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Abstract 

This thesis concerns the study of Mercury’s surface and exosphere using the Mercury Imaging 

X-ray Spectrometer (MIXS) onboard BepiColombo, focussing on predicted X-ray fluorescence

observations of different regions of Mercury and achieving the limits of what MIXS will be 

capable of over the course of the mission.  

X-ray fluorescence (XRF) spectroscopy is a commonly used technique for elemental analysis

of a target material; however, it is typically reserved for a laboratory setting with a man-made 

X-ray source. Due to Mercury’s proximity to the Sun, Solar X-rays can act as the X-ray source.

This becomes less practical at greater distances from the Sun due to the flux following the 

inverse-square law. Because of this, XRF has only been used on missions to the inner solar 

system such as the Moon and Eros. The Mercury Imaging X-ray Spectrometer (MIXS), which 

launched on board the ESA/JAXA BepiColombo mission to Mercury in October 2018, uses 

microchannel plate optics to focus incoming X-rays onto a DEPFET micropixel detector. This 

allows for improved spatial and spectral detections over previous detectors, as well as imaging 

in X-ray wavelengths.  

Chapter 3 aims to investigate how the improvements to the spatial and spectral detections can 

be fully utilised when observing dayside fluorescence at Mercury. To do this, a program 

initially created by Bruce Swinyard to model X-ray fluorescence from the Lunar surface is 

adapted to instead reflect the Mercurian environment. X-ray fluorescence spectra for both 

MIXS-C and MIXS-T are produced for a range of terrane compositions present at Mercury 

during different solar conditions. Using the intensity of the detected fluorescence for the lighter 

elements such as sodium, magnesium, aluminium, and silicon it is possible to determine the 

type of geochemical terrane being observed by MIXS-C based on the fluorescence detected.  

In Chapter 4 expands on what MIXS was primarily designed to achieve by investigating the 

possibility of observing X-ray fluorescence from the sodium exosphere of Mercury. A low-

density gaseous target is used in place of the solid planetary surface that has been considered 

previously. Because of this MIXS-C will be the primary detector considered in this chapter due 

to its far superior effective area than that of MIXS-T. This high effective area is required to 

detect such a weak signal. Initial predicted detections give unfavourable spectra and require a 

high intensity X-class flare along with a prolonged observation time to obtain a significant 
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detection. Two different observational orientations are considered to enhance the detections of 

X-ray fluorescence from exospheric sodium by focusing on high sodium density regions of the 

exosphere. Taking the limitations of the observations into account such as observation time 

and pointing angle, the detected fluorescence is too low to be considered significant. This result 

and its implications are discussed further.  

Chapter 5 returns to surface-based fluorescence emission, but instead now focussing on 

fluorescence on the nightside surface of Mercury. Using an energetic electron flux background 

from Ho, et al., (2011) in the place of solar X-ray flux, predictions of the detected X-ray flux 

are made for both MIXS-C and MIXS-T for several observation times and electron flux 

intensities. Following this a comparison between dayside and nightside fluorescence 

observations is conducted, with particular emphasis on terranes found close to the cusp regions 

of Mercury’s magnetosphere as that is where Particle Induced X-ray Emission (PIXE) events 

have been observed previously.  It is found that PIXE events produced increased fluorescence 

flux for heavier elements such as calcium and iron, whereas solar insuded fluorescence is better 

suited to lighter elements such as sodium and magnesium. The results of this comparison, and 

the impact they will have on the BepiColombo mission as well as our understanding of Mercury 

as a whole are discussed futher.  

Despite being one of the terrestial planets, Mercury is one of the planets in the solar system 

that is currently the least understood. The work in this thesis aims to fully explore the 

possibilities of detections that MIXS is capable of to maximise its scientific output upon its 

arrival at Mercury in December 2025. 
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Chapter 1                                                    

Mercury: A Brief History and Scientific 

Exploration 
 

 

Figure 1.1: Snapshot of Mercury’s transit across the face of the Sun on 2016/05/09. Image 

made by Joseph Hutton using data captured in the Extreme Ultraviolet by NASAs Solar 

Dynamics Observatory, Atmospheric Imaging Assembly. The data is processed using Multi-

Scaling Gaussian Normalisation, and is a composite of the 171Å, 193Å, and 211Å channels. 

Mercury is highlighted with a red circle.   
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1.1 Planet Mercury 

 

Mercury is the smallest planet in our solar system and is the closest planet to the Sun (Vilas et 

al., 1988). The proximity to the Sun poses problems when it comes to observing Mercury from 

Earth, as it is never more than 28 ̊ away from the Sun. This means that using ground-based 

techniques Mercury can only be observed during 30 – 40 days in a year. These observations 

are also made through Earth’s atmosphere via a long path length at either dawn or twilight, 

which present a significant “seeing” problem due to atmospheric refraction and turbulence 

(Clark, 2007). Transits of Mercury across the disc of the Sun are utilised for the ground based 

observations, which have provided information regarding the composition of Mercury’s 

surface and exosphere (Potter & Morgan, 1985), (Schleider, et al., 2004). Mercury’s proximity 

to the Sun also presents issues for satellite observations. Mercury is subjected to the most 

intense solar radiation of any member of our solar system, which presents challenges for 

mission design as there is a high risk of damage to instruments. Currently there have only been 

two missions to Mercury, Mariner 10 which made three flybys of Mercury in 1974 and 1975, 

and MESSENGER which collected data from 2011-2015.  

Despite being one of the terrestrial planets, Mercury is one of the planets in our solar system 

we know the least about. Table 1.1 states our current knowledge of the physical and orbital 

statistics of Mercury. One of the attributes of note is Mercury’s uncompressed density, which 

is the highest of any planet in our solar system (Solomon S. C., 2003). This large bulk density 

implies that Mercury has a large, iron-dominated core (Hauck II, et al., 2013). However, if it 

was comprised of purely iron it would be a solid core at this time, which does not agree with 

the detection of a partially molten core (Margot, et. al., 2007) and a dynamo-induced magnetic 

field (Anderson B. J., et al., 2011). Several hypotheses for this iron enrichment have been 

presented, yet no exact constraints have been placed upon the cause and concentration of these 

regions (Riner, et al., 2010). The presence of this large iron core is further confirmed by the 

presence of a significant magnetosphere, which is comparable to the terrestrial magnetosphere 

just more compressed due to extreme solar radiation pressure (Slavin J. A., 2004).  
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Table 1.1: Mercury planetary characteristics (Clark, 2007), (Solomon, et al., 2018).  

 

Mercury’s proximity to the Sun also results in the most extreme diurnal temperature range of 

a planetary surface within our solar system, but no seasonal temperature variation (Vilas, et al., 

1988). The surface temperature can range from 740 K on the dayside of Mercury, down to 90 

K on the night side. This is also caused by Mercury’s lack of insulating atmosphere, which 

would prevent heat from being trapped on the nightside of the planet (Clark, 2007).  This is 

accentuated by Mercury’s eccentric orbit around the Sun. Its orbit is elliptical and at an angle 

to the ecliptic plane of the rest of the solar system. This orbit is also locked in a 3:2 resonance 

with the spin of Mercury, meaning that three Mercury days is equivalent to two Mercury years 

(Columbo & Shapiro, 1966).  
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1.1.1 Surface of Mercury 

Little is conclusively known regarding Mercury’s surface (Warell, et al., 2010) as no missions 

to Mercury have landed to obtain samples, any available information is from Earth based and 

satellite observations (Sprague, et al., 2009).  Initial observations of Mercury showed it to have 

a similar geology to the Moon, so comparisons between the two were often made (Blewett, et 

al., 2002). However, it is now known that there are far more differences than initially thought. 

The main terrain types seen on Mercury are intercrater plains and heavily cratered plains (IcP-

HCT), northern smooth plains, and the Caloris basin. Some regions are a mixture of the terrain 

types so fall into a combination of the surface classification (Weider S. Z., et al., 2012). 

Abundances of major elements on the surface have been determined by the MESSENGER 

gamma ray spectrometer (GRS) and X-ray spectrometer (XRS) (Evans, et al., 2012) (Weider 

S. Z., et al., 2012). The silicon abundance is often used to normalise the abundance of other 

elements such as sodium, magnesium and iron. The main results are that Mercury’s surface is 

rich in Mg-rich silicates, as well as high sulphur and low iron abundances (Evans, et al., 2012).  

 

1.1.2 Mercury’s surface bound exosphere 

Mercury’s low surface gravity and proximity to the Sun leave it unable to maintain an 

appreciable atmosphere. Instead, it has a tenuous surface-bounded exosphere composed of 

neutral atoms from several sources. It was first discovered by the Mariner 10 spacecraft in 1976 

through the airglow and occultation experiments (Domingue, et al., 2007), and has since been 

observed by MESSENGER and numerous ground-based studies. The surface bound nature of 

the exosphere is unique to planets in our solar system and allows for strong and direct exposure 

of Mercury’s surface to energetic ions, electrons and UV radiation (Lammer, et al., 2003). The 

only other instances of this kind of exosphere in our solar system are the Moon and Ceres 

(Killen, et al., 2018 ). Initially, Mariner 10 found that the exosphere contained H, He and O 

(Broadfoot, et al., 1976), with more volatile components such as Na, K and Ca being discovered 

through ground-based instrumentation (Wurz & Lammer, 2003).  Due to the low density of 

material Mercury’s exosphere it can be considered collisionless (Domingue, et al., 2007), 

meaning that each of the various elements in the exosphere can be considered separately.  

The main sources of the surface bound exosphere at Mercury are photon-stimulated desorption 

(Sprague, et al., 1997) (Madey et. al., 1998), micro-meteoroid vaporisation (Milillo, et al., 

2005), ion-sputtering (Killen et. al., 2005), and thermal desorption (McGrath et. al., 1986). 
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Photon-stimulated desorption occurs when a beam of photons is directed at a surface, which 

causes excited vibrational states in molecules in the regolith of Mercury’s surface, which may 

lead to their dissociation (Madey et. al., 1984). Ion sputtering occurs when the surface is 

bombarded by ions from the solar wind, which results in the ejection of particles from the 

surface (Behrisch, 1981). Meteoroid vaporization, which is the least common of these three 

source methods, is the result of material being ejected from Mercury’s surface due to impacts 

from incoming meteorites (Cremonese et. al., 2005). However, some neutrals will be released 

from the surface with significantly higher energies, causing it to propagate to higher points 

within the exosphere. These neutrals will then remain free in the exosphere for a long enough 

period to be influenced by solar radiation pressure. This pressure then pulls the sodium back in 

the anti-sunward direction and accelerated towards the night side of Mercury. This sodium will 

either be accelerated out of the exosphere, or photoionised and removed via the magnetic field 

(Domingue, et al., 2007). An illustration of some of these processes can be seen in Figure 1.2. 

 

Figure 1.2: Diagram showing the source and sink processes of Mercury’s surface-bound 

exosphere (Erickson, 2011). 
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1.1.2.1 The Sodium Exosphere 

 

Figure 1.3: A representation of the sodium exosphere around Mercury. It is possible to see in 

this figure some of the key features of the sodium exosphere, including the high concentration 

near the surface on the day side, and the large sodium tail on the night side (Smale, et. al., 

2011). 

 

The sodium exosphere of Mercury was first observed in 1985 by Potter & Morgan (1985) from 

sodium emission of the Fraunhofer D lines. The focus of literature on the sodium exosphere 

has been its temporal variability both on an episodic and seasonal scale (Potter & Morgan, 

1990) (Potter, et. al., 1999) (Leblanc, et al., 2008). The more short-term episodic changes have 

been attributed to magnetospheric dynamics (Magano, et al., 2013), whereas the seasonal 

changes correspond to the changing distance between Mercury and the Sun over the course of 

its orbit (Magano, et al., 2013). The spatial distribution of Mercury’s exospheric sodium also 

shows variation. Enhancements in the sodium content in the high latitude regions have been 

observed (Potter & Morgan, 1990), leading to the suggestion that ion bombardment (McGrath, 

et. al., 1986) at Mercury’s cusp regions and field lines cause the liberation of sodium from the 

surface (Solomon, et. al. , 2018). This is often linked to the enhanced sodium emission observed 
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at the dawn terminator (Mura, et al., 2009), likely caused by thermal desorption of sodium 

desorbed onto the night side of Mercury. Photon pressure forces the exospheric sodium to the 

night side, where it either desorbs onto the surface, collects in reservoirs at the cold poles 

(Cassidy, et al., 2016), or in the case where the sodium is ionized it will follow the magnetic 

field lines in the anti-sunward direction into a sodium tail (Leblanc & Johnson, 2010).   

 

1.1.3 Mercury’s magnetosphere  

Before Mariner 10, Mercury was thought to not have a magnetic field due in part to its small 

size. Magnetic field data acquired during Mariner 10 flybys showed the presence of a global 

magnetic field at Mercury with dipole with a southward planetary moment (Ness, et. al., 1974) 

which is similar to that observed at Earth. However, with continued observation as well as in 

situ measurements during the MESSENGER mission (Slavin J. A., et al., 2009) (Solomon, et. 

al., 2018), Mercury’s magnetosphere is now known to have several significant differences 

compared to the Earth. The inner heliosphere solar wind subjects the magnetosphere of 

Mercury to much higher pressures, reaching between 10-30 nPa rather than the 2 nPa seen at 

Earth. The magnitude of the interplanetary magnetic field (IMF) is much higher, ~30 nT, than 

at Earth, ~2 nT (Solomon, et. al.,  2018). Due to the compressed nature of Mercury’s 

magnetosphere, these processes occur on a much shorter time scale, for example the Dungey 

cycle occurs over approximately 2-3 minutes (Slavin J. A., et al., 2010). It can stand off the 

solar wind to a distance of approximately 1.2-1.4 RM, and has been modelled to have a 

southward-directed spin-aligned offset dipole (Alexeev, et al., 2010). The dipole is offset north 

of the geographic equator by 484 km and has an axial tilt of 3 degrees from the axis of planetary 

rotation. The moment of the dipole is 2.83 × 1012 T m3, making it strong enough to trap low-

energy electrons and lighter ions (Anderson B. J., et al., 2011). The remainder either precipitate 

down to the planetary surface or escape downstream along the magnetotail (Solomon, et. al., 

2018). 

 

 

 



8 

 

1.2 Previous missions to Mercury 

 

 

Figure 1.4: Composite image of Mercury taken by Mariner 10 as it approached Mercury 

(NASA/JPL, 2019).  

 

1.2.1 Mariner 10 

For a long time, the only spacecraft to rendezvous with Mercury was Mariner 10, which after 

launching on November 3rd 1973 made three flybys on 29th March 1974, 21 September 1974, 

and 16th March 1975; making it the first spacecraft to make in situ measurements of the planet 

(Shirley, 2003). The stated objectives of Mariner 10 were to (Clark, 2007):  

• Measure the surface, atmospheric, and physical characteristics of Mercury 

• Measure the surface, atmospheric, and physical characteristics of Venus 

• Complete a survey of the inner planets 

• Validate the gravity assist technique when calculating satellite trajectories  

• Test the experimental X-band transmitter on board the spacecraft  

• Investigate the general theory of relativity.  
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Figure 1.5: Instruments on Mariner 10 spacecraft used to study the surface, atmospheric, and 

physical characteristic properties of Venus and Mercury (NASA/JPL, 2019).  

 

To do this, Mariner 10 had a suite of seven instruments designed for observing Mercury. 

Despite numerous flybys of Venus being included in the mission, it was not the focus of 

detector design as previous missions had been dedicated to observing it whereas this was the 

first mission to Mercury. The television science and infrared radiometry experiments were for 

planetary surface analysis. The plasma science and charged particle experiments were for the 

interplanetary medium close to the planet. Dual frequency radio science and ultraviolet 

experiments were designed to examine the neutral atmosphere of Mercury. Finally, there was 

a celestial mechanics experiment to test Einstein’s theory of relativity (Clark, 2007). Figure 1.5 

shows the mounting locations of these instruments on the spacecraft.  
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Table 1.2: Instruments on the Mariner 10 spacecraft (Dunne & Burgess, 1978), (Clark, 2007) 

 

The major findings from the Mariner 10 mission include the discovery of Mercury’s weak 

magnetic field (Ness, et. al., 1974), implying that the planet has a partially molten, iron rich 

core (Clark, 2007). Mariner 10 also detected evidence of hydrogen and helium in Mercury’s 

exosphere (Broadfoot, et. al., 1976), imaging of 45% of the planet with a resolution of 2 km to 

100 m (Dunne & Burgess, 1978), and measurement of the day/night temperature variation 

(Strom & Sprague, 2003). Following these observations and the new questions they generated, 

the proposal of a follow up Mercury orbiter mission was necessary.  
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1.2.2 MESSENGER  

MErcury Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER) is the 

first, and at time of writing only space craft to be placed in orbit around Mercury. Following 

its launch on 3rd August 2004, it followed a 6.6-year cruise phase which included flybys of 

Earth once, Venus twice, and Mercury three times, it was successfully inserted into a Mercury 

orbit on 18th March 2011 (Solomon, et. al., 2018). It remained in orbit around Mercury for 4 

years due to two mission extensions until the mission terminated on 30th April 2015. The main 

science objectives of MESSENGER were to determine the (Solomon, et. al., 2018):  

• chemical composition of Mercury’s surface 

• geological history of Mercury 

• nature of Mercury’s magnetic field 

• size and state of Mercury’s core 

• volatiles present at Mercury’s poles 

• nature of Mercury’s exosphere and magnetosphere 

These project requirements were met by a suite of seven instruments, plus the spacecraft 

communication system of MESSENGER, which are listed in Table 1.3.  MESSENGER began 

its primary mission phase on 5th October 2011 and went on to receive two extensions before 

completing its observations of Mercury on 30th April 2015 (Lindsay, et al., 2016). During this 

time, MESSENGER revolutionised our view of Mercury. Images and data reveal a geologically 

diverse end member planet with a magnetosphere far different to the one discovered by Mariner 

10. Both water ice and organic compounds were found in the polar regions (Lawrence, et al., 

2013), and a 3D map was produced from the thousands of images taken of the surface 

(Preusker, et al., 2011). There was also visual evidence on the surface of past volcanic activity 

(Head, et al., 2009), as well as evidence for a liquid iron core (Solomon, et al., 2008). 

Observations of the exosphere showed the presence of water, which was an unexpected 

discovery (Zurbuchen, et al., 2008). The planetary magnetic field of Mercury was found to be 

offset to the north and much more compressed than the typical planetary magnetic fields 

(Anderson B. J., et al., 2012).  
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Table 1.3: Instruments on MESSENGER spacecraft (Solomon, et. al.,  2018).  

 

1.3 BepiColombo 

 

BepiColombo is an interdisciplinary mission carried out jointly by the European Space Agency 

(ESA) and the Japanese Aerospace Exploration Agency (JAXA). It is a dual spacecraft mission 

consisting of the Mercury Planetary Orbiter (MPO) and the Mercury Magnetospheric Orbiter 

(MMO) which will observe Mercury from two dedicated orbits. The third module is the 

Mercury Transfer Module (MTM), which will be the propulsion element for the cruise phase. 

The entire assembly launched on October 20th 2018, BepiColombo will undergo a seven-year 

voyage to Mercury, arriving at Mercury on December 5th 2025.  
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During its voyage it will make a total of nine flybys (European Space Acency, 2019):  

• One at Earth on April 13th 2020 

• Two at Venus on October 16th 2020 and August 11th 2021 

• Six at Mercury on: October 2nd 2021, June 23rd 2022, June 20th 2023, September 5th 

2024, January 9th 2025  

 

Figure 1.6: BepiColombo cruise phase with a nominal launch date of October 5th 2018, and 

the following flybys. The orbits of Earth, Venus, and Mercury are shown in blue, red, and 

grey respectively (Solomon, et. al., 2018).  

 

Upon arrival at Mercury the MTM will be jettisoned, and MPO and MMO will separate and 

enter their individual polar orbits. MMO will have a highly eccentric orbit of 590 x 11,640 km 

with a 9.3-hour period to allow for mapping of the magnetic field along with magnetospheric 

components such as the energetic particle distribution, magnetic field intensity, dust particles 

present, etc. MPO will be in smaller orbit of 480 x 1500 km with a 2.3-hour period, with its 

apoapsis on the dayside of Mercury when it is at perihelion to maximise its mapping 

opportunities.  
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The main scientific objectives of the BepiColombo mission are (Benkhoff, et al., 2010):  

• Origin and evolution of a planet close to its parent star 

• Interior dynamics and origin of its magnetic field  

• Exogenic and endogenic surface modifications, cratering, tectonics, and volcanism 

• Composition, origin, and dynamics of Mercury’s exosphere and polar deposits 

• Structure and dynamics of Mercury’s magnetosphere  

• Test of Einstein’s theory of relativity  

Within each of these topics, BepiColombo will be following up on the work of MESSENGER 

and will address many of the questions that have been raised following the MESSENGER 

results. Understanding the complexity and varied nature of these topics can only be achieved 

through the combination of measurements achievable through the payloads of MPO and MMO.  

MMO will be a spin-stabilised spacecraft, once it has separated from MPO. Its spin rate is 15 

rpm and will have a spin axis of almost perpendicular to the plane of Mercury. The orbital path 

of MPO is optimised for in situ measurements of the magnetosphere of Mercury, primarily the 

electromagnetic fields and waves around Mercury’s orbit (Hayakawa, et.al., 2004).  Due to its 

proximity to the Sun, MMO requires an intensive amount of thermal shielding to ensure no 

damage to the instruments on board. MMO will be fitted with a sun shield during the cruise 

phases to minimise solar flux interaction. This shield will also act as the interface structure 

between MMO and MPO (Benkhoff, et al., 2010). The spacecraft itself will also utilise 

numerous additional measures including black paint, films, Multi-Layer Insulation (MLI) 

blankets, and separate radiators for the individual batteries (European Space Agency, 2019).  
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Table 1.4: Instruments on the Mercury Magnetospheric Orbiter 

 

MPO accommodates 11 instruments, the majority of which can be mounted externally due to 

the structure of the spacecraft. This ensures good accessibility during the integration process 

(Benkhoff, et al., 2010). As with MMO, thermal design is a key feature due to the hostile 

environment around Mercury. The MLI of MPO has low solar absorptivity to reflect most of 

the sunlight, as well as thermal coatings and a radiator. However, over the course of MPO’s 

orbit 5 out of its 6 faces will be exposed to the Sun, leaving only one for a radiator. Therefore, 

it will perform a flip over manoeuvre twice per Mercury year to re distribute the heat (Benkhoff, 

et al., 2010).  

 

1.3.1 Mercury Imaging X-ray Spectrometer  

The Mercury Imaging X-ray Spectrometer (MIXS) will measure planetary X-ray fluorescence 

from the surface of Mercury, resulting from high-energy solar X-rays as well as charged 

particle interactions with the planetary surface (Fraser, et al., 2010). It will work in conjunction 

with the Solar Intensity X-ray Spectrometer (SIXS), which will provide the solar flux at the 

time of a fluorescence measurement (Huovelin, et al., 2010). Using both detectors in tandem, 

a high spectral and spatial resolution of the surface of Mercury will be produced. To achieve 

this, MIXS consists of two detectors, MIXS-C the collimator providing a wide field of view 

and efficient flux collection over a large energy range, and MIXS-T, an imaging telescope with 
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a much narrower field of view for high-resolution measurements of the surface (Fraser, et al., 

2010). A more detailed description of both MIXS and SIXS can be found in Chapter 2.  

 

Table 1.5: Instruments on the Mercury Planetary Orbiter   
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Chapter 2                                                             

X-ray fluorescence spectrometry and its 

applications in planetary science   
 

 

X-rays are part of the electromagnetic spectrum, covering the energy range of 100 eV to 1 

MeV, and can be further divided into low energy soft X-rays or high energy hard X-rays with 

the boundary being approximately 10 keV (Van Grieken & Markowicz, 2001). They were first 

discovered in 1895 by Wilhelm Conrad Röntgen at the University of Bavaria whilst 

experimenting with Lenard tubes and Crookes tubes (Röntgen, 1896). X-ray fluorescence 

(XRF) spectrometry is traditionally a laboratory technique, where a sample is bombarded by 

high energy X-rays to examine the elemental composition for bulk material (Haschke, 2014). 

However, it has also found uses in planetary science as a method to determine surface elemental 

compositions without the need to obtain a physical sample. Mounting an X-ray source to a 

satellite is incredibly impractical, so the Sun is used as the X-ray source for these 

measurements. This method is limited to rocky airless bodies in the inner solar system as the 

flux of solar X-rays is high enough for measurements to be made.  

 

2.1 X-ray fluorescence (XRF) spectroscopy 

 

If X-ray photons of intensity Io are incident onto a material with atomic number Z, they will 

interact with the material and attenuate. This interaction is described by the mass absorption 

coefficient μ. The mass absorption coefficient is a sum of the terms representing the 

mechanisms by which an X-ray can be attenuated, which is either absorption τ or scattering σ 

(Haschke, 2014). The contribution of scattering to the mass absorption coefficient at soft-x-ray 

energies is relatively small, which means that:  

𝜇 = 𝜏 + 𝜎 or 𝜇~𝜏 (2.1) 

 

 

 



18 

 

The absorption can be described using the Beer-Lambert law. Therefore, the proportion of 

transmitted photons can be given by:  

𝐼 = 𝐼𝑜
−𝜇𝜌𝑥 (2.2) 

 

(Haschke, 2014) 

Where ρ is the density of the target material, and x is the penetration depth of the incident 

photon, given by:  

𝑥 =
sin 𝜓

𝑇
 (2.3) 

 

Where ψ is the angle of incident X-rays to the target and T is the thickness of the target (Knoll, 

2010).  

 

Figure 2.1: Mass absorption coefficient for calcium against energy (Hubbell & Seltzer, 

2019). 
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The mass attenuation coefficient generally decreases with energy but will feature 

discontinuities known as absorption edges. An example of this can be seen in Figure 2.1, which 

shows the mass absorption coefficient for calcium. These absorptions edges occur when the 

energy of the X-rays increases past the binding energy of electrons within a shell of an atom. 

