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Abstract

The REgolith X-ray Imaging Spectrometer (REXIS), a Charge-Coupled Device (CCD)-based coded
aperture soft X-ray (0.3-7.5 keV) telescope for remote geochemical X-ray Fluorescence (XRF)
spectrometry, will be flying on board the Origins Spectral Interpretations Resource Identification
Security Regolith Explorer (OSIRIS-REx) asteroid sample return mission that will be visiting the
asteroid 1999 RQ36 and sending a sample back to Earth. REXIS will detect elemental XRF lines
and produce a histogram of results as the spacecraft otbits the asteroid as well as produce a global
map of elemental abundance ratios. The accuracy requirement for measuring the global ratios of
elements and the spectral resolution requirement for disctiminating unique XRF lines from each
other have been set in place.

The cotrect interpretation of X-ray measurements from the surface of 1999 RQ36 is limited by
propetties that ate intrinsic to the CCD detector, CCID-41, that has been chosen for REXIS. This
thesis study outlines student experimentation and results that were conducted on the CCID-41
detector to gauge the intrinsic detector noise as a function of detector temperature. Further, the
widening of spectral lines on the resultant histogram was also equated as 2 function of detector
temperature.

Members of the REXIS Team built a spectral resolution model to investigate both the widening of
spectral lines as a function of detector temperature and the accuracy of the measurement of
elemental abundance line ratios as a function of detector temperature. Data from the student
laboratory experimentation suggested that the detector temperature remain at or below -75°C to
minimize intrinsic noise properties. Data from the computational analyses of the spectral resolution
model suggest consistent results that the detector temperature remains at or below -55°C to remain
within the established REXIS requirements.

The combination of these three results leads to the authof’s recommendation that a detector
temperature requirement be set that the temperature of the CCD detector onboard REXIS shall not
exceed -55°C and that a detector temperature goal be set that the temperature of the CCD detector
shall not exceed -75°C.
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WITHIN ITS FWHM. AT -60°C ALUMINUM BECOMES ALMOST COMPLETELY BURIED WITHIN THE CONTAMINATION
FROM NEIGHBORING LINES MG AND SI. BY -55°C ALUMINUM IS ENTIRELY BURIED AND ALL LINES’ FWHM HAS
BROADENED BY APPROXIMATELY 40%. AT -50°C ALL FOUR ELEMENTAL PEAKS HAVE BROADENED
SUBSTANTIALLY BY APPROXIMATELY 64%. THESE RESULTS DO NOT INCLUDE CONTRIBUTIONS FROM
BACKGROUND RADIATION (THE DEGRADING ORANGE LINE) AND IS A SUBJECT OF ONGOING WORK (HONG, 2012;
INAMDAR, 2013). coucerceeimereecrernseier s sesesseistes e sesesres s s sss s st sss s ans b es b bbb R R s AR R s bbb bbb s R e R s bt 57

FIGURE 17: GRAPHICAL REPRESENTATION OF THE LINE MEASUREMENT ACCURACY OF ELEMENTAL ABUNDANCE
RATIOS AS A FUNCTION OF CCD DETECTOR TEMPERATURE. ELEMENTAL ABUNDANCE RATIOS (MG/SI, S/S],
FE/SI) ARE PLOTTED FOR THEIR ACCURACY OF THE LINE RATIO MEASUREMENT AS A FUNCTION OF DETECTOR
TEMPERATURE IN °C. THE PINK HORIZONTAL LINE REPRESENTS THE 10% ACCURACY REQUIREMENT SET FORTH
BY REXIS REQUIREMENT REX-2.1.1. THE INTERSECTION OF THE 10% ACCURACY REQUIREMENT WITH THE
MG /SI RATIO IS THE POINT AT WHICH THAT DETECTION LIMIT OF THAT RATIO WOULD SURPASS THE
REQUIREMENT AND NO LONGER BE DISCERNIBLE. THIS CORRESPONDS TO THE RED VERTICAL LINE AT JUST
ABOVE -54°C. THUS, A DETECTOR TEMPERATURE REQUIREMENT OF -55°C WOULD SUFFICE TO FULFILL REXIS
REQUIREMENT REX-2.1.1 (IMAGE CREDIT: INAMDAR, 2013)....coiiiiiiinteesesenc s ssssssssnnes 58
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Chapter 1: Introduction

1.1.  Project Scope

This thesis was written in partial fulfillment of the Bachelor of Science degree in the Department of
Earth, Atmospheric & Planetary Science (EAPS) at the Massachusetts Institute of Technology
(MIT). The content of the thesis falls under the topic of geochemical remote X-Ray Fluorescence
(XRF) spectrometry in the context of REgolith X-ray Imaging Spectrometer (REXIS), a Charge-
Coupled Device (CCD)-based coded aperture soft X-ray (0.3-7.5 keV) telescope for remote
geochemical XRF spectrometry.

REXIS has been selected as an education and public outreach element of the OSIRIS-REx mission
investigation after a competitive selection process. As a student collaboration experiment, REXIS
will be incorporated into the OSIRIS-REx spacecraft on a non-impact basis and will remain clearly
separable from the rest of the OSIRIS-REx investigation. Data analysis will be handled as a student
project. The REXIS project is a collaboration between students and faculty at MIT and Harvard
University. At MIT, faculty leadership is provided by Professor David Miller, Professor Richard
Binzel, and Professor Sara Seager. At Harvard, the faculty leadership is provided by Professor Josh
Grindlay. For other REXIS-related work that I conducted prior to this document, supplemental
information is available in Appendix A of this thesis.

REXIS will fly onboard the Origins Spectral Interpretations Resource Identification Security
Regolith Explorer (OSIRIS-REx) asteroid sample return mission that will be visiting the asteroid
1999 RQ36 and sending a sample back to Earth. The spacecraft will conduct mapping, which will
allow comparison with Earth-based observation, and the mapping of surface organics, volatiles and
potential resources. Finally, the mission will map surface features to show the correlation of soil
pools with local gravity and asteroid rotation.

OSIRIS-REx will accomplish these through a variety of instruments on board, among them, REXIS.
All aspects of the mission, including REXIS, lead to identifying the best sampling site on the
asteroid. REXIS will map the surface elemental abundance ratios of 1999 RQ36 globally and
spatially, contextualizing the physical sample return, using CCD-based, fluoresced X-ray detection.

In the general case, XRF is a well-established technique in the laboratory for performing both
qualitative and quantitative elemental analysis of samples. CCD-based, fluoresced X-ray detection of
a continuous source, with a variety of geochemical elements present, will produce a spectrum or
histogtam. The spectrum will span a range of characteristic elemental energies with specific
intensities. To discriminate fluorescent X-rays of major elements, a specific energy resolution, here
known as spectral resolution, is required. Spectral resolution is also dependent on an effective
detection area to accumulate statistically significant counts of X-ray photons in a given integration
time for quantitative elemental analysis. Spectral resolution degrades with detector temperature and
detector degradation due to radiation damage. Quantifying the limits for accurate spectral resolution
is vital to XRF science.
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This thesis outlines laboratory experimentation that was conducted on the REXIS CCDs and
analyzes derivative work that was completed from the results of that experimentation to define
inputs into a spectral resolution model. The results of that spectral resolution model then dictate the
photon count detection accuracy and the temperature required of the CCD to meet the REXIS
requitements. It is mandatory to meet these requirements in the CCD detector for efficient spectral
resolution and useful spatial resolution of the asteroid surface to complete the mission science goals.

1.2. Audience

I have written this thesis with the express purpose of accessing several different audiences, each of
who may find interest in specific sections of the thesis, but not others. It is the intention that some
of the results of this report be used to improve the scientific community’s understanding of the
limits of remote geochemical CCD-based XRF sensing as detector conditions degrade.

The groups that I anticipate being immediately interested in this thesis include the REXIS project
partners, to include the MIT Space Systems Laboratory (SSL), the MIT EAPS Department, the MIT
Kavli Institute for Astrophysics, the Harvard College Observatory, the Harvard Department of
Astronomy, the NASA Goddard Space Flight Center (GSFC). It is my hope that this thesis
contributes to the scientific and engineering development of the REXIS Instrument and future
Instruments of this nature. Also, cutrent and future MIT students from the MIT EAPS and Physics
Departments who may express interest in learning more about XRF and the limits of the CCD-
based detection technique for their own projects; this thesis can serve as an introduction for them.

1.3. REXIS Mission Objectives

The REXIS Instrument will fly onboard the OSIRIS-REx spacecraft as one of five Instruments.
REXIS will provide an X-ray global map of 1999 RQ36, complementing core OSIRIS-REx mission

science.

1.3.1. OSIRIS-REx Mission

NASA will launch the OSIRIS-REx spacecraft in 2016 to the primitive, near-Earth asteroid 1999
RQ36 (101955). The spacecraft will use a robotic arm to pluck samples from the asteroid and send
them back to the Earth; this will be the first U.S. mission to carry samples from an asteroid back to
Earth. OSIRIS-REx will approach the asteroid in 2019. The next six months of the mission will be
spent conducting surface mapping with a variety of different instruments. The science team shall
then choose the sample site and the spacecraft will move closer to take the sample. The sample will
then be sent back to Earth for analysis.
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1311 OSIRIS-REx Project Motivation

Telescopic observations have helped define the orbit of asteroid 1999 RQ36 that brings it close to
the Earth every six years. It is critical to know the orbit of 1999 RQ36 because recent calculations
produced a 1 in 1800 chance of impact with Earth in the year 2182 (The University of Arizona,
NASA Goddard Space Flight Center, 2013). Part of the OSIRIS-REx mission is to refine
understanding of effects on this orbit and its intersection with Earth’s.

The primary mission objective is to return the first pristine sample of carbon-rich material from the
surface of a primitive asteroid. The target asteroid, near-Earth object 1999 RQ36, is an accessible,
volatile- and organic-rich remnant from the early solar system (The University of Arizona, NASA
Goddard Space Flight Center, 2013).

Carbonaceous asteroids, such as 1999 RQ36, are the direct remnants of the building blocks of
terrestrial planets (Jagoutz, 2011). Their chemical and physical nature, distribution, formation, and
evolution are fundamental to understanding planet formation and the origin of life. In contrast to
stony and iron asteroids that formed within 2-3 AU of the Sun, the carbonaceous asteroids contain a
large fraction of organics and ate volatile rich. Although 1999 RQ36 is currently located at a close
distance to the Sun, it otiginally formed beyond 2-3 AU and has recently, within the past few million
years, been moved into its cutrent orbit by the gravity of the major planets (The University of
Arizona, NASA Goddard Space Flight Center, 2013; A. Milani, 2009).

1.3.1.2, Mission Science Objectives

Telescopic observations have revealed some basic properties of 1999 RQ36. They indicate that 1999
RQ36 is very datk and has been classified in a rare subgroup of the dark, carbonaceous asteroids
that are considered “primitive” having undergone little processing from their time of formation (The
University of Arizona, NASA Goddard Space Flight Center, 2013).

Through sample, mapping and measuring the asteroid, the science objectives define the questions
the mission wants to ask about the asteroid and the information the mission hopes to learn.

From the Mission’s Science Objectives webpage (The University of Arizona, NASA Goddard Space
Flight Center, 2013), these Objectives are:

e Return and analyze a sample of pristine carbonaceous asteroid regolith in an amount
sufficient to study the nature, history, and distribution of its constituent minerals and organic
material.

e Map the global properties, chemistry, and mineralogy of a primitive carbonaceous asteroid to
characterize its geologic and dynamic history and provide context for the returned samples.

e Document the texture, morphology, geochemistry, and spectral properties of the regolith at
the sampling site in situ at scales down to millimeters.

e Measure the Yarkovsky effect, a thermal force on the object, on a potentially hazardous
object and constrain the asteroid properties that contribute to this effect.

e Characterize the integrated global properties of a primitive carbonaceous asteroid to allow
for direct comparison with ground-based telescopic data of the entire asteroid population.
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1.3.2. The REXIS Instrument

Sample return is the principal objective of the OSIRIS-REx mission. Maximizing the science yield
from the sample analysis requires the best possible asteroid context for the returned sample. The
REXIS science objective is to complement onboard mineral mapping by adding spatially resolved
elemental abundance ratio mapping achieved through X-ray spectrometry.

1.3.2.1. REXIS Instrument Overview

REXIS is a coded aperture soft X-ray (0.3-7.5 keV) telescope that images X-ray fluorescence line
emission produced by the interaction of solar X-rays and the solar wind with the regolith of 1999
RQ36. Images are formed with 21-minute arcminute resolution (4.3 m spatial resolution at a
distance of 700 m). Imaging is achieved by correlating the detected X-ray image with a 64 x 64
element random mask (1.536 mm pixels). REXIS will store each X-ray event in order to maximize
the data storage usage and to minimize the risk. The pixels will be addressed in 64 x 64 bins and the
0.3-7.5 keV range will be covered by 5 broad bands and 11 narrow line bands. A 24-sec resolution
time tag will be intetleaved with the event data to account for 1999 RQ36 rotation. Images will be
reconstructed on the ground after downlink of the event list. Images are formed simultaneously in
16 energy bands centered on the dominant lines of abundant surface elements from O-K (0.5 keV)
to Fe-KB (7 keV) as well the representative continuum. During orbital phase 5B, a 21-day orbit 700
m from the surface of 1999 RQ36, a total of at least 133 events/asteroid pixel/energy band are
expected under 2 keV; enough to obtain significant constraints on element abundances at scales
larger than 10 m (The University of Arizona, NASA Goddard Space Flight Center, 2013).

1.3.2.2. REXIS Requirements

As it is the REXIS design goal to complement OSIRIS-REx Science Obijectives, the REXIS
Instrument Requirements are a direct flow-down from the following OSIRIS-REx Science
Requirements (The University of Arizona, NASA Goddard Space Flight Center, 2013) that REXIS
anticipates contribution to:

e Surface Chemistry Functional Requirement: OSIRIS-REx shall document the texture to sub-
mm resolution, morphology, geochemistry, and spectral properties of the sampling site.

e Surface Chemistry Performance Requirement: OSIRIS-REx shall determine mineral, organic,
and phase abundances that have spectral absorptions 25% on the surface of 1999 RQ36, at
a global spatial resolution of 50 m or better.

e Volatile Outgassing Requirement: OSIRIS-REx shall search for and characterize regions of
active volatile outgassing from the surface of 1999 RQ36.

In order to complement the OSIRIS-REx geochemical requirements, the following are the REXIS
Instrument requirements:
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REXIS has the following Level 1 requirements to (1) measure global elemental abundances with
sufficient sensitivity to distinguish the mean global composition of the asteroid for classification and
(2) perform an elemental abundance analysis of the surface of 1999 RQ36 with sufficient spatial
resolution to contribute to sample site selection.

