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Abstract 

The Moon has neither a strong magnetic field nor a dense atmosphere to stand-

off the solar wind. However, some areas of the lunar crust are permanently 

magnetized and several studies indicate that these magnetic anomalies can form 

mini-magnetospheres, partially deflecting the solar wind. 

Here, ion data from the SARA instrument onboard Chandrayaan-1 is analyzed, to 

improve the understanding of the interaction dynamics between the solar wind 

protons and the Moon. 

A clear and strong interaction is observed between the solar wind protons and the 

lunar magnetic anomalies. ~50 % of the incoming solar wind protons are reflected 

above the strongest magnetic anomalies. An average of ~1 % of the solar wind 

protons are reflected over the entire lunar far-side. 

This implies that the regolith in magnetic anomaly areas is partially protected from 

proton precipitation, and that the near-Moon plasma environment is highly 

influenced by the magnetic anomalies. 

Even small (<100 km), weak (<3 nT at 30 km altitude) magnetic anomalies reflect 

some of the solar wind protons, which is surprising considering the large gyro 

radius of a proton in such a field. Further studies are required to understand the 

reflection mechanism. 
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Sammanfattning 

Månen har varken ett starkt magnetfält eller en tät atmosfär som kan stå emot 

solvinden. Vissa områden av månens skorpa är dock permanent magnetiserade 

och flera studier antyder att dessa magnetiska anomalier kan forma mini-

magnetosfärer som delvis böjer av solvinden. 

Här analyseras jon-data från SARA-instrumentet ombord på Chandrayaan-1 för att 

förbättra förståelsen av hur solvindsprotoner interagerar med månen. 

En stark interaktion påvisas mellan solvindsprotonerna och månens magnetiska 

anomalier: ~50 % av de inkommande solvindsprotonerna reflekteras ovanför de 

områden där de starkaste magnetiska anomalierna finns. Ett genomsnitt av ~1 % 

av de inkommande solvindsprotonerna reflekteras av de magnetiska anomalierna 

på den från jorden bortvända sidan av månen. 

Detta innebär att månens finkorniga ytlager delvis skyddas från protonnedfall i 

områden med magnetiska anomalier, samt att plasmamiljön runt månen starkt 

påverkas av de magnetiska anomalierna. 

Även små, svaga magnetiska anomalier (~3 nT vid 30 km altitud) reflekterar en del 

av solvindsprotonerna, vilket är överraskande med tanke på den stora gyroradien 

för en proton i ett sådant fält. Vidare studier krävs för att förstå mekanismen 

bakom reflektionen. 
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1  Introduction 

The investigation of the interaction between the solar wind and the Moon can 

provide much insight into the Moon environment but also into more general 

space plasma physics and planetary physics of relevance to the entire Solar 

System. In this chapter, previous studies on solar wind interaction with the Moon 

are briefly summarized and the intended scope of this study is declared. 

1.1 Background 
Early studies of the interaction between the solar wind and the Moon [Colburn et 

al., 1967; Lyon et al., 1967; Ness et al., 1967], using data from the Explorer 35 

satellite showed that the Moon lacked a strong magnetic field and that the lunar 

surface on the first order appeared to absorb the solar wind, leaving a plasma 

vacuum behind the Moon. However, occasional small perturbations in the 

interplanetary magnetic field were observed near the lunar terminator [Colburn et 

al., 1971; Ness et al., 1968]. From the Apollo missions, we know that the Moon 

has areas of crustal magnetization called magnetic anomalies [Coleman et al., 

1972a; Dyal et al., 1974]. Coleman et al. [1972b], and Russell and Lichtenstein 

[1975] showed that the occurrence of interplanetary magnetic field perturbations 

was linked to the locations of magnetic anomalies. As an explanation, they 

suggested that the solar wind was deflected over the magnetic anomalies. 

More recent studies have continued to show evidence of interaction between the 

solar wind and the magnetic anomalies. From magnetic field and electron data 

obtained by the Lunar Prospector over the strongly magnetized area at the 

Imbrium antipode, Lin et al. [1998] showed features that indicated the formation 

of a mini-magnetosphere structure. Futaana et al. [2003] proposed that solar 

wind reflection at mini-magnetospheres could explain proton populations with 

non-solar wind velocity distributions, seen near the Moon by the Nozomi 

spacecraft. Halekas et al. [2007] further analyzed the Lunar Prospector data and 
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described evidence of solar wind interaction with the magnetic anomalies in the 

forms of magnetic field amplifications, electron flux increases and magnetic 

waves. For one occasion during the lifetime of the Lunar Prospector, Halekas et al. 

[2008] also observed a density cavity above a strong magnetic anomaly, possibly 

the interior of a mini-magnetosphere.  

Other forms of interactions between the solar wind and the Moon have also been 

reported. Saito et al. [2008] reported observations from the SELENE (Kaguya) 

spacecraft that 0.1%-1% of the solar wind proton flux was backscattered by the 

lunar regolith, instead of being absorbed. By modeling the behavior of the 

backscattered protons in the near-Moon space environment, Holmström et al. 

[2010] showed that the backscattered protons could be a possible explanation of 

the Nozomi observations since they could be picked-up by the IMF and 

transported upstream of the Moon, or into the lunar wake, which was also shown 

by Nishino et al. [2009]. From the Chandrayaan-1 spacecraft, Wieser et al. [2009] 

showed that up to 20% of the impinging solar wind protons are backscattered 

from the lunar surface as Energetic Neutral Atoms (ENAs) of hydrogen.  

The finding of high ENA backscattering allowed for a new form of studying the 

solar wind interaction with the magnetic anomalies, as suggested by Futaana et 

al. [2006]. If magnetic anomalies shielded the surface from the solar wind, this 

would show as a decrease in backscattered ENAs. Using this idea, Wieser et al. 

[2010] showed an ENA image of a mini-magnetosphere over the Gerasimovich 

(Crisium antipode) magnetic anomaly. 

The instrument used by Chandrayaan-1 for the ENA study was the Sub-KeV Atoms 

Reflecting Analyzer (SARA), which consisted of the Chandrayaan-1 Energetic 

Neutrals Analyzer (CENA) and the Solar WInd Monitor (SWIM). CENA measured 

the backscattering ENAs and SWIM monitored the incoming solar wind protons 

(and other positive ions such as alpha particles) [Barabash et al., 2009]. This was 

however not the only role of SWIM, its Field of View (FoV) allowed it to also 

monitor protons coming upward from the Moon [McCann et al., 2007]. 

Observations of upward proton fluxes by SWIM were shown by Holmström et al. 

[2010] and the further analysis of these protons is the subject of this thesis study. 
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1.2 Purpose 
This thesis study aims to provide more insight into the interaction between the 

solar wind and the Moon by studying proton data from the SWIM sensor onboard 

Chandrayaan-1. The proton populations seen by SWIM should be classified, their 

direction, energy and flux assessed, and their dependence on solar wind 

conditions, IMF conditions and crustal magnetism should be analyzed. 

1.3 Delimitations 
While earlier studies from various spacecraft and instruments are used as 

references for understanding, verifying and discussing the dynamics involved, the 

analysis in this study focuses on only the SWIM sensor. This means that the 

possibility to investigate various environmental parameters is limited to the actual 

conditions when the instrument was active. This also means that only ions that 

fulfill the instrument criteria (see Chapter 3) can be analyzed, where the FoV is a 

significant limiting factor. The observation altitude also limits the possibilities of 

this study.  

Time constraints limit how much data can be analyzed and how deeply. Therefore, 

the data set used for main analysis will be carefully selected to fulfill certain 

criteria, while other parts of the data will be briefly investigated for comparison. 

The main analysis will be limited to when the Moon is exposed to the solar wind 

and when the satellite is above the lunar dayside.  
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2 Current Knowledge 

In this chapter, a summary is made of current knowledge and understanding 

related to the topic of solar wind interaction with the Moon. This is separated into 

three sections. The first section is an overview of the solar wind and its interaction 

with different types of solar system objects. In the second section, the Moon’s 

physical conditions are presented. These two sections should together form a 

basis to get some idea of the expected solar wind-Moon interaction. In the third 

section, the current picture of the interaction dynamics and its basis in recent in-

situ measurements and simulations is presented. This is an attempt of a linear 

logical structure for this chapter but in reality, the three sections all depend on 

each other; the knowledge of the physical conditions is partly a result of the 

interaction measurements and understanding the plasma dynamics of the Moon is 

a vital part in understanding the plasma dynamics of the Solar System. 