If an atom absorbs an X-ray with an energy higher than its absorption edge, an electron will be 

ejected from the corresponding shell. This leaves the atom in an unstable condition. To stabilise 

itself, an electron from an outer shell of the atom will transition to fill the hole, and in the 

process emit an X-ray photon. The energy of this emitted photon will correspond to the 

difference in energy between the two electron shells and is dependent on the properties of the 

atom in question (Haschke, 2014). This characteristic X-ray radiation of energy E has been 

shown to have a direct relationship with the atomic number Z, known as Moseley’s law: 

𝐸 = 𝐶1 ∙ (𝑍 − 𝐶2)2 (2.4) 

 

Where C1 and C2 are constants based on the involved electron shells (Moseley, 1914). Several 

transitions are also possible if the atoms within the target material have multiple shells, and 

each transition will produce different characteristic photons. A number of different electron 

transitions are possible for elements with multiple electron shells, and each of these different 

transitions have their own characteristic energy values. The most common of these transitions 

are defined in Figure 2.2. 

 

Figure 2.2: Simplified depiction of the most common electron shell transitions and associated 

X-ray emission lines (Thompson, et al., 2009) 
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Another possibility for this interaction is the emission of an Auger-electron, which is where 

the filling of an inner-shell vacancy is accompanied by the emission of an electron from the 

same atom (Auger, 1975). Only one of these processes is possible for the energy emission of a 

given atom, the probability for their sum needs to be a unit value, i.e. 𝑃𝑎𝑢𝑔𝑒𝑟 + 𝑃𝑋−𝑟𝑎𝑦 = 1 

(Haschke, 2014). The probability for an X-ray emission is the fluorescence yield, and is 

dependent on the energy and electron emission as shown in Figure 2.3 . Auger emission is more 

probable for lighter elements, whereas X-ray fluorescence becomes dominant for heavier 

elements, hence the increased yield with atomic number.  

 

 

Figure 2.3: The fluorescence yield of elements based on their atomic number with 

dependence of energy (HORIBA Ltd). 

 

The number of photons produced through X-ray fluorescence is also dependant on the 

proportion of the element present in the target material. This along with the fluorescence yield 

provides the primary fluorescence intensity for an element Pi thorough the equation:  

𝑃𝑖 =
𝛺

4𝜋
𝑄𝑖𝐼0𝑊𝑖

𝜇𝑖

(1 +
sin 𝜓′
sin 𝜓′′

) 𝜇𝑠

 
(2.5) 

(Van Grieken & Markowicz, 2001) 

Where Ω is the solid angle of the target as viewed by the detector, I0 is the intensity of the 

incident beam, Wi is the mass fraction of element i within the target, μi and μs are the mass 

absorption coefficients of element i and the target respectively, ψ’ is the incident angle of the 
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illuminating beam, and ψ’’ is the emission angle of the fluorescence photon. Qi is an element 

specific factor, that can also vary with the electron transition responsible for the fluorescence. 

In the case of Kα fluorescence it is given by: 

𝑄𝑖 = 𝜔𝑖

𝑟𝑖𝐾 − 1

𝑟𝑖𝐾
𝑓𝑖𝐾𝛼 (2.6) 

(Van Grieken & Markowicz, 2001) 

Where ωi is the fluorescence yield of element i, riK is the jump ratio of the K-shell of element 

i, and fiKα is the fraction of Kα photons in the total X-ray emission from i. For any element i, 

all the values for equation (2.6) are known. This means that this effect can be used to identify 

different elements on the surface of Mercury, as each one will have a unique XRF spectral 

output (Weider S. Z., et al., 2012). As well as this, the intensity of the peak is related to the 

amount of the element that is present, which will provide a more accurate representation of the 

surface concentration. (Haschke, 2014).  

 

2.1.1 Particle-induced X-ray Emission  

As well as electromagnetic radiation, atoms in a target material can also be excited by highly 

energetic radiation such as protons or electrons to produce characteristic X-rays. These are 

classed as Particle Induced X-ray Emission (PIXE) events. In this case, the target material is 

exposed to a beam of charged particles such as ions or electrons instead of X-rays. The 

technique was first proposed by Sven Johansson in 1970 and has been developed over the 

following years. Atoms in the target material are destabilised by the charged particles instead 

of X-ray photons bombarding it. The atom will stabilize itself through the same electron 

transition process described in the previous section, causing the release of characteristic X-ray 

photons. As with XRF, there is a chance that auger electrons will be produced instead of the 

characteristic photons. For low Z elements and K shell vacancies, auger electrons are the more 

probable outcome, hence the low fluorescence yield (Van Grieken & Markowicz, 2001).  

In general, when an electrical charge changes velocity, electromagnetic radiation is emitted. 

The deceleration of the charged particles used in PIXE will result in the emission of 

bremsstrahlung photons. The intensity of the Bremsstrahlung radiation produced is inversely 

proportional to the square of the mass of the incoming particle, making it much smaller with 

electrons than protons (Haschke, 2014). The spectral distribution of the Bremsstrahlung 
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radiation produced due to electrons impacting a solid target is given by Kramer’s law, which 

is shown in Equation (2.7). The formula is typically given as the distribution of photon intensity 

I against the wavelength λ of the emitted radiation:  

𝐼(𝜆)𝑑𝜆 = 𝐾 (
𝜆

𝜆min
− 1)

1

𝜆2
𝑑𝜆 (2.7) 

(Kramers, 1923) 

Where K is a constant that is proportional to the atomic number of target element, and λmin is 

the minimum wavelength given by the Duane-Hunt law:  

𝜆min =
ℎ𝑐

𝑒𝑉
 (2.8) 

(Duane & Hunt, 1915) 

Where h is Planck’s constant, e is the charge of an electron, c is the speed of light and V is the 

excitation voltage which the electrons are accelerated through. 

 

2.2 Detector types used in X-ray Spectroscopy 

 

In a laboratory setting, an X-ray spectrometer consists of an X-ray source, a sample stage, a 

dispersing system (if required), and a detector (Haschke, 2014). However, in the case of space-

based remote-sensing XRF instruments, this set up will not be applicable. No portable X-ray 

source will provide the required flux, so the solar coronal X-ray flux is utilized instead. The 

sample being investigated is the surface of an astronomical body, so no stage or dispersion 

tools will be necessary. This leaves the detector as the only element of a typical XRF 

spectrometer to be mounted to a spacecraft. For a detector to be able to operate in space, it must 

meet numerous essential requirements. A detector must be low in volume, mass, and power 

consumption, survive extreme vibration loads during launch, tolerate high radiation doses and 

temperature fluctuations, and be sensitive to soft X-rays (Potts & West, 2008). X-ray detectors 

typically used in space-based investigations are discussed in the following sections.  
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2.2.1 Gas proportional counters 

Proportional counters are a type of gaseous ionisation detector used to measure particles of 

ionizing radiation. Their key feature is their ability to measure the energy of the incident 

radiation by producing an output pulse that is proportional to the radiation energy absorbed by 

the detector due to an ionising event. The chamber of the detector is filled with an inert gas, 

typically 90% argon and 10% methane. When an X-ray is incident upon the detector, it will 

ionise argon atoms, producing an electron and an argon ion commonly known as an “ion pair”. 

As the X-ray passes through the chamber it will leave a trail of these ion pairs in its wake, the 

number of which is proportional to the energy of the incident X-ray (Knoll, 2010). The 

electrons are attracted to the anode, whereas the argon ions are attracted to the cylinder wall of 

the detector, which is grounded. The methane is present to act as a quench gas to ensure each 

pulse discharge terminates and the primary gas does not build up at the cathode (Jenkins, 1999).  

As the electrons accelerate towards the cathode, they will cause further ionisation of the argon, 

and furthermore the production of more ion pairs. This phenomenon is known as Townsend 

discharge or Townsend avalanches. The avalanche region occurs within fractions of a 

millimetre of the anode wire and have a multiplication effect on the number of electrons 

resulting from an individual event. The typical gas gain for a gas proportional counter is 

approximately 105 electrons produced per initial pair (Knoll, 2010). It is desired that the 

number of electrons collected at the anode is proportional to the initial number pairs:  

 

𝑛 =
𝐸

𝑊
 (2.9) 

(Fraser G. W., 1989) 

Where W is the energy required to produce an ion pair, which for argon is 21.5 eV (Sipilä, 

1976).  

Fluctuations in n contribute to the energy resolution of the detector. These fluctuations are 

smaller than would be expected due to creation of the ion pairs not being mutually independent, 

and don’t follow Poissonian statistics. The variance of n is instead given by:  

𝜎𝑛
2 = 𝐹𝑛 (2.10) 
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Where F is the Fano factor of the gas mixture in question (Fano, 1947), which for argon w = 

0.17. The energy resolution of this type of the detector is limited by the Fano factor and is given 

by:  

∆𝐸

𝐸
= 0.34𝐸−

1
2 (2.11) 

(Fraser G. W., 1989) 

An example of this kind of detector is the X-Ray Spectrometer (XRS) onboard the 

MESSENGER mission to Mercury. XRS consisted of three gas proportional counters, two of 

which are filtered, and one is unfiltered to help distinguish between the low energy lines.  A 

more in-depth discussion of this detectors and its specification can be found in Section 2.3.9, 

however the general configuration of the detector is shown in Figure 2.4. 

 

Figure 2.4: Configuration of XRS on the MESSENGER  mission to Mercury 

(NASA/JHU/APL, 2019) 

 

2.2.2 Microchannel plate detector 

Microchannel plate detectors (MCPs) are compact electron multipliers used for the detection 

of single particles and low intensity radiation. A typical MCP is a slab made of a highly resistive 

material consisting of approximately 107 close packed channels, these channels all have a 

uniform diameter which is commonly set to 10 μm (Fraser G. W., 1989). By applying a strong 

electric field over the MCP, each microchannel becomes a continuous-dynode electron 

multiplier (Wiza, 1979). The channels are at an angle to the plate to ensure that when a photon 

enters the channel it will impact the channel wall. For X-rays of energy 5 keV or lower, the 
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detection occurs in a single channel mode, i.e. no significant fraction of the incident X-ray 

penetrates the channel wall to illuminate neighbouring channels. This channel crossing only 

becomes an important phenomenon at higher X-ray energies (Fraser G. W., 1982). An example 

of this type of detector is shown below in Figure 2.5. 

 

 

Figure 2.5: Schematic and operational method of an MCP detector (Gys, 2015). 

 

The X-ray impacting the channel wall will cause the release of a primary photoelectron and/or 

auger electron from the channel wall. This will then cause a cascade of secondary electrons, 

resulting in a gain of the order 106-108. The number of electrons collected at the anode can be 

found in the same way as for MCPs using equation (2.9). The gain of an MCP is very noisy, 

meaning it is possible that two identical photons could produce drastically different detections. 

In order to enhance their sensitivity to soft X-rays, the channel plates are often coated in 

material that has a high photoelectric yield such as caesium fluoride.  Following this, the 

microchannel will take time to recover before making another detection, and the X-rays exit 

the channel on the opposite side of the plate. The photons are collected on an anode and can 

then be spatially resolved to produce an image of the photons that are incident on the plate. For 

many years, the energy resolution of an MCP would have been described as none. However, 
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in the soft X-ray range and using the Caesium fluoride coating a limited amount of energy 

resolution can be achieved (Fraser G. W., 1989).  

2.2.3 Semiconductor detectors 

Semiconductor detectors are small, light, solid-state detectors that are relatively inexpensive 

and are effective at detecting soft X-rays to a high resolution (Fraser G. W., 1989). They were 

first developed in the 1970s (Jenkins, 1999) and have since been used in both laboratory and 

space-based environments. An X-ray photon incident upon the detector will produce several 

electron hole pairs as defined by equation (2.9). Silicon is a commonly used material for 

semiconductor detectors, which has a W value of approximately 3.7 eV (Canali, et. al., 1972). 

A voltage is applied which moves the resulting charge carriers to an electrode. The current 

induced at this electrode is proportional to the energy lost by the incident X-ray photon.  

As with the gas proportional counters, the distribution of the number of charge carriers is 

determined by the Fano factor, which is given by:  

∆𝐸

𝐸
= 2√2 ln 2 √

𝑊𝐹

𝐸
 (2.12) 

(Knoll, 2010) 

In X-ray astronomy, silicon detectors that have been Li-drifted (Si(Li)) was first used in a 

sounding rocket in 1972, which was unsuccessful (Singer, et. al., 1972), but it has since been 

developed and into a commonly used format. These consist of a small cylinder of silicon which 

has been treated with lithium through the ion drift process. The lithium diffuses onto the surface 

of a p-type silicon semiconductor, creating an n-type region on the surface. Lithium ions are 

attracted towards the p-type, which in turn creates an i-type region with a high resistivity. More 

recently Si PIN (p-type, intrinsic, n-type) detectors have been developed, which provide similar 

resolution to Si(Li) detectors, but can operate at higher temperatures (Fraser G. W., 1989). 

These detectors consist of a wide region of undoped semiconductor material between an n-type 

and p-type semiconductor. The advantage of these types of detector is that the depletion region 

exists almost entirely within the intrinsic region. The detector efficiency is given by:  

Ɛ(𝐸) = 𝑒−𝜇𝑡(1 − 𝑒−𝜎𝑑) (2.13) 

(Van Grieken & Markowicz, 2001) 
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Where Ɛ(E) is the intrinsic efficiency, t is the thickness of the absorbing material between the 

sample and the detector, μ is the mass absorption coefficient of the absorbing material at energy 

E, σ is the photoelectric term of the absorption coefficient of the detector at energy E, and d is 

the thickness of the detector (Van Grieken & Markowicz, 2001).  

2.2.3.1 Charge-coupled devices  

A charge-coupled device (CCD) was also developed in the 1970s (Tompsett, et. al., 1970) and 

have found use both as X-ray detectors along with many other fields. A CCD detector consists 

of an array of metal-oxide-silicon (MOS) capacitors. These are formed by the deposition of 

parallel linear electrodes onto the oxidised surface of a silicon wafer. The silicon used for this 

is typically a p-type substrate. Applying a positive voltage to the electrode will cause a 

depletion region to form beneath it. In this region X-ray induced charges will accumulate for 

as long as the positive voltage is applied. Once the integration time for the specific detector has 

passed, the voltage to the electrode is removed and instead applied to an adjacent electrode. 

This causes the charge to be transferred or “coupled” to the new depletion region. In X-ray 

astronomy, a three-phase device is typically used (Fraser G. W., 1989). 

This process is repeated across all the rows within the detector, until the charges reach the edge 

of the MOS array. The variation of the charge within the collection time of the detector 

represents the charge collected over a given pixel, whereas the amplitude of a single pulse is 

proportional to the energy of the incident X-ray (Haschke, 2014). CCDs are limited by the Fano 

factor as given by equation (2.12) therefore the maximum efficiency is given by equation 

(2.13). CCDs are susceptible to noise from a phenomenon known as dark current, which occurs 

when there is residual current flowing through a photoelectric device when there is no incident 

electromagnetic radiation. Dark current is a function of temperature, which makes the optimal 

operating temperature of CCDs low at approximately 180 K (Fraser G. W., 1989). 

2.2.3.2 Silicon drift detectors 

Like other solid-state detectors, Silicon Drift Detectors (SDDs) measure the energy of an 

incoming X-ray photon by measuring the amount of ionization it produces in the detector 

material. In an SSD the material used is a high purity silicon with a low leakage current. It 

utilises the drift field structure of the detector to guide charges that have been produced by 

absorbed X-rays to a small readout anode (Sumner, et. al., 1988). By measuring the time 

elapsed between the generation of an electron pair accompanying the absorption of and X-ray, 

and the charge cloud reaching the anode, the location that the X-ray impacted the detector can 
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be determined. SSDs can be operated at a higher temperature than CCDs, but still perform 

better at lower temperatures. This can be achieved using Peltier cooling (Fraser G. W., 1989).  

 

2.3 X-ray detectors in Planetary Physics 

 

Despite being used primarily as a laboratory technique, XRS has found application in planetary 

physics on numerous occasions. The ability to determine the surface composition of a body in 

our solar system from a distance without the need for a physical sample allows for scientific 

investigation of a distant body without the need for a lander mission. A high energy X-ray 

source is still required, and in our solar system the Sun fulfils this role as no remote device 

would be powerful enough. However, this does mean that XRS can only be used on rocky 

bodies in the inner solar system as a method of determining elemental composition of planets, 

as at increased distance the X-ray flux will be too low to trigger observable fluorescence.   

 

 2.3.1 Luna-10 and Luna-12 

The first successful use of X-ray spectrometers in a space mission was on the Luna-10 and 

Luna-12 orbiters. These were two soviet missions launched in 1969 intending to orbit the Moon 

to study its gravity, temperature, chemical composition, and radiation. Luna-10 had three 

detectors mounted on the hull of the spacecraft, which each consisted of three Geiger tubes, 

which each had a collection area of 50 mm2 and were sensitive to an energy range of 1-4 keV 

(Mandel'shtam, et. al., 1966). Luna-12 had two Geiger counters to observe the lunar surface, 

one to detect the galactic cosmic background, and one to use a solar monitor. X-ray 

measurements were taken throughout the main mission phase, and X-ray fluorescence from Al 

and Mg was detected. There were complications with the observations, as the Sun often entered 

the field of view of the instrument or energetic particles interfered with the detectors 

(Mandel'shtam, et. al., 1968). In the case of Luna-10, due to the poor knowledge of the 

satellite’s orbital height above Moon, it wasn’t possible to attribute the X-ray flux detected to 

the lunar surface (Mandel'shtam, et. al., 1966).  
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2.3.2 Apollo 15 and Apollo 16 

Apollo 15 and Apollo 16 were both manned missions to the Moon launched in 1971 and 1972 

respectively by the USA. They were part of the Apollo mission program with the main aim of 

landing man on the Moon. The detectors used on Apollo 15 and Apollo 16 were essentially the 

same in terms of design, with only minor differences. Each consisted of three GPC detectors 

using a mixture of 90% argon, 9.5% carbon dioxide, and 0.5% helium. In order to resolve the 

Kα lines of aluminium, magnesium, and silicon (which would be lost due to the low resolution 

of GPCs), two of the GPCs were equipped with filters. One had a magnesium foil filter, one 

had an aluminium foil filter, and third one was unfiltered (Adler, et al., 1972). A fourth solar 

detector was also mounted on both missions, however on Apollo 16 a Be window was fitted to 

this detector. The filtered detectors had an effective energy range of 0.75 to 2.75 keV, whereas 

the unfiltered detector had an additional energy range of 1.5 to 5.5 keV which operated 

alternately (Adler, et al., 1972).  

 

2.3.3 NEAR Shoemaker 

The Near Earth Asteroid Rendezvous (NEAR) Shoemaker mission was a robotic space probe 

launched by NASA in 1996 to study the near Earth asteroid Eros. The spacecraft had an X-ray 

and Gamma-Ray Spectrometer (XGRS) with an X-ray component very similar to that used on 

Apollo15 and Apollo 16. It consisted of a three GPCs filled with 90% argon and 10% methane, 

two of which were also fitted with magnesium and aluminium filters respectively. The counters 

shared a beryllium-copper collimator with a 5˚ FWHM FOV. There was also a proportional 

counter and Si-PIN detector to monitor the solar background. The energy range of this counter 

was 0.5-10 keV, which is a significant improvement on those used on the previously mentioned 

Apollo missions. The combination of the filters and improved energy range allowed for 

detections of Mg/Si, Al/Si, and Ca/Si ratios for Eros, despite the quiet solar conditions over the 

course of the mission.  
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2.3.4 Hayabusa  

Hayabusa was a Japanese spacecraft launched in 2003, with the aim to return a sample of 

material from a small near-Earth asteroid named 25143 Itokawa. Despite being a lander 

mission, Hayabusa was also equipped with remote-sensing instruments to use during approach. 

One of these instruments was the XRS, which was the first XRF detector to use silicon CCDs 

(Trombka, et al., 2000). The detector consisted of four CCD with an active area of 1024x1024 

pixels, giving it an overall collection area of 2500 mm2 and a three-degree field of view. It was 

also able to provide a resolution that was vastly improved, over that achieved by any previous 

detector, allowing for the separation of the magnesium, aluminium and silicon kα lines without 

the need for additional filters. A thin beryllium window is used to shield visible light while 

allowing low-energy X-rays through, so iron can be detected even in low solar conditions. An 

additional CCD was used as a solar detector (Trombka, et al., 2001).  

 

2.3.5 SMART-1 

The Small Missions for Advanced Research in Technology-1 (SMART-1) was a European 

Space Agency (ESA) satellite that launched in 2003 before being placed in orbit around the 

Moon in 2005 (Foing, et al., 2006). In its suite of instruments was the Demonstration Compact 

Imaging X-ray Spectrometer (D-CIXS), which was a miniature X-ray Spectrometer to provide 

high-quality mapping of the Moon and can be seen in Figure 2.6. D-CIXS utilised a silicon 

Swept Charge Device (SCD), which are based on CCD detectors, but instead of reading out 

the charge in two directions, it only reads out in one. This allows the detector to operate at a 

higher frame rate and reduces the effect of dark current on the system and as a result reduces 

the cooling requirements. D-CIXS consisted of 24 SCDs divided into 3 groups of 8 facets. The 

central facet has a FOV of eight degrees, whereas the two outer facets have a FOV of ten 

degrees. The collimator used on this detector was also novel and consisted of a micro-fabricated 

matrix of electro-deposited gold and two 0.4 μm aluminium filters. This design was used to 

block electrons from entering the detector while still being able to transmit X-rays across the 

full energy range of 0.5-10 keV. This helped D-CIXS to achieve the first observations of the 

titanium kα fluorescence line from the lunar surface. SMART-1 also had a Si-PIN diode, which 

was used as a solar monitor (Grande, et al., 2003).  
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Figure 2.6: D-CIXS detector on the SMART-1 satellite to observe lunar X-ray fluorescence 

(RAL Space, 2019). 

 

2.3.6 SELENE 

The SELenological and Engineering Explorer (SELENE), also known as Kaguya, was a JAXA 

mission launched in 2007 to further study the Moon. SELENE carried a CCD-based X-ray 

spectrometer that used technology like that used on Hayabusa. The main sensor consisted of 

16 CCD chips, providing a detection area of 1000 mm2 and a FOV of 12x12 degrees. It also 

had a 5 μm beryllium window, like that used on the Hayabusa. SELENE carried two Si-PIN 

detectors for solar observations. Unfortunately, due to the low solar activity during the 

SELENE mission, it was not able to obtain any surface composition data (Okada, et al., 2002).  

 

2.3.7 Chang’e-1 

Chang’e-1 launched in 2007 and was part of the first phase of the Chinese Lunar Exploration 

Program. The satellite had an X-ray spectrometer mounted on it, however information 

regarding the instrument is hard to obtain. It has however been documented to have an energy 

range of 0.5-60 keV and a detector area of 1700 mm2, giving it a spatial resolution of 170 km 

x 170 km and 200 km orbital altitude. A solar monitor was also included on the mission. 

Chang’e-1 also suffered from the low solar X-ray flux that posed problems for SELENE, so 

the possible observations were minimal. Despite this, measurement of magnesium, aluminium, 

and silicon abundances were possible (Huixian, et al., 2008).  
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2.3.8 Chandrayaan-1 

Chandrayaan-1 was the first lunar mission by the Indian Space Research Organisation and 

launched in 2008. On board was the Chandrayaan-1 X-ray Spectrometer (CIXS) instrument, 

which was a development of the previously used D-CIXS detector on SMART-1. CIXS also 

used 3 modules of 8 SCDs, giving a total detector area of 2400 mm2, a schematic of this detector 

is shown in Figure 2.7. The FOV was limited to 14 degrees using a gold-coated copper 

collimator. In addition, two aluminium filters were mounted to the top and bottom of the 

collimator stack. The spacecraft also had a Si-PIN diode to act as a solar monitor (Grande, et 

al., 2009). Chandrayaan-1 was in operation after the low solar conditions that had affected 

SELENE and Chang’e-1 had passed. This allowed it to measure the Mg/Si and Al/Si ratios for 

the footprint of the detector across numerous lunar maria. Measurements of magnesium, 

aluminium, silicon, calcium, and iron in a region of southern highlands were also made over 

the course of the mission (Narendranath, et al., 2011). 

 

 

Figure 2.7: Schematic view of the C1XS instrument on Chandrayaan. One side has been cut 

away to show the internal components (Howe, et al., 2009) 
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2.3.9 MESSENGER 

The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) 

satellite was a NASA mission that after launching in 2004, orbited Mercury between 2011 and 

2015. On board was an XRS detector, which shares similarities with the previously used 

detector on the NEAR Shoemaker mission. The detector consisted of three GPCs filled with 

90% argon and 10% methane. A balanced filter approach was used, whereby two of the GPCs 

have a thin foil placed over them and the third is unfiltered. In this case a magnesium foil is 

used on one detector, and an aluminium foil on the second, to allow for the resolution of the 

closely spaced aluminium, magnesium and silicon fluorescence lines. XRS detected emission 

in the 1-10 keV energy range and using a beryllium-copper honeycomb collimator a twelve-

degree FOV. In addition, a Si-PIN diode acted as the solar monitor (Schlemm II, et al., 2007). 

XRS made several significant discoveries regarding the geology and composition of the surface 

of Mercury, including the Mg/Si, Al/Si, and Ca/Si ratios not reflecting a surface composition 

comparable to the Moon. Also, by working in conjunction with the Gamma-Ray and Neutron 

Spectrometer. It showed that the surface of Mercury was not as depleted in volatiles as 

previously expected (Nittler, et al., 2011).  

 

2.4 BepiColombo 

 

BepiColombo is Europe’s first mission to Mercury and is a collaborative project with JAXA. 

The mission comprises of three components that were all be launched together: The Mercury 

Transfer Module (MTM), the Mercury Planetary Orbiter (MPO), and the Mercury 

Magnetosphere Orbiter (MMO) also known as Mio. A full description of the mission and the 

instruments on board can be found in section 1.3.  

 

2.4.1 MIXS  

The Mercury Imaging X-ray Spectrometer (MIXS) on the BepiColumbo Mercury Planetary 

Orbiter (MPO) will measure the X-ray fluorescence from Mercury’s surface. MIXS is a two-

component instrument comprising of an imaging telescope (MIXS-T), and a slumped 

collimator (MIXS-C), see Figure 2.8. Both instruments have two identical 19.2x19.2 mm 

DEPFET micropixel detectors (Fraser, et al., 2010), which are a form of SSD (see section 
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2.2.3.2) with high energy resolution and low power consumption. Each detector is composed 

of a 64x64 array of 300 μm macropixels, with a 30 nm polyimide and a 50 nm Aluminium 

window. MIXS-C is a collimated channel that provides measurements on a scale of 70-270 km, 

whereas MIXS-T is an imaging X-ray telescope with a Wolter type 1 optic, can provide 

measurements on a special scale of 10 km. Therefore MIXS-C can separate the major 

Mercurian terrains, whereas MIXS-T can look at surface features such as craters and internal 

structures. 

