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ABSTRACT 

EMPIRICAL INVESTIGATIONS OF COMPTON AND RAYLEIGH 

SCATTERING IN APXS SPECTRA 

May Lee Advisor: 

University of Guelph, 2010 Professor Ralf Gellert 

Compton and Rayleigh scattering peaks can be used to quantify the content of low 

atomic number elements that do not generate detectable characteristic peaks in an 

X-ray spectrum. Here, this method is used for quantifying water content in spectra 

obtained by the Alpha-particle X-ray spectrometers (APXS) on the Mars Exploration 

Rovers(MER). 

As part of the analysis, a Monte Carlo simulation program is needed to determine the 

Compton to Rayleigh scattering (C/R) ratio based on sample content. Improvements 

were made to this simulation program and the new version was used to determine 

the most important parameters that influence the C/R ratio. Analyzing spectra from 

MERB, the Endurance Crater and Victoria Crater region were estimated to have 

13±4% and 18±4% water repectively. A new extrapolation method was also devel

oped that reduces the number of simulations required to arrive at a water estimate 

for any given MER spectrum. 
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Chapter 1 

Introduction 

1.1 The Rovers and their Spectrometers 

In mid 2003 the Mars Exploration Rovers (MER) were launched to explore the geology 

and to search for evidence of water, a prerequisite to life, on the Red Planet. The two 

Rovers, Spirit (MERA) and Opportunity (MERB) are each equipped with, among 

several other instruments, an Alpha Particle X-ray Spectrometer (APXS) [1]. X-ray 

spectra taken by the Rovers are transmitted back for analysis, from which it is possible 

to extract soil composition information. The presence of salt forming elements on the 

surface could point to the possibility of surface water in the past. 

The APXS on MER is an X-ray backscattering spectrometer consisting of 6 ra

dioactive 244Cm sources surrounding a single detector. Figure 1.1 shows a simplified 

schematic drawing of the spectrometer. 244Cm decays into 240Pu, emitting an a par

ticle in the process. The daughter 240Pu provides a number of X-ray lines, the main 

ones having energies of 14.08 keV and 14.28 keV. The APXS therefore, makes use 

of both Particle Induced X-ray Emission (PIXE) and X-ray Fluorescence (XRF) to 

generate a spectrum [1]. PIXE is better at exciting lower atomic number elements 

whereas XRF is better at exciting higher atomic number elements. Between the 
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Figure 1.1: Schematic front and cross-sectional views of the APXS. The radioactive 
sources are shaded in gray. The cross-sectional view on the right is taken along the 
dotted line. 

two excitation mechanisms the APXS has good sensitivity to elements ranging from 

atomic number 11 (sodium) to 35 (bromine) [2]. In 2011, the Mars Science Labora

tory (MSL) will carry a similar but improved version of the APXS. The MSL APXS 

has 3 6mm-diameter open sources (which emit both a particles and X-rays) and 3 

4mm-diameter closed sources that emits only X-rays (no a particle). The two kinds 

of sources are alternately arranged in a circle around the detector. The APXS on 

MER has an energy range of 0.5 to 15 keV while the new APXS intended for MSL 

has an extended energy range from 0.5 to 21 keV [3]. 

In this thesis, the ratio of the Compton to Rayleigh peak counts will be used 

to generate estimates of water content in samples. In particular, the focus of this 

thesis will be on the Compton and Rayleigh peaks of the MER spectrometer's main 

Lai(14.282 keV) and La2(14.087 keV) lines. In all the simulated results that will be 

presented, the photon energy was taken to be 14.26 keV, the probability weighted 

average of the La i and La2 energy. 

1.2 Spectra Analysis 

Sodium is the lowest atomic number element with a characteristic peak detectable 

in both versions of the APXS. This is because the energies of characteristic X-rays 

of elements decrease with atomic number and lower energy X-rays suffer greater 
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attenuation as they travel from the sample to the detector. On Mars, attenuation 

through the atmosphere, detector window, and a nitrogen layer behind the detector 

window reduces any characteristic X-ray from elements below sodium to undetectable 

levels. Therefore, the presence of water (H2O, or excess oxygen whose cross-section 

is larger) cannot be deduced directly from the characteristic peaks as per the usual 

X-ray analysis practice for other higher atomic number compounds. 

Despite their lack of characteristic peaks in the APXS spectrum, low atomic num

ber elements do contribute to the Compton and Rayleigh scatter peaks which can 

be used to estimate the amount of low atomic number elements in the sample. The 

analysis of the Compton and Rayleigh peaks for this purpose is not a new concept; its 

application can be found in industries for analyzing low atomic number compounds 

such as industrial oils [4]. In this method, one must determine the sample composition 

through the fitting of characteristic peaks. Knowing that some of the elements ob

served in the spectrum tend to exist in oxide forms in nature, we add the appropriate 

amount of oxygen to the overall composition based on mineralogical knowledge. This 

concentration derived from observable peaks and their corresponding oxide oxygen 

content will be referred to as the 'dry composition'. Based on the dry composition, 

the ratio of Compton to Rayleigh scattering (C/R) can be determined. In the ideal 

case the dry composition ratio should match the experimental ratio from the exper

imental spectrum; if this is not the case, then it can be inferred that the sample 

contains low atomic number elements not seen in the characteristic peaks. One then 

makes a guess of the identity and quantity of the 'invisible' compound, add it to the 

dry composition and determine the C/R for the new mixture. Through an iterative 

process of guess-and-check, a correct estimate of the invisible compound is found 

when the C/R for the mixture matches the experimental C/R. [5] 

Although we cannot discriminate definitively between water and other low atomic 

number compounds solely through the examination of the Compton and Rayleigh 
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peaks, water is the most likely 'invisible' compound on Mars based on geological 

evidence from other instruments on the Rovers. For example, the high concentration 

of elements that tend to form water soluble salts suggests that they were deposited 

there through the evaporation of water, traces of which may still be in the soil as ice 

or in structurally bound forms. 

A major part of the water analysis process outlined above is the determination 

of the C/R scattering ratio, which is the focus of this work. Although the scattering 

ratio may be approximated analytically, it is not a practical option for the APXS due 

to the ill defined source-sample-detector geometry. Alternatively, numerical Monte 

Carlo simulation will be used to determine C/R in this work. 

1.3 Motivation 

A robust and reliable simulation program for determining the C/R ratio is essential 

to extracting quantitative evidence of water from the APXS spectra. There is also a 

need to streamline the analysis to obtain water estimates in a more timely manner. 

Simulation can also provide details of the scattering process that are not attainable 

through physical experiment, for example, the angle of photon entry into detector and 

energy distribution by scattering angle. Such insights will aid in the development of 

spectra fitting programs and spectrometer design. 

The next chapter describes the possible photon interactions in the sample and 

provides some background information on scattering theory. The simulation program 

for determining the scattering ratio will be examined in chapter 3 with details on 

recent improvements to the program. The consequences of these changes will be 

discussed in chapter 4 along with result from analyses using the new program. Finally, 

chapter 5 will summarize the findings and suggests further work that extends from 

this investigation. 
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Chapter 2 

Photon Interactions in Sample 

There are a number of interactions that a photon can have with matter but three in

teractions dominate in the 104 eV energy range that the APXS operates at: Compton 

scattering, Rayleigh scattering and the photoelectric effect. This section will cover 

the basic theory behind each of the three. 

2.1 Rayleigh Scattering 

Elastic scattering is a major interaction process at low photon energies [6]. This 

occurs when incident electromagnetic radiation causes an atomic electron to vibrate 

at the frequency of the incident wave. The electron, behavingdike an electric dipole, 

de-excites by radiating electromagnetic energy which appears as scattered radiation. 

