeV be-
cause direct measurements of these particles are very difficult. These high-energy electrons
can deeply penetrate materials and only lose a fraction of their energy, so their quantitative
measurement becomes difficult. Europa Clipper will orbit Jupiter at distances in the range of
∼9−50 Rj and conduct multiple (∼50) flybys of Europa. The elliptical and equatorial orbits
of the spacecraft under the Europa Clipper mission will be similar to those of the Galileo
mission. However, the mission will offer an excellent opportunity to improve our knowledge
of the Jovian radiation environment and magnetosphere, and the environment near Europa.
Further, the Europa Clipper observations will provide better temporal and spatial coverage
than previous missions. The acquired radiation data may allow the determination of the long-
term variability of the radiation environment between the Galileo, Juno, and Europa Clipper
mission eras. Furthermore, the European Space Agency’s (ESA’s) JUpiter ICy moons Ex-
plorer (JUICE) spacecraft (Grasset et al. 2013) may venture into the Jovian magnetosphere
in the same timeframe as the Europa Clipper, which could provide an opportunity to perform
synergistic two-point measurements within the Jovian magnetosphere.

Preliminary modeling shows that the RadMon and the other instruments are most re-
sponsive to electrons with energies >1 MeV. This finding is corroborated with the mission
dose-depth curve as shown in Fig. 2. The TID is dominated by trapped electrons passing
through aluminum shielding up to >2.54 cm in thickness. Hence, we devote the majority of
the discussions herein to the high-energy electron environment and our current understand-
ing of the potential science that can be achieved with these data. However, for completeness,
we also include a brief overview of other constituents of Jupiter’s magnetospheric environ-
ment (e.g., plasma, high-energy ions).

This paper is structured as follows. Section 2 describes the current and general under-
standing of the Jovian radiation environment resulting from past flight observations and
modeling efforts. That section concludes with a brief summary of the outstanding questions
that remain for the Jovian radiation and magnetospheric science communities. Section 3
provides a summary of RadMon’s measurement objectives, which is followed in Sect. 4 by
a more detailed description of the RadMon hardware and its measurement capability. Sec-
tion 5 then presents a synopsis of radiation data that can potentially be obtained from other
science payload instruments. Potential science questions that could be answered by the Eu-
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Table 1 Structure of Sect. 2.1 – Data and models available

Particle Type Section

Data High energy electrons/protons 2.2.1

Plasma 2.2.2

Ground base – Synchrotron 2.2.3

Models Empirical: GIRE and JOSE(∗) 2.2.4

Theoretical 2.2.5

Plasma at Europa 2.2.6

(∗) GIRE: Galileo Interim Radiation Environment; JOSE: JOvian Specification Environment

ropa Clipper radiation environment measurements campaign are described in Sect. 6. We
conclude the paper with a summary in Sect. 7.

2 Current Understanding of the Jovian Radiation Environment and
Outstanding Questions

This section provides an overview of radiation data sources available from the past and
current Jovian flight missions along with empirical radiation belt models developed based
on those data. We do not attempt to provide a comprehensive review of the data and models
available. Rather, references are given when and where appropriate. The goal is to provide
a survey of current research and Europa Clipper’s anticipated contribution to improve the
state of the art. In addition, the radiation environment in the vicinity of Europa is presented
based on our current understanding. We close the section with the open questions of the
Jovian radiation environment and magnetosphere. In Sect. 6, we present how the monitoring
of Europa Clipper’s radiation environment can help address some of these knowledge gaps.

2.1 Available Data and Models

Table 1 has been prepared to guide the discussion in this subsection about the radiation data
and belt models currently available.

2.1.1 Available Data: High Energy Particles

In-situ particle data are available from several flyby missions (Pioneer 10 and 11, Voy-
ager 1 and 2, Cassini, Ulysses, and New Horizons) as well as orbiter missions (Galileo
and Juno). As can be easily inferred, the flyby missions have only provided snapshots of
the Jovian environment at the times of their flybys. The most comprehensive sets of en-
ergetic particle measurements were provided by the Energetic Particle Detector (EPD) of
the Low-Energy Magnetospheric Measurements System (LEMMS) instrument onboard the
Galileo orbiter. The available high-energy radiation data (particle species, energy range, and
temporal and spatial coverages) from these flyby and orbiter missions are well summarized
and reviewed in Divine and Garrett (1983) and Sicard-Piet et al. (2009). These references
provide a holistic summary of the available radiation data from previous missions. More
recently, the EPD/LEMMS high-energy particle data have been re-analyzed and reported in
Garrett and Jun (2021) and Kollmann et al. (2020). For the case of high energy electrons, the
EPD/LEMMS nominally provides coarse integral measurements up to >11 MeV. Besides
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using the original design features of instruments, it has been shown that the Galileo star
scanner can provide a proxy for the >11 MeV electrons (Jun et al. 2019a; Fieseler 2000).
Note that the EPD high-energy proton data are generally considered to be contaminated by
electrons, and only the proton data from the B0 channel are valid (Jun et al. 2002).

The ongoing Juno mission also measures the radiation environment at Jupiter (Becker
et al. 2017). For example, the JEDI instrument (Mauk et al. 2018) provides energy-resolved
differential intensities of electrons in the range from 20 keV to 700−1000 keV. Further-
more, although not designed to measure high-energy particles, Juno is able to measure op-
portunistic high-energy electrons. For example, the Juno Ultraviolet Spectrograph (UVS)
(Gladstone et al. 2017) was shown to be sensitive to >6 MeV electrons that penetrate its
tantalum shielding (Zhu et al. 2021) although Juno-UVS is primarily designed to observe
auroral H and H2 photon emissions at wavelengths between 68 and 210 nm. These elec-
trons interact with the microchannel plate (MCP) detector, producing a time series of events
mixed in with detections of UV photons. During periods of intense radiation, the count rate
associated with this interaction dominates the UV photon counts, and these excess count
rates can be interpreted as the signature of high-energy electrons. Similarly, it was demon-
strated (Steffl et al. 2013; Kammer et al. 2018) that the UVS data can be used to investigate
the Jovian radiation environment with the New Horizons ALICE instrument (Stern et al.
2008), which measured current sheet properties as a complement to the Pluto Energetic Par-
ticle Spectrometer Science Investigation (PEPSSI) energetic particle measurements during
its Jupiter gravity assist flyby, at >32.2 Rj. To summarize, the Juno mission can constrain
>1 MeV (Mauk et al. 2018; Zhu et al. 2021) and >15 MeV electrons (Mauk et al. 2017;
Paranicas et al. 2018b) using JEDI observations, and >6 MeV electrons using UVS data
(Zhu et al. 2021). Juno flew by Ganymede in June 2021 and Europa in September 2022. Io
flybys are also planned in 2023 and 2024. The radiation environment measured during the
Ganymede flyby is reported in Paranicas et al. (2021).

The Galileo and Juno datasets are complementary to each other, with those from the
Galileo mission sampling the equatorial plane and Juno the high latitudes. However, both
data sets only provide limited information on the directional distribution of the electrons,
which bears information on source regions and acceleration processes (Tomás et al. 2004;
Mauk et al. 2020). Unfortunately, Galileo data acquisition was limited due to its low avail-
able data rate and provided high resolution only occasionally. Consequently, most Galileo
data have a low time resolution, which obscures small-scale structures such as the moon
micro-signatures (Andriopoulou et al. 2012). Juno generally does have good coverage and
resolution of local pitch angles, but it cannot access particles that do not bounce up to the
spacecraft. This is because particles mirroring below Juno’s magnetic latitude, which is de-
pendent on the particle pitch angle, cannot be sampled by Juno. The pitch angle is defined
as the angle between the magnetic field and the particle’s velocity vector. For example, the
particles with a pitch angle of 90° at the magnetic equator are confined in the magnetic equa-
tor (so-called locally mirroring). At the Juno spacecraft location, only particles with pitch
angles greater than a certain value, which is dependent on the local magnetic field strength,
can be measured. This means that Juno, exploring the high latitude regions, cannot sample
the entire magnetospheric environment. Due to the relatively large amount of data provided
by the orbiters, measurements from the flyby missions are generally less useful, except for
some measurements provided by their unique instrumentation. For example, measurements
of energetic electrons, characterized with energies >31 MeV, have been made by Pioneer
10 and 11 (Nénon et al. 2017).
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2.1.2 Available Data: Plasma

The plasma environment at Europa’s orbit was measured by a variety of instruments on the
Voyager and Galileo spacecraft. The PLasma Spectrometers (PLS) aboard each spacecraft
measured energy spectra of ions and electrons less than 6 keV on Voyager and 52 keV on
Galileo. For both missions, the signal was dominated by particles with energies of about
1 keV, the approximate corotation energy of sulfur and oxygen ions. The electron density
was also measured using the frequency of the upper hybrid emission observed by Voyager’s
Planetary Radio Astronomy (PRA) and Galileo’s Plasma Wave Spectrometer (PWS).

A comprehensive review of the PLS ion data from the PDS archive has been presented
by several researchers (e.g., Bagenal and Delamere 2011; Bagenal et al. 2016). More specif-
ically, these works entail fitting the ion distribution functions in terms of Vr (ion bulk ra-
dial velocity), Vθ (ion bulk velocity in latitudinal direction), Vφ (ion bulk velocity in the
azimuthal direction), ion temperature, ion total density, and the uncertainties in these pa-
rameters. The data analysis covered the entire Galileo mission at Jupiter for radial distances
between 5 Rj and 30 Rj. The main data source for the plasma environment modelling in
the spatial range 8−10 Rj has been the two Voyager PLS experiments for particle energies
<5 keV. Details of the original Voyager PLS data analysis are presented in terms of total
moment densities and temperatures (Sittler and Strobel 1987). More recently, the Galileo
PLS electron data have been re-analyzed to remove the apparent contamination, especially
between 8 and 10 Rj, by high energy electrons (Jun et al. 2019b).

The Jovian Auroral Distributions Experiment (JADE) instrument on the Juno mission
measures ion and electron fluxes over energy ranges that have varied during the mission.
Subsets of these measurements have been converted to plasma moments for different ion
species, even species with the same mass-to-charge ratio (m/Q) (e.g., Kim et al. 2020). We
expect that these plasma moments will become available in the future.

2.1.3 Available Data: Ground Based Observations – Synchrotron

Since the 1950s, it has been shown that the nonthermal decimetric radio emissions with
wavelengths between 22 cm and 68 cm obtained from ground-based observations are due to
synchrotron radiation from relativistic electrons trapped in the Jovian magnetic field – the ra-
diation belt (Drake and Hvatum 1959). Since then, synchrotron radio emission from Jupiter
observed from the Earth has been an important tool for understanding the magnetic field
and relativistic electron population in Jupiter’s inner (1.2 to 3.5 Rj) magnetosphere. High-
resolution radio maps of the synchrotron emission made with the Very Large Array (VLA)
and other antenna arrays including Australia Telescope Compact Array (ATCA) have pro-
vided a wealth of information on the emission (Leblanc et al. 1997; Dulk et al. 1999; de Pater
and Dunn 2003) These synchrotron data have been also used to update the Jovian radiation
belt model (Garrett et al. 2005). In order to assess the radiation hazard to the Pioneer space-
craft, crude numerical models of the energetic electrons and protons were developed based
on these observations (see summary by Beck 1972). Modern examples include the physics-
based Salammbô model (Sect. 2.1.5) as well as the Divine family empirical model called
GIRE (Sect. 2.1.4). Figure 3 shows ground-based measurements of this Jovian synchrotron
radiation at 1400 MHz (Fig. 3A) and the corresponding model predictions (Fig. 3B).