MIXS differs greatly from previous X-ray instruments for planetary observation, mostly due 

to its improved special resolution (Fraser, et al., 2010). The collecting power of both channels 

can be described in terms of the effective area and FOV, which is known as the grasp of a 

detector with the units’ cm2 sr.  

 

The grasp for an imaging for an imaging telescope such as MIXS-T can be calculated as shown 

in equation 2.14:    

𝐺(𝐸) = 2𝜋휀𝑑(𝐸)𝑇(𝐸)𝐴(0, 𝐸) ∫ 𝜉𝑉(𝜉, 𝐸)𝑑𝜉
𝜉𝑚𝑎𝑥

0

 (2.14) 

(Fraser, et al., 2010) 

By accumulating data for the whole planet, it is expected for MIXS to be able to measure the 

surface composition of Mercury. MIXS-T will determine the Na, Mg, Al, Si, and Fe 

abundances under normal conditions. However, during solar flares MIXS-C will be able to 

measure P, K, Ca, Ti, and Cr abundances. This detector aims to provide understanding the 

geology, evolution and formation of the planet, as well as providing a mechanism for 

investigating the surface-magnetosphere interactions at Mercury (Fraser, et al., 2010).  
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Figure 2.8: MIXS-T and MIXS-C detectors from the MPO satellite (Le Gall, 2015). 

 

2.4.2 SIXS 

The Solar Intensity X-ray Spectrometer (SIXS) will investigate the solar X-rays, and energetic 

protons and electrons that pass the MPO spacecraft on their way to the surface of Mercury. 

SIXS will act as a partner to MIXS to allow for a valid fluorescence analysis of the surface 

composition. Due to its position, SIXS will also be able to study the solar corona, the 

magnetosphere of Mercury, and solar eruptions that may affect other detectors on 

BepiColombo. Because of this, SIXS consists of two detector subsystems, one for solar X-rays 

and a second for particles. The X-ray detector system is made up three GaAs PIN detectors, 

mounted on a thermodynamic Peltier cooling system with beryllium windows. They will be 

able to measure the solar spectrum at 1 – 20 keV energy range with a FOV that covers a quarter 

of the whole sky. The particle system consists of a CsI(Tl) scintillator crystal covered on five 

sides by Si Pin diodes. The sixth side of the scintillator is coupled to a Si PIN photodiode 

measuring the light produced by charged particles within the scintillator. A collimator structure 

of alternating aluminium and tungsten rings provides 5 view cones for the system each with an 

opening angle of 50 ˚. The particle detector will be able to detect electrons in the 0.1 – 3 MeV 

energy range, and protons in the 1 – 30 MeV range. By using this pair of detector systems, 

SIXS will be able to validate fluorescence observations made by MIXS of both dayside and 

night side fluorescence (Huovelin, et al., 2010).  
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Figure 2.9: X-ray detection system (left) and particle detection system (right) of SIXS 

(Huovelin, et al., 2010). 
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Chapter 3                                                  

Predicted X-ray fluorescence observations from 

Mercury’s surface with MIXS 
 

3.1 Introduction 

 

This chapter describes the development of an IDL program for the observations of X-ray 

fluorescence from the surface of Mercury by MIXS-C and MIXS-T instruments (for an 

explanation of the spacecraft, see section 1.3). The program has been adapted from that used 

to model the observations of the D-CIXS detector for the SMART-1 Lunar mission, originally 

produced by Bruce Swinyard. Due to the similarities between the surface compositions of the 

Moon and Mercury, along with the primary fluorescence processes being the same, it is 

possible to adapt this program to reflect the Mercury environment. Adaptations were also 

performed to correctly reflect the operating procedure of MIXS.  

A description of the processes performed by the program is given in this chapter, along with 

the various inputs used. The observational capabilities of both MIXS-C and MIXS-T are then 

explored to evaluate their ability to distinguish features on Mercury’s surface. This is expanded 

to include the expected observable X-ray fluorescence from different geochemical terranes on 

Mercury. The ability of MIXS to differentiate the terranes present on Mercury and determine 

the boundaries between the regions using the fluorescence signatures of the lower energy 

elements sodium, magnesium, aluminium, and silicon is presented.  
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3.2 Geochemistry of Mercury 

 

Mercury’s surface consists mostly of volcanic deposits, which are likely the result of partial 

melting of the mantle (Weider, et al., 2015), and is heavily cratered (Fraser, et al., 2010). The 

major-elemental composition of the surface is therefore crucial in providing information 

regarding the conditions present during Mercury’s formation and early years. The surface 

composition can be characterised into two crustal types. There is the primary crust, which is 

the oldest surviving crust, and would have formed from a magma ocean. This region comprises 

of mainly minerals that have formed through fractional crystallisation from a magma ocean 

melt. There is also the secondary crust which is formed from partial melting in the mantle and 

would have made its way to the surface through volcanic activity (Fraser, et al., 2010). Mercury 

has also endured long term exposure to meteorite impacts and energetic particles from the Sun, 

and as a result will have experienced extensive space weathering. One of the consequences of 

this includes regular “gardening” of the surface, which will expose material formed deeper 

within the planet’s crust. Understanding crustal formation and the other subsequent surface 

processes is an essential element in determining Mercury’s bulk surface composition (Rothery, 

et al., 2010).  

Previous studies of MESSENGER data have shown Mercury’s surface to be rich in Mg- 

silicates, but lacking in Al-, Ca-, and Fe- silicates compared to other terrestrial planets (Nittler, 

et al., 2011). The quantities of these elements detected allow for constraints to be placed on 

planetary formation models such as the enstatite chondrite model (Taylor & Scott, 2004) or the 

refactory-volatile mixture model. The planet has also been shown to have abundant levels of 

moderately volatile elements such as K (Peplowski, et al., 2012) and Na (Peplowski, et al., 

2014). Observations of these volatiles will show whether Mercury conforms to the approximate 

trend seen with asteroids of increasing depletion with decreasing heliocentric distance (Bland, 

Zolensky, Benedix, & Sephton, 2006). It will also provide constraints for the model where 

volatile depletion is due to a giant impact (Benz, Slattery, & Cameron, 1988).  
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3.3 X-ray remote sensing and modelling 

The fluorescence calculations used throughout this thesis are taken from X-ray fluorescence 

modelling software written by Bruce Swinyard at Rutherford Appleton Laboratory (RAL). It 

was originally designed for modelling the response of D-CIXS and was used in the analysis of 

data from this instrument. Whilst the original fluorescence calculations will remain the same, 

alterations have been made so that the fundamental properties of the instrument (such as the 

filter specifications, spectral resolution, and efficiency) are that of MIXS-C and MIXS-T 

respectively. Additional alterations are made to the environmental aspects of the program (such 

as solar flux and surface elemental composition) to reflect the environment at Mercury instead 

of the Moon. These alterations are discussed in Section 3.3.2. 

 

3.1.1 X-ray fluorescence calculation 

The scattered X-ray flux from a planetary surface comes from Thomson scattering. This can   

be calculated from:  

𝑑𝑁𝑥𝑠 = 𝐼𝑜

𝑟𝑜
2

2
(1 + cos2 𝜃)

𝑁𝐴𝜌 ∑ 𝐶𝑖𝑍𝑖𝑙

∑ 𝐶𝑖𝐴𝑖𝑖
𝑒𝑥𝑝(−(𝜇𝜌𝑥 sin 𝛼⁄ + 𝜇𝜌𝑥 sin 𝛽⁄ ))

𝑑𝑥𝑑𝛺

sin 𝛼
   

 

(3.1) 

 

here µ is the total mass absorption coefficient of the target material, which is made of i elements 

each with a fractional composition Ci by mass. Ai and Zi are the atomic mass and number of 

each element, θ is the scattering angle of the solar X-rays, α and β are the input and exit angle 

of the X-rays from the surface, x is the penetration depth, NA is Avogadro’s constant, ro the 

classic electron radius, and Io the input solar flux. By integrating over an infinite penetration 

depth and substituting for the finite element of the solid angle gives:  

 

𝑑𝑁𝑥𝑠 = 𝐼𝑜

𝑟𝑜
2

2
(1 + cos2 𝜃)

𝑁𝐴 ∑ 𝐶𝑖𝑍𝑖𝑙

∑ 𝐶𝑖𝐴𝑖𝑖

1

(𝜇 sin 𝛼⁄ + 𝜇 sin 𝛽⁄ )

sin 𝜃 𝑑𝜃𝑑𝜙

sin 𝛼
 

 

(3.2) 

 

 

By integrating over the opening angle of the detector the Thomson scattered background flux 

is determined and given as: 

𝑁𝑥𝑠(𝐸) 𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑐𝑚−2𝑠−1𝑘𝑒𝑉−1𝑆𝑟−1 (3.3) 
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These values are required for each of the elements being considered in this model. X-rays can 

penetrate the upper few microns of Mercury’s surface, so any element that is present in this 

region is considered so that different mineral types can be measured. All X-ray values for each 

element are taken from both Clarke and Trombka (1997) and the X-ray lib tables X-raylib 

tables by Sánchez del Río et. al. (2003) and can be found in Table 3.1. 

 

Element 
Atomic 

mass (g) 

Atomic 

weight 

(g) 

λ edge 
k-alpha 

line 

Jump 

ratio 

Fluorescence 

yield 

C 6.0 12.0 43.7 54.6 19.02 0.003 

O 8.0 16.0 23.3 23.6 15.4 0.008 

Na 11.0 23.0 11.6 11.6 11.84 0.023 

Mg 12.0 24.3 9.51 9.88 12.02 0.030 

Al 13.0 27.0 7.96 8.33 10.95 0.039 

Si 14.0 28.1 6.75 7.12 10.37 0.050 

P 15.0 31.0 5.79 6.07 9.97 0.063 

S 16.0 32.1 5.03 5.37 9.61 0.078 

K 19.0 39.1 3.44 3.74 9.16 0.140 

Ca 20.0 40.1 3.07 3.35 8.74 0.163 

Ti 22.0 47.9 2.50 2.75 8.37 0.214 

Cr 24.0 52.0 2.07 2.29 8.05 0.275 

Mn 25.0 54.9 1.90 2.1 8.0 0.308 

Fe 26.0 55.9 1.74 1.94 7.89 0.340 

Co 27.0 58.9 1.61 1.78 7.8 0.373 

Ni 28.0 58.7 1.49 1.66 7.71 0.406 

 

Table 3.1: Mass absorption coefficients for each of the elements considered in the 

program (Clark & Trombka, 1997) (Sánchez del Río, et. al. , 2003).   
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The flux in the line of interest can be calculated using the methods from Clarke and Trombka 

(1997), which is in a similar thread to Laukkanen (1999). For this the flux from element j in a 

substance can be given by:  

 

𝑑𝑁𝑥𝑙 =
𝐶𝑗𝑌𝑗

sin 𝛼

𝑑𝛺

4𝜋
∫ 𝐼𝑜(𝐸)

𝜇𝑗(𝐸)

𝜇(𝐸) sin 𝛼⁄ + 𝜇(𝐾𝑙𝑖𝑛𝑒) sin 𝛽⁄
𝑑𝐸

𝐸 𝑚𝑎𝑥

𝐾 𝑒𝑑𝑔𝑒

 

 

(3.4) 

 

 

where Yj is the fluorescence yield for the line at energy Kline, µj(E) is the mass absorption 

coefficient for the jth element, and Kedge is the energy of the k-shell absorption for the jth 

element. All other parameters are the same as those defined above. We assume the photons are 

emitted with equal probability for the full 4π steradians, removing dependence on θ. Therefore, 

we can multiply by the solid angle of the detector instead of integrating.  

In addition to the scattered X-ray flux from the surface of Mercury, there will also be a 

detectable scattered X-ray background. This is given by:  

 

𝑁𝐷𝑥𝑠 = 𝑁𝑥𝑠(𝐸) × 𝐴𝑜 × 𝛺 × ∆𝐸(𝐸) × 𝜂𝑥(𝐸) × 𝑓𝑥(𝐸) × 𝑡 (3.5) 

 

where Ao is the open area of the detector and collimator combined, Ω is the solid angle of the 

detector, ΔE(E) is the width of the detector resolution element at energy E, ηx(E) is the detection 

efficiency for X-rays at energy E, and fx(E) is the transmission of the filters for electrons at this 

energy. For MIXS this final term is not required and can be ignored. An iterative smoothing 

method was used to fit the scattered noise to replicate the output expected from MIXS.  

The total detected counts given by:  

𝑁𝐷𝑡 = 𝑁𝐷𝑒 + 𝑁𝐷𝑥𝑠 + 𝑁𝐷𝑥𝑙 + 𝑁𝐷𝑋𝐷 (3.6) 

Assuming pure Poisson statistics, the signal to noise ration becomes:  

𝑛𝜎 =
𝑁𝐷𝑥𝑙

𝛿
 𝑤ℎ𝑒𝑟𝑒 𝛿 = √𝑁𝐷𝑡 (3.7) 
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By expanding the terms in NDxl, which is the minimum detectable line flux at a given signal to 

noise ratio, the minimum detectable flux from the surface is:  

𝑁𝑥𝑙(𝐸) =
𝑛𝜎

𝐴𝑂 . 𝛺. 𝜂𝑥(𝐸). 𝑓𝑥(𝐸). 𝑡
(𝑛𝜎

+ √𝑛𝜎
2 + 4𝐴𝑂  𝛺 ∆𝐸 (𝐸) 𝑡 (𝑁𝑥𝑠  𝜂𝑥 (𝐸) 𝑓𝑥 (𝐸) + 𝑁𝑒𝜂𝑒(𝐸)𝑓𝑒(𝐸) + 𝑁𝑋𝐷(𝐸)𝐴𝐷 𝐴𝑂⁄ )) 

(3.8) 

 

With the units photons cm-2 s-1 Sr-1. 

 

3.3.2 Updates for Mercury 

Whist the fluorescence process will remain the same at either the Moon or at Mercury, there 

several alterations that need to be made to the original program to correctly reflect the new 

scenario being considered. These are can be divided into two categories: detector 

specifications, and environmental factors. This involved changing the detector parameters to 

those of MIXS instead of D-CIXS, and changing the elemental compositions used to reflect 

the Mercurian surface instead of the Lunar surface.  

3.3.2.1 Detector parameters 

One of the main advantages of MIXS, particularly MIXS-C, is its effective area. MIXS-C and 

MIXS-T balance the respective advantages of spatial resolution and effective area. Data from 

Emma Bunce and the team at the University of Leicester is used as an input for the grasp and 

effective area of both MIXS-C and MIXS-T, which is shown in Figure 3.1. Also included is 

the effective area of D-CIXS from the SMART-1 mission for comparison. MIXS-C has a 

higher effective area than D-CIXS across the whole energy range being considered, so will be 

able to detect more X-ray photons scattered from Mercury’s surface. As previously mentioned, 

MIXS-T’s impressive spatial resolution comes at the cost of its effective area, so it will perform 

better in different areas.  

It is also necessary to consider the changes to the grasp of the instrument, as this value is 

dependent on the effective are and FOV of the instrument. In the case of MIXS-C the grasp is 

determined by multiplying the FOV (0.033 sr), by the geometric area of the detector (64 cm2) 

whilst also taking into account the raytraced transmission of the collimator as well as the 

quantum efficiency of the detector. The grasp of MIXS-T can be found from the on axis 

effective area of the instrument and the vignetting function, as it is an X-ray telescope. Both 
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grasp calculations also account for the combined transmissions of the optical and thermal filters 

in front of the detectors. Both MIXS-C and MIXS-T have a 60 nm thick thermal Al filter on 

the optic surface, and a 100 nm Al optical filter deposited onto 300 nm of polyimide. Therefore, 

the previously used filter calculations within the model can be disregarded. 

  

Figure 3.1: Effective area of the MIXS-C (black), and MIXS-T (red) detectors over energy. 

The lower effective area of MIXS-T is balanced by its improved spatial resolution. Also 

shown is the effective area of D-CIXS (blue), from the SMART-1 mission for comparison. The 

effective area of MIXS-C is the highest across the full observable energy range, making it the 

most likely to observe fainter X-ray emission from both the surface and exosphere. 

 

3.3.2.2 Environmental alterations  

The primary mechanism behind X-ray fluorescence from airless bodies within approximately 

3 AU of the Sun is excitation by coronal X-rays. The intensity of the X-ray fluorescence from 

Mercury’s surface is dependent on the energy and intensity of the incident solar X-rays. 

However solar intensity can vary by several orders of magnitude and in certain instances can 

vary on a timescale of minutes. On BepiColombo this will be monitored using the Solar 

Intensity X-ray and Particle Spectrometer (SIXS). As BepiColombo has yet to reach Mercury, 

a polynomial approximation is used to provide input parameters for the solar background. 

Figure 3.2 shows the X-ray flux as a function of energy for numerous solar flare states and is 

comparable to solar X-ray spectrums from both Clarke and Trombka (1997) and Fraser (2010). 

Solar flare states are defined according to the total energy output of the Sun according to the 
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peak flux in watts per square meter (W/m2) of X-rays with wavelengths 100-800 picometers 

(1-8 ångströms) (Tandberg-Hanssen & Gordon, 1988).  

The amount of solar X-rays are of crucial importance for determining the XRF output. The 

Sun’s soft X-ray output can be calculated as a function of energy by using a polynomial least 

square fit to published estimates of solar output. It is also possible to calculate it by using 

Geostationary Operational Environmental Satellite (GOES) derived solar temperatures. 

However as GOES monitors solar X-rays at Earth, the amount of X-rays calculated using this 

method will be increased by a factor of 10 to account for Mercury’s proximity to the Sun in 

accordance with the inverse square law.  

Each flare type is considered in this program, so that predicted observations can be made for a 

full range of solar weather. Figure 3.2 shows the resulting solar X-ray spectra. Both the M and 

X class flares were added to the program for this work to maximise the possible XRF 

observations, which is particularly prevalent for the work conducted in Chapter 4 when 

observing the exosphere.  

 

Figure 3.2: Polynomial approximations for the solar X-ray spectrum for a range of solar 

backgrounds at 0.39 AU. Considered in this figure are an X-class flare (black), M-class flare 

(red), C-class (blue), B-class (green), and quiet-sun (green) conditions. 
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3.3.2.3 Background noise 

Following this, the next aspect to be considered and altered is the background noise picked up 

by the instruments. This can be produced both by the detector and from external sources in the 

solar system. Both of these sources must be accounted for when calculating the expected XRF 

observations by MIXS to ensure as accurate a representation of the expected results as possible.  

The detected fluorescence signal will also be accompanied by a background of solar X-rays. 

These X-rays will also be scattered from the surface of Mercury and therefore contribute to the 

background detections made by MIXS. In the absence of direct measurements taken at Mercury 

in order to calculate the expected instrument background, as in section 3.2.2.2 data from the 

GOES satellite must be used to determine the intensities of both solar X-rays and solar protons. 

Over the lifetime of MIXS the count rate of solar protons will likely not vary by more than one 

order of magnitude, this however will not be the case with solar flares which will vary in 

intensity by several orders of magnitude, particularly in the case of large solar flares. This 

background will also be influenced by the diffuse X-ray background, and the galactic X-ray 

background. However, the energy resolution of MIXS will allow it to determine the difference 

between elastic and inelastic scattered X-ray background, and therefore separate these two 

sources from those of interest. 

The sensitivity of a photon-detecting instrument can be defined by the minimum detectable 

flux NXL(E), which is the minimum signal flux from a source that can be distinguished 

separately from the background. Whilst equation (3.8) will remain true from the previous 

iteration of this program but will require some alterations are required for its new purpose. For 

a cooled photon counting detector the thermal noise can be considered to be negligible, leaving 

the remaining sources of noise to be the scattered X-ray component and the particle-induced 

background. By using Equation 3.8 and altering the solar flux intensity as well as the filters 

being included in the grasp value, an approximate background detected flux will be applied to 

the overall MIXS observation.  
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3.4 Modelled detection 
 

Despite extensive alterations to the program to correctly reflect the environment at Mercury 

and the specifications of MIXS, initial modelled XRF detections are produced for a lunar 

surface composition. This is due to there being extensive previous work done towards 

determining lunar surface composition, including several lander missions, there is a rage of 

data to work with. Lunar compositional data will also provide an impression of the variation in 

geochemical terrane that could be expected at Mercury, with the closest analogue to a general 

Mercury composition being high K lunar basalt. For this instance, a percentage composition 

derived from Taylor (1975) is used so that calibration can be compared with that done in the 

Fraser (2010) paper. This composition can be in found in Table 3.2.  

Despite the similarities between the geochemical composition of the Moon and Mercury, one 

cannot be used as an analogue of the other. Therefore in Table 3.2 there is also a general 

Mercury percentage surface abundance derived from Lawrence (2010). This provides a better 

analogue for the conditions expected at Mercury than a lunar surface and is beneficial for 

determining the observational capabilities of MIXS. Figure 3.3 and Figure 3.4 show the X-ray 

fluorescence spectra expected from both MIXS-C and MIXS-T. These were produced by 

applying the alterations to the equations stated in the previous section of this chapter when 

calculating the expected number of counts for each fluorescence line. This is an iterative 

process conducted for each element in turn, before being complied into a final plot.  

Before calculating the XRF spectra for a Mercury surface composition, a lunar surface 

composition is used instead. This was done as there is more information regarding the 

composition of the lunar surface, including physical samples, as well as both remote and in situ 

XRF measurements (Swinyard, et al., 2009) (Young, et al., 2011) that can be used as a 

calibration to ensure the program is performing correctly before considering a Mercury surface. 

A similar comparison was also performed in the from the Fraser (2010) paper. The results of 

this work are used to further aid in ensuring the code used in this work is calibrated correctly. 

The plots used for this comparison are shown in Figure 3.5 and Figure 3.6.   
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Table 3.2: Compositions of rock types by fractional abundance for the main elements for both 

Moon and Mercury surfaces, the lunar surface is derived from Taylor (1975) and the 

Mercury surface from Lawrence (2010). Also included are the line energies for the kα X-ray 

fluorescence lines observable by MIXS 0.5-0.75 energy range. 
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Figure 3.3: X-ray fluorescence spectra for a high K lunar basalt surface composition as 

observed by MIXS-C for a range of solar conditions including x-class flare (black), m-class 

flare (red), c-class flare (green), b-class flare (blue), and the quiet Sun (yellow). 

 

Figure 3.4: X-ray fluorescence spectra for a high K lunar basalt surface composition as 

observed by MIXS-C for a range of solar conditions including x-class flare (black), m-class 

flare (red), c-class flare (green), b-class flare (blue), and the quiet Sun (yellow). 
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Figure 3.5: Expected X-ray fluorescence observation of a high K lunar basalt by MIXS-C, 

taken from Fraser et al. (2010). 

 

 

Figure 3.6: Expected X-ray fluorescence observation of a high K lunar basalt by MIXS-T, 

taken from Fraser et al. (2010). 
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Solar input spectra for this simulation is shown in Figure 3.2. The lines show the expected 

intensity for an X1, M1, C1, and a B1 class flare as well as the quiet Sun spectrum. These 

spectra assume nadir pointing and normal incidence for solar X-rays at an average Sun-

Mercury distance of 0.39 AU. The surface is assumed to have a surface composition of the 

high-K lunar basalt in Table 3.2. We also assume a passing altitude of 1000km across a uniform 

region of the surface.  

It is apparent that the X-ray fluorescence spectra calculated in Figure 3.3 and Figure 3.4 have 

peaks of similar intensity for the same conditions to those shown in the Fraser et. al. paper. 

From this, we can consider the program to be providing an accurate representation of the X-

ray fluorescence detectable by MIXS. This allows us to now model a Mercury surface 

composition in place of a lunar one. X-ray fluorescence from the Mercury surface has not been 

modelled in great depth prior to this, hence the need to calibrate the program with lunar surface 

data. For the surface composition, a general Mercury surface is used, with elemental abundance 

values taken from Lawrence et al (2017), as shown in Table 3.3. These values are also given 

as a fractional abundance so can be fed into the code in the same way as the lunar abundances 

used previously. In addition to this, the distance from the Sun is altered to reflect a Mercury 

orbit. As Mercury has a very elliptical orbit, the average distance between the Sun and Mercury 

is taken in this program and is found to be 0.39 au. Figure 3.7 and Figure 3.8 show the X-ray 

fluorescence spectra detected by both MIXS-C and MIXS-T for a general Mercury surface 

composition. As with the previous examples, the solar input spectra are taken from Figure 3.2.  
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Figure 3.7: Expected X-ray fluorescence detection for a Mercury surface composition by 

MIXS-C during a 22.9s exposure. A range of solar backgrounds are considered including X-

class flare (black), M-class flare (red), C-class flare (green), B-class flare (blue) and the 

quiet sun (yellow). 

 

Figure 3.8: Expected X-ray fluorescence detection for a Mercury surface composition by 

MIXS-T during a 209.7s exposure. A range of solar backgrounds are considered including X-

class flare (black), M-class flare (red), C-class flare (green), B-class flare (blue) and the 

quiet sun (yellow). 
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These figures are comparable to those seen in Fraser et. al. (2010), which first discussed the 

observational properties of MIXS during its initial development. Some slight variation from 

these plots is to be expected due to updates detector limitations such as thicker filters, which 

affect the observational properties of the detector. We use the same lunar calibration spectra, 

as well as the same assumed Mercury surface composition, to ensure that the program is 

working correctly and highlight any inconsistencies. Using this as a baseline, it is now possible 

to build on this program to better reflect Mercury’s surface, and therefore better replicate what 

MIXS will be capable of during the BepiColombo mission.  