2.1 Solar Wind Interactions with Solar System Objects 
The theory of a stream of charged particles flowing out from the Sun existed 

before any direct measurements were possible. The theory was based on the 

observed effects on the Earth in the form of geomagnetic storms [Chapman and 

Ferraro, 1930], and on comets in the form of a tail [Biermann, 1951]. The solar 

wind interacts in various ways with different Solar System objects, and the most 

significant mechanisms that can be seen in the Solar System are described briefly 

here.  

2.1.1 The Solar Wind 

The solar wind is a stream of particles, continuously emitted from the Sun [e.g. 

Hundhausen, 1995]. The Sun’s magnetic field is frozen in with the solar wind, 

forming the Interplanetary Magnetic Field (IMF), first suggested by Alfvén [1957] 

as an improvement to the hypothesis by Biermann [1951].  
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 The solar wind and IMF are monitored by the Advanced Composition Explorer 

(ACE) [Stone et al., 1998] and WIND [Ogilvie and Desch, 1997] spacecraft, 

positioned at the L1 Lagrangian point of the Sun-Earth system (see also Appendix 

I). Typical solar wind and IMF parameters at the orbit of the Earth are seen in 

Table 2.1. 

 

Figure 2.1 – As the solar wind flows radially from the Sun with the magnetic field frozen into it, 
the rotation of the Sun gives the IMF a spiral shape. The solid lines represent the magnetic field 
lines and the dashed line shows the orbit of the Earth. Arrows show the direction of the solar 
wind flow. A radial solar wind velocity of 400 km/s was used for this figure. (Adapted from figure 
by Parker [1963].) 

 

 

 

 

The Frozen-In Interplanetary Magnetic Field 

[AU] 

[AU] 
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Table 2.1 – Typical solar wind plasma- and IMF parameters at the orbit of the Earth 
[Hundhausen, 1995]. 

Parameter Value 

Proton density  6.6 cm-3 
Electron density  7.1 cm-3 
Proton temperature 1.2*105 K 
Electron temperature 1.4*105 K 
Solar wind speed 450 km/s 
IMF strength, absolute value  7 nT 

 

2.1.2 Interactions with Dynamo Powered Magnetic Fields 

The Earth has a strong magnetic field, powered by the rotation of the conductive 

core – the geomagnetic dynamo. As the solar wind encounters the geomagnetic 

field, the IMF is draped around it. The solar wind plasma flows along the IMF field 

lines and thus avoids the Earth’s magnetosphere. The boundary between the solar 

wind and the magnetosphere is called the magnetopause. Even though the plasma 

is collision-less, the solar wind will feel the effects of the obstacle some additional 

Earth radii away, due to MHD waves. This gives rise to a shock wave in front of the 

Earth, the bow shock. [Russell, 1995] 

2.1.3 Interactions with Unprotected Atmospheres 

For objects that lack a strong magnetic field protecting the atmosphere, the 

ionosphere plays a big role in the solar wind interaction. The ionosphere is 

primarily generated through photoionization of atmospheric particles by the solar 

UV-light. The plasma state of the ionosphere means that it will interact with 

electric and magnetic fields, e.g. the IMF. Currents will be induced, counteracting 

the variations in the external magnetic fields, thus acting as an obstacle for the 

solar wind plasma with its frozen-in magnetic field. 

An example of this is Venus. Venus lacks a strong magnetic field but has a thick 

atmosphere which is highly ionized due to its high exposure to solar UV radiation. 

Thus, Venus is an excellent example of pure solar wind – ionosphere interaction. 

The induced ionospheric currents are strong enough to drape the magnetic field 

lines around it, holding off the solar wind at the so-called ionopause at ~300 km 
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altitude and generating a bow shock at ~1.5 Venus radii (planetocentric). 

[Luhmann, 1995] 

At both Venus and Mars, the solar wind interaction causes a constant stripping of 

the atmosphere due to ions getting picked up by the solar wind and flowing away 

in the wake. The most visually apparent example of this is seen in the interaction 

between the solar wind and the atmospheres of comets. In the case of comets, 

the ionosphere is not strongly gravitationally bound to the comet and ion pick-up 

becomes more important than magnetic induction. The pick-up process slows 

down the solar wind, causing draping of the magnetic field before the induced 

magnetic bow shock. [Luhmann, 1995] 

2.1.4 Interactions with Unprotected Crusts 

As mentioned above, Mars interacts with the solar wind through its thin 

atmosphere, but studies also show that magnetic anomalies in the Martian crust 

can influence the interaction, deflecting the solar wind so that areas of protected 

atmosphere form. Where crustal field lines reconnect with the IMF, the solar wind 

reaches the atmosphere, creating aurora [Brain et al., 2006]. Without atmosphere 

and internal dynamos, crustal magnetic anomalies provide a last chance for 

protecting parts of the surface against the solar wind. As mentioned in Chapter 

1.1, evidence of such interaction has been seen at the Moon, and as the Moon is 

the target for this study, this will be further described in the next section and 

investigated throughout this report.  

If the solar wind reaches the surface of a Solar System object, the plasma is 

partially absorbed and partially backscattered. This has been studied at the Moon 

[Saito et al., 2008] and Phobos [Futaana et al., 2010].  

The IMF can interact with an unprotected object in different ways, depending on 

the resistivity of the object. An object with high resistivity will be transparent to 

the IMF. An object with low resistivity, on the other hand, will get induced 

currents just like for the ionosphere, causing a counter-acting magnetic field and 

draping the IMF around the conductive part of the body. [Luhmann, 1995] 
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A significant conductive layer in the crust would cause induced magnetic field 

perturbations around the body. This has been observed at e.g. the Jovian moons 

Europa and Callisto [Zimmer et al., 2002] (which are exposed to the Jovian plasma 

environment and magnetic field rather than the solar wind and IMF). Sub-surface 

conductive oceans could be the explanation of their induced magnetic fields.  

2.2 Lunar Interaction Conditions 
The previous section described the solar wind and different kinds of solar wind 

interaction with different types of obstacles. Here, a closer look is made into the 

properties of the solar wind as it reaches the Moon and the lunar features which 

could pose an obstacle for the solar wind. 

2.2.1 Plasma Environment at the Lunar Orbit 

In its orbit around the Earth, the Moon is exposed to a highly dynamic plasma 

environment. Most of the time, the Moon lies within the variable solar wind flow, 

but for ~10 days each month, it passes through the different regions of the 

terrestrial wake. Table 2.1 shows typical solar wind plasma parameters near the 

Earth’s orbit.  

2.2.2 Effects of UV-Irradiation 

Apart from the case of lunar eclipse, UV light constantly irradiates half of the 

Moon – per definition the lunar dayside. As mentioned earlier, this can play a big 

role in the solar wind interaction with atmospheres. The UV light can also affect 

the surface. The UV-light knocks electrons away from the surface through 

photoelectric effect, causing surface charging. The resulting electrical fields can 

cause dust levitation. It is unclear how large the effect of photoelectrons, electric 

fields and levitating dust is on the incident solar wind, but they are important 

factors of the Moon environment and should be kept in mind. [Stubbs et al., 2007] 

2.2.3 Lunar Magnetic Anomalies 

Several missions to the Moon have involved mapping of the lunar magnetic 

anomalies [Lin et al., 1998; Purucker, 2008; Richmond and Hood, 2008; Tsunakawa 

et al., 2010]. Figure 2.2 shows the empirical magnetic anomaly model by Purucker 

[2008], based on data from Lunar Prospector. The distribution of the magnetic 

anomalies seems to correlate with large impact basins and their antipodes.  
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Figure 2.2 – Magnetic anomaly field strength at 30 km altitude, on the near-side (left) and the 
far-side (right). Figure by Purucker [2008]. 

