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Thus evolved the Original Moon
in those turbulent times
Now we paint from fragments of clues

the reasons and the rhymes

Carle. M. Pieters



Abstract

X-ray remote sensing is an established technique for chemical mapping of atmosphere-
less inner solar system bodies. Chandrayaan-1 X-ray Spectrometer (C1XS), on-board
the first Indian lunar mission Chandrayaan-1, was flown with the objective of globally
mapping the abundances of the major rock-forming elements Mg, Al, Si, Ca ,Ti and Fe
with a spatial resolution of 25 km on the lunar surface. C1XS employed ‘swept charge

devices’, a recently developed variant of x-ray CCDs as detectors.

In this thesis, we present the calibration of the C1XS experiment, derive the detailed
instrument response, analyze lunar x-ray fluorescence data and derive elemental abun-
dance of the major elements Mg, Al, Si, Ca and Fe from a region in the central nearside
highlands of the Moon. This work is the first ever estimation of absolute x-ray line flux
from the lunar surface. Ca abundance from a highland region has also been directly

estimated for the first time through remote sensing.

The first chapter gives an introduction to lunar chemistry. The principles involved in
the elemental analysis using the technique of x-ray fluorescence are described. This
chapter also gives a brief account of x-ray remote sensing of the Moon and the results
from earlier experiments. Further we briefly compare XRF with other remote sensing

techniques for compositional studies and highlight the potentials of this technique.

The second chapter describes the C1XS experiment. We describe the swept charge device
(SCD) used in C1XS instrument and the observation scenario in detail. This chapter
is meant to serve as a background on C1XS in order to appreciate better, the work

presented in the next three chapters.

We describe the detailed ground calibration of C1XS detectors in the third chapter and
present results from the analysis of the calibration data. The spectral redistribution func-

tion (SRF) of a SCD is complex with a significant contribution from events split between



adjacent pixels. We model the spectral redistribution function of the SCDs. With re-
spect to a reference detector calibrated at the electron storage ring at PTB/BESSY II, we
determine the detection efficiency of the SCDs. Further, a non-Gaussian response ma-
trix is constructed using the SRF in XSPEC (x-ray spectral analysis package)- compatible

format for use during lunar x-ray spectral analysis.

In the fourth chapter, the analysis of lunar x-ray fluorescence spectra obtained during
a bright flare which enabled measurements at 50 km spatial resolution, is presented.
The background in the detectors is studied prior to this. It is found that the background
spectrum in the detectors is very steady except during geotail passes. As the Moon
passes through the particle rich region in the plasma sheet of the extended geotail, the
background spectrum in the detectors is enhanced and become harder. Particles also
induce characteristic x-rays from the Al filter on C1XS which could contribute to the Al

fluorescence from the lunar surface.

We derive the elemental abundance for the sampled 50 x 250 km stretch on the south-
ern nearside highlands of the Moon. Several minor elements are also detected in the

spectrum which are weak and hence could not be quantified.

In the last chapter we discuss the chemistry of the region sampled by C1XS in its geo-
logical context. C1XS derived compositions are distinct from that of the returned lunar
samples and the feldspathic lunar meteorites. We discuss the possible scenarios under
which this could happen. Considering the need to determine global geochemistry which
C1XS could not achieve, we propose a larger area x-ray fluorescence experiment for a

future lunar experiment.
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Chapter 1

Introduction

Moon being the brightest object in the night sky, has been of great interest to many gen-
erations. The motion of the Sun and the Moon have been studied from vedic times and
the earliest Indian calendar was based on the motion of these celestial bodies (compiled
in vedanga jyotisha in 1400 BC). Aryabhata in 500 AD calculated the length of a lunar
day with a very high precision. Drawings of the features on the lunar surface, date back
to the times of Aristotle (384-322 B.C). The invention of the telescope brought about a
great advancement in recording detailed features on the lunar surface. Beginning with
Galileo, there have been several astronomers who have painfully hand drawn many fine
details of the near side of the Moon using a telescope. The first lunar flyby mission by the
Soviet Union , Luna 2 in 1959 opened up a new era of exploration from space. Several
lunar missions flew from 1959 to 1975 which immensely enhanced our understanding of
the Moon. The spacecraft Galileo (in 1990 and 1992 obtained multi spectral images of
the lunar surface [Belton et al, 1992] while it encountered the Moon for gravity assist en
route to Jupiter), Clementine (1994) [Nozette et al, 1994] and Lunar Prospector (1998)
[Binder, 1998] with its suite of more advanced instruments provided new insights into
the study of the Moon. Recently there has been a revival in lunar science exploration
beginning with SMART-1 (2003) [Foing et al, 2001] and taken on by Kaguya (Selene-1,
2007) [Mizutani et al, 2004], Chang’e-1 (2007) [Huixian et al, 2005], Chandrayaan-1
(2008) [Bhandari et al, 2004] and Lunar Reconnaissance Orbiter (LRO) [Keller et al,
2009] were launched with an impressive set of instruments covering a broad spectrum

of lunar science interests.

A great leap in lunar science occurred with the manned Apollo expeditions and the

robotic Luna missions which together brought back lunar samples from nine locations.

1



Chapter 1. Introduction 2

Moon, which was earlier thought to be an undifferentiated primitive object, turned out
to be a differentiated body with a crust, mantle and perhaps a small core. The first
meteorite to be recognized (based on oxygen isotope ratios) as of lunar origin was Alha
81005 [Marvin, 1983] in 1982 and resulted from the experience gained by lunar sample
analysis. Since then there have been more than 60 lunar meteorites collected which
adds to the lunar global data base. In spite of real samples, remote sensing experiments
to the Moon to understand composition are still important. The original lunar crust
formed during differentiation is believed to have had a nearly homogeneous composition
laterally. Mare basalts are later intrusions to this crust. Over billions of years, the lunar
crust has been re-worked by meteoroid impacts and this has built up a thick layer of
unconsolidated rock and soil which we call the ’lunar regolith’. Local variations in the
regolith in small scales can arise from materials of extra-lunar origin, rocks excavated
from a depth due to impacts, impact generated materials like breccias, agglutinates
etc. Global remote sensing measurements are essential to understand compositionally

distinct geological units relevant to the broader aspects of the evolution of the Moon.

The Chandrayaan-1 X-ray Spectrometer (C1XS) was flown with the objective of globally
mapping the distribution of the major rock-forming elements on the Moon through x-ray
remote sensing. This thesis deals with the characterization and calibration of C1XS and
reports the first results from the experiment. This chapter is an introduction to lunar
chemistry relevant to subsequent discussions. We also describe the method of x-ray
remote sensing which forms the basis for C1XS and compare it with other methods of

remote sensing for compositional studies.

1.1 The Moon

1.1.1 Origin

The origin of the Moon cannot be just considered as a natural consequence of Earth’s
formation as for the satellites of the outer planets. When compared to other such systems
in the Solar System, the Earth-Moon system is special in many ways. Among the inner
rocky planets (Mercury, Venus, Earth and Mars), only Earth has a satellite (Phobos and
Deimos which orbit Mars are captured asteroids). The size and angular momentum
involved in the Earth-Moon system is significantly larger than other such systems in the

Solar System. For example the mass of the Moon is 0.0123 the mass of Earth while
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Ganymede is only 0.00008 times that of Jupiter. Similarly the ratio of the radius of the
Moon to that of Earth is 0.2728 while that for the Ganymede-Jupiter system is 0.0368,
an order of magnitude difference. Angular momentum of the Earth-Moon system is

2s~1) by Solar System standards for the corresponding

unusually large (3.5 x 10* gcm ™
total mass in the system. This points to the fact that the origin of Earth’s moon might

require an explanation different from the origin of other such systems.

There are four main hypothesis for the origin of the Moon [Wood, 1986]:

1. Co-accretion: This hypothesis suggests that the Moon was formed from the disk
of orbiting gas and dust around the newly formed Earth, like the satellites of the

outer Solar System bodies.

2. Capture: Moon was formed elsewhere in the Solar System and was captured when

it fell under the gravitational influence of the Earth.

3. Fission: Moon is currently receding away from Earth at the rate of 33 mm/ year
[Wood, 1986]. This means that the Moon was much closer to Earth (a minimum of
2.9Rp, for lunar density material [Canup, 2004]) when it formed. If so, in order to
conserve angular momentum of the system, Earth would have to be spinning faster.
According to the fission hypothesis a young homogeneous Earth was rotating fast
(with a period of ~2.6 hours [Binder, 1986]) and as it differentiated, spun faster
and expelled a chunk of matter due to rotational instability. This piece of matter

consequently could have evolved into the Moon.

4. Impact hypothesis: A large object the size of Mars impacted the Earth and ex-
pelled a large amount of matter from the crust. This material possibly vaporized,

condensed together with the impactor material and formed the Moon.

The impact hypothesis formulated from the ideas of Hartman and Davis [Hartmann
and Davis, 1975], was further developed by Cameron and Ward [Cameron and Ward,
1976]. Subsequently there has been continuing efforts which resulted in several detailed
models for the impact hypothesis. However, the basic idea is that an impactor of mass
~0.1 Earth mass collided with Earth and ejected enough material which then settled
in a stable orbit and subsequently accreted to form the Moon. The two major guiding
factors for this model is the angular momentum of the Earth-Moon system (sum of
Earth’s rotational angular momentum and Moon’s spin angular momentum) which can

be calculated as 3.5 x 10*! g-cm?/s and the fact that the bulk iron (total iron in the
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crust, mantle and core) content of the Moon (13% [Taylor, 1986]) seems to be much
lesser than that of Earth (32 % [Taylor, 1986]). The giant impact hypothesis involves
material to enter the orbit around the Earth through a variety of mechansims such as
impact jets, vapor clouds, gravitational interactions among the debris etc because of
which the parameter space to simulate formation of the Moon and the dynamics (see
[Canup, 2004] for a review) is quite large. The impact generated kinetic energy can

lead to depletion of volatile elements on the Moon.

The Moon that accreted from the impact induced accretion disk around the Earth is be-
lieved to have undergone global melting (due to the energy of accretion). This event
is referred to as the Lunar Magma Ocean (LMO) phase. Models suggest that the extent
of melting would have been anywhere from a depth of 200 km to a completely molten
Moon. The lunar crust crystallized from the magma ocean with the Al-rich low den-
sity minerals being lighter, forming a global top layer over the underlying more mafic
(higher Mg and Fe) materials. The composition of the different layers of the Moon are
thus important markers of the thermal history and critical to understand the thermal

evolution of the Moon.

1.1.2 Lunar composition

Composition can be expressed in terms of the bulk concentration of elements, the min-
erals formed from the elements or the rocks which form as the minerals aggregate. A
knowledge of all three are required to understand the origin and evolution of the body.
Crystalline solids formed as a result of geological processes are called minerals. Ele-
ments are the building blocks of minerals and mineral aggregates in turn form rocks.

The elements that comprise a mineral can be classified into

Major elements which control the basic atomic structure and gross properties. O, Na,

Mg, Al, Si, Ca, Ti and Fe are the major elements in the terrestrial planets.

Minor elements which occur in less than 1% in weight in the sample and affect certain
physical properties such as color. eg:- sulphur gives a yellow color to the parent

rock. S, Cl, Cr, and Mn are some of the minor elements in the lunar rocks.

Trace elements occur in less than 0.1% in weight. But they represent intrusions into
the crystal structure during late stages of crystallization and hence provide insight

into the environment in which the crystal formed. eg:- rare earth elements
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TABLE 1.1: Major lunar mineral compositions

Major minerals Formula
Plagioclase (Ca,Na,K)Al»Si,Og
anorthite CaAl,Si»Og
albite NaAlSizOg

Pyroxene

orthopyroxene (Mg,Fe)»SioOg
clinopyroxene (Ca,Mg,Fe),SizOg

Olivine (Mg,Fe)2Si04
fayalite Fe;Si0g4

forsterite Mg»SiOy4
IImenite FeTiO3

TABLE 1.2: Pristine igneous lunar rocks

Pristine lunar rocks Mineral comp Mg+# Remarks
Ferroan Anorthositic > Ang, +pyroxene 0.4-0.7 Low trace element
Suite (FAS) +olivine content,age: 4.44- 4.54 Ga
Mg-suite Angs-Angg +pyroxene | 0.6-0.95 Higher trace element
+olivine content,age: > 4.5- 4.1 Ga
Alkali suite Angz-Angg 0.4-0.6 High trace element
+ clinopyroxene content,age:4.3- 3.8 Ga
KREEP basalts Pyroxene ~ 0.5 Higher trace element
+plagioclase content,age: 3.82- 3.86 Ga

All the 90 naturally occurring elements can be combined in different ways to form min-
erals. But the common minerals would be made of the most abundant elements. The
minerals which comprise the common lunar rocks are given in Table 1.1. A rock is com-
posed of an assemblage of minerals which can be mechanically separated from it. Rocks
form as a part of the primary crust and later get fractured by impacts or stress and get

transformed by the environment.

The Moon is a differentiated planetary body (ie having distinct layers of different com-
positions, indicative of global melting and stratification) with a crust, mantle and a
core, each having distinct compositions. Based on the analysis of rocks in the returned
lunar samples and lunar meteorites, we believe that the average lunar crust is primar-
ily composed of plagioclase. The original unaltered crustal rocks formed from intrinsic
magmatic processes of the Moon (called pristine) are classified into four suites (based

on composition) and are listed in Table 1.2.
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Ferroan Anorthositic Suite (FAS) rocks comprises of the ferroan anorthosites with > 90%
plagioclase. The high content of a single mineral suggests that they formed by seperation
of just formed crystals from a melt. Recent results ([Ohtake et al, 2009], [Pieters et al,
2009]) from Kaguya and Chandrayaan-1 reveal pristine unshocked anorthositic rocks
almost entirely composed of plagioclase (> Angg where the anorthite (An) content is

s Ca
defined as CaFNaF K

of the Moon, providing support to the LMO hypothesis. Mg-suite rocks have a higher

Mg number (defined as % and denoted as Mg#) and a wider range of anorthite

content (Angg to Angs) than FAS. They appear to have crystallized from magmas rich

where the elemental abundance is expressed in wt%) in many areas

in incompatible elements (elements which do not fit into the crystal structure of the
major minerals are left behind as the magma cools and minerals crystallize. eg: rare
earth elements) and are primitive as rocks in the FAS. Their global distribution is not
well known (which can be derived from global maps of Mg# and An content), which
would provide insight into their origin and is one of the important open issues regarding
crustal composition. Alkali suites are less abundant but are strikingly different because
of their higher alkali content (higher sodic plagioclase leading to An content as less
as Anyp) with NayO averaging at ~ 1.6 wt percentage. Their distribution and nature
of occurrence (whether as large outcrops or separate intrusions) on the lunar surface
is also not known. Based on global Fe and Th measurements and comparing these to
correlation in lunar samples, the area called Procellarum KREEP Terrane (PKT) in the
north- western hemisphere of the Moon is suggested as the possible area where these

rocks are confined to.

KREEP (Potassium, rare earth elements) basalts are formed from igneous melts and are

enriched in incompatible trace elements. These are again possibly confined to PKT.

Direct compositional information about the mantle can come only from material that
has been brought up from the interior due to impacts or volcanism. Mare basalts which
fill the large basins are believed to be partial melts of the lunar interior, that migrated
up through the lunar crust and erupted on the surface in effusive volcanic styles (small
pyroclastic fire fountains and fissure style eruptions). These erupted lavas provide the
primary source of information about the compositional nature of the lunar interior. They
are more mafic (higher Mg and Fe) than the highland rocks with pyroxene and olivine
dominating over plagioclase. A wide variety in composition exist between the mare
basaltic rocks collected during the Apollo missions. Titanium is one of the major ele-

ments whose concentration vary considerably among the mare basalts and hence they
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are classified according to the weight percentage of titanium in them. The lunar man-
tle likely has a heterogeneous composition given the wide variety in mare basalts. The
thickness of the mantle is not known, but seismic measurements suggest a discontinuity
in either composition or density at a depth of ~ 500 km [Wieczorek et al, 2006].

The moment of inertia of the Moon (0.39314+ 0.0002 Kg m? [Hartmann and Davis,
1975]) is very close to that of a homogeneous sphere (0.4 Kg m?) which suggests the
absence of a dense core. However there are evidences primarily from seismic measure-
ments [Nakamura, 2005] to believe that Moon might possess a very small (< 460 km)

core whose composition is not well constrained.

The lunar surface that we study today by remote sensing has encountered a huge impact
flux (of bodies ranging from a few angstrom in size to several km) which has reworked
the original upper crust (Figure 1.1). The whole lunar surface (except for some steep
crater walls) is thus covered by a layer of broken melted debris called the lunar regolith.
The bulk of the regolith consists of less than 1 cm particles [Lucey et al, 2006] and this
fraction of the regolith is called lunar soil. Lunar soil consists of mineral fragments,
pristine rock fragments, breccia fragments, glasses and agglutinates. Agglutinates result
from melting and mixing of lunar regolith during micrometeorite impact. In the mare
regions, the thickness of the regolith is believed to be 4-5 m whereas on the highlands
it is 10-15 m (the highlands being older surfaces, have accumulated a thicker layer
of regolith). The lunar regolith consists of materials from the upper crust sometimes
preserved as such or as part of impact melt mixtures (called impact melt breccias) and
material added from the impactors. Since there is minimal lateral movement on the
lunar surface, the lunar composition in the regolith is believed to be fairly representative
of the underlying crust. The extra-lunar material in the regolith can come from two
sources: micrometeoroids and impactors. The extra-lunar component in Apollo soils
at four sites have been estimated to be less than 2% [McKay et al, 1991]. Chemistry
of the lunar surface measured from lunar regolith has to be corrected for this extra-
lunar component. Assuming a chondritic composition for the micrometeoroids, soils get
enriched in siderophile elements (elements that concentrate in an iron rich liquid) as
it gets exposed to micrometeoroid flux. The amount of siderophile elements thus also
indicate maturity (the accummulated effects of space weathering which mostly affects
the fine portion of the regolith) and thus age of the soil. The correction is done by
modelling the composition that would result from mixing of a chondritic meteorite and
a lunar crustal material. Any further enhancement in the proportion of siderophile

elements are then considered genuiune (and demands an explanation).
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FIGURE 1.1: A schematic diagram showing the cross section of the upper layers of the
crust (re-drawn from [Hiesinger and Head, 2006])

Remote sensing measurements from the Lunar Prospector mainly of thorium and iron,
identified distinct geochemically different terrains which is broadly classified into three
by Joliff et al [Joliff et al, 2000] as the Feldspathic Highland Terrane (FHT), Procel-
larum KREEP Terrane (PKT) and South Pole Aitken (SPA) region. This together with the
difference in crustal thickness in the near side and far side, seems to suggest that the
lunar crust possesses a fundamental asymmetry. It remains an open issue whether this

asymmetry extends deeper down to the mantle and when and how this happened.
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1.2 Remote sensing techniques for lunar chemistry and min-

eralogy

Composition of a body can be remotely determined with any of the following methods.
Here we restrict ourselves to direct measurements. It is to be noted that there are other
methods like seismic studies wherein modeling of the composition can be done indirectly

by measuring the attenuation of the signals.

1.2.1 Spectral reflectance spectroscopy

Spectral reflectance in the near infra-red (0.7 ym - 3 um), visible (0.4 pym- 0.7 pm)
and ultraviolet (0.001 ym-0.4 ym) wavelengths are useful to determine mineralogy.
Radiation measured at these wavelengths from the surface of the planetary body has two
components: reflected solar radiation and a re-emitted thermal radiation. Absorption
features in the reflected solar radiation is diagnostic of the mineral present. The physics
of absorption of solar radiation leading to diagnostics of the mineral, is well summarized
by Adler [Adler, 1986].

The most common process that leads to absorption features is the transition between
split orbital energy levels of electrons in transition elements (Ni, Cr, Co, Fe etc). The
d orbital energy state in transition elements split when the ion is located in the field
of a crystal. These crystal field transitions of the ferrous iron in pyroxene produces an
absorption feature at 1.0 ym which is used as a diagnostic feature. For the same ion, the
exact minima of the absorption feature varies indicating compositional differences. For
example, ferrous (Fe?*t) ion in a mixture of forsterite (Mg»SiO4) and fayalite (Fe2SiO4)
which are both olivines, generates the absorption feature at 1.05 ym when fayalite com-
position is low and moves to 1.08 ym when fayalite dominates. Though subtle, these

variations can in principle provide mineral chemistry as well.

Reflectance spectra are obtained by measuring the reflected light in different wavelength
bands or in other words sampling the spectrum at specific bands. Clementine near
infrared spectrometer had five bands for sampling [McEwen and Robinson, 1997] while
the Chandrayaan-1 Hyper spectral imager had 64 bands [Kirankumar andd Choudhary,
2005]. The choice of spectral range and number and location of sampling bands need

to be optimized to ensure that critical diagnostic features are not missed (Figure 1.2).
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FIGURE 1.2: Schematic reflectance (arbitrary units) spectrum with an absorption fea-
ture. Colored bands are the wavelengths being sampled, the sparse sampling of which
may lead to loss of critical information.

