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Abstract

The study of origin and evolution of the Moon have generated scientific curiosity for
a long time. With the improved technology, with larger telescopes and better scientific
instruments the lunar surface got revealed and created more research interests. The sur-
face exploration of Moon gained momentum soon after the samples brought back from
the Apollo and Luna missions. Since then, various orbiting remote-sensing experiments
explored the lunar surface at multi-wavelengths. This thesis deals with one such study
of understanding the chemical composition of the lunar surface using x-rays. This pro-
vides a unique opportunity to sample the top few micron thick layer of the lunar surface
which undergoes severe modifications and mixing due to different physical/chemical

processes.

Context : Since the Apollo era, there have been very few successful observations of the
x-ray studies of the lunar surface. Spectral resolution of some of the instruments was
badly affected due to charged particles. Chandrayaan-1 X-ray Spectrometer (C1XS) on-
board Chandrayaan-1 was launched on October 2008 to study surface elemental abun-
dances with a spatial resolution of 25 km on the lunar surface. C1XS was designed
to map the abundances of major rock-forming elements viz., Mg, Al, Si, Ca, Ti and Fe
on the lunar surface using the X-ray fluorescence (XRF) technique. C1XS was the first
remote sensing x-ray experiment to spectrally resolve the x-ray lines of all major rock-
forming elements from the Moon simultaneously under different solar flare conditions.

It used ‘swept charge devices (SCD)’, a variant of x-ray CCDs as detectors.

Description : In this thesis, we present a summary of entire C1XS observations. Steps
involved in data selection, spectral analysis procedures viz., x-ray background estimation
and modeling incident solar x-ray spectrum for certain flare observations are described
in detail. We describe the spectral observations of all major rock-forming elements as
seen by C1XS. The first spectral evidence of Sodium (Na) from the Moon as observed
by C1XS is demonstrated in the thesis. Elemental abundances are derived from the

observed x-ray line intensities.



vil

My thesis work addresses the development of XRF inversion algorithm x2abundance
for remote-sensing measurements to convert XRF line intensities to abundances with
uncertainties. Validation of x2abundance using laboratory XRF experiments with metal
alloys and lunar analogue rocks are discussed in detail in Chapter 2.

In Chapter 3, we show the spectral analysis of C1XS data, where we extract the XRF line
fluxes of major-rock forming elements. We demonstrate the first direct evidence of x-ray
signature of Na from the Moon. We determine the abundances of lunar surface elements
including Na using x2abundance. Results from C1XS abundance analysis exploring the
lunar surface geochemistry are discussed in detail in this chapter.

However, global geochemistry of the Moon could not be completely studied by C1XS due
to lack of solar x-ray activity and limited mission life-time. Chandrayaan-2 Large Area
Soft x-ray Spectrometer (CLASS) is being developed for Chandrayaan-2 to answer the
questions raised by C1XS results and complete global mapping with enhanced sensitivity
using new generation SCDs (CCD-236).

In fourth chapter, we describe a detailed physical model developed to simulate x-ray
photon interaction in SCDs. This Monte Carlo simulation aims at modeling device level
interactions to better understand the spectral redistribution function of SCDs. Algo-
rithm of the model, implementation and comparison with C1XS ground calibration data
are presented here. This model will be used during the ground calibration of CLASS

experiment.

In the last chapter, we summarize the major findings from this thesis work. We discuss
the scientific importance of the discovery of Na on the lunar surface. A description on
science cases for future lunar surface studies is presented here. Further, to carry out
better scientific investigations in future, we propose a few design aspects which can
potentially improve the surface exploration of the Moon/airless planetary bodies in x-

rays.
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Chapter 1

Introduction

Scientific evidences lead to the insight that the Universe originated from the Big Bang
~ 13.8 billion years ago, and primarily composed of H, D, He & Li. The rest of the
elements are synthesized in stars through innumerable nuclear reactions. These ele-
ments are ejected out during the explosive end stages of stars which fill the interstellar
medium. It is from these ‘cosmic recycling bins’ of dust and dense molecular clouds that
the birth of next generation stars and planetary systems occur via gravitational collapse.
Our solar system with the Sun, eight planets, numerous satellites, dwarf planets, aster-
oids and comets originated nearly 4.6 billion years ago, from one such collapse. Since
their formation, these objects evolved continuously under different physical and chem-
ical environments. Various models of planetary formation and evolution have been de-
veloped based on studies of planetary surfaces, planetary atmospheres, meteorites and
comets. Further supporting evidences are obtained from the astronomical observations
of gas disks (both circumstellar disks & protoplanetary disks) and star forming regions.
However, the picture is still far from complete. In spite of all materials originating from
the gas and dust in the disk around the young Sun, we see a wide diversity among the
planets and satellites in terms of their composition, atmosphere and magnetosphere.
Refractory group elements ie., metals & silicates - with relatively high equilibrium con-
densation temperatures, coalesced to form metal & rocky-rich entities in the inner solar
system, whilst the outer solar system was formed with metal-poor large gaseous plan-

ets. A detailed study of solar system objects will reveal the inventory of elements and



geochemical processes that occurred in the past during the evolution. Remotely sens-
ing the spectral signatures of planets help in understanding these processes. Further,
the exploration of solar system objects is considered as a yardstick to understand the
increasing list of exo-planetary systems discovered from various dedicated missions like

Kepler, CoRoT and many other ground-based observations.

Though, with the advent of technology, our journey in the exploration of solar system
has matured from flyby space missions to orbiting and landing space missions, remote
sensing of planetary bodies is still carried out across the complete electromagnetic spec-
trum using different sensors as well as particle detectors (charged and neutral). These
studies helped us in further understanding of the physical and chemical makeup of plan-
etary bodies however, it has also raised many new questions about the formation and

evolution.

1.1 Study of Moon - Scientific rationale

The Moon being our nearest celestial object has been the central source of interest for
several decades. The surface of the Moon is of prime scientific importance as it is very
ancient; more than 3 billion years old. The lunar surface preserves record of early geo-
logical history of its formation which all the inner or terrestrial planets have lost during
their evolution. Space technology and exploration has seen a big boom since the launch
of lunar flyby missions by the Soviet Union and the United States of America during
1950-1960s. Several space missions were sent to the Moon by multiple space agencies
across the globe which opened up a new view of our Moon. It is believed that the Moon
formed from a molten magma was chemically homogeneous at the time of formation
[Longstaff, 2014; Elkins-Tanton, 2006]. Later, elemental fractionation occurred, when
the mantle was developed with high dense materials deep inside the Moon and low

dense materials formed the outer crust.

The regions on the Moon that appear dark to naked eye were once thought to be lakes
filled with water and hence named as ‘Maria’ (Latin origin). Today, we know that they

are lava deposits with high Fe & Ti content which absorb more light radiation and hence



they appear dark. The Maria regions are less cratered smooth surfaces with basalt com-
positions and occupy only 15% of the Moon’s surface. The bright regions are called ‘the
highland terrane’, which are heavily cratered and ancient. They form the lunar crust

with high Al & Ca content whose high reflectivity makes it bright.

Meteoritic impacts cover the lunar crust with fine pulverized bedrock and soil which is
called ‘Lunar regolith’. Frequent impacts in the early phase of the Moon resulted in an
increase in the thickness of regolith from a few centimeter to a meter. As a result many
small impacts that occurred later on the Moon altered only the top layers of regolith.
Hence, surface compositions can exhibit variations and could possibly contain material
of extra-lunar origin, rocks that emplace from the interior of the Moon during major
impacts. Samples brought back from nine locations near the equatorial region of the
Moon through manned and robotic missions viz., Apollo and Luna, were analyzed in
laboratories for deriving chemical compositions. Global database of lunar meteorites
which are considered to be of lunar origin based on isotope ratios is constantly getting
updated every year. compositions. However, the area sampled is a tiny fraction of the
entire area of the Moon. Remote sensing experiments provide the best opportunity to

study the global compositional diversity of the Moon.

1.1.1 Lunar surface : Status of current understanding

Surface composition and morphological features cause differences in the lunar albedo.
The highly reflective highlands ages about 4.56-4.29 by; while the alkali suites show
younger ages 4.37-3.80 by [Jaumann et al., 2012]. One of the major hypothesis based on
the Apollo samples were that the highland rocks are considered to be ferroan anorthosites
and are depleted in volatile elements such as sodium. The concept of a dry Moon
with depletion of volatile elements was changed completely by the indication of wa-
ter observations over polar regions by Clementine and Lunar Prospector [Nozette et al.,
1996; Feldman et al., 1998]. Strong absorption features around ~ 2.9 pm attributed
to hydrated (OH~/H,0 bearing) minerals were detected recently by M* instrument
onboard Chandrayaan-1 [Pieters et al., 2009]. These observations likely indicate hy-

dration processes on the lunar surface through interaction of solar-wind protons on the



oxygen-rich lunar rocks produced during micrometeorite impacts. Direct and indirect
evidences of sodic-rich lithologies are found from Chandrayaan-1 (C1XS) [Athiray et al.,
2014] and LRO (Diviner) [Greenhagen et al., 2010; Kusuma et al., 2012]. Recent results
from China’s Chang’E-2 (CE-2) x-ray spectrometer shows the surface elemental abun-
dances in the Oceanus Procellarum region which exhibit differences from the earlier
Lunar Prospector GRS results. Also the derived abundances of Fe from CE-2 are larger
than the averages of lunar mare samples brought back from Apollo and Luna missions

[Ban et al., 2014].

The heterogeneity in the lunar crustal chemical composition and distinct variations be-
tween nearside and farside geochemistry shows the complexity involved in the evolution
of the Moon. In order to understand the geochemical history of the Moon completely,
further studies on compositional diversity with sophisticated instruments are needed.
The Chandrayaan-1 X-ray Spectrometer (C1XS) was designed to provide global abun-
dance maps of major rock-forming elements on the lunar surface through X-ray Fluores-

cence (XRF) remote sensing technique. In this thesis we deal with the following:

e Spectral analysis of C1XS data and determination of lunar surface chemistry.

e Development and validation of XRF inversion algorithm to convert the XRF line

flux to elemental abundances, for C1XS analysis using laboratory experiments.

e Development and validation of charge transport model for the Swept Charge De-
vices, x-ray sensors used in C1XS and to be used in the upcoming Chandrayaan-2

Large Area Soft x-ray Spectrometer (CLASS) for global mapping of surface chem-

istry.

We start this chapter by explaining various theories on the origin of the Moon. We out-
line different scientific techniques by which the surface of the Moon has been studied so
far and describe the importance of surface chemistry. Current status on lunar elemen-
tal mapping and its scientific significance are discussed. At the end of this chapter, we
present a detailed discussion on the fundamentals of XRF spectroscopic analysis which

will be relevant for the following chapter.



1.2 Theories on the formation of the Moon

The Earth-Moon system is very peculiar in many aspects in our solar system. To date the
Moon is the only big natural rocky satellite in the solar system. The moons of Mars viz.,
Phobos & Deimos are thought to be captured asteroids. Satellites of outer planets are
mostly ice-rock mixtures. The Earth-Moon system has the largest satellite-planet mass
ratio as given in Table 1.1. Compared to all other planets, the Earth-Moon system is
spinning rapidly and hence has high angular momentum (3.5 x 10~*! rad g cm~2 s~ 1).
The orbit of Moon is neither in the plane of Earth’s equator nor in the ecliptic plane,
but inclined at 5°to the latter. The observed moment of inertia (0.3931+0.0002 kg
m?) [Hartmann & Davis, 1975] clearly suggests absence of a dense core at the center
of the Moon. Geochemical analysis of lunar samples show similarities in the isotopic
abundance ratios of Oxygen (0'°, 07, 0'®) between the Earth and the Moon (see
Fig. 1.1). Isotope ratios of other elements viz., Tungsten [Touboul et al., 2007], Silicon
[Fitoussi & Bourdon, 2012], Chromium [Lugmair & Shukolyukov, 1998] on the Moon
also match well with the Earth’s composition. Hence, a good model for lunar origin

should explain the following :

Age of the Moon as measured precisely from the lunar returned samples.

e Low FeO content as reflected in the average density of the Moon.

Angular momentum of the Earth-Moon system

Lack of volatiles and enrichment in refractory elements (such as Al & Ca) as mea-

sured in the returned samples.

Isotopic compositions as that of the Earth.

During pre-Apollo era, various theories were proposed by planetary scientists for the
formation of the Moon [Wood, 1986]: (i) The Moon was formed along with the Earth from
the same accretion disk of dust called Co-accretion hypothesis (ii) The early wandering
Moon was captured by the Earth’s gravity known as Capture hypothesis (iii) Due to fast

rotation of proto-Earth, blobs of material were thrown out into space which condensed



TABLE 1.1: Mass ratios of satellite and their host planet for some solar system bodies
(Combined masses of all known satellites are included)

Name of the Planet Satellite-planet mass ratio
Earth 0.0123
Mars 2.0 x 1078
Jupiter 0.00021
Saturn 0.00025
Uranus 0.00011
Neptune 0.00021
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FIGURE 1.1: Plot showing the three oxygen isotope plots of lunar rocks and its indis-
tinguishable match with Earth’s composition [Wiechert et al., 2001]. Composition of
Martian meteorites [Franchi et al., 1999] are also shown for comparison.

into the Moon called Fission hypothesis. All these hypothesis have some limitations.
Some could not match the age of the Moon determined precisely from the Apollo rocks
and some could not explain the large angular momentum of the Earth-Moon system.
Presently, the most accepted model for the formation of the Moon is the theory of Giant
Impact Hypothesis formulated by [Hartmann & Davis, 1975] and further developed by
[Cameron & Ward, 1976].

1.2.1 Giant Impact Hypothesis

Giant impact hypothesis suggests an oblique collision of a large Mars-sized object, Theia
(with masses ~ 0.10 - 0.15 Mg,) on the proto-Earth at a velocity of ~ 5 km s~! [Canup,

2004a]. As a result, huge amount of material from the Earth’s mantle and the impactor



were ejected into space. The spewed material coalesced under the action of gravity
to form the Moon. Large amount of energy was liberated due to the collision which
melted the Moon completely: This is called the Lunar Magma Ocean (LMO) phase. Our
understanding of the lunar surface is based on the LMO theory [Taylor, 1982; Warren,
1985] where elemental fractionation occurred during the cooling phase of the magma
and is supported by the results of analysis of lunar samples with ferroan anorthosites
collected from a small area on the nearside highland region of the Moon. Key points of

this theory which support some of the distinct features of the Moon are :

e The impact kinetic energy could have caused depletion of almost all volatile ele-

ments on the Moon.

e The angular momentum of the Earth-Moon system is an outcome of the giant

energetic collision which occurred ~ 4.5 b.y. ago.

e Magma with more mafic minerals (high Mg & Fe content) formed the mantle which

is enriched in higher density minerals like pyroxene and olivine.

e Low density Al-rich minerals (plagioclase feldspar) crystallized to form the top-

most layer of the Moon at the end stages of cooling of the magma ocean.

This hypothesis successfully explains the basic differences in the chemical composition
of the highland and mare regions on the Moon. The highland crust was formed during
the end stages of global magma ocean with flotation of the melt and crystallization of
plagioclase feldspar. Later volcanic intrusions from deep layers of the Moon produced

Mare basalt regions which exhibit mantle composition.

Making of the Moon from a single giant-impact scenario has been supported by numer-
ous three-dimensional Smoothed Particle Hydrodynamics (SPH) numerical simulations
[Benz et al., 1986, 1987, 1989; Melosh & Kipp, 1989; Cameron & Benz, 1991; Canup &
Asphaug, 2001]. The impact scenario was well modeled with an assumption of a non-
rotating impactor and proto-Earth target by Canup [2004b]; while later SPH simulations
explored the effects of pre-impact rotation on the formation of the Moon [Canup, 2008].

However, numerical simulations of standard impact model predicts the lunar disc to be



predominantly made up of the impactor material (> 60%), which was formed elsewhere
in the solar system. Unlike in lunar samples, the isotope ratios of O in Martian meteorites
and Chondrite samples do not match with Earth’s isotopic compositions (see Fig. 1.1).
This shows that in general the elemental isotopic compositions vary across the solar sys-
tem. If the Moon thus formed from Theia, as predicted by the numerical simulations,
the isotopic compositions of the Moon and the Earth are expected to be different. As the
standard giant impact could not reconcile the isotopic similarities, other new models are
proposed recently using extensive numerical simulations which are aimed to reduce this

discrepancy. A short note on those models are summarized in the following section.

1.2.2 Recent models on formation of the Moon

e In Pahlevan & Stevenson [2007] model, an impact was proposed along with tur-
bulent mixing and diffusion in the vaporized molten disk and the proto-Earth to
produce a homogeneous Earth-Moon system. However, this model requires a large
timescale to achieve equilibrium between the proto-Earth and the debris disk, by

which the disk would collapse.

e Another model by Cuk & Stewart [2012], proposes collision of a fast rotating early
Earth (2-3 hrs a day) with an impactor of ~ 0.005 Mg, smaller than what was
used in the standard giant impact. Instabilities that arise due to impact on the
fast rotating proto-Earth would fling out enough material from the Earth’s mantle
to form a chemically similar Moon as shown in Fig. 1.2(b). However, the resul-
tant Earth-Moon system will be left with a larger angular momentum than what
has been observed. In order to shed the excess angular momentum, the impact
has to be followed by evection resonance, where the Moon transfers the angular

momentum to the Sun in multiple orbits around the Earth.

e A model by Canup [2012] suggests a low velocity collision of an Earth-sized large
impactor (larger than the Mars-sized one used in standard impact model) with
the proto-Earth. As a result of complete mixing, it forms the Moon with isotopic

compositional similarities as that of the Earth. This scenario is shown in Fig. 1.2(c)
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FIGURE 1.2: Different impact models for the formation of the Moon. (a) Standard

giant impact which produce chemically dissimilar Earth-Moon system (b) Impact on a

rapidly rotating Earth model by Cuk & Stewart [2012] (c) Collision of Earth-sized object
on proto-Earth model by Canup [2012].

Both the models by Cuk & Stewart [2012] and Canup [2012] produce a chemically
similar Moon as that of the Earth and also reproduce the angular momentum of the
Earth-Moon system. However, assumptions in the chemistry of impactor could have

serious implications to reflect the compositional variations [Canup, 2013].

Rocks of Theia found in Apollo samples - Recent results : A set of fresh Apollo
samples were analyzed very recently using advanced mass spectrometric analysis meth-
ods for isotopic compositions [Pack & Herwartz, 2014]. Surprisingly, the isotope ratios

17 18 . . o« e . .
% and % (which were known to be indistinguishable with respect to the

of O viz.,
Earth [Wiechert et al., 2001]) in the Apollo samples differ significantly from the Earth
by 12 ppm. The result ratifies the formation of the Moon via a giant impact. Further,
the composition of Theia is also speculated to be of Enstatite chondrite ! [Herwartz et al.,

2014].

As seen from the above, results from precise chemical analysis of lunar samples pro-
vide valuable input for the models that address the origin of the Moon. New results
from these precise measurements clearly show the chemical heterogeneity of the Moon.

However, the lunar returned samples do not provide a global picture of the Moon as they

1A rare form of meteorite classified as E-chondrite which are known to have formed under reduced
conditions (poor FeO content) in comparison to other chondrites [Lodders & Fegley, 2011]
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reflect limited sampling regions. Thus, the study of global lunar surface geochemistry
using remote sensing techniques is required to test various theories of Moon formation.
Geochemical and mineralogical studies of the lunar surface in multi-wavelengths can

better constrain the theories and models of lunar evolution.

1.3 Role of lunar surface chemistry studies

The study of lunar surface chemistry can address some of the outstanding questions

which are listed below :

How did the Moon evolve?

What was the true chemical composition of the Moon and how are the elements

distributed on the lunar surface?
e Was it homogeneous initially?

What is the thermal history of the Moon?

What geochemical processes differentiate Moon’s crust from its inner layers?

What causes the chemical heterogeneity?