2.3 Current View of the Solar Wind-Moon Interaction 
The current understanding of the solar wind-Moon interaction dynamics is based 

on the known interaction mechanics and lunar conditions presented in previous 

sections, complemented by in-situ measurements and numerical models. 

Saito et al. [2010] investigated the Kaguya satellite’s proton measurements, 

identifying four different ion populations: Backscattered protons from the 

regolith, reflected protons from the magnetic anomalies, pick-up accelerated 

reflected/backscattered protons and ions originating from the lunar 

surface/exosphere. The different proton populations are separated by their 

different energies and distribution functions. 

2.3.1 IMF Interaction with the Lunar Core 

From early measurements of the magnetic field around the Moon it is known that 

the Moon does not have a strong global magnetic field. This indicates that there is 

no active dynamo process in the lunar core. Since the Moon is believed to have a 

small metallic core, it will still interact with magnetic fields passing through the 

Moon. If the magnetic field varies over time, induced currents will create a 
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magnetic obstacle, as discussed earlier. The magnetic field will be draped around 

the lunar core. However, the effect from this is likely limited to the interior of the 

Moon and does not affect the surrounding space [Luhmann, 1995]. 

2.3.2 Interaction with the Lunar Atmosphere 

When the solar wind flows through the thin lunar atmosphere, atmospheric ions, 

including reflected/backscattered protons, can be picked-up and accelerated. The 

atmospheric ions and electrons may not be numerous enough to, like comets, 

significantly slow down the solar wind on a large scale, but they make up 

important particle populations in the near-Moon plasma environment. The pick-

up ions can be accelerated to energies well above the solar wind and their 

trajectories can take them into the lunar wake [Nishino et al., 2009; Holmström et 

al., 2010]. 

2.3.3 Interaction with Unmagnetized Lunar Crust 

The general picture has long been that the regolith absorbs nearly all of the 

incident solar wind protons. This picture has been modified by recent discoveries; 

Kaguya has observed a backscattering of protons from the lunar surface of 0.1%-

1% of the impinging solar wind [Saito et al., 2008] and Chandrayaan-1 has 

observed that a very large fraction (up to 20%) of the solar wind protons is 

backscattered as hydrogen atoms [Wieser et al., 2009].  

2.3.4 Interaction with Magnetic Anomalies 

Observations by the Lunar Prospector have shown electron energization and 

draping of magnetic field lines over strong magnetic anomalies, indicating bow 

shock formation [Lin et al., 1998]. For a pair of orbits, the Lunar Prospector 

observed a plasma-void when the satellite was at an altitude of 20-30 km and a 

selenographical location of 243-244 degrees East and 10-30 degrees South (at the 

Gerasimovich magnetic anomaly). This measurement was done at 7-8 degrees 

upstream from the terminator, under the rare conditions of 15.8 /cm3 plasma 

density, 1.11 eV proton temperature, 303 km/s solar wind speed, 2.36 nT 

magnetic field strength and solar wind Alfven and magnetosonic Mach numbers of 

23.4 and 9.0. However, the magnetic field in the plasma void appeared to be 

draped IMF rather than a measurement of the crustal field, which would be 
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inconsistent with the general behavior of magnetospheric plasma voids, which 

form inside the local magnetic field since the IMF is generally attached to the solar 

wind. [Halekas et al., 2008].  

The interaction with the magnetic anomalies has also been analyzed through 

simulations. Harnett and Winglee [2000] made 2D MHD simulations of solar wind 

interaction with a dipole in the lunar crust. They show mini-magnetosphere 

formation above a dipole placed 50 km below the surface, with a magnetic field 

strength of 290 nT at the surface for a solar wind density of 10 cm-3 and a solar 

wind speed of 400 km/s. However, the resulting magnetic field strength at 100 km 

becomes 30 nT, which is an order higher than the measurements of a similar 

magnetic anomaly (the anomaly magnetic field measured by Lunar Prospector 

during the bow shock observations with similar solar wind density, above the 

Serenitatis Antipode, was 2 nT at 100 km [Lin et al., 1998]). This indicates some 

flaw in the model.  

Harnett and Winglee [2002] investigated the particle behavior in the mini-

magnetospheres, showing proton demagnetization while electrons remained 

magnetized. In particle simulations, they set the IMF to 0 and placed a dipole 100 

km below the surface, causing a magnetic field strength of 50 nT at the surface 

and 10 nT at 100 km altitude for 400 km/s solar wind speed. They created a 2.5D 

MagnetoPlasma Dynamics (MPD) model to take small scale non-ideal MHD effects 

into account and used the same initial conditions as those in the 2D MHD 

simulations and were able to reproduce the ion demagnetization from the particle 

simulations but the scale of the magnetosphere did not change between MHD and 

MPD.  

Harnett and Winglee [2003] improved the model by using multiple dipoles, placed 

26 km below the surface, to represent the magnetic anomalies. With four dipoles, 

the magnetic field strength was on the order of 300 nT at the surface and 10 nT at 

100 km altitude. Density plots from these simulations are shown in Figure 2.3.  

ENA measurements from Chandrayaan-1, observed in noon-midnight orbit, 

indicate that up to 50% less solar wind protons reach the surface at the 

Gerasimovich magnetic anomaly, compared to the surrounding areas. 
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Figure 2.3 – Plots by Harnett and Winglee [2003] of the simulated interaction between the solar 
wind and magnetic anomalies, showing magnetic field lines and plasma densities. a through d 
are simulated for different alignments of the dipole moments. 
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3 Instrumentation 

The purpose and specifications of the used instrumentation is described in this 

chapter, for each hierarchical level of the instrument: The Chandrayaan-1 satellite, 

the SARA instrument and the SWIM sensor. 

3.1 Chandrayaan-1 
Chandrayaan-1 was the first Indian mission to the Moon. It was launched on 22 

October 2008 and entered its 100 km polar mission orbit on 12 November. On 26 

April 2009, the satellite orbit was raised to 200 km to simplify orbit maintenance 

after failure of its star sensor. Contact with the satellite was lost on 28 August 

2009 and the mission was declared finished on 30 August. [Goswami, 2010].  

 

Figure 3.1 – The Chandrayaan-1 spacecraft, with the scientific payloads indicated. Figure from 
Goswami and Annadurai [2009]. 

The payloads onboard Chandrayaan-1 were: 
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 TMC: Terrain Mapping Camera 

 HySI: Hyper-Spectral Imager 

 LLRI: Lunar Laser Ranging Instrument 

 HEX: High Energy X-γ ray Spectrometer 

 MIP: Moon Impact Probe 

 C1XS: Low Energy X-ray Spectrometer 

 SARA: Sub-keV Atoms Reflecting Analyzer 

 M3: Moon Mineralogy Mapper 

 Mini-SAR: Radar, altimeter, scatterometer and radiometer 

 SIR-2: Near Infrared Spectrometer 

 RADOM: RAdiation DOse Monitor 

[Goswami and Annadurai, 2009]. 

3.2 SARA 
The Sub-keV Atoms Reflecting Analyzer (SARA) instrument was developed under 

the European Space Agency (ESA), by the Swedish Institute of Space Physics (IRF), 

together with the (Indian) Space Physics Laboratory, the (Indian) Avionics Entity, 

the (Japanese) Institute of Space and Astronautical Science (ISAS), and the (Swiss) 

Physikalisches Institut. IRF were responsible for the two sensors, CENA and SWIM, 

and the Space Physics Laboratory was responsible for the Digital Processing Unit 

(DPU). The instrument was developed with the main goal of imaging the ENAs, 

backscattered from the lunar surface. CENA analyzed the ENAs while SWIM 

analyzed the ion environment, primarily with the purpose to measure the 

incoming protons as reference to the neutrals measurements, but also to 

investigate proton backscattering from the Moon, solar wind deflection above 

magnetic anomalies and pick-up acceleration processes. [Barabash et al., 2009] 
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Figure 3.2 – From left to right: DPU, SWIM, CENA. Figure from Barabash et al. [2009]. 