Absorption bands also arise when an electron moves from one ion to another within the
crystal on absorption of a photon. These are called charge transfer absorptions and these
strong absorption bands appear at ultraviolet wavelengths. For example iron oxides like
hematite and limonite are readily identified on martian surface due to the intense charge
transfer band in ultraviolet. In minerals like cinnabar (HgS) with a band gap equal to
the photon energy, transitions from conduction to the valence band occur and result in
absorption in the visible wavelength range. Minerals can also be identified by their color
in visible. Some minerals have color due to absorption by defects in the crystal called
color centers. The defects create discrete energy levels between which there could be
electronic transitions leading to absorption of photons in the visible thus yielding colors

to the crystal (eg:- yellow color in fluorite).

Transitions between different vibrational levels of any asymmetric molecule (like one
with an O-H bond) also create absorption bands in the near infrared. For example liquid
water has absorption features at 3.106 ym (fundamental), 6.079 ym and 2.903 pm

(harmonics) forming a good diagnostic for water bearing minerals.

An emissivity maximum (reflectance minimum) between 7 and 9.5 um called Chris-
tiansen Feature (CF) which occurs because of the change in the real part of the refractive
index of the mineral is a good diagnostic for silicate minerals. The CF occurs on the short
wavelength side of the fundamental absorption band and shifts to shorter wavelengths

as polymerization of SiO,4 tetrahedra increases [Taylor, 1997].
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In summary, reflectance spectroscopy is a very useful technique to study the mineralogy
of planetary bodies remotely. The solar intensity which is the source of illumination for
remotely sensing reflectance spectra, almost remains constant (< 0.1 % variation across
the solar cycle). Hence the strength of absorption lines are indicative of the strength of
the mineral present from which absolute mineral abundance can be derived. However
there are several factors which complicate the application of reflectance spectroscopy to

identify and derive abundance of minerals remotely.

¢ Identification of the mineral is often done based on absorption features. However,
the absorption minima is sensitive to subtle changes to the crystal structure. Also
there are a number of transitions (as discussed above) to which the spectra is

sensitive to and hence unique identification sometimes is challenging.

e The reflectance spectra consists of a continuum with absorption features. The
depth of absorption, apart from the abundance of the absorbing material, is also

dependent on the grain size (the dependence is non linear).

e Mineral grains in a rock occur as mixtures and may have different optical prop-
erties. Therefore the reflectance spectra from a mineral mixture is different from
that in a pure mineral. Even 1-5 % of any opaque mineral (which absorbs the
radiation completely), can drastically reduce the strength of absorption features

and its albedo. Such effects can also be caused by shocks.

Lunar mineralogy has been largely derived from spectral reflectance measurements in
the near infrared (0.4 - 3 ym) band. The characteristic 1 ;m absorption feature of Fe?*
in the iron bearing silicate minerals makes the identification of pyroxene and olivine un-
ambiguous. Fe and Ti (using band ratios in UV and visible) have been globally mapped
by Clementine using multi-spectral measurements. The detection of pure anorthosite
rocks (unshocked) with greater than 98% plagioclase has been reported by the multi-
band imager on Kaguya [Ohtake et al, 2009] strengthening the case for the LMO. Moon
mineralogy mapper (M3) on Chandrayaan-1 detected absorption features on the surface
of the Moon in the 2.8 to 3.0 um range which can be attributed to OH™ and/or H,O
bearing materials [Pieters et al, 2009]. This was further confirmed by reanalysis of the
infra-red spectrometer data measured during a flyby of Cassini deep space mission in
1999 [Clark, 2009]. These new wealth of data from Kaguya and Chandrayaan-1 has

opened several new questions on the composition of the lunar surface.
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1.2.2 Gamma rays

Gamma rays are produced from the lunar surface by the following processes

e Potassium, thorium and uranium emit gamma rays as they decay due to their
natural radioactivity. They are all incompatible elements and hence their presence

indicates for example, regions containing late stage melt residues.

e Galactic cosmic rays cause nuclear spallation reactions which generate gamma
rays either through inelastic scattering or neutron capture. Gamma ray lines are
emitted from oxygen, magnesium, aluminum , silicon, calcium, titanium and iron
through these reactions. Derivation of absolute abundances in this case requires

knowledge of the neutron flux that caused these reactions.

The gamma ray intensity is proportional to elemental abundance. Global maps of ab-
solute abundance of thorium, iron and titanium as well as a first order map for other
major elements have been generated using the Lunar Prospector gamma ray spectrome-
ter [Prettyman et al, 2006]. The factors which affect conversion of gamma ray line flux

to elemental abundance are follows.

e Gamma ray production from the radioactive elements are not affected by any other
factors and hence it is straightforward to derive elemental abundance of Th, U and
K. Thorium line at 2.61 MeV is the second strongest (first being K at 1.45 MeV)
as well as it is well separated from other lines. Gamma ray flux is proportional to
the incident flux of particles which cause the nuclear reactions. Galactic cosmic
ray spectrum is well known, but the interaction of cosmic ray protons with the
nuclei on the lunar surface has to be modeled accurately to determine the number
of neutrons thus generated which can cause reactions which produce gamma rays.
The flux of neutrons emitted from the lunar surface is essential to model this. The
Lunar Prospector carried a gamma ray spectrometer along with a neutron detector

which allowed neutron corrections to be done.

e Gamma ray spectrometers often have a coarse spectral resolution and given the
very closely spaced lines of the major elements, it becomes very difficult to sepa-
rate them. Only thorium and iron lines are well resolved in the Lunar Prospector

gamma ray spectrometer.
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e In addition to these lines, there is a Compton continuum in the spectra which
is quite significant and accurate modeling (of the processes as well as detector

response) is essential to determine line flux.

e Gamma ray spectroscopy has been done at coarse spatial resolutions in the past
(order of 150 km from a 100 km altitude orbit). Higher spatial resolutions demand
heavier systems (for example, collimator which define the field of view have to be

thick enough to block these high energy gamma rays) and more resources.

e Measured gamma ray flux from the lunar surface is dependent on the angle at

which it is emitted from the surface.

e Solar wind implanted hydrogen in the regolith causes an increase in thermal neu-
tron capture. This in turn increases the gamma ray flux. Therefore ideally the
hydrogen content of the lunar soil is required for modeling the interactions. How-
ever the amount of hydrogen at the equator and mid latitudes is very small and it
has been shown by Prettyman [Prettyman et al, 2006] that this affects the mod-
eled flux only up to 0.6%. But at higher lalitudes the elemental abundance may

be affected by the higher hydrogen content.

In spite of the above mentioned complexities, gamma ray spectroscopy is the only tool
which can map the abundance of radioactive elements from orbit (the Lunar Prospector
gamma ray spectrometer mapped thorium and iron at a spatial resolution of 150 km
and generated global maps). Maps of the other major elements (O, Mg, Al, Si, Ca, Ti)
were derived indirectly based on the known correlations or anti-correlations between
them, derived from lunar sample compositions [Prettyman et al, 2006]. The Kaguya
gamma ray spectrometer has generated global maps for thorium, uranium and potas-

sium [Kobayashi, 2010] at a spatial resolution of 200 km.

1.2.3 X-ray Fluorescence

A few decades after the discovery of x-rays by Wilhelm Rontgen, it was shown by Mose-
ley in 1913 that when pure substances are irradiated with a beam of x-rays from an x-ray

tube, they produce new x-ray photons with an energy, characteristic of the substance.

An x-ray photon can interact with a bound electron in an atom in any of the following

ways.
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e Photoelectric interaction: If an x-ray photon strikes a bound electron with an en-
ergy greater than the binding energy of the electron, the energy of the photon can
be completely transferred to the electron. The electron is then ejected from the

atom with a kinetic energy, Ex g given by
Exp = Ephoton -EpE

The atom is now in an excited state because of the vacancy left by the electron. It
returns to the ground state as an electron from a higher shell fills in the vacancy. In
this process, the energy difference between the two atomic shells is carried away
by a photon. This process is called x-ray fluorescence (XRF). This creates a vacancy
in the higher shell which is filled by an electron in a still higher shell and this is
thus a cascading process. Since the energy difference between levels is unique to
the atom which emits the photon, the energy of the x-ray photon identifies the

atom which emitted it.

e Coherent scattering: When an x-ray photon gets scattered from the atom without
transferring any amount of energy to the atom, it is called coherent scattering. The
energy of the scattered x-ray photon is same as that of the incident photon while

there is a change in direction.

e Incoherent scattering: When the x-ray photon gets scattered from the atom and
transfers a part of its energy to the atom, it is called incoherent scattering. In this

case the energy as well as direction of the incident x-ray photon changes.

All of the above processes occur when a beam of x-ray photons strike a material. The
emission of XRF photons with a unique set of energies from a sample helps in determin-
ing its composition. This forms the basis for all XRF experiments. Solar x-rays form the
source of excitation for x-ray fluorescence from the lunar surface. But unlike in visible
and infra-red, solar x-rays are highly variable during the 11-year solar cycle. So, in addi-
tion to the actual elemental abundances, the observed x-ray line fluxes from a planetary

body are also dependent on

e the incident solar spectrum : The solar x-ray emission is highly variable over pe-
riods as short as a few seconds. Hence it is important to simultaneously measure

the solar spectrum down to 1 keV.

e inter-element effects : The observed x-ray fluorescent line intensity from a sample

depends on the mass fraction of other elements in the sample. The effect could
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be studied and an empirical relation derived to relate the line intensity and the
concentration of a particular element in a given sample as has been done for alloys
[Rasberry and Heinrich, 1974]. The treatment of this effect for laboratory analysis
is described in Jenkins [Jenkins, 2000].

e particle size : In regions where the mean particle size is larger than the penetration
depth of x-rays (which is the case of lunar regolith), particle size affects the x-
ray fluorescent line intensity. Laboratory experiments have shown that the x-ray
fluorescent line intensity for a given element decreases with increasing particle

size [Maruyama et al, 2007].

e incidence angle : The angle made by the solar x-rays with the planetary body’s

surface keeps changing as the Moon moves in its orbit around the Sun.

e phase angle : The angle between the source (Sun), planetary body and the detec-

tor changes as the spacecraft moves in the lunar orbit.

The above factors are not mutually independent. The changes in line intensity arising
from variations in angle of incidence and phase angle are different for terrains with
different mean particle sizes. The XRF line intensity decreases with increase in grain size
and the decrease is larger at larger angles of incidence. For example, in [Maruyama et al,
2007] it is shown that the XRF line intensity (relative to a flat sample) from a powdered
sample of olivine basalt decreases from 85% to 75% as the particle size increases from
40 pm to 220 pm at an angle of incidence of 35° while the decrease is from 75% to 50%
as the angle of incidence increases to 65°. Such effects can be analytically modelled as
has been shown in [Finkelshtein et al, 2009] where grain size effects in binary mixtures

are modelled and compared with experimental data.

1.3 What does elemental abundance tell us?

Early Solar System formation models suggest that a protosun with a disk of gas and dust
formed from a molecular cloud due to gravitational collapse. Strong stellar winds and
radiation during the T Tauri phase could have blown away much of the dust from the
inner Solar System. As the matter in the disk, cooled, the first grains to condense would
be that of elements with high melting points (called refractory elements), such as Al,
Ca and Ti. Chemical thermodynamics would lead the condensation sequence thereon

resulting in the formation of mineral phases. But the elemental budget from which
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the Solar System evolved would nearly remain constant. Chemical composition of the
bodies in the Solar System compared to solar coronal abundance thus provide evidences

for the formation and evolution of our Solar System.

We will briefly bring out specific problems that can be tackled by determining the ele-

mental composition of a Solar System body, taking the example of Moon.

Origin of the Moon: Moon and Earth have oxygen isotopic ratio very similar, sug-
gesting origin from a common source. Out of the many models described earlier,
impact fission hypothesis rules because of the strong geochemical evidences. Bulk
moon compositions play an important role in constraining theories of lunar ori-
gin. Global mapping of major elements provide global averages for mare and
highlands- the two major geological terranes on the lunar surface. The mare re-
gions are derived from the magmas of the lunar mantle, from a depth of 200-500
km and hence representative of lunar mantle composition. From models of the
thickness and density of the crust and mantle, bulk lunar composition can be cal-
culated from the global averages. For example, a global highland average of 25%
for Al,O3 contributes 3 % to the bulk lunar composition compared to the value of
3.6% in the case of Earth.

Lunar differentiation: Rarer pristine lunar rocks such as Mg-suite are identified on
the basis of their relative proportion of Mg and Fe. This requires elemental data
rather than mineralogy. The distribution of Mg-suite rocks is not known and is very

important to understand the composition and evolution of the early lunar crust.

Changes in solar wind composition: The lunar surface is exposed to the interplan-
etary plasma, solar wind and Galactic cosmic rays because the atmospheric enve-
lope around the Moon is very tenuous (~107 particles/cm® [Lucey et al, 2006]
while the air at sea level on Earth has ~ 10'° particles/cm3 ). The lunar surface
layer has accumulated products from interaction with these components over bil-
lions of years which has great scientific value. For example, a record of solar wind
implanted noble gas isotopes in the lunar surface has shown that noble gas iso-
topes from the Sun has not changed very much during the last 4 giga years while
nitrogen (taking relative ratios of isotopes) similarly implanted has varied by 30%

(the source of this variation is not known) [Lucey et al, 2006]
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TABLE 1.3: A comparison of three remote sensing techniques for composition

Method Depth of Measures Absolute | Spatial res. Source
sampling abund achieved
Reflectance | A few cm | major minerals very meters Good solar
in IR (> 5% abund) | difficult illumination
X-ray < 100 ym | major elements yes 20-100 km | Good solar
(Mg-Fe) (> 1% abund) activity
v ray <1lm major elements yes 80-150 km | GCR induced
and K, Th, U (always
present)

1.4 Comparative summary

Spectral reflectance measures minerals whereas the other two methods measure the
elements directly. Both these are necessary in order to decipher the origin and evolution
of a body. Finding the exact mineral naturally tells us the exact elements present in it.
For example, finding forsterite is equivalent to finding magnesium , silicon and oxygen
with the proportion 2:1:4. But pure minerals are rare and rocks almost always occur as
a mixture of minerals. Exact mineral identification thus is very difficult with any of the
methods described alone. But each of these methods (table 1.3) have some strengths
over the other and provide supporting evidences essential to derive lunar compositional

distribution.

Pyroxene and olivine are readily identified from spectral reflectance measurements be-
cause of the diagnostic absorption features (at 1 um for the iron in pyroxene) but quan-
titative estimates again require accurate methods of analysis. Often, mineral identifica-
tion itself is based on forward folding with spectral libraries generated using laboratory
spectra. But variations from laboratory conditions result in multiple solutions for identi-
fication of less abundant minerals. Elemental abundance through gamma ray measure-
ments are more limited due to technological challenges than analysis techniques. High
spectral and spatial resolution experiments in gamma rays are very difficult to realize be-
cause of the large mass involved which in turn demand cooling power for spectroscopy.
Gamma ray spectra contain scattered continuum and closely spaced lines (many arising
from particle interactions in the detector and spacecraft material) which then demands
a high sensitivity experiment to map all the major elements. However for the incom-
patible trace elements such as thorium and uranium this is the only way of estimating

abundances.



Chapter 1. Introduction 18

X-ray fluorescence experiments with moderate resolution and sensitivity can be used
to obtain a good estimate of elemental abundances. X-ray fluorescence line energies
of the major elements are well separated and can be analyzed with a medium energy
resolution detector. Conversion of x-ray line flux to absolute elemental abundances
requires corrections to its dependency on solar x-ray spectra, particle size, illumination
conditions and its behavior in mixtures. Though past missions have not achieved an
independent derivation of elemental abundances, it is possible to do so as will be shown

in chapter 4.

Very clearly, elemental mapping and mineral mapping complement each other and are
absolutely necessary to understand the origin and evolution of a planetary body. All
three methods discussed above are sensitive to techniques employed in deriving elemen-
tal abundance and mostly rely on normalizations with the ground truths from samples
returned. It is to be noted that this may not always be totally reliable given the different
compositions found in the lunar meteorites (which in principle should be representative

of the lunar surface without any bias towards specific sampling regions).

X-ray fluorescence measurements offer a direct way to measure x-ray line flux from the
major elements thus mapping their distribution. Unlike nuclear spallation reactions in
gamma rays, the process is simpler to model as there is only the basic process of XRF
which generates the lines and the source is the Sun. Simultaneous measurement of
solar x-rays is absolutely essential for converting x-ray line flux to elemental abundance.
Though particles do induce characteristic x-rays from atoms through a similar process,
the x-ray emission from planetary surfaces are dominated by XRF induced by solar x-

rays.

1.5 XRF experiments in the past

On airless planetary bodies, solar x-rays excite x-ray fluorescent photons from the upper
layer of the regolith. Assuming a density of ~ 1.9 g cm~3 for the lunar regolith [Lindsay,
1976] with composition of pure plagioclase, elemental mapping of Mg, Al and Si is from
the very upper 10-15 pm of the lunar regolith. This can be measured remotely by an
instrument in an orbiting spacecraft. Luna 12 [Mandel’shtam et al, 1968] spacecraft
was the first to carry x-ray detectors to measure lunar surface x-rays. The data obtained
were minimal, but there was confirmation that Sun produces measurable lunar x-ray

fluorescence. It was the Apollo 15 and 16 x-ray spectrometers [Adler et al, 1973] which



Chapter 1. Introduction 19

demonstrated the usefulness of x-ray remote sensing for elemental mapping. Figure 1.3
shows all the x-ray experiments that has been flown till 2009 for elemental mapping of
planetary bodies. In this section we restrict ourselves to lunar experiments which have
published results.
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FIGURE 1.3: History of XRF experiments for Solar System bodies.

1.5.1 Apollo 15 and 16 X-ray spectrometers

X-ray fluorescence experiments were flown in the service command module of Apollo 15
and 16 lunar missions. The instrumentation consisted of three proportional counters of
~ 25 cm? each with a 25 pm thick Be window, operating in the energy range of 0.75 to
2.75 keV. Proportional counters do not have the required energy resolution to separate
the closely spaced x-ray fluorescence lines of Mg, Al and Si. In order to separately mea-
sure the three elements, Mg (5 um) and Al (12.7 um) filters were respectively employed
in two of the proportional counters. The Mg filter mounted detector would allow only
Mg to come through and Al filter mounted detector, only Al. The third detector without
any filter measured x-ray photons from all three elements. Thus the differential counts
in the three detectors enabled separation of x-ray photons at the three energies. The
field of view of 30° Full Width at Half Maximum (FWHM) translated to a ground pixel

of 100 km at an altitude of 110 km above the lunar surface.
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The two experiments together yielded x-ray fluorescence from Mg, Al and Si for about
10% of the nearside equatorial lunar surface. The limited ( four orbits of Apollo 15) low
altitude (20 km) data enabled spatial scales of 20 x 32 km to be measured as well. The
Al/Si and Mg/Si concentration ratios showed that the mare and highland regions were
compositionally distinct. Al and Mg showed an inverse relationship to each other. None
of the higher elements could be measured (there was a mode of operation which allowed
the detector gain to change and increase the operating range to 5.5 keV). The Al/Si
ratio also showed a strong correlation with optical albedo. Various studies perfomed
with data from these experiments show the usefulness in geochemically characterising
smaller lunar features ([Maxwell et al, 1977],[Clark and Hawke, 19771).

1.5.2 SMART-1 D-CIXS

After Apollo, it was only in 2003 that an x-ray fluorescence experiment was flown
on board a lunar mission. D-CIXS on the European lunar mission, SMART-1 had the
then current innovative x-ray detectors called swept charge devices (SCDs). Though
the detectors intrinsically had good spectral resolution, radiation damage during the
14 months journey of SMART-1 to Moon, combined with the highly elliptical orbit of
SMART-1 resulted in limited ability to map the Moon. However, D-CIXS detected XRF
from Ca (in addition to Mg, Al and Si), Ti and Fe [Grande et al, 2007], [Swinyard et al,

2009] for the first time during a period of intense solar activity.

1.5.3 Kaguya X-ray Spectrometer

A 100 cm? array of x-ray CCDs comprised the x-ray fluorescence experiment on the
Japanese lunar mission Kaguya [Okada et al, 2008]. A calibration plate of a known
sample was also carried along. Radiation damage to the x-ray CCDs resulted in very

limited useful data.

1.5.4 ROSAT and CHANDRA observations

Apart from the dedicated lunar x-ray experiments in the earlier section, there were full
disk observations of the Moon with astronomical x-ray observatories Rontgen Satellite
(ROSAT) [Schmitt et al, 1991] and CHANDRA [Wargelin et al, 2004]. ROSAT obtained
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the first soft x-ray image (0.1-2 keV) of the Moon. CHANDRA obtained an average
spectrum of the sunlit side of the Moon and detected K shell XRF of O, Mg, Al and Si.
Measurements with well calibrated x-ray instruments as in CHANDRA, though coarser
would be useful for additional confidence on abundance derived from the XRF experi-

ments in the lunar orbit.