 

3.4.1 Fluorescence detection by MIXS for different terrane types 

Planetary surfaces have a lot of variation in the geochemical composition of their surface 

terranes. For Mercury, there is currently still a lot to be determined regarding the formation and 

general makeup of the planet. However, the surface of Mercury shows a lot of geochemical 

variation. This has been documented previously by Weider et al. (2015) along with numerous 

other publications (Peplowski , et al., 2015), (Evans, et al., 2012). From this the surface of 

Mercury has been broken down into multiple terranes, based on the rock type and geological 

features present. Previous studies have mostly categorised the northern hemisphere into 

different terrane types, which include northern smooth plains, a high-magnesium region, high-

aluminium region, the smooth plains of the Caloris basin, and the Rachmaninoff crater. The 

locations of each can be seen in Figure 3.9.  
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Figure 3.9: Regions of Mercury’s surface with different geochemical terranes, taken from 

Weider et al (2015). Red denotes the high-Mg region, blue the low-Mg northern smooth 

plains, green the intermediate-Mg northern smooth plains, cyan the Caloris basin interior 

smooth plains, yellow the high-Al smooth plains, and pink the Rachmaninoff region. 

 

Due to the increased solar background experienced at Mercury, the observed X-ray 

fluorescence will be higher than that seen at previous lunar missions. Adding in the impressive 

effective area of MIXS-C, and spatial resolution of MIXS-T, a shorter observational time is 

required to get a significant detection. Therefore, it is possible that we can distinguish the 

different geochemical terranes of Mercury, based on the observed X-ray fluorescence. 

The fractional abundances of each of the elements present on Mercury’s surface are taken from 

Lawrence, et. al. (2017). By using different surface compositions for each region, this provides 

a more accurate representation of the geochemical variation expected from the surface. The 

values from this paper can be found in Table 3.3, where the intermediate-Mg northern smooth 

plains are the intercrater plains (IcP), the low-Mg northern smooth plains are the Northern 

Composition Unit (NCU). Approximations are used for the High-Al region and the 

Rachmaninoff crater, based on current literature (Lawrence, et al., 2017). Using these surface 

abundance values, along with the same fluorescence routine used previously, it is possible to 

calculate the expected X-ray fluorescence observed by both MIXS-C and MIXS-T. As with the 

general surface composition, a range of solar background conditions are considered. However, 

only the X-class, M-class, and C-class flares are considered, to emphasise any differences in 

the observable fluorescence between the different terrane compositions.  
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Table 3.3: Elemental abundances for the different geochemical terranes identified by Weider, 

et. al. (2015). Surface composition values taken from Lawrence et al 2017 and converted to 

fractional abundances. 

 

Figure 3.10 -  Figure 3.15 show the predicted X-ray fluorescence detected by MIXS-C and 

MIXS-T from the different geochemical terranes of Mercury for a range of solar backgrounds. 

Any variation between the XRF detected from each of the geological surface compositions is 

mainly noticeable in the lower energy elements, specifically Na, Mg, Al, and Si. To make these 

variations more apparent in the following figures, the energy value along the x-axis has been 
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truncated to 2 keV instead of showing the full energy range of MIXS. This makes any 

significant differences between the different terranes for the lighter elements more apparent.  

As expected, the detected fluorescence scales with the intensity of the solar background. Across 

most of the spectra, the different regions are generally similar. However, some regions show 

distinct difference for the lower energy elements, specifically sodium, aluminium, magnesium, 

and silicon. To emphasise the differences, present between the spectra, a linear scale is used 

for the detected counts on the y-axis instead of a logarithmic scale as used previously. In 

addition to this, the figures only show the peaks sodium, magnesium, aluminium, and silicon 

as these are peaks that show the most differences in the X-ray fluorescence observed.  

 

Figure 3.10: Expected X-ray florescence detectable by MIXS-C during an X-class flare with a 

10-minute observation time for a range of different geochemical terranes.  



56 

 

 

Figure 3.11: Expected X-ray florescence detectable by MIXS-C during an M-class flare with 

a 10-minute observation time for a range of different geochemical terranes. 

 

 

Figure 3.12: Expected X-ray florescence detectable by MIXS-C during an C-class flare with 

a 10-minute observation time for a range of different geochemical terranes. 
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Figure 3.13: Expected X-ray florescence detectable by MIXS-T during an X-class flare with a 

10-minute observation time for a range of different geochemical terranes. 

 

 

Figure 3.14: Expected X-ray florescence detectable by MIXS-T during an M-class flare with 

a 10-minute observation time for a range of different geochemical terranes. 
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 Figure 3.15: Expected X-ray florescence detectable by MIXS-T during an C-class flare with 

a 10-minute observation time for a range of different geochemical terranes. 

 

As there are clear differences in the observed X-ray fluorescence from different surface regions 

of Mercury, there is potential to be able to detect when a boundary between these terranes is 

crossed. The most notable differences occurring between the sodium and magnesium peaks, 

with smaller variations occurring in the aluminium and silicon peaks.  

To determine whether it is possible to distinguish these regions from one another, a Pearson’s 

χ2 test is performed.  This is a statistical test applied to sets of data to evaluate how likely a 

given event is set to occur. There are several requirements that must be met for this method to 

be applicable:  

1. The data selected to be tested is not dependant. 

2. The expected frequency of events should not be less than 5. 

3. The total number of samples must exceed twenty. 

The null hypothesis being used is:  

It is not possible for MIXS to distinguish an individual geochemical terrane present on 

Mercury, when compared to an average Mercury surface composition.  
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Therefore, chi square can be calculated as follows: 

𝜒2 =
1

𝑥𝑒
∑(𝑥𝑜 − 𝑥𝑒)2 (3.9) 

(Hughes & Hase, 2010) 

Where xo is the observed frequency, and xe is the expected output. Based on this hypothesis, the 

observed frequency is the X-ray intensity for an average Mercury surface composition, and the 

expected frequency is the X-ray intensity from a specific geochemical terrane. There are two 

categories, either there is a significant difference in the detections making the borders 

distinguishable, or the variation is not enough for MIXS to resolve the difference. This makes 

the degrees of freedom for this case 1, as the degrees of freedom is equal to the number of 

categories minus 1.  

Using the χ2 table from Alexander (1961) shown in Table 3.4, for a significance level of 0.05, 

a value for the χ2 greater than 3.84 must be obtained to reject the null hypothesis. A χ2 test is 

performed for C-class, M-class, and X-class flares, as any smaller than C-class don’t give 

enough fluorescence counts for significant variation to be observed. A range of observation 

times are also used to see if prolonged exposure will assist in the ability of MIXS to distinguish 

the terrane borders. The range of times chosen go between two and ten minutes for the χ2 test. 

These longer times are used as the test is being conducted over the full energy range of MIXS, 

so will include the heavier elements. As the intensity of the fluorescence X-rays for these 

heavier elements is weaker, a longer time frame will be required for a significant difference in 

detection across the whole energy range of MIXS. The values for the multiple χ2 tests are shown 

in Table 3.5. 
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Table 3.4: Excerpt from Alexander (1961) χ2 and significance table.  

 

 

Table 3.5: Results of the chi square tests for three intensities of solar flare for the different 

geochemical terranes of Mercury.  
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All the χ2 values easily exceed the required threshold to reject the null hypothesis, meaning we 

can infer that MIXS will be able to determine which terrane it is currently observing based on 

the detected fluorescence intensities. However, this currently does not tell us if it is possible 

for MIXS to detect the exact moment a boundary crossing occurs. To do this both the spatial 

resolution of MIXS-T and MIXS-C must be considered, in conjunction with the orbital speed 

of MPO as it passes over Mercury’s surface.  

 

3.5 Detecting boundaries between terrane types 

 

The map in Figure 3.9 gives us the locations of the different geochemical terranes on Mercury’s 

surface. Using this along with the data in Table 3.3, it is possible to create a heat map showing 

the time required for a significant difference in the detection of fluorescence for a certain 

element from each region. To do this the map used in Figure 3.9 is used as a base on which the 

element abundances for each region can be assigned. An iterative process was implemented to 

determine the time required to observe a significant change in the abundance of sodium, 

magnesium, aluminium, and silicon on the surface respectively. As the focus is now on the 

lighter elements, which show more intense X-ray fluorescence peaks, shorter observation times 

are needed to achieve a significant difference in the fluorescence intensities.   

The solar conditions used are for an X-class flare to maximise the possible observable variation 

in the shortest time window, making it the most feasible in practice to replicate. It is possible 

to create a heat map of the surface of Mercury representing the rate of change in abundance of 

an element in question. This is done for the four easiest to detect elements, where a significant 

difference in observation is a factor of 10 difference, as with the chi square test in the previous 

section. The lighter the sections of the map are, the less time is required for a significant change 

in the X-ray fluorescence to be detected. As with the χ2 test, the measure of significance comes 

from an average Mercury surface composition, hence why only the terranes in question are 

highlighted. The shorter the time required for a significant difference in the detection, the easier 

it will be for MIXS-C to determine which terrane it is observing.  
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Figure 3.16: Heat map showing the time required for a significant X-Ray fluorescence 

detection of sodium from the different terranes in Mercury’s northern hemisphere. 

Observation with MIXS-C for a X-class flare. Lighter regions indicate a shorter time 

observation time required for a significant difference in fluorescence intensity. 

 

 

Figure 3.17: Heat map showing the time required for a significant X-Ray fluorescence 

detection of magnesium from the different terranes in Mercury’s northern hemisphere. 

Observation with MIXS-C for a X-class flare. Lighter regions indicate a shorter time 

observation time required for a significant difference in fluorescence intensity. 



63 

 

 

Figure 3.18: Heat map showing the time required for a significant X-Ray fluorescence 

detection of aluminium from the different terranes in Mercury’s northern hemisphere. 

Observation with MIXS-C for a X-class flare. Lighter regions indicate a shorter time 

observation time required for a significant difference in fluorescence intensity. 

 

 

Figure 3.19: Heat map showing the time required for a significant X-Ray fluorescence 

detection of silicon from the different terranes in Mercury’s northern hemisphere. 

Observation with MIXS-C for a X-class flare for. Lighter regions indicate a shorter time 

observation time required for a significant difference in fluorescence intensity.  
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Of these, one of the most noticeable variations are the sodium detection in the low-Mg northern 

smooth plains, requiring only a few seconds for a significant difference in fluorescence 

detection. As it will take significantly longer for this to be the case for the neighbouring 

intermediate-Mg plains, it will be possible to use the sodium fluorescence intensity to 

distinguish these two regions. Additionally, in Figure 3.17 a longer observation time is required 

for a significant difference in the magnesium fluorescence intensity of the high-Mg region. As 

this area has, by definition, a higher magnesium content, it was initially expected that a much 

shorter time would be necessary to observe a significant difference in this region. However, 

the comparison was made against an average Mercury surface composition, not any of the other 

regions. Both the high-Mg region and average Mercury surface compositions have a higher 

magnesium component, meaning they will produce fluorescence peaks of similar intensity. A 

more fitting comparison in this case would be against a lower magnesium region such as the 

northern plains. As these two regions are close to each other, it is possible to use the intensity 

of the magnesium peak to determine which region is being observed. The same is the case with 

the sodium peak intensities, particularly between the northern and intercrater plains. 

For both aluminium and silicon, significant differences in detection level are seen for smaller 

regions of the surface, the Rachmaninoff crater and, again understandably, the high-Al region. 

Despite the swift timeframe for these detections, both terranes are quite small compared to the 

surface of Mercury, therefore differentiating the precise spike in the fluorescence spectra will 

be difficult. However, if a targeted observation of this region were to be made, and MIXS is 

looking in the correct direction, it will be able to detect these slight differences. Silicon will be 

the most difficult to determine, as it is understood that all the terranes of Mercury contain large 

proportions of silicon. This will make significant differences in the detection rate of silicon 

unlikely. Because of its strong presence in all regions, silicon is often used as a ratio for 

determining other elemental abundances. 

This method does not work for the heavier elements of interest such as potassium, calcium, or 

iron, as too long of an observation window is required for a significant difference in detection, 

and accounting for the orbital speed of BepiColombo that won’t be possible. Despite this, 

BepiColombo will be more than capable of detecting these elements across the surface of 

Mercury to provide a clearer picture of the general compositions and will still help our 

understanding of the planetary geology without necessarily being able to determine the 

boundaries.  
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3.6 Conclusions and Future work  

 

Using an adaption of a program for lunar X-ray fluorescence, it is possible to predict the 

observations MIXS will be capable of making during its time at Mercury. Predicted detections 

have been made for a general Mercury surface composition, as well as multiple different 

terranes types to replicate the geological variations currently known to be present at Mercury. 

Due to the radical design of MIXS, it will have a far superior spatial and spectral resolutions, 

making it more capable of X-ray fluorescence across a range of solar back grounds compared 

to previous missions with X-Ray instruments. Using these features, we determine that it will 

be possible to distinguish the different terranes of Mercury based on their X-ray fluorescence 

signatures. During the orbital path of MPO, there will be enough time to obtain significant 

detections for the regions in question. This makes it more than capable of answering its science 

goals over the course of its active time at Mercury and will help advance the current knowledge 

of Mercury’s formation and environment.  

Following on from this, we aim to explore the possibility that due to the impressive features of 

MIXS, it will be able to achieve results beyond its initial goals. With the high effective area of 

MIXS-C, it has been suggested that it will have the spectral resolution to observe X-ray 

fluorescence from the exosphere as well as the surface. It is thought that there are links between 

the surface and exosphere compositions at Mercury (Milillo, et al., 2005), but currently there 

are only a small number of observations of the exosphere that can be used to investigate this. 

The orbit of BepiColombo places it in a better position to view the exosphere than 

MESSENGER had, and, with the lack of data on this topic, any possibility to observe this 

region should be capitalised on.  
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Chapter 4                                                    

Observation of X-ray fluorescence from 

Mercury’s sodium exosphere  
 

 4.1 Introduction  
 

The primary mission objectives for MIXS centre around observations of X-ray fluorescence 

from the surface of Mercury. However, it has been suggested that there is potential for MIXS 

to also observe fluorescence from the exosphere. At present little is known about this region, 

so any opportunity to investigate it further should be capitalized on. Due to the impressive 

effective area of MIXS-C, it could be capable of observing X-ray fluorescence from exospheric 

material as well as surface material. Based on the variety and detailed observations that are 

possible of the surface of Mercury with MIXS, it follows that this potential exospheric 

observation is worth pursuing.  

Some preliminary calculations are conducted to give an indication of the possible detections 

MIXS-C will be capable of making. Based on the outcome of these, the program is altered to 

reflect a gaseous target material instead of a solid as had been used previously. Due to low 

column densities of elements in the exosphere, even close to the surface of Mercury, the 

exosphere can be considered a collisionless region. Expected detections for exospheric 

fluorescence from sodium by MIXS-C are produced over the orbit of MPO for a range of flare 

intensities. Several observing strategies are discussed to optimise the detection of the sodium 

component, and overcome the lack of material in the exosphere, along with the weaker solar 

cycle that is predicted for the main part of BepiColombo’s mission phase. Two different 

observational orientations are considered to enhance the detections of X-ray fluorescence from 

exospheric sodium. The results of these observations are presented and discussed, and their 

impact on the ability of MIXS to observe the exosphere is evaluated.  
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4.2 Previous observations of Mercury’s sodium exosphere 

 

The sodium exosphere of Mercury was first observed by Potter and Morgan (1985). They used 

a ground-based telescope to observe the D2 sodium emission lines. Following this initial 

discovery, the sodium exosphere has been observed multiple times using solar, ground based 

telescopes (Leblanc, et al., 2008). This can be achieved either by remotely sensing the intensity 

of sunlight that has been resonantly scattered by the constituents of the exosphere, or to observe 

sunlight absorbed by the exosphere as the planet passes in front of the Sun during a solar transit. 

These have proven to be effective observation methods (Schleider et al., 2004), (Sprague, et 

al., 1997), yet in situ measurements would still be the most preferable. The XRS instrument on 

MESSENGER was intended to observe the exosphere, unfortunately during its mission it was 

often not positioned in such a way to be used effectively. Some data was gathered, but not as 

much as had been hoped for (Bedini, et al., 2012).  

Due to the impressive effective area of MIXS-C compared to that of detectors on previous 

missions, there is the possibility that it will be able to observe fluorescence from the exosphere 

of Mercury as well as its surface. There will of course be numerous issues with these 

observation as they are not what MIXS was designed for. The surface fluorescence will provide 

a high background that the exosphere detection must be separated from. Additionally, since 

exospheres are collisionless regions, there will be far fewer atoms for the X-rays to interact 

with to produce fluorescence, hence greatly reducing the amount of fluorescence possible. 

However, sodium is one of the more abundant elements in the exosphere, and as it is a lighter 

element will be easier to excite and produce the resulting fluorescence. As there is still a lot to 

investigate regarding the exosphere of Mercury, any opportunity to explore it further should be 

considered, even if it’s outside of the primary aims of the detector.  
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4.3 Observations of Mercury’s sodium exosphere with MIXS 

4.3.1 Preliminary calculation 

Prior to making adaptions to the surface fluorescence program used in the previous chapter, 

some initial calculations have been conducted to give a rough indication of the detections that 

can be expected for MIXS. Focus is given to the sodium component as it is the element that is 

most likely to be observed by MIXS. Initially, calculations are performed for MIXS-C only, as 

this detector has the highest possibility of making the desired observations. We know from 

Fraser et al. (2010) that the field of view (FOV) of MIXS-C is 10.4̊. From Wurz et al. (2010) 

we take the column density of exospheric sodium to be 3.7 × 1014 𝑚−2 with a scale height of 

190 km. The quantity of sodium in the exosphere decreases exponentially with height, and can 

be assumed to be a negligible quantity at five times the scale height, therefore the orbital height 

for MPO is set to 1000 km to give the maximum observable volume of sodium. Despite the 

maximum orbital height of MPO being 1500 km, this additional height will not have an impact 

on the possible observations, so can be ignored.  

A simplified view of the possible observation is considered at this preliminary stage, with more 

complexity being added in later sections of this chapter. If we assume that the observable 

volume of MIXS-C to be a cone, we get an observable volume of  3.53 × 1010 𝑚2. The height 

of the cone is ignored as that value is included with the column density. Multiplying the volume 

by the column density gives 2.61 × 1022 atoms of sodium. Following this the photon 

absorption coefficient is required. Assuming energy of 2 keV for the incoming X-rays, along 

with a photo absorption coefficient of 1546 cm2 g-1, this becomes: 

1546 ÷ 2.61 × 1022 = 5.93 × 10−20𝑐𝑚2/𝑎𝑡𝑜𝑚 (4.1) 

 

Next, the solar flux at Mercury must be accounted for. The best results will be obtained using 

an X class flare background, due to their high peak flux of 10-4 J m-2 s-1. Applying this to the 

photon absorption coefficient gives:  

5.93 × 10−20 × 10−4 = 5.93 × 10−24 𝐽𝑠−1𝑎𝑡𝑜𝑚−1  (4.2) 
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Multiplying by the visible Na gives: 

5.93 × 10−24 𝐽 𝑠−1𝑎𝑡𝑜𝑚−1 × 1.31 × 1025𝑎𝑡𝑜𝑚𝑠 = 77.39 𝐽𝑠−1 (4.3) 

 

Converting this value from J s-1 to eV s-1 gives:  

77.39 𝐽𝑠−1 × 6.242 × 1018 = 4.83 × 1020 𝑒𝑉 𝑠−1 (4.4)  

 

This would be an incredibly high value for the amount fluorescence detectable in Mercury’s 

exosphere. This is because this value represents the maximum amount that could possibly be 

seen, assuming every sodium atom fluoresces, and every X-ray photon is counted by the 

detector. The following limiting factors of this observation are applied before finding the end 

result.  

Firstly, the exosphere of Mercury is optically thin. This means that there are minimal to no 

interactions between the particles present in the exosphere. Compared to a solid target, where 

the atoms are all closely packed together, this increase in separation will greatly reduce the 

number of interactions between an X-ray and a sodium atom, thereby reducing the amount of 

detectable fluorescence. Therefore, the number of detected counts found above must be 

reduced by an optical thickness factor. This can be done by considering the column density of 

the sodium exosphere, which is the number of particles in a square meter up to a certain height, 

or the scale height. This value is different for each element, and for sodium is 190 km (Wurz, 

et al., 2010).  

However, if you took the sodium atoms within one scale height and compressed them down to 

a solid piece of sodium with a surface area of one meter squared, by comparing its new height 

to the stopping distance of solid sodium, it will be possible to determine this optical thickness 

factor. As the number of particles present is known, as well as the area that the particles are in, 

the only remaining unknown value is the thickness of this solid piece of the sodium exosphere. 

By using the column density, the mass of sodium in the column can be found using equation 

4.5. 

 

 𝑚 =
𝑐𝑜𝑙. 𝜌

𝐴𝑣
× 𝑀 (4.5) 
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By using the standard equation for density, the height of this solid piece of sodium exosphere 

can be found to be 1.47 × 10−13 𝑚. This is incredibly thin, which due the exosphere being 

optically thin and there being less than one mole of material present is understandable.  

The attenuating depth of a solid sodium target for X-rays of approximately 2 keV is 10−6 𝑚 

(Hencke, et. al., 1993). Dividing the thickness of the slab by the stopping distance produces a 

value that can be used as the optical thickness factor, which will account for the proportion of 

the solar X-rays that will not encounter a sodium atom when they pass through the exosphere. 

This value is calculated in Equation 4.6 below where the stopping distance of X-rays in sodium 

is 10−6 𝑚 and the depth of the target material is 1.47 × 10−13 𝑚.  

10−6 𝑚 ÷ 1.47 × 10−13 𝑚 = 6.8 × 106 (4.6) 

 

This is a unitless a unitless factor to reduce the amount of XRF that will be detectable by MIXS. 

Due to the low density of material in the exosphere a significant portion of the X-rays will pass 

through without interacting with any atoms in the exosphere.  

In addition to this, not all the sodium present in the exosphere will exhibit fluorescence if it 

interacts with a solar X-ray, and only a fraction of the fluorescence produced will be emitted 

in the direction of the detector. This will significantly reduce the amount of observable 

fluorescence further. To do this we assume that 10−4 of the total number of X-ray photons 

within the solid angle of the detector will reach the detector. Also, the detector will not perfectly 

detect every photon that impacts it, so we assume a 10% efficiency. Using these three 

assumptions in Equation 4.7 we get the following value:  

10−4

4𝜋(3 × 105)2
× 0.1 = 8.84 × 10−18 𝑠𝑟−1 (4.7) 

 

This provides a second factor which will further reduce the number of X-rays that can be 

detected by MIXS-C. This value is in terms of the solid angle of the detector so will gives a 

value in steradians.  
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Applying these terms to the maximum possible sodium fluorescence gives an approximate 

value for the number of X-rays detectable by MIXS-C from the exosphere within the solid 

angle of the detector. This value is shown in Equation 4.8: 

4.83 × 1020 𝑒𝑉 𝑠−1

6.8 × 106
× 8.84 × 10−18 = 𝟔. 𝟐𝟖 × 𝟏𝟎−𝟒 𝒆𝑽𝒔−𝟏 𝒔𝒓−𝟏 (4.8) 

  

This is a very small flux of fluorescent X-rays that could be detected by MIXS-C. This is always 

going to be a difficult observation to make, and it is possible that the number of assumptions 

made in this back of the envelope calculation are having a negative effect on the capabilities of 

MIXS-C. It is also apparent from this that considering whether MIXS-T could also view the 

exosphere would not be worth pursuing. We know from the previous chapter that MIXS-T 

across all observations produces a lower count rate and is much better suited to tasks 

concerning small scale surface structures. However, with a more robust calculation and 

observation parameters, there is a possibility that MIXS-C may yield a more promising result.  

 

4.3.2 Modelled detection of exospheric X-ray fluorescence 

Using the same fluorescence calculations as those used in the previous chapter, adaptions can 

be made to investigate XRF from the exosphere of Mercury instead of from the surface. Firstly, 

new elemental abundances are required. Despite the focus of this work being the sodium 

component, the abundance of each element present in the exosphere is included for 

completeness. By using the column densities from Wurz (2010) these can be converted into 

fractional abundances, which can be used to construct the composition of the exosphere. These 

values can be found in Table 4.1. 
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Table 4.1: Fractional abundances of elements in the exosphere of Mercury, taken from Wurz 

(2010) paper modelling exospheric elemental abundances.  

 

To reflect the low-density nature of the exosphere, the optical thickness factor must be 

calculated for each of the elements present. As with the preliminary calculation, the stopping 

thickness and photo absorption cross section are taken from the Henke X-ray properties 

website. The column densities for all the elements being considered are known, however we 

only have scale height values for sodium, oxygen, magnesium, potassium, and calcium. These 

are the most prevalent elements in the exosphere and over time have been subject to the most 

observation; (Cassidy, et al., 2015), (Killen & Hahn, 2015), (Sarantos, et al., 2011), and are of 

the most interest for this work. The remaining elements do not have a corresponding scale 

height at present. To act as a rough approximation for the cases lacking this information, an 

average of all the known scale heights is taken. This value is found to be 808 km. This value 
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may be found to be inaccurate in the future, but for now serves as an acceptable approximation, 

especially as the elements affected by this approximation are of less interest. Taking this into 

account, the optical thickness for each element can be calculated using the same method as that 

used in Section 4.3.1 and can be found in Table 4.2. 

 

 

Table 4.2: Column density, scale height, and optical thickness factor for the elements in 

Mercury’s exosphere. Values for column density taken from Wurz, et al. (2010) and 

references therein .  

 

Despite the state of the target material now being a gas, the process of X-ray fluorescence will 

remain the same. By applying these factors to the detected fluorescence at Mercury, it is 

possible to produce an approximation of the level of fluorescence observable from the 

exosphere. Initially an observation time of one second is used so a direct comparison with the 

preliminary calculation. As this is a simple observation, we assume that MIXS-C will be 

pointing at 90̊ with respect to the planetary surface, at an orbital height of 1000km. We have 

subtracted the fluorescence from the surface from this measurement so that only the exospheric 

fluorescence is being considered. Figure 4.1 shows the predicted fluorescence observable by 

MIXS-C under these conditions, which gives a peak sodium value of 1.6 × 10−4 counts keV-1 

s-1. This is lower than the value we find using the simplified calculation in section 4.3.1 but is 

of the same order of magnitude. It can be assumed that this discrepancy is caused by the 

numerous assumptions made throughout the calculation.  



74 

 

 

Figure 4.1: Exospheric sodium X-ray fluorescence detected by MIXS-C as predicted by the 

program under the same conditions as the preliminary calculation. 

