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ABSTRACT

ANALYSIS AND CALIBRATION OF THE MER-A APXS
ALPHA PARTICLE BACKSCATTER SPECTRA
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University of Guelph, 2013

Professor Ralf Gellert

The Alpha Particle X-ray Spectrometer (APXS) on the Mars Exploration Rovers possesses the ability to detect carbon and oxygen within martian samples via Rutherford
backscattering principles. Several consecutive measurements of the martian atmosphere by Spirit, paralleled by Monte Carlo simulations, provided an energy calibration to mitigate the absence of an alpha-mode calibration pre-flight. Data from a
pre-flight thermal acceptance test agreed with this energy calibration, confirming the
presence of an unexpected offset. Correcting a bug in the APXS firmware resulted
in a temperature-independent energy scale. A model was developed and applied to
all atmospheric data illustrating a dip in atmospheric peak areas, potentially arising
from a week-long weather event on Mars. An early expansion of this model to solid
samples has not yet been able to detect any hydrated minerals or carbonates. Preliminary investigations into determining martian atmospheric pressure and potential
elemental layering within samples shows promise.

ACKNOWLEDGEMENTS
I wish to start by thanking all my classmates past and present with whom I’ve shared
many hours studying and learning to get to this point. I also am grateful for the friendship
I share with Russell Spencer whose guidance and knowledge has been invaluable throughout
my graduate experience.
I also wish to thank my colleagues and fellow APXSers who have been instrumental in
the development of this project through their consistent input and availability for informal
discussion. I also owe gratitude to Linda Stadig and Reggi Vallillee for their tireless efforts
resolving administrative issues behind the scenes and also to Linda Allen for her efforts
during my times as an undergraduate.
I want to thank all those who made the Mars Exploration Rover mission possible. With
them came the opportunity for me to work on this project. More importantly, their efforts
resulted in almost a decade of invaluable knowledge gained for the scientific community.
Thank you to those who pushed the limits of technology and sent the brave rovers on their
historic journey.
My parents and family have been an instrumental part of my life and I wish to thank
them for their continued support. My desire to learn started at a young age and their
patience and willingness to teach fed my passion for science, which led me to where I am
today. I also want to thank my committee, Dr. Paul Garrett and Dr. Carl Svensson, for
their advice and tutelage in relation to this project.
Lastly, I especially wish to thank my supervisor, Dr. Ralf Gellert, for his unparalleled
and continuing guidance during the course of this work. During the evolution of this project
Dr. Gellert has been paramount in all aspects, dedicating whatever time was necessary
regardless of his other commitments. He has provided me with countless opportunities
which I can never express enough gratitude for, nor begin to convey my appreciation.

iii

Contents

1 Introduction

1

1.1

Historical Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1.2

APXS Instrument Details and Experimental Setup on Mars . . . . .

4

1.2.1

Alpha-Mode Spectrum Acquisition and Data Collection . . . .

6

1.2.2

Internal Compensation by the APXS Firmware . . . . . . . .

9

Principles of Rutherford Backscattering Spectroscopy . . . . . . . . .

11

1.3.1

Kinematic Factor . . . . . . . . . . . . . . . . . . . . . . . . .

12

1.3.2

Scattering Cross-Section . . . . . . . . . . . . . . . . . . . . .

14

1.3.3

Energy Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15

1.3.4

Energy Straggling . . . . . . . . . . . . . . . . . . . . . . . . .

16

Rutherford Backscattering Theory Applied to APXS Alpha Channels

17

1.4.1

RBS in an Ideal Laboratory Setting . . . . . . . . . . . . . . .

18

1.4.2

RBS via the APXS as Conducted on the Surface of Mars . . .

19

Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

24

1.3

1.4

1.5

2 Models and Methodology
2.1

2.2

26

Fitting-Specific Methodology . . . . . . . . . . . . . . . . . . . . . . .

27

2.1.1

Precursor to MATLAB . . . . . . . . . . . . . . . . . . . . . .

27

2.1.2

MATLAB Exclusive Routines . . . . . . . . . . . . . . . . . .

27

Models and Fit Routine Progression . . . . . . . . . . . . . . . . . . .

27

iv

2.3

2.4

2.2.1

Pre-Calibration Model . . . . . . . . . . . . . . . . . . . . . .

28

2.2.2

Detector Characterization and Energy Calibration . . . . . . .

29

Determining Variable Boundary Conditions . . . . . . . . . . . . . . .

32

2.3.1

Solid Sample Related Modifications . . . . . . . . . . . . . . .

32

2.3.2

Characterization of Temperature Dependencies

. . . . . . . .

33

2.3.3

Observation and Analysis of a High-Energy Peak . . . . . . .

34

Monte Carlo Simulations . . . . . . . . . . . . . . . . . . . . . . . . .

35

2.4.1

Spectrum Simulation . . . . . . . . . . . . . . . . . . . . . . .

35

2.4.2

Angle and Detectors Breakdown . . . . . . . . . . . . . . . . .

37

2.4.3

Probability Distribution . . . . . . . . . . . . . . . . . . . . .

38

3 Characterization of Detector Performance
3.1

41

Characterization from the Thermal Acceptance Test on the MER-B
APXS at JPL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

3.2

Discrepancy Between the MER-B Test and As-Downlinked Data . . .

44

3.3

Internal Energy Calibration Investigation . . . . . . . . . . . . . . . .

45

3.4

Investigating a Bug in the APXS Alpha and Background Mode Firmware 50

3.5

Explaining the High-Energy Peak . . . . . . . . . . . . . . . . . . . .

54

3.6

Removing Temperature Dependence . . . . . . . . . . . . . . . . . . .

58

4 Spectral Analysis Results and Discussion
4.1

4.2

61

Observations and Analysis on As-Downlinked Atmospheric Data . . .

62

4.1.1

Observation of a Fourth Peak: Argon . . . . . . . . . . . . . .

62

4.1.2

Constraining Variables via Locked Peak Area Ratios . . . . .

62

4.1.3

Atmospheric Fluctuations Observed by Spirit . . . . . . . . .

64

Results from Analysis Conducted on Correctly-Compensated Data . .

69

4.2.1

Energy Calibration via Atmospheric Samples . . . . . . . . . .

69

4.2.2

Solid-Samples . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

v

4.3

Further Investigations . . . . . . . . . . . . . . . . . . . . . . . . . .

79

5 Conclusions

81

A Internal Compensation Removal: Program Execution and Testing

86

B Scattering Cross-Section Fields of View

89

C Typical Errors in Current Operational Model

93

vi

List of Figures
1.1

Simplified APXS Instrument View . . . . . . . . . . . . . . . . . . . .

5

1.2

Sample of As-Downlinked MER-A Atmospheric Spectrum . . . . . . .

7

1.3

Sample of As-Downlinked MER-A Solid-Sample Spectrum . . . . . .

7

1.4

Three-Dimensional Plot of Atmospheric As-Downlinked Temperature
Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10

1.5

Temperature-Based Contour Plot of As-Downlinked Atmospheric Data

10

1.6

RBS Collision Diagram . . . . . . . . . . . . . . . . . . . . . . . . . .

12

1.7

Scattered Energy of 5.2 MeV Alphas: Kinematic Factor . . . . . . . .

13

1.8

Scattering Cross-Section for 5.2 MeV Alphas . . . . . . . . . . . . . .

15

1.9

Life of an Alpha Particle in the Lab . . . . . . . . . . . . . . . . . . .

19

1.10 Life of an Alpha Particle in the Martian Atmosphere . . . . . . . . .

23

1.11 Life of an Alpha Particle in Martian Solid Samples . . . . . . . . . .

24

2.1

Monte Carlo Simulation Schematic . . . . . . . . . . . . . . . . . . .

37

2.2

Angular Scattering and Detection Distribution of Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.3

Simulated Monte Carlo Atmospheric Spectrum . . . . . . . . . . . . .

39

3.1

MER-B Alpha Detector Thermal-Acceptance Test . . . . . . . . . . .

43

3.2

Gain of the MER-B APXS During the Thermal-Acceptance Test . . .

44

3.3

Offset of the MER-B APXS During the Thermal-Acceptance Test . .

45

vii

3.4

Predicted and As-Downlinked Atmospheric Peak Positions . . . . . .

46

3.5

Impact of MER-B’s Thermally-Dependent Gain and Offset . . . . . .

46

3.6

Atmospheric Peak Positions After Internal Compensation Removal Compared with Predicted . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.7

49

High-Energy Peak Position After Removal of Quoted Compensation
Overlaid with Predicted Position for a 5.8 MeV Signal

. . . . . . . .

50

3.8

Comparison of Intended and Applied Firmware Compensations . . . .

52

3.9

Atmospheric Distance and Angle Estimate After Removal of the Correct Internal Compensation . . . . . . . . . . . . . . . . . . . . . . .

53

3.10 Atmospheric Peak Positions After Removal of the Correct Internal
Compensation Compared with Predicted . . . . . . . . . . . . . . . .

54

3.11 High-Energy Peak Position Consistent with a Pseudo-Peak Caused by
the Improper Internal Compensation in the Firmware . . . . . . . . .

55

3.12 Position of the Observed High-Energy Peak and the Shifted Overflow
Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

57

3.13 Merging of the High-Energy Peak in the As-Downlinked Data with the
Overflow Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

58

3.14 Iron Edge Position after Intended Compensation is Applied . . . . . .

60

3.15 Iron Edge Position after Calculated Compensation is Applied . . . . .

60

4.1

Sample Spectrum Illustrating a Fourth Peak . . . . . . . . . . . . . .

63

4.2

Temperature Measurements by the MER-A APXS . . . . . . . . . . .

65

4.3

Atmospheric-Focused Temperature Measurements by the MER-A APXS 66

4.4

Atmospheric Oxygen Signal Timeline . . . . . . . . . . . . . . . . . .

66

4.5

Count Rate Timeline of Alpha, X-ray and Background Modes . . . .

67

4.6

Carbon and Oxygen Peak Positions with Proper Re-Calibration . . .

70

4.7

Solid-Sample Spectrum Model and Fit . . . . . . . . . . . . . . . . .

72

4.8

Alpha-Mode Count Rate in Comparison to X-ray Mode Geometric Norm 73
viii

4.9

Atmospheric Carbon Signal Position as Indicator of Solid-Sample Proximity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

75

4.10 Atmospheric Carbon Signal Size as Indicator of Solid-Sample Proximity 75
4.11 Silicon Signal Position as Indicator of Solid-Sample Proximity . . . .

78

4.12 Silicon Signal Size as Indicator of Solid-Sample Proximity . . . . . . .

78

A.1 Example of Spectrum Re-Compensation Process . . . . . . . . . . . .

88

B.1 Scattering X-Section Planes of View: 1 of 3

. . . . . . . . . . . . . .

90

B.2 Scattering X-Section Planes of View: 2 of 3

. . . . . . . . . . . . . .

91

B.3 Scattering X-Section Planes of View: 3 of 3

. . . . . . . . . . . . . .

92

ix

List of Tables
1.1

Composition of the Martian Atmosphere . . . . . . . . . . . . . . . .

4

1.2

Energy Loss of 5.8 MeV Alphas Through Different Media . . . . . . .

16

3.1

Quoted and Actual Firmware Internal Compensation Scales . . . . .

51

4.1

Peak Area Ratios of Atmospheric Signals . . . . . . . . . . . . . . . .

64

4.2

Re-Compensated Energy Calibration . . . . . . . . . . . . . . . . . .

70

4.3

Atmospheric Sample Output Values (Geometric Norm of Zero) . . . .

76

C.1 Typical Errors of Various Signals . . . . . . . . . . . . . . . . . . . .

94

x

Chapter 1
Introduction
This chapter will provide the background necessary for the proceeding chapters.
Included is a historical overview of the Alpha Particle X-ray Spectrometer (APXS),
explaining the evolution of the instrument beyond that of the Mars Exploration Rover
(MER) mission. Additional topics will include an introduction to the MER APXS
along with Rutherford Backscattering (RBS) theory and its application in the least
ideal environment possible: Mars.

1.1

Historical Overview

In the summer of 2003, twin rovers were launched from Cape Canaveral Florida
with a one-way ticket to Mars, each landing successfully in January of 2004. They
were equipped with a suite of scientific instruments that were geared to search for
water over the nominal mission of 90 sols.1 One such scientific instrument was the
APXS; not the first of its kind to travel beyond the confines of Earth.

The Surveyor V mission to the moon premiered an APXS-like instrument using
1

A sol is equal to one Mars day - approximately 24 hours and 40 minutes.