Table 1: REXIS Level 1 Requirements

m Level 1 Requirement

REX-  REXIS shall measure global elemental abundances of asteroid
111 1999 RQ36 with sufficient sensitivity to distinguish the mean
: ~ global composition of the asteroid among major meteorite
groups, including Cl, CM, CV carbonaceous chondrites

Ratmnale Elemental abundance will complement the mineralogical abundance
‘measurements made by the other spectrometers, helping to resolve amblgumes The .
sensitivity should target elements that wnll help dlstmgursh among meteorties that could
originate from RQ36

REX- REXIS shall perform an elemental abundance analysis of the
1.21 surface of asteroid 1999 RQ36 with < 50m spatial resolution to
contribute to sample site selection

Rationale: Elemental abundance will complement the mineralogical abundance
measurements made by the other spectrometers, helping to resolve ambiguities. With
enough resolution, this information can be used to help select the sample site

(MIT/Harvard REXIS Team, 2013)
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REXIS has the following Level 2 requirements describing (1) the accuracy requirement for
measuring global ratios of elements of the major meteorite groups, (2) the abundances of key
elements, O, Fe, and Mg, with a specific SNR and spatial resolution in order to aid in sample site
selection, (3) the abundance of Si with a greater enhancement than those of (2) because all elemental
ratios are in reference to Silicon, and (4) multiple element detection through spectroscopic
identification with a specific SNR in order to understand the elemental composition of 1999 RQ36.

Table 2: REXIS Level 2 Requirements

m Level 2 Requirement

REX-2.1.1 REXIS shall be able to measure the global ratios of REX-1.1.1
elements: Mg/Si, Fe/Si, S/Si with an accuracy of 10%

Rationale: Element ratio measurement aids in the classification of 1999 RQ36 into
one of the major meteorite groups, and is less prone to systematic errors

REX-2.2.1 REXIS shall measure the abundance of the following REX-1.2.1
elements - Fe and Mg at a factor of > 2 at SNR >5 with a
spatial resolution of 50m

Rationale: These elements can inform the selection of the sample site and can be
feasibly detected at this SNR and at this factor of enhancement

REX-2.2.2 REXIS shall measure the abundance of Si at a factor of >3 REX-1.2.1
enhancement at SNR > 5 with a spatial resolution of 50m

' Rationale: Silicon can inform the selecfibhofthe sample site and can be feasibly
detected at this SNR and at this factor of enhancement

REX-2.3.1 REXIS shall measure the global abundances of the REX-2.1.1
following elements - Fe, Si, Mg, S with a SNR of > 10

Rationale: Multiple element detection through spectroscopic identification is
crucial to understanding the elemental composition of 1999 RQ36. SNR assumes
1999 RQ36 is a carbonaceous chondrite.

(MI'T/Harvard REXIS Team, 2013)

Meeting Level 2 requirement REX-2.1.1 is a goal of this thesis. A thorough explanation of the
model developed to meet Level 2 Requirement REX-2.1.1 will be discussed in Section 3.2 of this
thesis.




REXIS has the following Level 3 requirements describing spectral resolution requirements to
discriminate unique XRF lines from each other and the Field of View (FOV) requirement in order
to collect a quantity of photons statistically large enough to resolve higher energy lines.

Table 3: REXIS Level 3 Requirements

b Level 3 Requirement

REX-3.1.1 REXIS shall have a spectral resolution (FWHM) as follows: ~ REX-2.2.1

: REX-2.2.2
<80 eV at 0.5 keV Ay REX-2.3.1
<100 eV at 1 keV '
<120 eV at 2 keV
<150 eV at 4 keV

<200 eV at 6 keV

',Ratlonaie Allows for the dlsti nction of XRF l‘ nes fram each other. (Assumes <-50
degree C operating temperature)

REX-3.2.1 REXIS shall have a circular field of view (FOV) (FWZI) of 48 REX-2.2.1

degrees
REX-2.2.2

Rationale: The FOV must be large to collect enough photons to resolve high REX-2.3.1
energy lines; however, the influence of cosmic X-ray background must also be

limited. The REXIS FOV includes the entire visible surface of the asteroid at an

orbit larger than 750m (550m from the nearest surface). The expected Cosmic X-

ray Background (CXB) is less than 11 cps at the orbit less than 1200m, which is

acceptable under the 1.5 GB data limit (i.e. >200cps expected from RQ36). At the

expected 1000m orbit radius in Phase 5B, the FOV also allows 13 degs offset with

the asteroid in more than 20% of the coding fraction.

(MIT/Harvard REXIS Team, 2013)

Meeting Level 3 requirement REX-3.1.1 is also the subject matter of this thesis. A thorough
explanation of the model developed to meet Level 3 Requirement REX-3.1.1 will be discussed in
Section 3.2 of this thesis.

In order to meet these requirements, and hopefully REXIS aims, discussed in Section 1.3.2.4, the
REXIS instrument preliminary design is introduced in the next section.
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323 REXIS Design Components

To ftulfill the above REXIS Science and design requirements, the REXIS instrument has the
following preliminary design:

Figure 1 depicts the key components of the REXIS preliminary design. Relative to this thesis is the
coded aperture mask and the detector plane.

Shield and Mask
Support Frame™S&

Side Shield «

Detector Plane
2Xx200CiID-4

Detector
Electronics

R iy

Figure 1: The REXIS preliminary design depicting key components to contextualize the CCDs to be used in the REXIS
instrument (Image Credit: MIT/Harvard REXIS Structures Team, 2011).

Coded aperture imaging is typical for point sources and continuous sources, and so, the coded
aperture mask will consist of a mask sufficient to perform the best possible deconvolution and

correlation methods for image reconstruction with minimal noise as REXIS observes a continuous
source, 1999 RQ306.

The REXIS detector plane will feature a 2 x 2 grid of CCID-41 CCD detectors that will be built by

MIT Lincoln Laboratories. Optimizing the spectral resolution for these CCDs, detining the spectral
resolution limits and the CCD requirements to meet these requirements is the focus of this thesis.
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The REXIS design, including the CCID-41, is built on flight heritage to minimize associated risk
factors. The Japanese Hayabusa spacecraft, formerly known as MUSES-C (launched 2003) was the
first time a CCD had been used for the purpose of XRF spectroscopy on a planetary mission (T.
Okada M. K., 2000). The Japanese Suzaku spacecraft (launched 2005) was Japan’s 5" X-ray
astronomy satellite; it is an Earth-orbiting observatory imaging various X-ray sources. Suzaku is
equipped with four independent CCD-based X-ray Imaging Spectrometer (XIS) sensors that were
built by MIT Lincoln Laboratory (K. Koyama, 2006). A thorough discussion on the flight heritage
of REXIS can be found in Appendix B.1.

1.3.2.4. REXIS Science Aims

As a student collaboration experiment, REXIS will be incorporated into the OSIRIS-REx spacecraft
on a non-impact basis and will remain cleatly separable from the rest of the OSIRIS-REx
investigation. Data analysis will be handled as a student project.

It is the hope of the REXIS team that the Instrument will successfully achieve its science objective
to map the surface elemental abundance ratios of 1999 RQ36 globally and spatially. Achieving this
objective, REXIS may be able to assist in contextualizing the physical sample return from the
OSIRIS-REx spacecraft. Further, it is possible that with good conditions, successful completion of
our objectives, and real-time data analysis is conducted, that REXIS science shall contribute to the
sample site selection of the OSIRIS-REx Science Team.

1.4. REXIS Technological Baseline and Introduction

Meeting the REXIS Level 2 requirement REX-2.1.1, the accuracy requirement for measuring global
ratios of elements, and Level 3 requirement REX-3.1.1, describing spectral resolution requirements
to discriminate unique XRF lines from each other, is the subject matter of this thesis. A thorough
explanation of the model developed to meet these requirements will be discussed in Section 3.2 of
this thesis.

An X-ray detector such as the Lincoln-Laboratory CCID-41, which will be used in the REXIS
Instrument, is grown from a single silicon crystal. Silicon is used because of the material’s favorable
charge transfer properties. The detector operates by collecting charge imparted by incoming photons
on pixels etched into the crystal surface. The pixels hold the charge until the detector’s electronics
measure the charge at each pixel and then ground of ‘refresh’ the pixel array to begin the next
imaging cycle. :

The quality of X-ray spectrometry is dependent on (1) the efficiency of charge transfer and (2) the
accuracy of charge measurement. High-energy particles from the Sun and deep space degrade the
detector’s ability to efficiently transfer charge, thereby reducing spectral resolution. These properties
affecting the CCD’s spectral resolution are all intrinsic to the detector. Specifically, the SNR of the
CCD detector has a carry-over effect on the spatial resolution that can be attained.

The correct interpretation of X-ray measurements from the surface of 1999 RQ36 will requite a
detailed understanding of XRF science and the limitations of a CCD-based X-ray detector. CCD-
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based X-ray detection produces a histogram of photon intensities, each with a characteristic energy
and wavelength. Ideally, without intrinsic noise interference, the read-out from the detector would
be a set of very sharp peaks for each line as delta functions. The widening of spectral lines can
depend on a number of factors to include effects from the detector hardware, say, due to detector
temperature.

To effectively discuss these factors that contribute to the degradation of a CCD’s spectral resolution,
Chapter 2 discusses the baseline by which these scientific processes occur and the detailed
technology of these operations in otder to accurately frame the scientific questions that this thesis
proposes to answer. Chapter 3 introduces the investigations that have been conducted in ordet to
test and model the limits that will ‘break’ or surpass the REXIS Instrument requirements REX-2.1.1
and REX-3.1.1. Finally, Chapter 3 cleatly defines the scientific results of this analysis of the
MIT/Harvard REXIS Team’s work in the hope of expanding the REXIS Level 2 and Level 3
requirements by recommending additional instrument requirements to acquire useful scientific
results from the instrument.
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Chapter 2: Scientific Baseline & Physical Foundations of Operations

Meeting the REXIS Level 2 requirement REX-2.1.1, the accuracy requirement for measuring global
ratios of elements, and Level 3 requirement REX-3.1.1, describing spectral resolution requirements
to discriminate unique XRF lines from each other, is the driver of this thesis analysis. Chapter 2
discusses XRF science technology as it is relevant to REXIS at 1999 RQ36 (Section 2.1), the solar
X-ray environment as it is relevant to the detection of elements by REXIS at 1999 RQ36 (Section
2.2), CCD-based coded aperture imaging (Section 2.3), and CCD-based XRF detection as it applies
to the REXIS instrument at 1999 RQ36 (Section 2.4) to outline the background necessary to
understand the science questions this thesis hopes to address.

2.1.  Physical Foundations of Operation: XRF for Geochemical Remote Sensing

X-ray fluorescence (XRF) is a well-established technique in the laboratory for performing both
qualitative and quantitative elemental analysis of samples. X-ray spectroscopy from an orbiting
spacecraft can be used to identify elemental composition at the surface of an airless body such as
1999 RQ36. The crux of geochemical analyses of planetary bodies in the solar system is that only
ratios, and not necessarily absolute concentrations, are similar between the different reservoirs. In
the case of REXIS, these ratios are normalized to Silicon. The sun is the origin of the X-ray photons
that fluoresce from the asteroid surface; however, the Sun is a continuous and time-variable source
of X-rays. Solar X-ray emissions across all parts of the spectrum vary temporally, in terms of origin
on the solar surface and in terms of the direction they are emitted. The effects of the solar X-ray
environment are discussed in Section 2.2.

2.1.1. Introduction to X-ray Fluorescence

X-ray fluorescence (XRF) is a well-established laboratory technique for performing elemental
analysis of samples both qualitatively and quantitatively. Usually an X-ray source is used to eject
inner-shell electrons from the atoms in the sample by way of photoelectric absorption. The
subsequent rearrangement of the atomic electrons gives rise to the emission of monoenergetic X-
rays — the fluorescent X-rays — whose energies, in the 0.1-to 100-keV range, are characteristic of the
specific chemical elements in the sample. Spectral analysis of these fluorescent X-rays can therefore
provide us with information concerning the elemental composition of the sample.

As was proven during the Apollo 15 and 16 missions, major elemental composition can be
determined through the remote XRF method for atmosphere-free planetary surfaces (T. Okada T.
A., 2005; 1. J. Adler, 1977). Solar X-rays irradiate a regolith surface to excite each atom of the
uppermost sutface materials. Immediately, those atoms settle to the ground state and X-rays
characteristic of major elements are illuminated off the surface. However, intensity and spectral
profiles of solar X-rays vary through time, which affects those XRF rays off the surface as well. The
variability of the solar X-ray environment is discussed in Section 2.2. Therefore, major elemental
composition can be mapped from the orbiting altitude with remote XRF spectrometry, together
with concutrent monitoring of solar X-rays (T. Okada T. A., 2005). XRF telescopes have mission
flight heritage that is included in Appendix B.1.
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2.1.2. X-ray Fluorescence for Geochemical Remote Sensing

X-ray spectroscopy from an orbiting spacecraft can be used to identify elemental composition at the
surface of an airless body in the following manner:

e X-rays from the Sun shining on an asteroid will produce significant X-ray fluorescence from
the elements contained in the very surface of the asteroid (the top 1 mm)

e When an element fluoresces, it emits X-rays with discrete energies that are unique or
characteristic of that element (the strongest being K o X-rays)

e The asteroid pointing portion of the X-ray spectrometer detects these characteristic X-rays
of a particular energy range

e From an analysis of the measured energy spectrum, elemental composition can be inferred

The intensity of detected X-rays is a strong function of solar illumination and activity. This relation
is quantified in Section 3.1. To ensure proper quantitative analysis, X-ray spectrometers point an
additional X-ray detector sunward to directly measure the incident solar flux (Clark, 1979). The
signal strength measured by the X-ray spectrometer will, in general, improve as the Sun approaches
solar maximum and will be particularly strong during the random solar flares that produce brief
periods of high-level, high-energy solar X-rays (N. Crosby, 1993).

By observing asteroids, we hope to gain an understanding of eatly solar-system history. Evidence
that asteroids presetve information that cannot be acquired from the study of major planets and
satellites alone comes from the study of meteorites. Examining meteorites has indicated their parent
bodies to have a variety of thermal histories. Some have been untouched since their original
accretion from the solar nebula, whereas others are the products of global melting and
differentiation (R. Michelson, 2006). Asteroids are the best parent-body candidates for meteorites
(Lim, 2005).

The detivation of surface chemistry from spectral obsetvations requires assumptions about the
physical nature of the surface and thus remains at least somewhat speculative. High energy solar X-
rays directly induce the production of X-ray lines, the energies of which are characteristic for
chemical elements present on the surfaces of rocky bodies. This emission is strongly dependent on
the chemical composition of the sutface as well as on the solar spectrum (I. Adler J. T., 1970; L
Adler J. G, 1972; P. Clark 1. A., 1978; Clark, 1979; L. Yin, 1993). Generally, the strength of the
given line indicates how much of a given component, a major element, is present. Soft X-rays are
readily attenuated, so the atmosphere must be virtually non-existent for X-rays to be produced and
detectable from orbit. Also, an X-ray source must be in close enough proximity to generate lines
which have sufficient SNR to be measurable by a remote detector during its encounter with a body.
This limitation restricts XRF experiments to the sunlit surfaces of atmosphereless bodies in the
inner (<3 AU) solar system, when the Sun is used as the ptimary source (I. Adler J. T., 1970; . Adler
J- G, 1972).