 

However, for a detection to be considered significant at least ten counts are required. Figure 

4.2 shows that this result is possible if the observation time is increased accordingly. For a 

significant detection to be made, MIXS-C must observe the exosphere for 63813.5 s, which 

equates to 17.7 hours. Seeing as MPO has an orbital period of 2.3 hours, an observation of this 

scale is not possible. Therefore, it is apparent that these conditions are not suitable for observing 

the exosphere of Mercury with MIXS-C. The calculation has been repeated for MIXS-T and, 

as can be seen in Figure 4.3 only one count of sodium is detected over the whole observation 

time period.  



75 

 

 

Figure 4.2: Predicted fluorescence detections of Mercury’s exosphere by MIXS-C during an 

X-class flare for 63813.5s.  

 

Figure 4.3: Predicted fluorescence detections of Mercury’s exosphere by MIXS-T during an 

X-class flare for 63813.5s 



76 

 

As previously stated, the time taken to obtain a detection of at least ten counts is longer than 

one MPO orbit. Therefore, we will run the program for one full MPO orbit of Mercury for both 

MIXS-C and MIXS-T, the output for which is shown in Figure 4.4. In one Mercury orbit, 

MIXS-C gives an expected detection of one count, whereas MIXS-T will likely not register a 

count in this time. Both assume a solar X-ray flux background associated with an X-class flare, 

therefore giving the highest solar flux expected at Mercury, yet still there is no significant 

detection.  

 

Figure 4.4: Predicted fluorescence detections of Mercury’s exosphere during an X-class flare 

for one MPO orbit for MIXS-C (a) and MIXS-T (b) 

 

From this, it is apparent that for any detection of exospheric fluorescence to be possible MIXS-

C must be used as MIXS-T does not have the energy resolution required. However even for a 

significant detection from MIXS-C, a high background of solar flux will be required. Based on 

the launch time of BepiColombo, it should reach Mercury in 2025, putting the majority of its 

main mission phase during a solar maximum. Figure 4.5 shows the predicted sunspot number 

for solar cycle 25 which corresponds to BepiColombo’s main mission phase (Bhowmik & 

Nandy, 2018). It is expected that the sunspot number will follow a similar trend to that seen in 

solar cycle 24, with a long, low minimum and a similar but still low peak at maximum. This 

reduces the probability of a large X-class flare, but c-class flares are still quite likely. Figure 

4.6 shows the predicted detection for MIXS-C during one MPO orbit with the modelled solar 

input from a C-class flare. As expected, MIXS-C will not detect a full count during this period, 

due to this being a weaker class flare. For any detection of exospheric fluorescence to be 

possible, an extremely high background of solar flux will be required.  

a b 
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Figure 4.5: Prediction of solar cycle 25 based on the sunspot numbers from solar cycles 

within the past century. Solar dynamo simulated sunspot cycles (magenta curve) compared 

with the observed sunspot cycle (black curve) taken from Bhowmik and Nandy (2018). The 

blue and green curves between the vertical dashed and solid lines depit the flux associated 

with the profiles used in the model.  

 

Figure 4.6: Predicted fluorescence detections of Mercury’s exosphere by MIXS-C during an 

C-class flare for 63813.5s 
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4.4 Optimising exosphere observation geometry  

 

Up until this point, we have assumed that the exosphere is uniform around Mercury and have 

made observations at 90̊ to the surface. However, the sodium exosphere is known to have 

enhancements in certain areas, e.g. the sodium tail (Baumgardner, Wilson, & Mendillo, 2008) 

or the cold pole enhancement (Cassidy, et al., 2016). Plus, in general, it has its highest column 

density close to the planetary surface (Wurz, et al., 2010). By targeting these areas with MIXS-

C, there is a higher chance of the solar X-rays being able to interact with sodium which will 

give us a better chance of observing the fluorescence. In this section, we propose some alternate 

observational options that capitalise on these sodium enhancements in an effort to make 

observing exospheric X-ray fluorescence more plausible.  

An observation of this type would be difficult to achieve, as MIXS is a bore sighted instrument, 

so the whole spacecraft would need to be maneuvered to produce the observations discussed 

in this section. This is a very involved process so would only be worthwhile if there was 

potential for significant observations. By modelling these observations prior to BepiColombo 

reaching Mercury we can determine whether pursuing these measurements would be 

worthwhile.  

 

4.4.1 Exospheric observation tangential to the surface 

Firstly, we consider a line of sight (LOS) through the exosphere that is tangential to the 

planetary surface. This will allow for a prolonged observation through one of the densest 

portions of the exosphere. This observation will take place at the periapsis of MPOs orbit 

around Mercury, as it will be easier to make the tangential observations at this orbital distance. 

Figure 4.7 shows the simple geometry for this proposed observation. As MIXS-C will be 

pointing at the dayside of Mercury, there is a limit with regards to the angle we can begin 

observations, to ensure there is no damage to the detector from the Sun. Observations can begin 

provided that the angle between the LOS and the Sun-Mercury line is greater than 10̊. 

Measurements are taken from this point to 180̊ with respect to the Sun-Mercury line in degree 

increments, whilst remaining tangential to the surface in the low region of the exosphere. This 

will also allow for the sodium tail of the exosphere to be included in the last few observations. 

Each LOS is then summed to give a total fluorescence count rate for the observation.  
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Figure 4.7: Simple geometry for MIXS maintaining a complete line of sight through the 

exosphere during the perihelion of MPOs orbit.  

 

Figure 4.8 shows the predicted X-ray fluorescence observable by MIXS-C during an X-class 

flare using this observation method. As discussed in section 3.4.2, these conditions will be 

difficult to achieve due to the weak solar maximum, but as it is the scenario that provides the 

most promising results, we will continue to use it regardless. However, even with this strong 

solar background and all the lines of sight are summed we still only obtain a sodium peak of 

0.64 counts/keV during a 3386 s observation, which is too low to be considered significant 

detection. Unlike in section 4.3, the observation time is dependent on the orbital path and 

velocity of MPO so cannot be increased to improve the fluorescence detection. Also, unlike 

the calculation performed in the previous section, the whole of the MPO cannot be utilised due 

to reduced density of the exosphere on the nightside, as well as preventing MIXS-C from being 

damaged by the Sun. This applies a time restriction to the potential observation that hasn’t been 

outweighed by observing the denser regions of the exosphere.  



80 

 

 

Figure 4.8: Predicted X-ray fluorescence detection by MIXS-C looking through numerous 

LOS tangential to the surface at the lowest point in the exosphere during an X-class flare 

over a 3386 s observation.  

 

4.4.2 Exospheric observation through a fixed point  

Secondly, we consider a line of sight that rotates around a fixed point in the exosphere. The 

point in question ideally would be positioned in a dense region of the exosphere, however it 

must not be in a position such that MIXS-C risks pointing at the Sun but still give as long of 

an observation time as possible. An example of this geometry is shown in Figure 4.9. This will 

allow for a prolonged observation through a dense region of the exosphere, and by working in 

conjunction with MIXS-T, the surface fluorescence background can be simultaneously 

monitored and therefore subtracted.  
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Figure 4.9: Simple geometry for MIXS observing through a fixed point in the exosphere 

during the perihelion of MPOs orbit.  

 

Similar to the process in section 4.1.1, the point chosen is the subsolar point at the lowest point 

in the exosphere in an effort to prolong observation of the denser regions of the exosphere. 

Instead of looping through the orbital height and observing angle of MIXS-C, for this 

calculation we use the time taken for MPO to orbit from a position where it can safely observe 

the base of the exosphere at the chosen point through to observing this point at 90˚ to the 

surface, and then back to tangential. An X-class flare is again used as the solar background for 

this observation to provide the most beneficial conditions possible. The resulting detection is 

shown in Figure 4.10.  



82 

 

 

Figure 4.10: Predicted X-ray fluorescence detection by MIXS-C observing a fixed point in the 

low exosphere during an X-class flare during a 1126 s observation.  

 

This option provides an even weaker sodium fluorescence detection than those previously 

considered, with the peak detection being 0.012 counts/keV during a 1126 s observation. 

Again, the observation time cannot be increased as it is dependent on the orbital path and 

velocity of MPO. This also cannot be considered a significant detection of exospheric 

fluorescence. As in the previous section, due to the orbital path of MPO and the low density of 

the exosphere there is insufficient time for a significant number of photons to be detected.  
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4.5 Discussion  

 

Observing the exosphere of Mercury is a difficult task. Several ground-based observations have 

been performed using solar telescopes and taking advantage of transits of Mercury (Leblanc, 

et al., 2008). The main source of in situ measurements comes from the XRS instrument on the 

MESSENGER mission. XRS intended to observe the exosphere, but often found itself in the 

wrong position and unable to make any observations. This resulted in XRS collecting less data 

than had initially been hoped for. Therefore, as we would now have another detector in situ at 

Mercury with the capability to observe X-ray fluorescence, it was worth exploring the 

possibility of it observing the exosphere as well as the surface. This assumption was based 

mainly on the effective area of MIXS-C being larger than that in previous missions (Fraser, et 

al., 2010), which it was hoped would enable us to make these additional observations.   

However, as has been shown in section 4.3 and section 4.4, the exospheric fluorescence 

observations are exceptionally low. The low density of the exosphere greatly reduces the 

possibility of an interaction with an X-ray compared to that for a surface where all the atoms 

are very closely packed. Then, provided an X-ray fluorescence event occurs, only a fraction of 

the photons will enter the detector, as they could be ejected from the atom in any direction. 

With the reduced amount of interactions, this leaves a tiny number of photons that have the 

possibility of being detected.  

In addition to this, it is also incredibly impractical for MIXS-C to attempt to view XRF from 

the exosphere. Not only is the instrument bore sighted, meaning the whole MPO satellite would 

have to alter its position to change the viewing angle, MIXS-C can only observe the exosphere 

at certain points to avoid looking directly at the Sun, this makes observing the exosphere with 

MIXS-C impractical. It is not a great disappointment that MIXS doesn’t meet the requirements 

to observe exospheric fluorescence as this is not what it was designed for and was not even in 

its primary mission aims.  

If it had been possible, capitalising on it would have been paramount. With perfect conditions, 

there is a slight possibility that MIXS-C could make a significant detection, but with these 

conditions being unlikely and the much higher surface fluorescence acting as interference it 

won’t be possible to distinguish the exospheric component of the total fluorescence reading. If 

these readings had been possible, the hope was to gain information about the connection 

between the surface and exosphere of Mercury. By looking at the quantity of sodium present 
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in each region, and furthermore (if possible) any fluctuations in abundance, determine the 

source and drift processes of sodium during its life at Mercury. Another key point of interest 

for observation would be the sodium tail of the exosphere that extends out past Mercury for 

numerous Mercury radii. This is a known region of sodium loss, so would have added the final 

step to the journey sodium takes during its life at Mercury. Being able to observe the whole 

process with one detector is a unique possibility and a very complete picture of the system 

could have been produced.  

There are other detectors on BepiColumbo with the primary aim of investigating the exosphere. 

The Probing of Hermean Exosphere by Ultraviolet Spectroscopy (PHEBUS) instrument will 

characterise the composition, structure, and surface-exosphere connections at Mercury 

(Chassefière, et al., 2010). There is also the Mercury Sodium Atmosphere Spectral Imager 

(MSASI) on the MMO spacecraft, which is a spectrometer dedicated to observing the sodium 

D2 emission line against the bright surface of Mercury (Yoshikawa, et al., 2007). It was hoped 

that MIXS-C could have contributed to the work being done by these detectors with additional 

exospheric data. Despite this, MIXS will still provide valuable surface data that will help 

explain the observations made by PHEBUS and MSASI and strengthen our understanding of 

the surface-exosphere connection.  

 

4.6 Conclusion 

 

In this chapter we have investigated the possibility of observing X-ray fluorescence from 

exospheric sodium using MIXS. The XRF program is altered to reflect an exosphere instead of 

a planetary surface by using elemental abundances from Wurz et al. (2010) and calculating an 

optical thickness factor to reflect that the target material is a gas. Initial calculations show a 

possibility that sodium could be detected in the exosphere with MIXS-C provided sufficient 

solar X-ray flux and observing time. However, the time required to give a significant detection 

of fluorescence is greater than the orbital period of MPO. Alternative observation methods are 

considered that focus on the regions of the exosphere with an enhanced sodium component. 

These observations come with time limitations due to orbital time and the direction that MPO 

is pointing. The sodium enhancement does not overcome the limited observation time, making 

a significant sodium detection with MIXS-C highly unlikely. MIXS-T does not have the 

effective area required to a significant detection even with perfect conditions. Observing the 



85 

 

exosphere is not what MIXS was designed to do and is not covered in the primary aims of the 

detector, so this is not a major disappointment. It is unfortunate that these detections won’t be 

possible, as investigating the exosphere of Mercury further is something of great interest and 

would have expanded the prospects of BepiColombo further beyond initially intended. As it 

stands, by working in conjunction with other detectors on MPO and MMO such as PHEBUS 

and MSASI, MIXS can provide a more complete picture of the surface-exosphere system at 

Mercury.  

 



86 

 

Chapter 5                                                     

Observing Particle Induced X-ray Emission on 

the Nightside of Mercury  
 

5.1 Introduction  

 

This chapter considers the detection of X-ray fluorescence events observed on the night side of 

Mercury’s surface, in contrast to the day side, which has been the focus of the previous two 

chapters. We investigate the detection of particle-induced X-ray fluorescence with MIXS and 

compare this to the solar-induced X-ray fluorescence predictions. Energetic particle 

background values are taken from other models and MESSENGER data, in place of the solar 

X-ray flux. The detectable fluorescence is calculated using Kramer’s law, and an iterative 

process is used to determine an acceptable value for Kramer’s constant. Once this has been 

found, predictions of Particle Induced X-ray Emission (PIXE) detections with MIXS-C for 

different integration times and energetic particle backgrounds are performed. We also calculate 

expected MIXS detections for the different surface terranes at Mercury, with focus on those 

seen in the cusp regions of the planet as that is where most of the PIXE events are observed. 

There is discussion regarding how these results can used to determine observational strategies 

of MIXS to best observe these events, plus how these observations could be used alongside 

other detectors to give a more complete picture of Mercury and its local environment.  

 

5.2 Particle Induced X-ray Emission events at Mercury 

 

Particle Induced X-ray Emission is a technique used to determine the elemental composition 

of a target material, as well as detection of magnetospheric activity such as X-ray aurora on the 

nightside of Mercury (Martindale, et al., 2009). Bombardment with energetic particles will 

cause the ionization of inner-shell electrons in the target atoms. Outer-0shell electrons will then 

drop down to fill the vacancy and stabilise the atom, causing the release of an X-ray of a 

characteristic energy (Van Grieken & Markowicz, 2001). This energy will identify the 

elements present in the target material. PIXE events are typically observed on the night side of 

Mercury, where X-rays can no longer be considered the excitation source. This leaves protons, 
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electrons, and heavier ion impacts as remaining options to trigger the fluorescence. The most 

likely of these is electrons, as regardless of trigger event, the energy of the excitation needs to 

be higher than the bonding energy of the electrons in the target atoms. However, protons of the 

required energy would have a gyro radius too large for the weak magnetic field of Mercury, so 

would be lost to the solar wind through the magnetotail (Lindsay, et al., 2016). This will also 

be the case to an even greater extent with the heavy ions. Therefore, it is unlikely that these 

species will be impacting Mercury’s surface, leaving the most likely remaining candidate to be 

electrons.  

MESSSENGER observed PIXE events during its mission. They were predominantly observed 

around the cusp regions of Mercury and showed a strong symmetry around the magnetic 

equator. By using a magnetic field model, the origin of these energetic electrons is thought to 

be the dawn side magnetotail (Baker, et al., 2015). These observations are also consistent with 

the interpretation by Anderson B. J., et al., (2014), who detected Region 1 polarity currents in 

the magnetometer data. These observations are a lot less frequent than the dayside observations, 

with night side fluorescence only being observed on 40% of MESSENGER’s orbits (Lindsay, 

et al., 2016). Therefore, these events are not generated by a steady state process, but rather a 

period of intense electron flux in Mercury’s magnetosphere. During orbits where no 

fluorescence events are detected, it is currently not possible to determine whether this is due to 

insufficient precipitation electrons, or a precipitating flux with energies too low to excite Si 

(Lindsay, et al., 2016). It is this gap in the currently available information that BepiColombo 

will be able to fill, with instruments such as the Mercury Plasma Particle Experiment (MPPE), 

as well as SIXS which working alongside MIXS will be able to provide a clearer picture of the 

electron environment at Mercury.  

 

5.3 Detecting PIXE events with MIXS  

 

As with the XRF considered previously, the process of Particle Induced X-ray Emission (PIXE) 

events needs to be modelled. There are similarities between XRF and PIXE, but there are some 

differences in the two processes that need to be accounted for. Firstly, the background used as 

the source of the detected X-rays is no longer X-rays from the Sun, as the PIXE events occur 

on the night side of Mercury. Instead it is currently thought that PIXE events are caused by 

charged particles, predominantly electrons, impacting the surface of the planet. Some 
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measurements for the energetic particle background at Mercury have been obtained during the 

MESSENGER mission. Using these measurements, values for the electron flux distribution 

can be estimated, an example of which can be seen in Figure 5.1.  These distributions are used 

as the background of energetic particles within the code, in place of the solar X-ray background 

used previously.  

The energetic electron flux distribution is modelled using a kappa distribution function. Kappa 

functions are commonly used in space plasmas as they provide efficient modelling of the 

observed particle distributions in space and astrophysical plasmas throughout the heliosphere. 

The kappa function used in this work was based on that used by Ho, et al. (2011), as it closely 

resembles the electron flux distribution observed by MESSENGER during two if its flybys. 

Once BepiColombo reaches Mercury it will be possible to update these values with current 

readings.  

 

Figure 5.1: Kappa distribution function representing the electron flux at Mercury during a 

MESSENGER flyby (Ho, et al., 2011). 
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Next to be considered is the changes in the distribution of the observed fluorescence. To do 

this Kramer’s law is used to replicate the spectral distribution of X-rays produced by an electron 

impacting a solid target. Combining this with the equation used in chapter 3 gives the following 

relation:  

𝑁 = 𝐾
𝐶𝑗𝑑𝛺

4𝜋 sin 𝛼
∫ 𝐼0(𝐸) (

𝜆

𝜆𝑚
− 1)

1

𝜆
𝑑𝐸 

 

(5.5.1) 

(Laguitton & Parrish, 1977) 

Where K is a constant proportional to atomic number, Cj is the fractional abundance of element 

j, I0 is the incoming electron flux, λ is the wavelength of the emitted radiation, and λm is the 

minimum wavelength. The minimum wavelength is determined using the Duane-Hunt law:  

𝜆min =
ℎ𝑐

𝑒𝑉
 

 

(5.5.2) 

(Duane & Hunt, 1915) 

Where h is Planck’s constant, e is the charge on an electron, c is the speed of light, and V is the 

voltage. This can also be written as:  

𝜆min =
1239.8 𝑝𝑚

𝑉
 

 

(5.5.3) 

(Duane & Hunt, 1915) 

As with the solar induced fluorescence, not all the fluorescence produced will be observed by 

the detector. Some of the characteristic X-rays produced will not be released in the direction of 

the detector and as a result will be lost. There is also a possibility that when an electron in the 

target material fills the inner shell vacancy, an electron will be released instead of a photon. 

This is called the Auger effect. As with the characteristic fluorescence, the energy of the 

emitted auger electron will correspond to the initial electron transition and is different for each 

element. This process is shown for an atom with multiple electron shells in Figure 5.2. 
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Figure 5.2: Release of an Auger electron because of an electron collision (Carlson, 2007). 

 

The Auger yield is the probability that an Auger electron will be produced in a given 

interaction.  The auger yield decreases with atomic number of the target element, as seen in 

Figure 5.3. The main targets on Mercury are the lighter elements, meaning the Auger yield will 

be high. Therefore, a larger proportion of the stabilisations of atoms will result in the production 

of an electron in place of fluorescence. The auger and fluorescence yield sum to one for a given 

atomic number, so if one is known the other can be calculated.  
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Figure 5.3: Relationship between auger and fluorescence yields as a function of atomic 

number for k-shell vacancies (Toshiyouri, 2015). 

 

5.3.1 Development and calibration of the model  

The constant used in Kramer’s law (see equation 5.1), is unknown. Therefore, to proceed with 

this calculation a value for this constant must be identified. This constant must also be 

proportional to the atomic mass of the target element. To determine an appropriate value for 

this constant, an iterative process is used to reach an approximate value for this constant. This 

provides us with a range of values from 3.4 × 10−26 to 4.4 × 10−26 for the constant in the 

Kramer’s law equation. Each of these values provide an efficiency value for the process 

between zero and one for each of the elements being considered. To determine which of the 

values found during this process is most applicable, we plot the resulting X-ray fluorescence 

spectra and compare it to a MESSENGER observation.  The observation used was taken by 

XRS at 15:23 UTC on 4th June 2012 with an integration time of 40 s. Figure 5.4 shows a 

smoothed plot of this observation taken from Lindsay, et al., (2016) and is used as a calibration 
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plot for this model. Figure 5.5 shows the various predicted PIXE observations that result from 

each of the Kramer’s law constants considered. The values used for the Kramer’s constant are 

3.4 × 10−26, 3.6 × 10−26, 3.8 × 10−26, 4.0 × 10−26, 4.2 × 10−26, and 4.4 × 10−26, which 

correspond to plots a-f in Figure 5.5, respectively.  

 

Figure 5.4: XRS spectrum produced by electron induced surface fluorescence observed at 

15:23 UTC on4th June 2012. Spectra for each of the three GPC detectors that make up XRS 

are shown (Lindsay, et al., 2016). 

 

From the range of plots produced in Figure 5.5 the one that most accurately replicates the 

expected PIXE output of MIXS-C must be selected. Using the plot in Figure 5.4 as a reference 

point for previously observed PIXE events at Mercury, we can narrow down those seen in 

Figure 5.5 to find the most appropriate value for the unknown constant. Each of the plots in 

Figure 5.5 show clear peaks at 1.7 keV, 3.6 keV, and 6.4 keV which correspond to silicon, 

calcium and iron respectively. However, the peaks in plots a-c are too low both comparing 

against MESSENGER results and compared to the abundance of each of these elements at 

Mercury. Similarly, the peaks in plot f are significantly higher than those that would be 

expected for the given circumstances; therefore, this plot can also be ruled out. This leaves 

plots d and e which correspond to values of 4 × 10−26 and 4.2 × 10−26 respectively.  
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Figure 5.5: Predicted X-ray fluorescence detection by MIXS-C for PIXE events for each of 

the values being considered for the constant: (a) 3.4x10-26, (b) 3.6x10-26, (c) 3.8x10-26,          

(d) 4.0x10-26, (e) 4.2x10-26, (f) 4.4x10-26.  

 

Comparing these two plots with the MESSENGER results in Figure 5.4, we can determine that 

the most appropriate of the two is plot d, which can be seen separately in Figure 5.6. As MIXS-

C has a higher effective area, it is expected that it will detect a higher count rate than XRS. The 

Si peak in Figure 5.6 is lower than that in Figure 5.4, however the XRS Si peak is a  complex 

peak consisting of the summation of the Si, Mg, and Al components. MIXS-C has the energy 

a 

f e 

d c 
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resolution to observe these peaks separately, making the overall peak height lower. Both 

spectra show a clear Ca peak, but there is an additional Fe peak in the MIXS-C spectra. MIXS-

C has a better effective area than XRS across the full detectable energy spectrum, it is possible 

that MIXS-C will be able to observe Fe. A value for this constant is obtained as K = 4 × 10−26.  

 

Figure 5.6: Predicted X-ray fluorescence measurements by MIXS-C of PIXE events on the 

night side of Mercury for a 40s observation. 

 

5.3.2 PIXE detections with MIXS-C and MIXS-T  

Now that we have determined that MIXS-C will be able to observe PIXE events at Mercury in 

a similar way to XRS on MESSENGER, we can now investigate the extent of MIXS-C’s 

capabilities in this area. The first step in this is identifying whether MIXS-T will also be capable 

of observing the same PIXE events as MIXS-C. Figure 5.7 shows the expected X-ray 

fluorescence detection by MIXS-T. As has been the case in both previous chapters, due to the 

reduced effective area of MIXS-T, with the same observational parameters as those used for 

MIXS-C in Figure 5.6, the counts detected are far lower. Therefore, as with the surface 

observations in Chapter 3 of this thesis, either a larger flux of energetic electrons or a longer 

observing time will be required for MIXS-T to make a significant observation of a PIXE event.  
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Figure 5.7: Expected X-ray fluorescence observation of PIXE events by MIXS-T during a    

40 s observation of a general Mercury surface composition.  

 

However, time limitations on the night-side observations are stricter than those for day-side 

observations. X-rays are constantly released from the Sun, even during solar quiet times, which 

can act as the trigger for X-ray fluorescence from the surface. As PIXE events rely on energetic 

electrons precipitating along the magnetic field lines before impacting Mercury’s surface there 

will be certain times when these observations will be possible. Also, the precipitation of 

electrons will occur for a short time period due to the Dungey cycle at Mercury being very 

short compared to that seen at Earth, only lasting approximately 2-3 minutes (Slavin J. A., et 

al., 2010). This limits the time frame during which observations can be taken. MESSENGER 

recorded detections of up to 400 s (Lindsay, et al., 2016), so we will use this as an upper limit 

for these following predicted observations.  

Figure 5.8 and Figure 5.9 show the expected X-ray fluorescence observations for both MIXS-

C and MIXS-T for two observing times. The times used are 40 s and 400 s, to reflect the range 

in possible observations of these events at Mercury, with 40 s reflecting an average expected 

observation time, and 400 s corresponding to some of the longer X-ray fluorescence events 

observed by MESSENGER. For the same observation times, we see that MIXS-C makes a 

Si 

Ca Mg 
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much more significant fluorescence detection than MIXS-T. This is again due to the lower 

effective area of MIXS-T, which makes it more difficult to detect weaker signals. Also, MIXS-

T is not capable of observing iron fluorescence, which is seen in the MIXS-C spectra. 

Increasing the observation time does give MIXS-T a better opportunity to detect the PIXE 

events, however the time cannot be increased enough to allow for a significant detection. Clear 

fluorescence peaks for silicon, calcium, and iron can be seen in the MIXS-C plots, even over a 

shorter observation time.  