Space-based remote sensing measurements can enrich our knowledge with a global view
of lunar surface chemistry compared to localized findings from landing sites. Even after
more than five decades of lunar space exploration, many scientific questions regarding
the formation and evolution of the Moon remain unanswered. From decades of lu-
nar studies, today we know that global elemental fractionation occurred in the Moon
with the crust, mantle and core having distinct chemical compositions. Concentration
of major-elements (> 1 wt%), minor-elements (< 1 wt%), trace-elements (in ppm and
ppb) and isotopic ratios are available for variety of lunar-returned materials. On the
Moon, most of the elements are present in the form of minerals and rocks. Minerals re-

sult from geological processes on crystalline solids. Common minerals observed on the
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lunar surface are given in Table 1.2. Investigations of recent observations by Moon Min-
eralogical Mapper (M3) payload on Chandrayaan-1 found Mg-rich Spinel on the lunar
surface [Pieters et al., 2011]. Lunar rocks are igneous (directly cooled from molten state
of magma) in nature and are assemblages of different minerals which can be classified

as follows :

TABLE 1.2: List of common minerals on the Moon

Plagioclase Pyroxene Olivine Ilmenite

Anorthite: CaAl»Si,Og  Orthopyroxene: (Mg,Fe),Si>Og Fayalite: Fe,SiO4 FeTiO3
Albite: NaAlSizOg Clinopyroxene: (Ca,Mg,Fe),Si>,O Forsterite: Mg>SiO4

e Ferroan Anorthosite suites (FAS) : These rocks contain > 90% plagioclase min-
eral content. They are quantified by Anorthite number (An#)’ defined as cgffviaa%
in moles. Global mineral maps from Clementine revealed the distribution of anor-
thite rocks on the Moon with an average spatial resolution of 200 m [Lucey, 2004].
Global distribution of Pure Anorthosite (PAN)? rocks on the lunar surface was
mapped by Kaguya with a spatial resolution of 20m (visible) and 62 (IR) [Ohtake
et al., 2009]. These results support the LMO theory. However, these instruments

did not possess broad wavelength range to measure the complete diversity in pla-

gioclase.

e Magnesian suite : Mg suite rocks are characterized with Magnesian number
(Mg#) defined as % in moles. They appear to have been produced from a
magma which is rich in incompatible elements (ie., elements left behind without
fitting into the any crystal structure of major minerals). These rocks are believed
to be later intrusions into the highland crust. Global distribution of An# and Mg#

is essential in understanding the crustal compositional variations of the Moon.

e Alkali suites : These rocks are less abundant but show distinction due to their
high alkali content. However the distribution and their origin are still not known

completely.

2characterized with high anorthite content (Angs and above)
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e KREEP basalts (Potassium, Rare Earth Elements, Phosphorous) : Basalts formed

from igneous melts which are enriched in incompatible trace elements.

The present lunar surface has been bombarded by many impacts with bodies ranging
from few mm to km-sized meteorites which have reworked the top crust. Thus the
study of lunar surface chemistry with the following global measurements can help to

better understand the geochemical evolution of the Moon.

e Global map of the plagioclase feldspar using Anorthite number (An#) - to study

diversity of plagioclase feldspar for surface processes and thermal evolution.

e Global mapping of Mg suite rocks to understand the process of volcanic intrusions

of partial melted magma

e Global mapping of the concentration of lunar volatiles

These measurements can be used as test cases to validate the predictions of the existing
LMO theory. In the following section, we present various techniques that are used in

space-based remote sensing experiments to decipher the surface chemistry of the Moon.

1.4 Remote sensing surface chemistry mapping techniques

1.4.1 Mineral mapping

Methods to study lunar chemical elements is generally grouped according to their asso-
ciations with major types of minerals as different elements undergo various geochemical
processes.

Reflectance spectroscopy: Surface mineralogy is performed using the visible & near-IR
(0.4 ym - 3 pm), mid-IR (7 pm - 25 pm) and UV (0.001 pym - 0.4 pum) wavelength
bands which measure the spectral reflectance. The reflected solar radiation contains ab-
sorption features which identifies minerals present on the surface. Electronic transitions

between the split orbital energy levels in transition elements (Ni, Cr, Co, Fe, etc) lead
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to diagnostic absorption features centered at different wavelengths which distinguish
the minerals and hence used for mapping. Absorption features can also arise from tran-
sitions between vibrational levels of asymmetric molecules (for example water-bearing

minerals at ~ 3.10 pym).

Thermal IR spectroscopy: Lunar observations at mid-IR wavelengths mostly arise from
thermal emission radiation processes. In silicate minerals, when the refractive index
approaches unity (same as the refractive index of vacuum ie., 1), reflectance minimum
occurs between 7.5 ym and 9 um which is called the ‘Christiansen Feature’ [Pieters,
1999]. Reflectance minimum means maximum emission (Emission = 1 - Reflectance)
and hence the emitted mid-IR radiation peaks around 8 ym. Ca-rich feldspathic anor-
thite exhibit CF positions around 7.84 um whereas plagioclase with Na component shift
towards lower CF values < 7.8 um [Donaldson Hanna et al., 2014]. This helps in identi-
fying the diversity of mineral plagioclase. Ultramafic minerals viz., pyroxene and olivine

exhibit intermediate CF (around 8.2 ;m) and long CF values (around 8.9 pm).

Diversity in the chemical composition of the Moon is mostly addressed using these proxy
lunar mineral maps. List of successful remote sensing experiments which provided high

resolution global lunar mineral maps are listed in Table 1.3.

TABLE 1.3: List of successful lunar missions which provided global mineral maps of the

Moon
Mission Instrument Wavelength
name name range (in pm)

Clementine UV-VIS camera 0.3-1.0
Near-IR Camera 0.9-3.1
Kaguya Spectral Profiler 0.5-2.6

Multiband Imager 0.415-1.55
Chandrayaan-1 Hyper Spectral Imager 0.4 - 0.95
Moon Mineralogical Mapper (M?) 0.7-3.0
Lunar Reconnaissance Orbiter Diviner Radiometer 0.3 - 400
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1.4.2 Element mapping

Remote sensing via gamma-ray and x-ray spectroscopy provide the capacity to do direct
chemical mapping of the Moon, but are limited by the amount and quality of data.

Gamma-ray spectroscopy : There are two ways by which gamma-rays are produced
on the Moon (i) interaction of high energy cosmic rays with the nuclei of rock-forming
elements via inelastic scattering or neutron capture process yielding gamma-rays [Metzger,
1993] (ii) Natural gamma-ray emission from radioactive elements such as K (*°K - 1.46
MeV), U (°*°U - 1.76 MeV) and Th (?*°Th - 2.62 MeV) [Lawrence et al., 1998; Prettyman
et al., 2006]. The observed gamma-ray line intensities are proportional to the elemen-
tal concentration. Following are the factors that affect conversion of gamma-ray line

intensities to elemental abundances :

e The intensity of gamma-ray lines is highly dependent on neutron production as
the interaction of cosmic ray protons with nuclei of rock-forming elements yield
neutrons which in-turn produce gamma-ray photons. In order to derive precise
elemental abundances, gamma-ray spectrometer data needs complementary data
from neutron spectrometer. The strong dependency of gamma-ray line intensities
on neutron production as well as changes in the lunar subsurface neutron flux

[Yamashita et al., 2008] makes the conversion indirect and complex.

e The process of thermal neutron capture gets affected by the amount of solar wind
hydrogen implanted on the lunar soil. Increase in thermal neutron capture in-

creases the gamma-ray line flux and hence affects the abundances.
e Gamma-ray data exhibit a complex and highly uncertain background arising from

various sources [Prettyman et al., 2006; Zhang liyan et al., 2012].

X-ray spectroscopy : Sun is the primary source for lunar x-ray excitations. When solar

x-ray photons impinge on the Moon they interact via two modes which are :

1. X-ray Fluorescence: If the energy of the incident photon is greater than the bind-

ing energy of an atomic shell, an electron will be ejected by the photoelectric
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FIGURE 1.3: Principle of X-ray Fluorescence (XRF)

effect. The vacancy thus created is then filled by an electron from a higher shell.
This electron transition results in the emission of an x-ray photon called x-ray flu-
orescence, of energy characteristic of the atom. A sketch of XRF principle is shown
in Fig. 1.3. Since the atomic energy levels of each element in the periodic table
are distinct and quantized, the XRF emission from atoms can be used to directly

identify the presence of elements.

. X-ray Scattering: Interaction of incident x-ray photons with bound atomic elec-
trons without any transfer of energy to the electron is called Rayleigh or Coherent
scattering. Incoherent or Compton scattering occurs at high x-ray energies (100s
of keV) where the incident photon loses energy to a free electron of the atom dur-
ing interaction. Soft x-ray photons (1 - 10 keV) from solar corona interact with
major rock-forming elements on the Moon primarily via XRF and coherent scat-
tering. While the scattered flux depend weakly on the target composition, the

scattered x-rays do not directly provide information on lunar chemistry.

e Particle Induced X-ray Emission (PIXE): Apart from solar x-rays, cosmic
ray charged particles and energetic charged particles from the Sun during
eruptive events can interact with the surface elements on the Moon and create

vacancy similar to the x-ray excitation process. As an outcome of filling the
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inner shell electron vacancy, characteristic x-rays are emitted. This process is
efficient only during periods of high flux of charged particles with a narrow
energy range in the MeV region (say 1 - 4 MeV for protons) which is due
to their high absorption cross-sections. XRS onboard MESSENGER spacecraft
observed PIXE from the surface of Mercury during dark side observations and

derived the elemental compositions [Starr et al., 2012].

1.4.3 Scientific importance of elemental mapping

e Elemental mapping of the Moon provides the compositional differences in the ma-
jor crustal terrains which is important in understanding early lunar crust and man-
tle evolution. Mare regions represent lunar mantle compositions from a depth of
200 - 500 km, whereas highlands represent the end phase of flotation and crystal-
lization of plagioclase. Global elemental maps for mare and highland regions can

better constrain and validate models of lunar origin and evolution.

e Determination of Mg and Fe abundances and their relative proportion is impor-
tant as they form primary major rock-forming minerals. Global mapping of Mg#
as mentioned in sec.(1.3), is a vital parameter to understand the evolution of the
early lunar crust. Pristine lunar minerals/rocks will exhibit high Mg# in com-
parison to evolved rocks. Earlier attempts to map Mg# using Clementine multi-
spectral and Lunar Prospector Gamma-ray Spectrometer (LP GRS) data, did not

answer many scientific questions due to lack of precision.

e Studying the variation of plagioclase on lunar surface by mapping An# can un-
cover the end stages of magma ocean. Global measurement of moderately volatile
elements, which can be locked in minerals (for eg., intermediate plagioclase will
contain the moderately volatile sodium), can address the effect of thermal cooling
and secondary processing on the lunar surface. Studying various possible reser-

voirs of sodium on the surface can address the volatile inventory on the Moon.



17

1.5 Status of lunar surface element mapping

Since Apollo, several lunar missions carried x-ray and gamma-ray experiments to map
elemental abundances. Unfortunately, even today a unified cross-calibrated elemental

map does not exist.

1.5.1 Gamma-ray elemental maps

Lunar Prospector - Global abundance maps of Fe, Ti and other radio-active elements
are available as a direct measure from the Gamma Ray Spectrometer (GRS) onboard
Lunar Prospector (LP). Using data from GRS along with neutron spectrometer data on-
board LP, global abundance maps of light weight rock-forming elements are obtained
indirectly [Prettyman et al., 2006]. However, at certain regions on the Moon, the abun-
dance of Fe determined from GRS does not agree with Clementine spectral reflectance
measurements [Lawrence et al., 2002].

Kaguya - Global maps of certain radioactive elements are made available from Kaguya
GRS. Recently, global distribution of Ca abundance on the Moon has been obtained from
the GRS data onboard Kaguya [Yamashita et al., 2012]. However, it is to be noted that

Kaguya did not carry neutron spectrometer to assist GRS data.

Furthermore, the accuracy of abundances from GRS data is limited by the highly uncer-
tain background and quality of fundamental nuclear data [Yamashita et al., 2008; Zhang
liyan et al., 2012]. Also, in order to derive reliable elemental abundances, gamma-ray

data demand complementary information from a neutron spectrometer.

1.5.2 X-ray elemental maps

Apollo 15 & 16 - X-ray spectrometer (XRS) on Apollo 15 & 16 covered only 10% [Clark,
1979] of the area on the equatorial region on the nearside of the Moon and estimated
relative abundances, with respect to Si. They used gas-filled proportional counter de-

tectors and detected only Mg, Al, Si from the Moon. The results clearly showed distinct
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compositional variations between mare and Highland regions based on Mg/Si and Al/Si
ratios.

SMART-1 - D-CIXS (Demonstration of a Compact Imaging X-ray Spectrometer) experi-
ment [Grande et al., 2003] onboard SMART-1 used solid state x-ray detectors and mea-
sured various elements from Ca up to Fe during bright solar flares for the first time.
However, enroute to the Moon the detectors suffered severe radiation damage which
constrained meaningful quantitative analysis.

Kaguya - XRS onboard Kaguya [Shirai et al., 2008; Okada et al., 2009] which used solid
state x-ray detectors and carried standard calibration samples to determine surface el-
emental chemistry, also suffered from radiation damage which degraded the spectral

capability of the detectors significantly.

Thus, there are no measured absolute elemental abundances from any earlier x-ray

experiments.

Chandrayaan-1 - C1XS [Howe et al., 2009; Grande et al., 2009] onboard Chandrayaan-1
was equipped with Al doors which protected its solid state x-ray detectors from radia-
tion damage due to charged particles enroute to the Moon. Unlike the SMART-1 mission,
Chandrayaan-1 spent significantly less time in the Earth’s radiation belt enroute to the
Moon. It reached and observed the Moon without losing much of its high spectral capa-
bility. Due to lack of intense solar flares and limited mission life, it could not produce
global elemental maps of the Moon. Nevertheless, simultaneous observation of major
rock-forming elements were carried out during a few flares that occurred during its op-
erational phase. Also, for the first time this study showed the direct detection of x-ray
signature of Sodium (Na) from the lunar surface. Details of remote sensing XRF studies

are explained in the following section.

1.6 Remote sensing using XRF spectroscopy

Remote sensing XRF spectroscopy has a long history in studying the chemical compo-
sition of the lunar surface (for example, Apollo 15 (1971), Apollo 16 (1972), Smart-1
(2003), Kaguya (2007), Change-1 (2007) and Chandrayaan-1 (2008) for the Moon, Near



19

Earth Asteroid Rendezvous (NEAR) (1996) for the asteroid Eros, HAYABUSA (2003) for the
asteroid 25143 Itokawa).

1.6.1 Solar x-rays

Surface temperature of the Sun is ~ 6000 K, which implies that the resulting black-body
emission is most intense at visible wavelengths and the flux of quiescent x-rays emitted
from the photosphere is low. The solar corona is hot (a few million degrees) and can
act as a low-intensity source of x-rays. At times, the Sun releases energy explosively,
when magnetic configurations rearrange in the chromosphere and/or corona in order
to reduce the energy stored in magnetic fields. The excess energy released often leads
to the acceleration of charged particles. Accelerated electrons from the outer layer of
the Sun strike the cool gas atoms in its photosphere and emit radiation in x-rays via
primarily bremsstrahlung process. These events are referred to as “solar flares”, where
the emission of x-rays increases suddenly, reaches a maximum and decays over a time
scale of a few minutes to some hours. Solar flares are classified based on the amount of
peak x-ray flux reaching the Earth as measured by the x-ray detectors (1 - 8 A) in GOES
3 spacecrafts. They are termed as A, B, C, M and X class with increasing intensity (see

Table 1.4 for details), each class being ten times more intense than the previous. XRF

TABLE 1.4: Classification of solar flares based on the soft x-ray flux (1 - 8 A band)
received by the GOES satellite

Class X-ray Flux
(W/m?)
<1078

10~" to 107°

107°to 107°

107°to 1074
> 1074

< Z 0w >

remote sensing provides an unambiguous and unique identification of signals from the
major elements (>1 wt%). Interaction of soft x-rays (1 - 10 keV) are limited only to the

top few tens of microns of the lunar surface in contrast to centimeter-depth observations

3Geostationary Operational Environmental Satellite operated by NASA for space-weather monitoring
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by gamma-rays. Thus, x-ray remote sensing offers the best opportunity to study the
composition of lunar regolith which can be different from the bulk lunar composition. It
also provides an independent measure of elemental abundances which can be compared

with abundances derived from other spectral techniques.

1.6.2 Quantitative XRF analysis

In quantitative analysis, the measured XRF line intensities are converted to correspond-
ing elemental abundances. However, conversion of the XRF line intensities to elemental
abundances is not straight forward as the observed line intensity depends on many fac-

tors which are explained below:

e The incident spectrum I,(E): XRF line intensities of different elements vary signifi-
cantly with respect to the x-ray spectrum exciting the surface. For example, during
weak flares with fewer x-ray photons at high energies, XRF lines of high atomic
number elements say Ti, Fe from the lunar surface may not be seen/strongly de-
tected in the observed spectrum. Hence a hard, intense input spectrum across the
energy range of 1 - 10 keV, exciting all the elements on the surface is the ideal

condition.

e Matrix effects M(S,E): Planetary surfaces are intrinsically compositionally inhomo-
geneous. The presence of an element on the surface can either enhance or reduce
the x-ray line flux of other element(s), thus influencing the relative spectral inten-

sities of XRF lines. This is called the Matrix effect (see Fig. 1.4).

e Particle size : In regions where the mean particle size forming the surface is larger

than the mean penetration depth of x-rays, particle size affects the XRF line inten-
sity.

e Geometry of observation: Incident angle (¢) - Angle between incidence angle of
solar x-rays and lunar surface normal, Phase angle(f) - Angle between the Sun,
Moon and detector. Observational geometry keeps on changing due to orbital

motion of the spacecraft around the Moon.



21

' Primary
Io ! Cr Secondary
3 /\ Tertiary
Primary .
NI Fe Cr xsr y - NI Fe
l' : Primary
_Q[____F_e____c__r _________ §§Fcondar:y Fe Secondary
[ Tertiary | \
Cr | :
____________________ XRF Ni
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Ni 28 7.477  8.264
Fe 26 6.403  7.057
Cr 24 5.414 5.946

FIGURE 1.4: Ilustration of the Matrix effect in a 3-element sample (Ni, Fe, Cr). En-
hancement : Incident x-ray photons (I,) excite all the three elements and produce its
respective fluorescence (both K, and K3) called Primary XRF. Primary Ni XRF lines can
excite the lower atomic number elements Fe and Cr. Similarly Fe primary XRF lines can
excite Cr which are all collectively termed as Secondary XRF. Secondary Fe XRF lines
produced by primary Ni XRF lines in turn produces Tertiary XRF of Cr. Attenuation
: XRF lines of Cr can be attenuated by the presence of Ni & Fe atoms, as it does not
posses enough energy to excite their K-shell electrons and hence does not help in x-ray
identification of elements. Similarly, the line intensity of Fe can be attenuated when it
encounters a Ni atom enroute to the detector.

e X-ray background B(E): Background spectrum of x-ray detector needs to be char-

acterized as the XRF lines ride over the background spectrum.

All the aforesaid dependencies are to be taken into consideration to derive precise el-
emental abundances from XRF line intensities. Further complexities involved in space-
based XRF studies along with an algorithm developed for remote sensing XRF studies to

derive elemental abundances from C1XS data are explained in Chapter 2.
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1.7 Summary

Remote sensing XRF technique provides direct estimation of major elemental abun-
dances on the lunar surface. As explained in this chapter, global elemental abundances
are derived from the conversion of measured XRF line intensities, which is quite complex
for remote sensing XRF studies. We have developed an XRF inversion code, x2abundance
for C1XS analysis. In this thesis, we present the algorithm of x2abundance and its val-
idation through laboratory XRF experiments. Comprehensive analysis of entire C1XS
observations during solar flare periods, to derive lunar surface elemental abundances
are presented. We report the first direct observation and estimation of sodium (Na)
abundance from the Moon. The derived Na abundance is larger than what was ex-
pected. With an eye towards improving capability to do full global mapping, we present
the charge transport model for SCD and its validation using C1XS ground calibration
data. This model will be very helpful to understand the device level interaction and
simulate spectral response at low energy x-rays to meet the scientific objectives of the

upcoming experiment CLASS onboard Chandrayaan-2.



Chapter 2

XRF Inversion code for remote

sensing application

In chapter 1, we introduced lunar surface chemistry and explained how x-ray spectroscopy
can be used for lunar surfaced studies. In this chapter we describe the algorithm and de-
velopment of a XRF inversion code named %x2abundance’ to convert the observed x-ray line
intensities from remote sensing observations into elemental abundances. The code is used to
determine lunar surface elemental abundances from C1XS observations. Various XRF exper-
iments (both laboratory and simulation) performed on different samples for the validation

of x2abundance are also explained in this chapter.