There is virtually no loss in energy since the electron is sufficiently bound such that 

the momentum of the incident photon is absorbed by the atom as a whole. Essentially, 

the entire atom participates in this interaction. 

For unpolarized radiation, the elastic (Thomson) scattering differential cross-

section is 
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Figure 2.1: Polar plot of the Thomson cross-section (equation (2.1)) 

where re is the classical electron radius and 6 is the scattering angle. A polar plot of 

the Thomson distribution is shown in figure 2.1. A comparison between the Thomson 

cross-section with the Klein-Nishina cross-section for Compton scattering is shown 

later in this chapter in figure 2.4. 

Going one step further, if we account for the combined effects of all the electrons 

in the atom then the process is known as Rayleigh scattering, with cross-section 

da 
-(l + cos20)|F(x,Z)|5 (2.2) 

where F(x, Z) is the atomic form factor, the Fourier transform of the electronic 

distribution around the scattering atom. Here, x is defined as 

x 
in(f) sm 

A 
(2.3) 

where Z is the atomic number and A is the ingoing photon wavelength. For the 

Marsgeom program the Hartree-Fock relativistic tabulation from reference [7] is used. 

The choice of form factor database is discussed further in section 2.3. 
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after scattering(&) 

before scattering ^ < ^ 

Figure 2.2: A photon Compton scatters from an electron at angle 6 while the the 
electron recoils at angle <f> 

The values of form factors ranges from Z for x = 0 to 0 when x —> oo. In the 

x range that is most revelant for the APXS, the form factor reduces the size the 

Rayleigh cross-section. 

2.2 Compton Scattering 

In Compton scattering, the incident photon loses energy in the interaction and emerges 

with a new energy E' that is less than the original energy EQ. Figure 2.2 is an illus

tration of the Compton scattering process. An incident photon collides with a free 

and stationary electron scattering off at an angle 6 while the electron recoils at an 

angle <f>, from the photon's original path. Applying the conservation of energy and 

momentum, it can be shown (see appendix A) that 

E' = l + ^ l - c o s C ) ( 2 ' 4 ) 

where me is the rest mass of the electron. The change in energy depends only on the 

scattering angle 6. By observation of equation (2.4), backscattering leads to maximum 

energy loss while the opposite is true for forward scattering. Equation (2.4) can be 

written in terms of the change in wavelength (AA) through the relationship E — 4p 
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(h being Planck's constant). Doing so gives the Compton shift formula 

AA = - ^ s i n 2 ( f ] (2.5) 
mec

2 \2J y ' 

While the Compton shift formula relates the scattering angle to change in wave

length (and therefore, energy), the Klein-Nishina formula governs the likelihood of 

Compton scattering per solid angle. 

(^\ = !• f l + cos2fl + a2( l -cosfl)2 

\dn)KN 2( l - t -a( l -cos0)) 2 ^ C O h u^ l + a ( l - c o s 0 ) 

where re is the classical electron radius and a. — - ^ . Figure 2.3 is a graphical 

illustration of the the Klein-Nishina distribution. The cross-section for the Pu 14.26 

keV main LQ of the APXS sources is outlined in red. Overall, there is a slight 

inclination towards foreward scattering at the main La energy. As the photon energy 

decreases, the scattering becomes more evenly divided between backward and forward 

scattering. Figure 2.4 graphically compares the Thomson cross-section discussed in 

section 2.1, to the Klein-Nishina cross-section. 

Up to this point, there is no elemental dependence in any of the Compton formulas 

and the outcome of the interaction depends only on the incident photon energy. The 

Compton shift formula (2.5) and the Klein-Nishina cross-section (2.6) presented above 

describe the interaction between a photon and a free, stationary electron. This is 

known as the impulse approximation, and it is a good first order approximation in 

cases where the photon energy is much greater than the electron binding energy [6, 8]. 

Depending on the scattering electron, this criteria may or may not hold in our soil 

investigation. From one element to the next, the binding energies of electrons from 

the same electronic shell increase with atomic number. Beginning with energies in 

the order of 10~2 keV for hydrogen, the binding energy reaches to over 10 keV for the 

(2.6) 

8 



150 

180 

210 

270 

Figure 2.3: Klein-Nishina cross-section plotted using equation (2.6) at various energies 
including the APXS main La line of 14.26 keV in red. 

K shell electrons of element 31 (gallium) [9]. Because the electron binding energies in 

many elements are comparable to the incident photon energy, higher order correction 

terms are necessary. These correction terms are dependent on electron momenta, 

which correlates to the atomic number of the nucleus to which the electron is bound. 

To deal with the electron momentum an extra term is added to the Compton shift 

equation (2.5). 

E' = EQ , 0 /TT7 Vz . 0 
=— — + 2v A0A' sin -

1+ - % ( ! - c o s 0 ) V mec 2 

(2.7) 
meC 

where A' and Ao are the wavelengths before and after scattering and pz is the electron 

momentum in the direction of scattering [8]. pz is often obtained by differentiation 

from the Compton profile J{pz) defined as 

J{Vz) = 1 1 X*(p)x(p)dpxdpy 
Jpx JVv 

(2.8) 
lpx -JPy 

where x(p) is the electronic wave function in momentum space. The Compton profile 

used in the Marsgeom program is from the tabulation found in [10]; more details are 



Thomson Cross-section 
Klein-Nishina Cross-section 

Figure 2.4: Overlay of the Thomson cross-section with the Klein-Nishina cross-section 
for the APXS main La line of 14.26. 

presented in section 2.3. 

The incoherent scattering function S(x,Z), which is the Compton profile inte

grated over energy, is applied to the Klein-Nishina cross-section to account for the 

electron momentum, such that 

The value of S(x, Z) ranges, from 0 when x = 0 to Z for x —* oo. In most cases 

applicable for the APXS, S(x, Z) reduces the Compton cross-section. 

2.3 Atomic Database for the Marsgeom Program 

The incoherent scattering factors used in the program are from J. H. Hubbell et al. 

[11]. This publication is a collection of tabulated S(x, Z) and F(x, Z), from numerous 

sources, none of which contains the information for the full range of elements at all x 
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values. In reference [11] Hubbell suggested that it is preferable to have pairs of S(x, Z) 

and F(x, Z) for a given x and Z pair to be derived from the same theoretical model 

to maintain internal consistency between the two. However, in a later publication 

[7] the same author advocates the use of a complete set of relativistic form factors 

instead of his previous tabulation which included non-relativistic ones. He cites the 

reason being that the interaction cross sections are much more sensitive to the form 

factors than the scattering factors and that the differences between the relativistic 

and non-relativistic form factors have a greater impact than that arising from the 

mis-matched atomic models between sets of S(x,Z) and F(x,Z). In light of this, 

relativistic form factors from reference [7] are used in combination with incoherent 

scattering factors from [11]. Details on the theory and derivation of S(x, Z) and 

F(x, Z) can be found in their respective reference source. 

As for the Compton profiles, which are used to obtain the energy deviation away 

from the classical Compton shift, they are obtained from Biggs et al. [10] with rela

tivistic corrections for elements 36 and higher. The author states that the simpler 

non-relativistic results are sufficient for the lower Z elements, and at element 36 

(krypton), the percentage difference between the two is 0.712%. 

2.4 Photoelectric Events 

The photoelectric effect is the dominant interaction for 1 to 100 keV photons [6]. 

This interaction is characterized by the absorption of a photon by an electron and 

the subsequent expulsion of the absorbing electron (the photoelectron) from the atom. 