2.1.4 Radiation Belt Models: Empirical

Jupiter’s magnetosphere has been known to contain radiation belts since, in analogy with
early spacecraft observations of the Earth’s radiation belts, it was realized that the Jovian
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Fig. 3 A) Earth-based observations of Jovian synchrotron radiation at 1400 Mhz. B) Simulated Jovian syn-
chrotron radiation at 1400 Mhz using the Divine family of Jovian electron radiation models (Garrett et al.
2005)

Fig. 4 Integral electron spectra at (a) 6 Rj and (b) 9.5 Rj as given by the GIRE3 model. A comparison of
electron flux between GIRE3 and JOSE as a function of Rj is also shown in (Soria-Santacruz et al. 2016)

UHF radio emissions could be interpreted in terms of trapped energetic electrons (Drake
and Hvatum 1959). The passage of Jupiter by Voyagers 1 and 2 further refined the particles
and fields observations. The Galileo orbiter mission has further improved our understanding
of the Jovian radiation environment based on the rich dataset collected over the ∼7-year
mission. Theoretical models have also guided the interpretation of the observations and
have led to the development of Jovian radiation models capable of making practical pre-
dictions about the environment around Jupiter. To date, the principal models of the Jovian
radiation belt are the Divine family of models (Divine and Garrett 1983; Jun et al. 2005a;
Soria-Santacruz et al. 2016; Garrett et al. 2017) mainly developed by JPL and the JOSE
model (Sicard-Piet et al. 2011) developed in Europe. Note that JPL’s electron environment
model is described in Soria-Santacruz et al. (2016), and JPL’s proton and heavy ion model
is described in Garrett et al. (2017). This composite model for electrons, protons, and heavy
ions is called Galileo Interim Electron Environment (GIRE). The latest model is version 3
(GIRE3). Figure 4 shows examples of electron energy spectra at 6 Rj (Io’s orbit) and 9.5
Rj (Europa’s orbit) estimated using the GIRE3 model. There are also several publications
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of the average intensities and their variation, even though they do not attempt to provide
continuous numerical values over various dimensions (e.g., Kollmann et al. 2021, 2018).

There are several detailed magnetic field models of Jupiter. One such example is the
Voyager-Io-Pioneer fourth degree order interior magnetic field model (as such, it is named
VIP4) (Connerney et al. 1998) in combination with the external current sheet model by
Connerney et al. (1981). The latter current sheet model accounts for the effects that arise
from the pronounced Jovian plasma sheet and its distortion of the magnetic field inside of
L = ∼20. Outside of L = ∼16−20, a more recent magnetic field model has been developed
by Khurana and Schwarzl (2005) to model the magnetic field of the outer plasma sheet. The
internal dipole is offset about 0.1 Rj and tilted about 10°, and its polarity is opposite of the
fields of Saturn and the Earth. Recently, a magnetic field model has been developed from
Juno observations (Connerney et al. 2020), which uses an internal field model called the
Juno Reference Model through Perijove 9 (JRM9, Connerney et al. 2018). It is worthwhile
to note that the external magnetic field model is usually linked with the choice of the internal
magnetic field model being used.

2.1.5 Radiation Belt Models: Theoretical

In addition to the empirical models described in the preceding section, a theoretical model
exists that is based on the Salammbô model for the Earth’s radiation belts (Beutier and
Boscher 1995) and that has been adapted for Jupiter (Nénon et al. 2017; Sicard and Bour-
darie 2004). This model has been validated for protons and electrons for radial distances
from L = ∼1 up to the orbit of Europa. The motions of trapped electrons are solved via a
diffusion equation in which various physical processes (such as interaction with moons/dust,
wave-particle interaction, synchrotron radiation, and radial diffusion) are represented by dis-
tinct diffusion coefficients.

The spatial range of the model extends from L = ∼1 to L = 9.5 for electrons, and the
electron energy covers the range between 1 and 100 MeV. In order to have a more accurate
picture of the radiation belts outside Io’s orbit, the O6 model (Connerney 1993) is used to
describe the internal magnetic field. The O6 model uses a spherical harmonic expansion of
the planetary field to degree 3 and order 6. In addition, an external field model by Khurana
is used to provide more realistic field lines at large distances from the planet (Khurana 1992,
1997).

2.1.6 Radiation Belt Models: Plasma Environment at Europa

While we have discussed the energetic particle (> ∼1 MeV) environment at Jupiter’s mag-
netosphere in this section, here we discuss the currently available representative low-energy
plasma environment (typically < ∼100 keV) models at Europa. A representative plasma en-
vironment spectrum at the Europa orbit is shown in Jun et al. (2019a) based on the reanalysis
of Voyager and Galileo PLS data.

Europa possesses a tenuous atmosphere that interacts electrodynamically with Jupiter’s
magnetosphere through various mass-loading processes. This interaction inevitably modi-
fies the incident Jovian plasma flow around Europa and perturbs the magnetic field in the
vicinity of the moon (Jia et al. 2010). Much of the interaction physics can be understood in
the context of the so-called “Alfvén Wing” model (Jia et al. 2010), which considers the for-
mation and propagation of different wave modes in a magnetohydrodynamic (MHD) plasma
(Neubauer 1980, 1998; Southwood et al. 1980). In addition, several numerical simulations
based on MHD or hybrid approach have been developed, which provide insights into the
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three-dimensional structure and variability of Europa’s interaction with the Jovian magne-
tosphere. In MHD simulations, both electrons and ions are treated as fluids while in hybrid
simulations, ion motion is considered to be kinetic and only electrons are treated as a fluid.

Saur et al. (1998) developed a plasma model to consider the interaction between the Jo-
vian magnetospheric plasma and Europa’s atmosphere while also considering various source
and loss processes important for the atmosphere. Their results demonstrate that Europa’s at-
mosphere and the magnetospheric plasma are strongly coupled and influence each other.
Schilling et al. (2008) used a single-fluid MHD model to investigate the influence of the
magnetic field induced within Europa’s subsurface ocean on the plasma interaction. Their
model results suggest that the induced field causes deformation and displacement of the
Alfvén wings, in agreement with previous theoretical predictions (Neubauer 1999) as well
as the Galileo spacecraft data (Volwerk et al. 2007). Recently, Rubin et al. (2015) and Har-
ris et al. (2021) have employed a multi-fluid MHD approach to simulate Europa’s plasma
interaction, where ions originating from Jupiter’s magnetosphere and those from Europa
are tracked as separate plasma fluids while the coupling among different fluids and their
interactions with Europa’s atmosphere through collisional effects are also modeled self-
consistently. The separate treatment of distinct ion species allows for a more accurate as-
sessment of the perturbations to the incident Jovian plasma flow around Europa resulting
from the electrodynamic interaction. Using the multi-fluid MHD model, Harris et al. (2021)
investigated how the large-scale configuration of Europa’s plasma interaction responds to
the variability of the external plasma and field conditions. They found that a significant frac-
tion of the incident Jovian flow is diverted around Europa due to the plasma interaction,
resulting in much-reduced access of Jupiter’s magnetospheric plasma to Europa’s surface.

Recent modeling efforts have been focused on characterizing the effects of atmospheric
inhomogeneities or plumes on the plasma and magnetic environment around Europa (e.g.,
(Blöcker et al. 2016; Jia et al. 2018; Arnold et al. 2020) The results from this modeling work
not only reveal the complexity of Europa’s plasma interaction, but also provide valuable
context for interpreting future observations, such as those that will be obtained by the Europa
Clipper.

It is worth noting that the present plasma interaction simulations, whether MHD-based or
hybrid models, do not directly model energetic particles (e.g., >1 MeV), which are the main
constituent of the radiation environment at Europa. However, the electromagnetic fields out-
put from those physics-based models can be used to drive test particle simulations, which in
turn provide insight into the behavior of energetic particles in the near-Europa space envi-
ronment. For example, these simulations can be used to quantify particle access to Europa’s
surface, which influences the weathering of the surface (Breer et al. 2019; Nordheim et al.
2022).

2.2 Radiation Environment at Europa’s Surface

Understanding the radiation environment at Europa’s surface is central to informing several
scientific investigations and thereby improving our understanding of Europa’s habitability.
For example, radiolysis and sputtering modify the surface composition, contribute to the ex-
ospheric environment, and may ultimately influence the inventory of reductants and oxidants
in the ocean itself (Hand et al. 2009). All of these factors make radiation especially important
to a potential future Europa lander designed to search for biosignatures (National Research
Council 2002; Hand et al. 2022). However, characterizing the surface radiation environment
is complicated mainly because the environment around Europa is perturbed by the presence
of Europa itself, which is embedded deep within the Jovian magnetosphere. The dynamics
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of particles (high energy versus low energy versus electrons or ions) in the vicinity of Eu-
ropa are modified by the induced magnetic field originating from the interaction between
the time-varying Jovian magnetic field and the conductive subsurface ocean. The motion
of the particles is further complicated by the interaction of the moon with Jupiter’s ther-
mal, corotating magnetospheric plasma. As Europa’s orbital period (∼85 h) is substantially
larger than Jupiter’s synodic rotation period (∼11.2 h), the moon is continuously overtaken
by partially corotating plasma at a relative velocity of about 100 km/s (Kivelson et al. 2009).
The plasma current arises because electrons and ions are corotating in the opposite direction.
Another major contribution to these plasma currents arises from the interaction between the
magnetospheric flow and Europa’s dilute, sputtering-generated atmosphere (e.g., Saur et al.
1998; Rubin et al. 2015).

There have been many studies to investigate particle dynamics around Europa and its
precipitation patterns on the surface. The most complete method to compute particle precip-
itation is to follow individual particle trajectories. Paranicas et al. (2001, 2007) and Nord-
heim et al. (2018) used the facts of small electron gyroradius and rapid bounce to estimate
the precipitation patterns on Europa. This oversimplifies the particle motion and any effects
due to a finite gyroradius would likely be missed. More recent studies of magnetospheric
ions started to include a more complex particle tracing algorithm to account for realistic
(i.e., perturbed) local magnetic field configurations near Europa (e.g., see Breer et al. (2019)
for ion impact to Europa). However, electron dynamics under the influence of a perturbed
magnetic field and the mapping of electron precipitation map onto the surface have yet to
be addressed. Nevertheless, it is clear from previous studies that strong asymmetries exist in
the radiation incident maps between leading and trailing hemispheres, especially for elec-
trons, and knowledge of the perturbed magnetic field is important for better constraining a
particle’s motion around, and onto, Europa. In addition, we note that, to date, the characteri-
zation of the surface environment has been model-dependent because in-situ measurements
have not yet been performed at the surface. However, the flux reduction signatures observed
in the Galileo EPD data confirm that the hemispheric asymmetry is a real phenomenon.

2.3 Open Questions

While our understanding of the Jovian radiation environment and the local environment at or
near Europa has advanced in many aspects over the last two decades through careful analyses
of Galileo and Juno data and modeling efforts, there are still many physical phenomena that
need to be addressed. We anticipate that the Europa Clipper mission can provide additional
observational clues to help improve our understanding of the following topics:

• Long-term variation of energetic charged particles: For example, the high-energy electron
data from the Galileo EPD showed the >1 order of magnitude orbit-to-orbit variability of
the trapped electron environment over the seven year mission lifetime (Jun et al. 2005b).
Observation of high-energy electrons in the longer term would be an interesting observa-
tion that might shed light on the long-term stability or dynamics of the trapped electrons.

• Magnetic local time dependence: Galileo revealed that the plasma environment at Jupiter
showed local time asymmetries, suggesting that the solar wind quite likely drives a con-
vection system in Jupiter’s magnetosphere (Khurana et al. 2004). However, the local time
variability of high-energy trapped electrons has not been studied extensively.

• Ultra-high-energy electron population and physical mechanism for energization: Elec-
trons with energies >10 MeV at Jupiter have been of great interest to scientists seeking to
understand the universal process of particle acceleration, as well as for mission planners
attempting to estimate spacecraft radiation effects. However, it has been difficult to infer
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energy-resolved spectra for electrons at energies of ∼10 MeV or higher from observations
by previous missions.

• The physical mechanism for stormtime enhancements: According to the Galileo EPD
data, there were several periods during the mission when enhanced electron fluxes were
observed (Jun et al. 2005b). Among these, the Callisto flyby orbit #22 (C22) showed
the most pronounced enhancement. Physical mechanisms for this storm-like environment
enhancement are not yet understood (e.g., see Hao et al. 2020).