2.1 Comparison of laboratory and space-based XRF experi-

ments

XRF spectroscopy is a well-established, non-destructive multi-elemental analysis tech-
nique where abundances are derived from the observed XRF line intensities. Multiple
dependencies of x-ray line intensities, as explained in chapter 1, complicate the con-
version of line intensities to elemental abundances. Numerous algorithms are available

for quantification of laboratory-based XRF experiments [Jenkins et al., 1995]. However,

23



24

space-based XRF experiments suffer from several additional constraints which are listed

below :

e Unlike laboratory experiments where the energy spectrum of incident x-ray pho-
tons exciting sample is known and stable, x-rays from solar flares are unpre-
dictable, extremely dynamic and exhibit spectral variability in short-intervals of
time (seconds). Hence the observed XRF spectral line intensities can also exhibit
large time-dependent variations independent of changes in the chemical composi-

tion of ground pixels.
e Matrix effect explained in earlier chapter (refer Sec. 1.6.2) becomes very complex.

e Unlike laboratory samples, the size distribution of soil particles is not well charac-

terized on planetary surfaces.

e Geometry of the experiment (viz., angle of incidence, observation angle, spot-
size, location of spot-size, etc) can be fixed and known to a greater accuracy in
laboratory experiments which is not the case for space-based XRF experiments due
to continuous motion of the spacecraft in the orbit and changing relative position

of the Sun.

e Unlike laboratory experiments where sources contributing to the x-ray background
are well characterized and fully accounted for. In space experiments, modeling of
x-ray background is difficult since background varies significantly with time and

orbital phase. This is discussed further in chapter 3.

Hence it is essential to develop an algorithm which can account for some of these effects
to derive accurate elemental composition from remote-sensing x-ray observations. Using
the analytical equations of the Fundamental Parameter (FP) approach [Criss & Birks,
1968; Rousseau & Boivin, 1998], we have developed an XRF inversion algorithm for the

analysis of data from C1XS. The codes are written in Interactive Data Language (IDL).
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2.2 Quantification methods

Standard methods for laboratory XRF experiments in deducing the composition of a sam-
ple are well known [Jenkins et al., 1995]. Among the XRF quantification methods, the
fundamental parameter (FP) approach is unique. It is considered as ‘standard-less’ ap-
proach in deriving the sample composition. It uses the knowledge of incident spectrum
I,(E) exciting the sample and relies on fundamental equations describing the charac-
teristic x-ray intensity of atoms in a flat and homogeneous sample. Uncertainties in the
fundamental data, such as mass absorption coefficient (uz), fluorescent yield (w) and
jump-ratios of different elements, together determine the accuracy of this approach.
The first analytical formulation of XRF emission incorporating the matrix effects was
given by Sherman [1955] and further modified by Shiraiwa & Fujino [1966]. The need
for matrix correction was clearly demonstrated by the experiments with ternary alloys

[Shiraiwa & Fujino, 1967].

The earliest space-based XRF experiments invoked the concept of flux ratios through
which the relative abundances of Mg and Al with respect to Si (reference element) were
estimated. In the Apollo 15 and 16 experiments [Adler et al., 1972, 1973b,a], the abun-
dance of Si was considered to be invariant throughout the lunar surface and Al/Si and
Mg/Si ratios were estimated. This approach demands a precise knowledge of the refer-
ence element and yields only relative abundances. The veracity of derived abundances
thus depends on the assumed uniformity of the reference element. Analysis of XRS data
from NASAs Near-Earth Asteroid Rendezvous (NEAR) - Shoemaker mission used cali-
bration curves (ie., photon count ratios vs elemental concentration ratios) obtained for
some of the measured meteorite compositions for different solar spectra and observing
conditions [Nittler et al., 2001]. Furthermore, the effect of heterogeneity was also con-
sidered in deriving the surface elemental composition of asteroid Eros. Weider et al.
[2012] assumed a fixed Si abundance and modeled the abundances of other elements
relative to it wherein they used the algorithm developed by [SMART-1 Team et al., 2009;
Swinyard et al., 2010] for D-CIXS. Also, iterations were performed around the initial

rock composition with each line emission optimized one at a time. In contrast, in our
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method, XRF computations are performed where the weight percentages of all the ob-
served elements are allowed to vary together over a large range. No assumptions on
the weight percentage of elements are made except for the unobserved/weakly detected

lines. Hence the derived abundances are expected to better reflect the true composition.

2.3 XRF inversion algorithm x2abundance

We now describe the formulation of the XRF inversion algorithm x2abundance which
converts the observed XRF line intensities to elemental abundances. The algorithm uses
analytical expressions of FP method which assumes a thick, homogeneous and flat sam-
ple. Expressions of Shiraiwa & Fujino [1966], given in Eqns. (2.1, 2.2 and 2.3) are used
for the computation of XRF line intensities from the sample. Various steps involved in
x2abundance in deriving the elemental abundances are explained below. The sequence
of execution of some of the important steps in the program is summarized in Fig. 2.1.
As the major elemental chemistry of the lunar surface involves elements whose XRF line
energies are in the range of (0.1 - 10 keV), only elements with K-shell atomic binding
energies less than 10 keV, are considered for computation. Using fundamental atomic
data such as mass absorption coefficient, fluorescence yield, etc., the code computes in-
tensity of XRF lines analytically for a given matrix ();), incident spectrum (/,(£)) and

observational geometry.

. - 1 Ermas Qip(E)Io(E)dE
Lp) - = sin w/Eie p(E)cosec ¢ + p(Ej)cosec i (2.1)
L 1 Bmaz Qiq(E)Qip(j9) Lo(E)
Lip) = 2sin wzjq/Eie w(E)cosec ¢ + pu(E;)cosec i (2.2)

sin wu(ip)cosec w} sin ¢ [ uEcosec qﬁ]
g { u(i)' [1 T Go e N G 1"
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A(E) = Sm¢ p(E) D Qir(E) = i (B)Wywi REK,
B(kr) = pu(kr) L Qjg(kr) = p(kr)Ww;RIK;
C(jQ) = p(jq) L Qip(Ja) = pi(jO)Wiwi R, K;

D(ip) = (ZP) o Qip(E) = pi( BE)Wiwi Ry K,

where ;1 - mass absorption coefficient (cm?/g); ¢ - incident angle; v - emission angle;
Q - fluorescence probability for measured line from an element; W - weight fraction; w

- fluorescence yield; K - K-edge jump ratio; R - K-« transition probability.

2.3.1 X-ray Line flux and flux-fraction

We define a Flux-fraction (F'F;) for each element as the ratio of its line flux to the sum

of line flux of all elements seen in the spectrum which is represented as:

(i)

EE)r = S (e

(2.4)



Inputs

No. of Elements (n), atomic number (Z),
geometry, fluorescence yield (@), binding
energies (), range of wt%, photon energies
(Ku , Ks), mass absorption coefficient (p),
Incident spectra (Io(E))

Y

All possible matrices XRF computations
v = Wt% of XRF Flux and
o = Elements flux fraction
£ B (F)r & (FF)r
=Z [ EL | Ek | .. | EL EL | EI: | ... | EL
M
M
M.,
X% computation for all matrices
Compare Matrix No. Chi'square (x2 1)
flux fractions
(FFio, (FFi)r My
with method of Mz
weighted least ",
squares
M,

Y

Optimal abundance = Matrix with least X2

FIGURE 2.1: Important steps involved in the execution sequence of x2abundance
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where i runs from 1 to number of elements ‘n’ in the sample, (F;)r - computed x-ray
line flux of i*" element, (F'F;)r - computed flux fraction of i*" element. Spectral fits to
the observed XRF data provide the observed line flux (F;)o. Similar to Eq. (2.4), we
also define the observed flux fraction of elements (F'F;)o using (F;)o. The error in the
observed flux fraction 0 (g, in each element is computed by propagating errors in
the observed x-ray line flux of each element 0 (), using error propagation techniques

[Bevington & Robinson, 2003].

2.3.2 Matrix generation & XRF computation

Qualitative analysis of XRF spectrum identifies the list of elements present in the sam-
ple. A set of observed elements with different weight percentages is referred to here as
the ‘matrix’. We generate different sets of possible combinations of weight percentages
(wt%) for the set of elements under consideration. In each matrix, the sum of percent-
ages of weights are maintained at 100% [ie., for a matrix M; (3 W; =100% where W;
is the percentage of weight of each element)]. For samples with large number of ele-
ments, suitable constraints on the range of elemental weight percentages based on an
a-priori knowledge helps in reducing the number of matrices and hence the number of
iterations. For example, if the abundance of an element is known to be more than 60%
in a four element sample, its weight percentages will be allowed to vary between 60%
and 99%. The remaining three elements put together can vary only between 1% and
40% which reduces the number of possible matrices and hence limits computation. The
program computes line flux (F;)r and flux-fraction (F'F;) for all elements in each ma-
trix (M;). Table 2.1 lists the fundamental parameters used in x2abundance along with

the relevant references.

2.3.3 Deriving abundances

To derive elemental abundances, the observed flux-fractions (FF;)o are compared with
the computed flux-fractions (FF;) for all elements in each matrix. Of the generated

matrices spanning a range of weight percentage combinations of elements, the best
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TABLE 2.1: List of fundamental parameters used in x2abundance.

Parameter Reference

Mass absorption coefficient (1) | NIST ¢ database

Fluorescence yield (w) [Markowicz, 2002] (Appendix VI)

Jump ratios [Markowicz, 2002] (Chapter 1 (Eq. 51))
K line transition probability [Markowicz, 2002] (Chapter 1 (Eq. 23))

“www.nist.gov/pml/data/xracoef/index.cfm

suite matrix is selected by the method of Weighted Least Squares [Press et al., 1988]. A

X7 value is defined as:

(2.5)

» = [(FF)o — (FF)r)?
X Zi:l [U(FFz')o]2

The matrix with abundance values, yielding the lowest (ij') value is chosen as the best

fit to the true abundance.

2.3.4 Deriving abundance errors

Uncertainties in the observed flux-fraction of elements 0 (pp,), are used to estimate the
uncertainties in predicted elemental abundances. The computed flux-fraction of each
element (F'F;)r corresponding to the matrix with the lowest ij. is allowed to vary within
the observed error limits (2 X 0 (pp,),). The matrices corresponding to the upper and
lower limits of flux-fractions give the 20 error in the predicted abundances. If the error
in the predicted abundance of an element is less than the wt% step size, then the step

size is considered as the error in the abundance of that element.

2.4 XRF experiments

The algorithm described in sec.(2.3) takes into account some of the dependency factors
of XRF intensity in deriving the elemental abundances. In order to validate the inversion
algorithm and understand the effect of dependency factors in determining the elemental

abundances, we performed two modes of controlled XRF experiments :
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1. Laboratory XRF experiments

2. Geant4 XRF Simulations

2.4.1 Laboratory experiments to address x2abundance validation

Metal alloys (Fe & Ni based) and lunar analogue rocks were employed as samples for
laboratory experiments. Samples were chosen to contain major elements with char-
acteristic x-ray energies up to 10 keV. Composition of standard metal alloys (Fe & Ni
based) are readily available with high accuracy and can be used under atmospheric
conditions to observe statistically significant XRF spectrum. To investigate matrix ef-
fect and test the robustness of inversion algorithm, we conducted experiments on metal
alloys as well as on lunar analogue rocks (10 < Z < 30) which needed vacuum envi-
ronment. Continuum spectrum from a x-ray tube and mono-energetic spectrum from
a synchrotron x-ray beam (Indus 2 - beamline 16) were used for sample excitation.
Further details of the experiments are summarized in Table 2.2. True composition of
all the samples were obtained from Energy Dispersive X-ray analysis (EDX) facility at
ISRO Satellite Centre (ISAC) using an Oxford Instruments INCA Penta FETx3 system
on a scanning electron microscope. Accelerated electrons are allowed to hit the sample
to give out characteristic x-rays which are detected using a cryo-cooled high sensitive
x-ray detector. Measurements are made under high vacuum conditions and the system
can measure elements up to C whose K-« is around 0.4 keV. Before carrying out EDX
analysis on actual samples, calibration was carried out on standard samples (Co, Cu, Ni

etc.,) provided by the manufacturer. EDX estimates the true abundances to within 0.5%.

2.4.1.1 Experiment setup

Geometry of the experimental setup used in the present studies is shown in Fig. 2.2 with
the incident and emission angles defined. Lunar analogue samples were irradiated us-
ing a high intensity mono-energetic synchrotron x-ray beam at the Indus 2 synchrotron
facility. A collimated x-ray beam of energy 8 keV and size ~ 1mm x 1mm was used for

sample excitation with the detector kept at a distance of ~ 10cm from the sample. In
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order to observe low energy x-rays from low Z elements like Mg, Al etc., measurements
were carried out inside a vacuum chamber made out of stainless steel (SS-304) with base
pressure of ~ 102 mbar. Metal alloy samples were irradiated using an x-ray generator
(MiniX) with Ag anode operated at 10 kV and 15 pA. The thick target bremsstrahlung
[Kramers, 1923] x-ray spectrum (I, (E)) with Ag ‘L’ emission lines and continuum excit-
ing metal alloys, measured by Si-PIN detector is shown in Fig. 2.3. However, it may be
pointed out that the distribution of x-rays from solar flares, exciting the lunar surface is
mostly represented by a thermal continuum along with many emission lines that domi-
nate at soft x-rays (< 8 keV), which also exhibit spectral variability in time. Under such
circumstances, the effect of surface roughness and grain size coupled with observational
geometry on XRF line strength becomes important, which are not currently addressed
in this work.

Input X-ray I I Fluoresced X-re
Beam |O (E) Sam:p € norma Beam

1i(B)

N s
S z 4
N Z /
N E /
AN - ”
oy \ E 71 4 7 o
Q=430 NP =45
t dt* Sample surface

NN

7/
yoo\

@ - Incident Angle
P — Emission Angle
t — Sample thickness

FIGURE 2.2: Schematic view of laboratory XRF experiment

2.4.1.2 Sample description

Table 2.3 lists the samples used in the laboratory experiment along with the major ele-

ments seen in their XRF spectra. A brief description on the samples used is given below:
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TABLE 2.2: Laboratory XRF experiment details

Sample Experiment Input x-ray Input x-ray Detector
category station Source Energy
Metal Environment Test Amptek 2 - 10keV Amptek
Alloys Facility (ETF) Mini-X continuum Si-PIN
at ISAC XR-100CR
Lunar XRF -u probe Synchrotron Mono-energetic =~ Amptek
Analogue beam-line (BL-16) xX-ray 8 keV Si-PIN
rocks at RRCAT, Indore beam XR-100CR

TABLE 2.3: Details of samples used for validation of x2abundance

S.No. | Laboratory samples Geant4 samples
with major elements with major elements
1 Indian 10 rupee coin Basalt
(Ni, Cu) (Fe, Ti, Ca, Si, AL, Mg, O)
2 British 1£ coin Icelandic Basalt
(Ni, Cu, Zn) (Fe, Ti, Ca, Si, AL, Mg, Na, O)
3 Inconel 600 User defined samplel
(Cr; Fe, Ni) (Fe, Ti, Ca, Si, Al, Mg, O)
4 Incoloy DS User defined sample2
(Cr; Fe, Ni ) (Fe, Ca, Si, A, Mg, Na, O)
5 Cast Monel
(Mn, Fe, Ni, Cu)
6 Monel 400
(Mn, Fe, Ni, Cu)
7 Lunar simulant (JSC-1A) (O, Na, Mg, Al, Si, Ca, Ti, Fe)
8 Sittampundi pulverized rock (O, Al Si, Ca, Ti, Fe)

whose characteristic x-ray peaks fall between ~ 5.4 and 10.0 keV were used.

mare and highland region were used.

Metal alloys : Standard alloys of Nickel containing major elements between Cr to Zn

Lunar analogue rocks : Two samples which closely represent the composition of lunar

e Lunar Simulant (JSC-1A) : JSC-1A is a lunar mare regolith simulant released by

NASA for research studies mined from a commercial cinder quarry at Merriam
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Crater (35° 20’ N, 111° 17" W). ! The volcanic ash deposit of Merriam crater is
basaltic in composition, similar to the soil from Maria terrain of the Moon, which
are believe to be the partial melts of lunar interior erupted on the surface. The
mined ash was processed to produce the simulant with mean grain size of ~ 190
pum. A complete characterization of lunar simulant (JSC-1A) is reported in Ray

et al. [2010].

e Sittampundi rock : This sample is taken from the anorthositic rocks available at
Sittampundi (near Salem, TN), India, which are considered near-equivalent to
lunar highland rocks [Anbazhagan et al., 2012] in composition. As mentioned
in chapter 1, it is believed that the lunar highland terrane formed as the lighter
mineral plagioclase feldspar (CaAl,Si>Og) floated and crystallized on the surface
during the end stages of the lunar magma ocean phase. Pure calcic-anorthite and
labradorite are the dominant minerals in this sample. The sample exhibits a low
mafic content and large concentration of Al and Ca. They are pulverized to a grain
size of about 100 ym or smaller. Detailed studies on the rocks of this site are

reported in [Anbazhagan et al., 2012; Aarthy et al., 2009].

Pellets of these samples were made after crushing them manually and compressing it
with a pelletizer. We assume that the pellets are a close representation of flat and ho-

mogeneous sample based on the SEM image of the pellets.

2.4.1.3 XRF spectral analysis

The observed XRF spectra of laboratory samples were analyzed using the x-ray spectral
analysis package (XSPEC) [Arnaud, 1996]. XRF lines of major elements forming the
samples are clearly seen in the spectra. The best spectral fit obtained for all the samples
is shown in Fig. 2.4(a-b), 2.5(a-b) and 2.6(a-b), where XRF lines were modeled. The
observed elements are labeled with respective symbols. X-ray signature of Mg was not

seen in the spectrum of JSC-1A due to poor efficiency of the detector system at lower

A volcanic cinder cone located in the San Francisco volcano field near Flagstaff, Arizona.
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FIGURE 2.3: Incident x-ray spectrum of MiniX (x-ray generator) as measured with

a Si-PIN detector (with 1mil thick Be window). Figure shows the x-ray continuum

along with L-shell excitation lines of Ag anode (2.98 keV, 3.15 keV, 3.35 keV, 3.5 keV)
measured at the sample’s position.

energies around 1 keV due to Be window and also a less probability in exciting the

relatively lower abundant element, Mg by the 8 keV beam.

Spectral components & corrections : Next to photoelectric absorption process pro-
ducing XRF line emission, elastic scattering process has the next higher probability of
interaction. Rayleigh scattering component was negligible for metal alloy samples as it
occurs mostly at low energies [Fernndez, 1992], where the incident spectrum (ref. Fig.
2.3) did not have adequate flux. Spectra of lunar analogue samples contain scattered
incident x-ray beam (both Rayleigh & Compton scatter) along with XRF lines of stainless
steel arising from the vacuum chamber walls. Lines from stainless steel arise due to the
interaction of uncollimated scattered 8 keV beam with the walls of the vacuum chamber.
XRF spectrum of SS-304 excited by an 8 keV beam was simulated in Geant4 to account
for the contamination. Using known composition, both elastic and inelastic scattered
components were also simulated in Geant4. Table models?) compatible for XSPEC anal-
ysis were generated using the XRF spectrum of SS-304 and scatter component spectra
(elastic and inelastic). Apart from these components, lunar analogue samples also con-

tain many trace elements (in ppm) which are mostly high Z elements (For JSC-1A ex.

2Table Model - A model in XSPEC can also be defined as a two column table (energy versus photon
intensity at some specified binning) as opposed to an analytical form. The final model spectrum is calculated
by interpolation across the bins.
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Ni, Zr, Sr, Ce, Ba etc.,). Emission lines of SS-304 and trace elements were fitted with
Gaussian functions along with other spectral components which are all labeled in Fig.

2.4 (trace elements are vertically written).

Apart from these factors, a tiny fraction of contamination was expected due to scatter-
ing of these lines from the perspex holder. To account for the contamination by unseen
trace elements and perspex scattering, XRF line fluxes were considered to have an in-
trinsic uncertainty of 2% (a conservative estimate derived from Geant4 simulation with
perspex). Observed XRF line fluxes of the samples thus derived were corrected for po-
tential contamination. Flux-fractions were computed using Eq. (2.4) from the observed

flux and fed to x2abundance along with the respective input spectrum.

2.4.2 Geant4 XRF experiments

Geant4 is a Monte Carlo based toolkit to simulate the interaction of photons and par-
ticles through matter [Agostinelli et al., 2003]. It incorporates various physics inter-
actions, event tracking system, user-defined geometries, digitization etc., and covers a
wide range of energies of interaction (say 250eV to TeV energies) from optical to ~-rays
and charged particles. It allows the user to define the experimental geometry, sample
formulation and simulate the fundamental physical processes. Geant4 (ver. 9.4) simu-
lations were performed invoking electromagnetic physics processes which include XRF
and x-ray scattering (both elastic & inelastic). Geometry of the experiment was included
to emulate the one used in the laboratory experiment, in order to cross validate the re-
sults of x2abundance from laboratory experiments. XRF simulations were performed on
the set of samples listed in Table 2.3. XRF line fluxes of all elements obtained from
Geant4 simulation were assumed to have Poisson errors (ie., v/Counts). Flux-fractions
were computed using Eq. (2.4), which along with incident spectrum served as input to

x2abundance. Results of XRF experiments are summarized in the following section.
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FIGURE 2.4: Best fit for the observed XRF spectra of lunar analogues showing all the
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38

Energy (keV)

o
(=3
O
—
[}
=]
o}
<
=]
—
~
<
—

1-AS-SIUNOD pazijew.ou X

1-\® 1_S SIUNOJ pazijew.ou

Energy (keV)

(b) IncoloyDS

FIGURE 2.5: Best fit for the observed XRF spectra of metal alloys used in laboratory

experiments. Marked are XRF lines of major elements present in the sample. Residuals
of fit in terms of o (ref. XSPEC manual) is shown in the bottom panel of each figure.
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FIGURE 2.6: Best fit for the observed XRF spectra of metal alloys used in laboratory
experiments. Marked are XRF lines of major elements present in the sample. Residuals
of fit in terms of o (ref. XSPEC manual) is shown in the bottom panel of each figure.
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TABLE 2.4: Comparison of weight percentage (wt%) of major elements of JSC-1A de-
rived by x2abundance and EDX measurement values.