3.3 SWIM 
The Solar WInd Monitor (SWIM) was developed by IRF and is a version of the 

Miniature Ion Precipitation Analyzer (MIPA), also developed at IRF for the 

BepiColombo mission to Mercury. SWIM (Figure 3.4) uses an electrostatic 

deflector to specify the angle through which a particle can enter the sensor, and 

an electrostatic analyzer to specify the energy per charge (E/q) that allows a 

particle to pass further into the sensor. The electric fields of the electrostatic 

deflector and the electrostatic analyzer are created by high-voltage plates and by 

sweeping through different voltages, particles from different directions and of 

different energies are allowed through. (See Appendix IV, Table A4.1 & A4.2 for 

the energy and direction channels.) The third part is a time-of-flight (TOF) cell. In 

the TOF cell, particles are first reflected by the START surface and later the STOP 

surface. The reflections yield secondary electrons which are registered by Ceramic 

Channel Electron Multipliers (CCEMs), thus the particle velocities are retrieved. An 

array of copper plates protects the sensor from UV-radiation and a grounded grid 

shield prevents the electric field of the electrostatic deflector from reaching 

outside the aperture. [McCann et al., 2007] 

Table 3.1 shows the basic instrument characteristics. While the instrument had a 

capability of 10 eV to 15 keV, the operational mode used throughout the mission 

limited the energy range to 100 eV to 3 keV, and the energy resolution to 20%. 
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Table 3.1 - Basic instrument characteristics of SWIM [Barabash et al., 2009]. 

Parameter Value 

Energy range 10 eV – 15 keV 

Energy resolution, ∆E/E 7% 

Mass range 1-40 amu 

Mass resolution H+, He++, He+, O++, O+, >20 amu 

Full field-of-view 9° x 180° 

Angular resolution 4.5° x 22.5° 

G-factor/sector, w/o 1.6 x 10-4 cm2 sr eV/eV 

Efficiency (%) 0.1 – 5 

Sensor mass 452 g 

3.4 Field of View 
Figure 3.3 shows the FoV of SWIM in the nominal orbit and attitude. 

 
Figure 3.3 – Field of View (FoV) of SWIM. The total FoV was 180° from nadir to zenith, but the 
figure shows the approximate directions of peak sensitivity (see Appendix IV). The instrument 
was nominally turned towards the dayside, and the lower direction channels were nominally 
pointed towards the lunar surface. The angle in which the solar wind was observed varied 
depending on the orbital plane’s angle to the terminator. Unless the orbital plane was aligned 
with the terminator, the solar wind could only be seen near the equator. See also the orbit plots 
in Figure 5.1. 
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Figure 3.4 – The SWIM sensor and the expected trajectory for ions from the specific direction 
which allows it to pass the electrostatic deflector and with the specific energy per charge which 
allows it to pass the electrostatic analyzer. Figure from Barabash et al. [2009]. 
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4 Analysis 

The many parameters involved and the multi-dimensional array of data available 

from the instrument means that the task of extracting and presenting data in a 

useful way is an important part of the work. This chapter explains the methods 

behind the results in the next chapter. 

4.1 Data Selection 
The time period to study needed to be one when the instrument was active most 

of the time. It also needed to be a period when the Moon was outside the 

terrestrial bow shock, to investigate the Moon’s interaction with undisturbed solar 

wind. The orbit angle to the terminator, τ, i.e. the longitudinal angle between the 

orbit track and the closest dayside/nightside boundary was also important 

because it influenced the angle at which the particle populations would be seen. 

In a near-terminator orbit, the solar wind would be seen closer to the horizon, and 

harder to separate from the reflected populations. At a higher angle from the 

terminator (towards noon-midnight orbit), the angle at which the solar wind hits 

the instrument would be closer to zenith, allowing for better separation from 

reflected protons. 

Table A3.1 in Appendix III lists the above mentioned criteria for the mission orbits. 

The period between orbits nr 1967 and 2147 was chosen as the best match to the 

requirements. 

4.2 Data Extraction 
The SWIM data files available, called BMU-files, are ASCII-tables containing one 8 x 

32 matrix of the detected ion counts for each 8 seconds observation interval. 

While the data was organized in an 8 x 32 structure, it was in fact representing 16 

directions (D) x 16 energy levels (E). The reason for this was that the instrument 

was originally intended to use a higher energy span and lower directional 
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resolution than what was finally used. Additionally, there were PVAT-files, also 

ASCII-tables, containing satellite position and attitude information for each 

second. The BMU-files and PVAT-files had been divided into one pair of files for 

each orbit. A C++-program was created to extract data from the BMU- and PVAT-

files for the orbits of interest, and printing the output to an ASCII table which was 

then plotted, using MATLAB. Depending on the type of output data desired, the 

program was modified into several versions. The basic principle is shown below in 

a pseudo-code example where the dayside data of one orbit is arranged into a 

table with 256 columns and a number of rows equal to the number of data 

packages per orbit. The timestamps are compared to identify and throw away 

data whose timestamps have been corrupted. The PVAT-file is used here to verify 

that the attitude angles remain within 10° to nominal. 

--------------------------------------------------------------------------------------------------------------  
// [By Charles Lue, 2010]  
// Receive input: orbit number  
// Open corresponding BMU and PVAT files ; Open output file  
// For each package in BMU-file: 
 // Get time 
 // Check timestamps 
 // Lookup time in PVAT-file and check coordinates and attitude angles  
 // If above tests are passed: 
  // Print timestamp to output file  
  // For each direction (0-15): 
   // For each energy (0-15): 
    // Get count from time, direction and energy in BMU -file 
    // Print count to output file 
  // New row in output file  
// Close files 
--------------------------------------------------------------------------------------------------------------  
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4.3 Differential Directional Flux 
The count data, C(E, Ω), in the BMU-files, represents how many times the detector 

detected a particle in a specific time span Δt, when particles with energy E, from 

direction Ω, within a certain energy span ΔE and direction span ΔΩ were allowed 

to reach the detector through the aperture area S. The count data needed to be 

converted into a physical quantity for the scientific analysis. For this purpose, the 

differential, directional flux j(E, Ω) was defined [Walt, 1994], i.e. the flux at energy 

E, in direction Ω; with the unit: 1/(cm2 s sr eV). 

The count is a function of the differential, directional flux as 

  (   )  ∫ ∫ ∫ ∫  (   )  (     )       
  

  
 

  
  

  
  

, (4.1) 

where θ is the angle between the direction Ω and the aperture surface normal, 

and Ԑ(E, Ω, S) is the instrument efficiency as a function of energy, direction and 

point on the surface. For sufficiently small Δt, S, ΔΩ and ΔE: j(E, Ω), Ԑ(E, Ω, S) and 

cos(θ) can be considered constant, and (4.1) becomes 

  (   )   (   )  (   )              . (4.2) 

ΔE/E was constant for SWIM, and the instrumental properties were combined into 

a single variable: geometric factor, G(E, Ω) 

  (   )   (   )        
  

 
. (4.3) 

(4.3) in (4.2) gives 

  (   )   (   )  (   )      (4.4) 

 ⇔  (   )  
 (   )

 (   )      
. (4.5) 

G(E, Ω) for protons hitting the START surface of SWIM was obtained through 

instrument calibration tests. Wieser [2010] provided the following formula for 

calculating the geometric factor for protons measured at the start surface, for 

each energy-direction combination (Ei, Ωn), where Ei = E0..E15 and Ωn = D0..D15 

  (     )        (  )   (  ), (4.6) 



28 

where G0 was interpolated from three values: G0(500eV) = 5.54*10-5, G0(1300eV) = 

5.37*10-5 and G0(3000eV) = 4.29*10-5. gstart is listed in Appendix IV, Table A4.2.  

One data package is made every 8 s, and it sweeps through 256 combinations of 

energy and direction, so 

    
  

   
         . (4.7)  

From these data, a conversion matrix between counts and flux was made. 

(Appendix IV, Table A4.3.) 

      (     )  
 

      (  )   (  )            
. (4.8) 

4.4 Identifying Particle Populations 
From the methods in the above sections, it was possible to plot the observed 

differential, directional flux on the space made up of energy, azimuthal direction 

and time from start of orbit. Such plots were useful in identifying different proton 

populations, and classifying them according to typical energy, direction and time 

of observation. To make a summary of the distribution in energy-direction space, 

the fluxes were averaged over time above the dayside, and over several orbits. 