1.6 Summary

XRF is a unique technique which provides a direct estimation of the major elemental
abundance. Apollo 15 and 16 have been the only experiments to successfully derive
abundance of Mg, Al and Si, though for only ~ 10% of the Moon. There is a need for an
XRF experiment to globally map all the major elements Mg, Al, Si, Ca, Ti and Fe.

The Chandrayaan-1 X-ray Spectrometer (C1XS) was flown with this objective and dur-
ing its 9 months of operation has measured lunar x-ray fluorescence from several solar
flares. This thesis presents the calibration of the C1XS XRF experiment which involves
detailed modeling of the spectral response of the x-ray detectors, analysis of lunar XRF
data for a region on the southern nearside highlands and presents the first scientific
results from C1XS. We report the first direct estimation of Ca abundance for a highland
region through remote sensing. The chemistry of the region sampled is distinct and

indicative of lithologies rarer in the returned lunar samples.






Chapter 2

Chandrayaan-1 X-ray spectrometer
(C1XS)

In this chapter, we describe the x-ray fluorescence experiment, Chandrayaan-1 X-ray
Spectrometer (C1XS), on-board the first Indian lunar mission Chandrayaan-1. The ob-
servational geometry, instrument configuration, working principle of the detectors and
operational modes are described in detail in order to provide the required background

for the work reported in the next three chapters.

2.1 Chandrayaan-1

Chandrayaan-1 (Figure 2.1) was India’s first lunar mission and carried a broad spectrum
of science experiments with specific science objectives. Chandrayaan-1 was launched by
the PSIV-C11 rocket on 22nd October 2008 from Sriharikota (in the state of Andhra
Pradesh, India) into a geostationary transfer orbit (GTO). The orbit was systematically
enlarged and took ~16 days to traverse the Earth-Moon distance and to be captured into
a lunar orbit. The final orbit of Chandrayaan-1 was a polar circular with an altitude of
100 km above the lunar surface. There were 11 experiments [Goswami and Annadurai,
2009] on-board Chandrayaan-1 and they are listed in Table 2.1.

23
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FIGURE 2.1: Chandrayaan-1 spacecraft (CAD model).

2.2 Observational geometry and constraining parameters

The 90° orbital plane of the spacecraft was inertially fixed because of the near sphericity
of the Moon. The instruments cover a ground pixel defined by their field of view (FOV)
at any instant of time. As the Moon rotates on its own axis, every 27.322 days, the
tracks defined by the FOV, consistently shift (~ 33 km every orbit at the lunar equator),
enabling global mapping. There were two phases of observations during the mission
life of Chandrayaan-1. During the first phase from November 2008 - April 2009, the
spacecraft was at an altitude of 100 km above the lunar surface with an orbital period
of 118 minutes. During the second phase from May - August 2009, the spacecraft was
moved to a 200 km altitude orbit. This increased the orbital period to ~ 130 minutes.
Figure 2.2 shows the measured variation in altitude for two orbits of Chandrayaan-1
during the first phase (100 km altitude). Thus, the instantaneous FOV depends on the

altitude of the spacecraft at the given time.
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TABLE 2.1: Chandrayaan-1 Instruments
Primary Instrument Energy Swath | Spatial
science band (km) | res (m)
Hyper Spectral Imager (HySI) 0.4-0.9 ym 20 80
Mineralogy | Moon Mineralogy Mapper(M?3) 0.43-3 pm 40 70
Infra-red spectrometer(SIR-2) 0.93-2.4 ym 0.2 200
Chandrayaan-1 X-ray Spectrometer 1-20 keV 50 2500
Surface (C1X9S)
chemistry | SARA Chandrayaan-1 energetic 10-3300 eV
neutral analyzer
Terrain Mapping Camera 0.5-0.85 pum 20 5
Topography | (TMC)
Lunar Laser Ranging Instrument 1064 nm 0.032 10
(LLRD)
Volatile High Energy X-ray Spectrometer 30-270 keV 66 3300
transport (HEX)
Search Mini-Synthetic Aperture 2.38 GHz 8 150
for water | M3
Radiation Dose Monitor 1-256 MeV
Radiation (RADOM)
environment | SARA- Solar Wind Monitor 0.02-20 MeV
(SWIM)
Moon Impact probe
Lunar (MIP)
atmosphere | CHACE- 1-100 amu
Quadruple mass spectrometer

Another factor which affects observations is the solar illumination. As the Earth-Moon

system moves along the orbit around the Sun at the heliocentric rate of ~1°/day, the

illumination on the lunar surface as seen by the experiments on Chandrayaan-1, varies.

This implies that the duty cycle of instruments dependent on solar illumination or the

phase of the heliocentric orbit. The temperature experienced on-board also varies during

the orbital motion around the Sun. Two extreme situations (each occur twice in a year;

Figure 2.3) arise which has an impact on instrument operation:

e Noon-midnight orbit: This occurs when the Sun-vector (line directed away from

the Sun, joining Sun and orbital plane of the spacecraft) is parallel to the orbital

plane of the spacecraft. The angle made by Sun’s rays with the lunar surface is

90° at the lunar equator and thus there is maximum illumination. Therefore its

an ideal observing condition for instruments dependent on solar illumination. But

the temperatures experienced on-board are maximum.
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FIGURE 2.2: Chandrayaan-1 altitude variation with time (2 orbits)

e Dawn-dusk orbit: This occurs when the vector from the Sun is perpendicular to
the orbital plane of the spacecraft. Sun’s rays are at grazing incidence along the
track of observation and illumination is minimum. Temperatures are also mini-

mum because of this.

The temperature experienced on-board, also varies within an orbit as a function of lat-
itude. The thermal radiation emitted from the Moon (the major component of which
is the re-emitted solar radiation) as a function of latitude has been measured using re-
flectance in the long wavelength (centered at 8.5 um) range of IR [Lawson and Jakosky,
1999]. This, along with the contribution from direct solar radiation, is used to model
the temperatures at different points on the spacecraft. The power dissipated in the in-
strument then needs to be transferred to a heat sink so as to keep the system at favorable
temperatures. The instruments go through temperature cycles as the spacecraft moves
around in the lunar orbit and as Moon moves around the Sun. The thermal design of

each instrument aims at providing optimal operating temperatures at all times.
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FIGURE 2.3: Noon-midnight and dawn-dusk orbits.

2.3 Chandrayaan-1 X-ray Spectrometer

Solar x-rays can excite x-ray fluorescence (XRF) from the elements in the upper layer
of the regolith. The x-ray detectors on C1XS measure the energy and flux of these x-
ray photons from the 100 km altitude Chandrayaan-1 orbit. C1XS experiment has the
primary objective of global mapping of the major rock forming elements such as Mg, Al,
Si, Ca, Ti, Fe on the lunar surface [Crawford et al, 2009]. The K, and K3 XRF lines of
these elements lie in the energy range from 1 to 10 keV. C1XS consists of 24 swept charge
devices [Lowe et al, 2001] ( a variant of x-ray CCDs) each having a geometric area of ~
1 cm?. The passive collimator define the ground pixel resolution of 25 km FWHM (full
pixel is 50 km x 50 km). For simultaneous measurement of the solar spectrum in the

1 - 20 keV range, an X-ray Solar Monitor (XSM) was mounted on the top deck of the
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FIGURE 2.4: Observational geometry during noon-midnight phase. The red curve indi-
cates the sunlit region where C1XS is operational.

spacecraft, which had near-continuous visibility of the Sun during the sunlit portion of
the orbit.

2.3.1 C1XS instrument

The configuration of the C1XS instrument is described in detail in [Howe et al, 2009].
Briefly, C1XS had two major functional units: detectors and electronics. A schematic
diagram is shown in Figure 2.5. The detectors were mounted in front of the electronics
unit. The 24 detectors were mounted on ceramic ladders as 6 modules (with 4 detectors
on one ladder (Figure 2.6). Each module was mounted on 3 mm copper (which acted
as a heat sink to dissipate heat generated while SCDs were in operation) and 6 mm
tantalum sheets. Twelve thin (3 mm) Cu straps attached to the ladders took the heat
dissipated away from the unit through heat pipes, onto a radiator facing cold space, thus

achieving passive cooling of the system.
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FIGURE 2.5: Schematic view of the C1XS instrument

The electronics was enclosed in an aluminum box of 4 mm thickness. The detector mod-
ule was protected by an Al door of 4 mm thickness and remained shut during passage
through the Earth’s radiation belts. The door stops protons of energy up to 30 MeV from
reaching the detectors. We carried out a study to estimate the radiation dose on the
C1XS detectors during the passage through the radiation belts and further in the lunar
orbit during its two year operational phase. To model the incident charged particle flux
for the trajectory of Chandrayaan-1, the web interface SPENVIS (Space Environment In-
formation System at http://spenvis.oma.be/) was used. Table 2.2 gives the charged
particle flux estimated. For the purpose of radiation tests on ground (which will enable
us to study the effects of radiation damage to the devices), the estimated proton flux
in the 30 - 100 MeV band was converted to an equivalent flux at 45 MeV and 10 MeV
(Table 2.3). Proton irradiation tests [Smith et al, 2009] on ground with this estimated
proton flux showed ~ 25% change in energy resolution of the C1XS detectors after pas-
sage through radiation belts (with the 4 mm Al door closed) and ~ 150% increase in

energy resolution by the end of the 2 year mission.

There were 24 Fe-55 radioactive sources mounted on the door (Figure 2.7) in such a


http://spenvis.oma.be/
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FIGURE 2.6: A single module of detectors (top panel); 24 detectors arranged as 6
modules (bottom panel)



Chapter 2. Chandrayaan-1 X-ray spectrometer (C1XS) 31
TABLE 2.2: Estimated proton flux for Chandrayaan-1 trajectory and orbital parameters
Proton Trapped Trapped Solar Solar Total
fluence protons protons protons protons | protons
protons/cm? | 0.1-400 MeV | > 30 MeV | 0.1-200 MeV | >30 MeV | >30 MeV
en-route
phase 5.9x10% 6x10° 0.005x10'7 | negligible | 6x107
(6.5 days)
lunar orb
phase negligible | negligible 6.1x10%! 3x10! 3x10!
(2 yrs)

TABLE 2.3: Equivalent fluence for total mission (2 years)

Mission total Without shielding | With 4mm Al shielding

protons/cm?
45 MeV equivalent fluence ~ 1x10%° 1.5x1010
10 MeV equivalent fluence ~ 1x10%3 8.7x107

way that, when the door was closed, they illuminated each of the 24 detectors. An Fe-
55 nucleus is inherently unstable (with a half life of 2.7 years) and decays into Mn-55
when its K-shell electron is absorbed by the nucleus. The Mn atom returns to the ground
state as an electron from its L or M shell fills the vacancy in the K shell. In this process,
a K, or K3 photon (respectively) is emitted. The sources on the C1XS door were 60
kBq in strength and provided a count rate of ~ 2 counts/s in each detector. To produce
additional calibration lines, a 5 ym titanium foil was placed in front of the Fe-55 source.
The calibration sources thus provided lines at four energies: 4.5 keV (Ti-K,), 4.9 keV
(Ti-K3), 5.9 keV (Mn-K,,) and 6.5 keV Mn-K3.

The field of view defines the ground pixel on the lunar surface and was achieved with
mechanical collimator in C1XS. Collimator design involves designing the dimensions
(height, shape and open area) and the material from which collimator is made. The
material defines the upper energy limit of the collimator for which the FOV is defined.
C1XS collimator was designed to define a 50 km x 50 km ground pixel on the lunar

surface for the 1-20 keV energy range and were made of Cu coated with gold (to prevent
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FIGURE 2.7: C1XS door in the open condition (Fe-55 sources are mounted under the
strips (with four holes) shown on the door)
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FIGURE 2.8: C1XS collimator with an opening angle of 28.6°

the Cu-K,, line excited by particles or lunar x-rays, from contaminating the measured

spectrum).
The collimator (Figure 2.8) was 6 mm long and 0.15 mm thick copper (open area 83%)

with a spacing of 1.5 mm between the collimator walls. 1 mm thick modules were made
and 6 of them were then stacked one over the other to create the final collimator. They
provided an opening angle of 28.6°. A 0.2 um Al foil supported on 0.2 ym polyamide

was mounted on the top and bottom layers of the stack to shield the detectors from

visible light.
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2.4 Swept Charge Devices

2.4.1 Charge generation

As x-ray photons pass through a medium, they transfer their energy to the medium

through any of the following processes:

e Photoelectric absorption: The incident photon kicks out an electron from one of
the atomic shells of the detection medium. The energy of the ejected electron is
given by

Ee = Eincident — EB.E (2.1)

where Ep g is the binding energy of the atomic shell from which the electron is
ejected. Conservation of momentum requires that the atom recoils in the process,

but this recoil energy is small and can be neglected.

e Compton scattering: This results in the production of a recoil electron and a
scattered photon with the division of energy dependent on the scattering angle. In
normal circumstances scattering can occur at all angles and hence a continuum of

energies can be transferred to the electron.

e Pair Production: The process occurs in the intense electric field the nuclei of the
absorbing material and corresponds to the creation of an electron positron pair.
The incident photon should have a minimum energy of 1.02 MeV for this process

to happen.

For x-rays in the energy range of C1XS, photoelectric effect is the most important process
and the other two can be safely ignored. In photoelectric effect, x-rays interact at a
point inside the detector with the production of many electron-hole pairs in a small
spatial region. The energetic electrons accelerated by the applied electric field, produce
additional e-h pairs through inelastic collisions with orbital electrons of other atoms in
the medium. This leads to charge multiplication and amplification of the signal. The
probability of creating secondary pairs is less for holes for a given electric field strength.
Setting the E field in such way that only electrons contribute to charge multiplication,
the total charge generated by inelastic collisions will be proportional to the primary
generated charge (Qprimary). SINC€ Qprimary X Eincident, the X-ray detector can measure

the energy of the incident photon.
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Semiconductor detectors are widely used as x-ray detectors as their small band gap (the
energy level difference between conduction and valence band) is small (1.12 eV for Si at
room temperature) compared to gas based detectors (requires ~ 30 €V to create an e-h
pair). Moreover, being denser than gas, it is possible to make small detectors retaining
good signal levels. Silicon and germanium are the most common of the materials used

for making semiconductor detectors.

Though the band gap in silicon is 1.12 eV, the energy required to generate an e-h pair is
3.64 eV for photon energies which are large compared to the bandgap. This is because,
at higher energies, there are losses due to transfer of energy to phonons (lattice vibra-
tions). The number of electrons generated by a photon of energy F;,cigen: (in units of

eV) in silicon can be calculated as %.

Photons with energy from 1.1 to 3.1 eV (11263 A- 4000 A) generate a single e-h pair
in the silicon. This spectral range covers the visible spectrum from 4000 Ato 7000 A.
SCDs are thus sensitive to visible light and should be shielded so that optical photons do
not interact in the active region of the silicon. The shielding is achieved with Al foils as

mentioned in the previous section.

The Swept Charge Devices (hereafter SCDs) (CCD-54 manufactured by e2V technologies
Itd) are a variant of traditional x-ray CCDs (can be considered as 1-D linear sensors).
These were used since 24 SCDs translate to ~ 24 cm? of geometric area and unlike tradi-
tional x-ray CCDs, provide high spectral resolution within benign operating temperature
range of -20 to 0 deg C (~130 eV @ 5.9 keV at -20 deg).

2.4.2 SCD structure

A layer of p type (silicon doped with boron; has a large concentration of holes) silicon
(called the epitaxial layer) is grown on a p+ (heavily doped) substrate (which is a
dead region from which charge is not collected during operation). An n type (silicon
doped with phosphorous; has a large concentration of electrons) region is created in
the epitaxial region by ion implantation and this forms the buried-channels. An oxide
(SiO,) layer is generated on the epitaxial silicon and acts as an insulator. Polysilicon
electrodes are created on the surface. The polysi-oxide-n type region forms a Metal-
Oxide-Semiconductor (MOS) structure. A p-n junction is formed inside the SCD between

the n type buried-channel and p type epitaxial layer.
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FIGURE 2.9: Upper left figure shows the electrodes arranged diagonally and the lower

one shows the buried-channels arranged in herring bone structure (dotted lines indicate

the isolation channels on either side of a buried-channel). Figure on the right (re-drawn
from [Smith et al, 2009]) shows the SCD layout and the direction of charge transfer.

The buried-channels are arranged in a herring bone structure (see lower left corner of
Figure 2.9). Electrodes are diagonally arranged over this (see upper left in Figure 2.9).
Like in any x-ray CCD, the charge generated in the device is transferred from one pixel
to another by applying a clock voltage to the electrodes. A three phase clocking is
applied to transfer the charge collected in the buried-channels to the central diagonal

and further towards the node amplifier at the lower left hand corner of the device.

The primary difference from x-ray CCDs is that SCDs are not position sensitive and hence
cannot be used for x-ray imaging. While in x-ray CCDS, we can associate the charge read

out to the pixel where it was generated, in SCDs, this information is lost.

2.4.3 Charge collection and transport

The n-p junction formed at the n type buried-channel and the epitaxial p type layer
forms the basis of charge collection in the SCD (as well as in x-ray CCDs). Mobile holes
from the p side diffuse to the n region and electrons from n region to p, thus forming

a small depletion region at the n-p interface. When the n-p junction is reverse biased
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(by applying a positive voltage to the n side with respect to the voltage on the p side),
the depletion region is widened due to further repulsion of mobile charges from the n-p

junction.

The electrode-oxide-n type region forms a n-type MOS structure. When the bias voltage
V¢ applied to the gate electrode is negative with respect to the channel potential (which
is maximum at the boundary of the n contact to the oxide and decreases towards the p
type region), electrons in the n type region are repelled away from the n-oxide contact
region. A positive charge region is formed at the n type oxide boundary thus creating a
depletion region. The channel potential drops as it approaches this region (Figure 2.10).
As the bias voltage is increased, the depletion regions at the n-p junction and the n-oxide
interface become larger. A point is reached where both depletion regions merge and the
depletion region extends from the n-oxide surface deep into the p region (through the
n type buried-channel). The maximum channel potential occurs where both depletion
regions meet, inside the buried-channel. When a x-ray photon generates a free electron
by photoelectric effect, the electron moves towards the region of highest potential and
is trapped there. The charge that is generated by the x-ray photon thus gets collected in

the buried-channel.

If V; is the potential at the n-p junction, and the doping concentration in the n region
(Np in atoms/cm?) is > > that in the p region (N4 in atoms/cm?), the depletion depth
(x,) in the p region is given by [Janesick, 2000]

. QESZ'VJ
Ty = ,/ N (2.2)

where eg; is the permittivity of silicon (1.04 x 10~'2) and q is the charge of the electron
(1.6 x 1071° Q).

The charge collected in the buried-channel is swept across the device by applying a
clocking voltage. Figure 2.11 shows schematically, the transfer of charge in a three phase
clock device. ¢1 ¢» and ¢3 are the voltages applied to three adjacent electrodes. These
clock voltages are varied in such a way that the channel potential under the electrode to
which the charge has to be transferred, is the maximum. The charge thus moves along

the buried-channel.

C1XS - SCDs are clocked in a mode called ‘multipinned-phase mode’ (MPP) which sup-

presses the dark current. Dark current is the intrinsic charge that occurs in the device
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as a result of thermally generated electrons. The dominant source of these electrons is
the gate- oxide surface interface. If the gate voltage is brought down so that the surface
potential becomes equal to the potential at the substrate, holes from the channel stop re-
gion are attracted towards the gate-oxide interface. The free electrons in the gate-oxide
interface (produced by dangling bonds at the interface as the lattice structure here is
more irregular than in pure Si, due to the manufacturing process) combine with the
holes, suppressing their contribution to the signal (ie lesser dark current added to the
signal). This is called the ‘pinned state’ or ‘inverted’ state. The layer of holes at the
surface is conductive and shields the potential well from being affected by changes in
the gate voltage. During multipinned mode clocking, SCDs are brought to the inverted
state at regular intervals at a rate faster than charge transfer, so that the surface states
always remain filled. The dark current is thus reduced resulting in better performance

of the detector.

2.4.4 C1XS SCDs

C1XS - SCDs (CCD-54) have 1725 diagonal electrodes (each of width 8.5 ;m) made of
polysilicon. Isolation channels (to isolate a buried-channel from the surrounding silicon
so that charge remains contained in the buried-channel; these are called channel stops
and made of a insulating material) and buried-channels (Figure 2.9) in the underlying
silicon arranged in a herring bone structure, pitch of channel stops being 25 ym. Charge
collected in each diagonal element has to move through the same number of clock cycles
to reach the read out node at the bottom left. The length of the central diagonal is ~
1.5 cm and 575 clock triplets are required to read out the whole device area. Therefore

essentially the SCD is read out like a linear pixel array.