1

RBS theory in space exploration. Tony Turkevich developed the Alpha-Scattering Surface Analyzer for use in analyzing the lunar surface, prompting the first application
of RBS theory to non-nuclear interests [1, 2, 3, 4]. The success of the lunar mission
swayed funds towards exploring Mars. A RBS instrument was placed on the rover of
the Mars Pathfinder (1997) mission, named Sojourner.2 Like its lunar counterpart,
the APXS was used to measure concentrations of major and minor rock-forming elements on Mars. The Sojourner APXS operated primarily of RBS measurements
conducted using alpha-creating sources with complimentary X-ray capabilities placed
exterior to the focal alpha-mode. Due to the infancy of the practice, the significant
impact of the Martian atmosphere was not considered, given all previous experiments
were conducted in vacuum, be it in the lab or on the Moon [5, 6].

Pathfinder was a pioneer for a twin rover mission launched in 2003. These twin
rovers, named Spirit (MER-A) and Opportunity (MER-B), were part of the Mars Exploration Rover mission that had a much larger scientific payload than their predecessor. The MER APXS was altered from Pathfinder’s to focus on non-RBS capabilities
via X-ray detection with the alpha detectors placed exterior to the sources which surrounded a focal X-ray detector (Figure 1.1). In fact, the inclusion of an alpha-mode
was only made due to requirements set by NASA for the rovers to be able to detect
carbon. The inclusion was not without opposition, namely the MER APXS Principal
Investigator (PI) Rudy Rieder. His opposition to the alpha-mode arose from the large
background noise stemming from the thin alpha detectors. During testing, this noise
resulted in a dead-time in the X-ray mode of up to 90% in some instances [7]. In
the end, NASA’s demands prevailed and thicker alpha detectors were used on the
APXS sent uncalibrated to NASA and soon thereafter to Mars as part of the MER
mission. However, due to the nature of alpha-mode spectra and the late inclusion of
2

At the time it was referred to as an Alpha Proton X-Ray Spectrometer.

2

the alpha detectors as required by NASA, the large bank of data collected has largely
been ignored and considered too fastidious until now.

Well beyond the initial scope of the mission with over 1,800 sols completed, Spirit
became stuck in soft soil. With winter approaching, there was ample energy to spare
as JPL tried to “Free Spirit”3 which allowed for several consecutive atmospheric measurements to be made using the APXS [7]. These atmospheric APXS measurements
provided the foundation for alpha-mode spectra analysis - a consistent, well-known
sample perfect for calibration and model development.

As the atmosphere on Mars is known to be mostly carbon dioxide (Table 1.1)
[8], several sequential measurements provided a means to calibrate the alpha mode
which is of the utmost importance if one wants to measure pressure fluctuations, carbonates, potential hydrated minerals, observe layering effects, or know how far the
APXS instrument face is away from a sample. These measurements, spanning several
months in succession, were enough to calibrate and potentially further the scientific
return already provided by the APXS via its X-ray mode.

With winter approaching and the rover unable to place itself on an equator-facing
incline to survive the winter, Spirit was at risk of freezing to death. NASA last successfully communicated with Spirit on sol 2210 (March 22nd 2010) and would not
attempt to communicate during the winter as to properly prioritize power from the
solar arrays towards vital processes. At the point of last communication, Spirit had
surpassed its mission requirements twenty-four times over before officially being declared dead the following Martian spring. NASA ended attempts to communicate
3

“Free Spirit” was the official motto of the attempt to help Spirit escape certain death and even
included the production of “Free Spirit” memorabilia.

3

with the rover on May 25 2011, 2627 sols after landing on Mars [9, 10]. As of January
24th 2013, Opportunity is still active and has celebrated its 9th complete (Earth)
year on Mars since landing back in 2004.

With the great success of the MER mission, producing unique and valuable results
and discoveries still coming in to this day, another rover was sent to Mars in November 2011, landing successfully in August of 2012. This rover, named Curiosity, also
carries an APXS. However, the alpha detectors and RBS capabilities were removed
altogether as the instrument relies solely on X-ray mode capabilities given requirements to measure carbon are met nominally by ChemCam and by two instruments
in the body of the rover: SAM and ChemMin [7].
Table 1.1: Major components of the Martian atmosphere by volume [8].
Molecule
Carbon Dioxide
Nitrogen
Argon
Remaining

1.2

Concentration By Volume (%)
95.35
2.7
1.6
< 0.2 each

APXS Instrument Details and Experimental
Setup on Mars

Mars has long been a focal point of space exploration. In the case of the MER
mission, Spirit and Opportunity were sent to Mars to look for evidence, past or
present, of water. The APXS used on MER consists of six alpha particle sources and
six alpha particle detectors symmetrically placed around a central X-ray detector as
illustrated in Figure 1.1. The alpha sources consist of 1.1 GBq curium 244 (244 Cm)
that emit 5.8 MeV alpha particles (“alphas”). These alphas are then used in both
4

RBS and Particle-Induced X-Ray Emission (PIXE), providing in situ measurements
of a given sample. This is made possible since the APXS is mounted on the Instrument Deployment Device (IDD), an arm roughly the size of a human arm that allows
the APXS and other instruments to be placed with greater ease [11].

Figure 1.1: Simplified APXS instrument view illustrating instrument face and layout
of various components [12]. The blue rectangles correspond to the alpha detectors,
the grey hexagons to the curium sources, and the red circle to the X-ray detector.
Spectrum acquisition on the MER APXS is conducted using three different
modes. The focal method is the X-ray mode where emitted alpha particles and
X-rays bombard the surface and generate an X-ray mode spectrum.4 This spectrum
is the dominant method of APXS sample analysis and provides an accurate, trusted
and well-understood spectra providing sample information on elemental concentrations of increasing atomic number (Z) from sodium to bromine and beyond [7, 13].

The alpha detectors are placed symmetrically around the instrument face and are
used primarily to detect backscattered alpha particles for alpha-mode spectrum generation. The alpha mode’s intended use is for the analysis of lower-Z elements. In
principle, this mode can detect any target atoms heavier than helium. However, due
to the significant background noise and the properties of RBS, detection is best for
4

X-ray mode spectra are generated via both XRF and PIXE detection methods to produce
characteristic X-rays, unique for each detected element.

5

low-Z elements such as carbon and oxygen with decreasing sensitivity as target Z increases,5 complimenting the X-ray mode nicely. In addition to this, there are identical
alpha detectors behind the exposed alpha detectors. These detectors were intended
to measure the background that the exposed alpha detectors experience that does
not stem from alpha particles and thus provide a means of removing the background
from the alpha-mode spectra [11]. However, a firmware bug renders this unfeasible
and the data acquired inconsequential. This is discussed in detail in Chapter 3.

1.2.1

Alpha-Mode Spectrum Acquisition and Data Collection

A spectrum is a series of detection events stored in a histogram-like state. In
the case of the MER alpha mode, the histogram produced has 256 different bins, or
channels, each corresponding to a different detection energy. When activated, the
internal firmware controls all instrument functions without the need for interaction
with the rover. During acquisition, the temperature sensor in the APXS measures
the temperature of the sensor head every 30 seconds and for the next 30 seconds
the resulting channel for each event is scaled in energy by a pre-programmed amount.
When a predefined sample acquisition time has passed, the instrument stops the spectrum and starts a new one. This process is repeated as up to 12 spectra can be saved
in the instrument buffer until eventually the instrument is turned off and the data
is downlinked and stored in a battery buffered SRAM, where it is stored until being
transmitted to Earth.

5

This is due to the stacking effect of the kinematic factor given a linear energy scale.

6

Figure 1.2: Sample of as-downlinked atmospheric spectrum from sol 1921.

Figure 1.3: Sample of as-downlinked solid-sample spectrum from sol 2071.

7

A typical downlinked spectrum is very noisy due to statistics so data extraction will be prone to high uncertainties. An example of as-downlinked 90 minute
atmospheric and solid-sample spectra can be found in Figure 1.2 and Figure 1.3 respectively. In the atmospheric spectrum there are two main peaks corresponding to
carbon and oxygen atoms in the CO2 -dominated atmosphere. The solid-sample spectrum does not have such well-defined spectral structures due to higher rates of energy
loss and energy straggling complicating the analysis process. Given the quality of a
given spectrum is low and the amount of unknowns that shroud the models used to
extract data are vast, the quantity of data on a known sample, such as the atmosphere, combats both these issues.

One way to improve a spectrum is to have a longer integration time, however
this is limited by the length of a martian night as cold temperatures are critical
to low-background spectra.6 Another means of improving alpha-mode spectra is to
increase the activity of the sources. However, the specific activity of the curium

mCi
in combination with restrictions on source area, leads to a
silicide sources
g
question of ideal source thickness. The problem is that as the thickness of the curium
sources is increased, the energy definition of the emitted alpha particles decreases due
to the development of an energy “tail”. In the case of Sojourner, the APXS had very
sharp and well-defined alpha emitters. Due to the necessity for titanium foils on the
MER APXS to protect against spallation, the curium-silicide sources are the ideal
compromise between activity, energy definition and stability [7].
6

In the case of Curiosity, the X-ray-only APXS has an operational Peltier cooler allowing the
APXS to perform useful integrations during both night, morning and evening hours.

8

1.2.2

Internal Compensation by the APXS Firmware

The internal temperature compensation is a critical juncture in the sample acquisition process. This internal compensation is in place to avoid an inevitable change
in the detector response with temperature, effectively stabilizing energy placement


∆KeV
within a consistent channel. A traditional calibration includes a gain
Channel
that varies as a function of temperature and an offset (MeV) yielding the relationship:

E(channel) = Offset + Gain · channel.

The internal firmware parameters were calibrated using data from a test conducted
using the MER-B APXS in vacuum.

The as-downlinked data, illustrated in Figure 1.4 and Figure 1.5, clearly shows
temperature dependence making it difficult to sum individual spectra from the same
sample to improve spectral quality.

9

Figure 1.4: Three-dimensional illustration of thermal dependencies within the atmospheric alpha spectra as downlinked from Mars.

Figure 1.5: Contour plot illustrating the variation in as-downlinked spectra with
changing temperatures using temperature windows 5K in size. The colour legend to
the right illustrates the corresponding counts for a traditional 90 minute spectrum.

10

1.3

Principles of Rutherford Backscattering Spectroscopy

Rutherford Backscattering Spectroscopy is a technique involving the collision of
charged particles, paramount to the understanding of alpha-mode spectra from the
MER APXS. The governing equations of RBS can be used to provide insight into
the collision that took place, specifically, deducing what the projectile collided with.
Particle scattering is a complicated system, especially when conducted in a martian
setting. This section will illustrate the governing equations of RBS, its simplifications
and implications when conducting such experiments on the surface of Mars given its
current environmental state.

Rutherford backscattering describes and predicts the outcome of colliding charged
particles. It works on three basic assumptions [1]:
1. The projectile and target particles are hard spheres.
2. The target particle is at rest.
3. The collision between the projectile and the target is elastic in nature.
While these approximations are not without faults, they allow for the derivation of
equations whose use provide a means of spectral analysis.

There are four key conditions that govern particle collisions based on the aforementioned assumptions. The following sections will discuss each in detail and include
the resulting impact on a spectrum.

11

1.3.1

Kinematic Factor

The kinematic factor is the key component for any APXS RBS analysis. When
a collision occurs between the incident projectile and a target, the energy transferred
from the projectile to the stationary target is dictated by the kinematic factor. This
allows for the ability to determine the mass of the target.

Consider an incident particle with some initial energy E0 in the laboratory frame
of reference. After a scattering event, its energy is reduced to E = E0 −∆E. Four key
components affect the outcome of a scattering event: angle of scatter, mass of target,
mass of projectile and incident energy. In the case of the experimental setup on Mars,
only the projectile mass, Mα , is known. The kinematic factor provides a means of
mass perception and is the key to alpha mode APXS spectral analysis governed by
Equation 1.1.

E = K 2 E0

(1.1)

where K is defined in Equation 1.2 which is only valid if the target mass is greater
than the projectile mass [1].
p
MT2 − Mα2 sin2 θ + Mα cos θ
K =
Mα + MT

Figure 1.6: RBS collision diagram illustrating the definition of θ.
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(1.2)

Figure 1.6 illustrates that θ is defined as the deflection of the incident projectile
by the target mass from the initial incident trajectory. The structure of the kinematic
factor dictates that the greater the disparity (with MT > Mα ) between target mass
and projectile mass, the smaller the energy transfer. Figure 1.7 illustrates the behaviour of the kinematic factor at various target masses and scattering angles. Herein
lies the issue when analyzing a sample of complicated composition. The change in
the scattered energy of the projectile given a change in mass between elements close
to the projectile in mass (MT > Mα ) is large in the low-mass region. Contrarily, a
change in target mass in a region of much higher target mass (MT Mα ) causes a
much smaller change in scattered energy. This will result in a stacking of elemental
signals.

Figure 1.7: Contour plot illustrating scattered energy as a function of angle and target
dependencies for alpha projectiles with an incident energy of 5.2 MeV.