Some of the energy from the incident photon is used to overcome the electron's binding 

energy while the remaining portion is transformed into kinetic energy. The departure 

of the electron leaves the atom in an excited state, and there are a number of ways 

through which the atom can de-excite. First, the vacancy left by the photoelectron 

11 
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Figure 2.5: Semi-log plot of the photoelectric cross-sections for oxygen, silicon and 
iron. Data from the NIST XCOM database[12]. 

may be filled by an outer shell electron, emitting the excess energy as a characteristic 

X-ray in the process. Alternatively, an Auger electron may be ejected from the outer 

shell. 

In general, the photoelectric cross-section increases with atomic number, Z, and 

decreases with photon energy [6]. Figure 2.5 is a plot of the photoelectric cross-

section for oxygen, silicon and iron using data obtained from the online XCOM atomic 

database [12]. In addition to the photon energy and atomic number trends mentioned 

above, discontinuities can be seen on the curves. As photon energy decreases there 

comes a point below which it can no longer provide enough energy for the bound 

electron to escape from a particular shell, hence the cross-section drops abruptly 

around the binding energy of a shell level. 

In the context of our investigations, photoelectric events influence the absolute 

Compton and Rayleigh counts but not their ratio. Samples with large photoelectric 

cross-sections (i.e. high overall atomic number) would have fewer multiple scattering 

and detector counts because of photons being lost to the photoelectric event. This 
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leads to lower statistics and larger error bars in the C/R ratio. 

The elimination of photoelectric event as a potential first interaction for the photon 

reduces simulation time without compromising the result. This is one of the variance 

reduction methods used in the program, which will be discussed in greater details in 

the next chapter. 
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Chapter 3 

Numerical Methods 

To determine the C/R for different samples, we use a Monte Carlo scattering simu

lation program called Marsgeom. It was built upon Dr. Joanne O'Meara's in vivo 

X-ray fluorescence simulation program. A former member of our research group, 

Christiane Mallet, made the necessary changes to Dr. O'Meara's code and expanded 

the elemental and atomic databases to meet the needs of the APXS soil investigation 

[13]. Further development and testing of the program is continued in this work. 

3.1 Monte Carlo Simulation 

Monte Carlo is a simulation-based statistical inference method that relies on repeated 

random sampling to approximate outcomes for complex problems that do not have 

easily solvable analytical solutions[14]. In the context of our APXS scattering prob

lem, Monte Carlo methods are used to sample from the possible range of photon 

paths and interactions to model experimental conditions. 

14 
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Figure 3.1: Flow diagram of the Marsgeom program. 

3.2 The Marsgeom Program 

A schematic diagram of the program is shown in Figure 3.1. After reading in the 

input files, which provide information on sample content, geometric and atomic data, 

the program must calculate a number of parameters before the simulation can begin. 

These parameters include scattering cross sections, momentum transfer, attenuation 

and other sample specific parameters. 

The vast majority of the runtime is then spent on tracking individual photons. 

Each photon is generated with an initial location on the source and a traveling di

rection randomly chosen from a range of allowable values derived from the input 

geometry (more details in section 3.3.1). A schematic diagram of the basic setup 

is shown in figure 3.2. The photon is then propagated to the height of the sample 

surface and checked to see if it hits the sample. If the photon misses, a new one will 

15 
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detector 
D4=D 
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Sample 

Figure 3.2: Schematic diagram of the simulation setup. Due to symmetry, only one 
detector and one source needs to be simulated out of a ring configuration of 6 sources. 
The dotted line indicates where another source would be located on the opposite side 
of the detector but is not included in the simulation. 

be generated, else, a traveling path length is randomly selected based on attenuation 

and the photon is checked once again for exiting sample. 

The photon travel path length, x, is chosen based on the sample's density, p, and 

mass attenuation, \i, using a random number R. 

x 
\ogR 
fip 

\i and p for the sample are calculated as the mass weighted sum of the sample's 

constituent elemental mass attenuations and oxide densities respectively. Details 

regarding the above expression can be found in Appendix B. 

After choosing the distance of travel, if the photon remains within the sample, 

then an interaction (Compton scattering, Rayleigh scatter or photoelectric event) 

is randomly chosen based on the relative size of the interaction cross sections. If 

a photoelectric event occurs, it is recorded and the program moves on to the next 

photon. For Rayleigh and Compton scattering, a new direction, and in the case 

of Compton, a new energy is generated (see sections 3.3.2 and 3.3.3). After the 
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interaction, the processes of choosing a new traveling path and interaction alternate 

until the photon exits the sample, undergoes an photoelectric event or falls below a 

user defined low energy cut-off. The last two options constitute possible endpoints 

for the photon. If the photon is found to be outside of the sample, it is checked for 

hitting the detector. In the case of a detector event, the photon's scattering history-

is recorded and the photon is killed. As one photon reaches its endpoint, another 

is generated until the user-specified number of photon has been simulated. For an 

uncertainty of < 0.5% in the C/R ratio, approximately 50 billion photons needs to 

be simulated. 

Output from the Marsgeom program includes a tally of Compton and Rayleigh 

scattered photons with and without detector correction, average scattering angles and 

a separate spectrum file. 

In the following, four major subroutines in the Marsgeom program are examined 

in detail to gain insights into the general trend of photons as they move from source 

to sample to detector. During these investigations, changes were made to a few of 

the subroutines for correctness, efficiency and/or convenience. While the alterations 

are explained in this section, their impact on the simulation result will be discussed 

more fully in the next. 

3.3 Characterizing the Program 

3.3.1 Photon Generation Subroutine 

There are six identical sources surrounding one detector on the MER spectrometer and 

due to symmetry in the geometry, it is valid to simplify the simulation setup to just 

one source and a detector (see figure 3.2). For the analysis of spectra from the MSL 

spectrometer which has two kinds of sources alternately arranged around the detector, 

two separate runs of the program each featuring a different source can be done and the 
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results summed up to approximate their combined behaviour. Alternatively, another 

version of Marsgeom can be made with minor changes to the photon generating 

subroutine (Phogen) to accommodate two sources. Regardless, the current work will 

only be concerned with the MER setup using the simplified simulation setup of a 

single source and detector. 

In the simulation, the source is modeled as a disc surrounded by a collimator 

similar to the schematic drawing shown in Figure 3.2. The location and radius of the 

source is defined by the user and so is the length of its collimator. In the photon gen

eration subroutine, Phogen, a new photon emerges from a randomly chosen location 

on the surface of the source with a randomly selected vector that defines its direction 

of travel. Rather than allowing photons to emerge from the source isotropically in 47r, 

they are limited to a certain range that optimizes the probability of getting through 

the collimator. Previous versions of the Marsgeom program limited the angle made 

between the travel'vector and the vertical to be no more than 69.53°. This has now 

been changed to be a variable 6max calculated from geometric information (for details, 

see section 3.4). 

A typo was noted in Phogen, that causes a call to the detector subroutine, Phodet, 

which checks for and records the interaction histories of photons hitting the detector 

whenever a photon hits the collimator. Because at the point of the erroneous call, 

the counters that track the history of the previous photon have not yet been reset, 

this mistake causes duplicate counting of the history of some photons. This problem, 

which changes the C/R appreciably, has since been fixed. 