• Depletion of electron fluxes and its energy dependence near Europa (leading versus trail-
ing hemisphere): The current understanding of the near-Europa environment is mostly
based on an analysis using a simple guiding center approximation of the particle mo-
tion. While this is observationally corroborated by the Galileo EPD data (e.g., Paranicas
et al. 2000), more observations are needed to better constrain the relationship between the
energetic electron environment and surface features (e.g., Patterson et al. (2012)).

• Dynamics of electron flux in the perturbed magnetic field configuration around Europa:
Europa is embedded in Jupiter’s magnetospheres. Sources of variability to the plasma and
fields include the location of the subsolar point, Europa’s magnetic latitude and inductive
response, the Alfvén wing currents, and changes in the plasma flow, density, and tem-
perature. Currently, the motion of energetic electrons in this perturbed electromagnetic
environment is not well studied. More observation would be desired to help the model
development.

• Additional science enabled by the Europa Clipper radiation data include the study of the
roles of energetic electrons on surface chemistry/physics (e.g., sputtering) and extracting
details of the interaction between Europa and the planet and magnetosphere.

3 Radiation Monitor Measurement Objectives

3.1 Engineering Resource for Spacecraft Threat Assessment

The RadMon serves as an engineering resource for the Europa Clipper mission. RadMon
is optimized to measure those radiation effects that pose the most significant threats to the
health and safety of the spacecraft in the challenging radiation environment near Europa.
From Fig. 2, contributions to the ionizing radiation environment from electrons are expected
to dominate those from protons by roughly two orders of magnitude over equivalent shield-
ing levels of 100 mil to 1000 mil of aluminum, which is a range of shielding most relevant to
spacecraft electronics assemblies. RadMon will provide two sets of electron-focused mea-
surements that are vital to assessing the impact of Europa’s radiation environment on the
spacecraft: The Total Ionizing Dose (TID; Sect. 3.2) leads to gradual electronic component
failure, and the charging of the spacecraft by energetic electrons may lead to Internal Electro-
static Discharge events (IESD; Sect. 3.3). This section provides a description of the planned
measurements by the RadMon to assess the radiation exposure of the spacecraft. Details
of radiation effects on the instruments and impacts to their measurements and operations
in Jupiter’s harsh radiation environment (e.g., noise level derivation, instrument operations,
flyby configuration, optimized instrument setting) can be found in each instrument paper in
this collection.

3.2 Measuring Total Ionizing Dose

TID is a cumulative effect in which ionization processes from radiation degrade spacecraft
electronics’ performance over the life of the mission. Mitigating these effects was a driv-
ing environmental factor for the design of all electronics assemblies across the spacecraft.
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Owing to its position within the Jovian magnetosphere, the environment near Europa is par-
ticularly challenging from a TID perspective. Electronics component options for the mission
were significantly limited due to the stringent selection criteria for radiation susceptibility.
In general, TID is expected to be a dominant wear mechanism for a majority of space-
craft electronics assemblies. Given the concerns regarding TID effects, characterization of
accumulated TID over the course of the mission is important both as a verification for the ex-
pected dose obtained from modeling, as well as a predictor of future dose for the remainder
of the mission. In addition, as the mission progresses, accumulated TID measurements will
be one factor used to assess the spacecraft’s degradation over time. Characterization of this
aging through spacecraft housekeeping data as well as correlation with direct measurements
and models of the TID will help inform mission decisions about operational constraints or
the duration of possible extended missions – perhaps allowing the mission to treat TID as a
consumable when comparing different mission design options.

3.3 Measuring Electron Environment

In addition to TID, spacecraft charging, primarily due to impingement by energetic electrons
to spacecraft, poses a particular hazard to the mission. While charging is a typical concern
for all spacecraft with dielectric materials and ungrounded metals, penetrating electrons near
Europa are intense and can result in significant charge accumulation not just on the space-
craft surface but within the body of the spacecraft. When sufficient charges accumulate,
an IESD event may occur. The resulting voltage spike can cause temporary disruption or
permanent damage to spacecraft electronics, including instruments, and may affect the abil-
ity to perform science observations. It is not realistic to measure these discharges directly,
because they may occur anywhere in the spacecraft. However, the RadMon does measure
charging rates across several broad energy ranges to characterize the fluctuation in the ener-
getic electron flux over time. With these data, spacecraft anomalies such as component-level
resets can be correlated with the RadMon charging data to assess whether these anomalies
were likely to be the result of IESD events.

Finally, because the majority of accumulated TID is also from energetic electrons, the
two measurements are complementary rather than redundant. The TID increases slowly over
the life of the mission and is manifested in the degradation of electronics’ performance. In
contrast, the charging measurements are more direct and represent a real-time characteriza-
tion of the electron environment. The two types of measurements offer the opportunity for
cross-calibration. The electron flux will peak during Europa flybys, and it should be possible
to correlate the rate of change of the TID measurement with the electron charging measure-
ment. Consequently, the electron charging data should provide a means of improving the
accuracy of the coarser TID measurements.

4 Radiation Monitor for the Europa Clipper Mission

4.1 RadMon Components Overview

The Europa Clipper’s RadMon subsystem consists of multiple elements. The primary assem-
bly is the main “sensor assembly,” which hosts a Charge Rate Monitor (CRM) to measure
the net charged particle environment at multiple penetrating depths (see Sect. 4.4). In addi-
tion, the sensor assembly performs TID measurements at multiple shielding depths in the
TID stack assembly. This and all other TID measurements are based on a common sensor,
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Fig. 5 Radiation Monitoring subsystem block diagram showing the connectivity of its elements. The Sensor
Assembly communicates directly with the Avionics Compute Element, while the DTID’s are read by the
Remote Engineering Unit (REU). Hosted TID sensors are read by their respective host subsystem/instrument
(PIMS, UVS, or avionics)

the hybrid RadFET, and are discussed in Sect. 4.3. Additional sensor assembly TID mea-
surements are taken by hybrid RadFETs on the sensor assembly’s common electronics unit
(CEU) and measurement boards.

The RadMon operation is not critical to spacecraft survival, and therefore the sensor
assembly, and particularly the charging measurements, are not redundant. This means that
the RadMon is not redundantly designed in the event of a single point failure related to this
subsystem. However, multiple TID measurements are acquired by eight small Distributed
TID assemblies (DTIDs, Sect. 4.3) and collected by the avionics Remote Engineering Unit
(REU).

A third source of TID measurements are the nine “hosted” TID RadFET dosimeter sen-
sors (Sect. 4.3) located on electronics boards in two instruments (PIMS and Europa-UVS)
and the spacecraft avionics vault, which have their data reported in the hosting component’s
housekeeping telemetry. The sensor assembly, DTID, and hosted RadFET measurements are
each collected independently, and subsequently combined for joint analysis after transmis-
sion to the ground. The total doses expected for the distributed sensors range from 250 krad
to 35 krad, which corresponds to the effective aluminum shielding of 600 mil (or 4.11 g/cm2)
to 1600 mil (or 11 g/cm2) per Fig. 2. The shielding levels for the RadFETs in the sensor as-
sembly are described in Sect. 4.3.

A block diagram detailing the configuration of the various RadMon subsystem elements
is shown in Fig. 5. Although there are three sources of TID data (sensor assembly, DTIDs,
and hosted TID sensors), the sensor assembly only controls its own TID measurements.
All other TID measurements are recorded independently either by the REU or the hosting
spacecraft component. The readout mechanism is identical for all TID measurements in
that a 1 mA current is applied to the device, and the resulting voltage across the device is
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Fig. 6 Illustration of subsystem components. The Sensor Assembly (top center) performs both TID and
charge measurements, while the eight smaller DTIDs (lower left) located across the spacecraft measure TID
only. The RadFET hybrids (lower right, more detailed view in Fig. 10) function as the TID sensors across the
subsystem in both the Sensor Assembly and DTIDs as well as hosted on other electronic boards

measured. It is noted that there are variations in the readout circuit implementation between
the various electronics assemblies. The components of the RadMon subsystem including
their approximate dimensions are shown in Fig. 6.

Figure 7 shows the locations of the various subsystem elements across the Europa Clipper
flight system. The DTID locations were chosen to provide some spatial distribution of TID
measurements across the spacecraft, in addition to measurement redundancy. Hosted TID
sensors further expand on the variety of locations, but are more opportunistic and depend on
the hosting components being able to accommodate them with minimal impact.

4.2 Heritage and Development

The RadMon measurement technique is based on that of the Van Allen Probes Environ-
mental Radiation Monitor (ERM) (Goldsten et al. 2013), which similarly measured TID
and charging rates, albeit in an elliptical Earth orbit. Both the Europa Clipper RadMon and
ERM use Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETs) for dosimetry
(Sect. 4.3) and instantaneous current measurements from charge collection plates for the
charging measurement. Both assemblies also conduct multiple TID measurements at vary-
ing shielding levels. Shielding variation is also used to provide a coarse energy selectivity
for the charging measurements.

The RadMon on Europa Clipper expands on the Van Allen Probes ERM in several ways.
The RadMon includes the aforementioned TID sensors at multiple locations throughout the
Europa Clipper spacecraft as opposed to a single location for Van Allen Probes. In addition,
while the ERM relied upon a primary payload instrument for power and data interfaces, the
RadMon sensor assembly accepts spacecraft primary power and has dedicated command
and telemetry links to the spacecraft avionics subsystem. To reduce development cost, the
RadMon leverages the Common Electronics Unit (CEU) board design that was developed
for the PIMS instrument. The CEU includes power conversion, digital logic, and internal
housekeeping resources. Although the adaptation of the PIMS hardware created some chal-
lenges with respect to packaging, it allowed the development team to focus on radiation
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Fig. 7 Subsystem element locations on the spacecraft. The numbers in parenthesis in the Color Key indicate
the number of each element on the flight system. The single sensor assembly is located on the avionics +Z
deck. It includes 8 RadFETs (3 biased in stack, 3 unbiased in stack, 2 unbiased in CEU) and the CRM. Four
DTIDs are located inside the avionics vault, with two DTIDs inside the RF mini-vault and one DTID under
each Propulsion Module Electronics (PME) assembly. Hosted TID RadFET hybrids for PIMS, UVS, and
avionics are indicated with individual quantities. Unless noted otherwise, the RadFETs are unbiased

measurement electronics. Further efficiencies were achieved in the areas of embedded soft-
ware and programmable logic design, which substantially leveraged the PIMS design. A
view of the sensor assembly’s internal structure is shown in Fig. 8, and Fig. 9 shows the
flight unit installed on the exterior of the avionics vault +Z panel. Due to the amount of
shielding required for both the box walls and the CRM, the sensor assembly mass is 7.7 kg,
with a nominal power dissipation of 2.4 W.

The measurement approach is similarly simplified to ease development. All TID sensors
provide measurements once per second, and the current from each of the charge collection
plates is sampled at the same rate. The measurement data are bundled with housekeeping
telemetry from the Sensor Assembly to allow transmission of a single data packet. Although
TID measurements will not have detectable variations on the timescale of seconds, our ap-
proach is simple and still allows downstream data decimation as dictated by the availability
of spacecraft downlink bandwidth and storage. The one-second measurement cadence does
not artificially reduce the potential data return of the charging measurement. The respon-
siveness of the charge measurement is bandwidth limited so that fluctuations in the electron
environment faster than one second would be filtered by the electronics. TID measurements
not taken by the Sensor Assembly are also reported at one-second intervals by either the
hosting instrument/avionics or the REU. The one second measurement cadence both for
TID and charging could be useful if there are detectable variations on this timescale during
the flybys as various boundaries are crossed in the moon-magnetosphere interaction region.
Away from Europa, these high-rate measurements may be of interest for the study of wave-
particle interactions leading to electron acceleration and diffusion.
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Fig. 8 Illustration of the Sensor Assembly key components. In the shown orientation, the view to space is
pointing downward from the lid. In this view, the enclosure on the spacecraft side is removed. Components are
mounted to the remaining lid, which is shown in grey at the bottom of the figure. The charging measurement
is performed through the CRM in the upper right, and the TID measurement through the TID stack at the
lower left. The electronics are at the right. The CEU consists of two printed circuit boards (PCBs) connected
by a rigid flex cable and is folded in half when mounted into its frames for integration into the Sensor
Assembly. The lower PCB contains the power conversion circuitry while the upper PCB contains the FPGA
with embedded processor, command, and telemetry links, as well as housekeeping telemetry support circuitry

Fig. 9 The Sensor Assembly mounted on avionics vault +Z panel. The red-colored CRM cover will be
removed prior to installation of thermal blanketing

Given the relatively low volume of raw data, all measurements are downlinked and an-
alyzed entirely on the ground. No on-board processing occurs, and RadMon data is not
used by the spacecraft for autonomy or fault management operations. Ground processing
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allows the application of corrections for the TID measurements, as well as aggregation of
measurements across different sensors and long-term trending. The ground-processed data
could still be used in decisions about commanding the spacecraft and instrument settings for
optimal science operations during each flyby. Further details of anticipated data products are
provided at the end of this section.