13

1.3.2

Scattering Cross-Section

The kinematic factor connects the energy of the projectile before and after a
collision. The frequency at which this collision occurs is dictated by the scattering
cross-section, denoted σ. This equation governs the scattering probability which is
dependent on the angle of scatter, the target and projectile, as well as the energy of
the projectile such that

dσ
=
dΩ



Zα ZT e
4E

2

2

q
2
Mα
2 + cos θ
1
−
(
sin
θ)
MT
4
q
4
Mα
sin θ
1 − (M
sin θ)2
T

(1.3)

where e is the charge of an electron [1]. This equation operates so long as the distance
of closest approach is large in comparison to the nuclear dimensions, but small when
compared to the Bohr radius (0.53Å) [1, 14].7 Furthermore, it is important to note
energy dependence. Scattering cross-section increases with decreasing energy. The
deeper a projectile penetrates into a sample, the more energy it loses and the greater
the probability of scatter. This means yield increases with decreasing energy, in an
ideal scenario.

While the scattering cross-section is not used in the spectrum modelling process
and data fitting routine, to conduct a proper simulation of any RBS experiment the
scattering cross-section is a critical component. For backscattering experiments, especially the experimental setup for the APXS on Mars, the likelihood for a backscattered
detection event is very low (1.1 GBq source activity provides < 1 Hz for atmospheric
samples and 1 − 6 Hz for solid-samples). A contour plot illustrating the scattering
7

In most instances the distance of closest approach during an interaction between projectile and
target is well within the electron orbit so the force can be approximated as an unscreened Coulomb
repulsion of two nuclei, thus obeying the conditions.
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cross-section can be found in Figure 1.8. Due to the dramatic differences in the scattering cross-section value depending on the scattering angle and target, the elevation
is expressed in logarithmic form.

Figure 1.8: Contour plot illustrating log(scattering cross-section) as a function of
angle and target dependencies for alpha particle projectiles with 5.2 MeV.

1.3.3

Energy Loss

Energy loss, in terms of RBS, is a process whereby a projectile loses energy while
traversing a medium. In a laboratory setting this is removed altogether by placing
the sample, sources and detector(s) in vacuum. However, in non-ideal scenarios, such
as conducting RBS in a gaseous medium on infinitely thick samples, energy loss is a
key component in spectral analysis. The process of energy loss provides information
on depth perception and is dependent on the composition of the target media and the
projectile. As a projectile traverses a medium, it loses energy at an energy-dependent
rate as it passes further and further into the sample. This linear stopping power,
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measured in

M eV
, is dictated by
cm
dE
= S(E) · ρ
dx

−

8

where S(E) is the stopping power



M eV ·cm2
g



(1.4)
 g 
and ρ is the density
of the
cm3

medium being traversed.

Table 1.2: Comparison of energy lost by 5.8 MeV alpha particles traversing titanium
and carbon dioxide. Note that since the amount of energy lost is a function of current
energy, the energy lost over a given distance is approximate. As the alpha loses energy,
the rate at which it loses energy increases (stopping power increases with decreasing
energy in the energy region of interest).

S(at 5.8 MeV)
ρ
dE/dx

1.3.4

Units
M eV ·cm2 ·g −2
g·cm−3
M eV ·µm−1

Carbon Dioxide
689.3
2×10−5
−1.3×10−6

Titanium
468.1
4.5
−0.21

Energy Straggling

Particles lose energy as they traverse through a medium. This energy loss is prone
to statistical fluctuations, referred to as energy straggling, increasing the difficulty in
identifying the target mass [1]. The amount of deviation from one projectile to the
next is governed by the density, thickness and composition of the medium. As the
mass of the target is increased, the statistical fluctuations also increase as the energy
variation (straggling) increases with the square root of the electron density per unit
area. This causes the peaks in a spectrum to broaden at higher Z in addition to
full width at half maximum (FWHM, the range between values which correspond to
√
counts half that of the maximum) going with E [7, 12].
8

These values were obtained from NIST’s database and allows one to determine the stopping
power experienced by helium ions through various media [15].
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1.4

Rutherford Backscattering Theory Applied to
APXS Alpha Channels

The difference between an APXS in a laboratory setting and one on Mars is
substantial as the experimental setup on Mars is about as unfavourable as possible.
When an alpha RBS spectrum is obtained on Mars, all that is known (by the instrument) is the energy at which the scattered alpha particle is detected. This is
expressed not as counts per energy but as an ambiguous “counts per channel”. Given
a proper energy calibration, this “counts per channel” can be converted to “counts
per energy” allowing for information extraction via the RBS equations.

If we know the energy of a given count, that is all we know (in addition to the
mass of the projectile). It is not known at what angle the scattering event occurred.
It is not known what the target nucleus was. It is not known where the scattering
event occurred. It is not known which detector detected the scattered alpha particle
nor the source which created it. Various scattering angles are possible including
both forward and backscattering in addition to the potential for multiple-scattering
events. This is problematic in terms of deducing what specific spectral structures
represent and produces a foundation for modelling complexity. In Figure 1.7, the
contour lines correspond to a combination of scattering angle and target nucleus that
give the same kinematic factor and thus the same detection energy.9 As a result,
any number of combinations could produce a detection event at a given energy. The
energy loss through the titanium foils and the atmosphere only results in further
energy straggling. Thankfully, there is ample data on a well understood sample that
is fairly stable over short timescales: the martian atmosphere.
9

Same detection energy is referring to when conducted in vacuum. When conducted on Mars the
trajectory adds energy straggling to the equation and with it further uncertainty in the expected
detection energy even with the same target and scattering angle.
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1.4.1

RBS in an Ideal Laboratory Setting

If the life of an alpha particle in a laboratory were to be summarized, it would
appear as is in Figure 1.9. First an alpha is emitted with a well-defined energy.
It then traverses a vacuum absent stopping power (S(E) = 0), before reaching the
thin sample. The alphas then traverse the thin sample (S(E)6=0) losing only a small
amount of energy given the thickness (or lack thereof) of the sample. If a scattering
event occurs, some energy of the alpha particle is transferred, the magnitude depending on the target nucleus and the scattering angle. As the angle can be set in a lab
setting via the placement of the sample with respect to the source and detector, after
the alphas are scattered, traverse back through the thin sample losing another small
amount of energy (albeit larger as E is now smaller), then back through a vacuum
to the detector, the energy is well defined and the target nucleus can be determined.
At this point, the only hindrance in spectrum clarity is the minimal energy lost and
straggling due to the thin sample.
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Figure 1.9: Life of an alpha particle involved in RBS measurements in an ideal laboratory setting. (Please note, x-axis is like an odometer in a car and is a scalar distance
travelled not a vector displacement from the source/detector.)

1.4.2

RBS via the APXS as Conducted on the Surface of
Mars

Conducting an accurate RBS experiment on Mars presents its challenges. First,
there is no longer an initial beam of monoenergetic collimated particles. The alphas
are emitted by any
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Cm atom in the curium-silicide sources. There is no way of

telling which source produced the alpha, complicating the scattering angle with implications discussed momentarily. After emission, the alphas of varying energy traverse a
2.5 micron thick titanium foil in place to guard against potential sputtering/spallation
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[11, 16]. Energy is lost while passing through this thin protective foil resulting in energy straggling before the alphas even reach the column of atmosphere.10 Thus, upon
reaching the atmosphere on Mars, the alphas now have an approximate energy of 5.2
MeV.

Next, the alphas of varying energy enter the martian atmosphere. While the atmosphere is thin, it still results in energy loss and in turn energy straggling. The
alphas traverse the atmosphere slowly losing energy and at any point a scattering
event could occur due to the presence of a nucleus in the atmosphere. There is no way
of determining where this scattering event occurred for a given count in the spectrum.

When a scattering event occurs, the energy lost depends on the scattering angle
and the energy of the projectile at the moment the scattering event took place. Due
to the energy loss and straggling thus far, scattering off of a given target element in
the atmosphere, even at the same angle, would have different kinematic factors and
therefore different energy immediately after scattering. These alphas now traverse
back through the atmosphere where they are subjected to further energy loss, the
rate at which depends on their current energy further skewed by the aforementioned
processes, and even more energy straggling.

When a detection event occurs, the exact detector which registered the count is
unknown. At this terminus point in the timeline, the energy of the detected particle
is known by the instrument, but that is all. Considering the multiple energy loss and
straggling events, the wide range of potential scattering angles, the unknown origin
10

The amount of energy lost is estimated in Table 1.2 as 0.53 MeV for 2.5 microns of titanium.
However, that is an estimate based on a constant rate of energy loss for a given distance. In reality,
the rate of energy loss increases with decreasing energy, so as an alpha traverses a tiny distance ∆x
of titanium it loses more energy than the previous ∆x. Thus, the energy lost is actually closer to
0.6 MeV due to the titanium foils [7].
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of the alpha, or the terminal detector, problems arise when attempting to determine
what target nuclei resulted in the scattering and eventual detection of a given alpha
particle off an unknown sample.

The density and thickness of solid samples further complicates the process. The
alphas are prone to everything discussed pertaining to the atmosphere, however, while
some alphas will scatter off the atmosphere and be detected, others will traverse the
entire column that lay before a solid-infinitely-thick sample.11 At the point in space
where alphas reach the surface of the solid sample there is already a spread of projectile energies prior to any backscattering event. At this point, some alphas will scatter
off the surface of the sample and be detected by the detector. Other alphas will
penetrate the sample for a small distance, rapidly losing energy while traversing the
solid sample, and experience energy straggling once again. After a scattering event
the projectile will traverse back out of the sample, experiencing even more energy
loss at an even greater rate as well as further energy straggling. This process will
be repeated by other alpha particles penetrating to various depths resulting in most
being lost within the sample.

When inspecting solid samples all of the same uncertainties arise as with the
purely-atmospheric samples, however, they are further amplified by the interactions
between the alphas and the solid-sample nuclei. The range of scattering depths results not in broadened peaks, but in piece-wise functions. In actuality, the piece-wise
functions used in the model are not ideal. The functions used are continuous and
differentiable with a Gaussian approximation (see Equation 2.1) at x ≥ µ and with
11

Rocks and soils are effectively infinitely thick as the maximum penetration depth of alpha
particles is on the order of microns.
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f (µ) for x < µ. However, as scattering cross-section and energy loss are energy dependent, the piece-wise function should have a non-zero slope for x < µ, though the
sign and magnitude of this slope are not easy to predict due to the many variables at
play.

The depth of penetration has a major impact on the detection energy of an alpha
particle; the farther it penetrates the more energy is lost and the faster it is lost.
Upon exiting the sample the alphas can have a wide range of energies, spread right
across many channels of the spectrum. This results in the rectangle-like appearance of
solid-sample signals. Again, these samples are not in a vacuum, further complicating
the process and increasing uncertainty in the measurements. For a pictorial summary
of alpha scattering and detection in a purely atmospheric sample observe Figure 1.10.
For an illustration of the interactions with a solid-sample observe Figure 1.11.
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Figure 1.10: Life of an alpha particle involved in APXS RBS measurements on atmospheric samples on Mars. The dotted lines represent different possible scenarios.
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Figure 1.11: Life of an alpha particle involved in APXS RBS measurements on solidsamples on Mars. The dotted lines illustrate a few alternate scenarios compared to
the focal scenario illustrated with a solid line. Refer to Figure 1.10 for an illustration
of possible interactions with the column of atmosphere preceding the solid-sample.

1.5

Motivation

The physics involved in alpha-mode spectral analysis makes for a complicated
model. The experimental setup on Mars further complicates the analysis process due
to the many environmentally-induced variables. The data downlinked from Mars as
a result of this is very noisy and of poor quality. So why bother?

We know the composition of the atmosphere, which lends itself to being able to
complete the primary goal of the project: simply understand the spectra. Furthermore, given Spirit’s generous gift on its deathbed in the form of several months of
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atmospheric data, the quantity of this data is enough to form a preliminary model.
This is the foundation to potentially observe changes in the atmospheric pressure on
Mars, something that requires a model to pass various consistency checks to prove the
model behaves properly and the assumptions valid. The model needs to not only be
of sound repeatability (paramount for summation reductions) but also of electronic
stability (handles various degrees of background noise and various spectral artifacts).
It is at this point that another giant leap can take place, drastically increasing the
science return: modelling solid-sample spectra.