Another correction was made to the frame change equations in Phogen that trans

form the photon from the source-centered frame to the sample-centered frame. Terms 

containing information on the detector angle was missing from 2 of the transformation 

equations. Before the correction, the program was not able to frame change correctly 

if the source surface is non-parallel to the sample surface. 
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Using a 0.30 cm source with a 0.12 cm collimator, which is the typical setting for 

MER, about 40% of all generated photons hit the source collimator. If this source is 

placed at 3.04 cm away from a 3.0 cm x 3.0 cm square slab of sample, 46% of the total 

number of generated photons miss the sample. Although it is possible to increase the 

sample-hitting rate by calculating the photon emission angle range on a case-by-case 

bases, this will exclude the possibility of retrieving the absolute number of scattering 

events per emitted photon through the application of a correction factor at the end 

(see section 3.4). 

3.3.2 Coherent Scattering Subroutine 

As discussed in section 2.1 the differential cross section for Rayleigh scattering is 

% = f ( l + cos20)|Fm(z,Z)|2. (3.1) 

The only difference here is that |F|2 (the atomic form factor squared) is replaced with 

|Fm |2, the form factor squared for a molecule. re is the classical electron radius and 

0 is the scattering angle defined with respect to the original photon path. |Fm |2 is 

calculated from the weighted sum of atomic form factors (F(x, Z)) as found in the 

literature [7] (information on the source of atomic factor database is found in section 

2.3). The atomic form factor is dependent on a;, which is defined in the previous 

section as 

X = A S i n 2 ^3'2'1 

and so x contains the energy and $ dependence of the form factor. For each sample, 

the form factor is calculated only once at the beginning of the simulation based on 

the weighted sum of the sample composition by mass and for a range of momentum 

transfer values (x). 
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To sample from equation (3.1), the program uses a general rejection method rec

ommended in [15]. Briefly, equation (3.1) is treated as the product of two functions 

/i(cos0) = ^(l + cos20) (3.3) 

/.<*») - f f (3-4) 

XQ is the x value for the maximum photon energy and I(XQ) can be determined from 

. I(x2) = f F2
m{x2)dv2 . (3.5) 

Jo 

For each sample, a table of I(x2) vs. x2 is calculated at the beginning of the simulation 

and stored for use during sampling. An outline of the sampling algorithm is as follows: 

1. determine Xo for the photon and through interpolation of the I(x2) vs. x2 table, 

obtain the corresponding I(XQ) (the maximum I(x2) for the photon) 

2. set I(x2) — U(0, 1)I(XQ) where U(0,1) is a uniformly distributed random num

ber ranging from 0 to 1 

3. determine x2 through interpolation of the x2 vs. I(x2) table 

4. calculate cos# for proposed x2 using equation (3.2) 

5. using another random number ^(0,1) , accept cos# if cos# > U2, else restart 

from step 2 

Older versions of the Marsgeom program, before Marsgeom9, use a linear interpo

lation scheme for steps 1 and 3 above. This was discovered to be inadequate, causing 

step-like features in the 6 distribution. In Marsgeom9, cubic spline fits of the I(x2) 

vs. x2 and x2 vs. I{x2) data replace the linear interpolations in steps 2 and 3, leading 

to a much smoother 0 distribution. Comparison of the distribution from linear and 
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cubic spline fit are shown in figure 3.3. The spline fit gives slightly fewer photons at 

the backscattering end of the spectrum. This leads to an increase in the C/R ratio 

by approximately 4%. 

Due to the back-and-forth interpolation of I(x%) from XQ and then x2 from I(x2), 

there is a loss in decimal precision in the spline fit interpolation that prevents perfect 

180° backscattering. Consequently, the distribution from spline fit ends slightly to 

the left of 180°. This cut off error is insignificant since the distribution, naturally 

drops off at high angles. Also, at the typical sample distance, it is almost impossible 

for perfectly (or almost perfectly) backscattered photons to hit the detector. 

3.3.3 Compton Scattering Subroutine 

For a Compton interaction, a new photon energy (and therefore, scattering angle) is 

decided through sampling of the Klein-Nishina(KN) distribution. A correction must 

then be applied to the .new energy to adjust for interaction with a bound electron. 

There are many published sampling schemes for sampling from the KN distribu

tion (which cannot be sampled directly using the inverse method). Although attempts 

have been made to improve the sampling efficiency using other sampling schemes, the 

gain is not significant enough to justify a switch from that chosen by the original 

author of the Marsgeom code. Details of the KN sampling method can be found in 

[16]. The resulting distribution from the sampling is shown in figure 3.5. Note that 

the spike in count at 180° is a numerical artifact possibly from the sampling or the 

data output process that cannot be explained. The counts under the spike is less than 

0.1% of the total count under the curve, therefore, it causes only a minor pertubation 

to the overall sampling result-

After choosing the new photon energy and scattering angle, the program chooses 

the element associated with the interaction electron based on sample composition. 

The Compton profile of the chosen element is then used to determine the energy 
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shift away from the classical Compton line. Finally, the incoherent scattering factor 

associated with the chosen element is used to accept or reject the selected scattering 

angle and energy shift. 

Figure 3.6 and 3.7 show the Compton scattering distribution from the program 

after the energy shift is applied. 

Figure 3.7 shows that the distribution can be decomposed into a series of overlap

ping roughly Gaussian distributions according to scattering angle. This information 

will aid in the design of future fitting programs. 

3.3.4 Photon Detection Subroutine 

The photon detection subroutine (Phodet) checks whether a photon that has exited 

the sample will hit the detector. It then tallies and outputs the scattering counts and 

other statistical results from the program. In MarsgeomG the photon is killed if it exits 

the sample with any velocity in the z direction, as can be surmised from the geometry 

shown in figure 3.2, this excludes photons that may otherwise hit the detector from 

the tally and has since been corrected. This correction leads to improved statistics 

with negligible change to the C/R ratio. 

At the suggestion of Dr. O'Meara, a check for hitting the source was added to 

Phodet. If the source is closer to the sample than the detector (and such is the case 

for the APXS) then the program will check whether a photon leaving the sample is 

intercepted by the source before hitting the detector as it leaves the sample. 

3.4 Improving the Marsgeom Program 

A number of changes were made to the program for convenience. In versions prior 

to Marsgeom8, the sample form factors must be calculated using a spreadsheet and 

inserted into the appropriate sample files. The form factor calculation is now done 
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by the Marsgeom program based on oxide concentration information. In addition, 

the sample density is calculated in the process. (Regarded as a low impact input, the 

sample density was formerly set to a constant value for all samples.) 

Data input is rearranged so that frequently changed (sample specific) information 

is stored in a separate file from fixed atomic and scattering information. These alter

ations simplify the sample file preparation process and eliminate potential sources of 

human errors. 

Originally, the Marsgeom program was created largely for the purpose of deter

mining the C/R ratio and obtaining the Compton and Rayleigh spectra. New interest 

in using Marsgeom to aid in detector design brought forth a need to predict correctly 

the number of detector events for a given source activity and geometry. This requires 

a re-normalization of the output to correct for the impact of a number of variance 

reduction techniques used in the program. 

Although the source radiates photons in all directions (4-zr solid angle), it is com

putationally wasteful to generate photons from the source with a traveling direction 

that makes it physically impossible to hit the sample. For this reason the maximum 

polar angle {0max) which is measured with respect to the y-axis in figure 3.2 is limited 

to 

&max = arctan ( ——— j (3.6) 

where collen is the length of the source collimator and R is the radius of the collimator. 