 

Figure 5.8:Expected X-ray fluorescence observations by MIXS-C of a general Mercury 

surface composition for 40 s (a) and 400 s (b) 

 

Figure 5.9: Expected X-ray fluorescence observations by MIXS-T of a general Mercury 

surface composition for 40 s (a) and 400 s (b) 

 

The electron flux shown in Figure 5.1, which has been used as the electron flux background, 

corresponds to a period when the conditions for magnetic reconnection have been met. This 

will reduce the overall electron flux, resulting in a reduction in detectable fluorescence events. 

Changing to the second higher electron flux line in Figure 5.1, produces the expected 

fluorescence seen in Figure 5.10 and Figure 5.11. As is expected, by increasing the background 
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flux of electrons precipitating onto the surface, the amount of fluorescence observed also 

increases. The difference in detection is most notable for MIXS-T, which, while still only 

observing a low count rate during a short observation, can clearly detect silicon and calcium 

peaks during a longer observation. However, for observing iron fluorescence, MIXS-C is still 

the superior option as there is no discernible iron peak in the MIXS-T spectra, even with the 

increased electron flux.  

 

Figure 5.10: Expected night side X-ray fluorescence detection by MIXS-C for a 400 s 

observation of a general Mercury surface composition.  
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Figure 5.11: Expected night side X-ray fluorescence detection by MIXS-T for 40 s (a) and 

400 s (b) observations of a general Mercury surface composition. 

 

5.3.3 Dayside vs nightside fluorescence observations of different geochemical 

terranes  

As discussed in Section 3.4.1, there are several different geochemical terranes present on 

Mercury. We know that MIXS can determine which terrane is being observed based on the X-

ray florescence spectra observed on the dayside of Mercury. Now we investigate whether this 

can be replicated on the nightside of Mercury with PIXE events. As MIXS-C can detect more 

elements and will be able to do so with a weaker electron flux background, it will be the focus 

of this section over MIXS-T. PIXE events have been observed in the northern latitudes of 

Mercury near the magnetic cusp regions (Lindsay, et al., 2016), (Dewey, et.al., 2017). 

Therefore, in this section, the focus of the work will be on terranes that correspond to these 

cusp regions, as well as a general Mercury surface composition.  

Using the same elemental compositions for the different terranes as those in Table 3.3 in Section 

3.4.1, a comparison is made between solar-induced fluorescence and particle-induced 

fluorescence of the same terrane types on Mercury. The observation is conducted for 120 s, as 

that corresponds to achievable time for both fluorescence processes and will allow enough time 

for significant detection and corresponds well with the duration of the Dungey cycle. As PIXE 

is a lot lower in intensity than solar-induced fluorescence, a quiet solar background is used for 

the comparison to make the count rates similar for both processes. The outcomes can be seen 

in Figure 5.12 and Figure 5.13.  
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Figure 5.12: Predicted solar induced X-ray fluorescence detection made by MIXS-C during 

quiet solar conditions for an average Mercury surface composition (red), the magnesium-rich 

northern plains (black), and the intercrater plains (blue) for 120 s observation time.  

 

Figure 5.13: Predicted PIXE event fluorescence detection made by MIXS-C for an average 

Mercury surface composition (red), the magnesium rich northern plains (black), and the 

intercrater plains (blue) for 120 s observation time. 
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One of the main differences between the two observations is the increase in counts of higher-

energy elements such as calcium, titanium, and iron in Figure 5.13 compared to Figure 5.12. 

Figure 5.13 also shows much higher readings for sulphur, with distinctly different count rates 

for each of the three terrane types considered. The solar induced X-ray fluorescence gives much 

higher readings for the lighter elements such as sodium, magnesium, and aluminium. This is 

due to the difference in the process that causes the fluorescence for both situations. The 

electrons that cause the nightside fluorescence are very energetic, and therefore will be able to 

excite the heavier elements that have a higher binding energy. Figure 5.13 also indicates that 

MIXS will be capable of determining different terrane types based on the fluorescence response 

observed for both day and night side observations by taking the intensity of the sulphur peak 

into account. Therefore, to get a complete picture of the chemical composition of the surface 

of Mercury, both day-side and night-side fluorescence observations can be used in conjunction 

with each other to determine more accurate elemental ratios.  

 

5.4 Discussion 

 

Being able to observe fluorescence from the night side of Mercury is particularly significant 

for expanding our knowledge of Mercury as a whole. Based on the increased detection of 

heavier elements through PIXE observations, nightside fluorescence will be able to provide 

more information regarding the abundance of heavier elements present on Mercury’s surface. 

Using X-ray fluorescence to observe these elements previously, particularly iron, has been 

difficult due to the energy of solar X-rays required to cause excitation of the electrons within 

the atom. Being able to more accurately determine the quantity of iron present at Mercury will 

not only improve our understanding of Mercury’s geology, but also how Mercury formed. It is 

known that Mercury has a substantial iron core for its size (Hauck II, et al., 2013) and it is 

currently thought that the reason for this is connected to Mercury’s formation.  

Previous investigations into night-side fluorescence events have indicated a connection 

between the observed fluorescence and the cusp regions of Mercury. This, therefore, shows a 

clear connection between the PIXE fluorescence and the magnetic field of the planet  (Lindsay, 

et al., 2016), (Nikoukar, et al., 2018). At present, this has only been observed for the northern 

hemisphere of Mercury, as there is not enough data regarding the southern hemisphere of 

Mercury. As BepiColombo will be making more observations of this regions, signatures of 
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these PIXE can be searched for at the southern cusp regions as well as the norther ones. This 

will enable further research into the connection between the magnetic field of Mercury with 

the surface, as well as investigating the surface composition. The surface-exosphere-

magnetosphere connection at Mercury is different than that observed at any other planet in our 

solar system and experiences unique interactions. By investigating this process further, it will 

be possible to learn more about the surface-exosphere-magnetosphere cycle at Mercury 

including what particles get lifted from the surface, how they contribute to the exosphere, and 

which of those particles are lost through the magnetic field lines versus those that settle back 

on the night side of the planet.  

This connection between PIXE events to the magnetic field creates numerous possibilities for 

investigating it further. As the transport of electrons occurs along the magnetic field lines, it is 

dependent on the Dungey cycle at Mercury and how the magnetic field of Mercury interacts 

with the solar wind (Slavin J. A., et al., 2010) (Dewey, et. al., 2017). The duration of this 

process will apply a limit to the PIXE events, as they only occur when electrons precipitate 

along the magnetic field lines to impact the surface. By working in conjunction with other 

detectors on BepiColombo, there is ample potential for these interactions to be investigated 

further. The most applicable detectors being: Mercury-Magnetometer (MMO-MAG) which 

will monitor the magnetic field of Mercury and its interaction with the solar wind, Mercury 

Plasma Particle Experiment (MPPE), which will monitor energetic particles in the 

magnetosphere, and Mercury Sodium Atmospheric Spectral Imager (MSASI), which will 

measure the abundance, distribution, and dynamics of exospheric sodium.  

5.2.1 Combination of particle-induced and solar-induced fluorescence 

Up until this point, it has been assumed that night-side and day-side fluorescence events are 

entirely sperate on Mercury. However, this is likely not the case. For example, at the dawnside 

terminator, while there may still be particles precipitating onto Mercury’s surface solar X-rays 

will also be able to contribute to the XRF produced. Therefore, in these regions it will be 

difficult to separate the two causes of the XRF that will be observed by MIXS and will also 

make using SIXS as a background less reliable in these cases. This will be problematic during 

the BepiColombo mission and will have to be accounted for when analysing surface 

fluorescence spectra.  

These overlapping observations of both solar-induced fluorescence and electron-induced 

fluorescence have been observed by MESSENGER’s XRS. Starr, et al. (2012) highlighted 
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some events of this type, however they were discarded from the study due to the additional 

complications they posed to the analysis. Lindsay, et al. (2016) also filter the observations used 

in their study by rejecting any observations where the FOV of XRS is either over a sunlit 

portion of the surface, or entirely off planet to eliminate solar-induced fluorescence and X-ray 

detections from astrophysical X-ray sources. Similar precautions will have to be made when 

analysing PIXE observations made by MIXS to ensure that the source of the fluorescence is 

correctly identified. 

One possible option is to subtract a particle-induced fluorescence observation from an 

observation that potentially contains X-ray source mixing. From plots shown earlier in this 

chapter (e.g. Figure 5.11 and Figure 5.13) particle-induced fluorescence produces higher 

counter rates for heavier elements such as calcium and iron. Therefore, identifying increases in 

these fluorescence lines by MIXS would indicate that some of the spectra was produced by 

particle-induced fluorescence. A similar technique is used in Lindsay, et al. (2016) when stating 

criteria to identify a particle-induced fluorescence event as opposed to a solar-induced event. 

The particle-induced component has been compared to a quiet-sun fluorescence (Starr, et al., 

2012) so will be harder to detect during times of high solar background and large flares but 

should be possible during quieter periods. 

Another issue with differentiating these two fluorescence induction methods is that the while 

the sunlit portion of the footprint of MIXS is easily defined, it is not immediately possible to 

say where within a given footprint the electron-induced fluorescence originates. There is 

evidence that the particles are injected via magnetic field lines in Mercury’s magnetosphere 

(Dewey, et. al., 2017), which would provide some limits to the possible locations within the 

footprint that the X-ray fluorescence occurs. However, this still won’t be precise enough to 

separate where each type of fluorescence is produced within a given MIXS FOV. Therefore, 

even if the two X-ray fluorescence production methods can be separately identified, it won’t 

be possible to locate exactly where each type occurs within an observation. 

To ensure accurate interpretation of MIXS observations, having X-ray fluorescence 

observations of regions that are exclusively day-side and therefore solar-induced, as well as 

observations that are entirely night-side and particle-induced will be the best way to observe 

the difference between the two processes. Once this is known it will be possible to identify key 

features of each observation type that can then be used when considering an observation that 

is a mix of both fluorescence sources. Until more is known about the location of each method 
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in relation to each other within the field of view of the instrument, it will be necessary to 

subtract one source from the observation as a whole. This will allow for a more accurate 

analysis of the X-ray fluorescence produced during a given observation, and therefore a better 

picture of the geological features being observed. It also provides an opportunity to compare 

the results of particle-induced fluorescence and solar-induced fluorescence for the same region 

under the same conditions, which would not be possible under other circumstances.  

 

5.5 Conclusion and future work  

 

In this chapter, the capabilities of MIXS to observe particle-induced X-ray fluorescence events 

are investigated. The program that has been used throughout this thesis is adapted to reflect 

this new process in the place of solar-induced X-ray fluorescence. In place of the solar X-rays, 

a background flux of energetic electrons is used as the cause of the fluorescence. Kramer’s law 

and the Duane-Hunt law are used to determine the amount of X-ray fluorescence produced in 

this process. Using this, the expected observable PIXE fluorescence is determined for both 

MIXS-C and MIXS-T. Both detectors can observe this nightside fluorescence, however MIXS-

T requires a higher electron flux and an observation time towards the upper limit of what is 

possible for this process.  

Following this, a comparison between MIXS-C observations dayside and nightside X-ray 

fluorescence is made. Focus is given to regions of Mercury’s surface that correspond to the 

magnetic cusp regions, as that is where the PIXE events have been found previously. 

Observations of the night side fluorescence show higher count rates for heavier elements such 

as calcium, titanium, and iron. Whereas dayside observations show higher count rates for 

lighter elements such as sodium, aluminium, and magnesium. In addition to this, it is possible 

to determine the type of terrane being observed in the nightside observations based on the 

intensity of the sulphur peak. Once BepiColombo arrives at Mercury in December in 2025, 

MIXS will be able to expand our knowledge of Mercury and its local environment with these 

observations. By working alongside other detectors on MPO such as MMO-MAG, MPPE, and 

MSASI, it will be possible to compare their observations with those made by MIXS. This will 

allow for a much clearer picture of the surface-exosphere-magnetosphere system at Mercury, 

and therefore further enhance the impact of the science output achievable by BepiColombo.  
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Chapter 6                                             

Conclusions and Future Work 
 

6.1 Overall Conclusions 

 

This work has described the possible observations available to MIXS upon its arrival at 

Mercury in December 2025 with the intent of maximising the scientific output of the detector 

and expanding our knowledge of Mercury’s environment, particularly the geological 

composition of Mercury’s surface. This conclusion discusses the main outcomes of this work, 

and what impact that can have on the BepiColombo mission going forward.  

In Chapter 3, an investigation into the observations of surface fluorescence on the dayside of 

Mercury with MIXS is conducted. Fluorescence measurements for both MIXS-C and MIXS-

T are made by adapting a program originally created to model Lunar fluorescence. Predicted 

detections have been made for a range of geochemical terranes found on Mercury. Based on 

the fluorescence spectra obtained, a chi square test is conducted to show that these spectra are 

significantly different from one another. During the orbital period of MPO, there will be 

enough time to produce significantly different spectra for the different terranes based on the 

intensity of the fluorescence detected for the lighter elements such as sodium, magnesium, 

aluminium, and silicon. Observations of this type provides an opportunity to fully utilise the 

observational capabilities of MIXS, particularly the impressive effective and spatial resolutions 

of MIXS-C and MIXS-T respectively.  

In Chapter 4 observations of X-ray fluorescence from exospheric sodium using MIXS-C are 

investigated. The program is altered to reflect an exosphere instead of a planetary surface by 

using elemental abundances from Wurz et al. (2010) and calculating an optical thickness factor 

to reflect that the target material is a gas. Multiple observational geometries are considered for 

this observation to maximise the amount of observable fluorescence photons within the 

constraints of the detectors. Unfortunately, it is concluded that observations of this kind with 

MIXS-C will be highly unlikely, and almost impossible with MIXS-T. Despite the negative 

result, this is not as disappointing as it may initially appear. MIXS was not designed to detect 

fluorescence from such a low-density region. If it had been possible this would have been a 

great opportunity to increase our knowledge of the surface-exosphere interactions observed at 
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Mercury. As it stands, it will be more advantageous for MIXS to focus on its primary goal of 

observing surface fluorescence and working in conjunction with other detectors on 

BepiColombo such as PHEBUS and MSASI to determine exospheric composition and how the 

surface and exosphere are connected.  

Chapter 5 investigates the capabilities of MIXS to observe particle-induced X-ray fluorescence 

events. The program that has been used throughout this thesis is adapted to reflect this new 

process in the place of solar-induced XRF. In place of X-rays from the Sun, a background flux 

of energetic electrons is used as the cause of the fluorescence. MIXS-C and MIXS-T can both 

observe this night-side fluorescence, provided there is enough background electron flux and 

observation time for MIXS-T. Comparisons between the day-side and night-side fluorescence 

are made, which indicates that PIXE events will produce more fluorescence from heavier 

elements than solar-induced fluorescence from the same surface region. This will be significant 

in determining the true abundances of each element in a given region of Mercury. Also due to 

the nature of the cause of these PIXE events, these observations will allow for a much greater 

understanding of Mercury’s magnetic field and how it interacts with the surface of Mercury, 

as well as the solar wind. This will prove to be invaluable information in the long run for 

expanding our knowledge of Mercury’s local environment.  

 

6.2 Future Work 

 

The obvious route for future work on this topic arises once BepiColombo has arrived at 

Mercury. Due to the position of MIXS on the spacecraft, it will not be able to make 

observations during transit, missing out on science opportunities at both Earth and Venus. 

Ensuring MIXS gets to Mercury in full working order and is not damaged in transit is of the 

upmost importance, as if it arrives damaged then there will be numerous complications in 

obtaining any information of scientific merit. Once at Mercury, MIXS will be able to make 

observations of the surface and allow for direct comparisons between physical data and the 

results produced by this model.  

It is also anticipated that BepiColombo will be able to make observations of the Southern 

hemisphere of Mercury, which up until now has been a relatively unexplored region. Using the 

predictions of MIXS’s capabilities observing the northern hemisphere, it provides possible 

observations for regions of interest on the southern hemisphere. Being able to not only 
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distinguish the main elements present in the regolith, but also different terrane types and the 

boundaries between the two will help determine the geological development of Mercury.  

There is also the possibility to investigate the connection between the surface and the 

magnetosphere of Mercury using the PIXE events. Once there is physical data to compare 

against the predicted outcome, this can be used alongside other models looking at the magnetic 

field lines and cusp regions at Mercury. As the PIXE events have been primarily observed at 

the cusp regions, it is assumed that there is a connection between the two. By working in 

conjunction with other detectors such as MSASI, MAG, and PHEBUS, information regarding 

the composition of the regions in question as well as their interactions together can be 

investigated further. This will provide information regarding the connections between the 

surface and magnetic field of Mercury, and therefore provide a more complete picture of the 

surface-exosphere-magnetosphere environment.  

Additionally, it would be beneficial to investigate the differences between day-side and night-

side PIXE observations at Mercury, particularly on the potential overlap with solar-induced 

XRF. This will be a prevalent issue at the cusp regions of Mercury, which is an area likely to 

be focussed on with PIXE observations. By identifying signatures in the XRF spectra produced 

by each method, such as enhancement in the heavier element peaks with PIXE and using SIXS 

observations in conjunction with those made by MIXS, it may be possible to create a 

subtractable background to differentiate each process. This will be a complex task, particularly 

due to the uncertainty of the exact location on Mercury’s surface each type of fluorescence is 

produced. In situ data from BepiColombo during the mission will be required to investigate 

this topic further.  

There is still a lot that is unknown regarding Mercury, including specifics of the formation 

process, the composition of the planet, and its mechanics. BepiColombo provides an 

opportunity to not only answer a lot of these questions but provide insight into this unique body 

in our solar system and open new research ventures in the future.  
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Appendix A 

Main X-ray fluorescence code used for the work produced in this thesis. Each subroutine is 

copied into this appendix in the order they are called in the program.  

Gash_params_collimator: Top level routing to set up the variables for each run, call the other 

routines, and plot the outputs.  

pro gash_params_collimator,tim,ftype,det,region,exo,ang 

;Gash MIXS parameter input 

;Sets up colour table 

 

set_plot,'win' 

device,deco=0 

loadct,0 

window,0,xs=900,ys=600 

!p.background=255 

;!p.noerase 

!p.color=0 

device,decomposed=0 

 

;set parameters for the run (time, flare type, surface composition, exosphere 

composition) 

if n_params() eq 0 then begin 

  tim=120     ;63813.5 ;21.1;280., (min=28870, 2390968) 

  ftype='x' 

  det='mixsc' 

  region='high_mg' ;ma_1 

  exo='wurz_total_1' 

  ang=90. 

endif 

 

;DPARAM sets up the detector 

DPARAM={area:0.8,$    ;effective area of the instrument cm^2 

       detarea:64.0,$ ;physical area of the detector cm^2 

       opa1:10.0,$    ;opening angle in sun-spacecraft plane deg 

       opa2:10.0,$    ;opening angle in orthogonal plane deg 

       res:0.08,$     ;FWHM of resolution element in keV 

       tds:50.0}      ;depletion depth of the detector in microns 

 

;Set up a four layer filter with C; Al; Mg; Si 

filtset,fparam,[0.0,2300.0,0.0,0.0] 

 

;select fractional concentrations of elements on the surface/exo of mercury. 

includes multiple surface regions.  

region_select,region=region,exo=exo,regi,regi_e 

 

;------------------------------ 

; EXOSPHERE SECTION STARTS HERE 

;------------------------------ 

 

;;optical thickness factor array 

;op_thick=[1.0,2.74e10,6.8e9,1.2e10,6.35e9,1.41e8,3.47e10,1.24e10,1.82e9,3.

86e10,4.44e11,1.0,1.0,2.05e10,1.0,1.0] 

;thick=alog10(op_thick) 

;thick=thick[where(thick)] 

;thick=mean(thick) 
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;thick=10^thick 

; 

;; using just sodium 

;thick=6.8e9 ;Na 

; 

;; read in the mercury 2D surface & exosphere combo routine here (both surface 

and exosphere stacked for one output) 

;sh=surface_exo 

;exo_ht_loop,region,exo,sh,ang,rel_ab,ht 

;; only sodium again 

;sh=190. 

; 

;; Loops through normal gash_params stuff, but at each height 

;; then apply scale height to each height 

;; sum up over all heights 

;; divide by optical thickness 

;nht=n_elements(ht) 

;flxe=fltarr(2048,nht) 

;for i=0,nht-1 do begin 

;  total_ab=rel_ab[i,*] 

;  OBSPARAM={conc:total_ab,alpha:90.0,t0:ang,tim:tim,aufac:6.57,ns:1.0} 

;  

specbld_dev,solen,solam,flxi,flxo,mindet,minlun,dparam,fparam,obsparam,inst

,teff,spd,jfx=jfx,masa=masa,jfi=jfi,solar=solar,ftype=ftype,det=det;,/gaas;

,/flight 

;  bins=10.0/255.0 

;  binner,solen,float(flxo),bins,solena,abs_s,abs_n 

;  binsp=abs_s+abs_n 

;  detector_effects=obsparam.tim*dparam.area 

;  index=where(flxo gt 1e-2) 

;  flxo[index]=(flxo[index]*detector_effects) 

;  flxe[*,i]=flxo 

;endfor 

; 

;for i=0,nht-1 do begin 

;  flxe[*,i]=flxe[*,i]*exp(-ht[i]/sh) ; applying scale height 

;endfor 

; 

;flxeo=fltarr(2048) 

;for i=0,2047 do begin 

;  flxeo[i]=total(flxe[i,*]) ; sum up over all heights 

;endfor 

;flxe=flxeo/thick ; divide by optical thickness 

;plot,solen,flxe,/ylog,xr=[0.75,7.5],/yst,/xst,yr=[1e-5,1e-3],xtit='Energy 

(keV)',ytit='Counts/keV',charsize=2,charthick=1 

;print,max(flxe[where(solen ge 0.7 and solen le 7.5)],/nan) 

;stop 

 

 

;------------------------------ 

; END OF EXOSPHERE SECTION  

;------------------------------ 

 

 

 

 

;for i=0,1 do begin 

;OBSPARAM contains all the required information for the measurement that is 

to be made 

OBSPARAM={conc:regi,$     ;Array giving fractional concentrations of elements 

          alpha:90.0,$        ;angle - in degrees - of sun to mercury surface 
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          t0:ang,$           ;angle - in degrees - of instrument pointing 

w.r.t. surface (90 = nadir) 

          tim:tim,$           ;observation time in seconds 

          aufac:6.57,$        ;factor for solar flux c.f. 1 a.u. 

          ns:1.0}             ;n-sigma for the detection 

 

;Now run the main program (compiles all the main fluorescence maths) 

specbld_dev,solen,solam,flxi,flxo,mindet,minlun,dparam,fparam,obsparam,inst

,teff,spd,jfx=jfx,masa=masa,jfi=jfi,solar=solar,ftype=ftype,det=det;,/gaas;

,/flight 

 

;This bins and adds noise to spectrum to make it look and feel like the real 

output 

bins=10.0/255.0 

binner,solen,float(flxo),bins,solena,abs_s,abs_n 

 

;This is binned spectrum in counts/bin 

;Plot this as 

;plot_io,solena,binsp,xr=[0,10],psym=10 

 

binsp=abs_s+abs_n 

 

;This is the surface flux in photons/sec/cm2/sr 

;print,'Surface line flux ph/sec/cm^2/sr:',jfx/teff 

;print,'Detected line counts/sec:',jfi*dparam.area 

 

;Part to apply the thickness to just the exosphere readings and not the 

detector noise 

;index the flux array and split into two parts, the peaks from the exosphere 

will be above the background, so only apply the thickness factor to them 

;Also multiply the output flux by the observation time, done here to keep 

the indexing for the background correct, otherwise just add to plot line.  

;below 1e^-2 is just noise so just leave as is.  

;this variable is a bit of a fudge to get the time variable to work.  

;makes the intensity of the spectrum increase with time.   

 

detector_effects=obsparam.tim*dparam.area 

index=where(flxo gt 1e-2) 

if ftype eq 'p' then index=findgen(2048) 

flxo[index]=(flxo[index]*detector_effects) 

 

energy=[1.12,1.29,1.50,1.74,2.10,3.35,3.70,4.52,5.44,5.88,6.42,2.34,6.94,7.

48] 

 

plot,solen,flxo,xtit='Energy (keV)',ytit='Counts /400 

s/keV',xr=[0.75,7.5],/xstyle,yr=[1e-2,50],/yst,charsize=2,charthick=1 

 

stop 

end 

 

Filtset: Set up the filter information and structure 

;Set's up filter structure 

;Generic structure for four layer filter 

pro filtset,filtstr,fstack 

 

laystr = {ename:'',thck:0.0,dens:0.0} 

filtstr=replicate(laystr,4) 
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;Set up the layers 

;layer thickness 'thck=fstack' in angstroms 

;density 'dens' in g/cc 

 

;Carbon layer 

filtstr(0).ename='C' 

filtstr(0).thck=fstack(0)   

filtstr(0).dens=1.0      

 

;Aluminium layer 

filtstr(1).ename='Al' 

filtstr(1).thck=fstack(1)  

filtstr(1).dens=2.7      

 

;magnesium layer 

filtstr(2).ename='Mg' 

filtstr(2).thck=fstack(2)   

filtstr(2).dens=2.0     

 

;silicon layer 

filtstr(3).ename='Si' 

filtstr(3).thck=fstack(3)   

filtstr(3).dens=2.3      

 

return 

end 

 

Region select: Fractional abundances for different Mercury surface compositions. Also 

contains some lunar surface compositions and Mercury exosphere compositions.  

