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Abstract
Scientific Imagers as High-Energy Radiation Sensors

by Ashley CARLTON

Harsh radiation in the form of ionized, highly energetic particles is part of the space envi-
ronment and can affect spacecraft. These particles not only sweep through the solar system
in the solar wind and flares and ejected from galactic and extra-galactic supernovae, but are
also trapped as belts in planetary magnetic fields. Spacecraft operating in radiation envi-
ronments can experience component failures, degradation of sensors and solar panels, and
serious physical damage to materials.

The Jovian magnetosphere is the largest and strongest of the planets in the solar sys-
tem. Measuring and characterizing charged particles are fundamental to understanding the
energetic processes powering the magnetosphere, interactions with the satellites of Jupiter,
and the effects on spacecraft near or in Jovian orbit. High-energy megaelectron volt (MeV)
electrons can penetrate through atmospheres of rocky bodies, such as Jupiter’s moon, Eu-
ropa, physically and chemically weathering the surfaces of the satellites, affecting albedo
and surface chemistry.

Measurements of the high-energy (>1 MeV) electron environment at Jupiter are currently
spatially and temporally limited. For the most part, the information about the Jovian en-
vironment comes from the Galileo spacecraft Energetic Particle Detector (EPD) (in Jovian
orbit from December 1995 to September 2003), which had a nearly equatorial orbit. Juno, a
NASA spacecraft that entered Jovian orbit in July 2016, and Europa Clipper, a NASA mis-
sion planned for the 2020s, do not carry instruments capable of measuring >1 MeV electrons
due to resource limitations (cost, size, schedule, complexity). Juno is in a polar orbit and Eu-
ropa Clipper is planned to be in a highly elliptical Jovian orbit, flying-by Jupiter’s moon,
Europa, in every orbit.

It is desirable to develop ways to use existing hardware on spacecraft to describe the
environment. Solid-state detectors are used as scientific imagers on spacecraft. In addition
to being sensitive to incoming photons, semiconductor devices can also generate charge
from incoming charged particles collected during integration and detector readout. These
radiation hits from the environment are typically considered "noise" on the detector.

In this thesis, we develop a technique to extract quantitative high-energy electron en-
vironment information (energy and flux) from the radiation noise on science imagers. We
use data from the Galileo spacecraft Solid-State Imaging (SSI) instrument, which is a silicon
charge-coupled device (CCD). We process the flight data, extract radiation noise, and build
histograms of the energy deposition on the detector by pixel. We simulate electron transport
in the SSI using Geant4 to determine the energies of the source particles that can reach the
detector (in the form of pixels with hits), the amount of energy that is deposited in the pixels,
and the flux at a given energy.

To demonstrate that the general technique is applicable to other imagers, we will ana-
lyze the Galileo Near-Infrared Mapping Spectrometer (NIMS). To build confidence in the
simulation modeling, we will also perform in-lab mono-energetic electron beam testing of
a semiconductor device. This thesis will also include a summary of required and recom-
mended information (tests, models, etc.) for the use of science imagers as high-energy elec-
tron sensors.
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Chapter 1

Introduction

1.1 Background

High-energy charged particles are trapped in planetary magnetospheres, the region of space
surrounding an astronomical object in which charged particles are controlled by that object’s
magnetic field, and can affect spacecraft and satellites orbiting the planet. Jupiter’s magne-
tosphere is the largest and strongest of a planet in the solar system. The bow shock extends
about 84 RJ towards the Sun (where RJ = 71,492 km is the radius of Jupiter), and the magne-
totail can extend almost as far in the other direction as Saturn’s orbit (∼50-1000 RJ, or up to
∼71 million km) [34, 38]. Similar to Earth, Jupiter is roughly a magnetic dipole with a tilt of
∼11◦ [21, 34]. Jupiter’s magnetic field strength is an order of magnitude larger than Earth,
and its magnetic moment is roughly 18,000 times larger [47]. The Jupiter magnetosphere
is powered by a liquid dynamo circulating metallic hydrogen. Eruptions of sulfur and oxy-
gen from the moon Io’s volcanoes form a cold torus that rotates with Jupiter, generating ions
through collisions and UV radiation, altering the dynamics of and supplying the mass to the
magnetosphere [30, 33, 48]. The Jovian radiation environment is dominated by high-energy
electrons, which can cause increased radiation dose damage and risk of internal electrostatic
discharge [17]. The high-energy electron spectra extends to much higher energies than the
spectra found at Earth [5, 43, 53].

1.2 Project Definition and Thesis Overview

A magnetosphere is described by its structure, composition, and dynamics. Determining
the types and energies of the particles is critical to understanding the energetic processes
powering the magnetosphere and for studying interactions with the satellites (and rings
and upper atmosphere) of Jupiter. High-energy (>1 MeV) electron environment measure-
ments are sparse, both spatially and temporally. For the most part, the information about
the Jovian environment comes from the Galileo spacecraft Energetic Particle Detector (EPD)
[56]. Galileo was in Jovian orbit from December 1995 to September 2003 and orbited around
the equator of Jupiter.

The Juno spacecraft, currently in orbit at Jupiter, and the Europa Clipper spacecraft, in
Phase B of mission design with plans to orbit a moon of Jupiter, Europa, would contribute
much needed spatial and temporal variability to the dataset. However, Juno and the plans
for Europa Clipper do not include a high-energy (>1 MeV electron) detection capability due
to resource limitations (cost, size, schedule, complexity).

This thesis develops a technique to extract qualitative environment information (energy
and flux) using existing hardware on spacecraft: solid-state devices, or "science imagers".
We focus our study on scientific imagers for two reasons: (1) scientific imagers are common
to exploration spacecraft, such as those designed for Jupiter, and (2) since radiation effects
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are a well-observed and studied phenomena in imagers, there are well-documented tech-
niques for extracting radiation "hits". Imagers, such as star trackers, could also use such a
technique for Earth-orbiting satellites. We focus on electrons >1 MeV since measurements
of <1 MeV electrons are possible with the Juno spacecraft and science imagers are likely
more shielded, preventing lower energies from reaching the detector.

We develop the technique using data from the Galileo spacecraft Solid-State Imaging
(SSI) instrument, which is a charge-coupled device (CCD). The radiation noise in the flight
data is compared to charged particle transport simulations from Geant4. The results are
then compared to the Galileo Energetic Particle Detector (EPD) for validation.