The read out is achieved through continuous clocking at a frequency of 87.5 kHz. The
pixels are taken in and out of inversion (MPP mode) at a rate faster than the life time of
surface state traps. These states thus remain filled. This technique of clocking is called

‘dither mode’ clocking.

The charge read out is fed into a current mode pre-amplifier. The signals from SCDs

flow through 3 main blocks: signal amplification, digitization and event recognition.

The output of the SCD goes to a correlated double sampling (CDS) circuit which selects
the x-ray events according to the programmed criteria. The CDS effectively filters noise

in the system improving the energy resolution of the detectors. To do this, the output



Chapter 2. Chandrayaan-1 X-ray spectrometer (C1XS) 39

node is first set to a reference value. The pixel charge is then transferred to the output
node. The final value of the charge assigned to this pixel is the difference between the
reference value plus the transferred charge. The 24 SCD signals are converted to digital
data by the analog to digital converter (ADC). There are 4096 ADC channels in C1XS
and therefore the photons are binned into 4096 channels to generate a pulse height
spectrum. A detailed discussion of the processing electronics can be found in [Howe et
al, 2009].

2.5 C1XS event processing

There are 2 event processing modes primarily to control data volume (which depend on
various factors like available memory on-board for storage, data downlink capabilities,

time resolution required and event rates) for varying input event rates.

e Time tagged mode: Events are processed in this mode when the event rate is low.
Each event is tagged with on-board time and SCD number. There are again two

modes under this depending on how the events are selected (Figure 2.12).

- Type 11 data packets: As long as the event rates are below 320 events/s
(determined by the fixed data packet length of 280 bytes in C1XS), the in-
strument generates type 11 packets. The events from adjacent 3 pixels are
stored, provided, out of a group of adjacent 3 pixels, the central pixel is above

threshold 1 and pixels on either side are above threshold 2.

— Type 10 data packets: When the event rate is between 320 events/s and 800
events/s, type 10 data packets are generated. In this mode, a group of 3
adjacent pixels, the event in only the central pixel is stored provided, the
central value is above threshold 1 and if events before and after are below
threshold 2. If the central pixel is above threshold 1 and events on either side

are above 2, the event is discarded.

e Spectral mode: Events are collected for a specific integration time (8 s) and a

packet is generated.

— Type 12 data packets: For event rates above 800 events/s, individual event
information is not retained. Spectrum is generated on-board and the 4096
channels are re-binned to 512 channels. The event selection logic is as in type
10.
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FIGURE 2.12: Event processing modes: type 10 (upper) and 11 (lower) in C1XS

TABLE 2.4: Binning scheme in Type 12 packet type

Raw bin numbers Bin width (Type 12) Type 12 bin numbers

0-999 4 0-249
1000-2103 8 250-387
2104-4071 16 388-510

4072-4095 24 511
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The thresholds 1 and 2 are stored on-board and can be changed by telecommand if
necessary. Apart from the above three there are nine more data packet types in C1XS.
Type 9 packets store the noise levels or ‘zero peak’ channel number. The zero peak is
measured (using a reset pulse having the same frequency as the clock cycle- 87.5 kHz)
by setting the event threshold to zero for a short duration (1 us). So CDS outputs the
difference in the readout reference value across the short time interval. The value of the
zero peak thus measured, is stored only once in every 4 s (to restrict the data volume).
The type 9 data gives the zero peak position in ADC channel number (4096 scheme)
by fitting the Gaussian distribution of zero peak values in a data packet. Zero peak is
a measure of the average noise in the system (dark current and electronic noise). The
value of the zero peak therefore increases as temperature increases. The offset between
the zero peak and the low energy threshold is fixed so that even as the noise in the

system increases, the event selection still ensures efficient filtering of real x-ray events.

There are 3 functional modes for C1XS:

1. Operating mode: This is the nominal mode while C1XS collects lunar observa-

tional data.

2. Resting mode: C1XS automatically goes into this mode based on the detector
temperature exceeding a set threshold. The SCDs do not receive power and hence
do not collect data in this mode. But C1XS generates packets every 64 s (nomi-
nally) containing house keeping parameters. If either the temperature of the SCDs
(as measured by sensors at either end of the SCD facet) rises above -5°C, or if the
electronics box temperature goes above 30°C or the 3D+ chip (which includes the
CDS circuit and ADC) temperature goes above 40°C, the on-board software logic
puts C1XS into this mode. As the temperature decreases below another set limit,

C1XS is automatically switched into the operating mode.

3. Standby mode: This is functionally similar to the resting mode but is achieved

with a telecommand.

2.6 X-ray Solar Monitor (XSM)

In order to derive the elemental abundance from x-ray line flux, it is critical to accurately
measure the incident solar spectrum. The solar spectra during flares are highly variable

in time and intensity. XSM (Figure 2.13) operating in the 1.8-20 keV energy range was a
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FIGURE 2.13: X-ray Solar Monitor. The aperture through which x-rays reach the detec-
tor, is marked (the closed shutter can also be seen)

Si-PIN detector to continuously monitor the solar x-ray spectrum with a time resolution
of 16 s. It was developed by the University of Helsinki in Finland. It had a wide opening
angle of 105° to ensure that Sun was always in the field of view. The FOV is defined
by an aperture of diameter 0.01 mm? in front of the detector. The aperture also cut
down the flux thus ensuring that the detector was not saturated during intense flares.
The detector was cooled on-board to around -18°C using a peltier cooler. XSM also had
a shutter on which an Fe-55 radioisotope (with a Ti foil) was attached so as to enable

on-board calibration.

This instrument apart from being an essential part of C1XS experiment, provided a

platform for doing independent soft x-ray studies of the Sun.
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2.7 Summary

The C1XS instrument was built at the Rutherford Appleton Laboratory in UK and funded
by the European Space Agency (ESA) with partial support from ISRO. The work reported
in this thesis deals with the detailed ground calibration of the SCDs, modeling the in-
strument response and derivation of first results from on-board lunar x-ray fluorescence
data using this. These are addressed in the subsequent chapters. This chapter aimed at
providing essential background material on the design of C1XS, its nominal operating
modes and data products, necessary to understand better, the discussion in the following

chapters.






Chapter 3

Calibration of the Swept Charge
Devices on C1XS

3.1 Introduction

The primary objective of C1XS, was to determine the absolute abundance of the major
elements on the lunar surface. The x-ray spectrum from the lunar surface consists of
line emissions embedded in a continuum. The continuum in the spectrum arises from
background in the detector and the x-ray photons scattered from the lunar surface. The
total counts under the x-ray lines have to be determined accurately, in order to convert
them to absolute abundance of corresponding elements. The original x-ray spectrum
emitted from the source is modified as a result of the interaction of x-ray photons with
the detector elements to produce the distribution of x-ray counts over the energy range

of the detector.

Observed x-ray count rate (cts/s)= absolute line flux (photons/cm?/s)

* spectral response of the detector

where * represents convolution.

X-ray photons interacting in the active volume of the detector, generate a charge cloud.
When completely read out, this charge cloud yields a peak in the energy spectrum which
has a Gaussian distribution and is called the photopeak. In practice, the probability

distribution from a mono-energetic beam of x-ray photons has additional components,

45
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the knowledge of which, is essential to deconvolve the incident spectrum. The observed
response of the detector to a beam of mono-energetic photons can be characterized by
a function termed as the spectral redistribution function (SRF). It describes how a

photon of a specific energy gets re-distributed across the observed ADC channels.

The SRF is a function of energy of the incident photons, temperature and event rate.
Being large area detectors, SCDs are prone to saturation effects such as pile up, when
the event rates are high. Hence it was necessary to study the SRF parameters of the SCD
as a function of energy, temperature and event rate. Since determination of absolute
x-ray line flux is of prime importance, it was also necessary to calibrate the detectors
against a known source to determine the detection efficiency. Therefore, C1XS under-
went a detailed ground calibration at the RESIK x-ray beam facility [Lang et al, 1993]
at the Rutherford Appleton Laboratory (RAL) in UK. The SRF of the detector was de-
termined from measurements using a double crystal monochromator in the RESIK x-ray
beam-line. A Si-PIN detector calibrated using the monochromator beam-lines at the
synchrotron facility at PTB/BESSY II ([Thornagel et al, 2001], [Richter et al, 2004])
was used as a transfer standard and the detection efficiency of the SCD was determined

relative to this.

In this chapter, we first describe the procedures adopted for calibration, calibration data
analysis and SRF modeling. The detection efficiency of the SCD relative to the reference

detector, is also determined.

3.2 Detector response

X-ray photons incident on the SCD should interact in the depletion region in the SCD
and the resultant charge should get collected in the buried-channels in order to be read
out and recognized as an event. The x-ray spectrum incident on the detector, undergoes
modifications due to interactions in the different structures of the detector. For example,
the gates on the SCD absorb low energy x-ray photons and thus all the incident x-ray
photons do not reach the active region of the detector. The primary elements of an
instrument response are the spectral redistribution function (SRF), detection efficiency
and collimator response all being functions of the incident photon energy. The instru-
ment response is a convolution of these three terms. The construction of the instrument

response is described in detail in the sections that follow.
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3.2.1 Spectral redistribution function (SRF)

The x-ray photon interacting in the depletion region of the detector yields a charge
cloud which is then read out and converted to an equivalent voltage pulse. In an ideal
detector, a monochromatic beam of photons would yield an equal number of voltage
pulses with the same amplitude and the resulting spectrum would be represented by a
delta function. But in practice, the voltage pulses are redistributed in pulse height space
(and hence in energy space). A representation of the resulting distribution is called the
spectral redistribution function (Figure 3.1). Conventionally, analytical physical models
and Monte Carlo simulations have been employed for describing the SRF ([Bautz et al,
1999], [Scholze and Procop, 2001], [Sood et al, 2004], [Scholze and Procop, 2006]).
These require a physical model of charge transport in the detector and prediction of the
shape of the SRF using simulations. If a precise physical model for charge transport in
the detectors can be constructed and the predictions match observations, the SRF at any
energy can be constructed. But in the case of devices where a physical model cannot
be easily found, we can use mathematical functions to fit the observed SRF at discrete
energies and then extend it to cover the energy range of interest. In this work, we
have adopted the traditionally used empirically-derived HYPERMET function [Philips
and Marlow, 1976]. The components of the HYPERMET function have been associated
with a physical model and is described in [Bautz et al, 1999]. We have incorporated
additional mathematical functions, to model the SRF of the SCDs accurately. We have

the following components in the SRE

e Photopeak: The incident beam of monochromatic photons (a delta function) is

spread into a Gaussian distribution P(x) of voltage pulses given by

—(cc—:z?o)2

P(z) = Sie i (3.1)

The centroid x¢ of the Gaussian determines the energy of the incident x-ray photon
and S; is the normalization factor. The intrinsic shape of x-ray fluorescent lines
which are what is of interest to C1XS, is a Lorentzian function. Ideally, a function
which convolves a Lorentzian with a Gaussian, called the Voigt function should
be used to fit the photopeak. Approximations to the Voigt function are often used
because of the complexity involved. The width of the Lorentzian for the XRF lines

of interest are ~10 eV, which when compared to the detector energy resolution of
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FIGURE 3.1: Redistribution of a monochromatic beam of photons

the order of 100 eV, is small. To simplify the spectral analysis, we have used the

much simpler Gaussian function to model the photopeak.

The functional relation between ADC channels (x) and incident energy (Ep) is
obtained by measuring xo at various energies Ey. Since the charge collected is
proportional to the incident x-ray photon energy, the amplitude of the pulse (and

hence xg) generated should vary linearly with energy:

N = Lo (3.2)

w

where N represents the number of electrons generated by an x-ray photon of en-
ergy Eo and w the energy required to generate one electron-hole pair. This electron
charge cloud is then read out and converted to a voltage pulse by the associated
electronics and further digitized by the ADC. The ratio of incident photon energy
to ADC channel number is termed as the gain of the detector. Assuming Fy =0

when channel=0, gain G

Zo

G or Eo = Ga}() (3.3)
In practice, deviations from linearity of up to 1% in gain have been observed near
the absorption edge [Owens et al, 1996] of the detector material, because of the

deviations in the value of w.
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The spread o; arise from two sources:

- Fano broadening(or): The incident x-ray photon interacts with the material
of the detector (Si in our case) and generate e-h pairs. A part of the energy
of the x-ray photons also goes into phonons (lattice vibrations) and finally
into thermal energy. This fraction depends mainly on the detector material
(except at energies near the band gap). If E is the energy of the incident x-ray
photon, the number of electrons generated will fluctuate about a mean value
N.

< AN >?>=F.N (3.4)

where F is the Fano factor and has a value between 0 and 1. If all the energy
of the incident x-ray photon is used for e-h pair generation, then F=0. The
statistical variation of the number of e-h pairs thus depend on F and w. Both
F and w are shown to have dependence on E and temperature, particularly
at energies of a few 100 eV [Owens et al, 1996]. At low energies, incident
photon energy loss by electron-phonon interaction and plasmon (collective
electron oscillations) excitations, which depend on E and temperature are
important and hence the dependence. We will ignore this effect in our analy-
sis of 1-10 keV data and take the room temperature value of 3.64 eV [Owens

et al, 1996] for w in silicon for our calculations.

— Processing noise (op): The charge collected is transferred from pixel to pixel,
read out and further processed by the different components of the associ-
ated electronics. Electrons can be added or removed from the charge packet
during the transfer process. This component called ‘read out noise’ increases
with clocking frequency as well as temperature. The associated electronics
will also contribute electrons, further broadening the distribution and is also
temperature dependent. We use a common term ‘processing noise’ for all

these components.

Classically, all components are assumed to be normally distributed and indepen-

dent and thus the terms add in quadrature.

o- = O'F2—|-O'p2

= w\/r(T)z—l-i—E (3.5)
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where r (T) represents the processing noise in units of number of electrons. The

energy resolution of the detector in terms of full width at half maximum (FWHM)

FWHM(E,T) = 2.35 x w/ (r(T)2 + F(;)—E) (3.6)

where T is the operating temperature.

can be written as

e Low energy tail: The charge generated has to be collected completely, in order
to optimize sensitivity and to maintain the linearity between ADC channels and
energy. This is not always achieved and the incomplete charge collection results
in a tailing feature at the lower energy side of the photopeak. The x-ray photon
incident on the detector generates a charge cloud of radius R at a depth d in the
active volume of the detector. If the charge cloud is formed at the interface of
the dead layer and the active region, some of the charge is lost and the resulting
channel number registered would correspond to a lower energy than that expected
of the true incident photon. The fraction of charge lost, can vary between 0 and 1.
The tailing, therefore is a continuous distribution starting from z¢ to a channel z;
(where x; < x¢). Further, since d and R are a function of E, the low energy tailing
will also be a function of E. The tailing will decrease with E as higher energy

photons would interact at a greater d.

The shape of this low energy tail is typically an exponential. Convolving the ex-
ponential with a Gaussian (since each photon that is part of the low energy tail
distribution, suffers a Gaussian spread for the same reasons as that for the incident
photon.), we get the following expression [Philips and Marlow, 1976]

) (E-Eg) E— EO \/50'1
LE tail = 055 A1 xerfe +

) (3.7)

e Low energy shelf: The gate structures, oxide coatings and filters above the active
region of the detector form a ‘dead’ layer. X-ray photons have a definite probability
of interaction in the dead layer generating photo or Auger electrons. Charge gener-
ated as a result of interactions in the dead layer is mostly not read out and hence
lost. However, those electrons with sufficient energy, drift toward the buried-
channel and get ‘detected’. This results in a shelf feature which extends from the
photopeak to low energies. This distribution can be modeled as a step function
[Philips and Marlow, 1976]
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e Split events: The charge cloud generated in the depletion region is under the
influence of an electric field and hence moves in the direction of this field. The
radius of the cloud increases as it drifts towards the buried-channel. If the charge
cloud spreads to the adjacent pixel, before getting collected by the buried-channel,
the charge is split. The resulting pulse read out will indicate multiple ‘bit’ pixels,
all with lower amplitudes and will be registered as photon events of lower energy.
The number of such split events increases with increase in energy of the photon
(Figure 3.2). Higher energy photons interact at a greater depth in the detector and
hence will suffer a greater spread as they drift toward the buried-channel where
they get collected. This component is not a part of the HYPERMET function. We
have modeled this as a purely mathematical function which fits the observed data

and this will be discussed further in a later section.
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e Escape peak: Incident x-ray photons have a finite probability to excite x-ray flu-
orescence from silicon, the base material of the sensor. This x-ray fluorescence
photon propagates as a different charge cloud, and largely deposits its entire en-
ergy in the detector. However, if the XRF photons escape the detector volume
without further interaction, the resulting total charge generated will be equivalent
to a reduced energy equal to the difference between incident photon energy and
fluorescent photon energy (1.75 keV in silicon). This is an independent photon as
seen by the detector and has a pulse height spread characterized by a Gaussian.
Since the incident photon generated this charge, the escape peak is considered as

part of SRE This is modeled as a Gaussian function.

e Fluorescent peak: Interaction of x-ray photons in the dead layer can also produce
XRF photons which might drift into the potential well of the buried-channel. This

results in a Gaussian distribution in the spectrum at 1.75 keV in silicon.

The spectral redistribution function as a function of energy E, is a sum of all the above

features and can be expressed as :

SRF (E, C, T) = photo peak + low energy tail+ low energy shelf+ split events

+ escape peak

3.2.2 Detection efficiency

Structures in the device where the charge is not collected from, such as the gates and
oxide layers, can be termed as dead. X-ray photons may get absorbed in these layers
before they reach the depletion region. As a result, lesser number of photons reach
the depletion region wherein they are detected. X-ray photons that interact at a depth
greater than the depletion edge of the detector volume, also generate a charge cloud
in the field free region of the substrate. This charge cloud then drifts randomly. When
the charge cloud gets into the depletion region (where there is an electric field), they
are collected in the buried-channel. This results in loss of charge not accounted for, in
the SRE Again, as the charge is read out across the device, there can be losses due to

recombination which also contributes to the total charge loss.

The loss of photons in the dead layer can be calculated from their interaction cross

sections. The cross section of the swept charge device is shown in Figure 3.3. The gates
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and oxide layers contribute less than 2 ym to the dead layer. The efficiency of the SCD

can be expressed as
escp(E) = e ME) 5 (1- efu(E)a) Xr 3.9)

where 7’ accounts for losses due to recombination and read out, ‘d’ is the thickness of

the dead layer and ‘a’ that of the depletion region.

3.2.3 Collimator response

The effective area of the instrument as a function of the angle of incidence of the x-ray

photon is given by :

A(E,0; tanb;

W - (3.10)
Omar defines the field of view of the instrument. The full width at half maximum
(FWHM) is defined as the angle where the effective area is half the maximum and can
be shown to be equal to 9”% . C1XS has an opening angle of 14.3° (FWHM) which
translates to a FWHM ground pixel of 25 km x 25 km from an altitude of 100 km above
the lunar surface. The collimator response is a function of energy as well, for angles
of incidence 6; slightly greater than 6,,,,. This is because of the transmission of high
energy photons through the finite thickness of the collimator walls as illustrated in Fig-
ure 3.4. For the 1-10 keV range of C1XS, the collimator response defines a 25 km FWHM

pixel on the lunar surface.

3.2.4 Response matrix

A two dimensional matrix where each element R;; gives the probability that a photon
of energy j gets registered in channel i is called the response matrix and is a convenient

way of representing the instrument response.

The response of the detector can be defined as

M(I) = / R(I, E)A(E)S(E) 3.11)
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FIGURE 3.4: Collimator response: Dotted line in the figure below indicate that the
transmission does not fall abruptly to zero for higher energies

where R (I,E) gives the probability that a photon of energy E is registered as a signal M
(D) in channel I. This is essentially the energy dependent SRE A(E) is the effective area

and S(E) the incident spectrum. In discrete form,

M; =" Ry(I, E)A;(E)S;(E) (3.12)

J
Ideally, we should be able to calculate the source spectrum from this equation by invert-
ing the matrix R;;. But solutions are then very sensitive to M (I) and often this method
results in amplification of the noise. Hence a forward fitting approach is used for spec-
tral analysis where a model spectrum is generated with an initial guess, convolved with
the instrument response and is compared to the observed data. The best model that fits

the data can then be found using any of the statistical tests for fitting.
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XSPEC [Arnaud, 1996] developed by HEASARC is such an x-ray spectral analysis pack-
age where we load the instrument response matrix and effective area in the form of
matrices in a specified format. The response matrix generated in this work follows the
OGIP format [George et al, 1998] for compatibility with spectral analysis in XSPEC.

3.3 Calibration measurements

3.3.1 The RESIK x-ray beam facility

The RESIK x-ray beam facility (hereafter referred to as RESIK ) at the Rutherford Apple-
ton laboratory, UK, uses an x-ray generator with replaceable targets to generate specific
x-ray fluorescence lines together with a continuum bremsstrahlung spectrum. This fa-
cility provides an x-ray beam-line (~ 3.7 m) in vacuum, with multistage collimation to
produce a nearly parallel beam. The size of the slits can be varied, thus varying the size
of the x-ray beam entering the vacuum chamber. There is a cryosystem for cooling the
detectors to derive detector performance parameters over a range of temperatures. Two
translation stages with movement in two orthogonal directions and a rotation stage are
built into the vacuum chamber where the detector is placed. The stages are controlled

remotely through a graphical interface from a computer.