Thus, a more general classification was possible, for all the orbits of the study. By 

removing the direction dependence instead of time dependence, energy-time 

plots could be created, and by removing time and direction dependence, energy 

spectrograms were made. 

4.5 Directional Flux 
For the plotting described in the following sections, direction and energy 

dependence needed to be removed. The directional, differential flux j(E, Ω) can be 

integrated over energy, to get the directional flux j(Ω). 

  ( )  ∫  (   )  . (4.8) 

To apply (4.8) to the data, it was approximated to 

  (  )   ∑  (     )  (  )
   
     

  (4.9) 
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where w(Ei) is the difference between the upper and lower limits assigned to the 

energy channel in Appendix IV, Table A4.1. 

By focusing on a single direction channel, a physical quantity that makes sense is 

maintained and energy and direction dependence has been removed. If several 

particle populations existed in the same direction channel, but at different energy 

channels, the energy range can be limited to show only one of them, e.g. E0-E5. 

For comparison purposes, it can also be useful to show the differential flux in a 

range of directions, rather than just one, and this was done by simply adding them 

together, e.g. 

  (         )  ∑  (  )
  
     

. (4.10) 

However, the value j in this case is simply a sum of several directional fluxes, and 

is not the same thing as the total flux. An omnidirectional integration would give 

the total flux at the spacecraft location, but it requires more information than 

what is available so far, and will be returned to in Section 4.9. 

4.6 Selenographic Mapping 
Sub-satellite selenographic mapping of observed proton fluxes was done by 

removing energy and direction dimensions from the plots (but selecting an 

energy- and direction range to investigate) as described previously and replacing 

time with the sub-satellite selenographic coordinates found in the PVAT files. 

For investigating proton fluxes from surface directions, tracing was done to the 

coordinate where the protons appeared to come from, i.e., the point of 

intersection between the Line-of-Sight (LoS) and the lunar surface. The tracing 

procedure is shown in Appendix V.  

Since protons gyrate and drift in magnetic fields, tracing along LoS is not 

completely accurate, but because of the work required for magnetic backtracking, 

especially with the complicated situation with possible mini-magnetospheres and 

pick-up processes affecting the IMF, LoS tracing was considered sufficient for an 

initial study. Considering the large gyro-radius (~1000 km) of a proton in the IMF, 



30 

the ion trajectory would not deviate that much from a straight line on its path to 

the spacecraft. 

4.7 Space Environment Comparison 
Data that could be extracted from time, other than selenographic coordinates, 

were the solar wind and IMF conditions. 

The solar wind data was retrieved from the WIND spacecraft, via the WIND-SWE 

Data Page [http://web.mit.edu/space/www/wind/wind_data.html]. 

The IMF data was retrieved from the ACE spacecraft, via the ACE Science Center 

[http://www.srl.caltech.edu/ACE/ASC]. 

These environment data were plotted against time with a delay of 1 hour due to 

the distance between the satellites and the Moon (see Appendix AI) and 

compared with the observed fluxes. 

4.8 Temperature Calculation 
The temperature T of the observed protons is calculated from their average 

thermal energy Eth_avg as 

   
 

  
          (4.11) 

where k is Boltzmann’s constant. The average thermal energy can be estimated as 

         
 

 ( )
∑  (    )     (  )
   
     

, (4.12) 

where j(Ω) is the directional proton flux, Ei is the energy channel, j(Ei,Ω) is the 

differential directional flux of protons within the energy channel and Eth(Ei) is the 

thermal energy corresponding to that energy channel. The thermal energy is the 

deviation in kinetic energy E(Ei) from the average kinetic energy Eavg; 

    (  )  | (  )      |. (4.13) 

From (4.11), (4.12) and (4.13) we get 
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  (4.14) 

http://web.mit.edu/space/www/wind/wind_data.html
http://www.srl.caltech.edu/ACE/ASC
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E(Ei) can be found in Appendix IV, Table A4.1. j(Ω) is calculated as 

  ( )  ∑  (    )
   
     

 (4.15) 

and Eavg is calculated as 

      
 

 ( )
∑  (    )   (  )
   
     

. (4.16) 

These equations can be applied on a single direction channel or a set of direction 

channels. 

4.9 Distribution Function and Flux 
To obtain the flux of a proton population for a specific time and place of the 

satellite, the distribution function for the population needs to be known. While 

SWIM only measures the distribution along the elevation angle at each time, it 

does observe in slightly different azimuthal angles as it flies over the dayside. In 

the case that the conditions do not change along the path, this enables an 

interpolation of the distribution function. A rough estimate of the angular spread 

was obtained in this way. However, due to great variations in the SWIM data, it 

would be necessary to first normalize against factors that might influence the flux 

magnitude between the measurements (such as the crustal magnetic field 

strength and solar zenith angle) in order to get an accurate estimate. Because we 

do not, at this time, know how the flux depends on these factors, this process has 

not yet been performed. It was also noted that the limited angular resolution 

gives an over-estimate of the angular spread (a very narrow beam may still be 

divided between two channels). The resulting azimuthal and elevation spread 

could be compared with the spread in the viewing direction (i.e. the measured 

energy spread). 

Based on the resulting angular spread, we estimated the flux at each 

measurement, and integrated over the Moon’s dayside surface, to determine a 

fraction compared to the incoming solar wind. The solar wind reference flux was 

calculated from WIND data.  
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5 Results 

5.1 Orbit Plots 
The chosen orbits resulted in a good selenographic coverage while remaining at a 

relatively high angle from terminator and within the solar wind. 

 

Figure 5.1 – a) Geocentric Solar Ecliptic (GSE) view of the Moon’s position in relation to the 
Earth’s bow shock *Fairfield, 1971] and magnetopause [Shue et al., 1997]. b) Lunar-centered GSE 
(LSE), north view of the orbit tracks, including illustrations of the field of view. c) Selenographic, 
north view of the longitudinal coverage of the dayside passages of the period. d) Selenographic, 
north view of sub-satellite coordinates during dayside passes when the instrument was active. 

a) b) 

c) d) 
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5.2 Particle Populations 
Figure 5.2 shows examples of the SARA:SWIM data obtained over four dayside 

passages on different times in the main period of study. Solar wind protons 

(population 1) and alpha particles (population 2) are always clearly visible near the 

equator, when the instrument’s space-looking channels point toward the Sun. 

Alpha particles are distinguishable from the protons by their higher energy per 

charge (having similar speeds, four times the mass and twice the charge). From 

the surface- and horizon-pointing channels, significant non-solar wind fluxes 

(population 3) are often observed at approximately the solar wind energy. This 

population will be referred to as reflected protons. The observed flux of reflected 

protons is generally slightly more horizontal at higher latitudes and slightly more 

vertical near the equator. Sometimes, horizontal non-solar wind proton flux is 

accelerated to well above the solar wind energy (population 4). This population 

will be referred to as pick-up accelerated protons. The multidimensional and 

dynamic data in Figure 5.2 makes direct conclusions difficult, but it is a good 

reference for the more focused analysis in the subsequent plots. The picture is 

simplified in Figure 5.3, where one orbit and two sets of directions are selected. 
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Figure 5.2 – Ion data retrieved by SARA. Panels a) to f) show dayside passes for orbits 1967, 
2019, 2084, 2086, 2111 and 2147, respectively. The horizontal axis in each panel is the ~1hr 
time of flight from south (S), through equator (Eq), to north (N). Each panel is divided into 16 
subpanels for direction channels D0 - D15 (nadir to zenith). The vertical axis inside each 
subpanel is the energy per charge shown in logarithmic scale from 100 eV/e to 3 keV/e. Solar 
wind protons and alpha (1,2) are seen near the equator, as the Sun enters the FoV of SWIM. (3) 
and (4) are protons returning from the Moon. 
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Figure 5.3 – Energy-time diagrams, retrieved by averaging over a) space-pointing channels (D9-
D13) and b) surface/horizon-pointing channels (D2-D6). The orbit number is 2084 (compare with 
Figure 5.2). The axes are the same as in Figure 5.2 The vertical, energy axis is logarithmical, and 
does in reality show energy per charge [eV/e]. For protons the numbers are the same for energy 
[eV], since the charge is 1 e. The differential flux values are also only valid for protons. Some 
alpha-particles can be seen at energies above the solar wind protons in a). The horizontal axis is 
scaled by time, and the universal time is indicated, as well as the sub-satellite selenographic 
coordinates.  