1.3 Motivation for Characterizing the Jovian Radiation Environ-
ment

1.3.1 Science Motivation

Knowledge of the high-energy radiation environment is important for our scientific under-
standing of the composition, structure, and dynamics of the magnetosphere. Increased tem-
poral coverage and spatial measurements can improve current environment models.

High-energy electrons affect the Jovian satellites. The energetic electrons are a major
contributor to exogenic processes which affect the albedo and surface chemistry of the moon
[44]. MeV electrons can penetrate through the atmospheres of rocky bodies, physically and
chemically weathering the surfaces of satellites. The penetration depths depend on the par-
ticle type, particle energy, and material, with particle doses at depths up to a few microns in
rocky surfaces dominated by ions and at depths greater than 10 µm by electrons [28, 29, 42].
The electrons are 10s of keV to >25 MeV.

High-energy electrons can drive surface chemistry by ionization that catalyze chemi-
cal reactions, which has direct impacts on the astrobiological potential of a satellite. Since
metabolic reactions within living cells depend on chemical energy, it has been suggested that
the Europa subsurface ocean has a high potential for sustaining biological activity if some
oxidation-reduction chemistry is present [10, 25]. It is highly likely that Europa’s briny sub-
surface ocean is a reducing environment, and the irradiation of a surface by bombardment
of charged particles leads to oxidation of the surface [11, 40].

1.3.2 Engineering Motivation

Knowledge of the high-energy radiation environment benefits spacecraft mission design,
operations, and lifetime. For mission operations, radiation may limit observation modes in
higher flux and higher energy regions. For example, on the Galileo spacecraft, during the
nominal mission, the Solid-State Imaging (SSI) instrument only opened its shutter when the
spacecraft was greater than approximately 9 RJ from Jupiter. Mission architectures are af-
fected by the estimated radiation environment, often trading mission lifetime against more
desirable science that requires orbits with higher radiation exposure. The SSI was only oper-
ated at closer distances to Jupiter during the extended mission, up to 5.8 RJ during Io flybys.
The Europa Clipper mission flower-petal orbit is specifically designed to maximize science
and mission life but minimizing radiation exposure during the orbit [46].

The risk of anomalies and degradation to spacecraft are increased in high-energy par-
ticle environments (e.g., [3, 16, 26]). Single event effects occur due to high-energy particles
(>10 MeV protons and heavier ions) penetrating spacecraft shielding and striking electronic
devices. Internal (or bulk) charging occurs when MeV electrons penetrate satellite shield-
ing materials and deposit charge on internal spacecraft components. If the component’s
resistivity is high, the rate of charge build up can overcome the leakage rate property of the
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material. The induced electric field may then exceed the breakdown threshold for the mate-
rial, causing electrostatic discharge (ESD) in the material [3, 15, 17, 57]. Total ionizing dose
(TID) is a result of long-term radiation absorption and can lead to undesirable effects such
as electron-hole pair production, transport, and trapping in the dielectric material. The total
accumulated dose depends on orbit parameters (altitude, inclination, eccentricity), space-
craft orientation, and time. The integrated particle energy spectrum (fluence as a function
of particle energy) is used to compute the TID. As TID increases, material and component
degradation increases, leading to reduced functionality and greater susceptibility to failure.
There is also evidence that dose rate affects the TID; electron-hole pair production, trans-
port, and trapping in dielectrics can be more pronounced at lower dose rates (“enhanced
low dose rate sensitivity,” ELDRS) (see Chen et al. (2010) and references therein [9]).

Increased information about the environment can supplement and refine models of the
environment [14, 53] that are used for spacecraft design. The survivability and lifetime
estimates are developed based on the anticipated environment, influencing part selection
(radiation tolerant or not), redundancy, shielding design (thickness, material, location), and
software development (scrubbing, self-inspection, or not).

1.4 Motivation for Developing a Technique Using Science Imag-
ing Instruments

High-energy particle information about the Jovian magnetosphere is limited, both spatially
and temporally. Table 1.1 shows a list of the spacecraft that have taken high-energy particle
measurements. We limit the list to instruments capable of measuring electrons because it
is the focus of this thesis. Figure 1.1 shows a plot of the orbit paths of the satellites that
have recorded high-energy particle measurements with respect to Jupiter. The Pioneers 10
and 11 and Voyagers 1 and 2 made measurements during flybys in the 1970s and 1980s,
respectively. For the most part, the information about the Jovian environment comes from
the Galileo spacecraft Energetic Particle Detector (EPD) [56] (in Jovian orbit from December
1995 to September 2003). While there were 35 orbits from 5 RJ to over 100 RJ , the latitude is
only approximately ±10◦ from the equator1.

TABLE 1.1: Spacecraft that have made high-energy (>1 MeV) electron measurements at Jupiter.

Spacecraft Instruments Measurements

Pioneer 10 (flyby, Dec. 1973),
Pioneer 11 (flyby, Dec. 1974)

Geiger tube telescope (GTT) electrons >0.06, 0.55, 5, 21, 31 MeV
Trapped radiation detector (TRD) electrons >0.16, 0.26, 0.46, 5, 8, 12, 35 MeV
Electron current detector (ECD) electrons >3.4 MeV

Voyager 1 (flyby, March 1979),
Voyager 2 (flyby, 1979)

Cosmic ray telescope (CRT) electrons 3-110 MeV

Galileo (35 orbits, Dec. 1995 – Sept. 2003) Energetic particle detector (EPD) electrons 0.238, 0.416, 0.706, 1.5, 2.0, and 11.0 MeV

The first comprehensive model of the Jovian environment and the standard for decades
was the Divine and Garrett model in 1983, which is built on empirical data from the Pioneers
and Voyagers spacecraft [14]. The D&G model was updated in 2005 to include synchrotron
measurements from Earth-based observatories [18]. Presently, there are two models that
are used as the standard. The Jovian Specification Environment (JOSE) model [51] by ON-
ERA2 in France, which is based on the Salammbô theoretical code [50] in combination with
data from the Galileo EPD. The Galileo Interim Radiation Electron model version-2 (GIRE2)

1For reference, the average orbital radii for the Galilean moons are: Io: 5.9 RJ , Europa: 9.4 RJ , Ganymede:
15.0 RJ , and Callisto: 26.3 RJ .