When solar X-rays interact with atoms at the very surface (to a depth of tens of microns),
characteristic X-ray K« fluorescent lines for the major elements in this very surficial layer are
produced. The solar flux, which is much more intense at lower energies, is sufficient to generate
measureable lines not only for the major elements with lower energy lines such as Mg, Al, Si, but
even for the higher energy lines of Ca, Ti, and Fe, although longer integration times are required.
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Providing the surface is sufficiently “gardened” or mixed by micrometeorite impact over long
periods of time, as was generally the case on the Moon, measurements made of the surficial layer are
representative of underlying regolith (Taylor, 1975; P. Clark B. R., 1990). This may not be the case
on asteroids, for example, and that result will have major implications for asteroid formation (P.
Clark J. T\, 1997).

2.1.3. Geochemical Remote Sensing of Asteroids

In geochemical analyses of planetary bodies in the solar system, only ratios, and not necessarily
absolute concentrations, are similar between the different reservoirs. Neatly all of the carbonaceous
chondrite meteorite groups are composed mainly of silicates, oxides and sulfides. The nature of
geochemical remote sensing and the assumed composition of 1999 RQ36, that it is a carbonaceous
chonderite, is the reasoning for this abundance-ratio approach to elemental mapping (MIT/Harvard
REXIS Team, 2011).

It is believed that carbonaceous asteroids are representative of the early solar system and thus the
building blocks of planets and the origins of life. A major research subject in Earth science is to
understand planetary formation and differentiation processes. It is widely believed that the Earth
formed in an area of the solar nebula that was depleted of the more volatile elements. Additionally,
during or after accretion, the core formed due to the segregation of a Fe-rich liquid towards the
center of the Earth (Jagoutz, 2011).

In geochemical sciences it is convention to separate the solar system, the Earth and any other
planetary objects we have samples from, in different geochemical reservoirs. For example, some
important reservoirs on the Earth are physical and geological entities like the core, mantle, crust and
atmosphere. In more detailed investigations, the mantle itself is often separated into a multitude of
smaller reservoirs or components, which do not necessarily differ in their physical or mineralogical
properties.

Even using volcanic eruptions and mantle processes we can directly investigate only the upper
~150-200 km of the Earth. That is not much given the mean radius of the Earth (6,371 km). In

order to make inferences about inaccessible reservoirs we make two major assumptions:

(1) We assume that the mantle is not compositionally layered. This assumption is justified if the
mantle gets continuously stirred up and mixed by processes e.g., related to plate tectonics.
Numerical simulations of mantle convection support this assumption. If that’s true, then the
uppermost 150-200 km of the mantle should be representative of the remaining ~3,283 km
which we cannot access (Jagoutz, 2011). So, we can now claim that by direct sampling and
chemical analyses of rock samples we can constrain the geochemistry of the entire silicate
part of the Earth, called the Bulk Silicate Earth (BSE), which extends from the Earth’s
surface to the core-mantle boundary at 3,483 km. However, there are no samples available to
constrain the composition of the core.

(2) We assume the compositions of certain asteroids, carbonaceous chondrites, are
representative of the composition of the solar nebula (with the exception of H and He,
which make up the bulk of the solar nebula). This assumption is justified because we can
approximate the bulk compaosition of the Sun, which makes up ~99.85% of the mass of our
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solar system. The composition of the Sun is indeed very similar to the relative abundance of
elements in these asteroids, if internally renormalized. Since these asteroids fell on Earth, we
have direct samples that approximate the bulk composition of our inner solar system (with
the exception of the extremely volatile elements H, He) (Jagoutz, 2011).

The crux of geochemical analyses of planetary bodies in the solar system is that only ratios, and not
necessarily absolute concentrations, are similar between the different reservoirs. In the case of
REXIS, these ratios are normalized to Silicon. Neatly all of the carbonaceous chondrite groups are
composed mainly of silicates, oxides and sulfides (Lim, 2005). The nature of geochemical remote
sensing and the assumed composition of 1999 RQ36, that it is a carbonaceous chondrites, is the
reasoning for this abundance-ratio approach to elemental mapping.

2.14. Thermal Effects on 1999 RQ36 — Mission Validation

The near-Earth object (NEO) (101955) 1999 RQ36 is a potentially hazardous asteroid known to
have a non-negligible probability (~10?) of impacting the Earth in the second half of the 22"
century (A. Milani, 2009). The interest in RQ36 boosted several campaigns of physical
characterization: Radar delay-Doppler data allowed an accurate reconstruction of the shape of the
object (H. Campins A. M., 2010) and showed that RQ36 is neatly spheroidal, has a diameter of
~0.5km and a double top-shaped silhouette. Thermophysical modeling (TPM) (A. W. Harris, 2002)
of thermal infrared observations obtained from Spitger indicates a size of 0.61km and a surface
thermal inertia of ~600 ] m™ s K' (H. Campins A. M., 2010). Given an absolute magnitude of
20.9 (MPC) and a diameter of 0.5km, the geometric visible albedo is 0.03. This makes RQ36 a very
dark object, consistent with a primitive organic-rich composition. Moreover, a recent study has
identified the family of the low-albedo asteroid (142) Polana as the most likely main belt origin of
RQ36 (H. Campins K. H.-A.-D., 2010).

Important issues related to sample return missions to primitive asteroids are (1) to determine the
likelihood that the target candidate originates from a source region of primitive material in the solar
system (e.g., the Polana family in the case of RQ36); and (2) to assess whether the surface (and the
subsurface) of the object has been preserved from weathering processes active in space.

The implantation of ions by the solar wind and the bombardment of micrometeorites can alter the
spectroscopic properties of asteroids (Hapke, 2001; S. Sasaki, 2001). However, these processes affect
only the first few microns of the surface, while current sampling devices aim at collecting material at
depth larger than a few millimeters.

Solar heating can also alter the otiginal composition of NEOs — they can typically reach
temperatures >370K, and the heat penetration depth is of the order of some centimeters for a body
with a rotation period of some hours (J. R. Spencer, 1989; Harris, 1998).

There is a probability $20% that the surface temperature of RQ36 was ever above 600K (M.
Mueller, 2011). Howevet, for temperatures below 600K, the probability rises rapidly: there is a 50%

and 80% probability that the temperature was 500K and 450K, respectively. The probability is
~1 that the surface was heated above 400K (M. Mueller, 2011).
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We expect at least part of the material of RQ36 to be of similar composition as carbonaceous
meteorites, as suggested by their similarity in spectral properties (M. Mueller, 2011). In these
meteorites, around 25% of the organics ate present as solvent-soluble or free organic matter, but the
majority is in the form of a complex solvent-insoluble macromolecular material (Sephton, 2002).

In order to measure the kinetic parameters for thermal degradation of organic matter in the
carbonaceous meteorite Murchinson, Delbo et al. (M. Delbo, 2011) have performed laboratory-
heating experiments. They found that at 370K the aliphatic C-H bond of the insoluble organics is
lost approximately within 200years. However, the bulk organics of Murchinson are lost in only on
year at 370K (or 200 years at 300K). Lauretta et al. (D. S. Lauretta, 2001) have also studied the
release of volatile elements as a function of temperature in CM and CV carbonaceous chondrites.
Their results show that volatiles (in particular Hg) are released from most of the meteorites from
about 470K.

From M. Delbo, (2011) it is noted that the surface of RQ36 is certainly dehydrated and its organic
matter degraded. Some volatiles are also likely lost. Delbo and Michel (2011) concluded that if
interlayer H,O was present in the minerals at the surface of RQ36, this water is gone as the body
entered the near-Earth space and surface temperature rose above the dehydration threshold. On the
other hand, it is unlikely that water was lost from the dehydroxylation of phyllosilicates at the
surface of RQ36, and it is even less likely that this happened at the subsurface, which is positive
result for the objectives of a sample return mission (M. Delbo, 2011).

2.2. Physical Foundations: The Solar X-ray Environment

The solar output varies by three or more orders of magnitude across the energy range of interest and
can be highly variable on timescales as short as minutes; thus, establishing the relationship between
solar output, X-ray fluorescence line intensities, and surface concentrations is essential for
quantitative results. Absolute elemental concentrations can be derived from instrumental
measurements only when the quantitative nature of this relationship has been established.

2.3.1. 'The Solar X-ray Spectrum as a Function of Solar Activity

When REXIS will be operating, ptimatily phase 5B of the OSIRIS-REx mission, solar minimum is
the expected solar state. The solar output is highly variable in the soft X-ray region and the rate of
decrease of the incident flux is steeper than that of a higher solar states. Thus, sufficient solar flux to
induce the fluorescent X-rays required to effectively detect Mg/Si and S/Si ratios is expected for the
quiescent conditions that are expected during REXIS encounter with 1999 RQ36.

The solar spectrum consists of a continuum, which is generated by thermal bremsstrahlung and
Radiative recombination, with supetrimposed major lines that result from emission due to transitions
in H- and He-like ions (P. Clark J. T., 1997). The sources for these lines are ions with appreciable
abundances in active regions. In modeling the solar output in their region of interest (1 to 10 KeV),
Clark and Trombka (P. Clark J. T., 1997) used the best-published levels of solar output (Zombeck,
1990) over a range of levels of solar output, with only major lines included in the spectra.
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Solar output is highly variable in the soft X-ray region, both in overall intensity and slope (R.
Kreplin, 1977; Donnelly, 1976; National Geophysical Data Center, 1991).

Table 4 outlines the main solar flare states by classification and gives approximate energy level
ranges for each. REXIS will encounter 1999 RQ36 during a minimum or ‘quiet’ solar state. A
graphical representation of these states can be seen in Figure 2.

Table 4: Classification of Solar Soft X-ray Output

Spectra Solar Level NEAR Proportional GOES1-—-84
Counters (Wm‘z)
0.5 — 10 keV
(ergcm™2s™Y
Minimum 1.7 x 1075 0.1x107®
Quiet Al 5.0 x 1075 1.0 x 1078
Mid-Cycle A5 8.8x 1075 5.0x 1078
Subflare B1 40x107* 1.0 x 1077
Low flare C1 1.4 x 1073 1.0 x 107
High Flare M1 1.7 X 1072 1.0 x 1075

(. Clark J. T., 1997)

Some of the various solar states, described in Table 4 above, are graphically depicted in Figure 2
below.
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Solar Flux Incident on the Asteroid for Various Flare States
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Figure 2: Graphical depiction of the solar flux for various flare states ranging from very low flux (Class A, ~4 MK) to very
high flux (Class X, ~21 MK). Solar X-ray emissions across all parts of the spectrum vary temporally, in terms of origin on
the solar surface and in terms of direction emitted. As can be seen in the graphic above, the lower the solar state, say state
A compared to state B, state C and so on, the greater the rate of decrease of incident solar flux on the asteroid (Image
Credit: Allen, 2012).

REXIS will encounter 1999 RQ36 during a minimum solar state; the solar flux for this quiet solar
state is graphically depicted in Figure 3 below.
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Counts as a function of energy for various solar states
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Figure 3: Solar spectrum X-ray counts as a function of the quiet or minimum solar states in Mega Kelvin emissions
temperatures from the solar corona. This figure shows that at all quict solar statcs, including minimum (MK 1), X-ray
emissions vary continuously over time. Specifically, the solar intensity decreases by three to four orders of magnitude from
1 to 10 keV, the result being that fluorescent lines, as well as the scatter-induced background, have greater intensity at
lower energies. Finally, the rate of decrease of incident solar flux on the asteroid is greater for the minimum solar state
(MK1) than that of MK2 through MK4 (Image Credit: Lucy Lim, 2012).

The solar intensity decreases by three to four orders of magnitude from 1—10 KeV, the result being
that fluorescent lines, as well as the scatter-induced background, have greater intensity at lower
energies. As the level of solar activity increases, relatively more output occurs at higher energies, the
slope of the spectrum becomes less steep, and the overall magnitude of the X-ray flux increases.

Coronal emission arises from highly ionized elements, at temperatures ~> TMK (1 Mega Kelvin =

1,000,000 Kelvin). The physical understanding of this high temperature in the solar corona is still a
fundamental problem in astrophysics, because it seems to violate the second thermodynamic law,
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given the much cooler photospheric boundary, which has an average temperature of T = 5785 K
(and drops to T ~ 4500 K in sunspots). However, it is important to interpret this emission spectrum
of the solar corona because of the optically thin emission from the corona in soft X-rays

(Aschwanden, 20006).
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Figure 4: Solar spectrum X-ray counts as a function of various quiet solar states in Mega Kelvin emissions from the solar
corona with the clemental X-ray emission lines of interest 1o REXIS marked vertically across the spectrum. This graphic
clearly shows that the lower energy X-ray emission lines have greater intensity than those of higher energy lines, and the
relative intensities of two adjacent lines is greater during a time of solar minimum than a state of greater solar activity
(Image Source Credit: Lucy Lim, 2012; Image Source Edited: Megyery, 2013).
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The process by which solar intensity decreases by orders of magnitude from 1—10 KeV, and that
fluorescent lines, as well as the scatter-induced background, have greater intensity at lower energies,
is called hardening. As the level of solar activity increases, relatively more output occurs at higher
energies, the slope of the spectrum becomes less steep, and the overall magnitude of the X-ray flux
increases. In Figure 4 we can see that elements with higher atomic numbers (Ca, Ti, and Fe) require
a more active Sun to induce characteristic X-ray lines at intensities which are comparable to
intensities for lower atomic number elements (Mg, Si, S) induced under more quiescent conditions.
In general, for every order of magnitude increase in the level of solar activity, there is a
corresponding order of magnitude decrease in the probability that the Sun will achieve that level of
activity (P. Clark J. T, 1997).

When REXIS will be operating, primarily phase 5B of the OSIRIS-REx mission, solar minimum is
the expected solar state. Thus, sufficient solat flux to induce the fluorescent X-rays required to
effectively detect Mg/Si and S/Si ratios is expected.

2.3.2. Temporal Variations in Solar Activity

To expand on the data presented in Section 2.3.1, the Sun’s output must be monitored and
measured simultaneously with surface measurements due to the quick variability of incident solar
flux and occurrence of solar flares. Figute 5 depicts this variation over four days in July 1990,
validating the need for a Solar X-ray Monitor (SXM) to be coupled with the REXIS instrument
aboard OSIRIS-REx.

More recent studies of the Sun’s soft X-ray output have indicated that the Sun’s output is highly
variable on all timescales (Bouwer, 1983; R. Donnelly, 1981; N. Crosby, 1993). During the months
around solar minimum (current OSIRIS-REx mission plan to encounter RQ36 is during solar
minimum), less than one flare per day is reported on average; however, such flares, which can
increase the intensity of the solar flux by 3 to 4 orders of magnitude, generally occur in clusters, with
as many as 5 to 10 a day for as long as a few days. In between these periods of enhanced activity,
weeks may go by when little or no flare activity occurs (Bouwer, 1983; R. Donnelly, 1981; N.
Crosby, 1993).
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Figure 5: This figure shows minute to minute average solar flux over four days in July 1990. Features to note are the M-
class flarc and extended rise and fall time typical of large flares on July 13, and repeated accurrences of low level, C-class,
flares on the remaining three days, while the more linear background is at a more quiescent subflare B-level (Image Credit:
National Geophysical Data Center, 1991; Image analysis credit: P. Clark J. T., 1997).