Figure 5.4 simplifies the data by removing the time dimension, averaging over all 

times above the lunar dayside from orbit 1967 to 2147, resulting in an energy-

direction (E-D) matrix of the differential flux. While the populations overlap each 

other in E-D space, the areas shown are generally dominated by a single 

population. Cells (E15, D13) and (E15, D15) are not used by the instrument to 

store ion data.  The conversion factor from counts to differential flux (see 

Appendix IV, Table A4.3) is higher at lower energies and more vertical directions. 

Therefore, one-count noise will be more significant for those cells (for the E-D 

matrix of counts instead of differential flux, see Appendix II, Figure A2.1). 
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Figure 5.4 – The distribution of observed ion flux recorded by the SARA instrument in the 
energy-direction (E-D) matrix. The boxes schematically show the E-D realms typically dominated 
by the solar wind protons (1), solar wind alpha (2), reflected protons (3) and pick-up accelerated 
protons (4). Overlapping areas have been avoided. For information on the energy and direction 
channels, see Chapter 3. The directional differential flux is an average of the observations over 
the dayside, including times when the fluxes are not seen; therefore the values are smaller than 
in Figure 5.1. They are also averaged over the 181 orbits from 1967 to 2147. 

The flux seen in direction 0 and 1 (in Figure 5.2 to Figure 5.4, at solar wind energy 

is likely an instrumental effect, caused when the electrostatic deflector (Section 

3.3) resets the plate voltages from the zenith-viewing mode, to the nadir-viewing 

mode; for a short time allowing particles of intermediate directions to pass. [Y. 

Futaana, personal communication, 2010]. 
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5.3 Selenographic Plots 
Instead of collapsing the time dimension (as in Figure 5.4), the energy and 

direction dimensions are here collapsed, while time is converted into sub-satellite 

selenographic latitude and longitude. Figure 5.5a shows the result of integrating 

over the entire E-D matrix. Figure 5.5b shows the result of integrating over the E-D 

window marked as the realm of reflected protons (3) in Figure 5.4.  

In Figure 5.6, the mapping of reflected protons is done to the coordinate where 

the LoS intersects with the lunar surface. The directional flux in direction D4 and 

its corresponding LoS (63° from nadir; see Appendix IV, Table A4.2) is used. (The 

LoS of D5 is above the horizon so the flux cannot be linearly traced to the surface.) 

Integration over energy channels E4-E12 is done. For comparison, the 3nT contour 

of the crustal magnetic field strength (modeled by Purucker [2008]) is included.  
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Figure 5.5 –Directional ion flux, mapped to the sub-satellite selenographical coordinates at each 
time of observation. 0° longitude is defined as the center of the Moon, seen from the Earth and 
0° latitude is the lunar equator. The coordinate grid is 1° latitude x 1° longitude. Panel a) uses 
the entire E-D range in Figure 5.3 and panel b) uses the E-D window of reflected protons (‘1’ in 
Figure 5.4). Solar wind is seen near equator due to SWIM’s LoS. The shift of the solar wind 
observation towards south at ~125° longitude corresponds to a shift towards the north of the 
solar wind velocity vector (see Figure 5.7). Orbit nr 1967 is near 300°E and 2147 is near 100°E.  
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Figure 5.6 – Directional flux of reflected protons observed in direction channel D4 and energy 
channels E4-E12, mapped to the intersection point of the LoS with the lunar surface. The 
coordinate system is the same as in Figure 5.4.  The black contours encircle areas where the 
anomalous magnetic field strength is higher than 3 nT at 30 km according to model by Purucker 
et al. [2008].  

5.4 Spectrographic Plots 
When the equatorial anomaly at ~165 °E, ~0 °N (Figure 5.6) is within the FoV, a 

significant flux of reflected protons can be observed simultaneously as the solar 

wind. This is an interesting time to study for several reasons: the environmental 

conditions are fixed since the populations are studied at the same time; possible 

effects of the reflected protons on the solar wind distribution can be analyzed; 

and the deviation of the LoS from the vector of specular reflection of the solar 

wind is minimized at the equator. Figure 5.7 shows the energy spectrum above 

this anomaly (energy-time diagrams are seen in Figure 5.2 and Figure 5.3). Here, 

the solar wind is represented by directions D11 and the reflected protons by 

directions D4-D6. 
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Figure 5.7 – Energy spectra for protons observed in the shown directions, above the equatorial 
anomaly at ~165 °E, ~0 °N, during orbit 2084. 

5.5 Space Environment Plots 
The IMF and solar wind parameters are plotted in Figure 5.8. Since sub-satellite 

longitude decreases with time because of the Moon’s orbit around the Earth, 

these figures can be compared them with the observations in Figure 5.5 by 

flipping the time axis. No clear influence on the observed non-solar wind protons 

is found.  
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Figure 5.8 – Solar Wind and IMF data from ACE and WIND, with one hour delay. The flow angles 
indicate the flow direction that the solar wind is coming from. Note that this is opposite to the 
solar wind velocity direction. A positive east/west flow angle means a flow with a negative yGSE 
component of the velocity and a positive north/south flow angle means a flow with a negative 
zGSE component of the velocity. 
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5.6 Reflection Fraction 
The observed proton fluxes in the largest of the direction channels D4 and D5 was 

considered a peak value for the reflected protons and multiplied by an estimation 

of the angular spread to 22°x22°, which is a solid angle of 0.15 sr. The flux was 

assigned to 1°x1° selenographic areas by tracing along D4’s LoS. Integrating this 

over the entire period from orbit 1967 to 2147, a surface roughly equal to half the 

Moon, gives a total of 2.2x1023 protons/s leaving the Moon. The solar wind flux 

was ~1.8x108. Multiplied with the Moon’s cross-section, this gives a total of 

1.7x1025 protons/s flowing to the Moon. Thus, the reflection fraction becomes 

~1% for the lunar far-side. Limiting the integration to 10% of the area – 

corresponding to the coverage of the magnetic anomalies, gives a deflection 

fraction of ~10%. For the areas of very high differential flux, we get ~50% 

deflection from 0.1% of the area.  

5.7 Directional Flux Compared to Crustal Magnetism 
A scatter plot of directional flux compared to crustal magnetic field strength is 

shown in Figure 5.9. 



44 

 
Figure 5.9 – Directional flux in direction D4 (used because it can be linearly traced to the 
surface), within energy channels E4-E12, compared to crustal magnetic field strength in the 
empirical model by Purucker [2008], for all measurements during the 181 orbits. A clear link is 
seen down to <~1nT, but below ~3nT, there is a big spread in observed flux for a fixed magnetic 
field strength. The line-appearance at lower flux is due to integer increases in count data; the 
instrument cannot receive 1.5 counts in the sampling time, and these steps become much larger 
when converted to directional flux.  
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6 Conclusions and Discussion 

Here, the results are interpreted, the implications of the results discussed, the 

mechanism behind the results hypothesized and further work suggested. 

6.1 Interpretation of the Results 
Significant proton fluxes are seen in horizon- and surface-pointing direction 

channels of SWIM. The magnitude of the differential directional flux varies by 

several orders of magnitude without obvious relation to solar wind and IMF 

parameters.  

Two non-solar wind populations are clearly identified; reflected protons near solar 

wind energy and pick-up accelerated reflected protons. The pick-up process can 

be observed (e.g. Figure 5.2), supporting that they are of the same origin but have 

had different amounts of time to become accelerated in the IMF. 