2ONERA is the Office National d’Etudes et de Recherches Aérospatiales, which is the French national
aerospace research center.
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FIGURE 1.1: Map of the paths of spacecraft that have made high-energy measurements of the Jovian
Magnetosphere. The Pioneer 10 and 11 flybys are plotted in green. The Voyager 1 and 2 flybys are

in red. The Galileo orbits are in blue. Figure from M. de Soria-Santacruz Pich et al., 2016.

combines the Galileo EPD dataset with the original Divine and Garrett model (good cov-
erage at RJ < 8 from the Pioneer and Voyager spacecraft) and synchrotron observations to
estimate the trapped electron radiation environment [54]. GIRE2 addresses discontinuities
at the boundary between the GIRE and D&G model and extends the model from ∼16 RJ

(GIRE) up to ∼50 RJ [19, 20]. Table 1.2 provides an overview of the models.

TABLE 1.2: Overview of Jovian radiation models.

Model Name References Description and Comments
Divine and Garrett
(D&G)

Divine and Garrett, 1983 First comprehensive model of the radiation and plasma
environment around Jupiter, Empirical, from Geiger
tube telescope (GTT) on Pioneer 10 and 11, and from
the cosmic ray telescope on Voyager 1 and 2.

Divine and Garrett
(D&G), updated

Garrett et al., 2005 Included data from Earth-based observations of the
Jupiter synchrotron emissions

Jovian Specific En-
vironment (JOSE)

ONERA, France, Sicard-
Piet et al., 2011

Based on Salammbô theoretical code in combination
with data from the Energetic Particle Detector (EPD)
on the Galileo spacecraft

Galileo Interim
Radiation Electron
(GIRE) and GIRE2

Garrett et al., 2002; Gar-
rett et al., 2012; de Soria-
Santacruz et al., 2016

Empirical model, uses 10-min averages from the EPD
on Galileo, V2 addresses discontinuities at the bound-
ary between GIRE and the D&G models and extends
from ∼16 RJ to up to ∼50 RJ

Juno, a NASA spacecraft that entered Jupiter orbit in July 2016, measures Jupiter’s com-
position, gravity field, magnetic field, and polar magnetosphere. Nominal science opera-
tions started in December 2016. The science phase (altered from the original plan due to
a issue with propulsion system) will consist of approximately 11 orbits before the nomi-
nal end of mission in February 2018. The Juno spacecraft orbits over the poles (90 ±10◦

inclination) with a highly elliptical orbit, lasting approximately 53.5 days. The elongated
orbit means that apojove reaches a distance of around 8 million kilometers, passing through
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FIGURE 1.2: Graphic showing the energy ranges covered by instruments on spacecraft to Jupiter.
The shaded regions correspond to the energy ranges of concern for specific radiation effects. The
blue shaded region covers the radiation dose and dose rate risks. The red region coves the internal
charging and internal electrostatic discharge (IESD) risks. The green shaded region covers the sur-
face charge risk. The Pioneers and Voyagers spacecraft made high-energy electron measurements
in the zones of concern, but those missions were only flybys, resulting in a limited temporal and
spatial measurement. Galileo Energetic Particle Detector (EPD) made measurements over a period
of 35 orbits, mainly equatorially around Jupiter. Juno orbits over the polar region of Jupiter, but has
limited high-energy detection capabilities with respect to the risk of radiation dose and dose rate ef-
fects and damage. For the Europa Clipper mission, currently in development, there are no dedicated

high-energy particle measurements planned.

Jupiter’s magnetotail. Figure 1.3 shows the tilt of Juno’s orbit relative to Jupiter and the ra-
diation belts as the orbit shifts due to period reduction maneuvers. At perijove, the closest
approach ranges from 4,200 km to 7,900 km.

Measurements of the high-energy electron environment from a polar orbiter would greatly
increase the spatial data coverage. Juno is equipped with detectors with a maximum of 1
MeV for electrons and 3 MeV for protons. While this covers dose calculations and the pri-
mary science objectives, they do not cover higher energies, namely those of concern (radi-
ation dose, single event effects, internal electrostatic discharges) of up to 30 MeV electrons
and 100 MeV protons. See Figure 1.2 for the energy detection ranges for Juno’s Jovian Auro-
ral Distribution Experiment (JADE) and the Jupiter Energetic-particle Detector Instrument
(JEDI) compared to the energy ranges of concern for radiation-related effects.

Juno has an orbit that, if higher energy (>1 MeV) particle measurements were taken,
would significantly improve the spatial and temporal knowledge of the Jovian magneto-
sphere. A technique to extract high-energy electron information from science imagers al-
ready on Juno could yield important radiation environment information that would other-
wise be unreported. Juno has three instruments that are CCDs: Juno Color Camera (Juno-
CAM), the Advanced Stellar Compass (ASC), and the Stellar Reference Unit (SRU). Juno also
has an Ultraviolet Spectrometer (UVS) that has a micro-channel plate. Each of these instru-
ments presents an opportunity to extract environment information if there were a technique
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(A) Juno orbit plan (before JOI). (B) Europa Clipper orbit plan.

FIGURE 1.3: Orbit plans for Juno and Europa Clipper on the left and right, respectively. Original
images are from [31] and [22] and they have been annotated for clarity. Note, the Juno orbit has been

updated since Jupiter Orbit Insertion (JOI).

to do so.
Europa Clipper, currently in Phase B of design, is a NASA spacecraft designed to assess

the habitability of Jupiter’s icy moon, Europa. Europa Clipper will orbit Jupiter rather than
Europa directly to avoid the high-radiation environment close to Jupiter (see Figure 1.3). On
closest approach, Europa Clipper will come within 25 to 100 km of the surface of Europa.
There are about 45 flybys of Europa planned for the 3.5-year mission. Mission lifetime will
be limited by radiation [46].

At the time of writing, there are no instruments on Europa Clipper dedicated to MeV
particle detection. However, there are instruments that are sensitive to MeV radiation: the
Ultraviolet Spectrograph (UVS), Mapping Imager Spectrometer for Europa (MISE), Europa
Imaging System (EIS), and MAss SPectrometer for Planetary EXploration (MASPEX). Since
these instruments are sensitive to MeV radiation, they could be yield information about the
high-energy radiation environment.
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Chapter 2

Literature Review

2.1 Radiation in Solid-State Detectors

A solid-state detector is a photosensitive device that converts incoming photons into elec-
tric charge. The detecting medium is a semiconductor material such as a silicon or ger-
manium crystal. Solid-state detectors include three main types of devices in astronomi-
cal imaging: charge-coupled devices (CCDs), complementary metal–oxide–semiconductors
(CMOS), and infrared focal plane arrays (IRFPAs). Charge generation takes place at the sil-
icon body of the device: when a photon interacts with silicon, it creates free electrons by a
physical process known as the photoelectric effect, by promoting electrons into the conduc-
tion band. The generated electric current is converted to a digital signal when the device is
read out [27].