Figure 5 (National Geophysical Data Center, 1991) illustrates the high variability possible in solar
flux, even close to solar maximum as well as the apparent grouping of flare events. On July 13,
measureable output is continuously at low-class flare level, and a class-M flare occurs, elevating the
flux level for many hours. On the next 3 days, the measureable output is still above the typical Class
B subflare level, with less than an order of magnitude variation to the level of a modest flare (Level
C). (The background level is an order of magnitude lower at solar minimum.) For this reason, the
Sun’s output must be monitored and measured simultaneously with surface measurements,
validating the need for a Solar X-ray Monitor (SXM) to be coupled with the REXIS instrument
aboard OSIRIS-REx.

2.3. Technology of Operation: CCD-based Coded Aperture Imaging

The REXIS Instrument is being designed and developed as a CCD-based coded aperture telescope
that relies on ray tracing and shadow casting to reconstruct spatial distribution of incident radiation.
This section introduces the mechanism by which a CCD detector functions (Section 2.3.1) and basic
limitations of CCD detector performance that are relative to this thesis (Section 2.3.2).

The ability to create a spatially accurate global map of elements at 1999 RQ36 relies on coded-
aperture imaging. The system consists of:

(1) A coded mask — i.e., a plate with areas that are transparent or opaque to photons. The transport
and opaque areas, ‘mask clements’, all have an equal size and are distributed in a pre-determined
pattern, which is placed on a regular grid. The form of a mask element may be arbitrary.

(2) A position-sensitive detector, such as a2 CCD, whose spatial resolution is sufficiently matched to
the mask-pattern grid size and which is sensitive to photons.
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Figure 6: The REXIS open design mock-up depicting a coded aperture mask and detector image (MIT/Harvard Aperture
& Detector Team, 2011).

As two point sources illuminate the detector through the mask, the detector records two projections
of the mask pattern. The shift of each projection encodes the position of the corresponding point
source in the sky; the ‘strength’ of each projection encodes the intensity of the point source.
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Figure 7: Flow-down depicting the components involved in the data correlation for the spatial image reconstruction
process (MIT/Harvard Aperture & Detector Team, 2011).

The REXIS Instrument is being designed and developed as a CCD-based detector telescope relying
on coded aperture imaging technology. Coded aperture imaging relies on simple ray tracing and
shadow casting to reconstruct spatial distribution of incident radiation.

This thesis considers the factors in the CCD detector for efficient spectral resolution in order to
attain useable scientific data in regard to spectral resolution. The following sections will discuss the
foundations of CCD operations, CCD imaging inefficiencies, and related factors to imaging and
how they will affect the REXIS Science product.

2.3.1. Introduction to CCDs

A CCD is a device for the movement of electrical charge, usually from within the device to an area
where the charge can be manipulated, for example conversion into a digital value. This is achieved
by “shifting” the signals between stages within the device one at a time. CCDs move charge between
capacitive bins or potential wells in the device, with the shift allowing for the transfer of charge
between the wells.

A CCD pixel consists of an SiO, layer on top of a Positive-type semiconductor.

CCD area detectors have a linear response to light and because CCDs store charge, from an
electronics point of view, they are capacitors. Technically, a CCD is a Metal Oxide Semiconductor
capacitor (MOS capacitor). CCDs employ “P-type” (Positive-type) semiconductors. Silicon has 4 e
in its valance band, out of the total of 8 normally available valence sites. In a P-type semiconductor,
“trivalent” impurities are added to Silicon to fill an additional 3 e’ sites. Thus, the existing 4 ¢ + 3 ¢
added = 7 e out of the 8 available valence sites. By missing one electron, the resulting Si has a
positive charge.

An electrode, called a ‘gate’, at the top of the pixel ‘bucket’ applies a positive ‘bias voltage.” The
result is a “potential well’ to hold electrons. Fach gate can transfer charge to its neighboring gate and
are thus, “charge-coupled.” Gates are inter-connected to transfer charge, even if the neighboring
gate is in the next pixel. To read out a CCD, voltages are varied on each of the gates in a precise
ume sequence that transfers or ‘couples’ charge from one gate to another; in other words,
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transferred from one potential well to another. The voltage sequencing of the gates that enables the
transfer is called ‘clocking the CCD.” Charge transfer efficiency (CTE) measures the efficiency of
each pixel-to-pixel transfer, this transfer process is diagramed in Figure 8.
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Figurc 8: Shifting potential wells in a three-phase CCD. Two pixels in the same register (cither parallel or scrial) arc
illustrated here. At the end of the shift, electrons in pixel 1 have shifted to pixel 2 (Binzel, 2011).

These capacitors are biased above the threshold for inversion when image acquisition begins,
allowing the conversion of incoming photons into electron charges at the semiconductor-oxide
interface; the CCD is then used to read-out these charges.

From a report produced by Sternberg (2012), for X-ray CCDs, incoming X-rays strike the silicon
surface of the CCDs. The impact from these energetic photon particles is capable of moving silicon
valence electrons to the conduction band, where they are captured in the potential wells. Each X-ray




wavelength has an associated energy, and the higher the energy of the photon, the more electrons
will be excited into the conduction band. Consequently, CCDs, ate particulartly useful in determining
the elemental spectra of objects, including the asteroid 1999 RQ36, because each element fluoresces
at a particular frequency and energy level. By allowing only one photon to hit a pixel before it is read
out, i.e. the pixel charge is measured, it is possible to determine the energy of the incident photon,
and there fore the element from which it was fluoresced, by counting the number of electrons in the
pixel well (Howell, 2000). Although this process is highly efficient, noise is introduced at neatly
every step in the detection-through-readout process.

* The following section introduces CCD calibration requirements for effective petformance of the
processes outlined above.

2.3.2. CCD Detector Performance — Thermally Dependent Factors

CCDs are excellent detectors that require a great deal of calibration because they catry a variety of
sources of noise. The detector’s performance and resolution ability is greatly affected by its
operating temperature and other smaller sources of noise. When imaging with CCDs a number of
different types of calibration frames must be taken and applied to the science image(s) to remove
these sources of noise and error to the scientific image frames.

The gain of a CCD is determined by the amplification performed by an on-chip amplifier that is
built directly into the silicon circuitry (Sternberg, 2012). This amplification is defined as the amount
of voltage required to produce one analog-to-digital (ADU) unit. The ADU converter converts the
analog voltage reading to a digital number. A common method for determining the value to set as
the gain is to relate the full pixel well capacity to the largest number that can be represented by the
onboard analog/digital converter, provided that the CCD response is linear (Howell, 2000). CCD
linearity means that the input charge varies linearly with the digital value of the output signal.

Readout noise is related to the gain, since it represents the number of electrons that are added per
pixel into the final signal (Sternberg, 2012). These additional electrons do not originate from the
incident X-ray photons, but rather from the process of the ADU converter and from the electronics
that naturally introduce electrons throughout the imaging process (Pryor). The temperature of the
CCDs and its thermal properties significantly affect the rate of non-photon generated electrons
introduced. Because data processing takes place at for each pixel, read noise is added to each pixel at
each readout time; consequently, each pixel has additional electrons added from readout noise each
time the pixel is read (Howell, 2000).

Shot noise is related to the number of photons that are converted into electrons when they impact
the CCD silicon, where the quantum efficiency is the primary temperature dependent factor in
determining the shot noise. Since the quantum efficiency varies with temperature, it must be
managed to ensure that the shot noise is low and that the spectral resolution meets REXIS
requitements. Additionally, there is a shot noise specifically associated with X-ray CCDs that is
related to the ability of the CCD silicon to interact with the incoming X-ray; if an incident photon
does not interact with the silicon and instead passes through, then the CCD will be unable to read
the energy of the photon and cause a loss of data (Howell, 2000). This noise is very small, however,
as silicon’s useful photoelectric effect ranges from 1.1 to 10 eV, which includes the soft X-ray region
that REXIS measures.
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Thermal effects are directly responsible for adding dark current noise. Because the CCDs are above
absolute zero, a small number of electrons are able to escape from the valence band of the CCD
silicon, becoming trapped in the potential well of the CCD pixels. These electrons create a Poisson
noise distribution that must be filtered from the readout in order to separate the inherent dark noise
from the image pixel by pixel (Janesick, 2001). Since the temperature of the CCD determines the
thermal agitation and electron freeing potential, cooling the CCDs reduce the amount of dark
current, making the thermal noise as low as possible by reducing the number of thermal electrons
(Howell, 2000). It is additionally important to maintain the CCDs at uniform temperatures to
prevent thermal changes across the CCDs that could artificially influence the readouts based on
pixel location in the CCD array (Howell, 2000).

2.3.3. Spectral Degradation Due to Temperature

CCD performance depends on the detector’s physical state which has a profound effect on the
output scientific data. As CCD performance degrades our ability to measure spectral lines and
distinguish neighboring lines from one another will degrade.

The temperature of CCDs is a crucial factor in the noise level seen in output data. Noise must be
reduced or managed to achieve the requited spectral resolution, thus temperature management is
paramount. There are many factors of noise, the two most significant being the readout and dark
current noises. Together, they form the majority of the total noise component in CCDs, so they are

the two sources that are examined here (Sternberg, 2012).

The total noise N is defined as the following sum of the read and dark noises (Janesick, 2001):

— ’ 2 2
N = Oread + Odark

In this equation, the total noise is the square root of the sum of each noise component squared; the
other forms of noise, such as shot noise, could similarly be added into this equation (Sternberg,
2012).

2311 Readour Noise

The readout noise is proportional to the square root of the temperature and can be written as the
following equation:

02,4 = 4kTBR

In the above equation £ is the Boltzmann constant of 1.38 x 10'23] /K, T is the absolute temperature
in Kelvin of the CCD, B is the noise power bandwidth in Hz, and R is the resistance of the
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conducting path in Ohms (Janesick, 2001). The values T, B, and R are unknown values and are
intrinsic to each CCD detector.

In order to determine the read noise as a function of temperature alone, values for B and R must be
determined using existing data from flight heritage of the CCID-41 from the Suzaku mission.
According to a paper by Bautz (2004), the read noise was measured on the Suzaku CCID-41s to be
2.5 ¢ RMS at 41 kpix/sec and -90°C. Using these values for T and 0yeqq, the above equation can be
solved for BR, yielding BR = 9.2029x10""Hz-Ohms. Therefore,

Fr = 4 % 1,382107%% % 9.2029x10% T

02,4 =5.08x10"* x T

This readout noise expression is shown graphically in Figure 9 below.

Figure 9: Graphically depicts readout noise versus temperature in degrees Celsius. This figure shows how the readout
noise is affected by the CCD temperature. This lincar relationship with temperature shows that the readout noise is best
reduced at lower operating temperatures, showing the importance of cooled CCDs for improved spectral resolution
(Sternberg, 2012).
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The readout noise exhibits a linear relationship with temperature and is measured in e RMS.
Therefore, the readout noise contributes to the total noise expression values that vaty linearly with
the CCD operating temperature, with lower temperatures producing less readout noise. This noise
must be removed with the subtraction of a dark image, i.e., am image where no X-ray sources are
present, so that the readout noise is inherently part of this baseline frame (Janesick, 2001).

2.3.1.2. Dark Current Noise

The other major component of the total noise expression is the dark current noise, which is specific
to each CCD.

The datrk current noise is specific for each CCD, and is given for the CCID-41s as the following
equation where T'is temperature in Kelvin (Hamamatsu Photonics K.K.):

A
02, = 0.00092 X T15 x ¢=6995:35963/T [sz]

Based on experimental data that is CCID-41 specific, conducted by the REXIS Science Team during
the Summer of 2012, it is representative of exactly what is expected from the REXIS CCID-41s
(Megyery, REXIS Science Team ETU-1: CCID-41 Laboratory Expetimentation, 2012). The dark
current noise is the largest component of the total noise of a CCD. Figure 10 shows a plot of this
dark current noise. This noise source vaties greatly with temperature, producing increasing noise
with increasing temperature (Sternberg, 2012).

This dark current noise is shown graphically in Figure 10 below.
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Figure 10: Graphically depicts dark noise versus temperature in deecs Celsius. This figure shows how the dark current
noise varics as a function of CCD temperature. The low temperature regime shows markedly reduced dark noise, again
showing the importance of cooled CCDs for improved spectral resolution (Sternberg, 2012).
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2313, Total Noise

As stated above, the total noise is the sum of several noise sources, most notably the readout and
dark current noises. The analysis presented by Sternberg (2012) focuses on the larger magnitude
sources of readout and dark current noises.

Figure 11 below shows a plot of the total noise as a sum of the readout noise (Figure 9) and dark
current noise (Figure 10) sources, as derived in the total noise equation above.

Figure 11: Graphically depicts total noise versus temperature in egrees Celsius. This plo shows the increase in total noisc
as a function of CCD temperature. The noise greatly increases with increasing temperature, especially above -75°C
(Sternberg, 2012).

The total noise, here depicted as a sum of readout noise and dark current noise, is a crucial
component in determining the instrument’s spectral resolution.
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2.4. CCD-based XRF Detection

2.4.1. CCDs for X-ray Fluorescence

To gather information from a CCD area detector we count the electrons that are collected in each
potential well.

When an X-ray photon comes into the CCD detector and interacts with the silicon, that X-ray gets
converted into electrons. For an X-ray with a particular energy you assume that all of that energy
gets converted into an equivalent number of electrons.

On the smallest level, an incoming photon to the semiconductor will hit an atom and excite it. The
atom is now in an excited state and can kick out an electron and is now a positive ion, which we call
a hole, with an electron floating around. This electron-hole pair is called an exoton. This exoton is
where the information is and it must be captured before it is lost, because all exotons end up being
recombined.

In example, for an X-ray with 1keV energy it gets converted and produces an average energy of
3.65eV/electron. Thus, for a 1keV photon:

1000eV

3.65¢eV Jelectron 273electrons

This cloud of charge gets collected and converted in the CCD, with a certain conversion gain, that
gives the number of Analog/Digital Units (ADUs).

For example, Fe55 has two peaks in its spectrum — the ka at 5.9keV and kf8 at 6.4keV. From these
energies we can compute the number of electrons that are excited when a ka or kff X-ray photon
interacts, respectively:

5900eV ~
Fe55 ka Sesevjotoemon = 1616¢electrons

6400eV

365V electron — 1753electrons

Fe55 kp

This may seem like a large number of electrons, but in fact, the well-depth of CCDs can be
anywhere from 50,000 to 150,000 electrons. The well-depth of a CCD dictates the number of
electrons it can collect in a pixel before it starts to spill over into the next pixel. So this is actually a
very narrow range of ADUs in the system.
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2.4.1.1. Point Source Imaging

Some X-ray events will land neatly in one pixel and these are referred to as grade-zero events. In
these cases, the electrons that come in all get deposited on one pixel meaning there is total charge
collection. In this case, the ka and kf8 peaks will show up as very sharp lines.