Element | EDX x2abundance | x2abundance

symbol | measurement | prediction prediction
with trace without trace
elements elements

Fe 7.5 7+1 7+1

Ti 1.1 1+1 1+1

Ca 7.1 7+1 7+1

Si 19.5 18+1 17 +1

Al 7.0 9+1 10+1

2.5 Experiment results & Validation

Laboratory experiments : Following the steps enumerated in sec. 2.3.1 - 2.3.4, the
inversion algorithm estimated the most suitable composition of each sample. XRF lines
of Mg, Na and O could not be seen in the spectrum of JSC-1A due to the low sensitiv-
ity of the detector. Hence their values were fixed to priori known weight percentages
obtained from EDX measurements (2.6%, 1.5% and 52.7%) respectively. Similarly, for
the analysis of Sittampundi sample, abundance of oxygen was kept fixed as 57.0% (EDX
measurements). Table 2.4 compares the elemental abundances of lunar simulant (JSC-
1A) derived by x2abundance along with the measurement using EDX facility at ISAC.
Columns (3 & 4) gives the abundances derived for JSC-1A fitted with and without trace
elements. For the analysis without trace elements, the predicted abundance can go up to
30 away from the true value. Inclusion of trace elements in fitting can give abundances
which are closer to the true values.

Comparison of elemental abundances predicted by x2abundance plotted against true
abundances (EDX measurements) along with 20 residuals are shown in Figs. 2.7(a-b)
and 2.8(a). In all the cases, major elemental abundances derived by x2abundance with

uncertainties agree with the true elemental abundances.

Geant4 experiments : A comparison plot of the predicted abundance vs true abun-
dance of all major elements for certain samples simulated in Geant4 experiment is

shown in Fig. 2.8(b). It is evident that the abundances derived from x2abundance
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FIGURE 2.9: Steps involved in the cross-validation of x2abundance.

matches well with the sample abundances for which Geant4 simulation was performed.
The deviations between the two are plotted as residuals (in terms of o error bars) in the

bottom panel.

Cross-validation : We also tested the self-consistency of the inversion process by com-
paring the measured XRF spectrum with GEANT4 simulated spectrum which used the
composition derived by x2abundance and convolved with instrument response. Steps
involved in the cross-validation are shown in Fig. 2.9. Elemental abundances of Sit-
tampundi sample obtained from x2abundance are provided as input for GEANT4 XRF
simulation. Fig. 2.10 shows the comparison of simulated flux-fractions plotted against
the measured values. The plot also shows the best fit to the data where the slope tend-
ing to unity provides a good confidence in the x2abundance output. Deviations from the
expected slope of unity could be due to unobserved trace elements not modeled in the

spectrum.
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FIGURE 2.10: Comparison of XRF flux-fraction - measured vs simulated - Sittampundi
sample. Straight line fit to data which measures a slope of 1.01 is also shown.

2.6 Summary

In this chapter, we have described the complexities involved in the conversion of XRF
line fluxes to elemental abundances for space-based XRF studies. Further, we described
the formulation of XRF inversion algorithm x2abundance in detail, which incorporates
some of the major corrections required for the C1XS lunar surface studies. Also, we
have successfully demonstrated the validation of x2abundance [Athiray et al., 2013a,b]
using various XRF experiments whose application on the C1XS lunar data are described

in chapter 3. Salient features of the algorithm are listed below:

2.6.1 Highlights of x2abundance

1. Developed for space-based remote sensing XRF studies to convert the observed

XRF line intensities to absolute elemental abundances.

2. Invokes the analytical equations of the well-established Fundamental Parameter

approach with the assumption of thick, homogeneous and a flat sample.
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3. Matrix effects up to tertiary XRF are considered for computation. Other factors
affecting the intensity such as incident spectrum and experimental geometry are

taken as input parameters.

4. Can derive the elemental abundances with uncertainties for elements with charac-

teristic K-shell x-ray energies between 1-10keV (ie., from Na to Zn).

5. Does not demand any a priori information on the elemental weight percentages

provided all the elements are observed in the spectrum (excluding Z < 10).

2.6.2 Limitations of x2abundance

1. Assumption of a homogeneous and flat sample surface is not completely true for
the case of lunar studies. Hence, our approach gives only a first order correction
factor for the mixture of minerals and does not strictly address the heterogeneity

in the lunar regolith.

2. It is also assumed that the effect of particle size has negligible effects on XRF
intensity over large scales of observation covering large phase angles. The effect

is partially eliminated by the use of flux-fractions.

3. Major elements whose x-ray signatures are detected are included in matrix gen-
eration. Additional undetected but known-to-be-present elements are included
using a-priori knowledge. For example, Oxygen (Z=8) occupies a major fraction
in almost all rock samples. In such cases, its weight percentages are frozen to

previously published best estimate values.

4. Fundamental parameters for elements with Z<10 are not known to high precision

and hence not included in the matrix.






Chapter 3

Lunar surface chemistry from C1XS

This chapter gives an overview of the C1XS experiment. A complete summary of C1XS ob-
servations, analysis and results are presented. Detailed explanation on approach to spectral
analysis under different flare conditions, estimation of in-orbit x-ray background and solar
flare x-ray analysis are included. Application of x2abundance to C1XS analysis and new
scientific insights on the surface geochemistry of the Moon from C1XS-derived abundances,
are explained in detail. We present the first direct evidence of enhanced Na abundance on
the lunar surface and discuss its science implications. At the end, we describe improvements

addressed in the design of the x-ray spectrometer planned on Chandrayaan-2.

3.1 Introduction

In chapter 1, we discussed different mapping techniques that are used in deciphering
the surface chemistry of the Moon. In particular, how remote sensing studies using XRF
spectroscopy can help in direct chemical mapping of the Moon. Also, a comparative sum-
mary of earlier space-based lunar XRF experiments is given in chapter 1. Though this
technique was deployed during earlier missions since the Apollo era, the Chandrayaan-1
mission was optimally designed to generate maximum coverage and give the most spec-

troscopically accurate measure of lunar surface elemental abundances. C1XS reached

47
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the Moon without losing much of its high spectral capability. The unusually low solar x-
ray activity hampered completion of the primary scientific objective of C1XS of creating
global lunar elemental maps using XRF emission lines. An overview of C1XS experi-
ment, XRF observations, data selection methods, analysis and results are discussed in

subsequent sections.

3.2 Overview of C1XS

Chandrayaan-1, India’s first lunar mission was launched on 22"¢ October 2008 and was
in operation until August 2009. The orbit of Chandrayaan-1 spacecraft was a circu-
lar polar orbit around the Moon at an altitude of 100 km in the initial phase (called
phase 1) and later raised to 200 km (called phase 2). The C1XS experiment onboard
Chandrayaan-1 was designed to map the abundances of major rock-forming elements
on the lunar surface. C1XS was a joint collaboration between European Space Agency
(ESA) and ISRO; the instrument was built at the Rutherford Appleton Laboratory (RAL),
UK, with some design contributions (instrument and thermal) from ISRO and jointly cal-
ibrated and operated by RAL and ISRO. The instrument was designed to have an opening
angle of 28.6 ° using collimators which were mounted on top of the detectors. The colli-
mators were made of copper, coated with gold which define the ground pixel (area seen
by C1XS on the lunar surface at a given instance) resolution of 25 km FWHM from 100
km altitude. However, spatial resolution for single spectral observation varies from 25
km to few hundreds of kms, depending on spacecraft altitude and co-adding of adjacent
pixel data for improved signal to noise ratio. Extended solar minimum that prevailed
during the on-orbit time of Chandrayaan-1 (ie., Nov’08 - Aug’09), left C1XS with only a
handful of solar flare (a few C-, B- and A-class flares) when simultaneous observations
of the lunar surface were made. C1XS is the first well-calibrated x-ray instrument to

reach and observe the Moon with good spectral resolution.
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3.2.1 X-ray detectors in C1XS

C1XS used an array of 24 Swept Charge Devices (SCDs) [Lowe et al., 2001], each with
area of 1 ¢cm?, to record x-ray emission in the energy range of 0.8 to 20 keV. SCDs
are modified version of x-ray CCDs, specially designed for non-imaging, spectroscopic
purposes by e2V technologies Ltd., UK. They offer good spectral resolution at benign
operating temperatures. On-board, C1XS used only a passive cooling system and the de-
tectors were operated between -10 °C to +5 °C. The SCD provides an 1-dimensional lin-
ear output array as a resultant of the continuous diagonal read-out architecture, which
are processed to control stored data volume for varying input raw event rates. Extensive
ground calibration of SCD was performed using a double crystal monochromator in the
RESIK x-ray beam-line at RAL. Further details on ground calibration and determination
of detection efficiency of SCD with respect to calibrated Si-PIN detector are explained in

detail elsewhere [Narendranath, 2011].

3.2.2 Event selection process

The observed x-ray event rates in C1XS vary with changing intensity of a solar flare. In
order to control the in-orbit data volume, C1XS had two event processing modes viz.,
Time-tagged mode (during low and moderate event rate) & Spectral mode (during high
event rate) [Howe et al., 2009]. Due to low solar x-ray activity, the observed C1XS event
rate was low throughout the mission. Hence events were processed in time-tagged mode
where each event was attached with the on-board time and SCD number. This mode was
further subdivided into two other modes based on event rates and two threshold logic

which are :

1. Type 11 data - Multi-pixel mode (< 51 events/s): Out of a group of 3 adjacent

samples, if the central one is above threshold 1, then store all the 3 samples.

2. Type 10 data - Single-pixel mode (51-129 events/s) : Out of a group of 3 adja-
cent samples, only the central one is stored if it is above threshold 1 and both the

adjacent samples are below threshold 2. Otherwise discard the central sample.
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FIGURE 3.1: Representation of ‘Single pixel (Type 10 data)’ event selection logic used
in C1XS with two threshold values Th1, Th2.

Spectral mode, in the case of high count rates also follows single-pixel mode logic with
two thresholds. Pictorial representation of single-pixel mode event selection logic is
shown in Fig. 3.1. Single-pixel mode data alone were considered for spectral analysis
since majority of the events during weak flares observed by C1XS belong to this mode.
Pulse height distribution of charges collected due to a specific energy x-ray photon event,
varies with different selection modes which leads to different spectral shapes. Details of
SCD architecture, interaction with x-ray photons, charge formation and transportation

and application for lunar spectroscopic purposes are discussed in detail in chapter 4.

3.2.3 X-ray Solar Monitor (XSM)

From chapter 1 and 2, it is clear that accurate measurement of incident solar x-ray
spectrum is a prerequisite to derive precise lunar surface elemental abundances. Simul-
taneous observations of solar x-rays, in the energy range of 1.8 to 20 keV, impinging
on the Moon, were obtained from the X-ray Solar Monitor (XSM) [Alha et al., 2009]
onboard Chandrayaan-1. XSM was developed by the University of Helsinki in Finland,
based on a Si-PIN detector. The detector was designed to have a wide opening angle
of 105° to ensure the Sun to be in its field of view (FOV) always. The detector was

operated around -18 °C using a Peltier cooler and had an effective area of 0.001cm?.

3.3 C1XS observations

C1XS was nominally operated only during the sunlit portion of the lunar orbit. The light

curve of counts recorded by the C1XS experiment for the entire mission is shown in Fig.
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3.2. The plot shows integrated C1XS counts in the energy range 1 keV - 10 keV (red
color points in Fig. 3.2) plotted along with GOES ! soft x-ray flux in the energy range
1.55 keV - 12.4 keV (blue color lines in Fig. 3.2). It is clearly seen that the solar x-ray
activity was very minimal during the entire duration and was relatively active in x-rays
only in the month of July 2009, in contrast to other times. Due to the overall low solar
x-ray activity, C1XS could not produce global elemental maps of the Moon during its

short mission life.

Major observations during phase 1 contain a few A-class flares reported by [Weider et al.,
2012] which occurred on 12! December 2008 and 10" January 2009. Observations in
December 2008, sampled full latitudinal extent of Mare Serenitatis and the January
2009 observation followed a track through Mare Insularum, Mare Cognitum and Mare
Nubium. During phase 2, C1XS observed two major C-class (107° - 10~°> W/m?) flares,
a few B-class (1077 - 10 W/m?) flares and a few A-class (1078 - 10~ W/m?) flares.
The brightest flare observed by C1XS was a C3 flare which occurred on the 5% July
2009, where x-ray signatures of major rock-forming elements viz., Mg, Al, Si, Ca, Ti
& Fe were measured simultaneously. This observation covered some regions on lunar
southern nearside highlands at detectors’ maximum spatial resolution [Narendranath
et al., 2011]. The Copernican-aged impact crater Tycho and its rays were observed
during another weak C-class flare (C1) that occurred on 6" July 2009. Other B-class
flare observations correspond to various terrains on the nearside of the Moon. In the
following sections, we present some of the new results from a more comprehensive

analysis of C1XS data for all observations including those during weak solar flares.

3.3.1 Data selection

After careful examination of all data, the following criteria were adopted in choosing
good data for spectral analysis from the complete set of C1XS observations for spectral

analysis.

!Geostationary Orbiting Earth Satellite which monitors the space weather near the Earth from an alti-
tude of 36000km
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FIGURE 3.2: The entire mission light curves of C1XS from 22"¢ Nov.2008 - 3"¢
Aug.2009. Solar x-ray flux from GOES satellite indicating x-ray activity of the Sun
during the life time of the mission is also shown (1 - 8 A). Useful C1XS observations are
during solar flares with intensity B3 (3x10~" W/m?) and above, which is marked by a
dashed line. Red points indicate C1XS integrated counts with a time bin of 16 sec; Blue
lines indicate solar X-ray flux with a time bin of 1min. Flare observations discussed in
this paper are shown in the inset of Fig. 3.2(b). GOES x-ray data are chosen for the
light curve to show very low solar activity during this entire period and to also address
potential flares, undetected by XSM which may have resulted in lunar XRF signatures
in C1XS. GOES data are available almost all the times and also acts as an independent
observation of solar flare from a different location which agrees well with C1XS light
curve.
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FIGURE 3.3: Ground-track of C1XS observations made on 4", 6" and 8" July 2009

plotted over the Clementine lunar albedo map (750nm). Elemental abundances from

the LP gamma-ray data used for comparison are taken from the region of interest shown
as dashed line box which encompass C1XS observed locations

C1. Identification of observation intervals corresponding to solar flares

C2. Within this, selection of good observation intervals where data are not contami-

nated by enhanced flux of charged particles (as derived from hardening of C1XS

spectra)

Interaction of charged particles with spacecraft and detector can increase the back-

ground and hence could impact spectral analysis. Also flares below B3 (dashed lines

in Fig. 3.2) are not considered for further analysis as lines corresponding to Ca, Ti and

Fe are absent, resulting in large errors in the derived abundance values. Results of the

biggest flare seen by C1XS (a C3 flare), which occurred on the 5! July 2009 are pub-

lished in Narendranath et al. [2011]. We discuss flare observations made on the 4,

6t and 8" July 2009 (<= C1 class flares), as shown in the inset of Fig. 3.2(b), which

satisfied the aforesaid criteria. The majority of these observations (viz., 4", 6! and



54

8" July 2009 < Cl-class flares) span over lunar southern latitudes which include the

relatively young impact crater Tycho and its rays as shown in Fig. 3.3. A summary of

good observation intervals chosen for analysis along with the class of flares observed

and their respective locations on the Moon are given in Table 3.1.

TABLE 3.1: Selected good observation intervals of C1XS data

Date & Class of Observed region Groundtrack
time solar flare (Lat, Lon) details
4% Jul09 -53.0°,25.0° Nearside - highland region
~B3.5 to covered some portions over the rays
01:18:00-01:21:59 -23.5°,25.0° of the relatively young impact crater Tycho
6" Jul'09 -66.2°,-6.3° Nearside - highland region
~Cl.1 to from the crater Cysatus till
17:04:29-17:19:44 -26.3°,-9.5° near the boundary of Mare Nubium
8th Jul'09 -35.4°,-28.6° Nearside - Palus Epidemiarum
~B4.2 to from the crater Capuanus to the crater
05:27:31-05:30:20 -25.9°,-28.7° Campanus which separates Mare Nubium

3.4 Data analysis

C1XS observations can be broadly grouped into three types viz., background observa-

tions ie., when enhanced x-ray & particle events are not observed, flare observations

with only enhanced x-rays and observations during enhanced flux of charged particles.

Light curves depicting these types of observations are shown in Fig. 3.4. Spectral analy-

sis of weak flare observations is severely constrained by low signals, requiring data from

multiple ground pixels to be summed. This leads to coarser spatial mapping. Following

are the major steps involved in spectral analysis :

1. Build background spectrum appropriate for the observation - B(E)

2. Obtain incident solar x-ray spectrum pertaining to C1XS observations using XSM

data - Iy(E) (spectral analysis)

3. Derive scattered spectrum of solar flare, reflected off the lunar surface - Iy (E)
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FIGURE 3.4: Light curves showing C1XS integrated counts (0.94 keV - 9.4 keV) (in-

dicated by red points with a time bin of 16 sec) along with x-ray solar flux obtained

from GOES (1.55 keV - 12.4 keV) (indicated by blue lines with a time bin of 1 min) (a)

background observation - absence of solar flare & low particle flux (b) flare observation

showing enhanced solar x-ray flux and C1XS counts (c¢) particle interaction dominated

observation- envisaged as sudden rise in the C1XS counts without commensurate in-
crease in the solar x-ray flux directly measured flux.

4. Derive x-ray line fluxes of different elements from spectral analysis

5. Convert XRF line flux to elemental abundance using x2abundance (ref. chapter 2)

3.4.1 Background estimates (B(E))

Background emission arises from various sources [Hall et al., 2008]. Apart from cos-
mic x-rays, interaction of high energy charged particles around the Moon with the in-
strument leads to production of secondary charged particles and x-rays which also con-
tributes to the overall observed continuum background. Also energetic charged particles
deposit partial charge in the detector which mimic x-ray-like signatures. As the spectrum
of charged particles vary dynamically with time, the observed background also exhibits

time variations. XRF lines from the Moon are recorded along with this time varying
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background. Thus in order to extract XRF elemental line fluxes, understanding and ac-
counting of the background is very important. The Moon encounters two major particle

environments in a synodic month (29.6 days) which are :

(a) Solar wind & high energy cosmic ray particles (dominant during ~ 24 days)
: Continuous flux of solar wind and galactic cosmic ray protons and electrons
with energies ranging from keV to GeV contribute mainly to the observed steady

background in C1XS.

(b) Charged particles in the Earth’s geotail (dominant during ~ 6 days) : The high
pressure solar wind pushes the magnetic field of the Earth and stretches it out into
an elongated tail in the anti-solar direction. In a lunar month, the Moon spends ~
6 days around the full moon phase inside the geotail. The geotail extends up to
several hundreds of Earth radii and is primarily composed of energetic electrons
with an average energy of 1 keV (increasing to several keV occasionally; [Prakash,
1975]). Sporadic release of accelerated charged particles during solar eruptive
events can alter the background spectrum significantly. The accelerated charged
particles travel with different speeds and reach the Earth and the Moon at different
times. Spectral contamination due to sudden bursts of charged particles is clearly
identified by huge rise in C1XS counts as observed in the light curve that are

uncorrelated with solar x-ray emission (refer Fig. 3.4(c)).

The Moon was coincidentally inside the geotail when flares occurred during the 15! week
of July 2009. Data over a complete orbit, without particle contamination and with solar
activity less than A-class flare level (ie., < 1x10~® W/m?) alone were considered for
background estimation. Some of the observations made on the 6! and 8" July 2009
satisfied this condition and the time-averaged background spectrum (B(E)) used for our
current analysis is shown in Fig. 3.5. For comparison, spectral hardening due to a

sudden burst of charged particles inside the geotail is also shown in Fig. 3.5.
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FIGURE 3.5: C1XS average background spectrum inside the geotail measured from
multiple orbits during the month of July 2009 used for data analysis along with a
spectrum corresponding to high particle flux (red color points).