A charged particle passing through the semiconductor material, such as silicon, creates
electron-hole (e-h) pairs by breaking a covalent bond in the silicon lattice. In a low energy
state, the silicon crystal structure consists of atoms tetrahedrally bonded by sharing valence
electrons (covalent bonding). A charged particle can break bonds creating "free" electrons
and corresponding "free" holes. The electrons and holes are "carriers," or mobile charged
particles. The total charge generated is proportional to the energy lost by the charged parti-
cle, Q ∝ ∆E. A charged particle must have enough energy to jump from the valence band
to the conduction band. The band gap is dependent on the material, doping, and device
configuration. For silicon, the band gap is Eg = 1.12 electron volts (eV). Photon energy
E(eV ) can be converted to a wavelength using the following relationship: hν ≥ Eg, where
h = 6.63 × 10−34 J-s is Planck’s constant, ν = c/λ is the frequency of the photon, and Eg is
the energy gap of the material. If the photon has less energy than the band gap, it does not
promote electrons into the conduction band.

Energetic charged particles, such as electrons, lose kinetic energy (Rutherford scattering
or Coulomb scattering) predominately through inelastic collisions with orbital silicon elec-
trons [27]. The electrons either experience a transition to an excited state or to an unbound
state into the conduction band (i.e., ionization). Conduction band electrons are collected in
the nearest potential well, generating a transient event in an image [13, 36]. Charged par-
ticles leave a electron-hole track producing approximately one electron-hole pair for every
3.65 eV of energy absorbed in silicon [27]. The ionizing trail of charge left behind is not a
permanent feature and can be erased simply by reading the CCD. This charge deposition by
an energetic particle is what this thesis aims to extract from the flight data.

2.2 Science Imagers as Radiation Sensors

In space sciences, a measurement of the radiation hits on the detector is common (e.g., [37,
58]). The typical process is to identify radiation and then remove its contribution from the
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image signal that one is trying to measure. Techniques for identifying and removing radia-
tion include outlier detection, where pixels that are a certain standard deviation above the
surrounding pixels are identified and removed, and boxcar averaging in which pixels with
more than a few standard deviations above the mean of the box (e.g., a 5 by 5 pixel box) are
replaced with the average of the box [52].

Some studies compare the hit rates in flight data to testing from pre-flight. For the Galileo
Solid-State Imaging (SSI) instrument, Klaasen et al., 1997 select 8 images and calculate the
measured radiation counts [electrons/sec] and the CCD charge [electrons] compared to the
predicted rates. At the time of the study, the Galileo Energetic Particle Detector (EPD) team
was able to confirm that the SSI charge rate agreed qualitatively with the EPD (EPD final
data products were unavailable at the time Klaasen’s 1997 paper).

In Carlson and Hand, 2015, radiation hits were extracted from the Galileo Near-Infrared
Mapping Spectrometer (NIMS) data and the hits were compared to particle transport sim-
ulations (Geant4). The full instrument was not modeled; slabs of representative tantalum
were used for shielding in the model. The authors varied the shielding and the compared
the simulation results to the transient event rates. The authors claim that the results are
consistent with those expected at Europa orbit (9.4 RJ ). However, they do not conclude
anything about the energy or magnitude of that flux.

In Grant et al., 2010 and 2012, the Chandra X-ray Observatory advanced CCD imag-
ing spectrometer (ACIS) team developed a technique to use the CCDs as radiation moni-
tors. The Electron, Proton, Helium Instrument (EPHIN) is a particle detector on Chandra
to monitor the local high-energy particle environment. Elevated temperatures on board
have limited EPHIN’s effectiveness as a radiation monitor; the signal is dominated by ther-
mal noise. Given the degradation, the ACIS CCDs are used to measure the environment.
The charge transfer inefficiency (CTI) for two of the CCDs (one backside-illuminated and
one frontside-illuminated) is measured over time [23, 24]. Grant et al. use ACIS CTI mea-
surements from early in the mission and compare them to the EPHIN data. The algorithm
detects CTI threshold crossings. The algorithm showed good agreement with the EPHIN
E1300 channel (electrons with 2.64-6.18 MeV). This technique is the current state of the art
for measuring radiation using active imaging CCDs. At the time of writing, the CCDs are
not used to try to extract a spectra or flux at a given energy, purely for threshold crossings.

Li et al. and Burke et al., 1997 proposed the use of back-illuminated and front-illuminated
CCDs, respectively, for charged-particle spectroscopy. They irradiated a large-area front-
illuminated imager with α particles with energies up to 5.5 MeV and protons up to 13 MeV.
This study was not for the purposes of radiation detection in space, rather for diagnostics of
inertial confinement fusion implosions. They compared the tests to calculations and found
agreement, concluding that CCDs could be used for proton and alpha particle spectroscopy.

In summary, radiation detection is typically limited to spectrometers and radiation hits
are dealt with in CCDs as an annoyance that needs to be removed. In some cases, hit rates
are computed, such as for the SSI and NIMS [37, 7], but they are not used to infer anything
about the space environment. For the Chandra CCDs, radiation information is extracted,
but energies and fluxes are not part of the technique in the algorithm. This thesis aims to
extract the noise in solid-state devices and use the noise as a measurement of the high-energy
radiation environment, including detail of the environment characteristics (energy spectra,
particle species, rise/decay-time, flux).
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Chapter 3

Approach and Methodology

We are developing a technique to extract environment information from a science imager.
The goal is to determine the energy (or energies) that the imager is sensitive to and the
environment flux at that energy. We simulate electron transport to model the passage of
electrons through the instrument to the detector. The number of pixels with hits and the
energy deposited in those hits can then be compared with actual observations and used to
iterate upon and best-fit or constrain the incident particle flux and energy distribution in the
environment. We try to extract a range of energies or an integral energy channel that the
imager is sensitive to. For the flux at a given energy, we calculate geometric factors from the
simulations that can then be applied to the pixels with hits on the imager.

We will develop and demonstrate the technique using the Galileo Solid-State Imaging
(SSI) instrument. Galileo has an energetic particle detector (EPD) which will be used for
comparison, along with Pioneer’s Geiger Tube Telescope (GTT) for higher energies (up to 31
MeV electrons). Figure 3.1 shows an overview of the approach using the Galileo SSI.