Occasionally there will be splits, where an event lands between pixels and the energy from that X-ray
event is transferred into two, or more, neighboring potential wells. Say, for example, that %4 of the
event falls in one pixel and % of the event falls in another. In this case, the ka peak will have two
energies and so the net effect is that the histogram will not show one sharp line. In this case we will
simply sum the electrons from both pixels for that event. For this reason, we must always first find
the centroid of each X-ray event.

Since X-ray events are small and sparse on a CCD area a 3x3pixel area is margin enough to center
around any particular X-ray event. Thus, summing up all the electrons in that 3x3 box of pixels will
give the count value of that particular event.

However, XRF imaging of a planetary body is not point-source imaging but rather continuous
source imaging.

2.4.1.2. Continuous Source Imaging

Continuous source imaging can be considered a massive integration of point sources all interacting
with the CCD continuously upon the detector area. There will no longer be clean peaks and clean,
sparse X-ray events in an otherwise blank field. The conditions when imaging Asteroid 1999 RQ36
will be that of many elements fluorescing X-rays at the REXIS CCD detector all immediately next to
each other. To propetly analyze this area in order to determine what elemental peaks are present in
our continuous spectrum will take some mastery and familiarity.

In this case, a simple 3x3 pixel box size will not be sufficient. There will be a certain surface
resolution that will need to be optimized against a certain spatial resolution in order to be able to

distinguish individual peaks within a spectrum within an area of pixels. This will be discussed in
detail in Section 3.1.

2.4.2. Spectral Resolution FWHM

The spectral resolution full-width half-maximum (FWHM) can be expressed as (Janesick, 2001):

FE,
3.65

AEFWHM = 2.34’5 X 3.65 N2 +

In this equation the FWHM is measured in €V, the 2.345 term models the Gaussian distribution of
the spectral resolution, 3.65 is measured in eV/e’, F is the Fano Factor, or 0.1 for silicon, and both
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N and E, are measured in €, since they represent the number of electrons of noise and the number
of electrons produced for an X-ray with energy Ey, respectively (Sternberg, 2012).

By combining the FWHM equation with the expressions for read noise, Opgqq, and dark current

noise, Ggqrk, One can derive an expression trelating the FWHM spectral resolution as a function of
temperature and incoming X-ray energy. The resulting expression is:

AEpywym = v 0.0372T + 2.4264x1012T15¢-69954x103T 4 9 0074E

The above expression has only one term dependent on the energy, E, and two terms dependent on
temperature, T. This expression allows for the maximum noise to be found for a given X-ray energy
to meet a particular FWHM spectral resolution requirement. Consequently, the REXIS requirement
REX-3.1.1 can be expanded to include the maximum noise permitted in order to abide by the
spectral resolution requirements.

Table 5: Maximum noise levels associated with REXIS spectral resolution requirements,

FWHM (eV) X-ray Energy (keV) Maximum Noise (e RMS)
<80 0.5 8.58
<100 1 10.45
<120 2 11.91
<150 4 14.05
<200 6 19.53

(Sternberg, 2012)

It is clear from Table 5 that the noise levels that are required to meet and exceed the FWHM
requirements are well above any of the noise levels seen through the analysis and graph shown in
Figure 11. Therefore, the noise levels expected from theoretical results are well below the levels at
which the FWHM requirements would be exceeded (Sternberg, 2012).

In the spring of 2012 the REXIS Science Team (Megyery, REXIS Science Team; ETU-1: CCID-41
Laboratory Experimentation) conducted radiation measurements of a CCID-41 with an **Fe point
source to allow the team to model CCD energy resolution performance at 6 keV as a function of
temperature.

To correlate the data from the analytical model conducted by Sternberg (2012) with the
experimental data, from the experiment designed by Megyery and the REXIS Team (2012) and
conducted by the MIT/Harvard REXIS Science Team (2012), the two sets of data were plotted
together.
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FWHM as a function of temperature: Experimental data
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Figure 12: Graphical results of the correlation of the analytical model by Sternberg (2012) with the experimental data of the
CCID-41, from the experiment designed by Megyery and the REXIS Team (2012) and conducted by the MIT/Harvard
REXIS Science Team (2012). The experimental result data was fitted with a curve that distinctly shows the FWHM of the
detected elemental line significantly increases at detector temperatures above -75°C (Image Credit: Inamdar, 2013).

The experimental data results agree with the graphical result for total noise that above -75°C the
FWHM [eV] sharply increases and goes beyond the REXIS requirement thresholds. This result on
the FWHM as a function of temperature is simply based on the readout noise and dark current
noise, both intrinsic to the detector. In order to determine the upper bound on CCD operating
temperature, the FWHM must be analyzed as a function of temperature. By varying the temperature
in the FWHM equation above until the REXIS requirement is exceeded, it is possible to determine
this upper temperature bound. However, an additional parameter that increases the FWHM of
spectral lines is the cross-contamination of neighboring lines which alter the specific energy intensity
that is read out by the CCD and directly affect the accuracy requirement set forth for REXIS in
REX-2.1.1. Both of these requirements must be met and the method for this analysis and results is
discussed in Chapter 3.




Chapter 3: Investigation of Spectral Resolution Limits

3.1. Theoretical Global Model for X-ray Line Production

Fluorescent X-rays characteristic of major elements are produced when solar X-rays with energies
greater than the energy of the line itself bombard a surface. One group of lines produced in this way,
known as K « lines, are those that result from processes that occur in the innermost K-shell. The
K-shell absorption edge of an atom is the binding energy of its innermost electron shell. The
energies of K-shell absorption edges for major elements on interests (Fe, Ti, Ca, Si, Al, and Mg) are
in the soft X-ray region of interest (P. Clatk J. T., 1997). In order to eject a K-shell electron from an
atom through photo-absorption, thereby causing the emission of a fluorescent K ¢ X-ray, incident
X-rays must have energies greater than K-shell binding energy. Thus, only X-rays with energies
greater than the energy of the K-edge, and greater than the energy of the fluorescent line as well, are
capable of exciting that element. Increasing the intensity, or level of the source, meaning increasing
the level of solar activity, translate into the achievement of better statistics, shorter integration times,
and hence higher resolution maps. As a consequence of the inverse relationship between solar
energy and output, production of the higher energy XRF lines for the heavier elements is
significantly reduced relative to the production of lines for lighter elements. Thus, longer integration
times are requited to achieve the same levels of sensitivity for the heavier elements. Longer
integration for orbital data results in inherently lower spatial resolution, as well.

3.1.1. X-ray Fluorescence Equation

The method for calculating the X-ray fluorescence for the K o line for each element, as well as the
coherent and incoherent scatter in the vicinity of the line (determined by integrating the output flux

across the line” s full width at half maximum as determined by its resolution) is presented in Clark
and Trombka (P. Clark J. T., 1997).

The following equation gives the relationship used to model fluorescent line production, I, for each
element of interest (R. Jenkins, 1967; Clark, 1979).

170dQ G [Aeds (4
w,-g,-—’;;rg'f J@)cosa e
] m T YAmin ?’=1 [#L(A) + 25 (Aj)

I. =
F cosa

cosfs
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Table 6: Definition of model paramecters used 10 model fluorescent line production

Term Definition Description
i All elements (majot) being considered
j Fluorescing elements only
D Square of the distance in AU
Ji Primary source flux Least squares fit to observed spectra
Ui Energy absotption efficiency of i elements Power law functons of {
Uy Energy absorption efficient of j elements Power law functions of j
C; Concentration for each element in matrix Soil averages
G Concentration for fluorescing element Soil averages
aqQ Angular distribution term (Detector area) (Sutface area) /
(Altitude?)
a Complement of incident flux angle 0° at subsolar point
B Complement of exiting flux angle 0° for nadir pointing instrument
wj Ka line fluorescence yield Constant for each element
7 Jump (K-shell absorption) ration Constant for each element
gj K-shell hole transfer probability Always 1 for K-shell
Amin  Starting integration wavelength Empirically lowest measureable flux
Aedg Ending integration wavelength Absorption edge

(Clark, 1979)

The fluorescent flux is calculated by integrating over a range of wavelengths, A;, from a minimum
wavelength above which fluorescence is empirically determined to become negligible to the
absorption edge. The Sun’s soft X-ray output, variable J, is calculated as a function of energy with a
polynomial least squates fit to published estimates of solar output as shown in Table 2 (P. Clark J.
T., 1997). The strength of the source, J, depends on the complement of the incident flux angle of
the soutce, a; thus, J is multplied the cosine of a. Power laws, as shown in ST2, are used to
describe an element’s X-ray photoabsorption capability, i, as a function of energy (Clark, 1979;
Hubbell, 1969). The seties of power laws that predict photoabsorption for each element each apply
within the wavelength limits indicated, the limits representing absorption edges for that element.
The mass absorption, y;, of the fluorescing element, j, is directly related to its fluorescence intensity.
C; is the concentration of the fluorescing element. The mass absorption, y;, by other elements, i,
which are major components of the surface with concentrations (;, is inversely related to mass
absorption at each wavelength, y;, and to fluorescence at the wavelength of the chosen line, y&;. The
ratio between the complements of the arriving flux angle, @, and the departing flux angle, B, is also
part of the mass absorption term. When REXIS is nadir-pointing, the complement of the departing
flux angle, B, is always 0°.

Table 7 shows the value of X-ray production parameters for the elements considered across REXIS’
range. Fluorescence yield, jump ratio (K-shell absorption probability), and K-shell hole transfer
factor are all probability factors associated with given elements. Fluorescence yield systematically
improves as the atomic weight increases. The energy angular distribution term depends on the
relationship between the detector area and footprint area, which itself depends on the altitude and
angular field of view of the detector.
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Table 7: X-ray production parameters for clements considered in calculations

Element  Atomic Atomic  Absorpt  Ka Jump  Fluore Mass Absorption (4 in 4)
Number Weight  ion Line Ratio  scence Power Law Power Law
Edge j 7 Yield
Aedg wj

Ni 28 58.7 1.49 113.0(A2°) @0 < A < 1.49 153(1*"5) @ 149< 1< 123
Co 27 58.9 1.61 100.0(4>"%) @ 0 < A < 1.61 13.6(1*%3) @ 1.61 < 1 < 13.4
Fe 26 55.9 1.74 1.94 8.1 0.342 95312 ) @0 <1< 1.74 13223 @ 1.74 < 1 < 14.7
Mn 25 54.9 1.90 86.0(1'°) @0 < 1< 190 11.4(A?%%) @ 190 < 1 < 16.1
Cr 24 52.0 2.07 76.0(4%°) @ 0 < A < 2.07 10.6(A2%%) @ 207 < 1 < 17.9
Ti 22 479 2.50 275 9.1 0.221 61313 @0 < 1< 250 7.93(A%%3) @ 2.50 < 1< 22.0
Ca 20 40.1 3.07 3.34 8.6 0.163 52.3(A%*°) @ 0 < A < 3.07 7.79(A*53) @ 3.07 < 1 < 28.3
K 19 39.1 3.44 439(A*7) @0 < 1< 3.44 5.50(A%¢1) @344 < 1< 215
S 16 32.1 5.03 5.37 10.3 0.082 27.5(1275) @ 0 < A < 5.03 2.85(1*"2) @5.03< 1< 185
P 15 31.0 5.79 22.2(A275)@0< A< 5.79 2.23(A27) @ 5.79 < 1< 15.5
Si 14 28.1 6.75 712 112 0044 19.9(1**) @0 < 1< 6.75 2.78(A%5%) @ 6.75 < 1 < 45.0
Al 13 27.0 7.96 8.34 11.9 0.038 143(A*83) @0< 1< 796 1.90(A%¢7) @ 7.96 < 1 < 45.0
Mg 12 24.3 9.51 9.89 128  0.030 11.4(A28%) @ 0 < 1 < 9.51 1.60(125%) @ 9.51 < 1 < 45.0
Na 11 23.0 11.6 8.00(12)@0< A< 116 1.24(A%%°) @ 11.6 < 1 < 45.0
0] 8 16.0 233 295(3°) @0 <1<9.6 10.9(A4%*%) @ 9.60 < 1 < 23.3
C 6 12.0 437 1.24(A3%) @ 0 < 1 < 18.0 8.00(A%3%) @ 18.0 < 1 < 45.0

(Clark, 1979)

In other terms, if E is the X-ray energy and the incident intensity of parallel solar X-rays on the
surface of an atmosphereless body is Io(E) (photons cm™ s) then the intensity of fluorescence
from a given X-ray line (photons cm® s steradian™) can be determined in terms of fundamental
physical parameters by the relationship shown in the following equation, adapted from Clark and
Trombka (P. Clark J. T., 1997; G. W. Fraser, 2010).

(E);
1 1\ [ (# l/Pi)
ine = T—w gCi\—— lo(E 6
I =i ( - )Labs o(E)p cos 2(E) + p(Euma) (€05 9/C05¢)

Table 8: Defines each of the model parameters in the X-ray Fluotescence Line Intensity equation above

Term Definition
w; Fluotescence yield of a given emission series (K, L, etc.)
g Weight fraction of a given line within a series (@, f, etc.)
C; Mass fraction of a given element
r Jump ratio at the absorption edge of interests
P Bulk density of the surface material
pi Partial density of the element of interest
2] Angle of incidence of the incident solar X-rays, measured from the surface normal

¢ Viewing angle measured from the surface normal

u(E)  Mass absorption coefficient of the bulk material
u(E); Linear absorption coefficient for the element of interest
Ejine  Energy of the elemental emission line of interest

(P. Clark J. T., 1997)
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The equation above also assumes a perfectly smooth and homogeneous planar surface; no allowance
is made for effects due to the real properties of the regolith, including surface roughness and
packing density. Also unaccounted for are shadowing effects due to large-scale topography.
According to Fraser, et al. (G. W. Fraser, 2010), energy independent effects of the regolith and
topography (e.g. shadowing) may be removed by the use of elemental abundance ratios (e.g. Mg/Si,
Al/Si) instead of absolute abundances, however the use of ratios cannot remove any effects for
which there is an energy dependency, and it has been shown in preliminary measurements that for
large values of 6 and ¢ the measured ratios of elemental line intensities varies as a function of
surface roughness by 10-20% (J. Naranen H. P., 2007; J. Naranen H. P., 2008). These effects are
mentioned in Appendix B.2. Work is continuing at the University of Leicester, the University of
Helsinki and Birkbeck College to quantify the effects of regolith properties on line intensities, in
order to provide a more complete interpretation of X-ray fluorescence data from planetary surfaces
(G. W. Fraser, 2010).

3.2. Developing Inputs for Spectral Resolution Modeling

Spectral resolution modeling determined and verified the detector requirements for temperature,
spectral resolution, quantum efficiency, by their relation with accuracy of line ratio measurements
(accuracy requirement of 10%). The spectral modeling also determined the spectral contamination
of each X-ray fluorescent line. The results of the spectral modeling will be used to provide an
estimate for photon counts of each X-ray fluorescent line, which can be used for input of imaging
and collimation simulation and analysis.