A tungsten filament in the x-ray tube serves as the cathode which when heated, gen-
erates electrons which are accelerated toward the anode because of the applied high
voltage. When these electrons strike the anode, characteristic x-rays are generated to-
gether with a thick-target bremsstrahlung continuum. The electrons striking the anode
can accelerate to a maximum energy equal to e x applied high voltage (applying a
high voltage of 15 kV would accelerate the electrons to a maximum energy of 15 keV).
The characteristic lines from the target can be excited only if the kinetic energy of the

electrons is higher than the binding energy of the anode material.

Prior to flight calibration, it was necessary to arrive at the anodes to be used in the
x-ray tube. RESIK measurements revealed concerns about using anodes with powder-
filled holes . Table 3.1 gives the list of chosen anodes and characteristic x-ray lines they

generate.

RESIK also provides the capability to select narrow energy range beams using a double

crystal, suitably oriented using translation and rotational stages. The available double
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FIGURE 3.5: Schematic diagram of the C1XS ground calibration set up
TABLE 3.1: Line energies used for calibration at RESIK
Anode Cu Al Mg-Cu Mo Ti Cr Co
Energy (keV) | 0.93, 8.05,8.90 | 1.48 | 0.93,1.25, | 2.29 | 4.51 | 5.41 | 6.93
8.05, 8.90

crystal (quartz) could only operate above 2 keV and hence monochromatic spectrum

could be obtained only above this energy.

3.3.2 Characterization of the x-ray beam

The x-ray beam incident on the SCDs is the primary source of calibration of the detectors.

Hence it was necessary to fully characterize the x-ray beam and arrive at the optimum

high voltage and current that should be applied. Characteristic x-rays are emitted from

the anode only if high voltage is enough to produce electrons with an energy higher than

the ionization potential of the target atoms. Increasing the current, increases the number

of electrons and thus the beam intensity. Two beam configurations were adopted for the

calibration (Figure 3.6) .

e Wide beam (~ 2 cm x 4 cm ) : A wide beam which would fully illuminate the

SCDs

e Narrow beam (~ 0.1cm x 0.2 cm ): A narrow beam fully contained within the

Si-PIN reference detector and SCDs

Calibration requirements demanded the x-ray beam incident on the detector to be sta-

ble in time. Also the beam intensity had to be spatially uniform across the width of the
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beam. It was also essential to tune the high voltage and current settings of the x-ray
generator to avoid pile up and at the same time have a count rate high enough to pro-
duce statistically significant spectral line flux. Very low current settings often lead to
temporal fluctuations in the beam intensity in x-ray generators. Hence a set of measure-
ments were done to study the temporal and spatial uniformity of the x-ray beam with a

given target for an optimal beam setting.

The beam was found to be spatially uniform within 2% for a 2 cm x 2 cm area of the
incident beam. For a duration of 1 hour, the beam was stable in time within 1.2%. The
lowest stable current setting for the beam was 0.5 mA which still showed pile up effects
in the wide beam configuration. Hence aluminum filters were used to cut down the

beam intensity for the wide beam configuration.

3.3.3 Measurements

Prior to the calibration measurements at RESIK, a Si-PIN detector was calibrated at
the electron storage ring at PTB/BESSY II to use it as a reference for the C1XS SCDs.
The C1XS SCDs then went through a detailed calibration at RESIK with the following

objectives.

e Calibration of electronic channel versus incident x-ray energy for a range of oper-

ating temperatures.

e Determination of energy resolution of SCDs as a function of incident x-ray energy

as well as its dependence on temperature.
e Determination of collimator response.
e Determination of SCD spectral re-distribution function.
e Modeling the SRF as a function of energy and temperature.
e Experimental determination of low energy threshold.
e Determination of detector background for various temperature settings.

e Determination of detection efficiency of the detectors relative to a calibrated ref-

erence detector.

e Determination of absolute detection efficiency of SCD.
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TABLE 3.2: Summary of the calibration measurements

Anode | Energy | Al filter Crystal Data type Temperature
(keV) (°C)
Mo 2.29 No filter Yes 12 -27,-22.5,-15,-7.5,0.0
Ti 4.51 20 ym Yes 12 -30, -22.5, -15, -7.5
Cr 5.41 No filter Yes 12 -30, -22.5, -15,-7.5
Co 6.93 20 ym Yes 12 -30, -22.5, -15, -7.5
Cu 8.05 | No filter Yes 12 -30, -22.5, -15,-7.5
Al 1.49 | No filter | Beam passing 12 -30, -27.5,-25,.-10
through the
crystal leaves
Cu 8.05 | No filter Yes 10,11,12 -10
Cu 8.05 | No filter | Beam passing | 10,11,12 -20
through the
crystal leaves
Mo 7-10 200 pm No 12 -20 (SCD centered)
Cu 7-10 200 pm No 12 -20 (SCD centered)
Mg-Cu | 1-10 | No filter No 12 -20
Al 1.49 No filter No 12 -20(SCD centered)

e Determination of pileup effects in SCD.

e Determination of the complete detector response for various operating tempera-

tures.

To determine the SRF of the SCDs, measurements were done with a double crystal

(quartz) in the beam-line. The crystal was efficient only above 2 keV and hence the SRF

could be determined only above 2 keV. The measurements were done at various operat-

ing temperatures ranging from -30°C to 0°C. A corresponding measurement was done

with the reference detector for every SCD measurement. A summary of the measure-

ments done is given in table 3.2. The beam current was kept at 5 mA and high voltage

at 15 kV for all crystal measurements. The event rate was maintained below the level

where pile up effects become observable.

C1XS had two types of event selection as described in chapter 2, resulting in three types

of data packets. Most of the measurements were done in a mode where events below

threshold on either side of the main event are discarded (Type 10 and 12 data packets).
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3.3.4 Analysis approach

The various steps in the overall approach we have adopted for calibration data anal-
ysis is shown in Figure 4.3. Spectral fits to derive the SRF used a routine ‘mpfit’
(http://cow.physics.wisc.edu/~craigm/id1/id1.html) which uses Levenberg Mar-
quardt least-squares fitting method. All the necessary codes were written in IDL (Inter-

active Data Language).

3.4 Radiometric calibration of the Si-PIN reference detector

3.4.1 Experimental setup

A Si-PIN detector was used as a transfer standard, relative to which the SCDs were
calibrated. The Si-PIN x-ray detector, supplied by AMPTEK (XR-100CR) comes with a
pre-amplifier and an inbuilt peltier cooler. The hermetic TO-8 package of the detector
has a light-tight, thin Beryllium window (12.5 ym) and 500 um depth in silicon for x-ray

interaction .

The x-ray beam-lines at the electron storage ring at BESSY II is an established radio-
metric standard for calibration of x-ray detectors. Two monochromator-equipped beam-
lines; SX700 (plane-grating monochromator) and FCM (four-crystal monochromator)
[Thornagel et al, 2001] were used for the calibration measurements. SX700 extends
from 100 eV to 1.8 keV and FCM beam-line from 1.8 keV to 10 keV. Across the energy
range from 600 eV to 1.9 keV, measurements were taken every 100 eV. At higher en-
ergies (2 to 10 keV), measurements were carried out at 1 keV steps. Near the silicon

absorption edge, finer measurements in steps of 1 eV were obtained.

The primary objective of the measurements was to derive the detection efficiency of
the Si-PIN detector relative to the calibrated Si(Li) detector of PTB over the 1-10 keV
range. Monochromatic spectra from the synchrotron beam-lines enabled modeling of
SRF at energies from 0.6 keV to 10 keV. SRF is a function of energy , event rate as well
as temperature. Here we have modeled the SRF at a given temperature and event rate.
Since the aim was to create a transfer standard and the temperature of the Si-PIN is
maintained stable at 230°K by the internal thermo electric cooler, we did not attempt

to study the dependence of the SRF with temperature. Measurements were taken at


http://cow.physics.wisc.edu/$sim $craigm/idl/idl.html
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FIGURE 3.7: Steps involved in C1XS calibration data analysis
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FIGURE 3.8: Drawing shows beam energies at which Si-PIN detector has been cali-
brated

different event rates to ensure that the beam intensity used for calibration does not

produce pile up.

Both the Si-PIN and the reference Si(Li) detector sampled the same incident beam. Si(Li)
detector measured the flux from the monochromatic beam before and after each Si-PIN
measurement. The Si-PIN detector was moved in and out of the beam for this purpose.
The beam current was monitored and showed a typical fluctuation of 1-2%. The beam-
size was measured to be 1.09 mm x 0.7 mm (private communication, PTB) which is
narrower than the Si-PIN geometric area. Hence the beam was fully contained within
the Si-PIN detector.

3.4.2 Si-PIN spectral redistribution function

The spectra from the monochromator beam were used to model the spectral redistri-
bution function (SRF) of the Si-PIN detector. The model was developed using IDL to
implement the HYPERMET function [Philips and Marlow, 1976] with additional terms
to account for features above the photopeak. Spectral fits were obtained using the rou-

tine ‘mpfit’ which we implemented in our IDL code.

SRF = photo peak + low energy tail+ low energy shelf+ escape peak
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where Eg is the centroid channel of the Gaussian fit to the photo peak and E; that of the
escape peak. oy is the width of the Gaussian photopeak and o that of the escape peak.

(1 is the slope of the low energy tail and S, S», S3, S4 are the normalization factors.

In addition, we see features above the energy of the photopeak in the spectra. This has

also been modeled in our analysis though not included as part of SRF (Figure 3.9).
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FIGURE 3.9: The total pulse height spectrum for a monochromatic beam (1.5 keV) is

shown (bold) along with the individual contributing components (left) and the SRF is

shown on the right. The escape peak would be visible only when the incident x-ray
energy is greater than the K-shell electron binding energy in silicon (1.84 keV)

The features above the photopeak are modeled as a high energy tail, high energy shelf
and a secondary peak (which together is referred to as the high energy component here).

Thus the total observed spectrum is modeled as

Total pulse height spectrum = SRF + HE component
HE component= HE tail + HE shelf + Secondary peak

~B-5g) —(BE-E
HE component = 0.555¢ 752 ¥ x erfe( (\/5 0) \2_500)
o)y 2
~(B-E), o G
+0.55ger fo(———=—) + S7e (3.14)

\/_a

Here, o, is the width of the Gaussian peak in the HE component.
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FIGURE 3.10: Si-PIN Spectral fits at 1 keV, 3 keV, 6 keV and 10 keV with residuals

The above mathematical formulation of the pulse height distribution was used to model

the observed spectra and derive the SRF as a function of energy from 0.6 to 10 keV.

Figure 3.10 shows the overall fit to the observed spectra. Shown alongside are the resid-
uals (in o) which indicate excellent fits throughout the spectral range. The strength of
the low energy tail and shelf features as a fraction of counts under the photopeak is
shown in Figure 3.11 and Figure 3.12. The contribution from these features together
reaches 30% at the silicon absorption edge. At higher energies, the strength of the low
energy components decrease, consistent with the model where the low energy compo-
nents arise from partial absorption in the upper dead layer of the detector (higher energy
photons travel deeper into the detector before interaction). The high energy component
cannot be a part of the SRF (as the the incident x-ray photons cannot redistribute pulses
with an energy greater than their own), but are probably due to pile up and the second

harmonic in the primary beam (which appears as the secondary peak).

The dependence of the FWHM of the photopeak on energy is shown in Figure 3.13. The
best fit to the curve in Figure 3.13 provides r= 12.31 &+ 0.67 electrons and F= 0.12 +

0.03, consistent with similar estimates in silicon detectors [Owens et al, 1996].
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The features above the photopeak consist of a high energy tail, high energy shelf and a
secondary peak at twice the energy of the photopeak. The secondary peak is interpreted

as the harmonic of the primary beam (mean energy =~ 2 x photopeak energy).

The origin of the observed high energy component cannot be attributed only to pile
up. Spectral measurements at two count rates (500 cts/s and 3000 cts/s) show that
the strength of the HE component (Table 3.3), relative to the contribution from SRE
decreases at higher count rates. If the component is due to pile up, it is expected to
increase at higher counting rates. Figure 3.14 shows the Si(Li) spectrum and Si-PIN
spectrum at 1.5 keV. The Si-PIN has a pile up rejection circuitry where, if two events
occur with a time delay greater than 400 ns, both are rejected. The low energy threshold
of the fast channel is 0.4 keV. Hence pile up can occur only when a pulse belonging to
the incident photon energy overlaps with a pulse less than 0.4 keV. But the high energy
features extend beyond peak energy + 0.4 keV (37 channels from the photopeak).

Though, we have not been able to clearly pinpoint the origin of this high energy com-

ponent, this has no impact on the determination of the SRF of the reference detector,
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FIGURE 3.11: Fraction of events in the low energy tail component of the Si-PIN as a
function of energy
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FIGURE 3.12: Fraction of events in the low energy shelf component of the Si-PIN as a
function of energy

TABLE 3.3: Percentage of counts in the HE components relative to that under SRF at
two different count rates

Energy in keV | 500 cts/s | 3000 cts/s
1 19 % 8%
1.2 24% 7.5%
1.4 17% 4%
1.6 20.5% 5.37%
1.8 4.2% 0.24%

which does not include the high energy components (redistribution of the photons as

discussed in section 3.1 will not result in higher energy components).

Thus the mathematical formulations used to model the observed spectral distribution are

well suited to explain all the observed features of the Si-PIN pulse height distribution.

3.4.3 Detection efficiency of the Si-PIN

The Si(Li) reference detector at PTB measures the beam-line flux before and after every

Si-PIN measurement. The beam current is also monitored throughout the experiment.
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FIGURE 3.14: Si(Li) spectrum (left) and Si-PIN spectrum (right) at 1.5 keV showing
the HE component (channels 200 - 250) only in the Si-PIN detector.

The detection efficiency of the Si-PIN detector at energy E is derived as

Countsg;_pIn Efficiencygi(u)

Countsg,ri)(cts/mA) % Tyeam (3.15)

Q(E) =

Where Q(FE) is the detection efficiency of the Si-PIN at energy F and I, is the beam
current in mA at the time of Si-PIN measurement. The high energy component described
earlier does not affect the determination of detection efficiency, because the counts in

the photopeak derived by fitting with the SRF has been used in equation 8.

The uncertainty on the beam current [Thornagel et al, 2001] measured is taken as

Alpeam = 1A + 10 Iheam (3.16)
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FIGURE 3.15: Detection efficiency derived w.r.t the Si(Li) detector at PTB. The lines
show the derived upper and lower limits on the model.

A physical model consisting of 500 ym depletion layer of Si for x-ray absorption, SiO»
dead layer and Be window of a certain thickness can be used to model the observed
detection efficiency curve. We have computed models by varying the Be window thick-
ness from 2 pm to 18 ym and the SiO, thickness from 0.5 pym to 2 ym. Deviation from
the observed values has been quantified in terms of chi-square statistics. Figure 3.16
shows the contour of chi-square values. 1-0 confidence limits have been derived on the
values for window thickness as 7.5-13.3 ym and 0.9-1.4 um for the dead layer from
this contour of chi square values. An earlier measurement of a similar Si-PIN detector
gives a value of 4.2-6.5 pym [Turany et al, 1999] for the dead layer in comparison to the
upper limit of 1.4 ym that we have estimated. The depletion depth thickness cannot be

verified experimentally because of the limited energy range of this calibration exercise.

3.5 SCD calibration

3.5.1 SCD spectral redistribution function

The monochromatic spectra from measurements using the crystal in the RESIK beam-

line were fitted with a model consisting of 6 components.
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SRF = photo peak + low energy tail+ low energy shelf+ split events
+ escape peak + low peak

The split event component was mathematically modeled as an exponential convolved
with a Gaussian function. A Gaussian peak just below the photopeak and a cut off of the
low energy shelf component ~ 0.8 keV below the photopeak, was added to accurately
model the SRE The channel at which the low energy shelf component is cut off, was left
as a free parameter. Figure 3.18 shows that the cutoff channel is nearly a constant at all
energies. The cut off at 0.8 keV is caused by the event selection algorithm implemented
in C1XS. The individual components in the model are shown in Figure 3.19 and spectral
fits in Figure 3.17. There are altogether 18 parameters and all the best fit models have
a reduced chisquare between 0.8 and 1.5.

The fraction of events outside the photopeak increases with energy as shown in Fig-
ure 3.20. The SCD low energy components do not follow the energy dependence that
the reference detectors had. The reference detector shows a typical dependence seen
in silicon detectors where contribution to the low energy tail and shelf is maximum just
above the silicon absorption edge and thereafter decreases. In SCDs, the primary com-
ponent of the off-peak events is split events and they drive the energy dependence. At
higher energies, the x-ray photons have to drift longer in the electric field which makes

the charge cloud bigger increasing its probability to spread across pixels.
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FIGURE 3.17: SCD spectral fits

As shown in Figure 3.21, the SCD gain is linear throughout the energy range of interest.
The 24 SCDs have a range of gains from 4.8 eV/channel to 6.9 eV/channel. From a
measurement of the FWHM as a function of energy, we derive the Fano factor as 0.11 +

0.02 and noise as 6.1 & 1.6 electrons.

To understand the dependency of the SRF on detector temperature, measurements with
the Cu anode (energy 8.05 keV) were done every 2.5°C. Figure 3.22 shows that the
fraction of off-peak events is fairly insensitive to temperature variations. However, the
FWHM and gain do vary with temperature and hence the response has to be generated

for the required operating temperature.
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FIGURE 3.24: Spectral fit to the mono-energetic crystal spectrum at 8.05 keV with the
Cu anode

3.5.2 SCD detection efficiency

Using the beam configurations described in sub section 3.2.2, measurements were made
with the beam centered on each SCD to determine the detector efficiency from 1-10 keV.
These comprised a wide beam measurement using both a Cu-anode and Mg-anode and
a narrow beam measurement using the Al-anode. To avoid pile up, the Cu wide beam
spectrum was taken with a 200 pm Al filter and hence this spectrum is useful only in the

5-10 keV range. The Mg-Cu anode enabled measurements from 0.9-10 keV range.

A response matrix was generated using the derived SRF and a calculated detection ef-
ficiency (€cqiculatea).- The calculated detection efficiency is based on the absorption in
the different layers of the device and assuming a depletion depth of 42 pym [Gow,
2009]. The crystal spectra were first fitted using this response matrix for validation
(Figure 3.24). Then the spectra required to derive efficiency were fitted using this re-

sponse matrix.

The continuum spectra were modeled as a thick-target bremsstrahlung given by the
simple form of Kramer’s formula (assuming that effects of self absorption in the target

and backscattering of the incident electrons are not significant)

(V-E)

N(E)=1XxZ x i

(3.17)
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where, I is the current in A, Z is the atomic number of the anode material, V the voltage

in V and E energy in keV.

Flux (Fluxgcp) in narrow energy bands (0.1 keV) were obtained from the best fit model
to the spectrum in the SCD. The same spectrum was also measured using the reference
detector. The x-ray flux in 0.1 keV bands (Fluxg;_p;n) were derived for the Si-PIN as
well from spectral fits with the same model. Spectral fits to the SCD continuum beam

using the thick-target bremsstrahlung model is shown in Figure 3.25.

The detection efficiency of the SCD ( escp (E) ) was calculated from the Cu and Mg-
Cu anode continuum spectra and the Al-spot measurement as follows and is plotted in
Figure 3.26.

Flurs;—prn

6SC’D(-E) = X €calculated (3.18)

Fluxgcp

The derived detection efficiency (dotted curve in Figure 3.26) values are ~ 68% of the
calculated curve. The x-ray events on-board are filtered based on two thresholds. Out of
every 3 pixels in the read out chain, an event is selected only if the central pixel is above
threshold 1 and the pixels on either sides are below threshold 2 (Figure 3.27). The event
is discarded if either of the adjacent pixels are above threshold 2. This event selection
criteria was implemented in order to minimise the incidence of split events in the spectra

but results in a reduced detection efficiency as many x-ray events are discarded.

3.6 On-board calibration using radioactive sources

To allow the SCD to be routinely calibrated during the mission, C1XS carried 24 Fe-
55 radioactive isotopes attached to the inside of aluminum door which, when closed,
allowed each source to illuminate a single SCD. The door also served as a protection for

the SCDs as the spacecraft passed through Earth’s radiation belts en route to the Moon.