The observations of reflected protons are strongly correlated to the crustal 

magnetic anomalies when traced to the surface (see Figure 6.1). Signatures are 

clearly seen from every anomaly with more than 3 nT of magnetic field strength at 

30 km, in the model by Purucker [2008]. For an estimation of the angular spread of 

the reflected protons to 22°x22°, the calculated reflection rates are in total ~1% 

on the far-side hemisphere, ~10% over the 10% of the far-side with strong 

magnetic anomalies, and ~50% reflection over the 0.1% of the far-side with the 

strongest magnetic anomalies. The LoS should deviate from the ideal viewing 

direction for higher latitudes, which could underestimate the results. Another 

possible error source is the angular spread, due to significant limitations in angular 

resolution and coverage.   
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Figure 6.1 – a) Spherical plotting of the directional proton flux of Figure 5.5, compared with b) a 
similar style version of  the magnetic anomalies strength of Figure 2.2, using the model by 
Purucker [2008]. The lunar far-side is shown on both pictures. The flux measurements in a) are 
likely under-representative towards the poles due to less favorable pointing of the instrument. 

Since the magnetic anomalies are mainly on the far-side, a number of ~0.5% as an 

average for the entire lunar surface agrees with reflection numbers of ~0.1%-~1% 

by Saito et al. [2008] and Holmström et al. [2010].  

Wieser et al. [2010] and Saito et al. [2010] reports high magnetic reflection (<50% 

and >10% respectively), above magnetic anomalies, which agrees very well with 

the observations in this study.  

They both conclude that the proton flux is most likely diverted by mini-

magnetospheres, Wieser et al. [2010] observes an increase in hydrogen 

backscattering from the regolith around the mini-magnetosphere and decrease 

within it, and Saito et al. [2010] observes a decrease in lower-energy regolith-

backscattered protons from the magnetic anomaly. 

In this study, however, a separate regolith-backscattered proton population is not 

clearly identified. One explanation is that the narrow FoV of SWIM is biased for 

observing highly directional flux, while surface backscattered protons are likely 

much more diffusely scattered. Another explanation is that the backscattered 

protons are hidden by the contamination in the nadir-pointing channels due to the 

directional sweeping of the instrument (see Section 5.2), or that the population 
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that has been attributed to instrumental effect to the largest part in fact is the 

backscattered protons. This is contradicted by the energy of this population which 

is identical to solar wind energy, but it could also be that they have been pick-up 

accelerated before they reach 100 km; Saito et al. [2010] uses observations at 40 

km for the separation of magnetically reflected and surface-backscattered 

protons, separated by energy and direction. 

6.2 Implications 
The results support the conclusions of previous studies that there is a significant 

solar wind interaction with the magnetic anomalies. They indicate that proton 

precipitation is decreased in areas of magnetic anomalies and also that the near-

Moon space environment is highly dependent on the magnetic anomalies.  

The fact that the observations fit the anomalies when traced to the surface does 

not necessarily mean that the reflection occurs at the surface; it could also mean 

that the reflection occurs at a point between the satellite and the anomaly, as 

supported by the mini-magnetosphere shapes shown by Harnett and Winglee 

[2000] and Lin et al. [1998]. 

While the reflection fraction decreases for weaker magnetic anomalies, no clear 

lower limit on magnetization strength required for the reflection mechanism is 

found. There is at least a relationship between reflected flux and anomalies of 

strength above 3 nT at 30 km. Below that, measurement disturbances and model 

uncertainties make it harder to tell. 

6.3 Speculations on the Reflection Mechanism 
The mechanism behind the reflection is unknown and needs to be investigated 

further in future works. Some possible mechanisms are briefly discussed here.  

6.3.1 Fluid-Like Deflection 

If sufficiently developed mini-magnetospheres are formed, a magnetosheath 

would be formed where plasma flows along draped magnetic field lines, as shown 

in the simulations by Harnett and Winglee. [2000; 2002; 2003]. However, clearly 

distinguished non-solar wind protons are observed simultaneously as relatively 

undisturbed solar wind protons, this does not agree with typical magnetosheath-
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like flow. However, as op. cit. discusses, in small mini-magnetospheres the protons 

become demagnetized and the magnetopause boundary becomes diffuse. 

6.3.2 Bow Shock Reflection 

Futaana et al. [2003] suggested mini-bow shock reflection as an explanation to 

the Nozomi observations. This mechanism allows simultaneous observations. Yet, 

it is not clear if such reflection would be able to reach the high observed reflection 

rates. 

6.3.3 Mirroring along Reconnected Field Lines 

Some of the crustal field lines will reconnect with the IMF. If the field is strong 

enough and consistent over gyro-radius scale, the protons will mirror before the 

surface. Since the reflection occurs also at small, weak anomalies; and because 

the reflection does not seem to come from localized magnetic cusps, but rather 

the entire magnetized region, this process does not seem to be able to explain the 

shape and scale of the observations. 

6.3.4 Electric Reflection, Resulting from Charge-Separation 

Even if the magnetic anomalies are too small for proton deflection, the electrons 

have a much smaller gyro radius than the protons and can be reflected from the 

magnetic anomalies [e.g. Harnett and Winglee, 2002; Halekas et al., 2008]. The 

protons would then feel the ambi-polar electric field towards the reflected 

electrons, and follow them. This process seems to be the most likely, at least for 

the weak, isolated magnetic fields.. 

6.3.5 Backscattering from the Surface 

One explanation to the decreased hydrogen flux, and increased proton flux could 

be that the backscattering product depends on the ionization level of the surface. 

If the surface is highly positively charged, as for magnetic anomalies, perhaps the 

protons might not be as likely to be absorbed, or to pick up electrons and form 

hydrogen when they backscatter, but instead backscatter as protons. However, 

the energy at solar wind level, peak flux near the horizon, and relatively narrow 

angular spread indicate that the protons are magnetically reflected rather than 

backscattered. The mechanism also does not explain the observations of a 



49 

reduction in low-energy backscattered protons at magnetic anomalies, reported 

by Saito et al., [2010].  

6.4 Further Work 
Further analysis of the data in this study can be done by improving the analysis of 

the correlations between the SWIM data and the position and environment data, 

by studying other periods in the data set, and improving the theoretical 

understanding of the physical processes involved.  

Specifically, the angular distribution calculation and magnetic backtracing are 

points that can improve the results. 

The data set can also be extended to include the nightside and periods within the 

terrestrial magnetosheath and magnetotail. 

More research into the photo-electron and charged dust environment, than what 

could be included in this work, may also provide further clues to the reflection 

dynamics. 

Further research, including future missions to the Moon, is required to fully 

understand the reflection mechanism, the effects on the regolith, the effects on 

the lunar wake, the nature of mini-magnetospheres and origin of the magnetic 

anomalies. 

The understanding that can be acquired from the Moon is essential for 

understanding the plasma dynamics at the atmosphereless objects of the Solar 

System, including Mercury, the asteroids, and the planetary moons. 
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Appendix I Positions of ACE and WIND 

ACE and WIND are in orbit around the L1 Lagrangian point of the Sun-Earth 
system, well outside the orbit of the Moon (1.5 Gm from the Earth). For a solar 
wind speed of 400 km/s, it takes 1 hour for the solar wind and IMF conditions 
measured by ACE and WIND to be indicative of the environment at the Moon. 

 
Figure A1 – Geocentric Solar Ecliptic (GSE) positions of ACE, WIND and the Moon between 2009-
04-19 and 2009-05-04. The directions of the trajectories are indicated with arrowheads. WIND 
and ACE are orbiting the L1 Lagrangian point, here shown at (235, 0) [Re], i.e. (1.5, 0) [109 m]. 

ACE position data from the Space Radiation Lab at Caltech: ACE Science Center 

http://www.srl.caltech.edu/ACE/ASC. 

WIND position data from the MIT Space Plasma Group: WIND-SWE Data Page 

http://web.mit.edu/space/www/wind/wind_data.html 

Moon position data from Pär-Ola Nilsson at IRF Umeå: Lunar Orbit Plots 

http://rhea.umea.irf.se/~peje/moon/moon-orbits/ 
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Appendix II Altitude and Attitude Plots 

 
Figure A2.1 – Altitude variations over time between orbit 1967 and 2147. The empty period is 
due to missing data. 
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Figure A2.2 – Angle between the nadir vector and the s/c x-vector between the orbits 1967 to 
2147.  