A successful model that provides critical sample information on solid-sample spectra is the ultimate goal of this project. For example, the X-ray mode of the APXS
cannot detect elements of lower atomic number than sodium via traditional peaks.
The alpha mode, as clearly illustrated in the atmospheric spectrum, is capable of
detecting elements such as carbon and oxygen making it possible to detect potential
carbonates and hydrates directly. Furthermore, there is no means to measure the
distance from the APXS instrument face to the sample. The method of detecting
hydrated minerals in rocks and soils via X-ray spectra analysis is highly sensitive to
distance. The physics involved in RBS allows for the opportunity to derive such a
distance measurement. Additionally, RBS measurements on rocks can provide information on potential surface laying when compared to the corresponding X-ray
spectrum due to the different penetration depths of alpha particles and X-rays within
a sample [7, 11].
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Chapter 2
Models and Methodology
When the project was undertaken, the analysis of a single atmospheric spectrum
included a convoluted interplay of several different programs and programming languages. In general, the process has remained much the same throughout the project
whether GNUPlot, MATLAB or a combination of the two were used:
1. Access the martian alpha data and convert it to ASCII form.
2. Generate preamble to the fit routine containing initial conditions and engineering information such as sol, temperature, spectrum identity, firmware parameters, etc.
3. Perform the necessary adjustments to the spectra if applicable.
4. Execute the fit routine.
5. Organize variable output for analysis.
6. Repeat the process making adjustments based on the analysis if necessary.
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2.1
2.1.1

Fitting-Specific Methodology
Precursor to MATLAB

In the early stages of this project, the main tool for the fit routine and development of the model was GNUPlot. In order to mechanize the process across many
spectra, PowerBasic scripts were run in combination with Windows batch files. As
the project evolved, the use of PowerBasic was phased out and MATLAB was used to
generate the input files. Eventually, the need for GNUPlot, batch files and the other
various programs were eliminated altogether and the entire process was reduced to
MATLAB-exclusive scripts.

2.1.2

MATLAB Exclusive Routines

GNUPlot’s fitting procedure is highly sensitive to initial conditions and it is
difficult to set bounds on variables. This often resulted in unrealistic peaks which are
problematic from an analysis standpoint.1 With MATLAB however, it is possible to
specify the upper and lower bounds on a variable as well as the initial condition, a
perfect feature for complex models with many parameters. This resulted in the entire
GNUPlot fit routine to be reduced to four lines of MATLAB code.

2.2

Models and Fit Routine Progression

The success of this project relies on the fit routine and the accuracy of the model.
This model was in a constant state of evolution over the duration of this project. The
proceeding section will elaborate on this evolution and the reasoning behind it.
1

The only way to correct this is to place the variable you wish to bound inside a trig function
which has natural bounds and then scale. This however produces issues at the limits. Additionally,
negative functions could be removed by squaring and square-rooting the function, but when combined
with trig functions it was messy and certainly not ideal.
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The interactions between the alpha particles and an atmospheric sample can be
approximated using Gaussian curves. Equation 2.1 represents a traditional Gaussian
curve with σ pertaining to the standard deviation of the curve about a mean denoted
µ. In the case of modeling a spectrum, x corresponds to the channel number in
question and f (x) to the number of counts in said channel. A traditional Gaussian
is of the form
(x − µ)2
f (x) = √
exp −
2σ 2
2πσ 2


1


(2.1)

and normalized to unity. We can also characterize a Gaussian by its FWHM:


1
(x − µ)2
f (x) ≈
exp −2.77
.
FWHM
FWHM2

2.2.1

(2.2)

Pre-Calibration Model

The pre-calibration model was a logical first step and consists of the sum of a
series of equations. This includes an exponential background as well as three Gaussian
curves corresponding to carbon, oxygen and an unknown peak2 . Thus,
 X


n
−x
τ hi
(x − µi )2
+
exp −2.77
l(x) = hb × exp
Bb
FWHM
FWHM2i
i
i=1


(2.3)

where FWHMi corresponds to the full-width at half-maximum of the Gaussian curve
representing a target i, hi is the amplitude modification term for peak i, τ corresponds
to the integration time of the spectrum, n is the designed number of Gaussian curves,
b denotes the background, µi corresponds to curve i’s Gaussian mean as a channel
number, x. These equations can be expanded provided the detectors are characterized
2

Later to be determined as oxygen originating from a secondary lower scattering angle.
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and an energy calibration is complete.

2.2.2

Detector Characterization and Energy Calibration

Without an energy calibration, Gaussian curves are attached to an ambiguous
channel number. However, if the energy associated with the signal is known, an energy calibration can be performed that will allow for the model to have target-specific
curves. This modification first comes from taking into account the offset (DO ) and
gain (DG ) of the APXS alpha detectors and their electronics as calculated using two
or more points of known energy. Usually the energy calibration is known however,
due to extenuating circumstances pre-launch, this was never determined for the MER
APXS except for the X-ray mode.

Using the offset and gain in
E − DO
DG

µ =

(2.4)

one can define the expected Gaussian mean based on the kinematic factor. The
kinematic factor, K (Equation 1.2), relates the energy of a scattered particle, E, with
the initial energy of said particle, E0 , via
E = K 2 E0

which yields

µ =

K 2 E0 − DO
.
DG

29

(2.5)

2.2.2.1

Atmospheric Sample Model

Equation 2.5 converts the pre-calibration model from a channel-based Gaussian
model to an energy-based Gaussian model given a proper energy calibration. Thus,
the Gaussian curves used to model the various atmospheric signals arising from the
thin sample approximation become

f (x) =

1

exp −2.77
FWHM


x−

K 2 ·E0 −DO
DG

FWHM2

2 

.

(2.6)

Up until this point, the role of energy loss in the model and energy calibration was
neglected. In the case of an atmospheric sample with many signals, the structure of
the signals will be modified and defined as

l(x)

= lb (x) + latm (x)


−x
lb (x) = hb exp
Bb
"
#
n
X τ hi
(x − µi )2
exp −2.77
latm (x) =
FWHMi
FWHM2i
i=1
√
2
Mi2 −Mα2 sin 2 θ+Mα cos θ
0
00
· (E0 − EL ) − (DO + EL )
Mα +Mi
µi
=
DG
0

(2.7)
(2.8)
(2.9)

(2.10)
00

where the i subscript separates one target’s signal from the next and EL /EL denotes
0

00

the linear energy loss (EL /EL ≥0) on the incident/return leg, Mi is the mass of the
target in atomic units denoted MT , E0 is the initial energy of the alpha particle, DO
is the offset of the energy calibration (MeV), DG is the gain of the energy calibration
(MeV/channel), Mα is the mass of an alpha particle expressed in atomic units and
θ is the average/dominant angle of scatter. What differentiated atmospheric models
from this point forward were the restrictions placed on variables.
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2.2.2.2

Solid-Sample Model

In order to fit a spectrum that contains a dense and infinitely thick sample (solid
sample) such as a rock or soil, the model needs to incorporate the elements suspected
to be in the sample itself and also elements included in the column of atmosphere.
To model solid samples one needs to expand the atmospheric model already developed.

There is a fundamental difference between modelling the interactions between
alphas in gaseous samples and those of solid samples. A Gaussian might be an
appropriate approximation of signals from the martian atmosphere, however, signals
originating due to interactions between alphas and solid-samples do not behave in the
same fashion. The rate of linear energy loss and energy straggling in a solid sample
is much greater than that of the atmosphere. Due to this the shape of the signal
modelling a solid-sample element will contain a shelf at energies lower than the peak.
Thus, when modelling a solid-sample signal, the best approximation is a piece-wise
function with a typical Gaussian edge at x = µ. In reality, stopping power impacts
yield differently across a range of energies lower than the signal edge. The linear part
of the function should have a non-zero slope for x < µ, though the sign and magnitude
of this slope is difficult to estimate. Equation 2.11 illustrates the equations of this
model
l(x) = lb (x) + latm (x) + lsolid (x)
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(2.11)

where



−x
lb (x) = hb exp
Bb
"
#
n
X
τ hi
(x − µi )2
latm (x) =
exp −2.77
FWHM
FWHM2i
i
i=1




2
τ
h
(x−µ
)

j
j
m


for x ≥ µj 
X
FWHMs exp −2.77 FWHM2s
lsolid (x) =


τ hj

j=1 
for
x
<
µ
j
FWHMs
√
2
2 −M 2 sin 2 θ+M cos θ
Mi,j
0
00
α
α
· (E0 − EL ) − (DO + EL )
Mα +Mi,j
µi,j
=
DG

(2.12)
(2.13)

(2.14)

(2.15)

and i relates to the n atmospheric elemental targets and j relating to the m solidsample targets. It is important to note that the spreading of atmospheric peaks
stems from a broad scattering angle. With solid-sample targets there is still a slight
distribution to the scattering angle, however the piece-wise function model arises due
to the range of energy loss experienced while scattering at various depths within a
solid sample.

2.3
2.3.1

Determining Variable Boundary Conditions
Solid Sample Related Modifications

During the evolution of solid-sample analysis, various parameters were tweaked
and tested, as was done with the atmospheric model in its early stages. One such
change was to link the solid-signal FWHM, which is smaller than its atmospheric
counterpart mainly due to a more defined average scattering angle.

Another major addition to the analysis of solid-samples was the inclusion of data
from the X-ray analysis of the same samples. APXS X-ray derived compositions taken
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from Bell (2008) includes critical information such as sol, rock type, name given to
the sample, sample acquisition time, and the geometric norm3 in addition to the elemental concentrations of sixteen different oxides and elements with corresponding
uncertainties. This table was introduced into the MATLAB routine to allow for a
comparison between the alpha results and those of the published X-ray results.

The geometric norm is a means of approximating the distance between the sources
and the sample. This value corresponds to the number of X-ray counts received with
respect to the instrument placed at 3.1 mm standoff. That is, a geometric norm of 0.4
corresponds to a distance from the sample that yields 40% of the counts compared to
the nose cone positioned 3 mm above the sample (distance between sources/detectors
and sample of approximately 3.1 cm) [7, 17]. Since APXS spectra are highly sensitive
to the source-to-sample distance, this value is critical to spectral understanding and
can be used to normalize either the X-ray or alpha data for a proper comparison.

2.3.2

Characterization of Temperature Dependencies

Temperature can play an important role in the variation observed between one
spectrum and the next through electronic temperature drift. There are two ways to
account for temperature fluctuations. The first is to scale the raw spectral counts
directly, which would make an analysis of non-calibrated data sufficient. The second
is to apply a temperature-dependent energy calibration, which is what was initially
done as the model was already in place and just needed some minor adjustments.
To examine the temperature dependencies in more detail, a program was written
that filtered the spectra based on the temperature recorded during observation. The
results are presented in Figure 1.4 and Figure 1.5.
3

The geometric norm values published did not take into account the exponential decay of the
curium sources as the expected lifetime of the mission was 90 days [7, 17, 12]. This was corrected
in the MATLAB routine as the MER-A mission lasted several years.
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2.3.3

Observation and Analysis of a High-Energy Peak

A high-energy peak was observed when summing spectra of similar temperatures
together and comparing them across the range of temperatures observed. A program
was written to analyze the properties of this high-energy peak, seen in Figure 1.4 and
Figure 1.5. Two steps were taken to identify and understand this peak further:
1. Executed a position-based fit, similar to Section 2.2.1, that focused solely on the
temperature window sum-spectra high-energy peak itself (Figure 3.12). This
provided information on the peak position independent of the other signals
occurring at the lower channels.
2. The next step involved modifying the atmospheric energy-based model to include a peak of user-defined energy. The user would define this energy and
MATLAB would fit the temperature window sum-spectra using this model, attempting to determine the best set of variables to not only fit the atmospheric
signals, but also fit the high-energy peak using this fixed energy. The result
could then be compared to the fit of the high-energy peak alone which aids in
determining its point of origin.
It was expected that this peak would be around 5.8 MeV indicating curium contamination somewhere in front of one of the detectors. As no Pu X-ray peak was seen
in the X-ray mode spectra, this contamination, if it was in fact curium contamination,
would likely be directly over one of the alpha detectors. The observation and analysis
of this peak led to several months of investigation that eventually solidified an energy
calibration and temperature compensation for the MER alpha-mode spectra. This is
discussed further in Chapter 3.
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2.4

Monte Carlo Simulations

Monte Carlo simulations were run to further the understanding of various aspects
of alpha particle RBS spectra produced by the APXS from the martian atmosphere.
There is a complex interplay that toys with each emitted alpha particle. It is non1
trivial to estimate this interplay of emission solid angles which trend as 2 , Rutherford
r
cross-sections which heavily favours low scattering angles, and detector solid angles
which are further complicated by a collimator on each detector. To simplify this
process, the simulation program considered all volume in front of the APXS regardless
of whether or not its position was feasible given the geometry and physical properties
of the APXS including neglecting whether or not the corresponding angle of scatter
was complimentary to the given detector’s collimator. The result of such a program
was a preliminary high-level 0th-order view of an atmospheric alpha-mode spectrum
whose broad peaks arise due to an angular distribution and not due to energy width
or resolution. These simulations were the grounds for the model developed hereafter.

2.4.1

Spectrum Simulation

To simulate a MER APXS alpha spectrum, a few assumptions were made. First,
the symmetry of the APXS instrument face would be used to simplify the program.
The simulated spectrum would be created using a single source rather than randomly
choosing a source for each iteration. Second, all alpha particles generated would
reach a detector. Lastly, probabilities were determined using Rutherford scattering
cross-sections and atmospheric abundances (Equation 1.3).