The Fe-55 sources also had a thin titanium foil in front of them thus providing calibration
lines at four energies - 4.5 keV (Ti-K,), 4.9 keV (Ti-Kg), 5.9 keV (Mn-K,,) and 6.4 keV
(Mn-Kg). The FWHM of the devices increased from 153 eV before launch to 163 eV
at 5.9 keV at -8 °C in lunar orbit. A degradation in energy resolution due to radiation
damage in the Earth’s radiation belts (even when the door is closed) is expected as
shown by proton irradiation tests on ground [Smith et al, 2009]. The response matrix

was regenerated with the revised energy resolution. Figure 3.28 shows the on-board
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at the bottom) from which SCD detection efficiency was determined
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detection efficiencies obtained in comparison to the reference detector. The dashed line

represents the nominal efficiency for lunar data analysis. The reduction in efficiency is
believed to arise from event selection criteria implemented in the hardware.
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FIGURE 3.27: Event selection criteria implemented in C1XS (Type 10)
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Fe-55 spectrum fitted with a Gaussian for the lines and a power law function for the
continuum using the regenerated response matrix. Even though the door was closed
there is a continuum background in the detector not observed on ground possibly arising

from the enhanced particle interactions in the vicinity of C1XS.
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FIGURE 3.28: Spectral fit to the on-board calibration spectrum from Fe-55 radioactive
isotopes

3.7 Uncertainties and error propagation

To estimate the uncertainty on the response derived here, we assume the following. The
beam is close to being parallel, stable in time and spatially uniform. The active area of
the detectors are from the specifications provided by the manufacturer. The errors from
the reference detector calibration and spectral fits at each stage in the derivation have
been propagated. This results in a weighted average uncertainty of 1.7% on the detec-
tion efficiency values. As the SCDs have to be added together for lunar data analysis,
we studied the spread in the detection efficiencies of the SCDs which would be another

source of uncertainity (Figure 3.29). Accounting for the spread, the unsertainity on
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detection efficiency becomes another 4.3%. Thus, the absolute detection efficiency of

C1XS detectors is derived with a nominal uncertainty of less than 5%.
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FIGURE 3.29: Relative changes in SCD count rates for the same incident beam as an
indicator of the difference in relative efficiency. The dotted lines are drawn at 1o value
(4.3% away from the weighted average).

3.8 Summary

From a very extensive ground calibration program, we have determined the spectral
redistribution function of the SCDs as a function of energy and temperature. The frac-
tion of off peak events goes up to a maximum of 70% at 8 keV, the major contribution
coming from split events. The detection efficiency of the C1XS detectors was measured
with respect to a reference detector calibrated at PTB/BESSY II. A spectral fit to the
on-board calibration spectrum from the Fe-55 radioactive isotopes shows the validity of
the response matrix derived from ground calibration data, for inorbit analysis. We esti-
mate the overall uncertainty in the calibration to be within 5%. Thus the x-ray line flux

measured using C1XS will have a similar uncertainity.
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X-ray fluorescence from the lunar

surface

C1XS was in operation in the lunar orbit for 9 months (28 Nov 2008 to 29 Aug 2009).
There were more than 32 solar flares during which x-ray fluorescence from the lunar
surface could be detected in the instrument. For low intensity flares (A-B class), fluores-
cence from Mg, Al and Si could be measured while a C3 class flare enabled measurement
of Mg, Al, Si, Ca, Ti and Fe from a region in the southern nearside highlands at the spa-
tial resolution for which the instrument was designed for. In this chapter, we provide
the detailed description of the methodology followed for C1XS data analysis, the in orbit
background variations and specifically derive x-ray line flux from the spectral analysis
of measurements during the C3 class flare. The x-ray line flux determined is further

converted to elemental abundance which forms the basis for geochemical studies.

4.1 C1XS observations and data analysis

C1XS nominally operated (Figure 4.1) only during the sunlit portion of the lunar orbit.
Under good solar illumination conditions (noon-midnight (NM) phase of the annual
heliocentric track of Chandrayaan-1) in the 100 km altitude orbit, data were collected
for ~ 15 minutes every orbit (half the sunlit portion of the orbit; the remaining lost
due to non-optimal detector temperature). This increased to ~ 25 minutes during the
dawn-dusk phase. The 14.3° opening angle (FWHM) of C1XS defined a 25 km ground

pixel during phase 1 and 50 km pixel during phase 2, on the lunar surface. Since x-ray

81
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TERMINATOR

SUN

FIGURE 4.1: C1XS was operated only during the sunlit portion of the Moon to limit

power dissipation at the detector. The dividing line between the dark and sunlit side is

the terminator. The dotted line is a possible configuration of the Chandrayaan-1 orbit
around NM geometry

events are time-tagged in C1XS, in order to generate a spectrum, the integration time
corresponding to the FWHM ground pixel (25 or 50 km) should be calculated. The
velocity of the ground pixel with respect to the motion of the spacecraft (called ground
trace velocity) can be calculated from the time period (T) of the spacecraft and perimeter
of the Moon (Pasoon), as follows. The time period of the satellite can be calculated from

Kepler’s 3rd law given by:
T=2m\ — (4.1

a3
where ‘G’ is the gravitational constant, ‘M’ is the mass of the Moon and ’a’, the semi major
axis of the orbit (semi major axis of the Moon + altitude of the orbit). The ground trace

velocity (v,) can be calculated as follows:

vy = e 4.2)




Chapter 4. X-ray fluorescence from the lunar surface 83

yielding a value of 1.56 km/s, from which the time required to cover 25 km is 16 s and
32 s for the 50 km ground pixel during the second phase of the mission. Corresponding
integration times are used to generate spectra during phase 1 and 2 of the mission from

the C1XS time tagged events.

Time-tagged events are binned into 4096 ADC channels to generate spectra. We first fit
the zero peak with a Gaussian for each SCD and derive the central channel number. The
spectra are then shifted along the channels so that the zero peak is in the zeroth chan-
nel. The relationship between channel and energy is linear as shown in (Figure 3.21).
Therefore the channels can be converted to energy space by multiplying (Energy = Gain
x channel) the channel numbers with the gain (eV/channel). Since gain is temperature
dependent, the appropriate value has to be determined for the average temperature for
every 16/32 s spectra. From the ground calibration measurements, we have tabulated
the temperature dependence of gain (Figure 4.2) for each SCD (the dependence being
similar). The on-board temperature of the SCDs were measured using temperature sen-
sors located at the two ends of the array. We assume the temperature of the eight SCDs
in the middle as an average of the measurements at either end. The temperature data
are available every 60 s, so we interpolate the temperature values for every 16/32 s. The
gain corresponding to this temperature is taken from the tabulated values. After gain
correction, we re-bin the spectrum from each SCD to a common energy scale and add
the spectra together. The added spectrum in 4096 channels is further re-binned to 1024
channels since we are dealing with low event rates. The above described data reduction

steps are summarized in Figure 4.3.

The summed spectra (all 24 SCDs) are added in time to enhance statistics, if required.
This would result in a coarser spatial resolution on the lunar surface, but was necessary
as many of the observations were during A and B class solar flares. Using the SRF
and effective area derived on ground, a response matrix is generated for the summed
spectrum. The spectrum is analyzed using XSPEC with a suitable background model and

response matrix and x-ray line flux in the observed fluorescent lines are determined.

In order to derive the absolute x-ray line flux in the observed XRF spectra from the lunar
surface, the background in the C1XS detectors and its variability needs to be understood.

We discuss the C1XS background observed in the lunar orbit in the next section.
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FIGURE 4.2: Temperature dependence (interpolated from discrete measurements) of
SCD gain derived from ground calibration data.

4.2 X-ray background in the lunar orbit

The background in an x-ray detector arises from an internal instrumental background
and possibly external environmental background. The instrumental background is due
to inherent dark current and electronic noise in the system. This is dependent on tem-
perature and also increases with time in orbit (cumulative radiation damage). This
component has been measured during the ground calibration and found to be negligible
for temperatures less than -5°C. The correlated double sampler efficiently filters out the
noise component as has been described in chapter 2. The increase in dark current due
to cumulative radiation damage occurs on time scales of months to years and hence is

not significant for this work.
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FIGURE 4.3: Steps involved in C1XS data reduction (Time tagged events to summed

X-ray spectrum).
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4.2.1 Typical background

A featureless continuum background spectrum was measured by C1XS detectors in the
lunar orbit. The average detector background count rate (~ 3 counts/s per SCD) re-
mains constant within 0.2% within an orbit as well as between orbits. This also implies
that there are no temperature dependent variations in the detector background (-15°C
to -6°C). We compared the spectra obtained from the dark side with that obtained from
the sunlit side. Spectra from the sunlit side and dark side are plotted together in the
top panel of Figure 4.4 and the difference in count rate in the two spectra plotted in
the bottom panel. There is a ~ 2.5% increase in sunlit side count rate in the 2 to 4
keV (bottom panel of Figure 4.4) energy band with respect to the dark side spectrum,
indicating the small contribution from scattered solar x-rays. Hence we conclude that
the major component of the observed lunar environmental background arises due to the
interaction of high energy particles in the orbit with the detector and surrounding mate-
rial. In the lunar orbit there is a continuous flux of protons and electrons with an energy
range spreading from eV to GeV. Lower energy particles directly interact with the detec-
tor depositing energy and thus mimicking an x-ray event [Hall, 2008]. Higher energy
particles interact with the material surrounding the detector and generate secondary

particles which then deposit their energy in the detector.

4.2.2 Detector background during geotail crossings

Electric currents in the Earth’s core generate a large scale magnetic field which can
be approximated by a dipole within a distance of several Earth radii. The interactions
between this field, solar wind (plasma consisting of fully ionized H/He, protons and
electrons) and the interplanetary magnetic field results in the formation of distinct re-
gions as shown in Figure 4.5. In the anti-solar direction, the Earth’s magnetic field is
stretched out into an elongated tail to distances of several hundred Earth radii. It con-
sists of oppositely directed field lines separated by a neutral sheet of plasma with a null
magnetic field. Around this, is the plasma sheet which is a source of electrons of av-
erage energy 1 keV (increasing to several keV occasionally) [Schneider, 1967]. Moon,
during its 29.6 day journey around the Earth, passes through the geotail in 4-5 days
around the full Moon. The existence of plasma sheet particles at lunar distances was
first established by Explorer 35 [Prakash, 1975]. The observed increase in electron flux
(3-50 keV) during its 11 traversals through the geotail is attributed to encounters with

the plasma sheet. Phenomena like surface charging observed by Surveyor and Lunar
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FIGURE 4.4: Typical background in the C1XS-SCDs in the lunar orbit at ~ -12°C (the
coloured spectrum is from the dark side). The bottom panel shows the difference in
count rate between sunlit and dark side where there is an enhancement in count rate

in the 2-4 keV band
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Prospector also suggest encounters with this sheet. The exposure to the plasma sheet is
variable and the likelihood of such encounters and possible implications to lunar surface

science is discussed in [Haphood, 2007].

C1XS observed a significant increase in the detector background and spectral hardening
during some of the magnetotail crossings. A strong Al line whose strength varies over
timescales of minutes has also been observed (Figure 4.6) close to terminator crossings
of the spacecraft. The change in the spectral shape of the detector background indicates

the entry of the spacecraft into a region of different particle population (in energy) and

higher flux.
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FIGURE 4.5: Structure of the geotail: The solar wind compresses the magnetic field
lines facing the Sun, while in the anti-solar direction, the magnetotail extends to several
hundred Earth radii.

The Al-K,, line at 1.48 keV appears in the spectra with its intensity varying in timescales
of minutes. The line is observed in both sunlit and dark side spectra. To address if
low energy electrons can produce this from the thin Al foil in front of the SCDs, we
carried out a quick GEANT4 [Agostinelli, 2003] simulation wherein, we irradiated a
spectrum (power law of index - 2.0) of electrons in the 1-25 keV energy range (where
the section for PIXE is maximum) on a 0.2 pym Al sheet (Figure 4.10) in vacuum. Only ~
0.01% of the incident electrons generated Al-K,, photons. The typical count rate in the

charged particle monitor (RADOM) on Chandrayaan-1 is ~2 counts/s/cm? and in the
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FIGURE 4.6: PIXE induced Al-K, line during a geotail pass. The green line is the
hardened spectrum during the geotail pass overplotted on the typical background.

geotail the count rate increases only by ~20%. The typical flux from the characterestic
Al-K,, photons seen in C1XS detectors is ~0.4 photons/s/cm? which requires a higher
particle flux than seen in the 1 to 256 MeV band of RADOM. A measurement of low
energy electron flux thus would be required to establish a correlation between Al-K,,

and particle flux.

The fact that not all geotail crossings result in a harder continuum spectrum suggest
the possible correlation with plasma sheet encounters. Figure 4.7 shows the position
of the plasma sheet according to Tsyganenko model [Tsyganenko, 1998] during one of
the geotail crossings where the spectrum hardens. A finite possibility that the harder
continuum arises due to actual x-ray events from magnetic re-connections in the plasma
sheet, also exist. Further work is required to reveal the nature of the processes that lead

to the higher background and a hardened spectrum in C1XS during geotail crossings.

For the purpose of this thesis, from the above observations, we conclude that an average
background spectrum can be used for spectral analysis during flares, except for observa-
tions inside the geotail. For observations inside the geotail, the pre-flare spectra should
be analyzed to estimate the possible contribution from PIXE events (particularly to the

lunar Al-K,, line).
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FIGURE 4.7: Plasma sheet encounter during a geotail crossing: The shaded region is

the position of the plasma sheet for the full Moon period in Feb 2009 calculated from

the Tsyganenko model in Geo-centric Solar Ecliptic (GSE) co-ordinates. X axis points

from Earth to Sun, Z axis points towards the ecliptic north pole and Y is in the ecliptic
plane.

4.3 X-ray fluorescence from the lunar surface

The x-ray fluorescence spectrum from the lunar surface consists of lines generated as a
result of the interaction of solar x-rays with atoms on the lunar surface. Scattered solar
x-rays result in a continuum on which the XRF lines are superposed. In this section, we
analyze x-ray fluorescence spectra from the lunar surface measured during a C3 class
solar flare primarily to describe the methodology of analysis. The weight % from six
major elements: Mg, Al, Si, Ca, Ti and Fe are derived and we present these first results
from C1XS.
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4.3.1 Analysis of the C3 flare XRF spectra

C1XS measured the lunar x-ray fluorescence spectra during a C3 class flare that occurred
on 5th July 2009. Figure 4.8 shows the simultaneous increase in counts in a C1XS-
SCD and XSM. XRF from Mg, Al and Si could be observed from 07:04:44 UT. Spectra
integrated over 32 s corresponding to a ground pixel of 50 km x 50 km could be obtained
from 07:10:10 UT to 07:15:00 UT with clearly resolved XRF lines from Mg, Al, Si, Ca

and Fe.
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FIGURE 4.8: Simultaneous increase in count rate in XSM and one of the C1XS SCDs
during the flare

Since these observations were during a geotail passage (7 July 2009 was full Moon), we
studied the pre-flare spectra to understand the detector background. The spectra were
sampled at 80 s starting from 06:44:29 UT when C1XS observations began. The PIXE
induced Al line from the filter is present in the spectra till 06:51:27 UT though there is

no hardening of the spectral continuum. The spectra were fitted with a power law and
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a Gaussian and the variation in the Al line flux as well as the power law index is shown

in Figure 4.9.

3 T T T T T T T T T T T
Power law index
25 f
2 b s
o
o
Z
15 | E
(8]
ot
't z
Al line intensity (photons/cm?/s)
05 {
I
0 2 2 II 'l 2 Il 1 I 'l " i |
o o (=] o o o o o o o (=] o
(=] Q Q (=] (=] (=] Q =] (=] (=] =] Q
o )] e 5 B 5 S o < 3 X ©
g g S g g g 5 5 = 5 5 5

Timein UTC

FIGURE 4.9: The variation in PIXE induced Al-K, line intensity and the power law
index of the background spectrum. The Al-K,, disappears after 06:48:30 UT

We have used a background spectrum away from the particle contaminated spectra for
analysis of the flare spectra. The background subtracted flare spectra were then fitted
with a model consisting of a Gaussian function for each of the observed lines and a
power law for the continuum. The continuum presumably has contributions from the
scattered solar x-rays. Fits to the XRF spectra are shown in Figure 3.10 and the x-ray

line flux derived listed in Table 4.1.
Figure 4.11 shows the variation in x-ray line flux ratio (x — flux,q,) from the four
strongest lines in the spectrum as a function of time.

F,
T — flumratio = z .ZFZ

(4.3)
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TABLE 4.1: Derived x-ray line flux in photons/cm?/s

UTC Mg Al Si Ca-K. Ca-Kg Ti Fe
07:05:24 | 0.18+0.07 | 0.14+0.04 | 0.37+0.07 0 0 0 0
07:08:04 | 0.10+0.06 | 0.04+0.03 | 0.58+0.11 0 0 0 0
07:09:32 | 0.18+0.07 | 0.14+0.06 | 0.42+0.07 0 0 0 0
07:10:26 | 0.38+0.18 | 0.75+0.19 | 1.05+0.17 0 0 0 0
07:10:58 | 0.57+0.29 | 1.27+0.21 | 2.29+0.20 | 0.42+0.2 0 0 0.09+0.02
07:11:30 | 1.30 £0.30 | 3.60+0.43 | 3.30+0.30 | 0.1+0.04 0 0 0
07:12:02 | 3.30+0.20 | 9.30+0.34 | 6.90+0.34 | 0.1+0.05 0 0 0
07:12:34 | 6.19+0.30 | 18.30+0.43 | 14.40+0.43 | 2.1240.2 | 0.39+0.13 0 0
07:13:06 | 9.57+0.04 | 28.40+0.43 | 23.13+0.45 | 3.06+0.1 | 0.3140.043 | 0.01+0.02 | 0.28+0.04
07:13:39 | 14.03+0.80 | 32.10+0.70 | 28.05+0.59 | 3.35+0.12 | 0.53+0.072 | 0.09+0.03 | 0.44+0.05
07:14:11 | 16.31+0.89 | 28.65+0.94 | 33.09+0.71 | 3.01+0.11 | 0.35+0.052 | 0.08+0.02 | 0.15%+ 0.03
07:14:43 | 17.30+0.74 | 28.90+0.60 | 31.10+0.6 | 2.65+0.13 | 0.34+0.08 0 0.18 £0.03
07:15:16 | 11.8140.69 | 28.46+0.69 | 27.18+0.55 | 1.83+0.09 | 0.23+0.05 0 0.23+0.04

Here the total flux F; includes constant contribution from 44% oxygen, where we calcu-

late F; as follows
Fo

Y. F, + Fp

Knowing the total flux in other observed elements, the expected flux from oxygen, Fo

= 0.44 (4.4)

can be calculated. To first order, a flux ratio eliminates the dependence of x-ray line
flux on variation in solar intensity. However, in this work the x-ray line flux values are
converted to elemental wt% as described in the following sections, in order to finally

discuss local lunar chemistry:.

Weak lines of Cl-K,, K-K,,, Ti-K,,, Cr-K,, and Mn-K,, are also observed during the brightest
part of the flare. These are in general expected to be minor elements whose weight % is
lesser than 1 in lunar samples (Ti-K,, is also a minor element in highlands). The strength
of these seem to vary even during constant solar flux levels suggesting compositional
changes across the pixels. Here, we do not attempt to quantify it since the detection
is of less than 20 level (by comparing the number of counts in the line to the number
of counts in the background spectrum in the same energy band). The quantification of

these elements require further analysis (not undertaken in this thesis).

4.4 Conversion of x-ray line flux to elemental abundance

The number of x-ray fluorescence photons produced from a sample, for a given incident
spectrum of x-ray photons, can be calculated analytically. Originally done by Sherman

[Sherman, 1955] and further modified by Shirawai and Fujino [Shirawai and Fujino,
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FIGURE 4.10: Spectral fits to the flare spectra

1966], the number of primary x-ray fluorescent photons I; (for an infinitely thick sam-

ple) from an element i is given by [Jenkins et al, 1995].

1 /E’”“’” Qif(Eo)lo(Eo)dEo

- drsiny Jg,  p(Eo)cosecypr + p(E;)cosectpr (4.5)
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FIGURE 4.11: Variation in x-ray line flux across lunar ground pixels (bottom panel).

The horizontal lines are the average flux derived from the summed spectrum for the

time period indicated. Line flux with large error bars are during the pre-flare times.

The total counts in the summed SCD spectra for the same time period is plotted in the
top panel.
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where Iy (Ep) is the incident spectrum, 1; is the angle of incidence, 1), is the angle of
emergence (Figure 4.12), u(Ey) is the total mass attenuation co-efficient (in cm?/g) for
the energy Fo and p(E;) for the energy E; of the fluoresced element. Q;; is a measure

of the fluorescent probability for element i and can be calculated as follows.

TK—].

Qif = Witi(Eo)wri wiif (4.6)

TK

In the above equation, W; is the weight fraction of the i*" element, 7; is the total mass
absorption co-efficient for the element i, wg; is the K shell fluorescent yield of the it"
element, rx (= %) is the K edge jump ratio. ¢ is the binding energy of an electron
in the K shell. In a matrix of elements, the primary x-ray fluorescent photons can further
interact with the atoms of other elements and produce secondary fluorescence (provided
their energy is above the binding energy for electrons for the companion element) and
even tertiary fluorescence. Shirawai and Fujino calculated the number of secondary and
tertiary fluorescent photons generated in a matrix, in addition to the primary. The inci-
dent x-rays interact with the sample via Rayleigh (coherent) and Compton (incoherent)

scattering as well.