4.3 Total Ionizing Dose Measurement

Dosimetry in the RadMon is accomplished using the well-established technique of mea-
suring the radiation-induced threshold voltage shift in a silicon MOSFET with SiO2 gate
insulators. When used in this manner, the devices are frequently termed RadFETs. In a
MOSFET, ionizing radiation generates electron-hole pairs in the device’s gate oxide. The
resulting holes, which are less mobile than the generated electrons, become trapped and act
as recombination centers (e.g., dangling bond point-defects), which increase the effective
threshold voltage of the device. Since the amount of trapped charge is proportional to the
total ionizing dose received, the threshold voltage change can be used as a measure of TID
after calibration of the response with known radiation doses.

Given that the RadFETs are silicon semiconductors, they are good proxies for other semi-
conductors found throughout the spacecraft, many of which are based on similar technolo-
gies. The devices provide a measure of the net effect of ionizing radiation on electronics, are
not particularly sensitive to particle species, and satisfy the goal of the RadMon to charac-
terize a significant radiation hazard to the spacecraft.

A TID measurement is acquired by biasing the device with a 1 mA current and reading
the resulting voltage across the drain and source terminals. While being read, the device
does not accumulate TID in the same manner, which is why the ratio of readout time to TID
accumulation time is chosen to be 1% or less.

The devices used in the RadMon are not purpose-built for radiation detection, unlike the
devices discussed in Adams and Holmes-Siedle (1978) and Holmes-Siedle et al. (2007).
The high TID levels anticipated by the mission would have saturated these more sensitive,
dedicated RadFETs. Early in the RadMon’s development, a survey of various commercial
devices was conducted to identify a MOSFET that would be suitable for the mission. There
were a number of constraints. First, there was a strong desire to use a single device for all
TID measurements, regardless of the location. Due to the variation in readout electronics,
this resulted in a limit in threshold voltage of approximately 2.8 V after a nominal dose of
3000 Gy(Si) (or 300 krad(Si)), which is a key requirement for TID tolerance for the majority
of the spacecraft’s electronics. Other key considerations were minimizing saturation over
dose, as well as linearity of measured voltage over temperature.

Hybrid RadFETs P-channel MOSFET devices were procured in die form and repackaged
specifically for the Europa Clipper program in a small ceramic, hermetic package with an
Electrostatic Discharge (ESD) suppression diode to protect the gate from damage. The re-
sulting RadFET “hybrids”, where hybrid denotes a single package containing multiple inte-
grated circuit die, are shown in Fig. 10. Devices with a well-matched voltage response to a
reference input current prior to irradiation show a correspondingly good match in their ra-
diation response. As a result, specific hybrids were selected for the flight from the assembly
lot to reduce the range of measured voltages and thereby maximize the uniformity of the
radiation response. Hybrid RadFETs are generally used as the basic building blocks for all
TID measurements on the mission.
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Fig. 10 Hybrid RadFET with lid
removed. The radiation-sensing
MOSFET die is on the left side
of the cavity, and the ESD
suppression diode is mounted on
the right side

Hosted RADFETs and Distributed TID assemblies Hybrid RadFETs were provided to the host
subsystems and instruments as “hosted” RadFETs. The passive, unpowered Distributed TID
(DTIDs) assemblies are essentially just a pair of hybrid RadFETs and a pair of temperature
sensors in a small housing. Hosted RadFETs, the DTIDs, and sensor assembly RadFETs not
within the TID stack have distinct shielding levels (and therefore expected mission TID),
which depend on the components location within the subsystem or instrument, and the lo-
cation of the units within the spacecraft.

TID stack The sensor assembly TID stack was designed to provide multiple shielding envi-
ronments to use as the TID reference for the mission. Figure 11 shows a cross section of the
stack, which has two hybrid RadFETs per shielding level, one unbiased and one biased (see
following description). Transport analysis predicts TID levels of 65 krad(Si), 170 krad(Si),
and 505 krad(Si) (Radiation Design Factor (RDF) = 1) within the TID stack. For the Eu-
ropa Clipper mission, these TID values correspond to equivalent spherical shell Al values of
approximately 1200 mils, 750 mils, and 400 mils, respectively.

There are some non-idealities inherent in the TID measurement that can be mitigated to
improve its accuracy. The gradual decrease in threshold voltage shift (and therefore mea-
sured TID) over time is termed “response fade” and results from trapped charge recombina-
tion in the oxide layer. Measurements for the RadMon fade are shown in Fig. 12. A simple
voltage-to-dose conversion that does not account for response fade would substantially im-
pact the accuracy of the TID measurement if not corrected.

The fade is inversely proportional to gate bias. It can be minimized by placing a voltage
bias across the device’s gate-source junction (for example, see Holmes-Siedle et al. 2007).
Fade is also proportional to temperature. Periods of higher temperature operation affect the
rate of fade during subsequent periods of lower temperature. Although temperature varia-
tions for the Sensor Assembly are predicted to be less than 20 °C for the planned tour, a
customized per-orbit fade correction may still be necessary. The fade rate is further depend-
ing on the dose history: The voltage can decrease within days by 10% after an irradiation to
hundreds of krad (Fig. 13), while it only changes by 1% within weeks after an irradiation to
tens of krad (Fig. 14).

When temperature and approximate dose profiles will be measured along an actual orbit,
these conditions can be reproduced on ground, with a well-known dose, which then allows to
quantify the fade on ground to be applied to the flight data. Until that data becomes available,
a simple correction for the fade occurring between two orbits can be used and is described
in Sect. 4.5.1. In addition, while the selected RadFET devices demonstrated generally good
sensitivity to radiation, some nonlinearity due to decreased sensitivity at higher radiation
doses occurs, especially for unbiased RadFETs. While the nonlinear correction can in prin-
ciple be handled through calibration, this impacts accuracy at high doses. The nonlinearity
of the measurement itself can be reduced by applying a bias voltage, as illustrated in Fig. 15
for the general case and in Fig. 12 for RadMon’s flight configuration.
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Fig. 11 (A) Upper panel: Geometry of the TID stack consisting of three hybrid RadFETs mounted on green
boards and separated by layers of increasing shielding (white and light green). (B) Right panel: Relative
response of the RadFETs to electrons of different energies. These simulated responses are based on a model
with a 5.6 cm-diameter spherical shell of Al that varies in thickness as shown. The model irradiates a 2 mm
diameter silicon sphere in the shell center. The dose is not sensitive to the target dimensions, see Sect. B.2.
The simulations demonstrate that the uppermost, least shielded RadFET responds to the lowest energies, with
increasing shielding skewing the response toward higher energies. The TID measurement is fairly insensitive
to the spectral shape of the trapped electron population. Thus, TID measurements are best suited for forward
modeling rather than spectral reconstruction
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Fig. 12 Dependence of RadFET threshold voltage shift on dose for four RadFETs with the serial numbers
given in the legend. Three RadFETs were biased with 7.2 V, while the remaining device was unbiased. Tests
were run at 23 °C. The black and red curves show calibration fits with the parameters listed in Appendix A

Fig. 13 Relative change in threshold voltage over four days in absence of additional radiation. Data is based
on an initial 300 krad dose and uses the same devices shown in Fig. 12. Devices were at room temperature
for both initial irradiation and subsequent response measurements

While the bias voltage improves sensitivity and response linearity, and reduces fade, it
comes at the cost of more complicated support circuitry. Due to these trades to be consid-
ered, RadMon uses the biased configuration only for one RadFET per shielding level in the
Sensor Assembly TID stack, while the remainder of the devices in this assembly, the DTID,
and the hosted RadFETs are not biased. One reason for using the same device type for all
TID measurements is the opportunity for cross-calibration between the biased and unbiased
RadFET measurements. The more accurate biased measurements in the sensor assembly can
be used as a baseline for correcting nonlinearities in the unbiased responses over time.
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Fig. 14 Fade correction applied to a long-term experiment that emulates multiple Europa flybys. Each Jupiter
orbit is one “step” in the blue line of uncorrected measured RadFET data. The near vertical portion of each
step represents the high dose encountered during the flyby, and the more horizontal segments represent the
low dose accumulated during the remainder of the orbit. Response fade for each orbit results in a slight
negative slope to the horizontal (low dose) portion of the orbit, where the fade manifests itself as an apparent
reduction in accumulated dose (the decrease in apparent dose between the red squares and yellow diamonds
on the blue line). The corrected values, indicated by the purple circles, cumulatively add these observed
fade residuals (pre- minus post- encounter value) to obtain a final, more accurate measurement. Similar to
the actual dose, the effects of fade accumulate over time, resulting in an increasing deviation between the
corrected and measured values over time, as seen in the detailed view in the green inset box, which highlights
the largest corrections at the end of the experiment

Fig. 15 Dependence of RadFET
threshold voltage shift on total
ionizing dose for different bias
conditions. Note the increasing
sensitivity and response linearity
with increasing bias
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Fig. 16 Left: CRM cross section showing the four charge collection plates separated by suppressor foils. The
upper charge collection plate is aluminum and colored gray, while the lower three plates are copper and are
colored brown. Right: Expanded view of the CRM

4.4 Charging Current Measurement

The Charge Rate Monitor performs instantaneous net charge measurements of the Jovian
electron radiation environment using a stack of four bulk charge collection plates. Incident
flux results in a net current across each plate that is a measurement of the charging envi-
ronment across that plate’s effective shielding depth. Due to the CRM’s slow response time
(>1 s), the CRM output current is a time average measurement rather than a count of discrete
particle impact events. The CRM measurement is not selective in terms of particle species.
The proton flux provides a net subtraction from the measured electron current, however, the
net contribution of protons that reach the shielded CRM plates is less than 1% of the total
current in the Jovian environment.

A cross-sectional view of the CRM sensor is shown in Fig. 16. The CRM charge col-
lection plates are stacked below the aperture, with each plate increasing in thickness and
providing shielding to the plates below. This arrangement results in each plate collecting a
progressively higher energy range while reducing mass and volume. Plates are made from
copper, except the uppermost plate (plate 0), where aluminum is used to lower its capture
cross section relative to the other plates. All plate diameters are 38.7 mm, with plates 0
through 3 having thicknesses of 0.381 mm, 1.02 mm, 7.24 mm, and 16. 6 mm, respec-
tively. Due to the low charging currents, the plates need to be separated from each other
and the housing by highly insulating spacers. We use spacer rings fabricated from Ultem,
a polyetherimide. A stainless-steel housing confines the field-of-view of the aperture. The
thick side walls lower the fraction of off-axis, lower-energy electrons that reach the thicker
lower plates so that the device is most sensitive to higher-energy electrons that can penetrate
the plates above. As a simple bulk detector, the CRM has no alignment or bore-sighting
requirements.