3.4.2 Incident solar spectrum (/,(E)) - XSM spectral analysis

The incident solar spectra (Io(E)) for the observed C1XS timings were obtained from
XSM data. Spectral analysis was performed using the solar soft package (SSW) which
uses solar models based on CHIANTI5.2 [Dere et al., 1997; Landi et al., 2006] atomic
database. XSM data were fitted with single plasma temperature and varying coronal
abundances (vtherm and vthermabund in OPSEX which is a model based on atomic
database) to match the observed solar x-ray intensity. The best spectral fit to one of
the observed XSM spectrum (C1-class flare) is shown in Fig. 3.6 along with its spectral
components. The best fit solar spectral model was used in x2abundance to compute the
lunar XRF line intensities. Further, we calculated the scattered solar component using

the solar model as follows:

3.4.3 Scattering of solar X-rays (/z(E))

Elastic/Rayleigh scattering is the second dominant process of interaction for low energy
x-rays next to photoelectric absorption. Interaction via Rayleigh scattering retains the

energy of the incident photon after getting scattered by the bound electrons (refer sec.



o8

SPEX XSM Counts vs Energy with Fit Function, Interval 0
T T T T T T T T

10000

Detectors: XSM
6-Jul-2009 17:06: 31.38¢ t0 17:10:47.380 (Data-Bk) —

Lo

1000

Lol

100

counts

Lol

10

Lol

L Fitinterval 0 Chi-square = 1.40 L
— vth_abun+line
— vth_abun 0.0494,0.884,1.41,0.680,0.710,0.426,1100{#il0Q full chian
line 1.23e+04,2.19,0.100
I

1 L L | |

| 1
10

Energy (keV)

22-3an-2013 11:00

FIGURE 3.6: Best fit to one of the solar spectra observed by the XSM on 6/ July 2009,

using the CHIANTI database. The observed continuum spectrum along with the ionized

solar coronal emission lines are well modeled using vtherm_abund in OSPEX (Object

Spectral Executive - an interface tool for solar X-ray data analysis in SSW) (Green line).

Further, a Gaussian component is fitted at &~ 2.1 keV (Yellow line) for improved fit. Red
line represents the combined spectral fit and data points are in Black.

(1.4.2)). The elastic scattering cross section depends on the incident photon energy,

atomic number of the element as well as the scattering angle which is given as :

2 emaz
oR = %0 (14 cos?0) |F(x,Z)|? 2r sinfdb 3.1

min

where F(x,Z) is the atomic form factor, 6 is the angle of scatter. Background-subtracted
C1XS spectra contain XRF lines as well as scattered solar x-rays which include both ion-
ized emission lines and broad thermal continuum. In order to model the scatter compo-
nent, the incident solar spectrum, observational geometry and compositional knowledge
of lunar surface are essential. Solar spectrum was obtained from XSM data, observ-
ing angles and positional coordinates of C1XS observations were obtained from space-

craft telemetry data. We started with an apirori composition based on broad contextual
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knowledge (highland region vs mare region) and modeled the scattered component it-
eratively. The intensity of elastically scattered spectrum (/(E)) from an infinitely thick

sample can be computed using :

I :/ Io(E) or(E) (3.2)

wu(E)[cosecd + cosec(v)]
where ¢ & 1) are incident and emission angles. For apriori composition, we adopted
Korotev et al. [2003] for the average feldspathic terrane composition. The scattered
spectrum computed using Eq. (3.2) with apriori composition was used as a component
while fitting the C1XS spectrum and XRF line fluxes were derived. Abundances deter-
mined from these line fluxes using the inversion algorithm were used in subsequent
iterations to re-compute the scattered spectrum which was again used in spectral fitting
and line flux determination. Computations were repeated until line fluxes of succes-
sive iterations did not vary beyond their error bounds and in general convergence was

obtained within two iterations.

3.4.4 Spectral analysis - First confirmed detection of Sodium

Detailed XRF spectral analyses were carried out using x-ray spectral analysis package
(XSPEC) [Arnaud, 1996], where XRF lines were modeled as Gaussian functions along
with an estimated scattered solar spectrum corresponding to a location/time interval
(included as table model 2). The best fits to C1XS spectra with XRF lines marked are
shown in Fig. 3.7 and 3.8. Due to excitation by weak solar flares, XRF signatures of
Ti & Fe are not visible in most of the observations. It is evident from Fig. 3.7 and 3.8
that C1XS had clearly observed the XRF signature of Na at ~ 1.04 keV in many spectra.
Fig. 3.7(b) shows the unfolded C1XS spectrum for an interval during a C1 flare, with
the best fit calculated scattered component. Other C1XS reports by [Narendranath et al.,
2011] and [Weider et al., 2012] also discussed the detection of Na from the Moon. The

former proposed the possibility of high Na content on the lunar surface, while the latter

2Table Model - A model in XSPEC can also be defined as a two column table (energy versus photon
intensity at some specified binning) as opposed to an analytical form. The final model spectrum is calculated
by interpolation across the bins.
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FIGURE 3.7: Best fit for the observed XRF spectrum for an interval during a C1 class

flare, with all spectral components also shown. Data points are shown with error bars;

XRF lines of major elements are marked. Residuals of fit (difference between model
and data) in terms of o are shown in the bottom panel of each figure.

argued that it originated from the scattering of incident solar spectrum. However due
to non-availability of good XSM data for the A-class flare observations, a standard solar
spectral model using atomdb package (version 2.0.0)2 was used in that analysis. In con-
trast, here for observations of B- & C-class flares, we modeled the directly observed XSM
spectrum and calculated the corresponding scattered solar spectrum, providing greater
confidence in the residual signal. To further confirm the signature of Na, we carried

out an independent spectral analysis to model the scatter component. It was known

3(Harvard Chandra X-rayCenter : http://cxc.harvard.edu/atomdb/features_idl_html)



61

normalized counts s keV-*

X

data and folded model

100

10 B*

0.1

normalized counts s keV-*
=

| ‘l“ i
1 w} H '

< _2_“‘ el l Wr

2 1 2
Energy (keV)
(a) 4" Jul’09 - (01:18:00 - 01:21:59)

data and folded mode!
é
=< ‘ I M
ki
2 5
Energy (keV)
() 6" Jul'09 - (17:04:29 - 17:06:26)
data and folded model
100 ¢
10
Ca Ka
1
u
‘ ‘\Ih | \ u
\ \” H ‘ }
|
01 \MHHHIMH. | H
% } Www ‘LM “‘““. m H\ W'
- EI P AR H’W

Energy (keV)
(e) 6% Jul'09 - (17:14:11 - 17:19:44)

normalized counts s keV-! normalized counts s keV-*

normalized counts s keV-*

data and folded model

Ca Ka
i Ca KB

[N

m ”Hm“. | \ ‘

(1J -MJ( HHUU\ MuH\ \ M
:% i il W il nuH\ u w, [”I"l mwm

Energy (keV)
(b) 4" Jul'09 - (01:22:00 - 01:27:09)

data and folded model

Energy (keV)
(d) 6th Jul'09 - (17:06:27 - 17:10:17)
data and folded model
100 ¢
10 F
1 ‘ |
3 m\ ‘ “
* i \\H |
NM umi
) Hh
% 3 ) Ml I
:% ] ' ! fileanmlis mww \‘”‘1 MI“ ”H w m?

2 5
Energy (keV)

(H) 8" Jul'09 - (05:27:31 - 05:30:20)
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different solar flare conditions.



62

Unfolded Spectrum

I M Si
10 & o

y £ oo
3 [ ¢ ;3 Scatter component
Hx 1 E 5 Ca
A E
§ o1l ‘ |
) il
c F I
(=}
E -
) ! |H m’ "
107 b HI
(1J ] L I W | il MM‘ um h ||Uuu m
> ||l| (i \‘p m
-1 E |\ ‘\
2k .
1 2 5

Energy (keV)

FIGURE 3.9: Best spectral fit to one of the C1 flare XRF data with scatter component
modeled using vapec model in XSPEC. This plot also clearly confirm the evidence of Na
XRF line from the Moon.

and also confirmed from Fig. 3.7(b), that the spectral profile of scatter component is
equivalent to emission from a collisionally ionized diffuse gas with solar elemental abun-
dances. Hence we used vapec (equivalent to vtherm_abund in OSPEX with which the
solar spectrum is modeled) model in XSPEC, which incorporates atomdb database, to
fit the scatter components (both solar lines and continuum). The best fit to C1 flare
C1XS observation using vapec model, shown in Fig. 3.9 also ratifies the strong XRF line
emission of Na from the Moon. Thus we have confirmed the unambiguous detection
of Na by C1XS from the Moon and rule out its origin from the scattered component
of solar spectrum. XRF line fluxes of the elements, including Na (wherever observed),

determined for different flare observations are compiled in Table 3.2.

3.4.5 Corrections for Al filter

It was noticed that the presence of 0.4 pm thick Al filter in front of the detector could
possibly contaminate the spectrum and yield excess counts at Al K-a (1.45 keV). The
measured photon detection efficiency of SCD at Al K-« obtained from ground calibration
was slightly larger than the nominal efficiency values (ie., scaled down theoretical curve;

only at Al K-, such as discrepancy was noticed) generated for lunar data analysis. As a
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TABLE 3.2: X-ray line flux (photons/cm?/s) from spectral analysis with 1 ¢ uncer-
tainties. Approximate central co-ordinates of each ground pixel are given in the first

column
Lat, Lon Date NaKa MgKa AlKa SiKa CaKa
Time in UTC

-45.2, 25.0 04/07/09 - 054+ 1.03+ 0.83+ 0.08+
01:18:00 - 01:21:59 - 0.06 0.08 0.06 0.01

-30.2, 25.0 04/07/09 072+ 083+ 1.59+ 1.06+ 0.06=x
01:22:00 - 01:27:09 0.15 0.07 0.09 0.06 0.01

-63.2,-10.5 06/07/09 - 092+ 154+ 094+ 0.18+
17:04:29 - 17:06:26 - 0.07 0.07 0.05 0.02

-53.2,-10.5 06/07/09 056+ 126+ 210+ 146+ 0.12+
17:06:27 - 17:10:17 0.13 0.17 0.11 0.07 0.01

-43.0, -10.5 06/07/09 073+ 130+ 2.08+ 131+ 0.04=x
17:10:47 - 17:13:59 0.16 0.10 0.13 0.09 0.01

-30.7,-10.3 06/07/09 - 0.88+ 140+ 1.08+ 0.02+
17:14:11-17:19:44 - 0.15 0.06 0.05 0.01

-30.0, -28.7 08,/07/09 045+ 0.73£ 092+ 042+ 0.03+£

05:27:31 - 05:30:20 0.22 0.05 0.04 0.02 0.01

consequence, photon flux derived from the observed spectrum showed an enhanced Al
line intensity. To account for this enhancement artifact, we used a correction factor ({)

which is explained here.

e Number of incident photons entering into the detector at an energy (N,xoton (E))
can be approximated as the number of counts (N...,:) observed in the detector

divided by the detector efficiency at that energy (¢(F)) which is represented as :

Ncount(E)

(E) (3.3)

Nphoton (E) -

e The difference in the measured and calculated values of detection efficiency at
Al K-shell energy with respect to calculated value is considered as the correction

factor .

€measured — €calculated
¢= (3.4)

€calculated
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Using appropriate efficiency values from [Narendranath et al., 2010], the correc-
tion factor is computed to be ~ 0.13. This means that the Al line intensity derived
from standard spectral fit is enhanced by 13%. Apart from this, charged particles
around the Moon interacting with the Al filter could also produce PIXE which also
enhances the Al signal and this contribution to the background was estimated to
be ~ 2%. Hence, we used the correction factor () as &~ 15%, which is considered
as an upper limit, which we applied to all Al XRF line fluxes derived from C1XS

spectral fits.

3.5 C1XS Results - elemental abundances

XRF inversion algorithm x2abundance was used to convert the XRF line fluxes to ele-
mental abundances. As mentioned in chapter 2, the code assumes a flat, homogeneous
surface; however lunar regolith is made up of particles with mean size distribution from
40 pm to 130 um [McKay et al., 1991]. The observed XRF intensity could be affected
by the particle size distribution, as the mean free path of soft x-rays is smaller than the
mean particle size of lunar regolith. Laboratory experiments in [Maruyama et al., 2008;
Ndrdnen et al., 2008] show that XRF intensity decreases with increasing phase angles
(angle between source-surface-detector) and increases with decreasing size of particles.
However, this effect is expected to be small on C1XS results where the ground pixel
dimensions are large (tens to hundreds of kms) and considers a large distribution of

particle sizes.

The effect is further minimized with the use of flux-fractions (refer Eq. (2.4)). Due to
lack of measurements of Ti & Fe, their abundances were kept frozen to the weighted
average values derived from revised C1XS C3 observations. The derived abundances are
to be considered as an average value over the area of observation defined by the large
ground pixels and hence has limited scope to address the small scale spatial variations
on the lunar surface. The derived elemental abundances along with 1 ¢ uncertainties
are given in Table 3.3. C1XS with its good spectral resolution, observed clear, simul-

taneous signatures of major rock-forming elements from the Moon, including for the
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TABLE 3.3: Elemental abundances (wt%) from C1XS analysis with 1 o uncertainties

Lat, Lon Na Mg Al Si Ca
-45.2,25.0 - 471 1677 18°f7 1371
-30.2, 25.0 3t] 4t 17f7 1771 1071
-63.2,-10.5 - 61t 1877 13f7 147
-53.2,-10.5 2t 61 17t 16t] 107
-43.0,-10.5 3t 5% 17t 1877 87}
-30.7,-10.3 - 4172 1677 2313 83
-30.0, -28.7 519 o9fl 1573 1677 671

Average feldspathic 0.26 3.26 14.92 20.89 11.65
meteorite compositions
AP16 (Soil & 0.35 3.62 14.41 20.98 10.41
Regolith Breccia Average)
LP average - 5.32 13.28 20.23 10.96

(dashed box Fig. 3.3)

TABLE 3.4: Elemental abundances (wt%) re-derived with correction factor for C3 flare

analysis with 2 o uncertainties

Date & Mg Al Si Ca Fe
Time in UTC

05/07/09 61 1571 2171 8Tl 672
07:12:50 - 07:13:22

05/07/09 6t} 151 19+l gl g+Z
07:13:23 - 07:13:55

05/07/09 61 14+l 21+l gtl 742
07:13:55 - 07:14:27

05/07/09 61 131 19fl 9fl o9f!
07:14:27 - 07:15:00

05/07/09 31 152 18%3 g*2 1271
07:15:00 - 07:15:33

first time direct evidence for the presence of enhanced sodium. Due to inadequate solar

activity and reduced mission life, C1XS could not achieve its objective of global lunar

elemental mapping. However, with the best available C1XS data, we have determined

the elemental abundances for the sampled locations on the lunar surface. Through rig-

orous spectral analysis we have confirmed the unambiguous detection of XRF emission

of Na from the Moon. Abundances derived for the 4" and 6" July data clearly exhibit
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highland features with high Al and Ca abundances and low Mg abundance. The derived
abundances for the 8" July data with high Mg and Al clearly show components from

both highland and mare regions.

3.6 Discussion on C1XS abundances

We have successfully demonstrated an independent method of deriving surface elemen-
tal abundances from remote sensing XRF spectroscopy that takes into account differ-
ences arising from lack of standard laboratory conditions. Elemental abundances de-
rived from the LP GRS, for a large area encompassing regions observed by C1XS (see
dashed box in Fig. 3.3), are compared with abundances derived from C1XS for the same
regions in Fig. 3.10(a). We have applied the correction factor for the Al filter to our
earlier published C3 flare data and re-derived the elemental abundances, which are also
included in the plot. Fig. 3.10(a) shows that C1XS compositions along with 1o uncer-
tainties match well with the distribution of abundances derived from remote sensing
gamma-ray observations. Results from two different independent studies in different
energy bands clearly establish consistency and complementary nature of these observa-
tions. These results clearly demonstrate the capability of our inversion approach to well

constrain the derived abundance values.

For comparison, we have included the average composition of lunar soils from Apollo
16 mission [Haskin & Warren, 1991] and the average feldspathic highland terrane com-
position from lunar meteorites [Korotev et al., 2003] in Table 3.3. It is evident that the
derived abundances of Na (> 1 wt%) are larger than what has been known so far (<1
wt%). All C1XS observed regions discussed in this thesis are on near-side lunar high-
land areas from where no samples have been returned. It is clear that C1XS derived
abundances do not agree well with average lunar soil compositions (Apollo 16) which
are studied in great detail in laboratory, at finer spatial scales. It is also evident that
the elemental abundances derived from remote-sensing C1XS and LP GRS experiments

with wide spatial scales agree well within the derived uncertainties. We attribute the
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variation in C1XS derived abundances to reflect the average compositional diversity on

lunar surface especially on lunar highlands.

According to our present understanding of highland region from the lunar returned
samples and meteorite collections, there exist a strong positive correlation between Al
and Ca abundances as shown in Fig. 3.10(b) (i) [Demidova et al., 2007]. C1XS results
also show an increase in Ca with increase in Al. However, they do not agree with
the established correlation from lunar meteorite samples, which are mostly anorthite
(CaAl»Si»0g). Further, it is also found that the derived Ca abundances are lower for
those intervals where Na is observed. It is expected that increase in Na abundances
should correspondingly decrease Ca and Al abundances. The relation between Na and
Al abundances from C1XS results (Fig. 3.10(b)(ii)) could not be well established due
to limited data points with large uncertainties. However, our results seem to suggest an

inverse relation between Ca and Na abundances Fig. 3.11.

3.6.1 Lunar observations & Magma Ocean Theory

Sodium (Na) is a moderately volatile element and is considered to be lost during the
early formation and evolution of the Moon via the giant impact event (refer LMO theory
sec. (1.2.1)). As a result, the primary highland crust of the Moon is expected to be
rich in calcic plagioclase. The amount of sodium content present in the Apollo lunar
samples and feldspathic lunar meteorites clearly portray this scenario. Spectral mea-
surements from MI and SP instrument onboard SELENE [Ohtake et al., 2009] and M3
in Chandrayaan-1 [Donaldson Hanna et al., 2014], indicated wide distribution of pure
ferroan anorthosite (Angs_og) on the highland crust. This clearly supports the LMO the-
ory and advocates single global differentiation. It should be noted that the experiment
was operated in the near infra-red (NIR) region where plagioclase with minor amount
of iron content exhibit a broad absorption band centered around 1.25 pym owing to
the electronic transitions of minor amounts of Fe>*. However, NIR spectroscopy is less
sensitive to An# and hence cannot address the presence of calcic and sodic content in

plagioclase feldspar.
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FIGURE 3.10: Comparison of C1XS abundance with (a) GRS data from Lunar Prospec-

tor [Prettyman et al., 2006]. (b) Lunar Meteorite compositions ([Demidova et al.,

2007]). Variation of Ca and Na abundances with respect to Al (i & ii) with abun-

dance of Ca increasing with Al which do not agree with the established correlation in
lunar meteorite collections.

Thermal Infrared (TIR) spectroscopy has been extensively used in laboratory to study
the variations in plagioclase minerals (An#) [Donaldson Hanna et al., 2012]. Detailed
analysis using the well-studied Christiansen Feature (CF) around 8um, Diviner radiome-
ter onboard LRO identified intermediate plagioclase compositions [Greenhagen et al.,
2010; Kusuma et al., 2012] on the Moon (refer TIR spectroscopy sec. (1.4.1)). Fig. 3.12
shows the over-plot of C1XS observed regions on the LRO diviner CF value map. C1XS
observations discussed here are likely to be dominated by the impact ejecta and dis-

turbed regolith due to the young impact crater Tycho. It is clear that some of the regions
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FIGURE 3.11: Relation between Ca and Na from C1XS observations

observed by C1XS were noted to have unusual mineral compositions (saturated blue re-
gions locations on LRO image Greenhagen et al. [2010]). Poor spatial resolution in our
x-ray results did not permit us to perform cross comparison with the Diviner CF values
which was mapped with sub-km spatial resolution. Also, lack of Fe measurements due
to weak flares did not permit to map the Mg content (Mg #) from our observations. The
An# value derived from C1XS abundances vary between Anss to Angsz which correspond
to compositions such as labradorite and bytownite. C1XS results with high Na content
contradict the extreme loss of volatiles by vaporization. However, there exist physical
processes which do not require alkali depletion of the bulk Moon [Nekvasil et al., 2013].
It was also shown by Nekvasil et al., [Nekvasil et al., 2013] that the Moon can have inter-
mediate plagioclase composition under different temperature and pressure conditions.
Evidences are also seen in Diviner images showing unusual compositions over relatively
young impact crater. First results from the Ultraviolet-Visible Spectrometer (UVS) on-
board LADEE (The Lunar Atmosphere and Dust Environment Explorer) measured spatial
and temporal variations of Na flux in the exosphere [Colaprete et al., 2014]. Associations

with surface compositions, meteorites etc., are being examined.