4.4.1 Compton scattering

The inelastic scattering where a photon interacts with a free electron at rest and transfers
a part of its energy to the electron (electron recoils), is called Compton scattering. The

scattered photon has an energy (F) less than that of the incident photon (F;), given by

14 (1 = cosb)

4.7)

s

where 0 is the angle between the incident and the scattered photon. The intensity of the

scattered photons can be calculated as:

d
IKN (4.8)

ISZ_[iX a0

where d‘zl% is the differential scattering cross section (called Klein-Nishina collision
cross section) in cm?/electron-steradian. In a matrix of elements the scattering from
each element (weighted by its concentration) is summed to get the total contribution

from scattering.
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FIGURE 4.12: X-ray fluorescence geometry; the incident x-ray beam interacts in the
small volume dT

4.4.2 Rayleigh scattering

Rayleigh scattering is the process in which the incident photons are scattered by the
bound atomic electrons (this is called Thompson scattering when electrons are free)

without any change in their energies. The differential Rayleigh scattering cross section

dor

don is given by

dogr

D8 = S0 (1 + o) Pz, 2)° (4.9)
Q

where 792 is the classical electron radius and F(x, Z) is the atomic form factor and is a
function of (E;), atomic number (Z) and 6.
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4.4.3 Factors affecting XRF intensity

The set of all elements in a sample is called a ‘matrix’. The XRF line flux (/;) from
a particular element 9’ is proportional to the number of atoms of the element present
in the matrix and thus to the weight % W, (the percentage by weight of a particular
element with respect to all other elements in the sample). But I; does not vary linearly

with W; for the following reasons.

e [; is dependent on the incident spectrum which excites the sample.

e Matrix effects: If the number of XRF photons from an element i (/V;) have energies
greater than the binding energy of K-shell electron of element j, then x-rays from
element j are excited. Thus a fraction of the photons (V;) of element i is used
to generate XRF photons from j. Element j is thus ‘enhanced’ and simultaneously
intensity of i is reduced. Further, XRF photons from i and j could get absorbed by
the higher atomic number elements in the sample resulting in a further reduction

in N;. Thus N; are sensitive to the ‘matrix’ of elements in the sample.

e Particle size: The lunar regolith being sensed remotely through x-rays contains
a distribution of particle sizes ranging from cm-sized rocks to ultrafine (2 pm)
particles. In regions where the mean particle size is larger than the penetration
depth of x-rays (which is the case of lunar regolith), particle size affects the x-
ray fluorescent line intensity. Laboratory experiments have shown that the x-ray
fluorescent line intensity for a given element decreases with increasing particle
size (Kuwada, Okada and Mizutani 1997).

e Geometry of observation: X-ray fluorescence intensity is sensitive to the angle of
incidence (0) of solar x-rays with respect to the lunar surface and to the phase
angle (¢).

Clearly, the observed line strength (I,s) of an element is not a direct measure of the true
abundance. However, one can define a relationship between I,,,(i) and a corrected line

intensity I,(i) (which can be directly related to the true abundance of element i) as
Tops(1) = f(S(E),))[L(i) * M(S(E), E) * P(E, 0, $,1)] (4.10)

where f (S(E),i) represents a function of the incident solar spectrum S(E) for element i
. P (E,0,0,i) includes cumulative effects of mean particle size and *’ represents convolu-

tion.
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4.4.4 Sensitivity of lunar XRF to the incident solar spectrum

X-rays from the quiet Sun arise from the hot coronal plasma. Compared to the 5500°K
temperature of the photosphere (where the emission peaks in visible), the solar corona
is at a million degree K. The mechanisms by which solar corona is heated to such a high
temperature is still an open question in solar physics. The x-ray emission from the Sun is
highly variable along the solar cycle (~ 11 year cycle). A sudden increase in solar x-ray
intensity, of the order of 10-10° times the quiescent, lasting minutes to hours is called
a solar flare. The number of solar flares increase with increase in solar activity. The
frequency of more intense solar flares also increase near solar maximum. Solar flares
occur at spatially small regions in the corona and evolve as the flare intensity increases.
For a detector like XSM, though we measure the x-ray spectrum from the whole solar

disk, it would be dominated by x-rays from the flaring region.

Depending on the intensity of the solar flare, they are classified as A, B, C, M or X where
an X class flare is 10° times stronger than an A class flare (logarithmic scale). There
are further subdivisions within each class ranging from A1l to A9 (for example A2 flare
is twice intense as A1). This classification is based on flux measured in the 3 - 12 keV
band by the Geostationary Operational Environmental Satellites (GOES) which have

been continuously monitoring solar x-ray flux from 1975 to date.

The quiescent solar x-ray spectrum can be modeled as emission from a hot single temper-
ature, optically thin plasma with coronal elemental abundances similar to photospheric.
During flares, it is observed that there are multi thermal components (ie, regions of
different temperatures) and often a non-thermal component which extends to several
hundred keV. Emission from a hot isothermal optically thin plasma as in the case of
Sun, has been modeled by several researchers in the past. The emission consists of a
bremsstrahlung continuum on which several line emissions are superposed. The line
emissions arise from ions excited by collisions with electrons (wherein the excited ion
decay spontaneously) whereas the bremsstrahlung arises from the interaction of free
electrons with the Coulomb field of the nucleus (free-free transition between two con-
tinuum states, as free-bound transition or a two photon process). Over a wide tempera-
ture range from 0.01 to 10 MK, the x-ray spectrum has several emission lines from the
partially ionized heavier trace elements. Doppler broadening of the spectral lines are
also observed. The intensity of emissions lines are dependent on the coronal elemental
abundances as well as the electron temperature (the distribution of electrons is assumed

to be Maxwellian).
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We carried out a preliminary study of the change in XRF line intensities from a sam-
ple of lunar composition when irradiated by different solar spectra, using simulations.
GEANT4 (Geometry and Tracking) is a Monte Carlo-based C++ simulation toolkit de-
veloped by CERN towards studying high energy particle and photon interactions in dif-
ferent media with an ability to examine energy loss processes and related parameters for
any given experimental set up. This toolkit is used to write a simulation code that de-
fines the lunar geometry, various terrain compositions, incident solar spectra represent-
ing different phases of flares and receiving geometry of C1XS. Geometry of the detector

arrangement and photon propagation directions are verified through visualization tools.

A slab of volume 50 km x 50 km x 10 m is constructed with a composition specific
to a lunar region. The full ground pixel of C1XS is 50 km x 50 km from a 100 km
altitude. The solar spectrum is assumed to be incident perpendicular to the slab. Low
energy processes are invoked under GEANT4 physics. The significant physical processes
in the energy range of interest are photoelectric effect (which leads to fluorescence) and
scattering. The scattered photons from the slab constitute the continuum in the lunar

soft x-ray emission spectrum. The geometry is shown in Figure 4.13.

For a realistic simulation of solar spectra, we have used data from the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI), launched on 5th Feb 2002 to study
solar flares at energies between 3 keV and 17 MeV. Spectral analysis was done for a
range of solar activity, from quiet sun to X2 class flares. Figure 4.14 shows the simulated
lunar XRF spectra from a slab of mare basalt composition for C1 and M2 class flares.
Figure 4.15 shows the variation in x-ray line strength with integrated solar flux. Our
results confirm in general, the sensitivity of the x-ray fluorescent line strength to the
incident solar spectrum. During the evolution of the C1 flare (~ 10 times increase in
flux from start of the flare to the peak), the relative fluorescent line strengths do not
vary significantly. This implies that at nominal C1 flares, if adequate signal strength
is not available from a typical ground pixel, addition of adjacent ground pixels maybe
carried out to derive a higher signal-to-noise ratio without significant impact from the
evolution of the incident solar spectrum. However, during a M2 flare, the solar flux
increases more than 100 times and the line strengths vary in proportion to the solar
flux (1-20 keV) (Figure 4.15). This arises largely due to the increasing contribution of
the non-thermal component to the total solar flux. Interestingly, for the same solar flux
level, the line strength of a given element is significantly larger for M2 than for C1. This
is because of differences in the solar spectrum- specifically changes in the non-thermal

component. Our solar spectral analysis showed that during M2, the spectral index of
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FIGURE 4.13: Geometry used in GEANT4 for XRF simulation

the non-thermal component ranged from 3 to 2, in contrast to the C1 flare, where the

power law index remained at ~5.

XRF line flux from low Z elements Mg, Al and Si are largely dependent upon the ther-
mal component in the solar spectrum while Ca, Ti and Fe are affected by the harder
non-thermal component. The simulated points corresponding to the highest integrated
flux represent a softer spectrum and yields lower flux values for high Z elements (Fig-
ure 4.15).

The necessity to address incident solar spectral sensitivity to observed x-ray line flux was
highlighted by many in the past. In earlier experiments, relatively modest energy res-
olution detectors such as proportional counters or flux from GOES were used to derive
elemental abundance. But higher resolution x-ray detectors like XSM can provide more

accurate solar spectral models to correct for the corresponding XRF line flux variation.
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FIGURE 4.14: Simulated lunar XRF spectrum during two levels of solar activity

4.5 Methods for conversion of XRF line intensity to elemental

abundance

4.5.1 Laboratory methods

The concept of ‘standard samples’ is used in laboratories to derive the wt% of the el-
ement under study (called the analyte) in an unknown sample. Standard samples of
known compositions covering a range of weight percentages of the analyte, is used to
determine the XRF line intensity from the analyte. Ideally, a plot of wt% of the analyte
against XRF line intensity from the standard specimens would be a straight line starting
at zero and this is called a ‘calibration curve’. If the XRF line intensity of the analyte in
the unknown sample is measured, its wt% can be derived from the calibration curve.
Matrix effects result in non-linear calibration curves. Particle size effects are removed by
specimen preparation. Controlled x-ray beams at pre-defined incident angles are used

in laboratories to excite the sample and hence such effects are also not unknowns.
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FIGURE 4.15: Variation in XRF line flux from the six major elements solar flux (inte-
grated from 1-20 keV). Deviations from linearity indicate that XRF line flux does not
just linearly increase with increase in incident solar flux.

Figure 4.16 shows a calibration curve using the XRF line intensities derived from the

GEANT4 simulation with a set of lunar sample compositions. Deviations from non-

linearity seen here are dues to matrix effects.

Matrix effects are tackled either by eliminating (diluting the sample) or measuring (us-

ing internal standards) the effect or by calculating the effect mathematically. There are

two main categories of mathematical methods:

e Fundamental parameter (FP) method: The XRF intensity is calculated using the

fundamental parameters of absorption co-efficients as described in section 4.4.

XRF line intensity from standard samples are calculated by FP method and cali-

bration curves are generated. A special case of this method is to use a pure sample

(ie 100% of the element) as the standard.
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FIGURE 4.16: Matrix effects in lunar samples (deviations from linearity are indicative
of matrix effects). The straight lines drawn represent a schematic calibration curve for

two of the elements Ca and Ti.

e Method of influence co-efficients: In this method, the matrix effects are calcu-

lated analytically or empirically and corrected for.

4.5.2 Remote sensing XRF experiments

For remote sensing measurements where there is no control over the geometry of ob-

servation, the incident spectrum or particle size in the sampled region, fundamental

parameter algorithms are employed to convert XRF line intensity to elemental wt%.

The Apollo 15 and 16 XRS experiments used solar x-ray flux from the Solrad 10 satellite

and constructed a two temperature model (based on the assumption of a stable corona

and an active spot) based on Tucker and Koren [ref]. Theoretical x-ray line intensities

were calculated using a fundamental parameter method for a set of known lunar compo-

sitions (from the samples brought by astronauts- called as ‘ground truths’). These were

then compared with the observed and the best match determined. A correction factor

which is a function of the solar flux hardness ratio (a measure of the spectral variation)
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is derived, which relates the observed and calculated line ratios. The Apollo experiments

using this method has mapped about 10% of the equatorial near side of the Moon.

More recent XRF experiments on NEAR ([Nittler, 2001], [Lim, 2009]) and Hayabusa
([Okada, 2006]) have also followed a similar strategy wherein two band solar flux from
GOES is used to model the solar spectrum with more advanced solar emission models
like CHIANTI ([Dere, 1997]).

The basic difficulty in all the earlier experiments has been the non-availability of a si-
multaneous solar spectrum with energy resolution good enough to accurately model the
emission lines in the solar spectrum. Particle size and geometrical effects are partially

eliminated by comparing ratios of line intensities to derive the best fit composition.

4.5.3 CI1XS approach

In the present work, fundamental parameter algorithm using the the x-ray fluorescence
equation as given by Shirawai and Fujino (1962) has been implemented as an IDL code
x2abundance (Athiray et al in preparation). The difference with earlier approaches is
that we first calculate analytically, the expected x-ray line flux for a matrix of elemental
concentrations covering a reasonably wide range (including Rayleigh scattering). The
calculated x-ray line flux is then compared with the observed using a chisquare mini-
mization algorithm. The best set of weight percentages are chosen as the one with the
minimum chisquare. Unlike other approaches where consistency with known elemental
weight % are addressed, this approach derives the best combination of weight % that
matches the observed x-ray line flux and known solar spectrum incident on the lunar
surface. This means that we do not start with any presumed lunar compositions but
arrive at the best values of weight % based on the observed x-ray line flux. A larger pa-
rameter space (in steps of 0.5 wt%) is searched in order to eliminate other local minima
and to establish a smooth convergence. Further details of the XRF code (x2abundance)

and its validation against laboratory samples are given in Athiray et al in preperation.
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4.6 Elemental abundance from the C3 flare analysis

4.6.1 XSM spectral analysis

The XSM spectra were fitted with a single temperature (vtherm_abund in OSPEX which
is a model based on CHIANTI [Dere, 1997]), varying the coronal abundance to obtain a
best fit for the intensity of emission lines in the spectrum. XSM resolves the lines in the
solar spectrum fairly well and hence has the capability to determine changes in coronal
abundance during the flare. A single temperature model seems to be sufficient to model
the 1-10 keV solar spectra for this flare and hence we did not take into account the
harder component that is present in many solar flares. Table 4.2 gives the spectral pa-
rameters (emission measure EM and plasma temperature T) derived for the XSM spectra
for the brighter part of the flare. Figure 4.17 shows the spectral fits and Figure 4.18 the

evolution of the temperature and emission measure.

TABLE 4.2: Solar spectral fit parameters (Lalita.S and S. Subramaniam, priv. commn).

Time (UTC) | EM (x 10* per cm?) T (keV)
07:13:05 0.17+0.005 1.154+0.02
07:13:37 0.224+0.002 1.12+0.006
07:14:09 0.20+£0.002 1.10+0.006
07:14:41 0.18+0.005 1.014+0.01
07:15:16 0.15+0.002 0.95+0.005

4.6.2 CI1XS elemental weight percentage

The solar spectral model (from the best fit to the solar spectra) was used as input to
the XRF code in order to calculate the lunar XRF intensities from five major elements
Mg, Al, Si, Ca and Fe for a stretch of 250 km x 50 km at 50 km spatial resolution. The
elemental abundance (weight%) obtained from the five brightest lunar ground pixels
for this intense part of the flare is given in Table 4.3. Figure 4.19 shows the variation in
elemental wt% across these five ground pixels along with the variation in XRF flux ratio.

Qualitatively, the wt% variation follows the trend in variation of flux ratio.
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FIGURE 4.17: Fit to one of the XSM solar spectra, Lines from ionised S, Ca and Fe can
be seen above the continuum.

TABLE 4.3: Derived elemental wt %

Time (UTC) | Mg Al Si Ca Fe
07:13:06 5+1.5 19 +1 20+1 7£1.5 | 4.0+0.5
07:13:39 5+1.5| 17 £1.5 194+0.5 71 6.0+1.5
07:14:11 6+0.5 | 15.5+1 | 23.5+0.5 | 7.54+0.5 | 2.5£1.5
07:14:43 6+0.5 | 15.5+£0.5 2241 7+0.5 | 5.0£1.5
07:15:16 44+0.5 | 16 £0.5 21+1.5 6+0.5 | 7.0£1.5
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FIGURE 4.18: Solar spectral evolution corresponding to the five pixels analyzed
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4.7 Summary

In this chapter, we have described the methodology for the analysis of C1XS XRF data.
The variation in background spectra under nominal conditions and during geotail passes
was studied. It is found that during geotail passes, the background in C1XS increases
significantly and the particles induce characteristic x-ray emission from the Al filter. We
have analyzed lunar x-ray spectra measured by C1XS during a C3 flare while C1XS was
in the geotail. The pre-flare spectra were studied to estimate contamination by the PIXE
induced Al line and it is found that there is no measurable PIXE effect during the time

of the flare.

X-ray line flux from the observed fluorescence of the major elements is determined
through spectral analysis. The solar spectra obtained simultaneously with XSM is also
modeled. The elemental abundance from the five major elements Mg, Al, Si, Ca and
Fe for five 50 km x 50 km ground pixels has been derived from this analysis. C1XS has
for the first time provided a direct estimate of elemental abundance from Ca through
remote sensing. The chemistry of the sampled region and its geological context are

discussed in the next chapter.
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Summary

We have for the first time simultaneously measured lunar x-ray fluorescence from the
major elements Mg, Al, Si, Ca and Fe and estimated their abundance. The region
mapped, lies between ~ 32°S and 26°S latitude at ~ 8.5 °W longitude in the highlands.
There are no returned samples from this region of the Moon. The closest in composi-
tion are samples from the Apollo 16 landing site (9 °S and 15.5°E) which is considered
to closely represent highlands. There are earlier measurements of this region with the
Lunar Prospector (LP) gamma ray spectrometer at scales of 150 km, but except for iron,
are indirect. Other major elements have been mapped indirectly based on known cor-
relations from ground truths. In this chapter, we compare C1XS derived compositions
to these data and bring out the possible reasons for the observed differences. We report
on the unique composition that C1XS measures, which could be indicative of a lithology

rarer in the lunar samples.

5.1 Lunar chemistry from C1XS: results from the C3 flare

The lunar crust is thought of have formed as a result of crystallization from a magma
ocean during the early phase of lunar evolution. Though covered with a thick regolith of
~ 5-10 m, the highlands are representative of the composition of the underlying crust.
They cover more than 80% of the lunar surface and is dominated by the silicate mineral
plagioclase feldspar ((Ca,Na,K) Al,Si»Og). Plagioclase feldspar can have compositions
anywhere inbetween the end members CaAl,Si>Og (anorthite) and NaAlSi3Og (albite).

111
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FIGURE 5.1: Geology of the region sampled during the 5 July 2009 C3 flare. C1XS
footprints are marked in green (zoomed view in the inset)

Lunar samples show that most lunar plagioclase feldspars occur at intermediate compo-
sitions between anorthite and albite where the albite content is always much lesser than

anorthite when compared to terrestrial feldpars.

There exist certain correlations between the major elements in the lunar rocks arising
from the comparatively narrow range of minerals found there (less than a 100 variety
of minerals as compared to more than 4000 on Earth). Al almost exclusively occurs in
the mineral plagioclase whereas Mg and Fe in the mafic minerals pyroxene and olivine.

Ca occurs both in plagioclase and clinopyroxene and Ti in ilmenite.
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The region sampled during the C3 flare (5 July 2009) lies on the southern nearside high-
lands of the Moon (~ 32°S and 26°S at ~ 8.5°W). C1XS FOV footprints during this time
are plotted on the Clementine albedo map (750 nm) in Figure 5.1. The last two pixels
(pixels 4 and 5 in Figure 5.1) cover the bright rays from the crater Tycho, one of the
youngest (0.1 giga years) craters on the lunar surface. The ejecta has a higher albedo
when compared to the surroundings suggesting compositional differences from the sur-
rounding material. Global elemental maps from Lunar Prospector gamma ray data at
scales of 150 km [Prettyman et al, 2006], show little compositional heterogeneity in this
area. Very recently, thermal emission maps from the Diviner radiometer on LRO show
that Tycho ejecta has a very distinct thermal reflectance with respect to the surrounding

materials [Greenhagen, 2010].

Figure 5.2, Figure 5.3 and Figure 5.4 show the variation in abundance for Mg, Al, Si,
Ca and Fe across the five pixels. Mg and Ca remains fairly uniform while Fe shows the

largest variation (4- 8 %). The ejecta in Tycho’s rays has a Mg# of 40.

C1XS elemental weight percentages provide a unique new data set for this geological
region from where we do not have any lunar samples. The only other compositional
information of the area is from the LP gamma ray data in which apart from Fe abundance
all other elemental abundances are derived based on correlations that have been found
to exist in lunar samples. On the other hand, C1XS data provide a direct estimation of

the major element geochemistry.