Between each charge collection plate and above the aperture is a suppressor foil. During
CRM operation, a voltage of approximately −30 V is applied to the foils to minimize the
impact of secondary electrons generated on one plate moving to another. Periodically, the
suppressor voltage, which will be reported in Volts as part of the RadMon data products, is
swept to a positive voltage to instead collect the low-energy secondary electrons. The change
in response at the different suppressor voltages can be used to characterize the net secondary
electron contribution. This operation allows for subsequent correction in the post-processing
of the data if needed.
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Fig. 17 Simulated CRM response curves with a uniform energy distribution from 0.1 to 1000 MeV. Left:
Response to a pencil beam source. The absorbed fraction represents the fraction of primary electrons at a
given energy stopped in a given charge plate. Right: Response to isotropic electron distributions (cosine-law
source). The relations of the geometry factor to electron intensity and CRM charging current are detailed in
Sect. B.2. The simulations include effects from thermal blanketing over the CRM aperture. It can be seen that
the different CRM plates respond to increasingly high electron energies

The currents generated by the incident electrons will be of the order of 1 pA for each
plate. These low currents are read out by a high-gain transimpedance preamplifier connected
to each plate. These preamplifiers are co-located with the charge plate stack in the CRM
assembly to minimize noise and leakage. The preamplifier output is subsequently low-pass
filtered prior to analog-to-digital conversion. Although the measurement does not integrate
over time, the relatively slow time constant of the high-gain, low-current preamplifier circuit
results in a slow measurement rate of one sample per second.

The variable thickness of the shielding for each plate allows the CRM to provide four
current measurements that can be used to infer a crude four-band electron energy spectrum.
GEANT4 simulations (detailed in Sect. C.3) were used to determine plate composition and
thickness for the distribution of energy sensitivity bands. Each energy band has a relatively
broad range for energy sensitivity and overlaps with the neighboring bands. A calculated
energy sensitivity diagram that also accounts for attenuation due to thermal blanketing over
the CRM aperture is shown in Fig. 17. The uppermost plate is sensitive to the lowest energies
and also registers the highest current. The sensing energy range increases and the current
decreases with each plate descending into the stack.

4.5 Ground Calibration

4.5.1 RadFET Characterization

The majority of ground calibration activities focused on the TID measurements. Significant
testing with 60Co gamma rays was performed for the initial RadFET selection process as
well as detailed characterization. The RadMon dosimeter calibration was carried out us-
ing the 60Co irradiator at the Johns Hopkins Applied Physics Laboratory, which is regularly
calibrated and checked against National Institute of Standards and Technology (NIST) trace-
able standards. Although the gamma ray exposure differs from the primary electron-based
source of TID at Jupiter, 60Co gamma ray exposure is the standard approach to assessing
radiation hardness. The RadFET characterization therefore aligns with the documented ra-
diation tolerance of electronics components and allows them to serve as a good proxy for the
spacecraft electronics in general. Electron beam testing using the high-energy electron beam
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facility (e.g., at NIST or Brookhaven National Lab) is a possibility if further calibration is
needed for either RadFET or CRM measurements (see Sect. 4.5.2).

The dose rate during the characterization tests was controlled by a motion stage inter-
nal to the chamber that sets the distance from the source to the RadFETs under test, with
the irradiation time determining the total integrated dose. The testing did not include a wit-
ness dosimeter, as previous testing has shown levels of unwanted dose enhancement due
to backscatter from added nearby materials. For dose response and fade tests, four devices
(with serial numbers listed in Figs. 12 and 17) were placed in the radiation chamber at the
same time at a distance of 200 mm from the 60Co source and irradiated for 186.52 minutes
for a total exposure of 300 krad. Because RadFETs are single-use, these were not identical
devices as used in flight but of the same type with matched initial voltage response. Testing
for biased devices used a bias voltage of 7.2 V that matches the bias that will be used during
the mission. The measured response curves are shown in Fig. 12. As expected, the biased
RadFETs display a linear dose-response compared to the non-linearities seen in the unbi-
ased devices. The dose responses of the individual biased devices fall within ∼6% of each
other.

The response fade also required ground correction. The fade rate decreases over time as
recombination rates in the device’s oxide decline. The fade rate also increases with temper-
ature, and consequently, the fade calibration is more complicated than that for temperature.

Several fade experiments have been performed including measuring fade at differing
temperatures for periods of up to several months at room temperature. Figure 13 shows the
results of apparent dose fade over four days that followed the 300 krad irradiation shown in
Fig. 12. There was no additional irradiation during the response fade time. The initial dose
was normalized to 1.0. The shown decrease to <1 of the threshold voltage could naively be
interpreted as the total dose decreasing, which is impossible, and therefore requires correc-
tion based on the measured time dependence of the fade. The fade rate among the biased
devices is very well matched across devices. Across multiple experiments, fade over time
could be described by a power law fit, with shorter term (under 5 days) and longer-term fade
responses requiring different fitting parameters.

Further ground experiments were conducted using a 90Sr electron source and translation
stage that varied the distance from the source to the RadFET in a two-week cycle over a
240-day period. The goal of the experiment was to simulate the mission’s eccentric Jupiter
orbit – with a brief high electron dose for the Europa encounter phase followed by an ex-
tended period of relatively low dose. TID was accumulated over a number of cycles with
the fade correction applied to each orbit. The correction approach was to use the pre- and
post-encounter TID values and separately measure the changing amount of fade occurring
between each orbit to cancel the long-term fade that occurs in between each encounter. Re-
sults are shown in Fig. 14. This algorithm is estimated to reduce the error due to long-term
fade to <10%, which demonstrates the efficacy of the fade correction, with the caveat that
each simulated orbit resulted in a higher accumulated TID than is anticipated for the ma-
jority of the flight system electronics. Further improvements to the approach are planned to
cancel out short-term fade during the encounter itself (∼2 days), which results in an approx-
imately 5% error during an encounter. Modeling of experimental data indicates a sum of two
exponential terms will be adequate to model the short-term fade effects. A noted drawback
of this technique is that it may miss a small contribution to the total dose that accumulates
during the long portion of the orbit further away from Jupiter.

There is also an independent method for estimating fade that was investigated on the
Van Allen Probes mission. The technique assumes that the charge monitor plates act as a
good proxy for dose rate in an electron-dominated environment, which appears to be the
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Fig. 18 Example TID
temperature response correction
for four different RadFET
samples after irradiation. Dose in
this case refers to deviation from
the calibrated received dose of
300 krad, with a value of zero
being ideal. The same correction
is applied to each of the RadFETs
to demonstrate the improved
uniformity of the response that
can be achieved by correction

case along Europa Clipper’s orbit. The exact relation needs to be inferred for Jupiter’s hard
electron spectrum. Given that the charge plates do not exhibit fade, while the RadFETs do,
the charge plate data can be used to derive a correction for the effect. This technique has not
been developed sufficiently to provide a detailed uncertainty analysis here, so is considered
an area for future work.

As mentioned previously, the selected RadFETs exhibit a strong thermal response in the
form of an offset that scales linearly with temperature. As a result, the raw RadFET response
data must be corrected for temperature using data from co-located thermistors. Parameters
for this correction are provided in Appendix A. Figure 18 shows the measured response and
an example correction, all for multiple unbiased RadFETs over a wide temperature range.
The temperature dependence can be corrected to significantly reduce the skew in the data.
For devices in regions of the spacecraft with lower thermal variations, such as the sensor
assembly with a predicted range of roughly 5 °C to 35 °C, the temperature-induced error to
the TID increase can be further reduced.

4.5.2 CRM Modeling and Characterization

GEANT4 modeling was the primary approach used for initial development and subsequent
refinement of the CRM design. For the model, some aspects of the CRM’s construction were
simplified, but these changes were limited to combining mechanical components with iden-
tical materials, such as merging multiple Ultem insulator ring parts, as well as simplifying
structural details beyond the charge collection area such as the spacecraft deck and mounting
flanges for preamp electronics. Plate and suppressor foil spacing and thickness dimensions
were preserved in the model in order to accurately simulate the energy sensitivity of the
plates, which is determined by their dimensions, spacing, and materials.

A key concern during the CRM development was the impact of charge accumulation in
the Ultem insulator rings. Modeling indicated that Europa’s charge environment, coupled
with Ultem’s high intrinsic resistance, could result in excessive charging and subsequent
discharge events that would damage the preamp electronics. To address this concern, a non-
flight version of the CRM hardware, which was structurally identical to the flight unit, was
tested in vacuum using a higher activity 90Sr source with a penetrating electron flux approxi-
mately five times the worst case of 40 hour near-Europa electron fluence environment. After
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Fig. 19 GEANT4 simulation results for CRM Plate 0 and Plate 1 responses vs. separation between CRM to
90Sr source (lines with points). Solid straight lines represent measured response at a separation of 3.5 cm

a five-day bakeout to eliminate any moisture trapped in the Ultem rings, the experiment was
run for a three-week period at 5°C, the lowest predicted CRM operating temperature. While
there were discharges observed, the CRM preamp response did not exhibit any change in
performance, indicating that the electronics are robust to the level of discharges that could
occur during the mission. Overall, the experiment represented an estimated total charging of
13 Europa encounters with dielectric charging currents as high as 3.8 pA.

While the primary purpose of this experiment was to observe the generation, magnitude,
and survivability of discharge events within the CRM, it also served as an opportunity to
characterize the response of CRM Plates 0 and 1. As part of the characterization, a GEANT4
model of the 90Sr source was developed, using the manufacturer’s specifications. This source
model was combined with the CRM model to generate predicted CRM response curves that
could be compared with experimental results. Figure 19 shows simulated results for a variety
of source to CRM separations, with the straight lines showing the experimental values at the
3.5 cm separation used during test. At the experimental distance, the simulated value was
−22% of experimental for Plate 0, with a simulated value +12% of experimental for Plate
1. These results indicate that the CRM model is benchmarked within ∼20% uncertainty of
the experimentally observed CRM outputs.

Additional CRM calibration for the flight hardware was limited to characterizing leakage
currents over temperature during thermal vacuum testing. These leakage currents will be
treated as offsets to the measured current values, using the temperature sensor on the CRM
preamp as the temperature reference.

4.6 Data Products and Data Archiving

The RadMon Data Extractor Tool will aggregate raw TID sensor telemetry as uncorrected
digitized RadFET drain voltage measurements directly from the analog-to-digital converter.
Aggregated data will include TID measurements from the various RadFETs distributed
across the flight system, i.e., the Sensor Assembly, DTID from the avionics REU telemetry,
and the individually hosted sensors within PIMS, Europa-UVS, and the avionics. Temper-
ature telemetry from each corresponding nearby temperature sensor will also be collected
in the raw data set of the TID measurements. A response curve and subsequent temperature
correction will be applied to arrive at a preliminary TID measurement value in physical units
of krad for each sensor.
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After release of the initial TID data product, subsequent higher-level data processing will
apply the fade corrections. It is anticipated that the fade correction can be fully automated
and included in the software tool when the in-flight calibration is completed after several
Jupiter orbits. The calibration will be updated periodically using the more sensitive and lin-
early biased RadFETs as a reference for the more common unbiased, distributed RadFETs.
Recalibrating the unbiased RadFETs’ responses may be required at higher (>50 krad) TID
levels due to the gradual decrease in sensitivity of the unbiased devices relative to the bi-
ased devices. By that time in the mission, it will be possible to determine the relative dose
rates experienced by each RadFET, which will vary by location due to variations in effective
shielding. An ensemble average of the unbiased RadFET response that accounts for these
different rates will be compared with the biased RadFET response. Deviations in the unbi-
ased response can then be readily modeled. Updated calibration information will be used to
update the RadMon Data Extractor Tool. Details on the current TID calibration equations
are given in Appendix A.

The CRM data is more straightforward to process. Digitized voltage outputs from the
transimpedance amplifiers described in Sect. 4.4 will be collected from the four Sensor As-
sembly channels. Conversion to net charging current in physical units of pA is achieved by
dividing the voltage by the transimpedance amplifier’s feedback resistance. A flux estimate
can be obtained using the charge collection disk area of 12.38 cm2. Values will be corrected
for the thermal dependence of the preamplifiers’ leakage offsets to yield a fully calibrated
data product. Details on CRM calibration and calculations are given in Appendix B. Finally,
the instantaneous CRM and time-integrated TID measurements may be cross-calibrated to
further refine the TID measurements.