The algorithm for the program was as follows:
1. Setup instrument face (place alpha source and detectors in x-y plane at z=0)
and define constants.
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2. Create a 3D unit-vector from the alpha source to some point in space (limit
to +z emission, -z would be into the instrument and is invalid). Note, this
should be expanded to only allow 3D vectors that exist inside of the nozzle of
the APXS and within the visible region exceeding its length.
3. Scale the unit vector by some probability distribution, reducing energy via stopping power based on distance travelled from source to target.
4. Determine the angle between the terminal end of the 3D vector (the position of
the target) and each detector.
5. Determine the Rutherford scattering cross-section for each potential target (carbon, oxygen, argon) at each detector. Weigh this probability by the atomic
abundance of the target in the martian atmosphere.
6. Determine the target generating the scattering event and which detector the
scattered alpha particle was detected by.
7. Reduce energy based on the kinematic factor (given the scattering angle and
the target) and furthermore by the stopping power, which is a function of the
distance travelled from the scattering event to the point of detection.
8. Store energy and repeat from Step 2 until desired number of iterations are
complete.
9. Generate histogram, layered and colour coded, representing a spectrum.
With the completion of this program, various target probability distributions
can be tested and modified with ease allowing further improvement and simulation
accuracy. The simulation program itself was geared to be a preliminary investigation
and high-level tool to visualize the various spectral properties of atmospheric RBS
alpha spectra. Figure 2.1 illustrates the basic principles of the simulation.
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Figure 2.1: Basic principles of Monte Carlo simulation used to understand spectral
properties from within the MER alpha-mode atmospheric spectra. Emission source
and all detectors were represented by a single point in space.

2.4.2

Angle and Detectors Breakdown

Upon completing the spectrum simulation program described above, a secondary
program was written to provide further information. Based on the target probability
distribution programmed by the user, this secondary program illustrates graphically
the angular distribution and rate of detection at each detector. This allows the user
to observe which detectors are preferred by a given source and which angles dominate.
This information can be used to more accurately define angular dependencies when
conducting a fit routine on energy-calibrated data.

As seen in Figure 1.2, there is a shoulder that appears on the right of the oxygen
peak occurring around channel 80. The results from the simulation produced a simple
answer: a second effective scattering angle. At this point, angles were locked in the
backscattering regime; varying from 140 to 170 degrees from one analysis to the next.
What the simulation produced was a second dominant scattering angle, one that is
still by definition “backscattering”, however it is closer to the forward scattering region. In fact, the simulation suggested two dominant angles: approximately 135-140◦
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and to a lesser extent 105◦ .

To illustrate the program output, Figure 2.2 illustrates both the angular distribution as well as the dominant detectors and resulted in the spectrum observed in
Figure 2.3. As anticipated, the detectors farthest from the source being considered
were most active. This is due to Rutherford scattering favouring smaller angles of
scatter as per the scattering cross-section (Section 1.3.2).

2.4.3

Probability Distribution

The final simulation program written was one that illustrated the scattering
cross-section at various points in space. The gradient output from these planes of
view illustrates how the probability changes spatially. Combining these images allows one to visualize a “cloud of probability” (ignoring the collimators). Various
images were generated at different planes of view. Figure B.1 and Figure B.2 illustrate x-z and y-z planes of view on the left with the corresponding position with
respect to the source and detectors on the right while Figure B.3 illustrates x-y planes
at incremental z.

Further investigation is needed as there is more than the scattering cross-section
that determines the probability of scatter. The aforementioned figures illustrate the
varying scattering cross-section across the volume of the atmosphere prone to scattering events. While the volume elements near the instrument have a much higher
scattering cross-section, their volume element is much smaller. As the alpha particles
traverse farther from the source the scattering cross-section decreases but the volume element increases. More investigation is needed into these competing influential
factors if one wants to improve spectral simulation. However as it stands now, the
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Figure 2.2: Angular distribution of simulated scattering events and detector activity
using targets placed radially at a distance of 0.75 cm.

Figure 2.3: Simulated spectrum resulting from targets placed radially at a distance
of 0.75 cm illustrating the shoulder appearing on the oxygen signal. This shoulder
is a result of smaller-angle scattering, specifically that of oxygen. Note that it is the
peak positions that are of interest and the general shape/structure of the spectrum.
The program was not written to simulate quantity but rather placement. Also note,
the spectrum is plotted with a linear y-axis.
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simulation provides enough information to improve the variables within the model.

It is important to note that the gradient colour schemes illustrated in Figure B.1,
Figure B.2 and Figure B.3 should not be presumed equal at first glance. In each
image the scale is unique. This is especially true at lower z elevations where the small
scattering angles result in large scattering cross-section values. This is predominantly
indicated by the “white void” and is removed from the gradient colour scheme as not
to drown out the overlying trends. In the low-z regions, had this not been done, all
the observer would see is a purple dot among an ocean of blue.
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Chapter 3
Characterization of Detector
Performance
The alpha detectors have a non-vanishing temperature dependency (due to the
expected pre-amp temperature dependence in the sensor head that rule the amplifiers). This chapter will discuss observations made in lab on the MER-B APXS and
the attempt to properly calibrate the MER-A APXS towards thermally-independent
spectra. Specific focus will be given to a bug found in the code of the APXS firmware
and its implications. Upon completing a thorough investigation, there is now a consistent way to undo the wrong compensation which yields, for the first time, an energy
calibration under martian conditions, that makes sense and explains spectral artifacts
such as the high-energy peak.

3.1

Characterization from the Thermal Acceptance
Test on the MER-B APXS at JPL

The investigation into a re-calibration was undertaken due to some observed inconsistencies in the initial calibration determined via the carbon and oxygen peaks
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in the as-downlinked data. This initial calibration included a temperature-dependent


∆KeV
gain
and a large offset (MeV).1 At the time, it was highly contested that
Channel
an offset would even exist, let alone at a large magnitude, as there was no logical
point of origin for an offset to arise [7]. With the as-downlinked energy calibration, a
high-energy peak estimated to be on the order of 7.1 MeV was observed.

There were several anomalies within the initial energy calibration that couldn’t
be explained. Usually, to calibrate alpha detectors, one uses multiple alpha-emitting
isotopes to get an unambiguous energy calibration. However, these measurements
were skipped before instrument delivery. Thankfully, a test was done using the MERB APXS in near-vacuum at JPL pre-launch. The post-vibe thermal acceptance test
gave a better idea of what type of energy calibration may be expected. Figure 3.1
illustrates the peak positions of three uncertified alpha emitters, determined now to
be 239 Pu at 5.157 MeV, 241 Am at 5.486 MeV and 244 Cm at 5.805 MeV, when tested in
near-vacuum conditions across a broad range of temperatures. (Note: In some cases
there are multiple emission lines,
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Cm is 76% 5.805 MeV and 24% 5.763 MeV for

example. However, the broadening of peaks arising from multiple emission energies
is of minor concern compared to the broadening arising from both a large ∆θ and
energy straggling. The emission energy used in the model and simulations before
interacting with the titanium foils was 5.8 MeV which is the weighted emission of the
aforementioned two curium lines.) Before this data can be analyzed there are two
caveats which must be brought to the forefront:
1. This test was conducted on the MER-B APXS not the MER-A APXS. While
the instruments are effectively twins, they will not respond exactly the same.
2. The test was conducted at JPL in a vacuum chamber with the APXS not
1

The offset was on the order of 10×Gain.
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connected to the rover. This means different connecting cables were used which
could further reduce the similarities between the vacuum chamber response and
the response observed on Mars.
Using Figure 3.1, one can determine an energy calibration for the MER-B APXS
under the test setup at JPL. Figure 3.2 and Figure 3.3 illustrate the gain and offset
of the MER-B APXS under near-vacuum conditions over the temperature region
relevant to the alpha-mode data collected on Mars.

Figure 3.1: Detector response to thermal changes as illustrated by the peak positions
of three calibration sources conducted using the MER-B APXS in near-vacuum in
a lab at JPL. The branching effect observed is the hysteresis between warming and
cooling of the instrument. It is especially important to note that this was conducted
using connections and cables dissimilar to those on the rover and furthermore that
the instrument itself is from MER-B and not MER-A.
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Figure 3.2: Gain extracted based on peak positions and energies of the three sources
used in the thermal chamber at JPL. The larger distance (in channels) between the
curium and plutonium peaks (red) results in a smaller uncertainty than observed
between the americium and plutonium peaks (blue). For this reason the Cm-Pu
gain was used to determine the value of the offset in Figure 3.3. Nevertheless, the
Americium-based calibration is included in Figure 3.3 as a sanity check since there
were no specifications received regarding the isotopes used in the test, meaning the
isotopes and energies used were guesses, albeit good ones.

3.2

Discrepancy Between the MER-B Test and AsDownlinked Data

The first anomaly encountered was that of the carbon and oxygen peak positions.
Based on the test conducted at JPL on the MER-B APXS, it was anticipated that
the peak positions would behave a certain way given the gain and offset derived in
Figure 3.2 and Figure 3.3 respectively. Given the nature of the gain and offset, the
expected scattering angle(s) and the predicted amount of energy lost, an expected
position for the carbon and oxygen peak positions could be declared. These expected
positions were overlaid with the as-downlinked peak positions illustrated in Figure
3.4. The role that gain and offset plays over a range of temperatures and energies
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Figure 3.3: Offset extracted using the peak positions, known energy of the three
sources and gain estimated via the Cm-Pu peak difference in Figure 3.2. Note, a
significant offset is visible for the MER-B APXS, a twin to that of MER-A’s.

can be observed in Figure 3.5, explaining the difference in carbon and oxygen peak
behaviour witnessed in atmospheric spectra.

3.3

Internal Energy Calibration Investigation

The internal compensation of the APXS attempts to stabilize spectra during integrations experiencing changing temperature. When an alpha particle is detected,
the pre-amp amplifies the signal before it is sent down a cable to the main electronics
box. The pre-amp, as well as the detectors, are exposed to the environment and
change significantly in temperature during the measurement.

In the main electronics, the main amplifier differentiates, shapes and amplifies
the signal resulting in a Gaussian peak. This is then sent to the peak hold detector circuit, which buffers the peak maximum and provides the signal to the 16 bit
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Figure 3.4: Expected peak position (line) of carbon (red) and oxygen (blue) via gain
and offset from the MER-B vacuum chamber data overlaid on the as-downlinked
peak positions from atmospheric measurements. Deviation is due to the internal
temperature compensation in the as-downlinked data which is not present in the
vacuum chamber prediction.

Figure 3.5: Contour plot illustrating the difference in motion of signals arising due
to the tug-of-war between the gain and offset determined from the JPL thermalacceptance test.
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analog-to-digital converter (ADC). The intention was for the internal compensation
to scale this 16 bit number by a temperature-dependent value, however, these efforts
were futile as they did not expect or consider the presence of an offset.

The compensation values used were derived from a vibe test conducted in the
vacuum chamber at JPL just before flight. Therefore, it is immediately apparent why
there is a clear and obvious deviation between the expected positions of atmospheric
carbon and oxygen peaks and those observed in the MER-A as-downlinked spectra:
the test conducted at JPL was without the temperature compensation while a compensation was applied to the as-downlinked spectra. Removing the compensation
applied to the MER-A data should yield peaks that behave as expected based on
the vacuum chamber test. To do this, the scale factor in the firmware needed to be
reversed. In any spectrum, the first few channels correspond to engineering data.
The first channel is the lifetime of the measurement, τ , and the second the spectrum
identity number. The third and fourth channels correspond to the G0 and A values
used in the firmware to compensate for temperature.2 Converting these numbers to
their hexadecimal values allows a script, “APX TC”, to output the G0 and A values
for G(T ) = A·T + G0 where G(T ) is the scale factor applied for a given T . The
original intent of the internal compensation was to maintain constant peak positions
over varying temperatures, however, there were no provisions taken to consider an
offset let alone its temperature dependence.

Upon removing the internal compensation (G0 = 6ACB, A = 396F ), the model
was run once again. Figure 3.6 illustrates still a deviance from the observed and
2

These values are in integer form in the spectrum but correspond to hexadecimal values in the
firmware. Diligence must be taken as the integer values given in the third and fourth channels have
the high and low bit switched. Thus converting from 52074 gives CB6A when in fact it should be
6ACB to give the correct internal compensation values.
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expected. After removing the internal compensation one would expect the peak
positions to behave similarly to that of the test conducted on MER-B in vacuum.
While some differences are to be expected, one instrument being highly sensitive
to temperature (expected positions: MER-B) while the other is stable (observed
positions: MER-A) without any compensation is highly unlikely.3 In addition to
this, the peak position of the high-energy peak behaves very strange in the sense
that it moves in the opposite channel direction from what is expected for a 5.8 MeV
peak (Figure 3.7) given a change in temperature. Once again, further investigation is
needed which would uncover a firmware bug that swapped the applied compensations
of the alpha and background modes rendering the primary intent obsolete. This
swap was done in such a way that the quoted values for G0 and A in the spectral
engineering data were what they should have been and not what they actually were,
making uncovering the bug a more drawn-out and tedious process.
3

This would be explained later and is merely a coincidence arising from the quoted and actuallyapplied internal compensation being roughly double the slope over T of the other.