;program to select surface/exosphere element array 

pro region_select,region=region,exo=exo,regi,regi_e 

 

;region=selected surface region of Mercury 

;exo=selected exospheric abundance 

;regi=fractional abundace of surface elements array 

;regi_e=fractional abundance of exospehric elements array 

;case to select the compositions of different regions on the surface of 

Mercury 

case region of 

  'test': 

regi=[1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0] 

  

'avg':regi=[0.07,0.391,0.037,0.125,0.071,0.279,0.0,0.021,0.001,0.046,0.003,

0.001,0.001,0.012,0.0,0.0] 

   

  ;Starr 2012 - burbine 2002 

  'starr_2012': 

regi=[0.04,0.0,0.0,0.0,0.0019,0.0009,0.257,0.0,0.0715,0.0012,0.0836,0.115,0

.0,0.0,0.469,0.0] 

   

  ;Evans 2012 

  'evans_2012': 

regi=[0.0,0.423,0.008,0.125,0.0565,0.246,0.0,0.04,0.0012,0.048,0.007,0.002,

0.0035,0.037,0.0,0.0] 
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  ;high k basalt in mixs paper 

  

'high_k_bas':regi=[0.0,0.0,0.04,4.6,4.6,19.0,0.1,0.0,0.4,7.3,7.1,0.3,0.2,14

.8,0.0,0.002] 

   

  ;P Wurz et al 2010 

  'preferred': 

regi=[0.0,0.569,0.0024,0.250,0.0109,0.133,0.0,0.00212,0.0006,0.0248,0.0005,

0.0014,0.0,0.0097,0.0,0.0] 

  ;'preferred': 

regi=[0.0,0.569,0.0024,0.250,0.0109,0.133,0.0,0.0,0.0,0.0248,0.0005,0.0,0.0

,0.0097,0.0,0.0] 

  'refactory': 

regi=[0.0,0.558,0.0,0.236,0.0352,0.0978,0.0,0.0,0.0,0.0733,0.00162,0.0,0.0,

0.0,0.0,0.0] 

  'volatile': 

regi=[0.0,0.567,0.0064,0.215,0.0069,0.134,0.0,0.0,0.0,0.0145,0.00031,0.0,0.

0,0.0561,0.0,0.0] 

  'chondrite': 

regi=[0.0,0.575,0.00037,0.229,0.0135,0.142,0.0,0.0,0.0,0.0255,0.00073,0.0,0

.0,0.0137,0.0,0.0] 

  'additive': 

regi=[0.0,0.5861,0.0134,0.162,0.0271,0.174,0.00208,0.00519,0.0003,0.0167,0.

00015,0.00042,0.0,0.00872,0.0,0.00004] 

  'ma_1': 

regi=[0.0,0.588,0.0134,0.161,0.0264,0.174,0.00208,0.00529,0.0003,0.01269,0.

00015,0.00042,0.0,0.01279,0.0,0.00004] 

  'ma_2': 

regi=[0.0,0.5942,0.0132,0.158,0.0262,0.173,0.00268,0.00591,0.0003,0.0167,0.

00014,0.00041,0.0,0.00611,0.0,0.00004] 

   

  ;Lawrence 2017 

  'IcP': 

regi=[0.01,0.3845,0.0275,0.1426,0.0651,0.2724,0.0,0.0214,0.0004,0.01,0.0003

3,0.0014,0.0011,0.0168,0.0,0.0]; ca=0.05,ti=0.0033 

  'NCU': 

regi=[0.01,0.4049,0.0549,0.0842,0.0709,0.2892,0.0,0.0228,0.0018,0.0451,0.00

35,0.0014,0.0012,0.0058,0.0,0.0] 

  'high_mg': 

regi=[0.1,0.3584,0.0256,0.17,0.0522,0.256,0.0,0.0346,0.0004,0.0127,0.00031,

0.0013,0.001,0.0236,0.0,0.0] 

  'caloris': 

regi=[0.1,0.4147,0.0296,0.0785,0.0963,0.2962,0.0,0.0181,0.0004,0.0427,0.003

6,0.0015,0.0012,0.0059,0.0,0.0] 

  'low_fast': 

regi=[0.1,0.3977,0.054,0.1346,0.0716,0.284,0.0,0.0057,0.0004,0.0281,0.0034,

0.0014,0.0011,0.0057,0.0,0.0] 

  'eastern_high_fast': 

regi=[0.1,0.3857,0.0275,0.1344,0.0722,0.2755,0.0,0.0245,0.0004,0.0499,0.003

3,0.0014,0.0011,0.0127,0.0,0.0] 

   

  ;lunar composition from original program altered for current format 

  'basa_alt': 

regi=[0.0,0.4430,0.0,0.0590,0.0710,0.2160,0.0,0.0,0.0,0.0750,0.0016,0.0,0.0

,0.1200,0.0,0.0] 

endcase 

 

 

 

;case to select exospehric abundances at Mercury 
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case exo of 

  'test': 

regi_e=[1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0

] 

  ;actually exospehric abundances, left in here if I want to run them as a 

surface instead.  

  'wurz_total_1': 

regi_e=[0.0,0.153,0.7287,0.0463,0.0037,0.0298,0.00039,0.0012,0.0313,0.0037,

0.00006,0.00024,0.0,0.0016,0.0,0.0] 

  'wurz_total_2': 

regi_e=[0.0,0.1534,0.7287,0.046,0.00346,0.0298,0.00041,0.00125,0.0313,0.002

78,0.000076,0.00025,0.0,0.00237,0.0,0.0] 

endcase 

 

return 

end 

 

Specbld_dev: Set up all the XRF calculations.  

;Program to build a XRF spectrum from all the bibs and bobs 

pro 

specbld_dev,solen,solam,flxi,flxo,mindet,minlun,dparam,fparam,obsparam,inst

,teff,spd,jfx=jfx,masa=masa,rdet=rdet,jfi=jfi,solar=solar,ftype=ftype,gaas=

gaas,flight=flight,det=det 

;FPARAM is a four element array of structures each containing 

;FPARAM(0:3)={ename:'',$       ; Name of element for this layer 

;             thck:0.0,$       ; layer thickness in Angstrom 

;             dens:0.0}        ; density in g/cc 

 

;Physical parameters 

h=6.6260755e-34 

e=1.60217733e-19 

c=2.99792458e8 

 

;Make an energy spectrum 

solen=findgen(2048)*0.01+0.1 

 

;All information is taken from Trombka and Clarke 

 

;TOTMU is total mass absorption cross section 

;LAMI is equivalent wavelength to  SOLEN 

;MASA is an array of mass absorption coefficients vs energy for each of the 

elements 

;Read in elemental setup routine 

elem_set,solen,obsparam.conc,totmu,spd,lami,masa 

 

;Make flare spectrum 

intspec2,solen,solar,solam,specl,obsparam.aufac,ftype=ftype 

 

;Read in filter setup routine 

filteff_dev_2,solen,fparam,dparam.tds,deff,ltrans,inst,efilt,rdet=rdet,gaas

=gaas,det=det 

 

; Make electron spectrum for this opening angle and modify by "electron" 

filter 

elflx,solen,dparam.opa1,dparam.opa2,eflx 

eflx=eflx*efilt 
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;Make spectrum of thomson scattered x-rays from Mercury surface - this 

integrates over the instrument 

;solid angle but not the instrument area so gives counts/cm^2/second/keV 

thom_xrays,solen,solam,specl,obsparam.alpha,obsparam.conc,obsparam.t0,dpara

m.opa1,dparam.opa2,thomeff,scatx,inst,ftype 

 

; or Bremsstrahlung spectrum 

if ftype eq 'p' then begin 

  

bremsstrahlung_test,solen,solar,OBSPARAM.alpha,obsparam.conc,obsparam.t0,dp

aram.opa1,dparam.opa2,teff,jfx 

endif else 

flour_xrays,solen,solar,obsparam.alpha,obsparam.conc,obsparam.t0,dparam.opa

1,dparam.opa2,teff,jfx 

 

;Find the position of each of the lines 

posl=intarr(16) 

for i=0,15 do posl(i)=max(where(lami ge spd(i).lmk)) 

 

;Add the line flux into the scattered xrays and take out the instrument 

function 

;inst is the instrument function from filteff.  

flxi=scatx*inst 

flxi(posl)=flxi(posl)+(jfx*inst(posl)) 

jfi=(jfx*inst(posl)) 

 

; Add in the "Landau tail" estimated from the EPIC MOS tech note 

epic_mos_bkg,solen,epf 

 

;Convolve with instrument response - do this in two halves to try to cope 

with dynamic range 

;oneres=3*fix(dparam.res/(solen(1)-solen(0))) 

flxo=fltarr(n_elements(flxi)) 

;whb=min(where(solen ge 3.0)) 

;gconv,solen(0:whb+oneres),flxi(0:whb+oneres),dparam.res,temp 

;flxo(0:whb)=temp(0:whb) 

;read in routine to perform a gaussian colvolution  

gconv,solen,flxi,dparam.res,temp1 

;gconv,solen,flxe,dparam.res,temp2 

 

flxo=temp1 

;flxo=flxi 

 

;Finally calculate the minimum detectable as function of energy 

detarea=dparam.detarea 

;counts/s 

back=(scatx*inst+eflx)*dparam.res*dparam.area+epf*detarea*dparam.res   

return 

end 
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Elem_set: Sets up the mass absorption coefficients for each element. 

;Procedure to set up element data array and calculate the mass absorption 

cross section for the compound as a function of energy 

;Fe is K-line in here 

pro elem_set,enin,conc,totmu,spd,lami,masa 

;Big lots of data 

sps={nm:'',am:0.0,aw:0.0,lme:0.0,lmk:0.0,jr:0.0,fy:0.0,sh:0.0,mul:fltarr(3)

,muu:fltarr(2)} 

 

;Populate the structure 

spd=replicate(sps,16) 

 

;information taken from clark and trombka 1997 paper 

;capital letters in commented descriptior indicate abbreviated letters used 

as identifier of the variable 

   

;define element name 

spd(0).nm='C' 

spd(1).nm='O' 

spd(2).nm='Na' 

spd(3).nm='Mg' 

spd(4).nm='Al' 

spd(5).nm='Si' 

spd(6).nm='P' 

spd(7).nm='S' 

spd(8).nm='K' 

spd(9).nm='Ca' 

spd(10).nm='Ti' 

spd(11).nm='Cr' 

spd(12).nm='Mn' 

spd(13).nm='Fe' 

spd(14).nm='Co' 

spd(15).nm='Ni' 

 

;define atomic mass 

spd(0).am=6.0 

spd(1).am=8.0 

spd(2).am=11.0 

spd(3).am=12.0 

spd(4).am=13.0 

spd(5).am=14.0 

spd(6).am=15.0 

spd(7).am=16.0 

spd(8).am=19.0 

spd(9).am=20.0 

spd(10).am=22.0 

spd(11).am=24.0 

spd(12).am=25.0 

spd(13).am=26.0 

spd(14).am=27.0 

spd(15).am=28.0 

 

;define atomic weight 

spd(0).aw=12.0 

spd(1).aw=16.0 

spd(2).aw=23.0 

spd(3).aw=24.3 

spd(4).aw=27.0 

spd(5).aw=28.1 
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spd(6).aw=31.0 

spd(7).aw=32.1 

spd(8).aw=39.1 

spd(9).aw=40.1 

spd(10).aw=47.9 

spd(11).aw=52.0 

spd(12).aw=54.9 

spd(13).aw=55.9 

spd(14).aw=58.9 

spd(15).aw=58.7 

 

;absorption edge (LaMbda Edge) (clark paper) 

spd(0).lme=43.7 

spd(1).lme=23.3 

spd(2).lme=11.6 

spd(3).lme=9.51 

spd(4).lme=7.96 

spd(5).lme=6.75 

spd(6).lme=5.79 

spd(7).lme=5.03 

spd(8).lme=3.44 

spd(9).lme=3.07 

spd(10).lme=4.96 ;2.50 

spd(11).lme=2.07 

spd(12).lme=1.90 

spd(13).lme=1.74 

spd(14).lme=1.61 

spd(15).lme=1.49 

 

;k-alpha line energy 

spd(0).lmk=54.6 

spd(1).lmk=23.6 

spd(2).lmk=11.6 

spd(3).lmk=9.88 

spd(4).lmk=8.33 

spd(5).lmk=7.12 

spd(6).lmk=6.07 

spd(7).lmk=5.37 

spd(8).lmk=3.74 

spd(9).lmk=3.35 

spd(10).lmk=2.75 

spd(11).lmk=2.29 

spd(12).lmk=2.1 

spd(13).lmk=1.94 

spd(14).lmk=1.78 

spd(15).lmk=1.66 

 

;Jump (k-shell absorption) Ratio (xraylib tables) 

spd(0).jr=19.02 

spd(1).jr=15.4 

spd(2).jr=11.84 

spd(3).jr=12.02 

spd(4).jr=10.95 

spd(5).jr=10.37 

spd(6).jr=9.97 

spd(7).jr=9.61 

spd(8).jr=9.16 

spd(9).jr=8.74 

spd(10).jr=8.37 

spd(11).jr=8.05 

spd(12).jr=8.0 
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spd(13).jr=7.89 

spd(14).jr=7.796 

spd(15).jr=7.707 

 

;Fluorescence Yield (krauss, xraylib tables) 

spd(0).fy=0.003 

spd(1).fy=0.008 

spd(2).fy=0.023 

spd(3).fy=0.030 

spd(4).fy=0.039 

spd(5).fy=0.050 

spd(6).fy=0.063 

spd(7).fy=0.078 

spd(8).fy=0.140 

spd(9).fy=0.163 

spd(10).fy=0.214 

spd(11).fy=0.275 

spd(12).fy=0.308 

spd(13).fy=0.340 

spd(14).fy=0.373 

spd(15).fy=0.406 

 

;scale height 

;scale height for element 0,1,5,9 & 11 are known and taken from literature. 

For the others just use an average of the known 5, taken as 808. 

spd(0).sh=808.0 

spd(1).sh=1600.0 

spd(2).sh=190.0 

spd(3).sh=1300.0 

spd(4).sh=808.0 

spd(5).sh=808.0 

spd(6).sh=808.0 

spd(7).sh=808.0 

spd(8).sh=60.0 

spd(9).sh=890.0 

spd(10).sh=808.0 

spd(11).sh=808.0 

spd(12).sh=808.0 

spd(13).sh=808.0 

spd(14).sh=808.0 

spd(15).sh=808.0 

 

;Power law (col 1, clark paper) 

spd(0).mul(0:2)=[18.0,1.24,3.06] 

spd(1).mul(0:2)=[9.60,2.95,3.00] 

spd(2).mul(0:2)=[11.6,8.00,2.95] 

spd(3).mul(0:2)=[9.51,11.4,2.80] 

spd(4).mul(0:2)=[7.96,14.3,2.83] 

spd(5).mul(0:2)=[6.75,19.9,2.84] 

spd(6).mul(0:2)=[5.79,22.2,2.75] 

spd(7).mul(0:2)=[5.03,27.5,2.75] 

spd(8).mul(0:2)=[3.44,43.9,2.75] 

spd(9).mul(0:2)=[3.07,52.3,2.69] 

spd(10).mul(0:2)=[2.50,61.3,2.34] 

spd(11).mul(0:2)=[2.07,76.0,2.69] 

spd(12).mul(0:2)=[1.90,86.0,1.90] 

spd(13).mul(0:2)=[1.74,95.3,2.66] 

spd(14).mul(0:2)=[1.61,100.0,2.78] 

spd(15).mul(0:2)=[1.49,113.0,2.75] 

 

;power law (col 2, clark paper) 
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spd(0).muu(0:1)=[8.00,2.36] 

spd(1).muu(0:1)=[10.9,2.48] 

spd(2).muu(0:1)=[1.24,2.50] 

spd(3).muu(0:1)=[1.60,2.56] 

spd(4).muu(0:1)=[1.90,2.67] 

spd(5).muu(0:1)=[2.78,2.55] 

spd(6).muu(0:1)=[2.23,2.75] 

spd(7).muu(0:1)=[2.85,2.72] 

spd(8).muu(0:1)=[5.50,2.61] 

spd(9).muu(0:1)=[7.79,2.53] 

spd(10).muu(0:1)=[7.93,2.63] 

spd(11).muu(0:1)=[10.6,2.58] 

spd(12).muu(0:1)=[11.4,2.63] 

spd(13).muu(0:1)=[13.2,2.59] 

spd(14).muu(0:1)=[13.6,2.63] 

spd(15).muu(0:1)=[15.3,2.75] 

 

;Convert input energy spectrum into wavelength 

h=6.6260755e-34 

c=2.99792458e8 

e=1.60217733e-19 

 

;Assume input spectrum is in keV 

lami=h*c/(1000.0*e*enin) 

;convert to Angstroms 

lami=lami*1e10 

 

;Go through each element 

masa=fltarr(16,n_elements(lami)) 

totmu=fltarr(n_elements(lami)) 

 

for i=0,15 do begin 

  whge=where(lami ge spd(i).mul(0)) 

  whle=where(lami lt spd(i).mul(0)) 

  masa(i,whge)=spd(i).muu(0)*lami(whge)^spd(i).muu(1) 

  masa(i,whle)=spd(i).mul(1)*lami(whle)^spd(i).mul(2) 

  if (i eq 0) then begin ;-special fudge for O K 

    wfel=where(lami ge spd(0).lme) 

    masa(0,wfel)=masa(0,wfel)/spd(0).jr 

  endif 

  ;if (i eq 7) then begin ;- special fudge for Fe L   (#13 now) 

  ;   wfel=where(lami ge spd(7).lme) 

  ;   masa(7,wfel)=masa(7,wfel)/spd(7).jr 

  ;endif 

endfor 

 

;Now for each wavelength calculate the total mass absorption coefficient 

for j=0,n_elements(lami)-1 do begin 

  totmu(j)=total(conc*masa[*,j]) 

endfor 

 

return 

end 
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Intspec2: Set up the solar and particle input spectra.  

;sets up the data for solar flare types 

pro intspec2,solen,solar,solam,solspecl,aufac,ftype=ftype 

 

;define all the flare typres to be considered 

;currently all the data is taken from the previous intspec routine, which 

took data from the clark and trombka paper.  

;C&T paper data all needs to be spline fitted 

;ftype='c' 

case ftype of 

 

  'x': begin  

    

nen=[1.25363,1.48662,1.74135,2,2.30883,3.71210,4,4.50852,6,6.39094,8,10,20] 

    

temp=[9.0162,8.5164,7.9987,7.7928,7.6385,7.5126,7.4296,6.7071,6.5747,6.1822

,5.8216,4.2956,1.0] 

    tflx=spline(nen,temp,solen) 

    solar=10^tflx 

    solar=aufac*solar 

  end 

   

  'm': begin 

    

nen=[1.25363,1.48662,1.74135,2,2.30883,3.71210,4.0,4.50852,6,6.39094,8.0,10

.0,20.0] 

    

temp=[8.0162,7.5164,6.9987,6.7928,6.6385,6.2126,6.0296,5.2071,5.2747,5.1822

,4.8216,3.2956,0.0] 

    tflx=spline(nen,temp,solen) 

    solar=10^tflx 

    solar=aufac*solar 

  end 

   

  'c': begin  

    

nen=[1.25363,1.48662,1.74135,2,2.30883,3.71210,4.0,4.50852,6,6.39094,8.0,10

.0,20.0] 

    

temp=[6.66923,6.32967,5.97802,5.80220,5.45055,4.65934,4.48352,3.86813,3.692

31,3.51648,2.72527,2.02198,0.0] 

    tflx=spline(nen,temp,solen) 

    solar=10^tflx 

    solar=aufac*solar 

  end 

   

  'b': begin 

    solc=[8.03595,-1.74957,0.141113,-0.00603017,9.37493e-005] 

    tflx=fltarr(n_elements(solen)) 

    

tflx=solc(0)+solc(1)*solen+solc(2)*solen^2+solc(3)*solen^3+solc(4)*solen^4 

    solar=10^tflx 

    solar=aufac*solar 

  end 

   

 'n': begin 

   ;this one is different to the other flare options, comments fromt the 

original code are left in for clarity 

   ; Case of mid-cycle no flares B-flare/10.0 
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   ; Coefficients fitted to log os B-flare spectrum 

   solc=[8.03595,-1.74957,0.141113,-0.00603017,9.37493e-005] 

   ; Temporary variable for log flux 

   tflx=fltarr(n_elements(solen)) 

   

tflx=solc(0)+solc(1)*solen+solc(2)*solen^2+solc(3)*solen^3+solc(4)*solen^4 

   solar=10^tflx 

   ; New fudge to match what everybody else does. 

   solar=solar*(0.1/solen) 

   ;solar=solar/10.0 

   ; Move to Mercury - apocentre is 10x - pericentre is 6x 

   solar=aufac*solar 

 end 

 

  'p': begin ;PIXEs 

    nen=[0.1,0.2,0.4,0.6,0.8,1.,2.,4.,6.,8.,10.,20.] 

    temp=[7.4,7.7,7.9,8.0,8.0,8.0,7.8,7.5,6.1,5.7,5.3,4.0] ;for p2 

    ;temp=[6.6,7.0,7.0,7.1,7.1,7.1,7.0,6.2,5.5,4.8,4.5,2.8] ;for p 

    ;temp=[7.0,7.0,7.0,7.1,7.1,7.1,7.0,6.2,5.2,4.6,4.2,2.6] 

    ;temp=temp+1 

    tflx=spline(nen,temp,solen) 

    solar=10^tflx 

  end 

 

endcase 

 

;set up some of the parameters needed for other bits in the code 

  h=6.6260755e-34 

  c=2.99792458e8 

  e=1.60217733e-19 

  solam=h*c/(1000.0*e*solen)*1e10  ; Assume input spectrum is in keV - this 

converts to metres 

  tmp=1e7*h*c/(e) 

  solspecl=tmp*solar/(solam^2) 

 

return 

end 

 

Filteff_dev_2: Set up filter transmission and effective area of each detector.  

;Calculate filter transmission and silicon detector absorption 

;Does both "perfect" detector and non-perfect 

;Change to use an input structure to describe the filter 

;Expected input 

;laystr = {ename:'',thck:0.0,dens:0.0} 

;filtstr=replicate(laystr,4)  - UP TO FOUR LAYERS 

pro 

filteff_dev_2,enin,filtstr,tds,deff,ltrans,inst,efilt,rdet=rdet,gaas=gaas,d

et=det 

 

;Call elem_set to get the elemental mass absorption data - note dummy CONC 

array 

elem_set,enin,fltarr(16),totmu,spd,lami,masa 

 

;For each layer in the input structure go through and calculate transmission 

efficiency for each 

ltrans=fltarr(4,n_elements(enin)) 
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for i=0,3 do begin 

;Find the element for this layer - 16 elements are programmed in at present 

  epnt=where(spd.nm eq filtstr(i).ename,nval) 

  if (nval ne 0) then begin 

    ;Transmissions - thicknesses into cm 

    ;comes in in A 

    tthck=filtstr(i).thck*1e-8 

    temp=exp(-1.0*masa(epnt,*)*filtstr(i).dens*thick) 

    ltrans(i,0:*)=temp 

  endif else begin 

    ltrans(i,0:*)=1.0 

  endelse 

endfor 

 

;det='mixst' 

case det of 

  'mixsc': begin 

    ;print, 'MIXS-C is set'  

    deff=mixsc(enin) 

  end 

  'mixst': begin 

    ;print, 'MIXS-T is set'  

    deff=mixst(enin) 

  end 

  'rdet': begin 

    print, 'rdet is set' 

    

negw=[0.280000,0.500000,0.600000,0.700000,1.00000,1.98537,4.95440,10.0000] 

    

nfgw=[0.00500000,0.200000,0.140000,0.250000,0.600000,0.566811,0.468581,0.30

0000] 

    ;Spline fit with weak tension to the log of the energy 

    nerds=spline(alog10(negw),alog10(nfgw),alog10(enin),5) 

    deff=10^nerds 

  end 

  'gaas': begin 

    print, 'gaas is set' 

    deff=fltarr(n_elements(enin)) 

    deff(0:*)=0.95 

  end 

  'other': begin 

    print, 'other is set' 

    rsi=2.3 

    ;comes in in um 

    tsi=tds*1e-4 

    deff=1.0-exp(-1.0*masa(3,*)*rsi*tsi) 

    deff=0.95*deff 

    ;was 0.8*deff, testing if the 0.8 is the quantum efficientcy, so set to 

0.95 

  end 

endcase 

 

;Do the whole thing 

inst=deff*ltrans(0,*)*ltrans(1,*)*ltrans(2,*)*ltrans(3,*) 

;stop 

;Now look at the cut off range for the low energy electrons make the filter 

for the highest density as this will have the shortest range. 

dense=max(filtstr.dens,mxd) 

r=(4120.0/dense)*(enin/1000.0)^(1.265-0.0954*alog(enin/1000.0)) 

;range in microns 
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;Find where this is greater than thickness of the densest element 

whg=where(r*1e4 ge filtstr(mxd).thck) 

 

;Make a "filter" 

efilt=fltarr(n_elements(enin)) 

efilt(whg)=1.0 

 

return 

end 

 

elflx: Set up low energy electron flux  

;Program to calculate electron flux for any given opening angle and energy 

range 

pro elflx,enin,opa1,opa2,eflx 

;Coefficients from something Manuel gave me 

  cfe=[3.7588499, -3.1276879, 0.41186407] 

 

;Calculate net flux per ster. 

  nft=cfe(0)+cfe(1)*alog10(enin)+cfe(2)*alog10(enin)^2 

  eflx=10^nft 

 

;Reduce by solid angle of detector 

  teff=(opa2*!pi/180.0)*(opa1*!pi/180.0) 

  eflx=eflx*teff 

 

return 

end 

 

thom_xrays: Calculate the Thomson scattered spectrum.  

;Programme to calculate thomson scattering of x-rays from Mercury 

;The input comes in in SOLEN as the energy array in keV - this is to avoid 

changing the code in ELEM_SET 

;SPECL as the solar spectrum in counts/cm^2/s/angstrom 

;SOLAM as the equivalent Wavelength array for SOLEN 

pro 

thom_xrays,solen,solam,specl,alpha,conc,t0,opa1,opa2,teff,scatx,inst,ftype 

 

;Call Thomson to calculate the scattering cross section 

thomson,theta,dsig 

 

;Calaculate Thomson scattering efficiency as function of angle 

tteff=dsig*sin(theta*!pi/180.0) 

;Find scattering angle in THETA given direction of satellite pointing - wrt 

to surface 

;t0=90 is equiv to nadir pointing 

wht=min(where((theta+alpha) ge t0)) 

alphat=alpha*!pi/180.0 

 

;Integrate it over the opening angle of the telescope 

wint=where(theta le theta(wht)+opa1/2.0 and theta ge theta(wht)-opa1/2.0) 

teff=int_tabulated(theta(wint)*!pi/180.0,tteff(wint)) 

teff=(opa2*!pi/180.0)*teff 
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;Call element set up routine to calculate weighted total absorption 

coefficient 

elem_set,solen,conc,totmu,spd 

 

;Calculate the absorption of the input radiation and scattered radiation 

;This is the integral to infinite depth 

;angle of emission of x-rays a la Jarkko 

beta=(180.0-(theta(wht)+alpha))*!pi/180.0     

 

;Calculate factor for absorption into and out of the surface 

f1=1.0/(sin(alphat)) 

f2=1.0/(sin(beta)) 

fac=1.0/(totmu*(f1+f2)) 

  ;fac=fac*1e-4 

 

;Calculate the number of electrons 

wc=total(conc*spd.aw) 

ac=total(conc*spd.am) 

na=6.0221367e23 

nele=na*ac/(wc*sin(alphat)) 

 

;Calculate the scattered spectrum 

;scatxl=nele*teff*specl*fac 

const=nele*teff*fac 

scatxl=specl*const 

;print,const 

;but this is in per Angstrom! 