4.7 Operations Plan During Cruise and Tour

Operationally, the RadMon is quite simple. The sensor assembly will be powered on shortly
after launch so that the biased RadFETs can begin to accumulate TID. The sensor assembly
will then transition to a regular measurement collection of TID and charge measurements at
a rate of once per second. TID and charge data are included as part of the sensor assembly
housekeeping telemetry, i.e., there are no dedicated radiation data packets. TID data from
the DTIDs and hosted TID RadFETs are similarly embedded in the REU or host electronics’
1-Hz housekeeping telemetry.

Absent any anomalies for host electronics or the spacecraft, this nominal measurement
cadence would continue regardless of whether the mission is in the cruise or Jupiter tour
phase. During the cruise phase, TID will accumulate relatively slowly and charge measure-
ments will be at a low level, given that the CRM is tuned for high fluxes in the Jovian
environment. Flight software will decimate the radiation data prior to downlink given that
its variation is expected to be very slow. During Europa encounters, CRM data is unlikely
to be heavily decimated. However, some decimation of TID data will still occur because
the integrating detectors will have a response that will be relatively slowly varying. In other
words, the charge rate monitor provides a more instantaneous reading of the ambient charg-
ing environment. The charging environment impacts the TID measurement as well, albeit
with a relatively smaller net change due to the integrated nature of the TID measurement.
To decrease decimation, we have therefore prioritized CRM data return rate during flybys.
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5 Opportunistic Radiation Data from Other Europa Clipper Science
Instruments

While the RadMon is the main source of radiation data, opportunistic data from science in-
struments onboard the Europa Clipper could supplement the primary dataset. In this section,
we provide a brief overview of these possible radiation measurements. Especially, sensi-
tivity to different energy thresholds can be extremely useful to construct or constrain the
shape of the energy spectrum. As noted earlier, the information about energetic electrons
will be mainly obtained from this collective effort among the different science instruments
along with the RadMon. The limits on instrument measurements with respect to radiation
noise and potential optimization of instrument settings to increase science return under these
conditions may also be discussed in the individual instrument papers in this collection.

5.1 Europa Imaging System (EIS)

The EIS (see separate publication in this collection) will image Europa’s surface features
in great detail using a wide-angle camera (WAC) and a narrow-angle camera (NAC), each
of which has silicon detectors, specifically 4k × 2k CMOS detectors (Janesick et al. 2014).
While EIS uses passive shielding to mitigate the radiation damage to its electronics and de-
tectors, sufficiently high energy particles will be able to penetrate the shielding and generate
charge in random pixels within the camera detectors. Information of the radiation envi-
ronment may be extracted from the resulting “noisy” images. For example, the noise data
acquired of black space or Europa’s night side provide information on the high-energy flux
in the Jupiter system, as was achieved with the Galileo Solid State Imager (Klaasen et al.
2003). The best EIS images for measuring radiation hits will be dark frames acquired for
calibration and long-exposure images taken to search for plumes. The EIS will take images
at many Jovian longitudes and ranges from Jupiter and Europa, thus contributing to a record
of how the flux varies with these parameters as well as its variation over longer timescales.
As part of the search for small plumes, EIS will also image Europa’s night side just beyond
the terminator at a low altitude, which will provide radiation data very close to the surface
of Europa. We expect that the EIS data will be useful to study the temporal variability of
the Jovian radiation environment. Because each energetic particle hit generates charges over
multiple pixels and causes secondary radiation effects, evaluation of the energetics of Jovian
radiation environment from such data can be complicated. A preliminary shielding analy-
sis indicates that EIS would be primarily susceptible to >10 MeV electrons. EIS images
will also reveal morphologic or color/photometry variations of Europa’s surface that may be
explained by energetic particle interactions (Hand and Carlson 2015).

5.2 Europa-Ultraviolet Spectrograph (Europa-UVS)

The Europa-UVS (see separate publication in this collection) detects ultraviolet light with
a telescope and separates its wavelengths with an optical grating, with the ultimate goal of
identifying the composition of Europa’s surface. The measurement is achieved by using an
MCP detector. Europa-UVS uses a high-Z (where Z is the atomic number) alloy shielding
material (TaW) to mitigate the radiation damage to the electronics and detectors. However,
penetrating high energy particles can generate noise signals within the detector. The detector
of the Juno-UVS instrument is susceptible to energetic electrons, and the data has been used
as a proxy for >6 MeV electrons (Sect. 2.1.1). The same approach can be used for the
Europa-UVS instrument to extract the radiation environment information. A preliminary
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radiation transport simulation indicates that the Europa-UVS is sensitive to >10–15 MeV
electrons, thereby providing another valuable high-energy electron “channel”. The Europa-
UVS instrument includes one of the RadMon’s hosted RadFET dosimeters.

5.3 Mapping Imaging Spectrometer for Europa (MISE)

The MISE will detect and analyze infrared light reflected from Europa with the main
goal of mapping Europa’s surface composition (Blaney et al., this collection). A Mercury-
Cadmium-Telluride (MCT) infrared detector is used for the measurements. MISE uses a
high-Z shielding material (Ta) to mitigate the radiation damage to the electronics and de-
tectors. The MISE MCT detector is also susceptible to radiation, and the energetic particles
will generate the background noises in the measured images. As observed with Galileo
NIMS, γ -rays created through electron bremsstrahlung will also contribute heavily to radia-
tion noise detected by the MISE, especially at longer wavelengths (>3 µm) where the solar
reflectance signal decreases significantly (Carlson and Hand 2015). Similar to the EIS, the
radiation data from the MISE will be primarily taken from dark frame information, which
in the case of the MISE are “stacks” consisting of images taken at multiple wavelengths.
The MISE radiation measurement information will also be used with other radiation data
to understand how Europa Clipper’s radiation environment during a given encounter period
can be extrapolated to the post-encounter period. However, if there is a significant discon-
nect between the MISE dark frame statistics and the measured radiation environment, it
may indicate that an update to the dark stack processing is required. This update would be a
tactical use of the RadMon and other radiation data to improve the performance of another
Europa Clipper instrument. It is estimated through radiation transport simulation with beam
tests that, because of the very thick shielding used, the MISE can provide information on
electron fluxes >50 MeV. This instrument is therefore a valuable data source for extremely
energetic electrons, which are not readily available from other means on the spacecraft or
from measurements on previous missions.

5.4 MAss Spectrometer for Planetary EXploration (MASPEX)

The MASPEX is designed to detect, identify, and quantify the abundance of neutral gases
produced by radiolysis, sublimation, or interior outgassing from the surface of Europa (see
Waite et al., this collection). The MASPEX MCP detects the ionized neutral gas molecules
based on their temporal dispersion using a time-of-flight mass analyzer. As described in
Sect. 5.2, the MCP detector is also sensitive to penetrating radiation and secondary photons,
thus creating a radiation induced noise background. During a Europa flyby, the MASPEX
can take radiation background measurements when not registering ion signals during normal
operations (or interleaved with normal operational measurements). These measurements are
noise measurements or particle flux measurements, which can be directly correlated and
compared to outputs from the RadMon’s CRM. The results from the CRM can be used in
a Monte Carlo particle transport simulation with instrument geometry of the MASPEX to
provide an expected background radiation noise count value. A direct comparison of this
simulation with inflight measurements from the MASPEX during the Europa flybys can be
used to determine the accuracy of the GIRE and JOSE models of the near-Jupiter proton and
electron environments derived from Galileo and other Jupiter mission data. A preliminary
analysis indicates that the MASPEX can infer the electron flux for energies >3 MeV and
could serve as a secondary source of input in the overall modeling process.
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5.5 Plasma Instrument for Magnetic Sounding (PIMS)

Jupiter’s magnetic field carries plasma from the volcanic moon Io, Jupiter’s ionosphere,
and Europa itself. The plasma flow near Europa generates a magnetic field that must be
accounted for in the induction experiment to characterize Europa’s ice shell and ocean. The
PIMS will measure the density, temperature, and flow of plasma near Europa (Westlake
et al., this collection) to correct the magnetic induction signal for plasma contributions,
which is important to precisely determine Europa’s ice shell thickness, ocean depth, and
conductivity. The PIMS consists of two sensors, one at the top of the spacecraft and one
at the bottom of the spacecraft, each containing two Faraday cups. These cups are large
aperture plasma instruments that measure the current of particles that hit the segmented
metal collector. The PIMS utilizes high voltages applied to an array of grids in the instrument
aperture with a characteristic 320 Hz sine wave to produce an AC-coupled measurement.
This measurement locks onto only the particles generating a signal modulated at the same
frequency as the applied sine wave and effectively removes the background signal caused
by UV, dust impacts, and energetic particles. With the voltages applied to the grids, the
PIMS will be able to measure ions up to 6.6 keV and electrons up to 2.2 keV. The PIMS
also measures an integral or DC current at each voltage step, and this measurement sums
the currents from each of the three segmented collectors within the instrument and yields a
total current registered by the instrument. The total current includes contributions from UV
photons, dust impacts, and energetic particles, and thus does not provide an energetic particle
measurement of high quality (that is, it does not provide any specific energy “channel”).
However, it can provide a diagnostic of the presence of energetic particles during any given
measurement, thus providing information on the high-energy electron environment.

5.6 SUrface Dust Analyser (SUDA)

The SUDA detects the ejecta or dust from the Europa surface resulting from micrometeorite
impacts and analyzes them to identify the physical properties of dust and ice grains and
their chemical composition through mass spectra, revealing Europa’s surface composition
including potential organic molecules (Kempf et al., this collection). The SUDA’s target and
detector are directly exposed to open space and contain a rejection grid to reduce incoming
thermal plasma that can interfere with the normal operation of the instrument. However,
if incoming electrons and ions are sufficiently energetic, they will be able to pass through
this rejection grid to reach the interior and could be detected as random current spikes as
they impact the target and/or detector surfaces. The SUDA’s rejection grid is nominally set to
+/− 3.2 keV and its reflection grid is set to −/+ 2.8 kV (positive or negative bias depending
on whether it is in anion or cation-sensing mode, respectively). This means that radiation at
energies >|∼3 keV/q| will be able to penetrate into the instrument, where q is the ion charge
state (+1, +2, and +3 are common heavy-ion charge states). Data generated by such high-
energy particles will be automatically recorded by the SUDA and stored in its memory for
the duration of the mission. As in the case for the PIMS, the SUDA’s high energy particle
data would be qualitative in that only the total current will be measured; hence it provides
a diagnostic measure of the state of the general radiation environment. The data from the
RadMon and other instruments can be used to further constrain the radiation data from the
SUDA. It would also be possible through laboratory tests or detailed numerical simulations
that the magnitude of the current during the recorded impact could be used to extract the
energy of the incoming particle. The SUDA continuously monitors the current, which can
be converted into a time-dependent measure of the incoming radiation.
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6 Potential Science Enabled by the Europa Clipper Radiation
Measurements

As described in Sects. 4 and 5, the Europa Clipper spacecraft will be able to measure the
high energy (>∼1 MeV) electron environment as a function of time and trajectory location
with a one second cadence (in the case of the RadMon TID and charging rate measurement).
This rich set of high-energy electron data could be applicable to investigate various possible
scientific topics outlined in Sect. 2.3. This section summarizes potential radiation science
that can be achieved with these measurements in terms of space physics and surface science.