To be able to apply the technique more generally to imagers, we will examine another
source of flight data on the Galileo spacecraft, the Near-Infrared Mapping Spectrometer
(NIMS). In general, for the analysis, the following information is required:

• For the imager observations, we require: (1) raw images that have not undergone lossy
compression, (2) gain factors relating the digital number to electrons, (3) information
on dark current and other calibration factors, and (4) detector readout information
(line by line, frame modes).

• For the simulations, we require: (1) a model of the key components and detector (ge-
ometry and materials), and (2) access to particle transport code (e.g., Geant4).

While it may not be possible to replicate the space environment in the laboratory, we will
perform mono-energetic beam tests on a silicon detector to demonstrate that the simulations
are validated by and calibrated to the experiment results for mono-energetic beams.

3.1 Galileo Solid-State Imaging (SSI) Experiment

The Galileo Solid-State Imaging (SSI) experiment is a high-resolution (1500 mm focal length)
system with a spectral range of approximately 375 nm to 1100 nm. The detector is an 800 by
800 pixel virtual-phase, silicon charge-coupled device (CCD). The dimensions of the detector
are 12.19 mm x 12.19 mm with a 65.6 pixel per millimeter pixel density. The full-well capacity
is 108,000 e- (in normal modes) and the noise floor is ±30 e-. The gain states are given in
Table 3.1. Figure 3.2 is a diagram of the Galileo spacecraft and the imaging instruments
(labeled in red), including the SSI. For more details on the camera system, detector response,
and early in-flight performance, see [4], [37], and references therein.
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FIGURE 3.1: Approach to extracting high-energy information from the SSI flight data.

3.1.1 Experiment: Flight Data

Referring to Figure 3.1 and starting with the SSI data, we collect the raw images and their
associated calibration files (dark current, radiometric calibration, blemish, and shutter offset
files) from the Planetary Data System1 (PDS). Due to an anomaly with the Galileo high-gain
antenna [Johnson, 1994], a majority of the images were compressed with loss of information.
We select the images that have not undergone lossy compression or spike reduction on-
board, leaving only 767 out of a total of 4002 (19%) of images for evaluation in this study.

We process the flight data, subtracting the dark current from the imager data and ap-
plying the calibrated instrument gain from the image header file. The digital number (DN)
ranges from 0 to 255 and the instrument gain converts the DN to electrons. There are four
gain states and their factors can be found in Table 3.1. For silicon, the ionization energy
needed to create an electron-hole pair is 3.6 eV [49] (i.e., the delta-Energy for an electron to
move from the valence band to the conduction band). The processed image is an matrix
of energy deposited in each pixel, which can then be binned to form a histogram of energy
deposited by the number of pixels.

TABLE 3.1: Gain state for converting digital number to electrons. The gain state ratio factors are
found in the calibration files. Uncertainties from the original calibration can be found in the JPL

calibration report [35]. Temperatures are in Kelvin (K).

Commanded Gain Gain State Ratio Factors Conversion Notes
0 = Gain 1 1.00 1822 e-/DN Summation mode only, ∼400 K full scale
1 = Gain 2 4.824 377.4 e-/DN Low gain, ∼100 K full scale
2 = Gain 3 9.771 186.5 e-/DN ∼40 K full scale
3 = Gain 4 47.135 38.66 e-/DN High gain, ∼10 K full 255 DN scale

Figure 3.4 shows SSI data from an observation of one of Jupiter’s moons, Europa. Fig-
ure 3.5a shows the DN as the distance from the center of the moon increases (in pixels). We
identify the moon so it can be extracted since radiation hits are not distinguishable from

1https://pds-imaging.jpl.nasa.gov/

https://pds-imaging.jpl.nasa.gov/
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FIGURE 3.2: Diagram of the Galileo spacecraft with the main components and instruments labeled.
The SSI is part of the scan platform, to the bottom right of the drawing, labeled in red. The EPD is to
the top right of the drawing, labeled in blue. Image source: NASA, 1989, https://solarsystem.

nasa.gov/galleries/galileo-diagram-labeled.

the source signal. While some of the high (greater than DN=120) pixels in the moon part of
the observation are likely radiation, they are excluded at the present. For the data plotted
in Figure 3.5a, from visual inspection, we remove the data that are less than 95 pixels from
the center of the moon. A histogram of the number of pixels with a given DN is plotted in
Figure 3.6. The energy deposited in keV is also provided.

https://solarsystem.nasa.gov/galleries/galileo-diagram-labeled
https://solarsystem.nasa.gov/galleries/galileo-diagram-labeled
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FIGURE 3.3: Digital number (DN) to energy deposited conversion for the SSI gain states.

(A)
(B)

FIGURE 3.5: Removing the target (moon, Europa) from the image. (a) Digital number (DN) as a
function of distance from the center of the moon. The vertical line is drawn at 95 pixels from the
center of the moon, dividing the moon from the dark sky. (b) Image with the moon subtracted,

leaving on the dark sky with radiation hits.

3.1.2 Simulations

We simulate electron transport in the SSI to determine the energies of the source particles
that can reach the detector (in the form of pixels with hits) and the amount of energy that
is deposited in the pixels. I use a Monte Carlo particle transport code called Geant42 [1].
Geant4 uses Monte Carlo methods: it does not solve explicit transport equations but obtains
results by simulating individual particles and recording their average behavior (results are
statistical). Particles are tracked from the source environment to the target (the detector, in
this case). Geant4 is capable of modeling all particles relevant to the space environment
(electrons, photons, protons, neutrons and heavy ions).

2http://geant4.web.cern.ch/geant4/

http://geant4.web.cern.ch/geant4/
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FIGURE 3.4: SSI image of Europa from 2002-01-18 15:16:32.0 in orbit 33. The image was taken as a
subset of the 800 x 800 array. The exposure duration is 195.83 ms and the readout is 8.667 s. The gain
mode is 100K, or 377.4 e-/DN. The image was taken at 17.7 RJ (L-shell of 17.0). The intensity scale

is in digital number (DN).