As introduced in Chapter 2, CCD performance depends on the detector’s physical state which has a
profound effect on the output scientific data. As CCD performance degrades our ability to measure
spectral lines and distinguish neighboring lines from one another will degrade. CCD noise depends
primarily on (1) the Energy of the incident radiation and (2) the Temperature of the CCD. In order
to meet REXIS requirements REX-2.1.1 and REX-3.1.1 these values need to be quantitatively
analyzed and the CCD temperature limit needs to be set in order to meet the 10% accuracy of the
incident energy measurement requirement. Experimentation results for the CCID-41 yielded
FWHM as a function of detector temperature (Figure 12). Chapter 2 also introduced that noise is
dependent on incident X-ray energy and CCD temperature.

3.2.1. Model Input Development

Using the model solar spectrum minimum/quiet solar state (Figure 3) (Lucy Lim, 2012) as a guide,
the ideal Class-A X-ray solar spectrum was derived by Allen (2012) and is shown in Figure 13.
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Figure 13: Ideal solar spectrum for Class-A solar flare state used as input into the XRF Equaton. REXIS clemental lines of
interest are vertically marked on the graph. This ideal solar spectrum was used as input into the XRF equation to generate
the ideal chondrite X-rav spectrum for a Class-A solar state (Image Source Credit: Allen, 2012; Image Source Edit:
Megvery, 2013).

Figure 13 shows the ideal solar spectrum for Class-A solar flare state and was used as the input solar
spectrum into the XRF Equation to yield the ideal chondrite spectrum as shown in Figure 14.
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Figure 14 shows the ideal solar spectrum for Class-A solar flare state and was used as the input solar
spectrum into the XRF Equation to yield the ideal chondrite spectrum. This ideal chondrite
spectrum is used as input into the spectral resolution model to be discussed in Section 3.3.




3.3. Spectral Resolution Modeling

The full spectral resolution model results define the necessary CCD conditions to meet the REXIS
accuracy requirement REX-2.1.1 and the spectral resolution requirement REX-3.1.1; the model has
two main inputs. The first input is the results of the CCID-41 laboratory experiment (Figure 12),
accounting for the intrinsic detector propetties contributing noise to the spectrum. The second input
is the ideal chondrite spectrum (Figure 14), developed from the Class-A solar flare state which is the
expected state when REXIS encounters 1999 RQ36. These two inputs are then put into the spectral
resolution model to generate a more accurate looking spectrum with Gaussian-like peaks, unlike the
ideal chondrite spectrum (Figure 14). These peaks are then broadened in the model until the model
‘breaks’ and neighboting peaks are no longer discretely discernible.

3.3.1. Curve Contamination and Measurement Accuracy Requirement

As has been discussed eatlier, the FWHM of spectral lines is not only dependent on CCD detector
noise. To mitigate this, REXIS has line measurement accuracy requirement of 10%. This section
graphically and quantitatively defines the derivation of this 10% accuracy requirement.

Unfortunately, due to inttinsic detector noise, the X-ray detection results of REXIS will not be
sharp, distinct peaks as shown in the ideal chondrite spectrum of Figure 14. Rather, we will see
Gaussian shaped lines centered about a specific Energy value with a peak Intensity. As many of
these lines are very near each other, the counts from one line will contaminate the counts of
neighboring lines as outlined in the following model developed by Inamdar (2013).

The model begins by choosing a width or region of interest about a peak; this width can be chosen
arbitrarily, but is typically at FWHM. Let this total width be given by 2¢; for line i. We are in
ptinciple calculating how many counts are contaminated between adjacent lines. For two lines,
ideally, heights of Iy 1 and Iy, the actual distribution will be, due to line broadening from natural
effects and detector effects, I, (E) and I;(E). The associated peak energies are given by Ep; and
Ey .

The contamination from one line i into the line j, C’;; into the other is given by:
b i) g y

Ey+&;

Cll'z = f IldE

E;—¢2

E1 +&9

Clz'l — f Isz

Ei1—&
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The contribution from line i to itself is given by:

A graphical representation of this contamination of counts of neighboring lines is given in Figure 15
below.

CONTAMINATION OF COUNTS OF INDIVIDUAL CURVES
WITHIN THE FWHM OF NEIGHBORING CURVES

Lo | IO.]

FWHM

Figure 15: Graphical depiction of curve contamination of counts of individual curves within the FWHM of neighboring
curves. In this graphic the curve’s FWHM is used as the region of interest about the peak and the differently shaded
tegions in cach show the contamination from Curve 1in Curve 2 and Curve 2 in Curve 1. The spectral resolution model
described in this section provides the quantitative solution to accounting for this contamination in order to meet the
accuracy requirement set for REXIS (Image Credit: Megyery, 2013).

To determine the acceptable spectral resolution, we pick two lines and form widths (usually the
FWHM) around these peaks. We know the ideal line heights, and, in the perfect case, will want to

measure the ratio of the heights Iy 5 /Iy 1. What, in reality, we will have are measurements of the
contamination as above:

ot
Cl,totat =C 2,1 + Cl

Catotar = C'12 + Cy




The accuracy, 7], is then set by comparing the actually measured counts (with contamination) with
the ideal line ratios:

L/1
- p =147
(C'12+C2)/(C'21 + (1)
We require, then, that:
/I
‘ : 2/1 : —1<n’
(C'12+G)/(C'1 + (1)

Where n* is the accuracy as determined by the REXIS requirements, according to requirement
REX-2.1.1 that accuracy is 10%.

For reference, the Ka Line energy value in keV and the FWHM for the major elements of REXIS
interest (based on requirements) are given in Table 9 below.

Table 9: Detector line widths for elements of interest to REXIS based on requirements

Full Width at Half Maximum

Element Ka Line keV Percent keV Range

Ni 7.478(15)

Co 6.930(32)

Fe 6.403(84) 0.13 6.00 — 6.84
Mn 5.898(75)

Cr 5.414(72)

Ti 4.510(84) 0.16 4.156 — 4.88
Ca 3.691(68) 0.18 3.37-4.03
K 3.313(949)

S 2.307(84)

P 2.013(68)

Si 1.739(98) 0.26 1.51-1.97
Al 1.486(70) 0.29 127 -1.71
Mg 1.253(60) 0.31 1.05—-1.45
Na 1.040(98)

0 0.524(90)

(Lawrence Berkeley National Laboratory Center for X-ray Optics and Advanced Light Source, 2009)

3.3.2. Spectral Resolution Limits

The spectral resolution model, developed jointly by Hong (2012) (in IDL) and Inamdar (2013) (in
MATLAB) (Model code files produced in MATLAB (Inamdar, 2013) available in Appendix C.),
generates a more accurate looking spectrum with Gaussian-like peaks, unlike the ideal chondrite
spectrum (Figure 14). These peaks are then broadened in the model and these broadened cases are

56




overlaid on the image to show where the model ‘breaks’ and neighboring peaks are no longer
discretely discernible.
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Energy (keV)

Figure 16: Graphical results of the spectral resolution model in which individual peaks are broadencd until the model
‘breaks’ and elemental lines of interest are no longer discernible. Marked on the graphic are the XRF lines for Mg, Al, Si
and 8. By following the line broadening results as a function of detector Temperature in °C, we can sce that as the CCD
detector temperature increases, so does the FWHM in eV of each elemental line. At -70°C these four elemental peaks are
all discrete, including Aluminum with the weakest relative intensity within its FWHM. At -60°C Aluminum becomes
almost completely buried within the contamination from neighboring lines Mg and 8i. By -55°C Aluminum is entirely
buried and all lines’ FWHM has broadened by approximately 40%. At -50°C all four elemental peaks have broadened
substantially by approximately 64%. These results do not include contributions from background radiation (the degrading
orange linc) and is a subject of ongoing work (Hong, 2012; Inamdar, 2013).

Figure 16 shows the graphical results of the spectral resolution model by broadening the peaks (as a
function of increased CCD detector temperature) until the model result ‘breaks’ and the accuracy
requirement is no longer met. Degradation of the lines was commensurate to the detector state per
the analytical model for CCD response. At a cool -70°C detector temperature Aluminum can be
discerned. The plot shows incremental increase in detector temperature up to -50°C by which point
the peaks” FWHM have all broadened by approximately 64%. Being that the detection of Aluminum
is not a science requirement of REXIS but rather a science aim, we can see that temperature up to -
55°C would be sufficient to meet REXIS requirement REX-3.1.1.




3.3.3. Line Mcasurement Accuracy Limit

By combining the results of the student experiment on the CCID-41’s line detection accuracy
(Megyery, REXIS Science Team, 2012) with the equations developed for FWHM as a function of
detector temperature and line energy (Sternberg, 2012), we are able to plot the line measurement
accuracy of elemental abundance ratios as a function of detector temperature. The results of this
combination from the spectral resolution model are shown in Figure 17 below.

Line measurement accuracy as a function of temperature
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Figure 17: Graphical representation of the line measurement accuracy of elemental abundance ratios as a function of CCD
detector temperature. Elemental abundance ratios (Mg/Si, §/Si, Fe/Si) are plotted for their accuracy of the line ratio
measurement as a function of detector temperature in “C. The pink horizontal line represents the 10% accuracy
requirement sct forth by REXIS requirement REX-2.1.1. The intersection of the 10% accur: acy requirement with the '\’lg/‘-‘u
ratio is the point at which that detection limit of that ratio would surpass the requircment and no longer be discernible.
This corresponds to the red vertical line at just above -54°C. Thus, a detector temperature requiremaent of -55"C would
suffice to fulfill REXIS requirement REX-2.1.1 (Image Credit: Inamdar, 2013).




Figure 17 graphically depicts the line measurement accuracy of elemental abundance ratios (Mg/Si,
S/Si, Fe/Si) as a function of CCD detector temperature. The REXIS line measurement accuracy
requirement of 10% is marked with the horizontal magenta line at ~10" on the vertical axis. The
intersection of that line with the Mg/Si ratio is marked by the vertical red line just above -54°C on
the horizontal axis. At temperatures warmer than this intersection not only is the accuracy
requirement REX-2.1.1 surpassed but these elemental abundance ratios would be discernible due to
the FWHM line broadening effects as depicted in Figure 16.

3.4. Results and Recommendations

The results of the spectral resolution model are two-fold and both results indicate a. nearly exact
maximum threshold for CCD detector temperature in order to remain within REXIS requirements.

In Figure 16 we graphically see the broadening of several elemental line emissions peaks until the
model ‘breaks’ and the elemental lines of interest are no longer discernible. At -55°C the peak for
Aluminum is entirely buried within the broadening of neighboring lines Mg and Si. At temperatures
beyond -55°C all four elemental lines have broadened substantially by approximately 64% and these
results do not include conttibutions from background radiation. The line-broadening spectral model
indicates that the CCD detector should remain at a constant temperature below -55°C in order to
remain within the FWHM spectral resolution requirement for REXIS, REX-3.1.1, and be able to
obtain useful scientific spectral data.

In Figure 17 we graphically see the representation of the line measurement accuracy of elemental
abundance ratios as a function of CCD detector temperature. Elemental abundance ratios (Mg/Si,
S/Si, Fe/Si) are plotted for the accuracy of their measurement as a function of detector temperature
in °C. The main result of this graphic indicates that the 10% line measurement accuracy requirement
is surpassed if the CCD detector temperature exceeds -55°C. At temperatures warmer than this that
ratio would surpass the REXIS science requirement REX-2.1.1 and no longer be discernible.

The results of the student expetiment (Megyery, REXIS Science Team ETU-1: CCID-41 Laboratory
Expetimentation, 2012) when combined with the equations for total intrinsic detector noise
(Sternberg, 2012) graphically indicate in Figure 11 that total noise versus temperature remains steady
until approximately -75°C. Above -75°C the total noise greatly, although linearly and steadily,
increases with detector temperature. This graphic result indicates that it is recommended, in order to
minimize intrinsic detector noise, that the CCDs onboard the REXIS instrument be held at or below
~-75°C. ’

The combination of these three results leads to the author’s recommendation that a detector
temperature requirement be set that the temperature of the CCD detector onboard REXIS shall not
exceed -55°C in order to remain within the constraints of the established REXIS Science
requirements REX-2.1.1 and REX-3.1.1.

Further, it is the author’s recommendation that a detector temperature goal be set that the
temperature of the CCD detector onboard REXIS shall not exceed -75°C in order to minimize noise
contamination that is intrinsic to the CCID-41 detector that has been chosen for the REXIS
instrument.
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3.5. Research Needs and Future Work

Spectral resolution modeling determined and verified the detector temperature requirement and
recommendation for temperature as dictated by the REXIS spectral resolution requirement REX-
3.1.1 and the accuracy of line ratio measutements requirement (accuracy requirement of 10%) REX-
2.1.1. The spectral modeling also quantified the spectral contamination of each X-ray fluorescent
line into its neighboring lines. The results of the spectral modeling will be used to provide an
estimate for photon counts of each X-ray fluorescent line, which can be used for input of imaging
and collimation simulation and analysis.

Further, as mentioned with Figure 16 above, those results do not include contributions from
background radiation (the degrading orange line) and is a subject of ongoing work. The basis for
developing those models can be found in the following subsections regarding instrument
background and minimum detectable flux, Section 3.5.1, and instrument background scattering,
Section 3.5.2.

3.5.1. Instrument Background Levels and Minimum Detectable Flux

The collecting power of an X-ray Spectrometer can be described in terms of the product of effective
area and FOV — which in astronomy is known as Grasp, G(E) (units of cm?sr) — detived below,
for a telescope. Where X-rays in the energy interval E, E + dE are emitted from an extended source
(i.e. the surface of 1999 RQ36) and are incident on the instrument aperture with a flux I(E) (in

photiins cm™2s71sr"1keV 1) then the number of detected photons C detected in time t is given
by:

C=I1(E)G(E)tdE

The sensitivity of a photon-detecting instrument can be quantified by the minimum detectable flux
Iinin , which is the minimum signal flux from a source that can be distinguished from the
background B. Fraser et al. [18] assume than an isotropic flux I (in units of photons cm™2s 1sr?)
of fluorescent X-rays at a discrete energy (in keV) from an extended source is incident on the front
of an instrument with a grasp G. The instrument has a focal plane detector with an area for photon
detection Ager and energy resolution 6E. The detected fluorescent X-ray signal is accompanied by a
background of solar X-rays which ate scattered from the surface under examination, denoted by

Iseqe (in units of photons em™2s~tsr~tkeV 1),

Although features in the scattered continuum may contain information on surface properties and
absorption features in the continuum may yield compositional information, in terms of measure
fluorescence spectra the continuum constitutes a background. The detector also has a non-X-ray
background component, caused by charged patticle events By, (units of events cm™2s tkeV ).
For a cooled, photon-counting detector, intrinsic thermal noise is negligible and the scattered X-ray
component and the particle-induced background will dominate. If a signal-to-noise ratio R is
required for the detection of an X-ray line, then I;;, may be defined as the flux that, in a given
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integration time, produced a count R standard deviations of B above its mean. I,,;, for a given value
of R is given by:

R JSE(BpAdet + Iseq:G)

L.
min G\/;

The particle-induced X-ray background B, results from a combination of both high-energy cosmic
rays and lower energy (10-100MeV) protons ejected from the Sun. To reduce B, REXIS’s detectors
will be shielded.