48

Figure 3.6: Expected peak position of carbon and oxygen peaks via gain and offset
from the MER-B vacuum chamber data overlaid with the observed peak positions
of carbon and oxygen from the quoted-internal compensation removed data. The
observed peak positions of the quoted-internal-compensation-removed data are much
more stable over temperature than their counterparts illustrated in Figure 3.4 which
contradicts the expected.
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Figure 3.7: Expected peak position (line) of a 5.8 MeV peak via gain and offset from
the MER-B vacuum chamber data overlaid with the observed peak positions of the
high-energy peak from the quoted-internal-compensation-removed data.

3.4

Investigating a Bug in the APXS Alpha and
Background Mode Firmware

In the firmware code, something that cannot be changed once the instrument
is installed on the rover, a small bug was uncovered with significant implications: a
simple switch of variables. This bug switched the background and alpha-mode temperature compensations and it did so in such a way that the stated compensation in
the third and fourth channel of a spectrum were what they should have been, not
what they actually were. While its intended purpose was valid, the disregard for
an offset and the accidental switch of variables in the firmware renders the internal
compensation invalid; errors that can happen when under a tight timeline dictated
by a finite launch window.
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The quoted background compensation had G0 = 3644 and A = 6D78, which, by
chance, was roughly double the slope over T of the quoted alpha-mode compensation
value resulted in an over-compensation in the as-downlinked data. Table 3.1 and Figure 3.8 illustrate the quoted and applied internal compensation for quick comparison.
The dotted line at y = 1 illustrates flat compensation. To obtain data that behaves
as observed in the vacuum chamber data, this actual internal compensation must be
reversed. Upon doing so, everything fell into place.

Table 3.1: Quoted and intended (6ACB 396F) internal compensation compared with
actually applied (3644 6D78) internal compensation. Over the temperatures observed
during atmospheric measurements (approx. 200-270 K), the intended scaling factor
ranged from 1.10 to 1.16 while the actual internal compensation ranged from 0.88 to
1.05.
Scale= A·T + G0

A(K −1 )

G0

6ACB 396F (Quoted & Intended)

0.0012

0.8344

3644 6D78 (Actually Applied)

0.0023

0.4239
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Figure 3.8: Comparison of the intended firmware compensation as quoted in the
engineering data with that of the actually-applied compensation. The difference in
intercept, specifically the fact the actual compensation is less than unity at T >250
K has significant implications, discussed in Section 3.5.
A program was written to compare the observed peak positions with that of the
expected positions based on the gain and offset from the MER-B vacuum chamber
test. However, the expected peak position is varied based on a range of angles and
scattering distances. The combination of angle and distance that minimizes the difference between the observed peak positions and the expected is the angle and distance
that best represents experimental setup on Mars for the current model. The result of
such a test is illustrated in Figure 3.9.
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Figure 3.9: Contour plot illustrating the difference between the observed peak positions from the correct-internal-compensation-removed data and the expected positions based on the vacuum chamber energy calibration at that angle and distance.
Reds indicate a large difference and blues indicate a small difference. In addition
to the contours illustrated, there is a “sweet spot” probability distribution distance
in the mid-y-axis region. Thus, a scattering angle of approximately 137◦ and an air
column penetration depth of approximately 4 cm best matches the observed peak
positions to the expected based on the vacuum chamber test.
The angle and distance that minimizes the difference is represented by the sweeping valley from (150,0) to (130,7). This is a direct result of the tug-of-war between
scattering angle and trajectory vector length.4 The probability distribution for scattering and the design of the instrument adds a y-axis concavity, lowest in the 3-5
cm region. Considering this, the best scattering angle is around 137 degrees with a
sample penetration distance of roughly 4 cm. This scattering angle coincides exactly
with that predicted from the Monte Carlo simulations. Furthermore, the distance
is larger than that of the APXS nose cone, which is expected considering the atmospheric backscattered signal changes when integrating solid-samples at various
4

Lowering the scattering angle will increase the energy retained by the alpha particle after a
collision. However doing so lowers the amount of distance travelled and reduces the amount of
energy lost on its journey.
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standoffs. The peak positions overlaid with the expected based on a 4 cm air column
and 137◦ scattering angle can be observed in Figure 3.10.

Figure 3.10: Expected peak position of carbon and oxygen peaks via gain and offset
from the MER-B vacuum chamber data overlaid with the observed peak positions of
carbon and oxygen from the internal compensation removed data. The expected peak
positions take into account the energy lost traversing 4 cm of martian atmosphere
prior to scattering at 137◦ , the energy lost traversing the same 4 cm of atmosphere
back to the detectors and the angle and distance that were determined to minimize
the discrepancy between the observed and expected.

3.5

Explaining the High-Energy Peak

When atmospheric spectra of similar temperature were summed and then compared, a peak in the high-energy region appeared. An investigation ensued to attempt
to explain the origin of the peak and whether or not it was possible via 5.8 MeV incident alphas. The successful reversing of the internal compensation and the behaviour
of the atmospheric peaks meant the peak could now be properly examined. It was
expected that this peak was the product of one of two possibilities: curium contamination due to mobilization of one the sources directly depositing a small
54
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Cm

sample on one of the alpha detectors (a curium signal is not seen in the X-ray mode
spectra), or a high-energy alpha emitter native to Mars. Furthermore, analysis of the
first sols contain this high-energy peak. If the signal is from terrestrial curium, it
occurred prior to the first APXS measurement.

We see in Figure 3.7 where a 5.8 MeV signal is expected. There was an expectation that the proper internal compensation removal would indicate 5.8 MeV and
curium contamination. However, this was not the case (Figure 3.11).

Figure 3.11: High-energy peak positions upon removal of the actual internal compensation. The dotted line indicates the 256th channel.

Upon removing the internal compensation and allowing for channels beyond that
of 256,5 one can clearly see the high-energy peak is stable just above channel 256
at temperatures below 250 K. Thus, one can conclude that this peak is in fact a
5

Channels beyond 256 were allowed to properly observe the influence of the internal compensation
and see some effective-channels not visible in the as-downlinked spectrum.
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pseudo-peak that arises from a shifted over-flow channel due to the improper internal
temperature compensation.

The actual internal temperature applied was not the intended one due to a bug in
the firmware coding. As a result the APXS was constantly and improperly compensating for temperature. At low temperatures, this meant a scaling factor less than
unity was used, essentially taking a spectrum and compressing it. Every 30 seconds
the APXS would measure the temperature and for the next 30 seconds it would adjust accordingly. During this time, it would register over-flow channel counts6 and
pull them in to lower channels. Due to the improper temperature compensation, any
change in temperature from one 30 second mini-spectrum to the next would move
the overflow channel in to a slightly different position, effectively creating a sharp
and well-defined Gaussian as confirmed by an average FWHM of 2.4±1.2 channels
for this pseudo-peak. Another confirmation of the theory is the temperature at which
the peak position ceases being thermally-independent above channel 256 and migrates
to channels below 256. This occurs around 250 K which is exactly when the actual
internal temperature compensation (G0 = 3644, A = 6D78) is unity. This confirms
that the peak is a pseudo-peak, arising from a shifted over-flow channel spread into
multiple channels due to the small ∆T during each spectrum. Additionally, there
were no counts beyond the upper-limit of this Gaussian pseudo-peak, further supporting the theory.

The easiest way to illustrate the shifted overflow channel is with Figure 3.12. Here
the observed high-energy peak positions at a given temperature are overlaid with the
6

Over-flow counts are counts arising in the 256th channel that have energy higher than that of
the previous 255 channels.

56

position of the shifted 256th channel given the improperly-applied internal compensation.

Figure 3.12: Observed high-energy peak position of temperature-summed atmospheric
as-downlinked spectra compared with the effective position of the overflow channel.
The improper internal temperature compensation, in combination with a small ∆T ,
creates a pseudo-peak in the spectra. The position of this pseudo-peak coincides
exactly with the motion of the overflow channel due to the improper internal temperature compensation illustrating the origin of the high-energy peak.
With this result, it is possible to determine the full-scale energy and provide
a lower threshold as to what source is causing the counts associated with the overflow channel. The carbon and oxygen peaks were used to determine a gain and
offset that could in turn be applied to determine the energy of channel 256 at 250
K. Using the now temperature-dependent carbon and oxygen peak positions in the
properly-removed-internal-compensation data, the 256th channel was determined to
have an energy of 7.4±1.2 MeV. Here, the 16% error in the full-scale energy at flatcompensation is due to the error associated with determining the gain and offset
from the carbon and oxygen peaks. Additionally, the signal causing the counts in the
overflow channel is constant within experimental uncertainty, as illustrated in Figure
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3.13, a property expected for a real peak.

Figure 3.13: High-energy peak area from as-downlinked data differentiating overflow
and non-overflow counts illustrating a consistent total count rate.

3.6

Removing Temperature Dependence

With the actual internal compensation removed and the high-energy peak confirmed as a pseudo-peak arising from the shifting of the over-flow channel, it was
wise to derive a proper compensation that would remove temperature dependence.
Temperature-independent peaks would mean a temperature-independent gain and
offset allowing for precise positions across all temperatures. This would allow the
model in its position-based form to be used to conduct a full analysis with the peak
positions easily converted to energy at any temperature after fitting was complete.

The first re-compensation tested was the originally-intended compensation. This
was a good first-order compensation, however the higher-energy signals, such as the
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iron edge in the solid-sample spectra, still indicated temperature-dependence. Figure 3.14 illustrates the iron edge position with the intended compensation where the
cloud-like shape is to be expected as there are many variables that determine the
energy of a detected alpha scattering off of iron in an infinite sample. However, there
is a visible trend towards lower channels at higher temperature, further emphasized
by the intensity distribution. Therefore, a new re-compensation needed to be implemented. The carbon and oxygen peaks were fit using a least-squares linear fit. The
−1

result was a scaling factor of (3.68·10−6 T (K)2 − 2.54·10−3 T (K) − 0.593)

which was

applied to the as-downlinked data to generate peak positions that were stable with
temperature.
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Figure 3.14: Position of iron edge after the actual internal compensation was removed
and the intended internal compensation re-applied. The cloud shape was to be expected due to the nature of scattering off thick samples, however, the slight yet visible
sloping towards lower channels at higher temperatures will cause analytical problems
indicating the need for a more specific compensation. (Note: Error bars were removed
as they obscured the plot. Expected errors can be found in Table C.1.)

Figure 3.15: Position of iron edge after the actual internal compensation is removed
and a compensation re-applied as calculated by the carbon and oxygen peak positions
and modified for more stable high-energy signal positions across T. In comparison to
Figure 3.14, this re-compensation is favourable, especially considering the improvement in the count intensity histograms.
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Chapter 4
Spectral Analysis Results and
Discussion
The primary goal of this project was to understand the spectra; only then could
other long-term goals be investigated. One such long-term goal was to investigate
whether there were any observable pressure fluctuations present in the APXS data.
As both Spirit and Opportunity were sent to Mars absent any conventional pressuremeasuring device, atmospheric measurements using the APXS yields one possibility
to observe the seasonal pressure variations. These variations are experienced due
to carbon dioxide freezing out of the atmosphere at the poles during the martian
winter. This project provides the first and only self-contained and consistent energy
calibration of the alpha mode including various consistency checks. There was hope
to take the investigation further and look at solid samples such as martian rocks
and soil. The X-ray mode of the APXS is unable to detect (via traditional peaks)
elements lighter than sodium, however the alpha mode is capable of detecting elements
as light as carbon. With this in mind, preliminary steps were taken to investigate
potential hydrated phases (measurable by an excess of oxygen as hydrogen is not
detectable), carbonates and layering in solid-sample alpha-mode data collected over
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Spirit’s lifetime.

4.1

Observations and Analysis on As-Downlinked
Atmospheric Data

4.1.1

Observation of a Fourth Peak: Argon

Early in the project, four structures were fit with each atmospheric spectrum: an
exponential background b(x), a carbon peak lc(x), an oxygen peak lo(x) and a lowerangle oxygen peak lf o(x). It was during an analysis of sum-spectra that a fourth
peak was observed, previously unseen in linear y-axis 90 min spectra, such as Figure
1.2, but observed when plotted logarithmically as in Figure 4.1. In comparison to the
peak areas of the other 3 peaks, this fourth peak is considerably smaller (9% that
of Oxygen as illustrated in Table 4.1) and can be confused as noise in an individual
(non-sum) spectrum.

A fourth Gaussian was added to the model with a variable mass. The result was
a low-count Gaussian with an average mass of 39.0±5σ Da. The large error arises
from the low count rate and the stacking nature of masses at high detection energy.
Argon is the third most abundant element in the martian atmosphere, constituting
1.6% by mole [8], and therefore is a plausible cause for this low-count peak. This is
also in agreement with the Monte Carlo simulations conducted.