We model the Galileo SSI instrument in three dimensions, a cut-away visualization of
which is shown in Figure 3.7 with labels of the key components [45]. Both the materials and
physical placements are accounted for in the geometry. I perform mono-energetic electron
runs in Geant4 for energies of 1, 3, 5, 10, 30, 50, 100, and 200 MeV with one billion electrons.
The source environment is an isotropic sphere with a radius of 150 cm radiating inward
towards the detector, which is located at the center of the sphere. For a simulation of 1×109

electrons at each energy, I calculate the number of pixels with energy deposited in them.
Table 3.2 gives the results for those simulations. For each energy, the number of unique
primary and secondary particles and the number of pixels in the 800 by 800 pixel array are
recorded. Secondary particles are any order (2nd order, 3rd order, etc.) particles that are not
primary particles. Other particles from nuclear reactions such as positrons and gammas can
also deposit energy, however their contribution is negligible compared to the electrons; for
example, for a one billion 50 MeV electron simulation, 26,252 electrons, 4,236 positrons, and
37 gammas deposit energy. These particles are all accounted for in the Geant4 simulation
physics.
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FIGURE 3.6: Histogram of the energy deposited in the moon-removed image. The lower x-axis is
the digital number and the upper x-axis labels the corresponding energy deposited in keV.

FIGURE 3.7: Cut-away visualization of the geometry built in Geant4 of the SSI. The key components
are labeled. The colors correspond to the material of the element (yellow - silicon, dark blue - alu-
minum, cyan - titanium, green - invar, pink - silica, red orange - tantalum, brown - printed wiring

board).

For each of the mono-energetic simulations, we build a histogram of the energy de-
posited in the detector. Figure 3.8 plots the histograms of energy deposited. We try to
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FIGURE 3.8: Histograms of the energy deposited from the Geant4 simulations of 5, 10, 30, 50, 100,
and 200 MeV electrons. We set the histogram bin widths to 1 keV.

identify distinctive shapes of the mono-energetic histograms by fitting splines and Gaus-
sians to the histograms. Then, the fitted curves would be used as a basis function and fit to
the SSI energy histograms. In other words, for each energy, the multiplicative factor for the
curve to match the SSI would translate to the flux for the given energy. The next steps in-
clude performing more simulations (repeat each mono-energetic run 5 to 10 times) to be able
to place a confidence interval on the energy range for detection and the number of particles
of a given energy that reach the detector.

Preliminary Results - Energy

Referring to Table 3.2, the mono-energetic simulations of 1, 3, and 5 MeV deposit little or
no energy on the detector; fewer than 0.009% of pixels are hit. The detection energy for the
detector is in the >10 to >50 MeV range. The minimum equivalent shielding of Aluminum
for the detector is about 30 mm (or ∼1000 mils), which was calculated by hand in two di-
mensions3. This corresponds to a dose depth penetration of electrons ∼10 MeV [12], which
is consistent with the simulation findings. Future work for this case study includes refining
the cut-off energy and placing a confidence interval on the number.

Looking at Figure 3.8, the shapes of the energy deposition curves for 30 to 200 MeV are
similar. In order to better understand why these curves look similar, I plot the energy de-
posited on the detector as a function of the kinetic energy of the particles at the detector
(see Figure 3.9) and find the results are consistent with the stopping power of electrons in
silicon. From about 1 to 80 keV, there is roughly a one-to-one ratio between the energy at
the detector and the energy deposited. This is because the majority of the lower energy
particles are depositing all of their energy on the detector. For ≥100 keV, the incident en-
ergy does not affect the energy deposited on the detector. From about 10−1 to 102 MeV, the
stopping power is roughly flat, indicating roughly the same stopping power (MeV cm2/g).

3This number will be defined more precisely and accurately when we use FASTRAD to find the minimum
path to the detector in three dimensions.
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TABLE 3.2: Results of Geant4 simulations for particles that reach the SSI detector and deposit energy.
The Geant4 simulations are of 1e9 electrons with energies 1, 3, 5, 10, 30, 50, 100, and 200 MeV.
Columns B and C are the numbers of unique primary and secondary particles that deposit energy
on the detector, respectively, and their sum is in Column D. Column E is the total number of pixels
with energy deposition ("hits") and Column G is the ratio of particle hits to pixel hits (Column D

divided by Column E). Column F is the percentage of the 800 by 800 pixel array that has hits.

A B C D E F G

Energy
[MeV]

# Unique
Hits from
Primaries

# Unique
Hits from

Secondaries

Total
Unique
Particle

Hits (B + C)

# of
Pixels

with Hits

Percent of
800 x 800
detector

Particle to
Pixel Hits

(G / E)

1 0 0 0 0 0.00 0
3 0 6 6 11 0.002 0.55
5 1 19 20 57 0.01 0.35
10 37 91 128 241 0.04 0.53
30 329 1063 1392 2529 0.40 0.55
50 626 2544 3170 5910 0.92 0.54

100 1197 8063 9260 17742 2.77 0.52
200 1975 20573 22548 44281 6.92 0.51

The continuous-slowing-down approximation (CSDA) range for 90 keV electrons is∼0.4734
g/cm2 [55]. Dividing by the density of silicon (2.33 g/cm3), that gives an approximate thick-
ness of silicon of 20 µm, which is very close to the 15 µm thickness of the detector sensitive
layer in the model, showing that the model physics are self-consistent.

FIGURE 3.9: Energy deposited in the detector (left y-axis) as a function of the energy of the particle
at the detector for 100 MeV electrons. The primary particles are red circles and the secondaries are

blue circles. The collision stopping power is plotted in green on the right y-axis.
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Preliminary Results - Flux Measurement

The only information from the SSI flight data is the number of pixels with hits with certain
digital numbers. We use the mono-energetic Geant4 simulations (since the flux was our
input to Geant4) to determine the geometric factors. To convert the number of pixels with
energy deposited to the flux in the environment, there are several steps, in terms of “geo-
metric factors," which are a combination of efficiencies and the physical view factor of the
detector. The number of particles that reach the detector and deposit energy depends on: the
energy of the source particles,the number of source particles, the surface area of the source
sphere (in 4π space), the shielding materials (response to energetic particles, i.e., generation
of secondaries) and geometry (thickness), the surface area of the detector, and other detector
properties.

Referring to the mono-energetic simulation results in Table 3.2, from the total number of
pixels with energy deposited (column E) number, we seek the number of particles of a given
energy in the environment. Combining the number of unique primaries and secondaries
that reach the detector and deposit energy (column D), we can find the approximate number
of particles given a certain number of pixels with hits. The pixel count rate is R0 and the
particle count rate is R1, scaled by the ratio of particles to pixels G1, found in column G,
using the following equation:

R1 = R0G1 (3.1)

From the table, ignoring 1, 3, and 5 MeV, there is a common factor of G1 = 0.53 ± 0.014
(95% confidence) relating the number of pixels to the number of particles. This factor will be
different for a given instrument, and must be calculated through analysis of charged particle
transport simulations, as shown here.