Our understanding of higher levels of sodium abundances on the lunar surface is still in-

complete. Surface elemental abundances derived from limited C1XS observations raise



70

—135 —90 —45 0 45 90 155

v

350
0¢

o N
e o
()
e}
2 O o
=
o
—
|
o

—-15

—30
0¢—

—45
Gv—

—135 —-90 —45 0 45 90 135

Longitude
Feldspathic Ultramafic
7.80 7.95 8.10 8.25 8.40 8.55

FIGURE 3.12: Track of C1XS observed region on the Moon - 4*", 6! and 8! July 2009

plotted over the LRO Diviner radiometer Christiansen Feature (CF) value map (in pum).

Ca-rich plagioclase have CF positions around 7.84 pm whereas plagioclase with Na

component shift towards low CF values (< 7.8 pm). Mafic minerals such as pyroxene,

olivine show long CF values as indicated in the color map. Some of the saturated blue

regions in the map with lower CF values represent unusual compositions [Greenhagen
et al., 2010].

the following questions :

e Can large amount of sodium be still present on the lunar surface?

e What causes the enrichment of volatile element Sodium on the lunar surface?

Variable thermal cooling of early magma or secondary processing of lunar surface?

e Is the observed sodium enrichment on the lunar surface a local effect or suggestive

of wide-spread enhancements?

e How are the elements Ca and Na distributed on the lunar surface?
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e Compositional analysis of lunar samples, meteorites and soil does not show any
relation between Ca & Na abundances. Whereas C1XS abundances suggest an
anti-correlation (R = -0.89) between Ca & Na. Can loss in Ca abundance lead to

enhanced Na?

To answer all these questions, good measurements of elemental abundances with finer
spatial resolution for the entire lunar surface are required. Simultaneous measurements
of Ca & Na abundances along with other rock-forming elements can provide more in-
sights to the formation and thermal evolution of the Moon. To complete the science
goals left behind by the C1XS experiment, an improved spectrometer is being designed
for the next Indian Moon mission, Chandrayaan-2. CLASS experiment will have en-

hanced sensitivity from device level improvements in detectors.

3.7 Improvements in the CLASS instrument

1. Detector area : It is seen that majority of C1XS observations were made dur-
ing weak solar flares where averaging was performed across multiple, adjacent
ground pixels to generate a statistically significant XRF spectrum (ie., spectrum
with prominent XRF lines over the background). Large area x-ray detectors pro-
vide large photon collection area which will help to generate lunar elemental maps
even during weak flares, preserving the finer spatial information. CLASS instru-
ment will be equipped with 16 x-ray detectors with each of geometric area 4cm?,
which will provide enough sensitivity even during low intensity flares (A class and

above).

2. Choice of Detector : C1XS experiment used 3-phase clocked SCD (CCD-54), whereas
CLASS uses 2-phase clocked SCD (CCD-236). Both the detectors have similar ar-
chitecture in terms of diagonal clocking, pseudo linear readout, dead layer, field
and epitaxial layers. Major difference between the two is in the pitch of the chan-
nel stop where the former had a 25 ym pitch while the latter has 100 pym pitch.
The large pitch in CLASS detectors effectively reduces number of split events which

mitigate low energy tailing and hence a more complete charge collection.
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3. Instrument response : Interaction of x-ray photons in a Si- based detector result in
different spectral features due to multiple cascade processes that happen between
charge generation and charge read-out. C1XS was operated in the energy range 1 -
20 keV with low energy threshold at ~0.8 keV. It followed different event filtering
(refer sec. (3.2.2)) techniques for different event rates which further complicates
the shape of the observed spectrum. Response matrix of C1XS instrument was
constructed based on the calibration data derived at a few sparsely-spaced mono-
energetic x-ray energies between 2.3 and 8 keV. Various spectral features seen
in the observed calibration spectra were modeled empirically; each spectral com-
ponent was modeled to derive energy-dependent shape interpolation throughout
the entire energy range of the detector. A detailed physical model for the charge
transport in x-ray detectors for CLASS will help in better understanding of the
device level interactions. Physical understanding of detectors’ response at all en-
ergies, especially at low energies (~ 1 keV) and around Si K-edge (=~ 1.8 keV), will
improve confidence in spectral modeling. This will allow us to determine precise
elemental line fluxes and hence elemental abundances with reduced uncertainties.
A physical model (discussed in chapter 4) is well suited to optimize event selection
logic, maximize event recovery and hence improve capability to better model the

spectral response of CLASS detectors.

3.8 Conclusion

To conclude, the C1XS experiment performed extremely well and proved its capability
by observing the XRF lines of rock-forming elements from the Moon. C1XS observed
simultaneous measurement of Mg, Al, Si, Ca, Ti & Fe including Na for the first time. It
provided the first confirmation of enhanced Na content on the lunar surface. However,
C1XS could not provide a global elemental picture of the Moon due to lack of adequate
solar flare observations and short life time of the mission. The derived abundance of Na
from C1XS data is larger than what has been known from earlier studies. Lunar surface
compositions derived from C1XS measuring the enhanced sodium content, raised many

questions regarding the evolution of the Moon. These results demand more precise Ca
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and Na abundance measurements on a global scale to address the thermal evolution of
the Moon. Thus study of Na abundance on the lunar surface is very important; it can
be studied qualitatively and quantitatively in x-rays and also simultaneously with other
rock-forming elements. With the large area detectors and detailed charge transport
model for spectral response, the upcoming CLASS experiment is designed to continue

precise global elemental mapping and unravel the mysteries of the Moon formation.

3.9 Summary

In this chapter, we have summarized the results from all observations made by the C1XS
experiment. We extracted the first direct evidence of Na from the lunar surface and
found that the derived abundance of Na is larger than what has been known from earlier
studies. We also discuss specific lunar science questions raised by these results which
add to the science goal of upcoming CLASS experiment. At the end of this chapter, we
briefly describe device level improvements in the CLASS instrument and address the
importance of charge transport model for SCDs. In the following chapter, we present
the formulation of charge transport model developed for SCD along with results from

validation tests using C1XS ground calibration data.






Chapter 4

Charge transport model for a Swept

Charge Device (SCD)

In chapter 3, we discussed the results and scientific insights from C1XS observations and
listed out possible improvements for the upcoming CLASS experiment. In this chapter, we
present the algorithm and implementation of a Monte Carlo based charge transport model
to simulate x-ray photon interactions and resulting charge propagation in Swept Charge
Devices (SCD). The model aims to better understand device level processes and predict the
nature of spectral redistribution function (SRF), when charges are collected by fixed anodes.
Through comparison of simulation results with C1XS ground calibration data, we demon-
strate our ability to reproduce all prominent features seen in the calibration spectra in the

simulated spectra.

4.1 Introduction to X-ray CCD

Charge Coupled Devices (CCD) are essentially two dimensional x-ray sensors, which
contain a Metal-Oxide-Semiconductor (MOS) structure. Its architecture consists of a
heavily doped substrate, a lightly doped epitaxial layer in which a buried channel is
implanted to form a p-n junction and gate electrodes with insulating layers. It also

contains channel stops which are created for charge isolation using heavily doped p+
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silicon along one direction. Further details on the fabrication of x-ray CCDs can be found

at Gow [2009].

4.1.1 Buried channel potential

In n-type buried channel CCD, a p-n junction is formed with the p-type epitaxial layer.
The field potential due to this p-n junction is adjusted with the MOS structure to form
a resultant potential which is maximum in the buried channel beneath the Si-SiO, in-
terface and above the p-n junction. A sketch of potential well profile of buried channel

x-ray CCD is shown in Fig. 4.1. This device is usually operated in two modes viz.,

1. Collecting mode : A positive bias gate voltage is applied with respect to substrate

voltage (Vsg) during which charge transfer process occur.

2. Inversion mode : Accumulation of holes at the surface of gate electrodes occur

when 0V is applied to gates. This suppresses the generation of dark noise which is

called ‘pinning’

Potential Charge collected

Collecting
Mode

holes

o Inverting
o
z +<+ _______ e e Vss 9V
8 o\v_| n—type buried p—type epitaxial layer
o ~ Channel
T QO
O w0

FIGURE 4.1: Buried channel potential profile of CCD (adapted from J.P.D. Gow, 2009,
Phd thesis)
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4.1.2 CCD structure and readout

A conventional CCD consists of electrodes which are arranged in rows and columns.
Pixels are considered to be formed with two/three electrodes which are called as ‘two or
three phase devices’. When exposed to photons, charges are generated and are collected
in the buried channel. Charges produced in the device always reach the nearest deepest
potential well. This phase is called Collecting phase or Image integration. When an expo-
sure ends, the electrons collected in the array of pixels are transported within the device
through the cyclic application of voltages to gate electrodes which enables the readout
phase. Through parallel clocks (Ip1, 1¢2), charges are shifted to the readout section
of the CCD, from where charges are read out using sequential clocks (R¢1, R¢2). The

resultant 2D output preserves information of photon incidence position on the device.

4.2 Principles of operation

4.2.1 X-ray interaction

When x-ray photons travel through a medium of density (p), it undergoes an exponential
attenuation. Different processes by which interactions occur have a fixed probability
per unit length in the path of its motion, which are collectively termed as absorption
coefficient. The intensity of transmitted x-rays (/1.4s) through a material of density p

(g/cm~2) and thickness t is given by :

Lirans = Ioeiﬂm(E)pt “4.1)

where Iy is the initial x-ray intensity, ., (cm?/g) is the mass absorption coefficient
which depends on the energy of the photon and the material density. X-ray photons can
interact with matter via three important processes viz., photoelectric effect, Rayleigh
scattering and Compton scattering. Photoelectric effect is the predominant process by

which soft x-ray photons interact in Si-based x-ray detectors.
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4.2.2 Charge generation

In photoelectric process, energy of the incident photon is completely transferred to a
bound electron and the electron is ejected out from the atom. The ejected photoelectron
with large kinetic energy (hv - ¢ ; ¢ - binding energy of atomic shell) produces further
ionization causing cloud of charges ie., electron-hole (e-h) pairs. The charge cloud thus
generated is collected in the potential well beneath the detectors’ surface. The number

of e-h pairs created by an x-ray photon is related to its energy by :

Ehl/

Ne—p = (42)

where Fj,, is the energy of incident x-ray photon; w is the average energy required to
produce an e-h pair. For Si at room temperature (300K), w is 3.65 €V, whereas the
band gap energy is 1.1 €V. The reason for w being larger than the band gap is that, all
ionization events do not yield e-h pairs. Some of the energy is transferred through lattice
vibrations (thermal release), leading to phonon production. Due to transfer of energy
to silicon lattice, the incident photon’s energy is not completely converted to e-h pairs.
As a result, the variance in the number of e-h pairs generated due to photon interaction
is less than the statistically predicted Poisson variance which is described by the Fano

factor [Fano, 1947] which is given by :

=2

(4.3)

Ne—h

OFano = / Fs;ne_p 4.4)

4.2.3 Charge transportation

Charge packets collected in potential wells are transferred by applying suitable voltages
to gate electrodes. Transportation of charges through manipulation of voltages is called
‘clocking’. In this way charge packets are transferred from one pixel to another. Pictorial
representation of clocking in a 2 phase CCD (ie., one pixel comprises of 2 electrodes) is

shown in Fig. 4.2. Transfer of charges between electrodes during clocking should ideally
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FIGURE 4.2: Schematic representation of clocking operation in a two phase CCD

be carried out perfectly with complete charge transfer. Any amount of charge loss will
lead to degradation in the performance ie., in spectral and/or imaging properties of the

device.

4.3 Swept Charge Devices (SCD)

A brief outline of SCD, a novel Si-based soft x-ray detector is given in sec. (3.2.1). A

comparison of SCD with conventional 2D x-ray CCD is summarized in Table 4.1.

4.4 SCD structure and readout

The architecture and working principle of an SCD is similar to a conventional x-ray
CCD, where clock voltages are applied for charge transportation. However, the mode of
clocking and readout design is different from 2D CCDs. SCDs are in general operated in

continuous clocking mode at high frequencies (=100 kHz) [Gow, 2009]. The term ‘pixel’
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TABLE 4.1: Comparison of conventional CCD and SCD

Clock requirement
Pixel size

Functionality & Spectroscopy

Typical operation

Temperature & spectral
capability

More clocks than SCDs
Equal sized

Imaging
(with optics)

Long integration

Good resolution @ low
temperature (~=-40°C)

2D CCDs SCDs
Collection Area(per unit) Small Large
Read out 2D Pseudo linear

Minimal clocks
Different size ‘pixels’

Mainly for spectroscopy

Continuous readout

Good resolution @ moderate
temperature (= -20°C to 5°C)

which refer to the unit of photon interaction co-ordinates on the device in conventional

CCDs, is not strictly applicable for SCDs. We refer to the photon interacting region on

the device as ‘elements’ which are shown in Fig. 4.3. These elements in each electrode

are analogous to pixels in 2D x-ray CCDs. In SCDs, charges collected in each element in

different electrodes are clocked towards the central channel and then clocked down to

reach the readout node (arrows in Fig. 4.4 and 4.5 indicate direction of charge flow).

Charges collected from the elements in each electrode take same number of clocking

steps to reach the readout node where they are merged to give a pseudo linear output.

It is because of the design of diagonal clocking, SCDs are not position sensitive devices.

We refer the combination of charges from these elements at the readout node as ‘samples’.

Channel stop
........... Electrode

FIGURE 4.3: Representation of elements in a diagonal electrode of SCD CCD54. Filled
regions in the zoomed electrode are the elements which are separated by channel stops.
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4.4.1 C1XS - SCD CCD54

The structure of SCD CCD54 used in C1XS is shown in Fig. 4.4. The active area of
1.07 ¢cm? contain 1725 diagonal silicon electrodes with the channel stops arranged in
a herringbone structure. The pitch of the channel stops is 25 ym. CCD54 is a three
phase device and require 575 clock triplets to completely flush the device. As explained
above, charges generated due to photon/particle interaction will be clocked diagonally

and combined at the readout node.

Equivalent pixels — "Elements"”

i VLU R

_____ Channel stop

........ Electrodes
pre-ampiifier ——— Charge transfer
(IITIIITIT T MM ITTT111] Readout-"Samples"

FIGURE 4.4: Schematic view of the SCD CCD54 used in C1XS

4.4.2 CLASS - SCD CCD236

The CLASS experiment uses SCD CCD236 whose structure is shown in Fig. 4.5. With
quad architecture this device provides an active area of ~ 4 cm?. The SCD CCD236 is
designed to have rectangular silicon electrodes in contrast to the diagonal electrodes in
CCD54. CCD236 is a two-phase device with a pitch of 100 ym. Charge collection via
diagonal clocking using the combination of two central readout channels is similar to
CCD54. Further, charges collected from all four detectors are merged at the readout

node to give out a single output.
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\
To preamplifier
_______ Channel stop

-------------- Electrodes
—> Charge transfer

FIGURE 4.5: Schematic view of the SCD CCD236 being used in CLASS

4.4.3 Advantages of SCD

e Less number of clocks are required to readout the entire device which reduce

readout complexity and power consumption

e Fast readout (~ 100 kHz per sample) offered by the electrode design with reduced
number of clocks over large charge collection area minimizes dark current gener-

ation

e Dither mode clocking suppresses surface generated dark current and continuous
clocking (ie., avoidance of long integration period) avoids additional dark current

accumulated during long integration

e Continuous clocking allows the device to be used effectively even during higher

incident x-ray flux
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4.5 Motivation for charge transport model

The objective of CLASS experiment is to map the elemental abundances of elements on
the surface of the Moon. Quantitative study of Na abundance on the lunar surface will
be one of the prime science objectives of the CLASS instrument. X-ray detectors with
good sensitivity and spectral resolution with moderate power requirement are required
to spectrally resolve the closely-spaced lunar XRF lines Na (1.04 keV), Mg (1.25 keV), Al
(1.48 keV) and Si (1.75 keV) and estimate line fluxes. Since elemental abundances are
determined from observed XRF line fluxes, the derived line fluxes should have minimal
uncertainties. Thus the accuracy of results depend on our detailed understanding of the
instrument and constructing realistic detector spectral response from calibration data.
A physical model incorporating the physics of transport of charges in a device whose
physical structure is known, provides complementarity to the calibration data as well as

enables tuning of the device operation and event selection for optimal performance.

4.5.1 Challenges in the calibration of soft x-ray detectors

1. Calibration of x-ray detectors at low energies < 1 keV is challenging due to :

e Lack of standard radioactive sources in this energy range.
e Absorption of low-energy x-ray photons in air (need vacuum environment).

e Discontinuities caused by absorption edges (eg., K-shell absorption edge :

silicon (at 1.84 keV), oxygen (at 0.54 keV) and nitrogen (at 0.39 keV)).

e Charge variations in energy-dependent system efficiency.

2. The steep decrease in intrinsic detection efficiency of soft x-ray detectors at these

energies demand high intensity stable x-ray sources.

3. Determination of x-ray detection efficiency of the detector is straightforward, pro-
vided the beam energy and its absolute intensity are well calibrated. Usually, the
x-ray beam intensity would be first calibrated using standard reference detectors

(say Si-PIN or Si(Li) detectors), for which the detection efficiency is known/easier
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to model. Then, using the same beam we irradiate the target detector to be cali-
brated to get relative efficiency with respect to the reference detector. The abso-
lute efficiency of the target detector is determined using the known efficiency of
the reference detector. However, it is not easy to get the absolute efficiency of the
reference detector at these low energies. Losses in dead-layers, filters and win-
dows of reference detector contribute to uncertainties in determining the absolute

efficiency of target detectors.

The observed x-ray spectrum (in counts) is a manifestation of incident photon spectrum
convolved with the spectral response of the detector. To precisely derive the amount of
photons emitted by each element from the Moon, proper calibration of detection effi-
ciency and spectral response is essential. Our aim of developing this model is to support
the calibration tasks, for the forthcoming CLASS experiment, such as generation of spec-
tral response matrices, estimation of efficiency, optimization of event selection logic and
maximizing event recovery to improve the overall efficiency. Detailed physical model

for the charge transport will help in better understanding the device level interactions.

4.5.2 Spectral Redistribution Function (SRF)

Interaction of an x-ray photon within a detector results in a complex cascade of en-
ergy transfers. Energy deposited by the photon gets transformed in many ways leading
to various signatures in the observed energy spectrum. The distribution of all energy
deposits above a noise threshold observed in a device for an incident mono-energetic
photon is called the spectral redistribution function (SRF). In a SCD, charges collected
from photon interactions are further processed for event recognition to obtain the pulse
height spectrum. Hence, the observed SRF of SCD is a function of energy of the in-
cident photon, the event selection logic and threshold values. This model can help in
optimizing threshold values which are important to select/reject split events. It can also
identify the genesis of different features seen in the observed SRF and enables quantifi-
cation of different process components and in principle contribute to application-specific

optimization of device configuration.
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4.6 Ground calibration of the SCD in C1XS - An overview

Extensive ground calibration was carried out for all C1XS detectors. It achieved a spec-
tral resolution of 153 eV at 5.9 keV in-orbit (as compared to 143 €V on ground). SRF
of SCDs were obtained using a double-crystal monochromator in the RESIK x-ray beam-
line at Rutherford Appelton Laboratory (RAL), UK. The mono-energetic beam was fur-
ther collimated using a rectangular slit of Imm x 2mm dimension, illuminating only a
small portion of the SCD. The following distinct mono-energies viz., 2.29 keV, 4.51 keV,
5.514 keV, 6.93 keV and 8.04 keV were chosen using different target anodes (Mo, Ti,
Cr, Co, Cu) in the x-ray generator. Also measurements were carried out over a range
of operating temperatures from -30 °C to 0 °C. These calibration data were then filtered
using a two-threshold logic explained in chapter 3 (refer sec. (3.2.2)). The following
are the prominent features seen in the filtered calibration data photopeak, low energy
shoulder; low energy tail, cut off, escape peak and low energy rise. Further, it was also

observed that these features exhibit energy dependence.

For C1XS, the spectral response matrix was constructed using the above calibration data.
Spectral features were modeled empirically using appropriate mathematical functions
(without any connection to physical processes). The derived parameter values were
interpolated to establish a matrix covering the entire energy range. The efficiency of
detectors were derived using the spectral response generated from the calibration data.
As the instrument did not suffer from any degradation, the response matrix generated
from the ground calibration data was adequate for in-orbit data. Further details on the

ground calibration of C1XS instrument can be found at Narendranath et al. [2010].