4.1.2

Constraining Variables via Locked Peak Area Ratios

One principle that was not considered at this point was the relationship between
peak areas. The martian atmosphere can be approximated to homogeneity. It is
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Figure 4.1: Sample atmospheric spectrum and model from sol 1912 illustrating the
previously overlooked fourth peak around channel 120 and the secondary scattering
angle around channel 80 that manifests as a shoulder on the backscattered oxygen
peak. This spectrum has been properly re-compensated for thermal independence.
possible to relate the carbon, nitrogen,1 oxygen and argon peaks in terms of a common variable, reducing the number of free parameters. This further aided the goal of
measuring pressure fluctuations as it avoided skewing the data by one signal attempting to compensate for another. The resulting observation was a linear relationship
between carbon and oxygen peak areas supporting linked peak areas in the model.

In comparison, nitrogen and oxygen peak areas produced no such linear relationship since the nitrogen signal was masked by the dominating carbon and oxygen
signals. Implementing a locked ratio of peak areas would not be a detriment to the
model as the main signals, carbon and oxygen, would be largely unaffected, while
more faint signals, such as nitrogen, would benefit from some stability.

1

A nitrogen signal was added as the channels between the carbon and oxygen peaks had poor
residuals.
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In terms of implementation, the peak area ratios were determined as the average
ratio with backscattering oxygen as a baseline; that is C:O, N:O, O’:O and Ar:O.
Table 4.1 illustrates the outcome and corresponding uncertainties.
Table 4.1: Average peak areas and corresponding uncertainties expressed as a ratio
with backscattered oxygen. This allows for an improvement in the model in the form
of unified peak area variations stabilizing weaker signals.
Signal Relationship

4.1.3

Ratio (R) SD of Mean

Carbon/Oxygen

0.91

0.34

Nitrogen/Oxygen

0.13

0.07

Oxygen’/Oxygen

0.36

0.11

Argon/Oxygen

0.09

0.03

Atmospheric Fluctuations Observed by Spirit

Martian atmospheric pressure fluctuations have been well documented through
various missions. The cold temperatures combined with low pressures on Mars cause
the atmospheric carbon dioxide to freeze at the poles during the winter season. As
a result, atmospheric pressure in the equatorial region on Mars can vary by roughly
30% over the course of a martian year [18]. The atmospheric measurements provided by Spirit do not occur over a long enough time period for proper examination
of these long-term variations. However, prior to Spirit’s death, several consecutive
sols of atmospheric measurements were taken, as highlighted in Figure 4.2. Spanning
roughly 100 sols, this atmospheric analysis yielded interesting results in regards to
the alpha-mode spectra. Figure 4.3 illustrates the temperature timeline. Figure 4.4
immediately below depicts the atmospheric oxygen signal. As the temperature of the
martian atmosphere changes, so does the density. Increasing atmospheric temperatures decreases the density of the molecules in the atmosphere and as such, the counts
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in the atmospheric alpha-mode spectra are expected to decrease as well. Given that
pressure varies by as much as 30% over a year and night time temperatures range
by 20% over the martian year, as recorded by the APXS sensor head, variations in
density should in theory be detectable, provided measurements are taken frequently
enough over long timescales. A preliminary investigation into density observations is
promising as there is an observable trend towards lower count rates at higher temperatures.

Figure 4.2: Temperature measurements by the MER-A APXS during night time operations including both atmospheric and solid samples. Seasonal thermal oscillations
and diurnal variations are visible through the martian night.
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Figure 4.3: Zoom of Figure 4.2 illustrating temperature measurements by Spirit,
focusing on the atmospheric measurement region, but not exclusive to measurements
conducted on atmospheric samples.

Figure 4.4: Atmospheric density timeline as indicated by oxygen peak maxima. Here
one can see a 30% drop in density from sol 1960 to 1970. This is not an issue arising
from the model. This decrease is a direct result of a decrease in the count rate of the
as-downlinked data, as illustrated in Figure 4.5.
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Figure 4.5: Count rate deviance from mean of alpha, background and X-ray modes
over time, illustrating a drop in atmospheric density in the alpha mode. This confirms
what was observed in Figure 4.4 as a result from dead-time due to excessive count
rates in either the X-ray or background modes.
During the first 40 sols of atmospheric data collection, the atmospheric signal
remained level when normalized to a traditional 90 minute spectrum. With each sol’s
activity, the instrument would run through the night starting/stopping its integration
at various times in the evening/morning. This method should yield a gradual change
in temperature minima from one sol to the next. What is curious is that around sol
1925 the temperature dropped 15 K compared to the previous 20 sols (Figure 4.3).
The atmospheric signal then dropped roughly 20-30% between sols 1960 and 1970
before returning to normalcy after sol 1970, despite the minimum night temperature
remaining consistent and approximately 15 K cooler than the first 20 sols of atmospheric measurements. The magnitude of this fluctuation was nothing out of the
ordinary for Mars, however, for a short-term measurement, a 30% decrease in count
rate is substantial.
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It is documented that variations in surface pressure that exist on top of the annual cycle are similar to storm systems here on Earth [19, 20]. These systems are
common in the colder seasons and are most common during large dust storms, albeit
on time scales of a day or less. It was first hypothesized that this observed dip in the
alpha atmospheric spectra was due to dead time from the background or X-ray mode
detectors. However, as seen in Figure 4.5, the background and X-ray count rate are
within a few percent of the mean while the alpha-mode count rate dips to around
30% below the mean.2

So what caused this drop in atmospheric density observed between sol 1960 and
1970? Data records from Spirit indicate that the opacity of the atmosphere from sol
1900 to sol 1980 was nominal. During the large dust storms that swept Mars in the
m2
1200s (sol), atmospheric opacity climbed well beyond 4 . However, during the time
kg
frame where alpha atmospheric measurements were made on Spirit, Spirit reported
an average opacity rating in what is considered a normal region, having a value less
m2
than 1
from sol 1900 to sol 1980 [10]. One viable explanation thus far for the drop
kg
in atmospheric signal is that of a storm - one that lasted roughly a week. It is noted
that large dust storms can cause a significant change in local pressures, as observed
during the Viking missions [20, 21]. Unfortunately the opacity records from Spirit
indicate no such dust storms were present at the time in question.

Another explanation involves the alpha detectors. If one of the alpha detectors
either malfunctioned for a period of time or was somehow covered by dust or dirt such
that the scattered alphas could not penetrate it, it would reduce a spectrum’s count
rate. Since there are six detectors and six sources symmetrically placed, one would
2

Mean for alpha mode count rate was defined as the mean of sols below 1940. Using the count
rates from sols in the 1960s would skew the true mean.
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expect that if one of the detectors stopped receiving counts, a drop in count rate on
the order of 17% would be expected and 33% for 2 detectors. As these measurements
were taken while Spirit was stuck, it is possible that some dirt temporarily covered
part of one or more of the alpha detectors until being somehow cleaned by natural
processes around sol 1970.

4.2

Results from Analysis Conducted on CorrectlyCompensated Data

4.2.1

Energy Calibration via Atmospheric Samples

As illustrated in Figure 3.14 and Figure 3.15, the intended internal compensation is not precise enough to correct the higher-channel signals such as iron. A proper
recalibration was done that corrected this as seen in Figure 3.15, resulting in atmospheric peak positions (Figure 4.6) that could be used for a temperature-independent
energy calibration.

One issue with past models was the lack of consideration for energy loss which
can amount to a change in expected peak position by multiple channels when dealing
with the atmospheric energy loss alone. To calculate a proper gain and offset from
the new re-calibration, energy loss must be considered, otherwise, the change in peak
position due to energy loss will incorrectly be considered part of the offset.
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Figure 4.6: Atmospheric carbon and oxygen peak positions after a re-calibration that
created positions independent of temperature in high-energy channels as well (ie. iron,
see Figure 3.15). These peak positions can then be used to derive a proper energy
calibration.

This calculation was done earlier and is presented in Figure 3.9 resulting in an air
column of 4 cm and scattering angle of 137◦ . This yields an expected energy of 1.4±0.1
MeV for carbon and 2.0±0.1 MeV for oxygen, where the errors associated with the
energy stem from the change in angle and distance that compliment the “sweet spot”
shown in Figure 3.9. Using these energies in combination with the peak positions
one can determine an energy calibration. Table 4.2 provides a quick summary of the
obtained temperature-independent energy calibration of the correctly-compensated
data.
Table 4.2: Gain and offset derived from carbon and oxygen peak positions after recompensation.
Gain (MeV/Channel)

Offset (MeV)

0.026±0.016

0.5±0.2
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4.2.2

Solid-Samples

Correcting for the bug in the firmware resulted in a proper temperature compensation yielding consistent atmospheric spectra that make sense and are somewhat
stable. Several iterative steps were taken to fine-tune the atmospheric model, which
allowed for the development of a model representative of martian rocks and soils.

As illustrated in Equation 2.11, energy-based equations in the model are very
complicated. While such models have been run successfully given the stability of
peak positions over temperature, position-based equations will be sufficient given
thermally-independent spectra.

To conduct various consistency checks a few things need to be considered, namely,
the complexity of overlapping signals. An example of what a solid-sample model looks
like can be found in Figure 4.7, which clearly illustrates overlapping signals. It is due
to this overlapping that errors associated with signals in the lower channels will be
high. Martian solid samples do not all contain similar concentrations of iron, yet
silicon is nearly constant in all martian rock and soil samples. While the silicon
signal still competes with other signals, using silicon as a solid-sample baseline over
iron would remove the spreading of data points caused by a data set inhomogeneous
in iron.
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Figure 4.7: Sample of a rock spectrum and the solid-sample model. Here, the solidsample has been summed with the other spectra from the same sol, resulting in
longer lifetime and thus better statistics when compared to Figure 1.3. Also, this
sol consisted of measurements taken in close proximity to the sample improving the
clarity of the solid-sample elements. Note, this sample represents one of the longest
integration times; most sum-spectra are of lower quality.
When compared to Figure 1.3, Figure 4.7 shows improved clarity for two reasons.
First, Figure 4.7 is a summed-spectrum made possible by correcting the internal compensation. This allowed a total integration time of over 11 hours to be used, compared
to the 90 minutes in Figure 1.3. Secondly, the measurement illustrated in Figure 4.7
has a high geometric norm, meaning the sample was collected with the APXS instrument face close to the sample (it was also brushed, removing a thin layer of dust from
the rock). This resulted in a significant increase in the signal obtained from the rock.

Since the geometric norm is a means of comparing relative count rates, an alpha
mode equivalent should be investigated to allow for a self-contained model. The
alpha mode count rate provides another option when investigating various consistency
checks related to instrument placement and allows for comparison between alpha and
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X-ray mode data (Figure 4.8). Note, Spirit’s X-ray mode geometric norm values were
scaled down to have a maximum value of 120.3

Figure 4.8: Comparison of alpha-mode count rate with documented geometric norm
from X-ray mode calculations. The linear relationship indicates the alpha-mode count
rate can be used as a means of instrument proximity comparison in the same manner
as the X-ray mode geometric norm. The atmospheric spectra have an average count
rate of 0.69±0.08 Hz, which is not within experimental uncertainty of the intercept
for this dataset (0.312±0.003 Hz), assuming a truly linear relationship.

4.2.2.1

Atmospheric Signal Consistency Checks within Solid-Samples

The atmospheric signals observed when sampling rocks and soils are sensitive
to sampling distance just like their solid-sample elemental counterparts. When the
instrument is pointed at the atmosphere, there is an infinite atmospheric sample.
However, when placed at a rock or soil target, this air column is no longer infinite.
Depending on the distance between the instrument and the solid-sample, this could
3
Gellert (2006) provides a plot of the geometric norm vs. distance. A fit of this data concludes
a geometric norm of 120 indicates a standoff of −2mm. Normalization of the geometric norm is
necessary as the sources on Opportunity and Spirit are of different activity levels; Spirit’s requiring
scaling down (maximum of over 130) and Opportunity’s scaling up (rarely reaches a geometric norm
of 100 which is +3mm standoff).
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result in differences in the size of the air column and thus the properties of the atmospheric signals.

When the instrument is close to the sample, two things should be seen. First,
the atmospheric signal will be prone to lower scattering angles due to a reduction
in the size of the air column. These lower scattering angles yield larger kinematic
factors and thus more energy is retained by the projectile post-scatter. This results
in counts in higher channels. Second, close proximity to the sample will decrease
the path length of the scattered alphas, reducing energy loss. This results in higher
detection energies and counts shifting to higher channels.

Lastly, the amount of atmospheric signal is dependent on the size of the air column. With infinite atmospheric samples, any change in peak maximum would indicate changes in the sample (the atmosphere). However, with a change in the amount
of air column exposed to scattering events, the size of the atmospheric signals would
be expected to decrease as the size of the atmospheric column is decreased.