6.1 Space Physics: Particle Acceleration and Variability of Trapped Electrons

In the Jovian magnetosphere, quasi-relativistic to relativistic particles are detected at a large
range of radial distances. One of the fundamental questions that space physics seeks to an-
swer is how very energetic charged particles are created. Cosmic rays can be the source of
some energetic charged particles, while others are likely accelerated from the plasma energy
range. Jupiter is an especially good laboratory for studying particle acceleration because its
conditions bridge the exploration of the Earth’s radiation belts and remote observation of
objects such as supernova remnants or brown dwarfs (Mauk 2012). As for the accelera-
tion mechanisms, two main candidates at Jupiter include: any process that drives charged
particles across L shells such as injections and radial diffusion, and wave-particle interac-
tions. These two acceleration processes can be distinguished by tracking a sharp cutoff of
the electron spectrum throughout the magnetosphere (Kollmann et al. 2018), where the par-
ticle spectrum based only on the adiabatic acceleration is shown to have a sharp cutoff at
high energies that coincides with the resonant energy at which the magnetic and electric
drifts cancel each other (Roussos et al. 2018; Hao et al. 2020). However, the available data
to construct the wide energy spectrum are insufficient to reliably retrieve spectral cutoffs
near Europa’s orbit based on the data from previous missions, especially for electrons. This
cutoff is expected to be around 20 MeV at Europa’s orbit and therefore will be directly con-
strained by the RadMon data. These spectra would allow us to distinguish adiabatic from
local wave interaction processes. Also, if the spectra indeed show this cutoff, it will provide
further support that the hemispherical asymmetry on Europa’s surface is a result of electron
weathering (Patterson et al. 2012): While one hemisphere is bombarded in a lens-shaped
pattern with significant intensities of <20 MeV electrons, >25 MeV electrons only reach
the opposite hemisphere and have insignificant intensities due to the described cutoff in the
spectrum.

Variations of the trapped electron environment can be dynamic. Occasionally the inten-
sities of >10 MeV electrons rise by several orders of magnitude for reasons that we can
currently only speculate about. The Galileo EPD data showed that there can be a burst of
electron flux enhancement on timescales of a few hours to a few days. An example is a
C22 “storm” (see Sect. 2.3). Measuring the electron population above one MeV during the
Europa Clipper mission may provide a clue to understand the physical mechanism(s) respon-
sible for the occurrence of those bursts within the trapped environment. Measurements of
the high-energy electron environment covering the wide L ranges over the planned Europa
Clipper mission lifetime could also provide an opportunity to compare long-term variation
of the trapped environment at different regions within the Jovian magnetosphere – how the
high energy electron environments are different between the Europa Clipper era and the Pi-
oneer, Voyager, Galileo, and Juno eras. It is also possible that the RadMon measurements
of the asymmetric electron radiation around Europa could benefit planning of instrument
operations for each flyby.
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The solar wind influences the planetary magnetosphere. In the case of the terrestrial
magnetosphere, the solar wind can cause drift paths being close to Earth. However, Jupiter
is “rotationally dominated,” and the Jovian radiation belts are somewhat protected from
solar wind disturbances. This may be one of the factors that create radiation belts at Jupiter
that are so intense. Unlike at Earth, the high-energy electron energy spectrum falls off very
slow with increasing energy. However, while it has been previously postulated that the solar
wind does not strongly influence the radiation belt in the region L<10 at Jupiter, recent
studies indicate that there may be links between the solar wind and this region that needs to
be explored further (e.g., Murakami et al. 2016). If the timing is fortuitous, the ESA JUICE
spacecraft will still be in the solar wind and will monitor disturbancesin this region while the
Europa Clipper is already in Jupiter orbit observing the effects. Furthermore, any two-point
simultaneous measurements by the Europa Clipper and JUICE spacecraft could provide a
synergistic opportunity to understand the overall state of the magnetosphere.

As discussed in Sect. 2.3, the environment near Europa is not uniform and varies dynami-
cally because of the local electromagnetic environment perturbations. Knowing the electron
environment near Europa would allow us to further our understanding of the precipitating
pattern to the surface. For example, high cadence measurements of the high-energy electron
environment in the vicinity of Europa from multiple flybys could be very useful to under-
stand the asymmetric nature of the electron bombardment pattern between the leading and
the trailing hemispheres as a function of electron energy.

6.2 Surface Science

Due to its presence deep within the Jovian radiation belts, Europa’s surface is strongly al-
tered by the bombardment of magnetospheric charged particles (Johnson et al. 2004; Carl-
son et al. 2009; Paranicas et al. 2009). Radiation can modify the crystal structure and/or
change the chemistry of surface materials on a variety of timescales (Hand and Carlson
2015; Poston et al. 2017). This includes thermal magnetospheric plasma which nearly co-
rotates with Jupiter’s magnetic field, and thus overtakes Europa in its orbit and preferentially
bombards its trailing hemisphere (Saur et al. 1998; Kivelson et al. 2004; Harris et al. 2021).
In addition to these low-energy plasma populations, Europa is also bombarded by energetic
charged particles (primarily electrons, protons, and charged states of oxygen and sulfur) in
the keV to MeV energy range (Paranicas et al. 2001, 2002; Mauk et al. 2004; Paranicas
et al. 2007; Jun et al. 2019b). These energetic charged particles bombard Europa’s surface
in a highly non-uniform fashion, and attempts have been made to predict their weathering
pattern (Pospieszalska and Johnson 1989; Paranicas et al. 2001; Addison et al. 2021). En-
ergetic electrons represent the largest contribution to the surface radiation (Paranicas et al.
2007) and are expected to bombard the surface in a lens-like pattern centered on the low-
latitude trailing hemisphere and leading hemispheres (Paranicas et al. 2001; Truscott et al.
2011; Patterson et al. 2012; Nordheim et al. 2018). This expected bombardment pattern
appears to roughly correlate with the presence of an unknown hydrated species (possibly
H2SO4) on the trailing hemisphere (Paranicas et al. 2001; Carlson et al. 2005; Grundy et al.
2007; Brown and Hand 2013; Fischer et al. 2015, 2016; Ligier et al. 2016), meaning that
electrons may add energy that allows the sulfur originated from Io to form hydrated sulfuric
acid. The leading hemisphere shows a radiolytic H2O2 (Carlson et al. 1999a; Trumbo et al.
2019). Laboratory measurements show that peroxide is formed via radiation processing of
pure ice at the level of <1% by number, relative to water, and other compounds may medi-
ate its formation (Moore and Hudson 2000; Hand and Carlson 2011). On Europa, peroxide
serves as a strong indicator of the radiolytic processing of ice. At this time, our understand-
ing of the exact radiation fingerprint on the surface has been based purely on the modeling of
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particle trajectories with many simplifying assumptions. Europa Clipper data could be used
as an input to trace particle trajectory simulations in a complex perturbed electromagnetic
environment near Europa and constrain the surface weathering pattern by correlating these
simulations with measurements from other instruments onboard Europa Clipper, such as the
EIS and MISE.

Energetic ions are thought to be responsible for the production of amorphous ice ob-
served on Europa’s surface (Hansen and McCord 2004; Ligier et al. 2016; Mitchell et al.
2017; Paranicas et al. 2018a; Berdis et al. 2020), as well as sputtering of gases that con-
tribute to Europa’s atmosphere, and implantation of sulfur ions (Cassidy et al. 2013; Breer
et al. 2019; Addison et al. 2021). Europa’s surface geology due to radiation bombardment is
therefore an important context for observations that will be made by multiple Europa Clip-
per instruments, including estimations of surface properties such as grain size (Clark et al.
1983; Cassidy et al. 2013) and composition from the MISE instrument (Blaney et al., this
collection). Furthermore, Europa’s tenuous exosphere is likely due to surface radiolysis and
sputtering (Plainaki et al. 2010; Cassidy et al. 2013; Plainaki et al. 2018; Davis et al. 2021),
and will therefore be key to understanding the measurements of Europa’s exosphere by the
MASPEX instrument (see separate publication in this collection). However, many questions
remain unanswered, particularly regarding the variability of charged particle fluxes across
Europa’s surface and the response of charged particles to the locally perturbed electromag-
netic environment near the moon. The measurements from the Europa Clipper combined
with future laboratory work, guided by radiation and spectral observations, could advance
our understanding of the effects of radiation on Europa’s surface.

6.3 Radiation Science Relevant to the Europa Clipper Thematic Working Groups

Although radiation science itself does not have direct implications for fulfilling the mission’s
Level-1 science objectives, the radiation data collected from the mission can indirectly help
achieve some of those Level-1 science objectives by supporting all the radiation-affected
instruments on expected radiation levels for each flyby so that instrument states could be
accurately commanded for these flybys to maximize the science return, e.g., to detect the
ocean-ice interface with REASON, magnetically probe the ocean with the Europa Clipper
Magnetometer and PIMS, and gravitationally probe the interior with radio science. Specif-
ically, the radiation data and its interpretation are closely related to the topics that are ad-
dressed by Europa Clipper’s Composition and Interior Working Groups and the Habitability
Advisory Board. Understanding the radiation environment on Europa’s surface is critical to
constraining the composition on the surface of Europa (from radiolysis) and the exosphere
environment (via sputtering). The high energy electron data can help improve our under-
standing on the relative role of energetic electrons on induction, compared to the thermal
plasma. These all could provide possible clues on the questions surrounding the habitability,
origin, and evolution of the surface. For example, if a compound is found on Europa’s sur-
face, whether it is a radiation product or a material extruded from the ocean. Europa shows
a leading-trailing hemisphere dichotomy with the trailing side having greater impact from
magnetospheric radiation. The signatures on the trailing side have been interpreted as both
salts (e.g., from Europa’s ocean) (McCord et al. 1998, 1999) and sulfuric acid, a radiation
product (Carlson et al. 1999b, 2002, 2005). Hydrogen peroxide, H2O2, has also been iden-
tified. The mixture of hydrogen peroxide and sulfuric acid is very destructive to organic
molecules but the amounts of hydrogen peroxide in the surface ice may be too small for
substantial destruction to occur; hence more work is needed to better understand the role of
radiation in producing H2O2. Furthermore, the radiation energy flow into the surface may be
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an agent for producing materials favorable to life (Hand et al. 2009). While radiation is often
considered an agent that lowers the habitability of a surface and degrades biosignatures on
it, it also drives the production of compounds that can act as an energy source for life: The
irradiation of carbon-rich ice leads to the formation of HCHO, which can act as the sole
carbon source for some bacteria. If material produced on the surface is or has been trans-
ported to the subsurface ocean, it may have played a role in supporting life (Chyba 2000).
See the habitability and composition papers (Vance et al. and Becker et al., this collection,
respectively) for more detail.

7 Summary and Conclusion

The Europa Clipper mission is NASA’s flagship mission to Jupiter to investigate the hab-
itability of this icy moon. The spacecraft is scheduled to launch in October 2024 and will
enter into the Jovian system in 2030, venturing into the harsh radiation environment. The
mission will perform multiple (∼50) flybys of Europa, and the radiation environment will
be continuously monitored during the mission. Measurements of the radiation environment
will primarily be done using a dedicated radiation monitor (RadMon) at a 1 Hz cadence.
Total ionizing doses (TID) will be measured by a RadFET stack in a stand-alone RadMon
sensor assembly as well as by distributed and hosted RadFET devices located across the
spacecraft. These TID measurements will be mostly providing information about electron
environment as the electrons are the dominating TID contributor at all shielding levels (see
Fig. 2). The electron currents will be directly measured by the charge rate monitor (CRM)
located within the RadMon sensor assembly. CRM will be able to measure the >1 MeV,
>10 MeV, and >20 MeV electrons.

In addition to RadMon, it will be possible to obtain information on the radiation environ-
ment from several of the science instruments using the opportunistic radiation background
data that they will collect. Those science instruments include the Europa Imaging System
(EIS), the Europa-Ultraviolet Spectrograph (Europa-UVS), the Mapping Imaging Spectrom-
eter for Europa (MISE), the MAss Spectrometer for Planetary EXploration (MASPEX), the
Plasma Instrument for Magnetic Sounding (PIMS), and the SUrface Dust Analyzer (SUDA).
Comprehensive radiation transport analyses are planned to understand the sensitivity of each
instrument to incoming radiation in terms of energy and flux. Depending on the effective
shielding level for each instrument, we expect to be able to measure >3 MeV (MASPEX),
>10 MeV (Europa-UVS), and >50 MeV electrons (MISE). The RadMon data and the data
from these instruments will be used to understand and correlate the responses of other in-
struments (PIMS, SUDA, and EIS) to radiation, thus expanding the overall radiation mea-
surement capability for the mission while also aiding the instruments in planning optimal
settings to minimize radiation noise during each flyby.