 

 

;SMOOTHING OF THOMSON SCATTER SPECTA BY FITTING TO A GAUSSIAN 

;plot,solen,scatxl,/ylog;,xr=[0.7,7.5],/xst 

coeff=2.36 

ssy=1./exp(solen*0.01) 

ssy=alog10(ssy) 

ssy=(ssy)-coeff 

ssy=10^ssy 

scatxl=ssy 

;oplot,solen,ssy,linestyle=2 

 

;if ftype eq 'p' then scatxl=0.0 

 

 

;scatxl=0. 

;Convert to per keV 

conkev,solam,solen,scatxl,scatx 

 

if ftype eq 'p' then scatx=scatx/1e2 

 

end 
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Thomson: Called in thom_xrays, calculate the Thomson cross section  

;Program to calculate Thomson scattering efficiency as function of angle 

pro thomson,theta,dsig 

 

; classical electron radius in cm 

  ro=2.8179e-13    

 

;Array of angles 

  theta=findgen(361)*0.5 

  thetr=theta*!pi/180.0 

 

;Differential cross section 

  dsig=(ro^2.)*(1.0+cos(thetr)^2.)/2.0 

return 

end 

 

flour_xrays: Calculate line flux for each element in elem_set. 

; Programme to calculate fluorescent emission of x-rays from surface 

pro flour_xrays,solen,specl,alpha,conc,t0,opa1,opa2,teff,jf 

 

 

;Find scattering angle in THETA given direction of satellite pointing - wrt 

to surface 

;t0=90 is equiv to nadir pointing 

alpha=45 

alphat=alpha*!pi/180.0 

 

;Calculate the absorption of the input radiation and scattered radiation 

;This is the integral to infinite depth 

;angle of emission of x-rays a la Jarkko 

beta=(t0)*!pi/180.0     

 

;Calculate factors to be used for absorption into and out of the surface 

f1=1.0/(sin(alphat)) 

f2=1.0/(sin(beta)) 

 

; Calculate the omega angle of the telescope 

teff=(opa2*!pi/180.0)*(opa1*!pi/180.0) 

 

;Call element set up routine to calculate weighted total absorption 

coefficient 

elem_set,solen,conc,totmu,spd,solam,masa 

 

;Go through the elements and find the position of the absorption edge 

jf=fltarr(16) 

for k=0,15 do begin 

  pedge=max(where(solam ge spd(k).lme)) 

  pline=max(where(solam ge spd(k).lmk)) 

  ;print,'Element is '+spd(k).nm 

  ;print,'Absorption edge is at '+strtrim(spd(k).lme,2) 

  ;print,'Closest energy in spectrum is '+strtrim(solam(pedge),2) 

  abseff=fltarr(n_elements(solen)) 

  emspec=fltarr(n_elements(solen)) 

  for i=0,n_elements(solam)-1 do begin 

      abseff(i)=masa(k,i)/(totmu(i)*f1+totmu(pline)*f2) 

  endfor 
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  ;Calculate emission spectrum and fudge factor 

  ;Do I need to reverse the SPECL array here? - No done later 

  emspec=specl*abseff 

  fudg=((spd(k).jr-

1.0)/spd(k).jr)*(conc(k)*spd(k).fy)/(4.0*!pi*sin(alphat)) 

     

  ;Integrate over appropriate range 

  srt=sort(solam) 

  psrt=min(where(solam(srt) ge spd(k).lme)) 

  nabs=int_tabulated(solam(srt(0:psrt)),emspec(srt(0:psrt))) 

  jf(k)=nabs*fudg*teff 

 

endfor 

 

;plot,jf,yr=[0,300] 

;print,jf 

;stop 

 

 

return 

end 

 

epic_mos_bkg: Sets up instrument background. 

;Gash prog to calculate background seen in EPIC MOS detector 

pro epic_mos_bkg,solen,epf 

 

;Estimated from XMM tech note - in counts/sec/keV 

  epb=[1.0,0.07] 

  epe=[0.2,10.0]    

 

;Fit this 

  cfe=poly_fit(epe,alog10(epb),1,yf) 

  epf=cfe(0)+cfe(1)*solen 

  epf=10^epf 

 

;Normalise to 0.1 counts/cm^2/sec as defined in tech note 

  nrm=int_tabulated(solen,epf) 

  nrm=nrm/0.1 

  epf=epf/nrm 

 

;This is the fitted spectrum according to Owens note 

  epf=3.55e-3+4.61e-5*solen^(-8.745)+5.11e-3*solen^(-0.75829) 

return 

end 

 

 

 

 

 



125 

 

gconv: Gaussian convolver. 

;Gaussian convolver 

pro gconv,enin,flxi,fw,flxo,padit 

 

  enc=enin(n_elements(enin)/2) 

   

  sigm=fw/2.35 

  cnst=(1.0/sqrt(2.0*!pi))*(1.0/sigm) 

  gaus=exp(-1.0*(enin-enc)^2/(2.0*sigm^2)) 

  gaus=cnst*gaus 

;plot,wave,gaus 

  nin=n_elements(enin) 

  padit=fltarr(nin) 

  mxp=max(gaus,mdp) 

  for i=0,n_elements(gaus)-mdp-1 do padit(i)=gaus(mdp+i) 

  for i=0,mdp-1 do padit(nin-1-i)=gaus(mdp-i) 

  flxi2=flxi*0.1  

  flxo=fft(fft(flxi,-1)*fft(padit,-1),1) 

  norm=total(flxi)/total(abs(flxo)) 

  flxo=flxo*norm 

return 

end 

 

binner: Bins data before plotting.  

;Spectrum binner and noise adder 

pro binner,solen,flxo,bins,solena,flxa,flxr 

 

;Find how many steps per bin in solen 

shft=solen-shift(solen,-1) 

dum=bins/abs(mean(shft(0:n_elements(solen)-2))) 

ninb=fix(dum) 

arrs=n_elements(solen)/ninb 

 

;Create output arrays and random number array 

solena=fltarr(arrs) 

flxa_f=fltarr(arrs) 

flxr_f=fltarr(arrs) 

rnd=randomn(seed,arrs) 

;stop 

 

for i=0,arrs-1 do begin 

   solena(i)=mean(solen(i*ninb:(i+1)*ninb-1)) 

   flxa_f(i)=total(flxo(i*ninb:(i+1)*ninb-1)) 

   flxr_f(i)=rnd(i)*sqrt(flxa_f(i)) 

endfor 

ff=(int_tabulated(solena,flxa_f)/int_tabulated(solen,flxo)) 

flxa=flxa_f/ff 

flxr=flxr_f/ff 

   

;stop 

return 

end 
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Appendix B 

Code used for calculating exosphere XRF detections with MIXS-C. Small section in 

gash_params_ collimator in Appendix A to set up variables and compile all the calculations.  

Exo_ht_loop: Set up decrease in abundance of material with scale height. 

pro exo_ht_loop,region,exo,sh,ang,rel_ab,ht 

 

; The relative abundances aren't really relative - since they've been scaled 

using scale height for each element separately  

; This scales relative abundance across all elements at each height interval 

;  

; RETURNS 

; rel_ab - corrected relative abundance 

; ht - same as from angle_test.pro 

; 

 

if n_params() eq 0 then begin 

  region='ma_1' 

  exo='wurz_total_1' 

  

sh=[808.0,1600.0,190.0,1300.0,808.0,808.0,808.0,808.0,60.0,890.0,808.0,808.

0,808.0,808.0,808.0,808.0] 

  ang=42. 

endif 

 

region_select,region=region,exo=exo,surf,exo 

 

nel=n_elements(exo) 

 

angle_test,ang,surf[1],exo[1],sh[1],ht,ab 

 

nht=n_elements(ht) 

abund=fltarr(nht,nel) 

 

for i=0,nel-1 do begin 

  if exo[i] eq 0 then continue 

  angle_test,ang,surf[i],exo[i],sh[i],ht,ab 

  abund[*,i]=ab 

endfor 

 

rel_ab=fltarr(nht,nel) 

for i=0,nht-1 do begin 

  ab=reform(abund[i,*]) 

  rel_ab[i,*]=ab/total(ab) 

endfor 

 

return 

 

end 
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angle_test: Calculate thickness of a section of Mercury’s exosphere based on observation 

angle 
 

pro angle_test,ang,surf,exo,sh,ht_out,ab_out 

 

; Calculated the thickness of a cut through the exosphere of mercury for a 

given viewing angle 

; Assumes a spherically semetric exosphere 

; i.e. nightside same as dayside 

; only one type of surface region and exo 

; 

; INPUTS 

; ang - Angle wrt surface that the spacecraft is pointing 

; surf - surface relative abundance 

; exo - exosphere relative abundance 

; sh - scale height for a given element in the exosphere 

;  

; RETURNS 

; ht_out - an array of heights of each point along bepi LOS for given 

observing angle 

; ab_out - relativer abundance at each height 

; 

 

if n_params() eq 0 then begin 

  ang=0 

  surf=0.0134 

  exo=0.7287 

  sh=190.0 

endif 

 

nht=1000. ; number of height intervals (i.e. 1000km - approx thickness of 

exosphere 

merc_rad=2440. ;radius of mercury (km) 

 

naxis=((2.*merc_rad)+nht)*2. ; size of exosphere grid 

crpix=(naxis/2.)+0.5 ; centre pixel of grid 

pix_size=1./merc_rad ; pixel "size" 

 

get_ht_pa_2d_corimp,naxis,naxis,crpix,crpix,pix_size=pix_size,x,y,ht,pa 

;only care about ht from this code (by Huw Morgan) 

; ht - grid of radial heights from mercury centre  

 

grid=fltarr(naxis,naxis) 

htarr=(findgen(nht)/nht)*(max(x)-1.) +1. 

 

;SHRINK EVERYTHING 

rat=10 ; shrink everything by a factor of "rat" 

merc_rad=merc_rad/rat 

nht=nht/rat 

naxis=naxis/rat 

crpix=(naxis/2.)+0.5 

ht=rebin(ht,naxis,naxis) 

htarr=rebin(htarr,nht) 

grid=rebin(grid,naxis,naxis) 

 

 

height=findgen(nht)+1. 

ab=fltarr(nht) 

for i=0,nht-2 do begin 

  ab[i]=exo*exp(-height[i]/sh) ; apply scale height to exo abund 

  index=where(ht lt htarr[i+1] and ht ge htarr[i]) 
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  grid[index]=ab[i] ; assign each point in the grid an abund for that height 

endfor 

 

;mask out below Mercury surface and above max thickness of exosphere  

ind=where(ht gt (merc_rad+nht)/merc_rad) 

grid[ind]=0 

ind=where(ht lt 1.) 

grid[ind]=0 

 

 

 

r=findgen(merc_rad+nht)+1. 

xx=fltarr(merc_rad+nht) 

yy=fltarr(merc_rad+nht) 

;x & y coords of points along the line of sight for the observing angle "ang" 

nr=n_elements(r) 

for i=0,nr-1 do begin 

  phi=(90.-ang)*!dtor 

  xp=r[i]*cos(phi) 

  yp=r[i]*sin(phi) 

  sp=crpix-merc_rad-2. 

  xx[i]=sp-xp 

  yy[i]=crpix+yp 

endfor 

 

;extracts pixels from the grid thatr lay along the LOS 

hout=ht[xx,yy] 

gout=grid[xx,yy] 

hout=((hout*merc_rad)-merc_rad)*rat 

gout=gout[where(gout)] 

hout=hout[where(gout)] 

 

 

; Based on bepi orbit 

; bepi is often inside the exosphere (i.e. below 1000km) 

; reduces to only pixels along the LOS that are below the current orbital 

height of bepi 

 

bepi_orbits,r,v,d,t 

orb=(r-2440000.)/1e3 

 

obs_ang=findgen(181) 

obs_ang=obs_ang*!dtor 

thing=(2440.+orb)*cos(obs_ang) 

ind=where(thing le 2440) 

ind=ind[0] 

 

orb=orb[0:ind] 

orb=congrid(orb,91) 

orb=reverse(orb) 

 

ang_ref=findgen(91) 

 

orb2=interpol(orb,ang_ref,ang) 

 

ind=where(hout le orb2) 

hout=hout[ind] 

gout=gout[ind] 

 

ht_out=hout ; height array (radial from mercury) of pixels along LOS 

ab_out=gout ; relative abundance in each pixel along LOS 
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return 

 

end 

 

bepi_orbit: Calculates orbital path of BepiColombo.  

pro bepi_orbits,r,v,d,t 

 

; Returns basic 2d orbital info for bepi 

; based on the perihelion/aphelion rp & ra 

; Uses equations for eliptic orbit we found on wikipedia 

; 

; RETRUNS 

; for angle 0 degrees (perihelion) to 180 degrees (aphelion) 

; r - radial distance from centre of Mercury (m) 

; v - velocity of bepi at that point in the orbit (m/s) 

; d - distance traveled between to points in the orbit (m) 

; t - time taken to travel between points along orbit (s) 

; 

 

 

g=6.67384e-11 ; G - gravity const. ( m^3/(kg.s^2) ) 

m=3.285e23    ; M - mass mercury (kg) 

mr=2440000.   ; radius of mercury (m) 

rp=400000. ; peri (m) 

ra=1508000. ; aphe (m) 

 

rp=rp+mr 

ra=ra+mr 

 

phi=findgen(181) 

phi=phi*!dtor 

 

mu=g*m 

e=(ra-rp)/(ra+rp) 

p=rp*(1.+e) 

a=p/(1-(e^2.)) 

 

r=(a*(1.-e^2.)) / (1.+(e*cos(phi))) 

v=sqrt(mu*((2./r)-(1./a))) 

tp=2.*!pi*sqrt((a^3.)/mu) ; orbital period 

 

d=fltarr(180) 

for i=0,179 do begin 

  d[i]=sqrt(r[i]^2 +r[i+1]^2 - 2.*r[i]*r[i+1]*cos(1.*!dtor)) 

endfor 

 

t=(d/v[0:179]) 

 

return 

end 
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gash_around_fixed_point: Adaption of gash_params_collimator from Appendix A to model 

XRF detections from Mercury’s exosphere around a fixed point.  
 

pro gash_around_fixed_point 

; Alternative for gash_params_collimator.pro 

; models bepi observations as it rotates around a fixed point 

; the point chosen is the sub-solar point on mercury at the lowest point in 

the exosphere (1km above surface) 

;  

; Instead of looping through height and angle 

; this version simply uses the time taken for bepi to orbit from a position 

where is can observe the base of the exosphere at the sub solar point at a 

tangent to the surface 

; through to observing this point straight down through the exosphere (i.e. 

along sun-mercury meridian) 

; and then back to tangential viewing 

; 

; uses this time as exposure time for this observation 

; assumes already subtracted the LOS forground/background and surface 

contributions  

 

set_plot,'win' 

device,deco=0 

loadct,0 

window,0,xs=900,ys=600 

!p.background=255 

!p.color=0 

device,decomposed=0 

 

ftype='x' 

det='mixsc' 

region='ma_1' 

exo='wurz_total_1' 

ang=90. 

 

mr=2440000.   ; radius of mercury (m) 

bepi_orbits,r,v,d,t 

 

y=fltarr(181) 

for i=0,180 do begin 

  phi=i*!dtor 

  y[i]=r[i]*cos(phi) 

endfor 

plot,abs(y-mr)/1e3 

 

ind=where(abs(y-mr) eq min(abs(y-mr))) 

r=r[0:ind] 

t=t[0:ind] 

nt=n_elements(t) 

alpha=reverse((findgen(nt)/(nt-1.))*90.) 

 

r2=reverse(r[1:*]) 

t2=reverse(t[1:*]) 

a2=reverse(alpha[1:*]) 

 

r=[r2,r] 

tim=[t2,t] 

alpha=[alpha,a2] 

 

ntim=n_elements(tim) 
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DPARAM={area:0.8,$    ;effective area of the instrument cm^2 

  detarea:64.0,$ ;physical area of the detector cm^2 

  opa1:10.0,$    ;opening angle in sun-spacecraft plane deg 

  opa2:10.0,$    ;opening angle in orthogonal plane deg 

  res:0.08,$     ;FWHM of resolution element in keV 

  tds:50.0}      ;depletion depth of the detector in microns 

 

filtset,fparam,[0.0,2300.0,0.0,0.0] 

region_select,region=region,exo=exo,regi,regi_e 

thick=6.8e9 ;Na 

 

sh=scale() 

 

OBSPARAM={conc:regi_e,alpha:alpha[33],t0:ang,tim:total(tim),aufac:6.57,ns:1

.0} 

specbld_dev,solen,solam,flxi,flxo,mindet,minlun,dparam,fparam,obsparam,inst

,teff,spd,jfx=jfx,masa=masa,jfi=jfi,solar=solar,ftype=ftype,det=det;,/gaas;

,/flight 

bins=10.0/255.0 

binner,solen,float(flxo),bins,solena,abs_s,abs_n 

binsp=abs_s+abs_n 

detector_effects=obsparam.tim*dparam.area 

index=where(flxo gt 1e-2) 

flxo[index]=(flxo[index]*detector_effects) 

flxe=flxo/thick 

 

plot,solen,flxe,/ylog,xr=[0.75,7.5],/yst,yr=[1e-3,0.1],/xst,xtit='Energy 

(keV)',ytit='Counts/keV',charsize=2,charthick=1 

print,max(real_part(flxe[where(solen ge 0.7 and solen le 7.5)]),/nan) 

stop 

 

 

end 

 

gash_loop_los: Adaption of gash_params_collimator from Appendix A to model XRF 

detections from Mercury’s exosphere through a number of lines of sight.  

 
pro gash_loop_los 

 

; Alternative for gash_params_collimator.pro 

; Loops through and sums many LOS through the exosphere 

; where the LOS pass tangential to the surface at the lowest point in the 

exosphere 

; Originally looped from 0 - 180 degree viewing angle wrt Sun-Mercury line 

; trimmed off the first 10 degrees so not pointed  

 

set_plot,'win' 

device,deco=0 

loadct,0 

window,0,xs=900,ys=600 

!p.background=255 

!p.color=0 

device,decomposed=0 

 

ftype='x' 

det='mixsc' 

region='ma_1' 

exo='wurz_total_1' 



132 

 

ang=1. 

mr=2440000.   ; radius of mercury (m) 

bepi_orbits,r,v,d,t 

 

; this bit found the angles in the orbits for observing angles tangent to 90 

from sun 

;x=fltarr(181) 

;for i=0,180 do begin 

;  phi=i*!dtor 

;  x[i]=r[i]*sin(phi) 

;endfor 

;plot,abs(x-mr) 

;stop 

 

 

;54 & 140 

 

; Stacks from -90 to 0 then 0 to 90 degrees 

r1=reverse(r[0:140]) 

t1=reverse(t[0:140]) 

a1=reverse((findgen(141)/140)*90.) 

r2=r[1:50] 

t2=t[1:50] 

a2=(findgen(51)/50)*90.  

a2=a2[1:*] 

r=[r1,r2] 

tim=[t1,t2] 

alpha=[a1,a2] 

;cut off the first 10 degrees to avoid looking at Sun 

r=r[16:*] 

tim=tim[16:*] 

alpha=alpha[16:*] 

   

ntim=n_elements(tim) 

 

DPARAM={area:0.8,$    ;effective area of the instrument cm^2 

  detarea:64.0,$ ;physical area of the detector cm^2 

  opa1:10.0,$    ;opening angle in sun-spacecraft plane deg 

  opa2:10.0,$    ;opening angle in orthogonal plane deg 

  res:0.08,$     ;FWHM of resolution element in keV 

  tds:50.0}      ;depletion depth of the detector in microns 

 

filtset,fparam,[0.0,2300.0,0.0,0.0] 

region_select,region=region,exo=exo,regi,regi_e 

thick=6.8e9 ;Na 

 

sh=scale() ;scale height 

exo_ht_loop,region,exo,sh,ang,rel_ab,ht 

 

; same as exosphere bity of gash params, but loops through observing angle 

too 

flxj=fltarr(2048,ntim) 

for itim=0,ntim-1 do begin 

  nht=n_elements(ht) 

  flxe=fltarr(2048,nht) 

  for i=0,nht-1 do begin 

    total_ab=rel_ab[i,*] 

    

OBSPARAM={conc:total_ab,alpha:alpha[itim],t0:ang,tim:tim[itim],aufac:6.57,n

s:1.0} 
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specbld_dev,solen,solam,flxi,flxo,mindet,minlun,dparam,fparam,obsparam,inst

,teff,spd,jfx=jfx,masa=masa,jfi=jfi,solar=solar,ftype=ftype,det=det;,/gaas;

,/flight 

    bins=10.0/255.0 

    binner,solen,float(flxo),bins,solena,abs_s,abs_n 

    binsp=abs_s+abs_n 

    detector_effects=obsparam.tim*dparam.area 

    index=where(flxo gt 1e-2) 

    flxo[index]=(flxo[index]*detector_effects) 

    flxe[*,i]=flxo 

  endfor 

  for i=0,nht-1 do begin 

    flxe[*,i]=flxe[*,i]*exp(-ht[i]/190.) 

  endfor 

 

  flxeo=fltarr(2048) 

  for i=0,2047 do begin 

    flxeo[i]=total(flxe[i,*]) 

  endfor 

  flxe=flxeo/thicc 

  flxj[*,itim]=flxe*2. 

  plot,solen,flxe,/ylog,xr=[0.75,7.5],/xst 

  print,alpha[itim] 

endfor 

 

;sum up over all observing angles 

flxe=fltarr(2048) 

for i=0,2047 do begin 

  flxe[i]=total(flxj[i,*]) 

endfor 

 

plot,solen,flxe,/ylog,xr=[0.75,7.5],/yst,yr=[1e-2,10],/xst,xtit='Energy 

(keV)',ytit='Counts/keV',charsize=2,charthick=1 

print,max(flxe[where(solen ge 0.7 and solen le 7.5)],/nan) 

 

stop 

 

end 
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Appendix C 

Code used to model PIXE events using MIXS. Small section in intspec2 in Appendix A that 

sets up the particle background used in this calculation.  

Bremsstrahlung test: Calculate bremsstrahlung and auger background. 

pro bremsstrahlung_test,solen,solar,alpha,conc,t0,opa1,opa2,teff,jfx 

 

;window,0 

;!p.color=0 

;!p.background=255 

;device,decomposed=0 

; 

;if n_params() eq 0 then begin 

;  solen=findgen(2048)*0.01+0.1 

;  nen=[0.1,0.2,0.4,0.6,0.8,1.,2.,4.,6.,8.,10.,20.] 

;  temp=[7.4,7.7,7.9,8.0,8.0,8.0,7.8,7.5,7.1,6.7,6.3,5.0] ;for p 

;  ;temp=[6.6,7.0,7.0,7.1,7.1,7.1,7.0,6.2,5.5,5.1,4.7,3.1] ;for p2 

;  tflx=spline(nen,temp,solen) 

;  specl=10^tflx 

;   

;  alpha=45. ;solar angle 

;  

conc=[0.0,0.588,0.0134,0.161,0.0264,0.174,0.00208,0.00529,0.0003,0.01269,0.

00015,0.00042,0.0,0.01279,0.0,0.00004] 

;  t0=90. ;observing 

;  opa1=10. 

;  opa2=10. 

;endif 

h=4.135e-15 

c=3.0e8 

wl=h*c/(solen*1e3);*1e3 

wmin=wl[2047] 

i=((wl/wmin)-1.)/((wl)^2.) ;Kramers law  

 

;z=23. 

;k=(solar/1e3)/z 

;i=alog10(i) 

;i=i*alog10(k) 

;i=i/1e2 

 

i[where(solen ge 10.)]=0. 

 

alphat=alpha*!pi/180.0 ; solar angle 

beta=(t0)*!pi/180.0 ; oberving angle ? 

f1=1.0/(sin(alphat)) 

f2=1.0/(sin(beta)) 

teff=(opa2*!pi/180.0)*(opa1*!pi/180.0) ; effective area 

 

elem_set,solen,conc,totmu,spd,solam,masa 

 

fslope=40 ; the real constant is 4x10^-25 but I can't move the power ??? 40 

 

jfx=fltarr(16) ; 

cc=fltarr(16) ; array of constants for atomic weight 

am=fltarr(16) ;atomic weight 

for k=0,15 do begin 
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  c=fslope/spd(k).am 

  cc[k]=c 

  am[k]=spd(k).am 

 

  i=i*c 

  emspec=solar*i*1e-26 

   

  if conc(k) eq 0 then begin 

    jfx(k)=0. 

    ;aw[k]=0. 

    continue 

  endif 

  auger=spd[k].fy 

  fudg=auger*conc(k)/(4.0*!pi*sin(alphat)) 

  srt=sort(solam) 

  psrt=min(where(solam(srt) ge spd(k).lme)) 

  nabs=int_tabulated(solam(srt(0:psrt)),emspec(srt(0:psrt))) 

  ;print,nabs 

  jfx(k)=nabs*fudg*teff 

endfor 

 

jfx=alog10(jfx) 

jfx=10^jfx 

 

plot,jfx,/ylog,/yst,charsize=2,yr=[1e-8,1e5] 

;print,'brem jfx =',jfx 

;stop 

jf0=[0.0,0.000116376,6.13107e-006,7.82579e-005,1.39567e-005,8.78282e-

005,9.88681e-007,2.12716e-006,6.16883e-008,1.91540e-006,2.37404e-

007,2.48425e-008,0.0,4.26313e-007,0.0,5.66631e-010] 

plot,spd.am,jfx/jf0,/ylog,/psym;,yr=[1e-1,1e5] 

oplot,spd.am,/psym 

;stop 

 

return 

 

end 
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