For the Geant4 simulations, we know the input fluence (time for particle interactions is
assumed to be negligible): N = 1× 109 source electrons, coming from a 4π sphere of radius
r = 150 cm2, so we can write the particle fluence f0 from the simulation as:

f0 =
N

4π × (4πr2)
=

1× 109

4π × (4π(150cm)2)
[#/cm2/s/sr] (3.2)

To represent the real environment, f0 needs to multiplied by four: a factor of two because the
simulation is a sphere with particles going in (real environment is in and out), and another
factor of two because the simulation is a cosine (real environment is isotropic). Since we
know the fluence f0 of the mono-energetic simulations and the converted count rate R1 for
each energy, we can calculate the second scale factor G2, which will also be a function of
energy E. G2 has units of steradian:

R1 = f0G2(E)

G2(E) =
R1

f0
(3.3)

For each pixel count rate in the mono-energetic Geant4 simulations (see Table 3.2, we calcu-
late the scale factors, G2(E), which are listed in Table 3.3.

3.1.3 Example: SSI Observation 5101r, Orbit 22

As an example, we select an image taken in orbit 22 (1999-08-12T19:13:10.828z) at 9.4 RJ of
Amalthea. After Amalthea is identified, removed, and the dark current is subtracted, we
find 295 out of 4161 pixels with hits (7.09%). The integration time is 62.5 ms and the readout
time is 8.667 s (the shutter contributes very little to blocking the high-energy electrons, so
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TABLE 3.3: Geometric scale factor G2 that relates the particle count rate at the detector to the envi-
ronmental flux for a given energy.

Energy
[MeV]

# Geometric scale
factor, G2 [sr]

5 0.0036
10 0.019
30 0.827
50 1.93

100 5.80
200 14.5

we include the readout time4). The pixel hit rate per unit area R0 over the image is:

R0 =
295px

4161px
× 1px

15µm2 = 31510 [px/cm2]

=
31510[px/cm2]

62.5× 10−3s + 8.667s
[px/cm2/s]

= 3610 [#/cm2/s]

Converting to the particle rate per unit area, using G1 = 0.53 and Equation 3.1,

R1 = 3610(0.53) [#/cm2/s]

= 1913 [#/cm2/s]

This particle count rate per unit area, R1, is from particles in the environment from all en-
ergies (above a certain threshold, around 10 MeV and greater). Using G2 in Table 3.3 and
Equation 3.3, we calculate the flux assuming all particles are from 10 MeV source particles:
f = 2.43× 104[ 1

cm2 s sr
]. This places an upper limit on the flux since some of the particles will

be from higher and lower energies and will not contribute to the 10 MeV flux. There is not a
corresponding EPD measurement at the time of the observation, so we identify the average
integral flux for the same distance (RJ = 9.4) and the same spacecraft latitude (0.633◦). The
EPD DC3 flux (>11 MeV flux) is 2.6 × 105 [ 1

cm2 s sr
]. This is consistent with the calculated

approximate differential flux within an order of magnitude with the flux derived from the
SSI observation.

The next steps include processing the remainder of the SSI images and extracting the
radiation noise. For each image (at a given distance from Jupiter), we will calculate the
differential environmental flux using the technique described in this paper. We will compare
the flux values to the Galileo EPD and models of the Jovian environment. We will also
perform more mono-energetic electron simulations to place error bars on the geometric scale
factors for the flux and to better determine the low energy cut-off of the detector.

3.2 Galileo Near Infrared Imaging Spectrometer (NIMS)

To demonstrate the technique with another instrument, we will analyze the Galileo Near
Infrared Mapping Spectrometer (NIMS). NIMS is a combination of an imager and spec-
trometer and is sensitive to 0.7 to 5.2 µm, overlapping with the SSI [8]. The detector consists
of 17 individual imaging elements (15 indium antimonide and 2 silicon pixels). Each of the
photodiode detectors has an active area of 0.2 mm by 0.2 mm. "Spike" files have already

4The shutter includes two aluminum cylinders of Aluminum with thicknesses of 5 mm and 2 mm.
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been generated for the NIMS on-orbit data (see [7]), which could reduce the processing re-
quired, although a more detailed look at the algorithm is required. The spike files have hit
information for each pixel and the relative energy deposition (DN) [7]. The instrument will
need to be modeled in Geant4 and simulations performed to determine the sensitive energy
range and to calculate the necessary scaling factors for constraining the flux.

The hit rate varies for each of the detector5, and seems to increase as a function of pixel
number. This could be due to the asymmetrical shielding the instrument would receive from
the configuration of the pixels (see Figure 3.10). The differential shielding is encouraging as
it may be possible to extract multiple energy channels.

FIGURE 3.10: Photograph (left) and labeled diagram (right) of the NIMS instrument from Carlson
et al., 2012. The telescope is on the right, the radiative cooler is facing left and the spectrometer is

behind.

3.3 Validation

3.3.1 Galileo Energetic Particle Detector

To validate the technique developed, we compare the results to the Galileo Energetic Par-
ticle Detector (EPD). The EPD provide 4π angular coverage spectral measurement for Z≥1
ions, for electrons, and for the elemental species helium through iron. The EPD consists
of two telescopes called the Low Energy Magnetospheric Measurement System (LEMMS)
and the Composition Measurement System (CMS). The LEMMS is the most applicable for
our studies. The LEMMS detector head is a double-ended telescope containing eight heav-
ily shielded detectors providing measurements of electrons from 15 keV to >11 MeV, and
ions from 22 keV to ∼55 MeV, in 32 rate channels. Of the LEMMS channels, the most im-
portant one for our study of the SSI is the DC3 electron channel, which is an integral flux
measurement >11 MeV. More information on the EPD can be found in [56].

5Personal communications with Michael Mercury at JPL in April 2017.
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FIGURE 3.11: Galileo EPD >11 MeV integral flux channel (DC3) as a function of distance from Jupiter
in RJ.