3.5.2. Instrument Background Scattering

The following equations show the relationship used to model coherent, I, and incoherent, I,
scatter (J. Hubbell, 1975; D. Cromer, 1965) which constitutes instrument background, or noise.
Coherent scatter refers to the condition when the wavelength of the radiated photon energy is equal
to that of the incident photon energy. Incoherent scatter refers to the condition when the
wavelength of the radiated or scattered photon energy is not equal to that of the incident photon.

The following equation is used to determine coherent scatter at a particular wavelength (Hubbell,
1969). Total coherent scatter associated with a particular energy, E’, is determined by doing a double
integration across a range of energies which represent the full width at half maximum for that
energy, as determined by the energy resolution shown in Table 6. The Gaussian detector response
function (R. Hoover, 1972) P(E,E'), of the instrument is considered in that integration. Then
integration is done again to sum the contributions made at each energy, E.

£¥ [Gpr]

cos a

= e+ 557

de 1
or(1) = 0.0239(cos?6 + 1)1—}-7;51(,1) cos(a)

Emax [Emax
I = f or(E,E',0) P(E,E") dEdE’

Emin Y Emin

The following equations are used to determine incoherent scatter at a particular wavelength
(Hubbell, 1969) and to determine the integrated incoherent scatter, analogous to the above equation
for coherent scatter.

=¥ [5rsi]
cosa

Y [Ili(l) + ui(A¢) CosB

oc(A) = 0.0239%%A(AC) J(A¢) cos(a)
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Emax [Emax
Ic = f oc(E,E',0) P(E,E') dEdE’

Emin Y Emin

Finally, A, k, and A are defined below:

21+ cos?8 + k*(1 — cos 8)?

A = (1+k(1—cos8)) 1+ k(cos8)

k= [511 (12%) — (1 +cos 6)]—1

Ae=12 (12'4) (1 - cos 6)
¢ =47 \511 cos

The following equation gives the Gaussian response of the detector (R. Hoover, 1972).

(E-E")
~ P I25ZE
PEE) 0, (2mE")05

Table 10 defines additional parameters used in calculating scatter (P. Clark J. T., 1997; Clark, 1979;
Hubbell, 1969).

Table 10: Additional terms used in the above equations to model scatter from the surface

Term Definition Description
6 Backscatter Angle Incident plus exiting flux angle
A Angular distribution function Equation defined above
W; Atomic weight for each element Given for each element
S; Incoherent scattering factor for i elements Spline fit to NBS table, g dependent
fi Cohetent scattering factor for [ elements Spline fit to NBS table, g dependent
q alculated at each wavelength
A
P(E,E") Shape of detector response at each energy Resolution-dependent Gaussian

(Hubbell, 1969)
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Source flux and energy absorption need to be considered, just as in fluorescence line production
calculations. In addition, the backscatter angle, 8, is significant because only X-rays which are
deflected back from the surface at the proper angle will be able to enter the detector. At the sub-
solar point (the Sun is directly overhead), that angle is 180° (relative to the incident solar flux angle).
The constant 0.0239 is the product of the multiplication of Avogadro’s number by half of the
square of the electron radius. This constant puts the scatter intensity on a molar rather than an
atomic basis. A spline fit was done to published tables of coherent and incoherent scattering factors,
fi and S; respectively, which vaty as a function of the parameter q (J. Hubbell, 1975; D. Cromer,
1965). Additional parameters need to be considered in the case of incoherent scatter: the wavelength
of the incident flux, A¢, called the Compton wavelength, is shorter than the wavelength of the
resulting scattered flux, 4;.
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Appendix A: Context of Student Work

This work is a continuation of reseatch begun during the 2011-2012 academic year. The MIT
Aeronautics & Astronautics Department’s year-long capstone project course(s) known as
(16.831/12.431) Space Systems Engineering and (16.832/12.432) Space Systems Development was a
group of approximately 20 senior-level students introduced to the REXIS Instrument project.

During the first semester, Fall 2011, a great deal of background research and study was conducted
by all students to understand the level of science and engineering needed to make a real contribution
to the design and development of the instrument. In the Spring of 2012 a goal was set to build the
first Engineering Test Unit (ETU-1) of the REXIS Instrument with the goal of the REXIS ETU-1
to detect X-rays from two point sources and a continuous source and read out that data to produce
the respective elemental lines on a histogram.

The author was the only student registered for the course from the MIT EAPS Department and
thus took on the role as the Science Team Lead. She even served as student representative at the All-
Instruments Team Meeting in Tucson, Arizona in November 2011 to introduce the class’s progress
on the Instrument at the OSIRIS-REx headquarters at the University of Arizona.

As of the Fall of 2012 the REXIS Instrument design and development had become too advanced to
introduce to a new group of students and the project has remained in the hands of the faculty,
researchers, staff and graduate students still involved. Fall 2012 served as the author’s final semester
of her MIT undergraduate career and she opted to remain on the team as a contributor to the
development and analysis of REXIS science. Thus, the logical progression of the science work on
REXIS was to complete her undergraduate thesis requirement for partial fulfillment of the Degree
of Bachelor of Science in the Department of Earth, Atmospheric and Planetary Sciences at MIT.
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Appendix B: Supplemental Reading

B.1. REXIS Heritage of CCDs for XRF Detection

Remote sensing of X-ray emissions is only possible for bodies with little or no atmosphere to absorb
these emissions (Goldsten, 1998). Orbital, rather than flyby, missions are preferred for such
measurements because of the typically long observation times required. The REXIS CCD-based
spectrometer is built on flight heritage that needs to be examined in detail. This examination will
discuss what XRF is in the context of past missions, how they were developed, the more detailed
theory behind the mechanism by which each worked, and to outline, with each case study example,
the various applications of XRF.

Particularly, each case study has not been without its own set of challenges, some of which the
respective science teams were capable of overcoming. Thoroughly understanding the scientific flight
heritage of the REXIS Instrument design and science trades can lead to a comprehensive
understanding of the X-ray spectroscopy of asteroids and aid in the understanding of the X-ray
spectroscopy of REXIS at 1999 RQ36.

B.1.1. Hayabusa

X-ray fluorescence spectrometry of asteroid 25143 Itokawa was performed by the X-ray
spectrometer onboard Hayabusa during the first touchdown on 19 November 2005. The mission’s
intent was to determine major elemental composition of the asteroid surface and its regional
variation by observing the X-rays excited by solar X-ray irradiation by the X-Ray Spectrometer
(XRS) on board. Further, they hoped that information on surface roughness would be derived from
observations at various phase angles.

B.111. XRS Instrumentation and Observation

The XRS was an advanced XRF spectrometer with a light-weight (1.5 kg) sensor unit based on a
CCD X-ray detector; this was the first time a CCD had been use for such a purpose on a planetary
mission (T. Okada e. a., 2006). A CCD was chosen for use as an X-ray detector to improve energy
resolution and to extend detection energy range (T. Okada M. K., 2000). Four CCD chips were
arrayed to detect X-rays from the asteroid. Another single chip was obliquely mounted to detect X-
rays from the standard sample plate that solar X-rays would excite (T. Okada M. K., 2002).

The Standard Sample Plate (SSP) was for concurrently calibrating the XRF when it was excited by
the Sun. The SSP was a glassy plate whose composition was intermediate between those of
chondrites and basalts. By comparing X-ray spectra from the asteroid and from the SSP, quantitative
elemental analysis could be achieved, although the intensities and spectral profiles of solar X-rays
change over time (T. Okada e. a., 2000).

The XRS instrument was required to have (1) energy resolution sufficient to discriminate fluorescent
X-rays of major element and reject scattered solar X-rays as backgrounds, (2) energy detection range
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from 0.7 to 8 keV, (3) effective detection area to accumulate statistically significant counts of X-ray
photons in a given integration time and (4) concurrent solar X-ray monitoring for quantitative
elemental analysis (T. Okada M. K., 2002). There were also several technical constraints on small
mass budget, mechanical and thermal conditions that the otbiter undergo during the mission, and
mounted position in the Hayabusa orbiter.

The CCD-based XRS consisted of a detection system (XRS-S) and an electronic circuit (XRS-E).
The specifications of the instrument are shown in Figute 1 below. To achieve the smaller size and
larger active area, a full-frame transfer method was adopted as the CCD readout, where no inactive
transfer regions or data storage areas were demanded. The active area of each chip was 1 inch square
with 1024 x 1024 pixels. Each pixel size was 24 micro-m square. To attain high-energy resolution,
the CCD chips were operated below 230K to reduce the thermal noise level. The hood was
effectively designed for the Radiative cooling. To extend the lower limit of the detection energy
range, the windows with 5 micro-m thick beryllium films supported by meshed grids and latticed
frames of 90% transparency were used to shield the visible light as well as effectively pass the X-ray
photons below 1 keV. The signal readout took place every 8 micro-sec in turn by multiplexing the
five chips. 16 pixels in a line were binned as a single data to readout in 0.5 sec per chip.

Table 11: Specifications of the XRS Instrument onboard Hayabusa

Specifications of the XRS
Total Mass 33+/-03kg
Total Power 12+/-3W
Detectors 1”CCD x 4 chips (main)
x 1 chip (solar monitor)
Energy Range 0.7 - 10 keV
Energy Resolution 90 eV at AI-K
Field of View 3 deg (main)
Detection Area 25 ¢m? (main)
Count Rate A few to 100 cps dependent on solar activity

Operation Temperature
Readout Rate

ADC

Time Resolution
Obsetrvation Mode

<230 K

125 kHz line-binning of 16 pixels

12 bit

600 sec

Normal 0.2 kbps / Calibration Mode

(T. Okada M. K., 2000)

The electronic circuit was composed of the CCD driver, multiplexer, data handling circuit, thermo-
electric cooler driver, CUP and interface for command and telemetry, and power supply. The clock
patterns from the driver were multiplexed and delivered to five CCD chips in turn. The readout
signals from each chip were received into the data handling circuit and, after digitized by a 14-bit
ADC, the upper 12 bits were stored in the FIFO. If the signals were beyond a threshold level, they
were regarded as X-ray events. After a given integration time of 60 sec, they were formatted as
CCSDS packets and transmitted to the data-handling system of the spacecraft (T. Okada M. K,
2000). The data handling was controlled by using the specified 32-bit Hitachi SH-3 CPU.

In-flight performance of the XRS was confirmed by observations of X-rays from the SSP, X-ray-
emitting bodies such as Kepler’s supernova remnants, and X-rays from the far side of the Moon.
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In-flight calibration was performed by observation of cosmic X-rays along the trajectory of the
orbiter. In situ calibration of X-ray fluorescence by solar X-ray irradiation into the onboard standard
sample was used to improve the accuracy of the quantitative elemental analysis (T. Okada M. K,,
2000).

During the descent, the solar phase angle — the angle between the Sun, Itokawa, and Hayabusa — was
between 5° and 10°. This small phase angle is favorable for performing XRF spectrometry (T.
Okada e. a., 2006). At larger phase angles, shadows on the rough surface terrain can interfere with
the elemental analysis (T. Okada e. a., 2006). During descent, the XRS continued X-ray spectrometry
of Itokawa, and the SSP simultaneously excited by the Sun, so that the entire asteroid surface was
observed in a longitudinal direction due to its rotation.

The effective field of view of the XRS was 3.5° by 3.5°, corresponding to a “footprint” size of 87 m
by 87 m at an altitude of 1.4 km, which became proportionally smaller as Hayabusa descended.
Consequently, the XRS observed local ateas of Itokawa 550 m by 298 m by 244 m in size. XRS
observations were sometimes affected by background radiation from space (X-rays and energetic
particles) because the footprint was not centered on the asteroid, due to the rotation of the
irregularly shaped asteroid and instability of the spacecraft’s attitude control that resulted from the
failure of two of the three reaction wheels.

B.1.1.2. X-Ray Spectrometer Data and Analysis

The XRS produced a set of X-ray energy spectra of Itokawa and the SSP, after onboard processing
of data from each CCD, every 5 min. Much of the data could not be analyzed due to unfavorable
solar activity, but six data sets with good signal-to-background ratios — observed during periods of
relatively enhanced solar activity — were selected.

The descent phase data was the most desirable condition because of relatively high solar activity for
X-ray excitation and low altitude to fill the 3.5 x 3.5 degrees field of view of the XRS by the asteroid
surface (T. Okada K. S., 2007).

Quantitative elemental analysis of Mg, Al, and Si, and qualitative analysis of Ca and Fe indicated that
the surface of Itokawa has chondtitic composition and that LL- or L-chondrites are most likely, but
H-chondrites or primitive achondrites cannot be rejected (T. Okada e. a., 2006; T. Okada K. S,,
2007; T. Okada K. S., 2000).

B.1.2. Suzaku

Suzaku was Japan’s 5th X-ray astronomy satellite, an Earth-orbiting observatory imaging various X-
ray sources launched in 2005. Suzaku was equipped with an X-ray Imaging Spectrometer (XIS)
system, consisting of state-of-the-art CCDs optimized for X-ray detection, camera bodies and
control electronics (K. Koyama, 2006).
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B.1.21. XIS Instrumentation and Observation

From Koyama et al. (2006), the XIS consisted of four CCDs, each placed at the focus of a dedicated
X-ray telescope. The XIS camera body consisted of a hood, bonnet and base. The hood had five
baffles to block stray light. The bonnet included a vacuum valve, an optical blocking filter (OBF),
calibration soutces (“Fe), a pressure sensor, a paraffin actuator and a door. The base contained an
X-ray CCD mounted on an alumni (Al,O,) substrate and was attached to a heat sink assembly made
of copper. A Peltier cooler incorporated in the heat sink could cool the detector to its on-orbit
operating temperature of -90°C. Over the frame-store region of the CCD, an aluminum shield with
a gold-plated nickel surface treatment was placed to block X-ray irradiation. The surfaces of the
substrate, the heat sink assembly and the shield were also plated with gold. The bonnet and the hood
wetre made of Al with black surface finish. The inside of the base was Ni-plated, except for the feed-
through plate which was gold electro-plated. Multi-layer insulators to reduce heat-flow from the
satellite body covered the XIS sensor.

Each XIS sensor had three *Fe calibration sources. One was attached to the doot, and illuminated
the whole imaging area. This calibration source was used on the ground and for initial on-orbit
calibration before the door was opened. For normal obsetvation, after the door was opened, this
calibration source was out of the field of view of the CCD. The other two calibration sources were
located on a side wall of the bonnet and illuminated the two far-end corners of the imaging area.

The XIS had four sensors and each sensor had one CCD chip, which was a MOS-type three-phase
CCD operated in the frame transfer mode. The imagine area of the CCD had 1024 x 1024 pixels.
The pixel size was 24 u m x 24 u m, giving a size of 25 mm x 25 mm for the imaging area. These
XIS CCD detectors were fabricated in the MIT Lincoln Laboratory and are very similar to the ones
flying on the REXIS instrument.

The XIS had a high X-ray spectra range in 0.2 to 12 keV energy band, where the bulk of K-shell
lines of O-Ni exist.