Hence, a correction factor of Fang[e = 9max/{^) must be applied to the counts to 

obtain the number of events that would have occurred if photons were generated 

isotropically. Another variance reduction technique is to eliminate photo-electric (PE) 

events as an option for the first interaction. Since PE events are not of interest to 

our current investigation, its only role is to serve as an endpoint for photons. Hence, 
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excluding PE from being the first interaction does not change the C/R ratio but the 

absolute count must be corrected for the absence of first interaction PE events. The 

correction factor is: 

Fi ®Com ~1~ CfRay /o v \ 
PE = ; ; • [o-l) 

&Com + °Ray + &PE 

In the above ocom, VRay and GPE are the total cross-sections for Compton, Rayleigh 

and PE interaction respectively. Both Fangie and FPE are calculated by the program 

and applied to counts in the result file. 

The latest Marsgeom program also contains a number of computational improve

ments. This includes a subroutine specifically for searching through ordered tables 

and the rearrangement of memory locations for efficiency. The code has now been 

made compatible with a wider range of compilers than before. This enables the run

ning of the Marsgeom on the Unix computers available in the department as opposed 

to relying solely on the Windows computers within our group. 

The next chapter details how the major changes discussed in this chapter impact 

the simulation results as well as other relevant results from the program. 
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Figure 3.3: Distribution of 0 from subroutine Coh using linear (in blue) and cubic 
spline fit (in green) interpolation schemes. 
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Figure 3.4: Ratio of spline to linearly interpolated counts. 
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Figure 3.5: The outcome of the Marsgeom program's numerical sampling of the Klein-
Nishina cross-section for 14.26 keV photons 
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Figure 3.6: Distribution of Compton scattering angle and energy from subroutine 
Com of the Marsgeom program after applying the shift from the classical energy line. 
The elongated peak along the left is caused by the summing of all counts with energies 
less than 12.6keV. 
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Figure 3.7: Line shape of Compton scattering energy spectrum obtained by summing 
up scattering angles at 10 degree intervals. 
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Chapter 4 

Results and Discussion 

4.1 New Marsgeom Program 

The changes discussed in section 3.3 are tested individually in 5 different test programs 

(T1-T5) to determine how each change impacts the C/R ratio. Information about 

each version is summarized in table 4.1. A graphical representation of the result is 

shown in figure 4.1. 

The error bars in figure 4.1 are calculated by the program assuming random and 

independent counts. Because of an error in the Phogen subroutine that causes the 

scattering counts to deviate from Gaussian statistics, the error for MG6, Tl, T2, T4 

and T5 are overly optimistic. Although the ratios from Tl and T4 appear to deviate 

significantly from that of the original Marsgeom6, this may be a symptom of the 

Phogen multiple counting error (corrected in T3, see below). Detailed discussion of 

each version follows. 

In Tl, the new emission angle range is increased by 15% from the former fixed 

emission range using the MER APXS setup. Much of the new range lies outside of 

the most probable angle for hitting the sample, therefore, the net effect should be 

reduced statistics (larger errors) with no change in the ratio. This change is included 
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test versions 
MG6 

Tl 

T2 

T3 

T4 

T5 

MG8 
MG9 

details 
Marsgeom6, the original version at the start of this 
project 
MG6 with variable emission angle from source based on 
source dimensions 
MG6 with correction to frame change in PHOGEN 
subroutine 
MG6 without extraneous call to detector subroutine 
from PHOGEN subroutine 
MG6 with relaxed geometric constraint in detector sub
routine 
MG6 with added check for scattered photons hitting 
source before reaching detector 
MG6 with all the changes (T1-T5) integrated 
MG8 with spline fit in the Rayleigh scattering subrou
tine 

Table 4.1: Legend for test versions 

in newer versions nevertheless mainly for the sake of correctness and the need for an 

angle range that will vary dynamically based on geometry rather than a user denned 

fixed angle. Although the ratio from Tl appears to deviate significantly from that of 

MG6, this may be due to the multiple counting error (see below) in both verisons. 

Similarly, the frame change correction in T2 is made for correctness and no change 

to the ratio is expected. The correction enables proper frame change of the photon 

from a source-centered radial coordinate to a sample-centered Cartesian coordinate 

even when the source face is not parallel with the sample. Former versions of the 

Marsgeom program allow a user defined tilt in the source but it cannot perform the 

necessary frame change correctly. Since our investigation does not involve a tilted 

•source, T2 is expected to produce the same C/R as the original program. 

Eliminating an extraneous call to the Phodet subroutine in T3 causes the greatest 

change in the C/R as compared to the original Marsgeom6. The error occurs whenever 

a newly generated photon hits the source collimator. At this point, the scattering 

history from the previous photon has not yet been reset and the call to Phodet causes 
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Figure 4.1: Comparison of the C/R from different versions of the Marsgeom program. 
Refer to table 4.1 for detail on each test version. 

the program to evaluate the current photon using the history of the last photon 

that has left the source. Duplicate counting would occur if the previous photon was 

heading towards the detector after scattering, this happens with equal likelihood for 

a Compton as for a Rayleigh scattered photon, so in this case there is no change 

to the ratio but leads to an unjustified reduction in the calculated error (we will 

refer to this as the multiple counting error). A more serious problem arises if the 

previous photon was heading towards the detector after scattering but underwent 

a photoelectric (PE) event within the sample before reaching the surface. That PE 

photon would have been killed, but a new photon hitting the source collimator triggers 

the detector subroutine to record the history of the PE photon. Since there was no' 

counter to keep track of PE events, Compton or Rayleigh scattering prior to the PE 

event would be recorded despite the PE event that killed the original photon. This 

amounts to the counting of a photon that should not be counted. The likelihood 

of Compton scattering happening before a photoelectric event is higher than that of 

Rayleigh scattering because the energy loss cause by Compton scattering increases 
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the chance of a subsequent photoelectric event. The overall result is an increase in 

Compton scattering counts and an inflated C/R ratio. Hence, the C/R in figure 4.1 

T3 is much lower than that of MG6. 

The relaxed geometric constraint in T4 corrects for the false assumption that a 

photon with any component of its velocity in the +z direction (as defined in figure 3.2) 

after it exits the sample has no chance of hitting the detector. Photons that would 

be rejected in past versions are now included in the count, improving the statistics of 

the ratio, which is indicated by the smaller error bars. 

T5 has an added check to ensure that scattered photons emerging from the sample 

do not hit the source before hitting the detector face. The original program checks 

only for hitting the detector once a photon leaves the sample when in reality the 

photon's path from sample to detector may be intercepted by the source if the source 

is closer to the sample than the detector, as is the case for the APXS. This check 

results in a 5% reduction in the number of detector events, increasing the uncertainty 

in the ratio. 

Marsgeom8 (MG8) gathers all the changes in Tl to T5 together plus a number 

of computational improvements outlined in section 3.4. The net result of all the 

changes is a decrease in C/R, a consequence of eliminating the extraneous call to 

detector subroutine (T3). 

The use of a spline fit in Marsgeom9(MG9) as opposed to the former linear in

terpolation in the Rayleigh scattering subroutine increases the ratio as explained in 

section 3.3.2. 
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GRM 
AGV1 
ALI 
BCR1 
BEN 
GSN 
MicaMg 
PMS 

MG9#/100 mil. 
3.72 
5.87 
3.02 
2.92 
4.23 
3.35 
3.23 

Expt #/100 mil. 
4.80 
6.87 
3.94 
3.91 
5.24 
4.22 
4.07 

MG9/Exp't 
0.78 
0.85 
0.77 
0.75 
0.81 
0.79 
0.79 

Table 4.2: Comparison of the absolute detector count for GRMs from simulation and 
experiment. 