Published literature on chemistry of lunar samples are almost always expressed as oxide
wt percentages. Hence we have converted the derived elemental wt% to oxide wt% for

comparison. The abundance in terms of oxide% (weight % in oxide) is given by

l.wt
oxide% = element% x mo v (5.1
atomic.wt X N,

where element% is the abundance in elemental wt%, mol.wt is molecular weight (cal-
culated as the sum of the atomic weights weighted by the number of constituent atoms
(No)). The oxide wt% derived from C1XS measurements are plotted along with compo-
sitions from 70 lunar samples (http://www.lpi.usra.edu/lunar/samples/) and Lu-

nar Prospector gamma ray data (150 km ground pixels).

There are some general trends seen in lunar samples as shown in Figure 5.5. As Al
increases (ie increase in plagioclase), Fe decreases because of the decrease in mafic

minerals. Mg in the mare regions do not correlate with Al whereas a negative correlation
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FIGURE 5.2: C1XS elemental maps (Mg,Al) overlayed on Clementine albedo map (750
nm)
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FIGURE 5.3: C1XS elemental map (Si) overlayed on Clementine albedo map (750 nm)

exists for the highlands. Ca similarly show a stronger positive correlation with Al in
highlands.

The high Al abundance derived from C1XS data, indicates the composition of a highland
terrain. Mg+ in the five pixels are in the range 45 to 70 typical of ferroan anorthosites.
But the compositions derived here (Figure 5.5) are distinctly different from the existing
data on lunar compositions. Mg and Fe are higher than that typically found in high Al
samples indicating a higher contribution from mafic minerals. The major deviation seem
to be in the Al-Ca correlation (lower left plot in Figure 5.5) which exists because both
elements occur in the mineral plagioclase. C1XS derived compositions have a higher
Al/Ca ratio than in the available lunar highland samples (Apollo 16 samples and felds-

pathic meteorites).

We list out below the possible scenarios which can explain the observed C1XS com-
position as being deviant from that of known lunar highland samples. We begin by

addressing potential limitations in the analysis.

e Analysis
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FIGURE 5.4: C1XS elemental maps (Ca, Fe) overlayed on Clementine albedo map (750
nm)
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FIGURE 5.5: Compositions derived from C1XS plotted along with lunar samples (70
returned samples from the Apollo and Luna missions and lunar meteorites)

— Limitations in the spectral re-distribution function and deviation in the
detection efficiency:
The spectral re-distribution function (SRF) of the SCDs has been sparsely
sampled. To derive the full instrument response across the full energy range,
it was interpolated for the 2.3 to 8 keV energy range. Three independent
data sources were used to validate the SRE The shape of the 2-10 keV contin-
uum in ground calibration data, the four x-ray lines from the on-board Fe-55
sources and the observation of the cosmic x-ray background (CXB) emission
(when the spacecraft was turned to observe Earth during solar eclipse) could
be fitted well with the standard SRF models, showing that the interpolation

has not produced any artifacts in the data.

Observation of the CXB emission and reproduction of the well measured spec-

trum provides another approach to validate the analysis set up (Appendix A).
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FIGURE 5.6: Cosmic x-ray background spectrum measured in C1XS fitted with a stan-
dard CXB model [Kushino, 2002] (hot diffuse gas emission and power law + Gaussian

line at 2.9 keV arising from the fluorescence from Earth’s atmosphere)

Difficulties with gain estimation for the CXB spectra, prevent us from adding
the SCDs together for this observation. Therefore we used a single SCD spec-
trum added over time for the whole observation interval. This did not pro-
vide adequate statistics to further constrain uncertainties in the detection ef-
ficiency determined on ground. However, these measurements provided the
necessary confidence that there are no detector artifacts which would en-
hance the measured Al line flux from the lunar surface. Even if the detection
efficiency has small uncertainties, since the overall continuum fit is satisfac-
tory, this deviation would only be in terms of scaling the detection efficiency

up or down and hence should not affect flux ratios.

In the 1-2.3 keV range, the SCD response is assumed to be a Gaussian with
the associated photopeak efficiency. The split events (expected to be small at
low energies as the charge cloud radius is smaller and closer to the buried
channel) that may exist at these energies have been modeled as part of the
continuum in the spectral analysis and hence should not affect x-ray line flux

determination.

— Contribution from Particle Induced X-ray Emission (PIXE) from the Al

filter on C1XS:
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Here we address if the observed Al line emission has significant contribu-
tion from background processes like PIXE. PIXE from the 4000 A thick filter
on C1XS (used to block optical light) has been observed during terminator
crossings of geotail passes where particle flux are expected to be higher. We
have shown in chapter 4 that PIXE produced Al line for this observation pe-
riod is 20 minutes before the flare observations and hence would not affect
the Al x-ray line flux from the Moon. However the whole day being a period
of enhanced solar activity, it is possible that the charged particle environ-
ment is very dynamic during this observation period. Although there is no
evidence for an enhanced particle flux from the radiation monitor data on
Chandrayaan-1 (whose energy range is above 800 keV), we cannot conclude
that such an enhancement has not occurred. However, the induced x-ray line
flux from the Al filter in the pre-flare times is only 1.3% of the Al x-ray line
flux from the Moon. A PIXE contribution of more than 15% (nearly 10 times
stronger) to the Al line from the Moon would be required to lower the Al

abundance to match typical highland composition.

- Contribution from XRF from the Al filter:
Al photons can be induced by XRF from the filter, as the lunar XRF photons
interact with it. However XRF line from the Al filter has not been observed in
any of the RESIK calibration runs and hence should be at a negligible level.
- Uncertainities in the conversion of x-ray line flux to elemental wt per-
centage:
We follow a standard approach based on the fundamental parameter algo-
rithm to derive the elemental wt% and the code has been validated with lab-
oratory samples with known compositions. Although, the effects of non ho-
mogenous mixtures and particle sizes on derived compositions have to been
investigated here, earlier work suggest that the contribution from such effects
while dealing with XRF line ratios cannot account for the large deviation in

composition derived here.

So in conclusion, no convincing evidence exist to suggest the anomalous composi-

tion has arisen from improper analysis or limitations in the data processing.
e The compositional differences are inherent to the Moon

- Unusual compositions:
it is generally believed that lunar highlands are mainly composed of plagio-

clase feldspar with lower amounts of the mafic minerals. Plagioclase in lunar
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samples have been found to have an anorthite content (defined as %jffvi‘z%)
as high as Angg with the average highlands estimated to be Angs. Lower
anorthite content (as low as Anyq) plagioclase grains (and hence higher al-
bite) have been found in lunar samples but is much rarer. Remote sensing
measurements through which global lunar mineralogy has been studied, can-
not identify the anorthite content unless the plagioclase is of the purest form
(greater than Angg). Pure crystalline anorthosite (PAN) rocks distributed
globally have been revealed by the Kaguya multi band imager [Ohtake et
al, 2009] recently but surprisingly has never been identified in lunar sam-
ples. These PAN rocks have been identified from a weak absorption feature
at 1.3 ym arising from trace amounts of Fe>t incorporated into the mineral
structure. This feature disappears if the material is shocked (by impacts).
The band center position changes depending on the An content allowing its
quantification [Cheek, 2009]. The majority of plagioclase on the Moon oth-
erwise is identified by a featureless IR spectrum which does not reveal the An

content.

Recent observations by the Diviner radiometer on LRO which has three IR
channels near 8 ym to measure the Christiansen feature (CF), has revealed
regions where the band center shifts beyond their estimated range for the pla-
gioclase, suggestive of the possible existence of higher amounts of albite (or
sodic plagioclase) [Greenhagen, 2010]. Relevant to this context is also the
fact that the lunar atmosphere is visible in sodium and potassium from Earth
(neutral atoms sputtered from the surface) while only upper limits could be
obtained for other much more abundant species [Potter and Morgan, 1988b].
The source of the neutral sodium atoms and rate of replenishment to the at-
mosphere is under debate but still this could be indicative of a higher sodium

content in the lunar surface than we know today.

We suggest the possibility that C1XS could be revealing much larger regions
of low An than previously thought of. This would explain the largest of the
discrepancies that is shown in the Al and Ca correlation. Higher albite con-
tent would mean that Ca is being replaced by Na resulting in higher Al/Ca
ratios than in lunar samples. The fact that PAN rocks identified remotely has
never been found in lunar samples also opens up the possibility of yet to be

discovered compositions.

- Compositional layering of the regolith:
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FIGURE 5.7: Depth from which the major elements are sampled (calculated for plagio-
clase).

The technique of x-ray remote sensing samples the very upper layer of the lu-
nar regolith. The depth sampled depends upon the XRF photon energy (and
hence the element), composition and density of the material. Assuming a
density of 1.8 g/cm? and pure plagioclase feldspar, Figure 5.7 illustrates the
different sampling depths from which the major elements in 1-10 keV are
being sampled from. Al is being sampled from a region lesser than 20 ym
whereas Ca is sampled up to a depth of 90 um. If the plagioclase grains are
restricted to the upper 20 ym and the Ca we measure is from more mafic
materials deeper within, Ca could be lower with respect to Al. Another pos-
sibility is that the lower layer is more sodic than the upper 20 ym and hence

results in the derived lower calcium.

— The less than 20 um fraction of the lunar regolith has been found to have
a composition richer in plagioclase, particularly Al and Na [Marvin, 1983],
[Korotev, 1976], [Korotev, 1981]. If the bulk of the upper layer consists of
this fine fraction, x-ray remote sensing would find a composition different
from bulk composition of lunar samples. The lunar samples returned have

always been collected as scoops and rock pieces. Even the core tubes intended
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FIGURE 5.8: Lack of correlation between Al,O3 and Na,O suggestive of a different
carrier for Na

to study stratification in the regolith have been compressed while the core
tubes were hammered in and retrieved. Thus we do not know the possible
layering in the upper tens of micron of the regolith. Processes like levitation
known to occur during geotail passes would kick up the fine particles from
the regolith which could settle down as a veneer and thus have a composition
different from the bulk. The sputtering of sodium atoms preferentially from

the lunar surface [Stern, 1999] could also be because of this layering.

- A different carrier for sodium:
If sodium replaces calcium in plagioclase feldspar there would exist a corre-
lation between Al and Na and anti-correlation between Ca and Na. However,
no such correlations (Figure 5.8) have been observed in lunar samples sug-
gesting an altogether different carrier (other than plagioclase) of sodium in

the lunar regolith.

The above discussion lends strong support to the conclusion that the observed ‘non-
standard’ Al/Ca ratio is not an ‘experimental/analysis artifact ’ and can be explained in

many ways based on lunar surface composition and/or top layer stratigraphy.

5.2 A lunar XRF experiment for the future

C1XS has provided a new unique data set for major elemental geochemistry of the lunar

surface. In addition, several of the minor elements have also been detected suggesting
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TABLE 5.1: CLASS! specifications %

Parameter CLASS! C1XS Remarks
Ground pixel 12 km x 12 km | 25 km x 25 km At the spacecraft
altitude of 100 km
Field of view 14°x14 ° 28°x28° At the spacecraft
altitude of 100 km
Detector SCD (CCD-236) | SCD (CCD-54) e2V technologies Ltd
Geometric area 4 cm? 1 cm? Single unit with
a single output signal
No:of units 24 24
Total geometric area 96 cm? 24 cm?
Energy range 0.8-10 keV 1-10 keV 0.8 keV for Na line detection
Minimum detectable flux 0.007 0.015 5 o sensitivity for Si

for 16 s integration

the potential to derive minor elemental abundances as well with an XRF experiment.
However the low solar activity and limited sensitivity of C1XS has allowed only ~ 4%
coverage of the lunar surface. Given the uniqueness of an XRF experiment and com-
plimentary nature to mineralogy, global chemical mapping of the Moon still remains an

essential data set.

We propose an XRF experiment for the future in order to derive global major elemental
chemistry of the lunar surface with an instrument with higher sensitivity. The experi-
ment named CLASS! consists of 24 large area swept charge devices (CCD-236) recently
developed by e2V technologies 1td, UK. Each of these detectors are of 4 cm? area, pro-
viding a total geometric area of 96 cm?, which is four times that of C1XS. This would
enable us to sample the lunar surface at a spatial resolution of ~12 km from a 100
km altitude lunar orbit. The larger area also provides greater sensitivity enabling mea-
surements even during quiet sun conditions thus enabling global coverage (ensures less
dependency on an unpredictable active Sun). Table 5.1 lists the changes in CLASS! from
C1XS.

The science objectives broadly remain the same as for C1XS, with the additional require-
ment to measure sodium abundance. Sodium line is not visible in gamma ray energies
and thus can be measured only through x-ray remote sensing. Many of the ambiguities
we described in the earlier section can be resolved if the sensitivity at 1 keV is adequate
to measure XRF from Na. There are several lessons learned from C1XS of which we

would improve upon the following areas:
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e Sensitivity of the instrument:

signal

W) . The minimum

Sensitivity is a measure of the signal to noise ratio (

detectable flux F,,;, in terms of photons/cm?/s given a background flux can be

calculated as follows (converting the signal counts to photon flux as p}ﬁ%m). If S
is the detection level in terms of o, ¢(E) is the detection efficiency at energy E, B(E)
is the background flux in photons/cm?/s in the energy band JE, A is the geometric

area of the detector and T is the exposure time.

S [eB(E)

At the energy of the silicon line, F,,;, for 50 detection in C1XS, from the above

equation can be calculated to be 0.008 photons/cm?/s for an exposure time of 32 s.
This corresponds to a solar activity at the level of ~ A3 flare. Though this is better
than any XRF experiments flown in the past, the solar activity being exceptionally
low during C1XS observations, only less than 4% of the Moon has been covered
(considering the coverage only during solar flare times where lunar XRF signals

are detectable) as shown in Figure 5.9.

e Calibration:
In order to achieve the primary objective of deriving elemental abundance, deter-
mination of absolute x-ray line flux is critical. The SRF has to be sampled in the
whole range from 1 to 10 keV and absolute detection efficiency derived. The effi-
ciency close to absorption edges need to be sampled finely as the 1 to 2 keV range
is absolutely critical in XRF experiments with the three easily detectable elements

in this energy range.

On-board calibration with Fe-55 sources was meant only for energy-channel cal-
ibration and a measure of energy resolution. However gain is very sensitive to
temperature and the Fe-55 spectra taken with the door closed, provided gain at
temperatures lesser than -10°C which could not be used for lunar XRF measure-
ments with the door open. The gain was thus always derived by calibrating with

the observed XRF lines from the lunar surface.

We propose to study the dependence of gain with temperature in more detail for
CLASS!. It is also essential to measure the temperature of the SCDs accurately in
order to make use of the temperature dependent gain derived on ground. There-
fore we propose to have a temperature sensor each for every SCD as against two at
each ends of the 4 (rows) x 6 (columns) C1XS-SCD array (one each at the middle
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FIGURE 5.9: C1XS footprints during periods of solar activity where there are XRF mea-
surements overlayed on Clementine albedo map (750 nm)

of the columns at either end; there was a temperature difference of ~ 3°C between
the two ends and hence we could not estimate individual SCD temperatures accu-

rately).

e X-ray line flux to elemental wt%:
Effects of particle size and inhomogeneous mixtures are two areas which have not
been studied very well in the past and have to be investigated in order to interpret

the data better.

e Low energy threshold for the solar monitor down to 1 keV:
The low energy threshold of the solar monitor has to be down to 1 keV to estimate
Na abundance as well. Ionised lines of Mg in the solar coronal spectrum near 1
keV has to be modeled accurately for deriving Na abundance. it is also essential to
model the scattered solar x-rays which are pre-dominant at the weaker XRF line

energy of 1 keV of sodium
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5.3 Summary

In this chapter we have presented the compositions derived from C1XS data for a re-
gion on the central nearside highlands. The compositions derived are distinct from
lunar compositions in the returned samples. We have discussed the various scenarios
(indigenous to the Moon as well as in the analysis methods) that would lead to such
a composition. We have also describe a future lunar XRF experiment with improved

capabilities which would enable measurement of global lunar geochemistry.

In this thesis work we have described the detailed calibration of the XRF experiment
C1XS on Chandrayaan-1, analyzed XRF spectra obtained during the brightest solar flare
that occurred and presented the first results from C1XS. The work in this thesis brings
out the necessity of lunar geochemistry and its feasibility through a well calibrated XRF

experiment.
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On-board calibration with the

Cosmic X-ray Background

Chandrayaan-1 spacecraft was turned away from the Moon for observing the Earth dur-
ing the total solar eclipse on 22 July 2009. We used this opportunity to measure the
Cosmic X-ray Background (CXB) for C1XS calibration.

A.1 Observations and analysis

The spacecraft started the slew at 01.45:14 UT on 22 July 2009. During the two hour
observations, C1XS went into the resting mode (see section 2.5) of operation because of
increase in detector temperature. Thus C1XS measurements of the CXB span a period
of only 25.6 minutes, from 02:48:02 UT to 03:13:44 UT. These spectra were added in
time for all SCDs. The resultant spectra were analyzed for each SCD. A set of spectra
before the slew began and when the SCDs were approximately at the same temperature
as during the time of CXB observations, were added and used as background spectrum

(separate for each SCD).

Cosmic X-ray background in the 1-10 keV band has been studied by several X-ray ob-
servatories in the past [Marshall et al, 1980], [Parmar et al, 1999], [Hasinger, 1983],
[Moretti et al, 2009], [Gilli et al, 2007]. A large part of the cosmic x-ray background
can be resolved into point sources. But since C1XS has a field of view with an opening
angle of £14.3 degrees and no imaging capability, it measures all the sources in the field

of view without being able to separate out the point source contribution. Thus the soft

127
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X-ray spectrum observed in C1XS after removing the instrumental background consists

of the following components.

S(E) = Cosmic X-ray background (Scxp) + point sources in the FOV + contribution

from Earth’s atmosphere.

To determine any possible corrections to the C1XS detection efficiency derived on-
ground, we should be able to model all the three components and then compare the
CXB component to a standard model. Since C1XS cannot resolve the point sources, a
model including the contribution from all sources in the field of view is required. Pub-
lished literature on CXB spectrum with high resolution instruments in CHANDRA and
XMM (where more than 60% of the CXB is resolved as point sources) were thus not
appropriate for C1XS. We adopted the analytical model to the CXB spectrum suggested
by Kushino et al [Kushino, 2002] based on ASCA (Advanced Satellite for Cosmology and
Astrophysics) survey of the x-ray sky in 91 fields. The 2-10 keV spectrum is modelled as
a power law with an index of 1.4£0.008 and the 0.7-2 keV with a model of the emission
spectrum from a hot diffuse gas (MEKAL in XSPEC) including emission lines. The plasma
temperature of the diffuse gas they determine is 0.39+0.03 keV and normalization 4.09

photons/cm?/s/steradian.

Scxp = MEKAL model in XSPEC + 9.66 E~ 14

where Scx p is in units of photons/cm?/s/steradian.

The contribution from Earth’s disk for this wide FOV (Earth disk is 0.0092% of FOV)
is negligible and hence has not been taken into account. However there is a faint line
at 2.9 keV in the spectra which arises from x-ray fluorescence from argon in Earth’s

atmosphere. This has been used as an additional component in the model.

The H1 column density for a 14 degree diameter cone centered at the pointing (Galactic
co-ordinates: 201.98° and 25.27°) during this observation was estimated from the web
based tool (http://heasarc.gsfc.nasa.gov/). The NH value estimated is 6.4 x 10%°
atoms/cm?. The spectral fits thus used a model convolved with the XSPEC model wabs
(gives the photoelectric absorption in a column of H atoms). All parameters except

normalization of S¢x g were kept fixed for the spectral fit.


http://heasarc.gsfc.nasa.gov/
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data and folded model
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FIGURE A.1: Cosmic x-ray background spectrum measured in C1XS fitted with a stan-
dard CXB model [Kushino, 2002] (hot diffuse gas emission and power law + Gaussian
line at 2.9 keV arising from the fluorescence from Earth’s atmosphere)

C1XS solid angle can be calculated as follows and gives a value of 0.195 sr.

o 0.25
Q= / qu/ sin0do (A.1)
0 0

where @ varies from 0 to 14.3° (0.25 sr) and ¢ varies from O to 27 in cylindrical co-

ordinates.
Scxp = (N; E714 + Gaussian line at 2.9 keV) x wabs + MEKAL

We froze all the parameters except for the normalization of MEKAL and the power law.
The background subtracted CXB spectrum has a count rate of only 0.3 counts/s/SCD.
We could not add the spectra from all SCDs as the gain correction corresponding to the
measured temperature did not work out well as for lunar spectra. We believe this is
because the temperature distribution across the instrument would have been different
as it turned away from the Moon. Figure A.1 shows the spectrum from one of the SCDs
fitted with the above model. The normalization for the power law from the fit is 0.9 +
0.1 which is close to 0.937 4 0.007 given in Kushino et al. But because of the large errors
derived from our analysis, we are unable to better the efficiency values any further than

from ground calibration.
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A.2 Conclusions

The CXB spectrum could be fit with a standard model and do not show any features in
the residuals from which we conclude that the response matrix generated for C1XS is
able to de-convolve the spectrum well. The strength of the CXB spectrum in 1-10 keV as
given by the normalization of the model components, closely match the average value

derived by Kushino et al from ASCA sky survey.
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