Jupiter’s magnetosphere is a scientifically fascinating target, with many science questions
to be answered. RadMon is nominally an engineering resource supporting radiation hazard
assessment, mitigation, and science optimization for spacecraft and instrument systems. As
the only radiation detector suite onboard, however, it also provides unique science data on
the Jovian magnetosphere and its interactions with Europa. For example, the high-energy
electron measurements from the Europa Clipper covering 9−50 Rj in the equatorial region
over the mission lifetime will be a valuable resource to investigate short- and long-term dy-
namics of the Jovian radiation environment. It could also help us understand the physical
mechanisms responsible for the energization of trapped electrons. Furthermore, the Europa
Clipper will measure the high-energy electron environment near Europa, where the motion
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of charged particles is perturbed by the local electromagnetic environment. The data could
also help understand the radiation environment on Europa’s surface, which is important for
understanding the composition, origin, and evolution of the surface. During the interplane-
tary cruise through the heliosphere to Jupiter, RadMon can also provide essential engineer-
ing data on spacecraft operations and important science data on the interplanetary radiation
environment and its response to solar activity.

Appendix A: Housekeeping Calibration Values

The RadMon components show a temperature dependence, which is why we need to track
temperatures. Various sensors across Europa Clipper provide temperature measurements as
integer “data number” (DN) values. For the Sensor Assembly sensors (on the RadFET stack,
the CRM, and the event board), their conversion to °C works as

T [◦C] = −1E2.12 + 1E − 1.79 ∗ DN

The CRM suppressor voltage is calibrated as

Suppressor Output [V] = −6.164E + 01 + 9.644E − 03 ∗ DN

Appendix B: RadFET Calibration Values

B.1 From Raw Measurements to Total Ionizing Dose

The RadFETs originally provide their dose-sensitive threshold as DN values. The conversion
to the RadFET voltage URadFET (usually in Volts V) works for the biased FM RadFETs in
the Sensor Assembly as

URadFET = 7V ∗ DN/16383

And for the unbiased as

URadFET = 3V ∗ DN/16383

The voltage converts to dose as follows. For RadFETs biased with 7.2 V:

Dose[krad] = 100 ∗ U

For unbiased RadFETs,

Dose[krad] = 114.66 U 5 − 160.99 U 4 + 147.55 U 3 + 25.262 U 2 + 158.2 U + 0.26169

With the voltage change U from their reference state:

U = URadFET − U0

The reference voltage U0 for the RadFETs is temperature dependent as shown in Fig. 20.
The temperature dependence is described though a polynomial function following:

U0 = A[0] + A[1] ∗ T + A[2] ∗ T ˆ2
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Fig. 20 Upper row: Temperature dependence of reference voltage U0 of the RadFETs within the TID stack.
Lower left: Temperature dependence of reference voltage U0 of RadFETs of the Sensor Assembly board over
the temperature of the board. We also show the average behavior of RadFETs over their respective tempera-
ture. Large symbols show measurements taken at times where temperature was stable for several hours, small
symbols when it was changing. Solid curves show the polynomial fits with parameters as tabulated. Lower
right: Change of the CRM bias current Ibias. Plus symbols show binned data. Dashed curves show the simple
polynomial fit that is best for 0-40C. Solid curve shows the fit with the more complicated function. All results
shown here are from the thermal-vacuum test in 2022/May/2-7

The parameters in Table 2 are for temperatures T being measured in °C. The temperature
sensor most representative for RadFETs 0-2 in the TID stack (both biased and unbiased) is
RADFET_PRT_MUX. RadFETs 0 are the lowest shielded in the TID stack, with RadFETs
1 in the middle and RadFETs 2 most heavily shielded. For RadFETs 3 on the board of
the Sensor Assembly (both biased and unbiased) it is BOARD_PRT_MUX. RadFETs that
are at other locations (within an instrument or a vault, see Fig. 7) have not been explicitly
calibrated but will behave similarly to the ones of the Sensor Assembly. We therefore also
provide average parameters in the table that can be used for these devices together with a
temperature measurement from the temperature sensor closest to them.

B.2 From the Dose to Electron Intensity

For the scientific analysis, it will be possible to convert the RadMon RadFET measurements
into differential intensity j (electrons per interval in time, energy, area, and solid angle).
A dose R is defined as the total deposited energy per mass. For the RadFETs, we can use the
following expression:

R =
∫ ∞

0 εEdj4πAdE

ρAh
≈

∫ ∞
0 ε dE

dx
j4πdE

ρ
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Table 2 Numerical Vaules for Parameters A[0], A[1], and A[2] used in Equation for U0

RadFET A[0] A[1] A[2]

biased_radfet_0 1E0.1072 −1E-2.763 −1E-5.644

unbiased_radfet_0 1E0.1031 −1E-2.773 −1E-5.619

biased_radfet_1 1E0.1041 −1E-2.766 −1E-5.649

unbiased_radfet_1 1E0.1036 −1E-2.777 −1E-5.618

biased_radfet_2 1E0.1077 −1E-2.767 −1E-5.649

unbiased_radfet_2 1E0.1003 −1E-2.774 −1E-5.622

biased_radfet_3 1E0.1074 −1E-2.762 −1E-5.626

unbiased_radfet_3 1E0.1041 −1E-2.771 −1E-5.600

biased_radfet_avg 1E0.1066 −1E-2.765 −1E-5.642

unbiased_radfet_avg 1E0.1028 −1E-2.774 −1E-5.615

where ε is the efficiency of electrons reaching the respective RadFET and can be taken from
Fig. 11b. Ed is the energy deposited (here mostly by electrons as only a few ions make it
to the RadFETs) of energy E in the considered object (in this case the RadFET oxide) with
area A and thickness h. dE/dx is the differential energy loss of particles with energy E.
The approximation shown here is good for thin objects (such as the oxide layer). ρ is the
material density (in this case for SiO2).

Determining the parameter j will be an ongoing effort while in orbit around Jupiter.
The process is anticipated to be a forward model (e.g., Kollmann et al. 2021) where j is
assumed, the expected R is calculated, and then j is changed until the expectation matches
the measurement, followed by analysis to determine the uniqueness of j.

Appendix C: CRM Calibration Values

C.1 From Raw Measurements to the Charging Current

For the CRM, the output voltage Umux can be retrieved from the measured data number with

Umux = DN/16383

The voltage Umux is related to the charging current ICRM (in ampere A if units below used
as-is) as

Umux = Upreamp ∗ attenuation + offset

Upreamp = −(ICRM + Ibias)Rfeedback

Rfeedback = 101.1 G	

attenuation = 2/5

offset = 0.1 V

The bias current Ibias is temperature dependent, see Fig. 20. The temperature sensor most
representative for the CRM is called CRM_PRT_MUX. For the temperature range 0-40 °C,
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Table 3 Numerical Values for Parameters A[0], A[1], A[2], and A[3] used in the First Ibias Equation

CRM A[0] A[1] A[2] A[3]

crm_0 +1E-2.15 −1E-2.89 +1E-4.52 −1E-6.00

crm_1 +1E-2.34 −1E-4.07 −1E-5.56 −1E-6.30

crm_2 −1E-1.17 +1E-3.82 −1E-5.63 −1E-6.21

crm_3 −1E-1.06 −1E-3.87 −1E-4.57 −1E-5.72

Table 4 Numerical Values for Parameters A[−2], A[−1], A[0], A[1], A[2], A[3], and A[4] used in the Second
Ibias Equation

CRM A[−2] A[−1] A[0] A[1] A[2] A[3] A[4]

crm_0 +1E-2.29 −1E-2.99 1E1.70 1E0.51 −1E-0.68 1E-1.92 −1E-2.6

crm_1 +1E-2.45 −1E-3.49 1E1.72 1E0.54 −1E-0.61 1E-1.83 −1E-2.5

crm_2 −1E-1.16 −1E-4.54 1E1.71 1E0.55 −1E-0.58 1E-1.87 −1E-2.5

crm_3 −1E-1.06 −1E-2.99 1E1.69 1E0.63 −1E-0.25 1E-1.55 −1E-2.2

which covers the range expected for the mission, we can fit Ibias with a simple polynomial
function:

Ibias = A[0] + A[1] ∗ T + A[2] ∗ T ˆ2 + A[3] ∗ T ˆ3

The parameters in Tables 3 and 4 are for T being measured in °C and yield Ibias in A.
To describe the full temperature range, a more complicated function is needed:

Ibias = (A[−2] + A[−1]x) + 1/[1 + exp{(−x + (A[0]))/A[1]}]
× [(A[2]) + (A[3])(x − (A[0]))ˆ1 + (A[4])(x − (A[0]))ˆ2]

C.2 From the Charging Current to Electron Intensity

The charging current Ibias relates to the ambient electron differential intensity (electrons per
intervals in energy, solid angle, area and time) spectrum j (E). We assume the intensity to
only depend on energy E but not direction or pitch angle, which is reasonable at Jupiter
where equatorial pitch angle distributions only vary by a factor of a few (e.g. Nénon et al.
2022).

Ibias = elementary charge ∗ electron count rate

electron count rate = 4π

∫ ∞

0
dE G(E) j (E)

here the energy-dependent geometry factor G(E) is provided in Fig. 17 through equations
detailed below.

C.3 Geometry Factor Derivation

Here we describe how the energy-dependent geometry factor G(E) can be calculated from
our GEANT-4 modeling described in Sect. 4.5.2. The GEANT model emits electrons from a
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half sphere into its interior, which implies that the spacecraft perfectly shields electrons from
one side. We define the source as an isotropic emitter, meaning that the number of particles
dNi emitted per visible area (as well as per solid angle, energy, and time) is constant for
all directions and equal to j . This visible area shrinks when viewed from the side: If 
 is
the angle from the normal of a source element with area dA, then the visible area of that
element is dA cos
.

dNi = j dA cos
 d	 dE dT

where dT is an arbitrary but small time interval that will cancel out later, d	 = sin
 d
 dφ

is the solid angle, φ is the longitude around the normal, and dA an element on the source
area (generally different from an area that could be defined for particle detection).

Integration over inward emission into the half sphere (meaning that 
 only runs until
π /2) yields

NI = A j �E �T
∫ π/2

0
d
 cos
 sin


∫ 2π

0
dφ

j = NI

Aπ �E �T

where A is the area of the source. (In our case A = 2 π r2 for a half sphere with radius r .)
Now we define the omnidirectional geometry factor G through the standard convention

j = NC

G �E �T

where NC is the number of detected particles. GEANT determines these through the net
charge (accounting for primary and secondary electrons) deposited in the CRM volumes.
Combining the two equations for j yields the equation we used for the geometry factor

G = NC

NI

Aπ = NCπ

F

where we used the definition of the fluence F = NI/A.
For reference, we also provide equations that can be used to normalize differently set up

simulations. Direction dependence of particle emission from a surface element dA can be
described as

dNi = j dA Ã d	 dE dT

The total number of emitted particles can be calculated as

NI = A j �E �T
∫ B̃

0
d
 Ã sin


∫ 2π

0
dφ

Instead of the isotropic emission with Ã = cos
, isotropic radiation with Ã = 1 can be
assumed. Instead of only emitting particles with B̃ = π

2 into the source sphere, one can emit
particles with B̃ = π in all directions.

NI = A j �E �T
∫ B̃

0
d
 Ã sin


∫ 2π

0
dφ
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Evaluating the integrals and equating with j = NC /(G �E �T ) yields

j = NI

A π �E �T
;G = NC

NI

Aπ forÃ = cos
; B̃ = π

2

j = NI

A 2π �E �T
;G = NC

NI

A 2π forÃ = 1; B̃ = π

2

j = NI

A 4π �E �T
;G = NC

NI

A 4π forÃ = 1; B̃ = π

j = NI

A 4π �E �T
;G = NC

NI

A 4π forÃ = cos
; B̃ = π
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