4.7 Charge transport model for SCD

Here, we explain the algorithm of charge transport model developed to simulate x-
ray photon interaction and charge propagation in SCDs. A flowchart explaining the
algorithm is shown in Fig. 4.6. Vertical structure of the SCD modeled here is shown

in Fig. 4.7 where different layers are labeled with respective dimensions. The dead
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layer ~ 1.5 pm thick, consists of SiO,, SizN4 and a polysilicon layer. Only a negligible
fraction of x-ray photons interact in the dead-layer and a tiny fraction of it result in
charge production and subsequent collection. Hence, we modeled it as a single block of
SiO, layer from which no charges are collected. The bulk substrate is a heavily doped
p+ region, where charges suffer huge losses due to recombination and hence considered

to be lost. The following are the fundamental assumptions considered in the model :

e Si-based x-ray detector is assumed to be ideal, free from interstitial defects and

impurities

e The electric field is assumed to be present only perpendicular to the plane of the

detector

e The acceptor impurity concentration in the field-free zone is assumed to be same

as in the field zone.

e The boundary between field and field-free zone is modeled with a small offset to

avoid numerical divergence (at zp = dy refer Eq. (4.13))

4.7.1 Photon interaction & Initial charge cloud

Mono-energetic x-ray photons are allowed to illuminate the SCD at random positions (x,
y) with uniform probability. Photons are considered to impinge on the SCD at normal
incident angle with respect to the plane of the device. These photons travel through
different layers of the detector before interaction. The distribution of depths at which

interaction occur inside the SCD is computed using :

1

- mln(Ru) (4.5)

<0

where £(E) - linear mass absorption coefficient of the material (¢ ') at photon energy
E, R, - random number with uniform distribution. If the interaction depth (zy) is greater
than the thickness of a layer, then the interaction depth is re-computed for the material

in the following layer. In this way, number of photons interacting in the dead-layer
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FIGURE 4.6: Flowchart of the charge transport model to simulate the SRF of the SCD.
Some of the important steps involved in the model are arranged in sequence.

6 um
Gate
Dead layef [ .5 pm
2 ' Buried
EV» Depletion zone; Channel
= (Field zone) [B5 pm
| I
O I
Epitaxial Layer (15 pm
(Field free zone
Bulk 500 um
Substrate

(Figure drawn not to scale)

FIGURE 4.7: Vertical structure of the SCD CCD-54 used in C1XS
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and substrate layer are included in the simulation as energy loss and not stored. Soft
x-ray photons interact via photoelectric process and produce a charge cloud (refer sec.
(4.2.2)), which is assumed to be spherical in shape. The radial charge distribution of
this spherical cloud is assumed to follow a Gaussian distribution with 1o radius given

by Kurniawan & Ong [2007]:

E1.75

40.0=2— (5 keV < Ep, < 25 keV')

Ty = (4.6)

Eéé53
3097 (Ep€§5 keV)

where p - density of the detector material (p = 1.86 g/cc for Si), E,. - energy of the
photoelectron. This represent that charges are concentrated towards the center of the
sphere and falls off with radius; abruptly truncates to zero at the cloud boundary given
by Eq. (4.6). While estimating the number of charges produced due to absorption of an
x-ray photon, Fano noise [Fano, 1947; Owens et al., 2002] appear, which is incorporated

as :

Ef =F + Rn(O)\/ FwFE; 4.7)

where Ey - photon energy with Fano noise added, R,,(0) - normally distributed random
number with mean 0 and variance 1, F - Fano factor and w - average energy required
to produce an e-h pair. The initial charge distribution is (Qg) is obtained from this final
energy (Ef) as :

Qo = 5y (4.8)

w
Interaction of x-ray photons in SCDs can be broadly grouped into three viz., Field zone
interactions, Field-free zone interactions and Channel stop interactions. The escape peak
appears as a consequence of x-ray photon interaction which also needs to be incorpo-

rated.

4.7.2 Interaction in Field zone

Photons interacting at depths within the depletion zone (d;) are termed as field zone

interactions (ie.,zo < dg). The thickness of the field zone mainly depends on the bias
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voltage and doping concentration[Howes & Morgan, 1979]. The theoretical depletion
depth from the surface of the SCD is obtained by solving the Poisson equation with

appropriate boundary conditions and is given by :

2es5;Vr
dg = 4.9
¢ \/ qNa

where cg; - the permitivity of silicon, q - charge of an electron, N 4 - the acceptor impurity

concentration and Vy - the channel potential derived as [Gow, 2009]:

Vi = Vava — Vs (4.10)

where V,, is the substrate voltage and V 4y is the average driving potential of the
pixel obtained by taking the contribution of channel stop, off-electrodes in a pixel to
depletion. The charge cloud produced here due to a photon interaction will experience
the complete electric field and will drift towards the buried channel. Considering linear
regime i.e., drift velocity o electric field, radius of the charge cloud (r;) at the buried
channel is computed after drifting through the depletion region using the following
equations :

Electric field structure :

N,
E(z) = £, at z=0 (4.11)
€Si
Drift velocity in depletion zone :
dz N,
va == = uB(z) = = (dy — z0) (4.12)
t €si
2Lz € dg
t = = In (4.13)
/22 va(z)  pgNg (dd - Zo)

where p is the electron mobility which is temperature dependent, we have used

Electron mobility [Jacoboni et al., 1977]:

p=A;T Tem?V—1s71 (4.14)
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where A; = 1.43 x 10°, v = 2.42 and T is temperature in Kelvin. Due to random thermal
motions, the charge cloud undergoes diffusion which increases the size of the cloud. The
radius of the charge cloud collected at the buried channel after charge spreading can be
obtained by solving time-dependent diffusion equation as given by :

Charge cloud radius in depletion zone [Hopkinson, 1987] :

4KTe dg
rqg = V4Dt = \/q2Na In ( ) (4.15)

dd—Zo

The electric field structure of SCD CCD54 and CCD236 provides drift velocity which is
less than the required mean thermal velocity ( ~ 10’ cm/s). Hence, radius of the charge

cloud collected at the buried channel arising from interaction in field zone is given as :
r= y/rf—krﬁ (4.16)

4.7.3 Field-free zone interactions

In epitaxial devices, there is a field-free region between the field zone and the bulk Si
substrate (p™) layer, which does not have an electric field and exhibits a gradient in the
doping concentration near to the substrate boundary. Photon interactions in this region
dq < zg < dq + dys are considered to be field-free zone interactions. The charge cloud
produced here will not experience any acceleration but could diffuse and recombine
before reaching the buried channel. Diffusion enlarges the size of the charge cloud and
could cause spreading of charges across adjacent pixels. It is reasonable to assume that
the recombination losses are negligible in this region due to the large carrier life time
~ 1073 s [Tyagi & van Overstraeten, 1983]. The general expression for the mean-square
radius of a charge cloud reaching the interface between the field and field-free zone in

epitaxial devices is given by :

Radius of charge cloud reaching the interface between field and field-free zone

Pavlov & Nousek [1999] :

d —d diy — 20 +d
rff = \/QdffL [tanh(l];) - (1 - ZC)dffdﬁanh(ffIZJOd)] (417)
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where d,; - depletion depth, d;f - thickness of epitaxial field free zone, L = /Dt -
diffusion length; 7, - charge carrier life time (~ 1073 sec). It is evident from the above
equation that when a photon interacts deeper in the field-free zone, the term (d;; —
2o + dg) becomes very very small and hence radius (r;¢) becomes very large. It is to
be noted that the shape of the charge cloud in the field-free zone is non-Gaussian as
investigated by [Pavlov & Nousek, 1999]. However, we ignore this and presume that
they are Gaussian as it affects only a few high energy photon events in the field-free

zone. Thus, the final radius of the charge cloud is obtained as quadrature sum of r;, ry,

r= R, (4.18)

Trf .

4.7.4 Channel stop interactions

Channel stops occupy considerable amount of area on the SCD CCD-54 (=~ 20%). Pho-
ton interactions in channel stops can distort the shape of the observed SRF as it causes
horizontal split events. We adopted the same approach followed in simulating the re-
sponse of CCD in Chandra ACIS detector [Townsley et al., 2002]. Photons interacting in
the channel stops (p™ layer) are assumed to split the resulting charge and are collected
from the left and the right sides of the channel stop. The fraction of charges swept to-
wards each side depends on the distance of each side from the location of interaction.
Charges propagated from both edges of channel stop are found using [Townsley et al.,

2002]:

Queft = “552Qo — xxc + Rn(0)ags
(4.19)
Qright = 35 Qo — (we — ze)x + Rn(0)ate e
where w, - width of channel stop, x - channel stop tuning loss parameter, « - channel
stop tuning width parameter. It is also shown from ACIS calibration [Townsley et al.,
2002] that the channel stop tuning parameters y, and « vary with incident photon
energy which require precise experimental data on channel stop interactions. For sim-

plicity, in this work we assume energy independence of these parameters.
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4.7.5 Charge collection and readout

The amount of charge collected in each pixel (i, j) is obtained by integrating the Gaussian

function which is given as Pavlov & Nousek [1999] :

1= { o) (o) o) ()]

(4.20)
where ‘r" will be replaced with Eq. (4.16 and 4.18) for interaction in appropriate zones
respectively; a, b are pixel dimensions, xg, yo are the event coordinates in the reference
frame with its origin at the center of the pixel where the photon is absorbed (-a/2 < zg <

a/2,-b/2 < yg < b/2).

In sec. (4.4) we have seen that the fundamental difference between SCD and 2D CCD,
primarily lie in the diagonal clocking and readout. In our simulation, we modeled the
elements as 2D pixels of equivalent dimensions. Charges collected in each of these equiv-
alent pixels are computed using Eq. (4.20). Further, we incorporate the readout struc-
ture by adding the charges collected at different elements of each electrode in the SCD.

The model hereby provides pseudo linear output for each photon interaction.

4.7.6 Escape peak computation

Photons with incident energy E,;, > 1.839 keV (ie., binding energy of Si K-atomic shell
electrons) have finite probability to yield Si K-ae XRF photon of energy 1.75 keV. These
XRF photons travel some distance before getting absorbed in the detector. XRF photons
emitted from the top few microns of the detector have a large probability to escape
without being detected. In such cases, the residual charges collected form the escape
peak with energy E.,. = E,; - 1.84 keV. In order to simulate the escape peak, we find
the number of Si XRF photons produced from an infinitely thick Si medium which are
emitted in all possible directions. Directions are assigned using uniform random num-
bers, where half of the photons coming out of the surface of the detector are considered

to yield the escape peak feature.
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4.7.7 Simulation implementation

The algorithm explained in Fig. 4.6 is implemented with a set of IDL routines (using
the equations from 4.5 to 4.20). Values of some of the important detector parameters
used in the model are listed in Table 4.2. Using these values, the depletion depth of
the SCD CCD-54 is found to be ~ 35 pm. Simulations are performed for many variable
parameters such as temperature, photon energy, event selection logic and threshold
values. A short summary of the implementation, highlighting some important steps is

given below :

Allow photons to impinge on the SCD randomly at normal incidence (ie., 0 ° with

respect to detector normal) and obtain position coordinates (X, Y).
e Tag photons hitting channel stops and pixel regions.

e Simulate physics of photon interaction and charge propagation in field zone, field-

free zone and channel stops.

e Charges collected in the elements of SCD are clocked diagonally, combined and

readout as a linear array output.
e Apply single pixel mode event selection logic with two threshold values.

e Make histogram of the event processed output.

4.8 Simulation results - SRF components

In order to understand the spectral features seen in the observed SRF data, we consid-
ered the architecture of CCD-54. We summarize our understanding of different spectral
components which are seen in the observed SRF. From our simulation, we identified the

sources of origin of SRF components which are summarized in Table 4.3.
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TABLE 4.2: Values of parameters used in modeling charge transport of SCD

Parameters Values

Voltage (V for d, computation) [Gow, 2009] 3.8V

Channel stop pitch [Gow, 2009] 25 pm

Number of acceptor impurities (N,) [Gow, 2009] | 4 x10*2cm =3
Field + Field-free zone thick [Gow, 2009] 50 pm

Channel stop width [Gow, 2009] 6 ym

Life time (7) [Tyagi & van Overstraeten, 1983] 107 3s
Temperature [Narendranath, 2011] 263 K

Number of mono-energetic photons 5 x 10* photons

TABLE 4.3: Identification of SRF components and its origin in the SCD - Simulation

results
Interaction zone SRF component
Channel stop Soft shoulder, Low-energy tail
Field-free zone Low-energy rise, Low-energy tail
Field zone Photopeak, Soft shoulder, Low-energy tail

Cutoff, Escape peak

4.8.1 SRF components - Field zone

The dominant photopeak in the SRF mainly arise from field zone interactions, where
charges are collected almost completely. Interactions that occur at ‘element’ boundaries
and at greater depths near to the boundary of field-free zone cause charge splitting
across many ‘elements’. These charges are clocked diagonally and added to produce the
soft shoulder and low energy tail. Si XRF photons emitted from the top layer of the field
zone have a high probability to escape and hence contribute to the escape peak. The
SRF components arising due to field zone interactions are shown in Fig. 4.8(a), 4.8(b),
4.9(a) and 4.9(b).

Cutoff is observed at two places in the energy spectrum which are related to the value

of threshold 1 (Th1):

e Low energy cutoff - Events below threshold 1 ie., 0.75 keV are discarded
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e Soft shoulder cutoff - charges which are split at element boundaries lead to config-
urations with central event discarded (see Fig. 3.1(a)) causing a dip near the soft
shoulder. The energy at which dip occurs in the spectrum depends on threshold 1

given by Edip ~ Eph - Ethl-

4.8.2 SRF components - Field-free zone

Charge cloud produced due to field-free zone interactions undergoes diffusion causing
charge spill over multiple elements. As a result, a low energy rising tail component
without a photopeak is observed in the pulse height distribution as shown in Fig. 4.8(a),
4.8(b), 4.9(a) and 4.9(b). This component is negligible for low energy x-ray photons as

majority of photons get absorbed above field-free zone.

4.8.3 SRF components - Channel stop

Channel stop interactions contribute partly to the soft shoulder component (near to the
photopeak) and also to the low-energy tail in the SRF as shown in Fig. 4.8(a), 4.8(b),
4.9(a) and 4.9(b). Also, as mentioned we did not intend to study channel stop tuning

parameters in detail in this work.

4.9 Comparison of simulation results with data

We demonstrate the performance of the model by comparing the simulated SRF with the
SRF derived from C1XS ground calibration. We summarize below our understanding of
different features seen in the SRF. It is clear that all the observed features arise due to in-
teractions at different layers of the detector coupled with the threshold values and event
selection logic. An overplot of simulation and calibration data which are normalized to
total events is shown in Fig. 4.10(a), 4.10(b), 4.11(a) and 4.11(b). Simulation results
predict all features seen in the experimentally derived SRF. High energy x-ray photons

penetrate deep inside the detector before interaction, hence more interactions in the
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mono-energetic photons arising from interactions at different layers of SCD
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mono-energetic photons arising from interactions at different layers of SCD
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field-free zone causing more split events. The expected trend of decrease in photopeak
and increase in off-peak events with increase in x-ray energies is clearly seen. Variation
in the fraction of off-peak events at different energies obtained from calibration data
and simulation are plotted in Fig. 4.12. A close match between the two clearly shows

that the model represents the calibration data fairly well.

However, at high energies, deviations are observed in the prediction of the soft shoulder
and low energy tail components. We attribute this discrepancy to incomplete modeling
of energy dependence in the channel stop interactions. However, lunar surface elemen-
tal abundances derived from C1XS data discussed in this thesis are not affected by this
discrepancy, as the analysis was done using system response derived from actual ground
calibration data. Further, study of channel stop tuning parameters and its energy depen-

dence in detail are required for a more precise modeling of the SRF.

4.9.1 Conclusion

We have successfully demonstrated that our model is capable of explaining the spec-
tral redistribution function of epitaxial SCDs. With the available ground calibration
data from C1XS we have validated the model and provided physical reasoning for the
observed spectral features. However, simulation results show a systematic underestima-
tion of fraction of offpeak events. This discrepancy can be mitigated by including the
energy dependence of channel stop tuning parameters which are not studied in detail
here. Also, interaction in dead-layer and substrate are considered to be lost which are

needed to be included for very low energy and high energy x-ray photons.

4.10 Summary

This chapter described some of the physics of x-ray photon interaction in solid state
detectors. Fundamental equations governing the charge generation and propagation
necessary for the charge transport model are discussed. With a justification for the

need of a charge transport model for the SCD, the chapter focuses on explaining the
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Simulation results well reproduces the trend observed in the calibration. Systematic

discrepancy is found with increase in energy which we attribute to incomplete modeling
of energy-dependence in channel stop tuning parameters.

algorithm of the model which includes diagonal clocking and readout structure of the
SCD. Device level interactions at different detector layers driving the SRF are studied at
different energies. Finally, comparison of the simulated SCD CCD54 SRF with the SRF
derived from the C1XS ground calibration data and its significance are presented. The
next chapter describes the overall thesis summary along with future prospects of lunar

surface elemental mapping using x-ray fluorescence technique.






Chapter 5

Thesis summary & Future directions

5.1 Major findings from the thesis work

1. The elemental abundances of Mg, Al, Si and Ca derived from the C1XS experiment
agree well within the range of abundances derived from LP GRS. This shows that
our new independent approach of deriving elemental abundances from remote
sensing XRF experiment, yields abundance values that fall within the large range
of values obtained from other remote sensing experiments. This provide validation
of the inversion method while enabling new capacity to impose tighter constraints
on abundance values. Thus it firmly establishes a refined method to quantitatively

address absolute abundance of elements on airless planetary bodies.

2. The XRF inversion algorithm x2abundance, developed for the C1XS analysis, can
be used for any remote sensing XRF data analysis to derive major elemental abun-

dances (10 < Z < 31).

3. The first direct detection of enhanced abundances of Na from certain regions on
the Moon suggests a relatively cooler lunar surface evolution than expected. How-
ever, more precise elemental maps are required to understand the global evolution

of the lunar surface.
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4. To answer questions raised by the C1XS experiment and to complete the global
elemental mapping, the CLASS experiment is being developed for Chandrayaan-2
mission. A detailed physical model for charge transport in SCD is developed to

better understand the spectral response of CLASS devices.

5.1.1 Discovery of enhanced Na and scientific implications

Our understanding of the chemical make up of the Moon, is primarily obtained from
geochemical studies of returned lunar samples. These results are further augmented by
findings from the analysis of lunar meteorite samples collected from different places.
The LMO theory emerged from these studies (explained in chapter 1) which hypoth-
esized that the lunar highland crust was formed as a result of crystallization from a
magma ocean in its early past. It further predicts the highland crust to be dominated
by plagioclase feldspar mineral. The solutions of plagioclase feldspar mineral can have
a range of compositions from calcium-rich end member (anorthite) to sodium-rich end
member (albite) as shown in Fig. 5.1). Terrestrial feldspars exhibit Na-rich composi-
tions which differentiates it from the feldspar in our lunar sample collection which are
mostly Ca-rich (>Angg). It is believed that the early Moon underwent loss of volatiles
by vaporization due to large amount of thermal energy released during the giant colli-
sion. Mineral studies using NIR spectroscopy cannot discern the specific composition of

plagioclase. The high Na abundances observed by C1XS are detected only at a very few
An

/ 0—10/ 10-30/ 30—50‘ 50—7& 70—9& 90&3@

Albite Oligoclase AndesineLabradoriteBytownite ~ Anorthi

FIGURE 5.1: Plagioclase solutions indicate the sodic and calcic end members along with
other intermediate plagioclase minerals which are referred by An#.

places on the lunar surface. Observational and mission limitations have resulted in very
poor sampling of the lunar surface for occurrences of high Na abundance. Within the
limited flare observations, due to weak flare excitation and inadequate measurements,

the observed spectra often did not have Fe and Ti lines to better constrain the derived
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abundances and hence left with large uncertainties. If the presence of enhanced Na is
considered to be wide-spread then it could well be signature of serial magmatism, an
alternative to global magma ocean where the temperatures could be relatively low. If
the observation of Na is localized only in certain regions on the Moon, then it can be

well considered as an extralunar material as discussed in the following section.

Recent studies on the impact processes via advanced simulations, compositional analysis
of lunar meteorites, study of lunar volatiles and remote sensing observations in multiple
wavelengths, clearly suggest the need for modifications in the LMO theory. Results from
TIR spectroscopy using CF value suggest, indirect evidences of sodic-rich lithologies at
different regions on the Moon [Greenhagen et al., 2010; Kusuma et al., 2012]. C1XS
results showed the first direct evidence of higher Na abundance in certain regions of the
Moon. This significant observation will be studied in detail by the CLASS instrument on

Chandrayaan-2.