4.2 Applications of the Marsgeom Program 

4.2.1 Number of Detector Events 

The original purpose of the Marsgeom program is to estimate the Compton to Rayleigh 

scattering ratio; its ability to predict accurately the number of detector events has 

not been considered prior to this work. Currently, the possibility of using the ab

solute counts as an alternate method (to other existing means) for estimating the 

standoff distance between the APXS and the sample is being considered, hence the 

new interest in obtaining accurate absolute counts from the program. 

Here, seven geological reference materials (GRM) and 11 simple compounds are 

used to test the absolute count prediction from the program; their corresponding 

spectra are fitted using a fitting program developed by Dr. Gellert to obtain the 

experimental count. The results (in tables 4.2 and 4.3) show that the program falls 

short of the true detector count by an average of about 20% for GRMs and 34% for 

simple compounds. It is nevertheless encouraging that the simulation can replicate the 

order of magnitude variation in the compound detector counts observed in experiment 

when such was not its original designed purpose. 

For the compounds, the total attenuation cross-sections are also plotted in table 

4.3. Note that there is a general trend of decreasing detector count with increasing 
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Compound 
MgO 
AI2O3 
Si 
SiO 
Si02 

CaO 
Fe 
Fe 20 3 

FeSi2 

FeS 
ZnO 

MG9#/100 mil. 
26.75 
16.22 
8.66 

11.90 
14.57 
5.62 
2.72 
3.30 
3.64 
3.27 
2.22 

Expt#/100 mil. 
32.82 
26.99 
13.04 
16.84 
23.23 
11.54 
4.41 
5.12 
5.06 
4.73 
3.17 

MG9/Exp't 
0.82 
0.60 
0.66 
0.71 
0.63 
0.49 
0.62 
0.64 
0.72 
0.69 
0.70 

Tot. Att.(cm2/g) 
5.29 
5.88 
12.0 
8.41 
6.73 
25.2 
65.6 
46.5 
38.7 
48.2 
75.1 

Table 4.3: Comparison of the absolute detector count for simple compounds from 
simulation and experiment. The total attenuation cross-section for the compound is 
also listed on the far right. 

total attenuation cross-section. As the total attenuation increases, the percentage 

contribution from photoelectric event cross-section out of the total also increases. 

This means fewer photons will be able to backscatter and hit the detector in a high 

attenuation cross-section sample because of a high likelihood of a photoelectric event 

happening. The interaction depth is also reduced in these samples. 

The inverse relationship between sample distance and detector count from simu

lation and experiment are shown in figure 4.2. In this plot, both sets of data were 

normalized by their corresponding nearest sample-distance data point to better reveal 

and compare the trend in the two data sets. Simulation and experiment display a 

similar trend even though the two curves deviate beyond statistical errors at various 

points. 

The deviation in both the absolute counts and the trend may be attributed to 

difficulties in obtaining accurate measurements of the sample-detector distance in 

experiment since the APXS is confined in a vacuum chamber. 
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Figure 4.2: Normalized total number of detected count from simulation and experi
ment for the GRM MicaFe. 

4.2.2 Impact of Geometry on Scattering Ratio 

Aside from moving the sample back and forth from the APXS, the Marsgeom program 

also allows the user to change the size, location and orientation of the source and 

detector separately. These features are used to explore the impact that geometry has 

on the C/R ratio in this section. Understanding the relationship between geometry 

and scattering ratio will be valuable for future spectrometer design and operation. 

In one of the first investigations into geometry, the sample-to-detector distance 

is kept fixed at 3.62 cm while the detector is moved along the hemisphere of equal 

sample-detector distance by varying the polar angle, 6, as shown in figure 4.3. The 

purpose of this investigation is to determine the impact of detector location on the 

C/R ratio. To avoid the need to simulate repeatedly for different detector positions, 

a special version of the Marsgeom program was created to obtain a 2D matrix of 

photon counts sorted by energy and angle of emergence from the sample. This in

formation was then processed by an external Matlab program that weights and sums 

up counts from the appropriate angle bins based on geometry to approximate what 

34 

—— Total Detector Events from MG9 
—•—Total Detector Events from Experiment 



Figure 4.3: Schematic draw showing how the detector position (represented by a flat 
cylinder) is varied along a hemisphere of equal sample-detector distance (3.62cm). 
The result is plotted against 6, in figure 4.4. 
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Figure 4.4: C/R ratio of Martian spectra A014 as the detector is moved along a 
hemisphere of equal sample-detector distance 

a detector placed at a given location would detect. The result plotted in figure 4.4 

shows that up to approximately 30°, the C/R ratio remains within 1% of the ratio 

obtained from the top of the hemisphere, the usual MER setting. A drawback of 

this approximation is the assumption that photons tend to emerge on average from 

the center of the hemisphere. This assumption was made to simplify the problem 

and avoid the need to output the absolute coordinates of where each photon emerged 

from the sample. Another concern arising from the quick short-cut method is that no 

detector correction is applied to the data shown in figure 4.4. To address these issues, 
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full simulations with detector corrections were carried out at four angles to serve as 

check points to ensure the validity of our approximation. 

The outcome of the selected full simulations are shown in figure 4.5, in which two 

sets of data are presented: one before and one after detector correction is applied. 

Both sets of data are plotted against 6 as defined previously in figure 4.3. The detec

tor correction calculates the path length of the photon through the silicon detector 

based on its entry angle and its attenuation through silicon at the photon's energy. 

For a fixed path length, a Compton scattered photon will suffer greater attenuation 

compared to a Rayleigh scattered photon due to its lower energy, this causes an over

all decrease in the C/R after the detector correction. Of the two sets of the data in 

figure 4.5, the 'with detector correction' C/R decreases more rapidly with increasing 

angle. One contributing factor to variation in scattering ratio versus detector angle is 

the change in differential scattering cross-section for Compton and Rayleigh scatter

ing with respect to scattering angle. Overall, the C/R dependency on detector tilt is 

negligible at small angles and the assumptions made in the short-cut method seems 

to be valid. 

A number of simulations are also done to compare the relative impact of source 

size, source-detector separation and sample distance on the scattering ratio. Here, 

the source-detector separation refers to the distance between source and detector in 

the xz plane as defined figure 3.2, and the sample distance is the distance between 

the sample surface and the face of the detector. These results are presented in table 

4.4. They indicate that sample distance from detector has the most influence on 

the scattering ratio, followed by the source-detector distance and lastly, the source 

size. In fact, the size of the source does not have a statistically significant impact 

on the ratio. It is apparent from table 4.4 that the ratio and its error increases with 

distance from the sample, which is expected. The setup approaches perfect 180° 

backscattering geometry with increasing sample distance. Both the Compton and 
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Figure 4.5: C/R ratio of Martian spectra A014 as a function of the detector tilt before 
and after detector correction. The x-axis plots the angle subtended by the normal of 
the sample and the detector face. 

Rayleigh differential cross-sections drop off at high scattering angles, which leads to a 

decrease in statistics. Furthermore, the Rayleigh cross-section drops off more rapidly 

than Compton at high scattering angles causing an increase in the ratio with distance. 

Smaller source-detector separation likewise leads to a higher ratio by enforcing a more 

stringent backscattering geometry but given the small horizontal range possible in the 

APXS, its impact is less than that of sample distance. In addition to learning about 

sample distance 
(cm) 
2.0 
2.0 
2.0 
2.0 
4.0 
4.0 
4.0 
4.0 

source radius 
(cm) 
0.3 
0.3 
0.2 
0.2 
0.3 
0.3 
0.2 
0.2 

source-detector 
dist (cm) 
0.81 
0.75 
0.81 
0.75 
0.81 
0.75 
0.81 
0.75 

C/R± error 

1.340 ± 0.004 
1.352 ± 0.004 
1.346 ± 0.004 
1.346 ± 0.004 
1.357 ± 0.008 
1.372 ± 0.008 
1.367 ± 0.008 
1.373 ± 0.008 

Table 4.4: Simulated Scattering Ratio of MicaFe in Various Geometric Setups 
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Figure 4.6: K, the simulated to experimental C/R for selected simple compounds. 

the behaviour of the scattering setup under different geometries, the above simulations 

were done as a test of the Marsgeom program's performance. By varying different 

input parameters we were able to ascertain the consistency of the program. 