B.2. Challenges to XRF: Regolith Effects

The Nirinen, et al. (J. Naranen H. P., 2008) study has relevance for the OSIRIS-REx and REXIS
mission. REXIS will produce data that shall have well-defined observation angles and also has a
large effective area. It can be expected that the regolith effects, if not accounted for, will play a
significant role as a source for etror in the interpretation of the data from the REXIS mission.

Niranen, et al. (J. Naranen H. P., 2008) presented new measurements and results from their
experimental study on how the surface roughness of the regolith affects the interpretation of X-ray
spectra obtained by orbiting spacecraft. The surface roughness tends to harden the measured
spectrum as the illumination angle increases in a way that the traditionally used FPE of X-ray
fluorescence cannot predict.

Fluorescent soft X-rays from the surfaces of atmosphereless planetary bodies in the inner solar

system have been measured by instruments on several spacecraft, e.g. Apollo 15 and 16 (I. Adler J.
G., 1972), NEAR Shoemaker (L. R. Nittler, 2001), and Hayabusa (T. Okada K. S., 2006). An X-ray
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spectrometer is currently travelling to Mercury onboard the MESSENGER spacecraft (C. E.
Schlemm, 2007). The soft X-ray enetgy region is considered to lie between 0.5 and 10 KeV, where
fluorescent X-ray emission follows photoionization by incident X-rays and charged patticles.

The source of exciting X-rays, in XFS of atmosphere-less bodies, is the solar corona. The Sun is a
relatively weak source of X-rays and the fluorescence process is not very efficient and thus studies
are limited to the inner solar system, including NEOs such as RQ36.

Traditionally, analysis of X-ray spectra has assumed that surfaces can be considered to be
homogeneous and plane-parallel media (P. Clark J. T., 1997). This has been a reasonable
approximation considering the relatively poor spectral and spatial resolution of the detectors used
for XFS studies to date (J. Naranen H. P., 2008). It has been shown, however, that elemental line
intensities and their ratios are affected by the physical properties of the target surface and the
viewing and illumination geometry of observations. An increase in line intensities has been measured
as particle size in the sample is decreased and a spectral hardening (enhancement of higher-energy
end over the lower-energy end) is observed as a function of increasing phase angle (i.e., the angle
between the X-ray source and the detector as seen from the sample).

X-ray fluorescence can be analytically calculated by using what is traditionally called the fundamental
parameters equation (FPE) of X-ray fluorescence. FPE normally assumes a smooth, flat, and
homogeneous surface. As can be seen in the treatment below, the output of the FPE is highly
dependent on the spectrum of the incident radiation and the elemental composition of the sample.
The FPE derivation here follows that of Grieken and Markowicz (Grieken, 2002). Detailed
derivation can also be found in, e.g, Criss and Birks (J. W. Criss, 1968).

For a single element I, the linear photoionization coefficient lUppoto,i(E) and the total extinction
coefficient Ugprqr i (E) in (1/m) ate given by:

Hphoto,i (E) = Uphoto,i(E)fip
ﬂtotal,i(E) = atotal,i(E)ﬁp

In the equations above Oppoto,i(E) is the photoionization cross section, Gtotqri(E) the total
extinction cross section, both in [m®/atom], p the total number density of the material in [atom/m],
and f, the number density fraction of element i.

Now, the total photoionization and extinction coefficients, ( Uphoto,i(E) and HUtotari(E) ,
respectively) of the material are:

ﬂphoto,i(E) = Z ) Auphoto,i(E)
i
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Heotar,i(E) = Z Heotari(E)
4

For each photon of energy E absorbed by the element i, the probability of K/ line fluorescence

(€ {a,B)) is:

Jix—1
Jik

Qi1 = wkfixi

In the equation above J; is the jump ratio of the K shell of the element 7, W is the fluorescence
yield of the K shell, and f; g is the transition probability.

With the given parameters, we obtain an analytic expression for the first-order K/ fluorescence
F; 1 g (E) from element / for incident intensity I, of a single energy E:

Hphoto,i (E) 1
Heotar (E) Utotar (E1) /
cost+ Heotar (E)

Fi i g(E) = I,(E)Qiy cos €

and, finally, for a continuous spectrum we have the total fluorescence intensity F;; as:

Fy = f Io(E)F, 5 (E)dE
0

Realistic regolith-like surfaces are yet to be analytically modeled for FPE (C. E. Schlemm, 2007).
Also, secondary fluorescence (fluorescence excited by fluorescent X-rays) and contributions from
elastic and inelastic scatteting need to be included in the future, although their contribution to the
overall outcome of the calculations is not very significant (C. E. Schlemm, 2007).

Change of spectral shape (and thus relative intensity ratios) is predicted by the FPE to occur as the
fllumination angle increases. The FPE also describes the apparent discrepancy in the overall
behavior of the relative elemental line ratios measured by a downward trend setup versus an upward
trend setup as the overall behavior is a function of, e.g., the X-ray source spectrum. However, the
FPE does not take into account the physical properties of the sample sutrface, such as surface
roughness, porosity, and particle-size distribution.

For the measurement geometry in the experimental setup conducted by Nirinen et al (J. Naranen
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H. P., 2008), the most notable effect caused by the physical properties of the regolith is shadowing
of the incident X-rays (Y. Maruyama, 2008; J. Naranen H. P., 2008). Qualitatively this means that, as
the incident angle increases (large (), the exciting radiation has an increasing chance of entering the
sample medium through the side of a particle, a pore, or a roughness feature. The fluorescent X-rays
excited by this radiation have to travel further inside the medium to be observed by a detector
looking in the direction of the surface normal than X-rays excited by radiation that entered the
medium at a point closer to the detector (i.e., closer to the interface between the regolith and free
space). The mean-free path of soft X-rays in a regolith-like medium increase as a function of X-ray
energy. Thus fluorescent X-rays of higher energies can escape the medium more freely than those
with lower energies. This introduces a hardening of the spectrum as a function of the incidence
angle. This effect is described by the equation used in the derivation of the FPE.

Nirinen et al. (2008) report that regolith effects are apparent in each line ratio they studied, except
for Ti-Ka/Ca-Ka where the energy separation between the two lines is small (i.e., only small effects
are to be expected). The qualitative conclusion drawn by Nirinen, et al. (2008) from the
measurements in their experiment: as the surface roughness increases, the regolith effects increase
and cause hardening of the spectrum.
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Appendix C: Spectral Resolution Model Computational Methods

C.1. MATLAB Source Code: Updated_Spectral_Res_for_Loop

function accuracy = Updated Spectral Res_for_Loop(T)

N1 |
al
Set baseline line ac 1Yo wan easur e the ratiocs
baseline element = ':
: Set the allowable accuracy elLa
eta = 0.1;
et inpu emper e in Kelvir
T =T;
n regarding spe ral nes f interes
SLure
gives
;;] ive >
gives of the .1

spectIDs = spectID_info;

2 S uted by ar
how to pull that

Cl_data_Ens = importdata('Cl : E.csv");
eV_vals = Cl_data_Ens(:,2);
eV vals = eV _vals(3:end);
.”T_qa'x Flux = importdata("( csv" ) ;
Cl _data Flux = xlsread('T!
lines = Cl_data_Flux(:,2);
bkg = Cl_data_Flux(:,3);
total intensity = lines + bkg;

Define lines of interesti; these must be strings with length between tLhe

's of 4
lines of interest = ['Mg-K ';'ARl-K ';'Si-K ';'S-K ';'K-Ka 'l;:
lines _of interest = cellstr(lines_of_interest});

ruct a structure with just the lines we want base on e deflir ions

above
lines_to_probe = struct('peakID’, [1l:1length(lines of interest)],...
',zeros(l,length(lines_of interest)),...
intensity',zeros(1l,length(lines_of_ interest)), 'elliame', ({}});
for i = l:length(lines of_ interest);
for j = l:length(spectIDs.elName)
if strcmp{lines_of_interest(i),spectIDs.elName(j)) == 1
lines_to_probe.elName (i) = spectIDs.elName (j);
lines to_probe.energy(i) = spectIDs.energy(]);

'aneraqy
'
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energy_index = indexFind (spectIDs.energy(j),eV_vals);
lines_to_probe.intensity(i)= total intensity(energy_index);

end
end
end
Ligure
semilogy(eV_vals,total_intensity, 't')
hold &ll
25 y probe now has al he inf ma we neecd

erms of eV

FWHM en = 11.922* (lines_to_probe.energy/1000) + 52.989;

Lion oI cemperatl

line; we will then

»f Lhes
a = 311.2
FWHM T = a*sqrt((2.4264e12*(T.“l.5).*exp(—6995.35963./T) + c.*T + 2.0074*5.19e3)) -

e Lwo

86; b = 31539.04; c = -0.277426;

b;

Then the RSS:

FWHM line = sqrt (FWHM _en.”2 + FWHM R o)
Alsc useful to cal« ate from the FWHM the
formula is FWHM line = 2*sqrt (2*log(2)) *sigm

sigma_line= FWHM_line./(Z*sqrt(2*109(2)));

Now generate the Gaussians over the range of
E _range = linspace(min(spectIDs.energy},max(spectIDs.energy),5000):
detector_count = zeros(1l,length (E_range));
for i = l:length(lines of interest)
detector_count = detector_count +
lines_to_probe.intensity(i).*exp(-(E_range -
lines_to_probe.energy(i)).A2./(2*sigma_line{i).“2)};

interest;

end

semilogy(E_range,detector_count,'r','LénPWLd;h',Z)
ylim([min(total intensity) 10*max (total intensity)])
nation between the

We now desire ermine the contan

11
—~
Q

line line de the top; first

or the perfe

baseline ratios = zeros(l,length(lines_of interest));
Determine intensity, energy, and sig

baseline_intensity = 0;

E_baseline = 0;

sigma_baseline = 0;

for i = l:length(lines_of_interest)

if strcmp(baseline_element,lines_of_interest(i)) == 1

baseline intensity = lines to_probe.intensity(i);
E_baseline = lines_to_probe.energy(i);
sigma baseline = sigma_line(i);

of baseline element in ideal case

end
end

Determine baseline ratios against which Lo compare

for i = l:length(lines_of interest)
if strcmp(baseline element,lines to_probe.elName(i)) == 0
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baseline ratios(i) = lines_to probe.intensity(i)./baseline_intensity;

end

limits

L1rs

is the min
integration limits = zeros (4,length(lines_of interest));

for i = 1l:length(lines of interest)
integration limits(i,1l) = lines_to probe.energy(i) - FWHM line(i)/2;
integration_limits(i,2) = lines_to_probe.energy(i) + FWHM line (i)/2;
integration_limits(i,3) indexFind(lines_to_probe.energy(i) - FWHM line
(i) /2,E_range);
integration_limits(i,4)
(i)/2,E_range);
end

Resize due Lo peculiarities in the indexFind fun

indexFind(lines to probe.energy (i) + FWHM line

_ ction
integration_limits = integration_limits(l:length(lines_of interest),1:4);

Baseline range: get the in
baseline range = zeros(4,1);
for i = l:length(lines of interest)

k5 strcmp(baseline_element,lines_to_probe.elName(i)) == 1
baseline range = integration limits(i,:);

ation limits for the baseline

end
end

>1line line distribution
i baseline = baseline_intensity*exp(-(E_range - E_baseline)."2./
(2*sigma_baseline”2));

We also define the bas

And those of all lines
intensities = zeros(length(lines of interest),length(E_range));
for i = l:length(lines_of_ interest)
intensities(i,:) =
lines to_probe.intensity(i).*exp(-(E_range -
lines_to_probe.energy(i)}.”2./(2*sigma_line(i)."2));
end

Calculate rati

eline

region; the f
region; and

baseline region.

C(1) = [C(2)

The six column

The six olumn ratios(

ratios_of interest = zeros(length(lines of interest),®);

Begin loop to calculate lines wi

for i = 1l:length(lines_of_interest

I 1

basel ine

If this line isn th
if strcmp(baseline element,lines to_probe.elName(i))
Elmin_index = integration limits(i,3):

Elmax_index = integration_limits(i,4);
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E2min_index = baseline_range (3);

E2max_index = baseline_range (4)

C2 = sum(intensities(i,Elmin index:Elmax_index));
C3 = sum(i_baseline(Elmin_index:Elmax_index));

C4 = sum(intensities(i,E2min_index:E2max_index));
C5 = sum(i basellne(EZmln index:EZmax lndex)),
Cl = (C2 + C3)/(C4 + C5) 7

4 {Cl - baseline ratios(i))/baseline ratios(l);
eta = baseline_ratios(i)/Cl - 1;
ratios of interest(i,:) = [Cl C2 C3 C4 C5 etal;
end

end
ratios_of_interest;

Summarize the accuracies

accuracy_summary = struct('el Pair', ({}}, 'accuracy',zeros (1, length
(lines_of interest)));
for 1 = l:length(lines_of_interest)
if strcmp(baseline_element,lines to probe.elName(i)) == 0
accuracy_summary. elNamePalr(l) = strcat(lines_to probe elName
(i), '/',baseline-element); {[lines to probe.el \AHw(j),':','l selin

accuracy_summary. accuracy(l) = ratios_of_interest (i, 6)
end
end

accuracy = accuracy summaryj;
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C.2. MATLAB Source Code: run_Spectral_Res_for_Loop

Nira] Inamdar

15 January 2013

temperature = 273 + linspace(-70,-50,300);
eta = .1;

taccs = zeros(l,length(temperature));

MgSi = zeros(l,length(temperature));

AlSi = zeros(l,length(temperature));

SSi = zeros(l,length(temperature));

for 1 = l:length(temperature)

accs = Updated Spectral Res for Loop(temperature(i));
MgSi(i) = accs.accuracy(l);

AlSi(i) = accs.accuracy(2);

SSi(i) = accs.accuracy(4);

end

spectIDs = speciID_info;

accs = Updated Spectral Res for Loop(lLemperature(i));

figure

semilogy (temperature - 273,abs (MgSi), 'r*', 'LineWidih',1)
hold cn

semilogy (temperature - 273,abs (AlSi), 'a*',
semilogy (temperature - 273,abs(8S8i), 'b*', "'
hline(eta, 'm')

Uty

shline{(-.1,
tgrid on

xlab = xlabel ('De:
[(T]1','FontName',

yléb = ylabel ('Li

' Interpreter";?

Latex');
: ey ,; "Font
leg = legend('Mg
head = title('Li:
temperature', '
set (xlab, 'Interp
set {ylab, 'Inter
set (head, 'Inter;

set (leg, 'Ir

%Ll thing = sprintf|{ ime as a function of force igde
various $b$ and Sk&');

set (gca, 'FontName' 'Times New Roman', 'FontSize', 18);

eta);
tvline (temperature Index)-273);

vline (zeroSearch Simp (temperature,MgSi-eta) - 273,':")

iIndex = ind

ze',18,'Interpreter', "Laten');

vgamma

for

81



C.3. MATLAB Source Code: spectIDs

ated spectral resolullon

code

Niraj Inamdar
15 January 201:

# Set energy rang
E min = .65; In
E max = 2.5; 3In

spectrallines = spectlDs;
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