5.2 Science case for future lunar surface studies

The surface of the Moon is the biggest memory card of our solar system. Due to lack
of atmospheric weathering and crustal recycling, it preserves evidence of internal/ex-
ternal events and processes that occurred since the formation of the solar system. It
accumulates samples from a wide range of solar system bodies and are constantly bom-
barded with meteorites of varying sizes. As a result, it create craters, melts soil, form
agglutinates, vaporize heated silicates and oxides, sprays melted rock and pulverize the
bedrock. Since its formation, it is exposed to highly energetic particles from the solar
wind, flare events and cosmic rays which may potentially change the crystal structure
and composition. The uppermost regolith layer of the Moon and exposed rocks has
the record of all these events and processes. The continuous activity of impacts and

processes called ‘gardening’, destroy/overwrites certain older records.
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5.2.1 Search for extralunar material on the Moon

It is believed that debris from the inner solar system are cleared on short time scales
of a few million years [Hartmann et al., 1999]. However, ever since its formation, the
lunar regolith has been gathering external materials. This suggest that material from
impacting asteroids from the past is still present on the Moon. So far three extralunar
materials were found from Apollo rock and regolith samples [McSween, 1976] (Apollo
12 regolith), Haggerty (Apollo 15), [Jolliff et al., 1993] (Apollo 16 regolith). Typically,
impacts on the lunar surface occur at relative velocities in a few km/s range leading
to excavation of sub-surface material. Thus the search for extralunar materials on the
lunar regolith can result in important science returns of inventory of materials collected

by the Moon.

The likelihood of capture of terrestrial material by the Moon is higher than other planets
due to the proximity to Earth [Crawford et al., 2008]. Finding terrestrial meteoroids on
lunar regolith could bring more insights into the conditions of early Earth and pre-biotic
chemical evolution on Earth. Prolonged repeated impacts on the lunar regolith reduce
the extralunar material into fine micron-scale to sub-mm grain size. Thus relics of older

impacts will be very small grains and should be distributed fairly uniformly.

5.2.2 Mapping of moderately volatile elements

The moderately volatile elements viz., Na, K, Cr, Mn are known to be minor elements
(ie., < 1 wt%) on the lunar surface. Based on the chemical analysis of lunar samples
and meteorites, it is widely understood that the lunar surface is depleted in moderately
volatile elements relative to the Earth [Jones & Palme, 2000]. However, one of the
significant result from C1XS was the measurement of enhanced abundances of Na in
certain regions of the Moon. The basis for this observed enhancement is still not clear.
Physical processes that could give rise to this enhancement eg., variable thermal cooling
of magma or secondary processing of lunar surface remains equivocal. It is also to be

mentioned that the measured XRF signal of Na cannot originate from deep layers of



107

lunar regolith (within a few ym). Hence, the possibility of extralunar materials causing

this elevated Na abundances cannot be completely ruled out.

Volatile elements, such as sodium, are expected to be higher in unprocessed bodies
(such as comets) which are formed in the outer regions of the protoplanetary disc. This
explains the observation of Na tail in comets [Cremonese et al., 1997]. Now, it is well
established that sodium lines are omnipresent in meteor spectra. Due to their low ex-
citation potential (2.1eV), Na is released from meteoroids during differential ablation
[Trigo-Rodriguez et al., 2004]. It is also observed that cometary meteoroids have en-
larged sodium abundances compared to chondritic values [Trigo-Rodriguez et al., 2004;
Trigo-RodriGuez & Llorca, 2007]. Thus by mapping the abundance of moderately volatile
elements on the lunar surface, one can identify and trace the extralunar material on the
lunar regolith. In particular, a global map of Na can answer whether the bulk Moon is
alkali depleted or not. This can also provide more clues on the diversity of plagioclase

on the lunar highlands which is directly related to the thermal evolution of the Moon.

5.3 Design aspects for the development of an x-ray instru-

ment for future lunar surface studies

Combined elemental mapping in x-rays and gamma-rays can help in identifying volatiles/extra-
lunar materials on the lunar surface. For example, the moderately volatile Na can also be
measured using gamma-rays, arising from nuclear reactions (say neutron radiative cap-
ture and inelastic scattering). The GRS onboard MESSENGER spacecraft demonstrated
variation of Na abundances across the surface of Mercury [Peplowski et al., 2014]. How-
ever, GRS experiment onboard LP did not observe any significant contribution of Na
on the lunar surface [Prettyman et al., 2006]. Thus mapping the compositional differ-
ences between the top and deeper layers of lunar regolith can provide more insights on
the geophysical/geochemical processes. We consider the following areas where recent

technological developments can improve the surface exploration of the Moon in x-rays.

1. Improving the sensitivity of x-ray experiments
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2. Global elemental mapping with active x-ray sources - as a long term option

5.3.1 Increasing the instrument sensitivity for a compact planetary pay-

load

Silicon-based x-ray CCDs have lower quantum efficiency (QE) at low energy x-rays (<
1 keV), due to the presence of gate structures and dead-layers. It is further limited
by entrance windows which are essential to stop stray optical/UV light from reaching
the detector. Also careful spectral modeling is required to separate the contribution
of scattered solar x-rays which include both soft x-ray lines and continuum at these
energies. The following design factors can be considered to improve the sensitivity of

the x-ray instrument at low energy x-rays.

5.3.2 Selection of x-ray windows

The response of Si-based CCD extends into optical and near IR wavelengths. As the
Moon is very bright in optical wavelengths than at x-rays, the visible light will swamp
the detector and yield excessive background which will obscure the x-ray signal. Hence,
it is necessary to use suitable filters with high x-ray transmission and high optical/IR
extinction. However, proper balancing is required to optimize filter thickness to achieve
high optical to x-ray extinction ratio. Here, we provide an order of magnitude estimate
for the number of optical photons received by an x-ray CCD orbiting around the Moon.
Using this value, we discuss certain design aspects of x-ray window such as material

selection and window thickness which are crucial for the transmission of soft x-rays.

5.3.2.1 Estimation of optical photon flux from the Moon

The Moon reflects light from the Sun, which emits black-body radiation corresponding
to a temperature of ~ 6000 K. The albedo of the Moon is ~ 13%. The measured spec-
tral irradiance of the Moon at visible/NIR wavelengths (420nm to 1000 nm) [Cramer

et al., 2013] clearly shows that it peaks around 600 nm with a value of 2.669 ; W m ™2
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nm~!. The average flux received on the Earth at visible wavelengths ie., from 400 nm

to 750nm, from this observation [Cramer et al., 2013], is given by :

dF
< F(6N) > (W/m™2) = o A= ImWm ™2 (5.1)

Thus the total power radiated by the Moon in this band will be ~ 10'* W. The mean

wavelength of emission in optical band is determined from :

dF
A 4E g
dF
dr gy

<A> (nm) = ) ~ 600 nm (5.2)
This implies that, on average, the illuminated lunar hemisphere emits ~ 1032 photon-
s/sec at a mean wavelength of ~ 600 nm, as measured from the measured lunar spectral
irradiance. For a spacecraft orbiting the Moon at an altitude of 100 km above the lunar
surface, the flux reduces as inverse square of distance (1/r?) and hence will experience
a flux of ~ 107 photons/sec/cm?. One important quantity to be estimated is < N, >
which is defined as the average number of visible photons/sample as observed in the
detector which is given by :

_ F(6)) [photons/sec/cm?] x A [em?] x t [sec] x € (6X)
N Number of samples in a complete readout

< Nph > (53)

where F(6)\) is the flux of photons at visible wavelengths, A is the area of the detector,
t is the integration time, €(d)\) is the efficiency of detector at visible wavelengths. For
devices like CLASS SCD, with an area of 4cm? which is readout in 120 samples, inte-
gration time of 10> sec and efficiency ~ 0.5 at 600nm, the average number of visible
photons per sample < N, > will be ~10'° photons/sample. As a rule of thumb, the
noise from stray optical photons should be less than the readout noise of the device per
pixel. The readout noise of SCD is ~ 10 e~ rms. For a negligible optical signal we define
the criteria to be < 10% of the readout noise. Hence, acceptable noise due to interaction

of visible photons should be 1 electron/sample.
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5.3.2.2 Choice of x-ray window

From the above calculation it is clear that the x-ray window should be opaque at visible
wavelengths with a transmission of 1071° or lower. Apart from minimal optical trans-
mission, it should have all the following properties viz., extremely thin, made of light
elements, high tolerance for radiation, high mechanical strength, and light tight. Also, it

should withstand high temperatures, vibrations and impacts.

In general, thin metal foils are opaque for frequencies from radio to middle of UV and
transparent for high energy radiations (x-rays and ~-rays). They are highly reflective
over the entire range of the visible spectrum. Of the metals, aluminum provides high
reflectivity and the best attenuation in optical and near IR region between 400nm to
1000nm [La Palombara et al., 1996; Owens et al., 1994]. It has other advantages such
as cost effective, availability, only one small absorption edge at 1.56 keV, thickness can
be controlled with high precision. Being a low z element, Al, with low thickness is very

transparent at soft x-ray wavelengths. Interaction of optical light with different medium
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FIGURE 5.2: Transmission and absorption of optical light through a medium of thick-
ness t with absorption coefficient (/). Reflection occurs at boundaries of different re-
fractive indices.

leading to reflection, transmission and absorption is shown in Fig. 5.2. For an incident
light beam of intensity Iy, the transmitted intensity through a specimen of thickness t

and absorption coefficient (3 is :

Ir=1Io(1 — R?e (5.4)
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where R is the reflectance. Increase in the thickness of film monotonically increases
the extinction coefficient (k) which alters the absorption and transmission and hence
the reflection. The refractive index (n) decreases smoothly from its initial value which is
higher than that of bulk metal to a steady value equivalent to micron thickness [Heavens,
1960]. Using the tabulated data of optical constants by Raki¢ [1995], with extinction
coefficient k=5.474 at 450nm, we determine the minimum thickness of Al window re-
quired to achieve a transmission of ~1071? at 300 to 1000nm wavelengths to be more
than 0.15 pm. The soft x-ray transmission curve for 0.20 um thick Al window is shown

in Fig. 5.3. Data for soft x-ray transmission curves are obtained from the x-ray database

1

provided by the Centre for X-ray Optics *. Usually, x-ray windows are prepared with

Transmission

0.20 pum Al - - - —
0.20 um Al + 0.40 um polyimide

0.0L L 1 . !

1 2 3 4 5
Energy [keV]

FIGURE 5.3: Transmission of soft x-rays through Al x-ray windows with and without
polyimide substrate.

metal-based material deposition onto a polymer-based substrate. The combined struc-
ture form free-standing windows. However, complexity increases in handling the fragile,
extremely thin, free-standing windows. Also, the additional polymer layer reduces the
sensitivity of low energy x-rays as shown in Fig. 5.3. Recent improvements in technol-
ogy allows direct deposition of Al x-ray filters onto the top of the x-ray detector [Bautz
et al., 2014; Falcone et al., 2012]. In this configuration, extra x-ray absorption due to
polymer layer(s) can be completely avoided. Significant reduction in the complexity,

avoidance of compatibility issues in choosing polymer materials for ultra-high vacuum

'http://henke.lbl.gov/optical_constants/filter2.html
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FIGURE 5.4: Representation of FI and BI x-ray CCDs

operations and sensitivity enhancement as much as 10% at 1 keV are the key merits of

this configuration.

5.3.3 Improve quantum efficiency of soft x-ray detectors

Despite SCDs offer good spectral resolution with minimal temperature constraints, they
have a reduced QE at low energy x-rays as they are front-illuminated (FI) devices. In FI
devices, x-ray photons have to penetrate through different dead layers and gate struc-
tures before reaching the active volume of the detector. Back-illuminated (BI) CCDs are
devices which are flipped with respect to the direction of incoming photons. Schematic
representation of FI and BI devices are shown in Fig. 5.4. Further, BI devices are thinned
during the process of fabrication and hence will have thickness of tens of microns. In
contrast, FI devices have thickness which extends up to a few hundreds of microns. BI
CCDs offer high QE at low energy x-rays, as the x-ray photons directly interact with the
active volume of the detector without intervention of dead-layers and gate structures. A
detailed comparison of QE of different generation of FI and BI x-ray sensors produced by
e2V technologies is given in [Murray et al., 2009]. Although BI devices provide higher
QE at lower energies, they have a lower QE at energies above 7 keV. Since majority of
XRF lines emitted from the lunar surface occur in the energy range from 1 to 7 keV, it can
be well measured with BI devices. Thus, we propose a detector system with a suitable

combination of BI x-ray CCDs with direct deposition of Al x-ray window of minimum
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thickness 0.20 ym. This design can be considered for future lunar surface exploration in
x-rays which will reduce the complexity and absorption losses significantly. The sensitiv-
ity of the instrument can be enhanced by around ~ 20% at 1 keV in this design. It is also
to be noted that the activity of developing a directly deposited Al window on BI thinned

devices is under technological development program of NASA Astrophysics Division.

5.4 Lunar XRF using active x-ray source

Remote-sensing study of planetary surface chemistry using XRF technique solely de-
pends on the solar x-ray activity, which has an eleven year periodic cycle. To coordinate
lunar XRF observations in tandem with solar flares is difficult due to its unpredictable
nature. Also, it takes long duration to complete global elemental mapping during which
detector system can degrade/change in performance and response. The C1XS exper-
iment suffered due to an extended solar minimum resulting in only a few solar flare

events and lead to very limited utilization.

Next to the Sun, bright celestial x-ray objects (mostly binary compact objects) in our
galaxy can be considered as an alternate to perform passive remote-sensing XRF obser-
vations. The soft x-ray emission from these sources are due to release of huge thermal
energy during the accretion of matter from its companion star. As a result, the binary
system undergo different transition phases which produce x-ray flux variations. Some
of the known bright x-ray emitting sources in our galaxy are Sco X-1 (in the Scorpius
constellation), Cen X-4 (in the Centaurus constellation), Sagittarius A* (at the center of
the Milky way). For example, the derived x-ray luminosity of Sco X-1 during a maximum
flaring phase is ~ 103! J/s (in 2 to 18 keV band) [Bradshaw et al., 2003]. This translates
to an x-ray flux of ~ 10~° W/m? which is less than the flux of A-class solar flares (ie., <
10-8 W/m?). To achieve an x-ray flux equal to that of a C-class solar flare, source with
fluxes above 10000 crab (where 1 crab = 2.4 x 10~ W/m?) are needed. However,

none of the known bright x-ray sources can produce such an x-ray flux.

Thus, space missions designed with active x-ray sources can provide an independent way

to overcome this dependency. So far the usage of active x-ray sources such as radioactive
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sources and x-ray tubes are limited only to make insitu measurements on a rover. Global
lunar surface studies using active x-ray sources is very challenging and has not yet been

attempted. Some of the advantages of active remote-sensing XRF are :

e Uses a controlled input spectrum
e Can better control the accuracy of elemental abundances

e Can complete the task of surface elemental mapping in a relatively short time

when system performance can be designed to be stable and well calibrated

An important step towards this is to find the required incident x-ray flux to perform
active remote-sensing XRF studies. With simple assumptions, we derive the first order
estimates of x-ray flux needed for an active lunar XRF, which is explained in the follow-

ing section.

5.4.1 Determination of x-ray flux for an onboard active x-ray source

Based on C1XS results, we assume that a minimum x-ray flux equivalent to C-class solar
flares (ie., 10~ W/m?2 to 10~° W/m? in 1.55 keV to 12.4 keV), is essential to make statis-
tically significant x-ray observations. Conventional x-ray tubes produce bremsstrahlung
radiation through acceleration of electrons under a large potential (order of kV) and are
allowed to bombard an anode target. At present, portable x-ray tubes can provide an
x-ray flux of ~ 10° - 107 photons/sec. Let us assume the spectral distribution of x-ray

tube to follow a modified Kramers law as given in [Tertian & Broll, 1984]:

dN A 1
b AN
o (Ao 1)’ (5.5)
where )\ is wavelength, )\, is short wavelength limit, q is an empirically derived quantity
(gq=2 is considered here based on [Boll & de Chateaubourg, 1999]). For simplicity, we
have neglected the self-absorption and window absorption terms in Eq. (5.5) which

are exponential terms with respective to mass-absorption coefficients (17 »). The mean
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wavelength of this distribution can be estimated from :

A 4 an

<A >=
dN
fﬁ d\

(5.6)

N 5 Amas 2
max )\ -1 1 max )\ —1 1
/ (“)\2)03)\ = a’X — 2alog(\) — N / (a)\)d)‘ =5 (aA=4) + log(A)

>\m,1',n Amin

The integration is performed within wavelength limits \,,;,, = 1.55 Aand M\ue = 8 A,
which corresponds to the GOES soft x-ray band. After applying appropriate numbers,
we obtain the mean wavelength of the spectral distribution of the x-ray tube as 2.30 A

~ 5 keV. Thus, the average power of the x-ray tube with 10’ photons/sec will be :

<P> ~ 10" x5x103x1.6x107 =~ 10°W (5.7)

Now let us assume a configuration with an x-ray tube orbiting around the Moon at
an altitude of 100 km from the surface. The x-ray tube is assumed to have a small
opening angle of 4° containing the entire power of 10~ W. The incident x-ray beam
will illuminate 64 km? area on the lunar surface. Thus the soft x-ray flux received by
the Moon will be ~ 10~ W/m?, which is 100 times smaller than our requirement of
C-class flare x-ray flux. Thus, to achieve an equivalent C-class flare x-ray flux, the x-ray
tube should produce ~ 10!’ photons/sec. With the available technology of portable
x-ray tubes, it is difficult to meet the demand of huge x-ray flux for active lunar XRF

studies.

5.4.2 Discussion on other possible x-ray sources for space studies

A brief discussion on the feasibility of other possible x-ray sources that can be considered
for active lunar XRF studies is given below :

X-rays from triboluminescence : It has been demonstrated by [Camara et al., 2008,
2010] that x-rays are generated from peeling of pressure sensitive adhesive tapes un-
der reduced pressure conditions through the phenomena of Triboluminescence. It is

proposed that while peeling the adhesive bonds are broken and it becomes positively
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charged while the polyethylene roll gets negatively charged; as a result huge electric
fields (=~ 10° Vem™1) build up and give out continuum x-rays during discharge, with
peaking flux up to 3 x 10° photons/sec at ~ 15 keV [Camara et al., 2008]. Although
this method of x-ray production is relatively simple and cost effective, it does not pro-
vide adequate x-ray flux as required. Also, further studies are needed to understand the

dependency of x-ray intensity.

Synchrotron sources : Synchrotron sources essentially consists of particle accelerator
(typically electrons) in a powerful guiding magnetic field which are arranged in cyclic
structures. In contrast to bremsstrahlung radiation, it can provide a well collimated
beam with small angular divergence and very high intensity. Till date, synchrotron
sources are the only machines on ground which can generate high intensity x-rays with
peaking flux up to 107 - 10'® photons/sec, over a wide range of energies. However, the

use of synchrotron sources for active lunar XRF is far from realization.

Compact Compton x-ray sources : Compact Compton x-ray source (CCS) is the latest
technology, which is a result of extensive research in miniaturizing high intense x-ray
production units. CCS rely on the Inverse Compton (IC) effect, which is typically found
in accreting compact objects like black hole and magnetized neutron star, to produce
high intensity x-rays. The principle of IC is production of high energy photon pulses
from collisional scattering of relativistic electrons with low energy photons. One of the
important objective of CCS project is to obtain high intensity x-rays from a miniaturized
instrument. Various design aspects of CCS using electron gun, particle accelerator and
high power laser are discussed in detail in [Jacquet, 2014]. At present CCS are aimed
to produce 10'? - 10'3 photons/sec with major requirements as a MW high power laser
and electron accelerators up to MeV energies, which should be superconducting devices
(both electron gun and Linac). With further improvements from the emerging technol-
ogy available in the neighborhood, we suggest that miniaturized CCS can potentially be

considered for future active remote-sensing XRF studies.
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5.5 Conclusion

In this chapter we have summarized the findings from this thesis. Science cases for
future lunar surface exploration based on C1XS results are discussed in detail. An elab-
orate description on the possible improvements that can help future x-ray exploration
of lunar surface are presented. These suggestive improvements can also be used in the
exploration of other airless bodies. Further, we have explored the option of conducting
active remote-sensing XRF experiments. Using the derived x-ray flux requirements we
discussed the feasibility of a few active x-ray sources. Given the large constraints and
unpredictability of passive remote-sensing XRF, active XRF remote-sensing needs to be
explored as a future solution. It is further shown that many recent developments in the
technological front shows promising results to have an active x-ray source onboard in

the orbiter to make global surface studies.
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