4.2.3 Simulation of Simple Compounds 

Before applying the new Marsgeom program to examine complex geological samples, 

the program's accuracy in predicting Compton and Rayleigh scattering was tested 

with simple compounds. 9 chemical compounds were used in the investigation: MgO, 

A1203, Si02, CaO, Fe, Fe203, FeSi2, FeS and ZnO. The simulated C/R is compared 

to the fitted C/R from experiment using the K value, defined as: 

c 
ty~ R simulated 

^ — c 
R experimental 

Figure 4.6 shows the K values for the 9 compounds. The K value for all the com

pounds except for MgO is within error to 1, the ideal value. 

It is unclear at this point why scattering in MgO is poorly predicted by the Mars-
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Figure 4.7: Scattering ratios of geological reference material obtained from Mars-
geom6 and Marsgeom9 

geom program but this result suggests caution when analyzing samples containing 

high MgO content. 

4.2.4 Simulation of Geological Reference Material 

A number of geological reference materials (GRM) simulated in a 2006 paper [17] 

using Marsgeom6 are re-simulated again using Marsgeom9. Figure 4.7 shows a general 

increase in C/R ratio, consistent with the test version findings discussed in section 

4.1. 

Figure 4.8 compares the K values from the two versions of the program. Visually, 

there is upward shift in the K values towards unity from Marsgeom6 to 9 which is 

reflected in the K average of 0.91±0.04 and 0.94±0.04 respectively for the old and 

new version. 
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Figure 4.8: The K values of geological reference material obtained from Marsgeom6 
and Marsgeom9 

4.2.5 Calibration and Analysis of MERB Spectra 

Analysis for water content begins with the simulation of a number of samples assumed 

to be free of water (dry samples). The dry samples are typical soils with similar 

composition and they all contain olivine, a mineral that is weathered by and does not 

coexist with water. Through fitting and simulation, the K value for each dry sample 

is determined, and averaging over the dry K values gives the dry calibration, which 

is an indicator of how well the simulation can be expected to match the Martian 

experiments in the 'no water' situation. Using 15 dry samples the dry calibration is 

0.94±0.03. 

Light elements tend to have higher C/R ratios, so if a sample contains low Z 

elements that do not cause characteristic peaks in the spectrum (and are therefore 

omitted from the simulation), its K value will fall short of the dry calibration (i.e. 

lower than expected K value). Although many low atomic number compounds can 

cause a lower K value, water is the most likely culprit based on the high concentration 

of salt forming elements in most spectra which tend to attract and dissolve in water. 
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Figure 4.9: The K values of three MerB samples with increasing amount of added 
water. 

To estimate the amount of water in the sample, it is re-simulated with increasing 

amounts of added water until the K value reaches the dry calibration value. Figure 

4.9 is an example of how the K changes with additional water. All 3 samples have 

K values much below the dry calibration value when no water was added. With 

additional water, the K value increases linearly and the slopes are the same for 

all three samples. Therefore, a linear equation exists that relates the K value to 

the amount of added water in which the intercept is the K from the original, no-

water simulation. To test out this new method of water prediction, three MERB 

spectra were simulated with the linearly extrapolated water content and the results 

were within .5% of the target dry calibration value. This linear relationship greatly 

simplifies the analysis process, requiring only one simulation to predict the water 

content of any Martian spectrum from the APXS. 

To better understand the behaviour of this linear trend between K and added 

water, the four most prevalent oxides in samples (Na20, SiC>2, SO3 and FeO) are 

simulated with increasing amounts of water. In addition, pure water is also simulated. 
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Figure 4.10: The change in C/R of oxides with added water plotted with the C/R of 
water 

From the graph in figure 4.10, it is clear that the trend in C/R as a function of 

water content deviates from linearity at high water concentrations. Also, higher 

atomic number oxides lose linearity at lower concentrations of water than the lighter 

oxides. Therefore, this linear water extrapolation method is only reliable at low 

water concentration, up to approximately 20%, which is sufficient for the purpose of 

investigating water content in geological samples. For analysis of samples with higher 

water concentration and where higher accuracy is need, a higher order fit of the 

data should be considered. Nevertheless, this linear extrapolation method provides 

a quick first order approximation that is adequate for the current investigation. The 

new analysis method is applied to MerB spectra from the Endurance and Victoria 

Crater. For the Endurance Crater samples, the water estimates range from 8 to 13% 

while the estimates for Victoria Crater ranges from 11 to 23% (see tables 4.5 and 

4.6). In both cases, the errors in estimates are very large but since the spectra within 

each of the two groups are taken in close proximity to each other, the water content 

estimates can be averaged to give a stronger prediction of the water content in the 

two regions as a whole. This is based on the assumption that the geology in each 
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spectrum name 
B1311 StenoAsis 
B1313 StenoBrush 
B1316 StenoRAT 
B1348 SmithBrushed 
B1349 SmithBrushed2 
B1361 Smith2Asis 
B1375 Smith2RAT 
B1384 Lyelll asis 
B1388 Lyelll RAT 
B1422 Lyell Buckland asis 
B1431 Lyell Buckland RAT 
Average 

water (%) 
17 
18 
15 
19 
20 
11 
18 
20 
23 
17 
23 
18 

error (%) 
9 
8 
7 
8 
7 
8 
8 
8 
7 
6 
7 
4 

Table 4.5: Estimated Water Content for MerB Spectra Prom Victoria Crater 

area does not vary dramatically. Doing so and taking the error to be the standard 

deviation of the mean, the Endurance Crater and Victoria Crater region are estimated 

to have 13±4% and 18±4% water repectively. The spectrum name indicates the 

kind of manipulation if any that is done to the sample prior to taking the spectrum; 

'asis' spectra are taken as found, 'brush' refers to the removal of surface dust with a 

brush and 'RAT' stands for rock abrasion tool which may be used to drill into solid 

samples before taking the spectrum. By observation of the table 4.5 and 4.6 there is 

no conclusive trend between the amount of estimated water and the type of sample 

preparation performed on the sample if any. 

4.2.6 Correlation of Water Content to Sulphur 

Sulphite (SO^-) content was observed to vary widely between samples, ranging from 

10 to 28%. Since sulphite is formed by dissolving SO2 in aqueous solution, it was 

suspected that sulphite content would correlate directly with water content. Refuting 

this hypothesis, figure 4.11, a plot of estimated water vs. sulphite content, shows no 

correlation between the two compounds. 
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spectrum name 
B087 Golf Post RAT FRAM 
B139 Tenessee RAT 
B145 Kentucky Cubble Hill2 
B147 Virginia RAT 
B153 Grindstone RAT 
B155 Kettlestone RAT 
B162 millstone Dramensfjord RAT 
B180 Diamon Jenness Holman3 RAT2 
B184 MacKenzie Campell RAT 
B187 Inuvik Toruyuktuk RAT 
B195 Bylot RAT 
B218 Escher Nolde brushed 
B220 Escher Kirchner RAT 
Average 

water (%) 
11 
17 
9 

10 
12 
20 
12 
12 
10 
15 
19 
13 
8 

13 

error (%) 
7 
8 
8 
8 
8 
8 
9 
9 
9 

10 
8 
8 

12 
4 

Table 4.6: Estimated Water Content for MerB Spectra From Endurance Crater 

14 16 18 
Estimated Water Content (%) 

24 

Figure 4.11: Plot of SO3 content and estimated water content in MerB water bearing 
samples. 
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Chapter 5 

Conclusions 

5.1 Summary 

This empirical investigation revealed many details regarding scattering in the APXS 

geometry that is highly relevant for spectral fitting, detector operation and design 

that cannot be obtained through experiment. 