Ideally, the technique developed in this thesis will be capable of making comparable
measurements to the EPD. There is a spread in the EPD data, which comes from variations
in the environment and statistical uncertainties in the measurement. Jun et al. find a log-
normal fit to the EPD data DC3 integral flux, shown in Figure 3.11 as a solid black line, as
a function of the distance from Jupiter (in RJ). The dashed lines represent the 1-, 2-, and
3-sigma on the log-normal fit [32]. We will add SSI images to the analysis and error bars
with the goal of having agreement within the spread of the EPD measurements.
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FIGURE 3.12: Galileo EPD >11 MeV integral flux channel as a function of distance from Jupiter in
RJ. The results from five SSI images analyzed to date are plotted on top of the EPD measurements.

The error bars for each SSI image are within the size of the data point.

3.3.2 In-Lab Testing

While an accurate simulation of the space radiation environment is not possible in the labo-
ratory (high-energy beams used in lab testing are mono-energetic sources, not energy distri-
butions), we will examine the response of a semiconductor device under different amounts
of shielding to at least three mono-energetic electron beams. While not required for val-
idation of the technique, these tests will strengthen the confidence in the mono-energetic
Geant4 simulations and will serve as a learning opportunity for A. Carlton.

The NASA Jet Propulsion Laboratory (JPL, Pasadena, CA) Natural Space Environments
group (5132) is planning to test a silicon semicondutor device (final device TBD) for elec-
trons with energies up to 2 MeV in the JPL Dynamitron. Due to the financial and logistical
constraints, A. Carlton plans to support and contribute to that testing run6. We will test the
detector with no shielding to start with, and then we will add TBD shielding to assist with
the validation of the mono-energetic simulations. The basic elements of the test set up are
the silicon detector, a pre-amplifier (adjusting the feedback resistor and capacitor to match
the detector) and a digitizer for the output signals of the preamplifier. Test planning, mod-
eling of the test configuration, electron beam tests, and analysis of results will take place
during the summer of 2017.

6A. Carlton will not need to financially contribute to the cost of the hardware or the beam time, only her
physical travel to NASA JPL, which will be supported by her NASA Space Technology Research Fellowship
(NSTRF). A. Carlton will contribute to the test plan, design, modeling in Geant4, and will be physically assisting
the day of the testing.
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3.4 Descope Options

If it is not possible to extract an integral energy channel from either the SSI or NIMS instru-
ments (e.g., the information extracted does not agree with the EPD), we will augment the
null result with additional analyses of non-traditional sources of radiation information. We
will analyze housekeeping telemetry from Galileo. We will extract atypical events (change
points, transients) and compare the events to the EPD and known spacecraft upsets [16]. An-
other source of environment data could come from Galileo’s Ultra-Stable Oscillators (USOs).
USO frequency shifts correspond to radiation dose.
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Chapter 4

Expected Contributions

• Invent a technique and design a generalized procedure to extract high-energy (>1
MeV) electron environment information from solid-state detectors.

– Demonstrate how to find at least one integral energy channel from the Galileo
Solid-State Imaging instrument.

– Demonstrate how to find at least one integral energy channel from the Galileo
Near-Infrared Mapping Spectrometer (NIMS).

– Demonstrate agreement with the Galileo Energetic Particle Detector (EPD).

– Analyze results compared to current Jovian radiation models (GIRE-2).

• Test solid-state detector in electron beams to validate Geant4 modeling physics.

• Compose recommendations and requirements for testing, calibration, and operational
procedures for an instrument on the Europa Clipper mission in order to use the tech-
nique developed in this thesis.
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Chapter 5

Status and Proposed Schedule

5.1 Classes and Degree Milestones

Tables 5.1 and 5.2 show my coursework and degree milestones to date, respectively, and the
plan for completing the remaining coursework and milestones.

TABLE 5.1: This table shows my coursework to date as well as the expected course this fall. I am on
track to meet all academic doctoral requirements.

Timeline Work Req. Progress
Fall 2013 16.413 Intro. to Autonomy & Decision Making major completed
Fall 2014 16.851 Satellite Engineering major completed
Fall 2014 16.910 Intro. to Numerical Simulation minor completed
Spring 2015 16.363 Communications Systems major completed
Spring 2015 16.89 Space Systems Engineering major completed
Spring 2015 22.16 Nuclear Technology and Society major completed
Fall 2016 16.899 Systems Engineering of FLARE Project major completed
Fall 2016 16.343 Sensors and Instrumentation minor ongoing
Fall 2017 8.701 Nuclear and Particle Physics minor planned

TABLE 5.2: This table shows my degree milestones to date and anticipated milestones. Dates in
italics are tentative. I am on track to meet all degree requirements.

September 2014 Began studies at MIT
January 2016 Research and Field Qualifying Exams

May 2016 Masters thesis and degree
September 2016 Formation of doctoral committee
December 2016 Committee Meeting #1

March 2017 Committee Meeting #2
May 2017 Thesis Proposal Defense
Fall 2017 Committee Meeting #3

Spring 2018 Committee Meeting #4
Summer 2018 Committee Meeting #5

Fall 2018 Thesis Defense
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5.2 Research Schedule

April-May 2017

• Complete the model of the SSI in Geant4, perform mono-energetic simulations.

• Determine the energy range of source particle energies that the detector is sensitive to.

• Determine scaling factors for extracting the flux (at a given energy) given the number
of pixels with radiation hits.

• Testing: support test plan and part procurement.

• Present at the Applied Space Environments Conference in Huntsville, AL (15-19 May
2017).

• Complete additional mono-energetic simulations of the SSI in Geant4 to define confi-
dence interval on energy and flux measurements.

Summer 2017

• Submit paper on masters research.

• Testing:

– June: Model instrument and test configuration in Geant4.

– July: Perform tests in lab.

– August: Post-process results.

Fall 2017

• Complete extraction of radiation information from SSI flight data. Comparison to
Geant4 simulations for determination of flux environment at a given energy. Com-
parison of results to EPD data and GIRE-2.

• Begin analysis of NIMS data. Determine how to extract the energy and hit rate infor-
mation from the images.

• Present progress at the American Geophysical Union in New Orleans, LA (December
2017).

Spring 2018

• Modeling of NIMS in Geant4. Perform mono-energetic simulations.

• Write up SSI results for publication.

• Conference presentation (TBD).

Summer 2018

• Comparison of NIMS results to EPD, GIRE-2, and to the results from SSI.

• Write thesis.
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Fall 2018

• Write thesis.

• Conference presentation or paper (TBD).

• Defend thesis and graduate.
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