Figure 4.9 and Figure 4.10 illustrate two consistency checks. First, Figure 4.9
illustrates the change in peak energy as a result in the change in size of the atmospheric
column. Second, Figure 4.10 illustrates the change in atmospheric signal size with a
change in the size of the atmospheric column. Critical values of the pure atmospheric
samples are in Table 4.3 for comparison purposes. Error bars, despite being large for
certain variables, are not plotted to minimize the confusion in the plot due to the
large number of data points. Typical errors can be found in Appendix C.
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Figure 4.9: Position of atmospheric carbon peak within solid-sample re-compensated
spectra. Please note, error bars are not displayed as they would obscure the trend.

Figure 4.10: Size of atmospheric carbon signal within solid-sample re-compensated
sum-spectra. Note, once again error bars were not included to not obscure the trend.
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Table 4.3: Critical values from atmospheric samples to be used as a baseline in Figure
4.9 and Figure 4.10, illustrating spectral properties with a geometric norm of zero.
Model Property
Carbon Peak Position (Channel)
Carbon Peak Maximum (Counts per 90min)
Atmospheric Count Rate (Hz)

Mean SD of Mean
35
3
58
8
0.69
0.08

Figure 4.9 clearly illustrates atmospheric signals moving to higher energy as the
proximity to a solid-sample is increased, as is expected. In addition to this, at a projected count rate of 0.7 Hz, a trend line through the data would project the carbon
peak position to be around channel 35, which is consistent with the atmospheric data
(geometric norm of zero).

Figure 4.10 shows a distinct trend where lower energies constitute a higher atmospheric signal count rate. As just discussed, lower energies come from a larger
atmospheric sampling column which logically contributes a larger atmospheric signal.
However, when comparing this to the data from Table 4.3 there are some discrepancies. Most notably, with a purely atmospheric column a carbon peak maximum of 55
counts per 90 min can be expected in channel 35. One would expect this (55,35) to be
the extrema on this plot, however that is not the case. The most likely cause of this
discrepancy is due to an incomplete or over-simplified solid-sample model, resulting
in the atmospheric signals compensating for other signals.

4.2.2.2

Solid Element Signal Consistency Checks within Solid-Samples

Signals originating from within the rock or soil should be stronger the closer the
APXS is placed to the sample, since less alphas are scattered by the shrinking atmospheric column. Placing the APXS closer to the sample will result in solid-sample
signals shifting to higher energy, as less energy is lost when traversing the smaller
column of atmosphere. In addition, the scattering angle(s) of the solid-sample signals
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decreases pushing counts to even higher energies. It is this theory that would allow
for a means of distance approximation.

Assuming an atmosphere of consistent composition, the deviance from an expected solid-sample signal edge position to lower energy would be the result of energy
loss. Just like when traversing the atmosphere, alphas lose energy when traversing
a solid-sample, just at a more rapid rate. While an alpha particle can penetrate
many centimetres of the martian atmosphere, the increased density of rocks and soils
greatly reduces penetration depth (Table 1.2). Therefore, while it is possible to determine how much energy is lost from emission to detection for an alpha scattering
off of iron for example, it is too difficult to tell exactly how much of that was lost
while traversing atmosphere alone as scattering events can easily take place within
the first few nanometers of the sample. This is further complicated by the fact that
rocks and soils are not homogeneous and all counts originating from iron within a
sample could be below an iron-poor layer.

Comparing the peak position to that of the X-ray mode geometric norm, Figure
4.11 illustrates the silicon edge position compared to the geometric norm from the
X-ray mode. As the APXS is placed in closer proximity to the sample, the detection
energy, in the form of channel number, increases slightly as one would expect. Once
again, please refer to Appendix C for order-of-magnitude errors for solid-sample signals.

In addition to this, the size of the silicon signal was plotted against that of the
geometric norm. Given the consistent concentration of silicon within martian samples, it is expected that increasing proximity to the sample will increase the counts
associated with solid-sample signals, as reflected in their peak maximum. Figure 4.12
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illustrates this trend clearly.

Figure 4.11: Position of silicon edge within solid-sample re-compensated spectra.
Please note error bars are not displayed as they would obscure the visible trend.

Figure 4.12: Size of silicon within solid-sample re-compensated spectra. Note, once
again error bars were not illustrated as to not obscure the trend.
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4.3

Further Investigations

Distance measurements are difficult to properly assess directly in the model,
but further analysis could use atmospheric signal positions in combination with the
spectrum count rate to estimate the proximity of a solid sample. Atmospheric measurements in Figure 4.4 illustrate that while changes can be observed on short-term
timescales (100 sols), the errors associated with such measurements are quite large.
MER-A has provided several consecutive sols of atmospheric sample data, while MERB has taken atmospheric measurements every few weeks. This data would allow for
the same model to be run over timescales around a martian year.4 A preliminary
analysis of MER-B data yields a similar outcome to that of the MER-A analysis.
Variations in atmospheric count rate over temperature attributed to a change in density are apparent; more work is needed to further examine this trend.

Another goal of this project was to measure carbonates and potential hydrated
minerals. The issue arising with detecting carbonates is readily visible when considering the magnitude expected and the energy region within a spectrum where they
should appear. Observing Figure 4.7, a best-case scenario of integration duration,
sample cleanliness and instrument proximity, there are clearly competing signals in
the lower channels. Given the oxygen signal originating from within the rock or soil
is at channel 65±4, one would expect a similar carbon signal to be in the channels
preceding this. Due to the small magnitude of signal expected, even a count rate on
the order of atmospheric nitrogen, errors would likely be large enough to be inclusive
4

The difficulty arising when analyzing MER-B alpha mode data manifests in a couple of forms.
First, the internal compensation of MER-B varies. The sequences uploaded to MER-B indicate
different internal compensation values depending on the desired APXS cycle time complicating
spectrum correction. Additionally, the doors of the MER-B APXS were stuck partially open during
several spectra creating counts associated with the gold lining of the doors. These complications all
need to be taken into consideration prior to any investigation and will result in larger errors than
observed in the MER-A atmospheric analysis.
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of a null observation. While solid-sample carbon was included in models prior to
correcting the internal compensation, expecting to find conclusive evidence of carbonates, especially during short integrations, has proven difficult.

Additionally, given the investigation into the internal compensation, one can investigate inconsistencies involving a publication that observes 210 Po in MER-B alpha
data. Meslin (2006) used MER-B alpha-mode data and claimed to have found statistical evidence of

210

Po in the MER-B spectra arising as a decay product of

222

Rn

emanating from the martian sub-surface. There are some glaring holes in this claim
which further investigation should expose. Lastly, there is a MER-like APXS on the
Philae lander currently on route to the comet 67P/Churyumov-Gerasimenko. The
work conducted in this project will benefit this mission greatly allowing for the potential detection of carbon and oxygen on the comet in a much more favourable
environment: frigid-cold vacuum.
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Chapter 5
Conclusions
Prior to commencing an in-depth investigation into the alpha scattering data
from the Mars Exploration Rovers, the spectra themselves were largely not understood. Plagued with bad statistics and poor resolution, the data was neglected for
the most part by the scientific community as they focused on the X-ray method of
sample analysis. Where the X-ray technique is incapable of detecting elements below
sodium directly, the alpha scattering mode can provide insight.

To properly analyze the wealth of alpha scattering data, understanding the physics
of alpha scattering and the MER APXS is paramount. A spectrum simulation program was written to simulate the life of an alpha particle on Mars as it traversed an
atmospheric sample. This simulated spectrum was then used to analyze the relative
position of observed spectral structures.

Understanding the thermal dependencies within the spectra were critical for a
proper spectral analysis, which resulted in uncovering a bug in the firmware. Compensating for this bug corrected the data set to one that was thermally independent
and easier to analyze. Upon completing this process, the atmospheric spectral peaks
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could then be compared with the expected peaks based on the thermal acceptance
test conducted at JPL on the MER-B APXS. A scattering angle and atmospheric
penetration depth was deduced that coincided with the spectrum simulation program
written earlier. The values also paralleled what was observed when analyzing rocks
and soils.

Additionally, this internal compensation correction explained the high-energy peak
that was presumed to be

244

Cm contamination on one of the alpha detectors as a

pseudo-peak arising from the shifting of the overflow channel due to the bug in the
firmware. Correcting this changed the current understanding of the alpha dataset and
illustrated inconsistencies in a publication that suspected there was
the MER-B data arising as a daughter product of

222

210

Po present in

Rn emanating from the martian

crust.

In terms of the elemental analysis of the spectra themselves, and given the advancement made by this project, the model developed can analyze spectra from either
Spirit or Opportunity. This not only includes atmospheric samples but rock and soil
samples as well. Atmospheric pressure, determined via alpha scattering CO2 measurements, as well as a depth comparison between the alpha and X-ray mode, show
promise after a preliminary investigation. The errors associated with measurements
such as hydrated minerals and carbonates within rocks and soils, as well as sensor
head placement via alpha scattering energy loss, are currently too large to provide
conclusive results in the current and evolving model. What has been learned can
be applied to the future use of the MER APXS and upcoming missions such as the
Rosetta mission which carries a similar MER-like APXS on its Philae lander. This
is critical as there is a desire to detect potential carbon and oxygen using its APXS
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on the comet 67P/Churyumov-Gerasimenko which, despite being an uncalibrated instrument, will be used in the vacuum of space, drastically simplifying the analysis
process.
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Appendix A
Internal Compensation Removal:
Program Execution and Testing
One of the critical junctures in the project came when the internal temperature
compensation had to be corrected. Thermal dependencies in the APXS electronics
were the basis of much grief. Upon determining the cause of such problems the task
to properly correct for it arose. To do this, a spectrum of varying gain had to be
generated, resulting in a squishing or stretching of a spectrum. This is not as easy
as shifting a spectrum, instead diligence must be taken to properly scale the data.
This was done by using fractional channels and is outlined below1 and illustrated in
Figure A.1. Prior to full implementation, this method was fully tested using various
spectra. The end result was a program that scaled the x-axis of a spectrum by any
desired amount accurately. This was done in such a way that the overall counts of
a spectrum was consistent after compensation and due diligence was done to ensure
the channels in the overflow-channel region were treated properly to not lose spectral
information.

1

Note these steps outline how Figure A.1 was obtained. In all actuality, one re-compensation can
be conducted going straight from as-downlinked to the desired minimizing computational time.
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1. Obtain the applied compensation values from the G0 and A values from the
background mode via APX TC.
2. Create a transition spectrum that is 300×100 sub-channels in length2 and each
sub-channel has 1/100th the counts of the original channel.
3. Generate the un-compensated spectrum by summing up the appropriate number of sub-channels into a given channel as determined by the actually-applied
internal compensation. For example, if the internal compensation value was
1
= 0.909 will revert the spectrum back
1.1, this means that a scale factor of
1.1
to its original form. Thus, 91 sub-channels shall be summed to generate a new
channel in the un-compensated spectrum.
4. If a re-calibration has not yet been determined, do so at this point to determine
a proper scaling factor. If it has been determined, repeat Step 3 this time
where the 300 channel un-compensated spectrum is broken down into 300×100
sub-channels and the desired re-compensation scale is used to determine the
appropriate number of sub-channels required to re-scale and produce thermallyindependent properties among all the data.

2
300 channels was chosen as not to lose spectral information when the scale factor was greater
than one resulting in counts being pushed beyond channel 256.
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Figure A.1: Re-compensation of an atmospheric spectrum from MER-A SOL 1901
illustrating the transition from as-downlinked (blue) to properly compensated (green)
including the appearance of the spectrum in absence of any compensation (red).
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Appendix B
Scattering Cross-Section Fields of
View
Here one can see the output from the cross-section fields of view generated via the
Monte Carlo simulation program. These cross-sections are used to visualize the properties of alpha scattering using the APXS. These probability clouds were generated in
[R], a freeware statistics-based programming language, and the colour gradient scale
varies from one frame to the next.
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Figure B.1: Scattering X-Section Planes of View (Part 1)
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Figure B.2: Scattering X-Section Planes of View (Part 2)
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Figure B.3: Scattering X-Section Planes of Elevation
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Appendix C
Typical Errors in Current
Operational Model
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Table C.1: Average errors associated with signals originating from both atmospheric
and solid samples. Use this table as an order of magnitude estimate for figures with
error bars removed.

Atmospheric Samples
Spectrum Property

Average Error

SD in Average Error

Carbon Position (Channel)

2.7%

0.02

Oxygen Position (Channel)

1.7%

0.02

Carbon Peak Area

20%

0.11

Oxygen Peak Area

8.9%

0.06

Solid Samples
Spectrum Property

Average Error

SD in Average Error

Atmospheric Carbon Position (Channel)

21%

0.67

Iron Position (Channel)

9.4%

0.12

Atmospheric Carbon Peak Maximum

233%

7.58

Iron Peak Maximum

228%

1.45

Iron Signal Area

185%

1.45
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