The Compton line shape in figure 3.6 for example, shows that the Compton peak is 

composed of multiple Gaussian peaks with centroids that shift with scattering angles. 

As a result, future fitting routines should use multiple Gaussian functions offset from 

one another. 

In terms of spectrometer design and operation, simulation shows that the C/R 

ratio is most sensitive to sample distance when the APXS is near the sample, but its 

impact weakens and becomes negligible beyond a certain point (at approximately 2.5 

cm). This is encouraging news for the operation of the APXS on Mars, where the 

exact standoff distance is not known. Next in importance for the scattering ratio is 

the horizontal separation between the source and detector. The size of the source has 

no detectable impact. 

At the end of this investigation we also arrive at an improved version of the 
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Marsgeom program. Marsgeom9 can calculate form factors, composition by mass 

and density of sample, eliminating the need for users to determine those parameters 

for each sample manually via spreadsheets, hence removing a source of human error. 

A number of errors in the program (discussed in section 3.3) have also been corrected. 

The program itself is also more efficient than before with new specialized algorithms 

for searching through ordered data sets and spline fits for Rayleigh scattering. 

Finally, using a linear extrapolation method, water prediction can be made for any 

Martian sample after one simulation of its C/R ratio. Investigation into this linear 

trend suggests that linearity in the sample C/R vs water plot stems from the same 

behaivour in its constituent oxides. For high water content and atomic number, the 

oxide curves deviate from linearity and so caution should be taken when extrapolating 

high water content or samples with large amounts of higher atomic number oxides. 

However, this method should be accurate in most cases up to approximately 20% 

water. Applying this method to the Victoria and Endurance crater samples from 

MerB (the Oppurtunity rover), we found that the estimated water contents for the 

two locations were similar, suggesting homogeneity in the bedrock over the 5 km 

traverse between the two craters. 

5.2 Possible Future Work 

Since most of this work was centered on the older MER version of the APXS, the 

logical next step will be to prepare for the analysis of spectra from the MSL instru

ment. This will include slight modifications to the Marsgeom program to simulate 

two sources of different sizes simultaneously. The extended energy range in the new 

APXS also opens the possibility of analyzing Compton-Rayleigh pairs from higher 

energy lines. 

To tap into the extended energy range offered by the new spectrometer, the current 
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Figure 5.1: Interaction cross-sections for a typical dry sample (A033) calculated by 
the Marsggeom program using cross-sections from the Xcom database [12] 

fitting program needs to be updated to fit the extra Compton and Rayleigh peaks. 

The simulation will also need to be checked against experiment before employing 

the higher energy peaks as alternate spectral features for water analyses. An major 

advantage to analyzing higher energy X-ray lines is the improved statistics from both 

fitting and simulation. There are fewer overlaps between characteristic X-rays of 

geologically common elements with the Compton and Rayleigh peak pairs at higher 

energies, reducing the fitting error contribution to the C/R ratio. Simulation statistics 

will also be improved because the photoelectric cross-section is smaller at higher 

energies (as can be seen in figure 5.1), so a higher percentage of generated photons 

will reach the detector. Based on the relative size of the different interaction cross-

sections (see figure 5.1) it is expected that the C/R from higher energy lines will be 

higher than that of the 14.26 keV line analyzed in this thesis. 

With the increased prevalence of inexpensive multi-processor personal computers, 

nearly linear decrease in simulation time can be achieved through parallelization of 

the Marsgeom program. This will have to be followed by thorough testing of the new 

47 



program to ensure equivalence of results from the parallel and serial versions. 

An update to the input scattering database is also much needed. The current 

Marsgeom program uses atomic databases dating from the 1970's. Improved the

ories and corresponding databases have emerged since that time. The obstacle to 

this upgrade lies in our need for tabulated data in a form that is computationally 

convenient. 
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Appendix A 

Compton Energy Shift 

In the following derivation EQ and E' are the energy of the photon before and after 

Compton scattering, p, px and py are the total, x— and y— components of the electron 

momentum. me is the electron rest mass and c is the speed of light in vacuum. The 

angles 0 and cf> are as defined in diagram 2.2, which is reproduced here for convenience. 

Prom the conservation of energy before and after the scattering we have: 

after scattering fip) 

before scattering ^ < ^ T 

Figure A.l: A photon scatters from an electron at angle 6 while the electron recoils 
at angle <j> 
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(A.l) 

(A.2) 

(A.3) 

(A.4) 

Conservation of momentum in the x and y direction gives two more equations. Start

ing with the momentum in x 

E0 = pxc + E'cos 9 (A.5) 

-\ T-COSP (A.6) 
mPc2 mPc mec

2 
"e 

px Eo — E' cos 9 
mec mec

2 

Vl (E0-E'cos9 

m2
ec

2 \ mec
2 

Now applying conservation of momentum in the y direction 

0 

Vy 

mec 

Pi 
m2c2 

2 2 
P -Px 

m2c2 

= Vyc — E' sin 9 

E'sin9 

mec
2 

(E'sm9\2 

V rnec
2 J 

(E'sm9\2 

V "i ec 2 J 

(A.7) 

(A.8) 

(A.9) 

(A.10) 

(A.11) 

(A.12) 

Substituting equation (A.4) and (A.8) into (A.12) we obtain 

?o-E'\2 (E0-E'\ fE0-E'cos9\2 _ i n \ . 2 
2 +2 p ^ - f - - - ~ , = - ^ sin20(A.13) 
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Expanding the above equation and collecting terms we arrive at the Compton energy 

shift formula 

E' = W-7* ^ ( A - 1 4 ) 
1 + ^ 1 - c o s v ' 

mec >• / 
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Appendix B 

Mean Pa th Length Sampling 

The fraction of the total number of photons (N/No) that passes through a material 

with thickness x, mass attenuation coefficient /u, and density p is 

T0
 = e~"X ( R 1 ) 

The cumulative distribution density (CDF) for this expression up to some depth x' 

can be obtained by integrating equation (B.l) from 0 to x'. In order to sample the 

CDF easily using a random number ranging from 0 to 1, it is necessary to normalize 

the CDF with the integral of (B.l) over the full range of x (from 0 to oo). 

CDF = f l 6 ' ^ ^ (B.2) 

= —=^~[ (B - 3 ) 

=• i-e-^
x' (B.4) 
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Using the inverse sampling method we now set the right hand side of equation (B.4) 

equal to a random number R which ranges from 0 to 1 and then solve for x'. 

(B.5) 

(B.6) 

(B.7) 

(B.8) 

R 

Q-V-PX' 

-ppx' 

x' 

= 

= 

= 

1 - e " 

1-R 

l n ( l -

l n ( l -

•ftpx 

•R) 

-R) 
UP 

Since x' is merely a dummy integration variable we may rename it as x. The argument 

in the logarithm, 1 — R, is trivially equal to R since R ranges from 0 to 1. Therefore, 

we have the final sampling expression 

x = (B.9) 
lip 

as stated in section 3.2. 
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