 

Figure A2.3 – Angle between velocity vector and s/c y-vector between orbits 1967 to 2147. 
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Appendix III Orbit Summary 

Table A3.1 – Orbit number; instrument activity; orbit angle from terminator; orbital period and 
space plasma region. The missing orbit periods have 0% activity. The values in the table are 
approximate, including the attribution of orbits to different space plasma regions. SW, MS, MT 
are the solar wind, terrestrial magnetosheath, and terrestrial magnetotail, respectively. 
Favorable values are marked as bold. The chosen period is indicated with the dashed lines. An 
orbital period of 1:58 corresponds to 100 km orbit and 2:08 corresponds to 200 km orbit. 

Date Orbit nr. Activity τ T Region 

2008-12-09 0369 50% 85° 1:58   MS 

2009-01-08 – 2009-01-09 0733 – 0748 40% 70° 1:58   MS 

2009-01-25 – 2009-02-05 0941 – 1075 10% 50° - 40° 1:58 SW 

2009-02-06 – 2009-02-07 1082 – 1098 50% 40° 1:58   MS 

2009-02-08 – 2009-02-10 1106 – 1134 50% 35° 1:58     MT 

2009-02-13 – 2009-03-06 1179 – 1429 30% 30° - 10° 1:58 SW 

2009-03-06 – 2009-03-08 1435 – 1449 60% 5° 1:58   MS 

2009-03-10 – 2009-03-12 1484 – 1505 85% 5° 1:58     MT 

2009-03-13 – 2009-03-14 1512 – 1529 35% 0° 1:58   MS 

2009-03-15 – 2009-04-05 1545 – 1791 50% 0° - 20°  1:58 SW 

2009-04-05 – 2009-04-06 1792 – 1812 90% 20° 1:58   MS 

2009-04-06 – 2009-04-11 1813 – 1867 90% 20° - 25° 1:58     MT 

2009-04-11 – 2009-04-13 1868 – 1896 90% 25° - 30°   1:58   MS 

2009-04-13 – 2009-04-19 1897 – 1966 100% 30° - 35° 1:58 SW 

2009-04-19 – 2009-05-04 1967 – 2147 90% 35° - 45° 1:58 SW 

2009-05-04 – 2009-05-06 2148 -  2176 65% 45° - 50° 1.58   MS 

2009-05-06 – 2009-05-10 2177 – 2225 75% 50° - 55° 1:58     MT 

2009-05-10 – 2009-05-13 2228 – 2264 100% 55° - 60° 1:58   MS 

2009-05-13 – 2009-05-16 2265 – 2291 100% 60° - 65° 1:58 SW 

2009-05-28 – 2009-06-02 2432 – 2490 75% 70° - 75° 2:08 SW 
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Table A3.1 continued. 

Date Orbit nr. Activity τ T Region 

2009-06-02 – 2009-06-05 2491 – 2521 70% 75° - 80° 2:08   MS 

2009-06-05 – 2009-06-09 2522 – 2568 30% 80° - 85° 2:08     MT 

2009-06-10 – 2009-06-11 2576 – 2594 75% 85° 2:08   MS 

2009-06-11 – 2009-07-01 2597 – 2821 30% 90° - 80° 2:08 SW 

2009-07-04 – 2009-07-05 2857 40% 75° 2:08   MS 

2009-07-05 – 2009-07-09 2858 - 2902 80% 75° - 70° 2:08     MT 

2009-07-09 – 2009-07-11 2913 – 2933 60% 70° - 65° 2:08   MS 

2009-07-11 – 2009-07-30 2934 – 3141 30% 65° - 50° 2:08 SW 
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Appendix IV  Energies, Directions and Geometric Factors 

Table A4.1 – Energy channels (Ei), central energies (E) [Wieser 2010], ΔE for ΔE/E = 7% and the 
energy range [Elower..Eupper] that the channels are assigned to represent when calculating 
directional flux j(Ω). The variable w(Ei), used in those calculations, is w(Ei) =Eupper - Elower. 

Ei E [eV] ΔE [eV] ELower [eV] EUpper [eV] 

E0 109 7.63 97.58 121.75 

E1 136 9.52 121.75 151.60 

E2 169 11.8 151.60 188.39 

E3 210 14.7 188.39 234.56 

E4 262 18.3 234.56 292.70 

E5 327 22.9 292.70 365.26 

E6 408 28.6 365.26 455.71 

E7 509 35.6 455.71 568.97 

E8 636 44.5 568.97 710.62 

E9 794 55.6 710.62 887.50 

E10 992 69.4 887.50 1109.09 

E11 1240 86.8 1109.09 1385.91 

E12 1549 108 1385.91 1731.28 

E13 1935 135 1731.28 2163.06 

E14 2418 167 2163.06 2703.18 

E15 3022 212 2703.18 3378.42 
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Table A4.2 – Direction channels (Ωi), angle (α) from nadir to direction of peak sensitivity, relative 
sensitivity amplitude (A) and sigma (σ), and H+ relative geometric factor (gstart) [Wieser 2010]. 

Ωi. α  A σ gstart 

D0 26.90 0.12 7.49 0.33 

D1 35.22 0.21 6.66 0.52 

D2 43.96 0.33 5.74 0.69 

D3 54.54 0.49 4.66 0.84 

D4 62.73 0.63 3.92 0.90 

D5 72.92 0.81 3.20 0.84 

D6 80.26 0.95 2.87 1.00 

D7 88.68 0.92 2.70 0.95 

D8 97.09 0.80 2.77 0.81 

D9 104.43 0.69 3.02 0.91 

D10 114.62 0.56 3.62 0.74 

D11 122.81 0.46 4.28 0.77 

D12 133.40 0.34 5.27 0.65 

D13 142.13 0.25 6.12 0.77 

D14 152.84 0.17 7.09 0.43 

D15 155.41 0.15 7.30 0.71 

 
 

 

 

 

 

 

 

 



65 

Table A4.3 - Conversion matrix from counts to directional differential flux. Values are shown in 
102/(cm2 sr s eV) 

 E0 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 

D0 178 143 115 92.4 74.0 59.3 47.5 38.1 30.5 24.4 19.6 15.6 12.5 10.0 8.02 6.42 

D1 113 90.5 72.8 58.6 47.0 37.6 30.2 24.3 19.4 15.5 12.4 9.93 7.95 6.36 5.09 4.07 

D2 85.1 68.2 54.9 44.2 35.4 28.4 22.7 18.2 14.6 11.7 9.35 7.48 5.99 4.79 3.84 3.07 

D3 69.9 56.0 45.1 36.3 29.1 23.3 18.7 15.0 12.0 9.60 7.68 6.14 4.92 3.94 3.15 2.52 

D4 65.2 52.3 42.1 33.9 27.1 21.7 17.4 14.0 11.2 8.96 7.17 5.73 4.59 3.68 2.94 2.35 

D5 69.9 56.0 45.1 36.3 29.1 23.3 18.7 15.0 12.0 9.60 7.68 6.14 4.92 3.94 3.15 2.52 

D6 72.5 47.1 37.9 30.5 24.4 19.6 15.7 12.6 10.1 8.06 6.45 5.16 4.13 3.31 2.65 2.12 

D7 69.1 55.4 44.6 35.9 28.7 23.0 18.5 14.8 11.8 9.48 7.59 6.07 4.86 3.89 3.11 2.49 

D8 72.5 58.1 46.8 37.6 30.2 24.2 19.4 15.5 12.4 9.95 7.97 6.37 5.10 4.08 3.27 2.61 

D9 64.5 51.7 41.6 33.5 26.8 21.5 17.2 13.8 11.1 8.86 7.09 5.67 4.54 3.63 2.91 2.33 

D10 79.3 63.6 51.2 41.2 33.0 26.4 21.2 17.0 13.6 10.9 8.72 6.97 5.58 4.47 3.58 2.86 

D11 76.3 61.1 49.2 39.6 31.7 25.4 20.4 16.3 13.1 10.5 8.38 6.70 5.37 4.30 3.44 2.75 

D12 90.3 72.4 58.3 46.9 37.6 30.1 24.1 19.3 15.5 12.4 9.93 7.94 6.36 5.09 4.07 3.26 

D13 76.3 61.1 49.2 39.6 31.7 25.4 20.4 16.3 13.1 10.5 8.38 6.70 5.37 4.30 3.44 2.75 

D14 137 109 88.1 70.9 56.8 45.5 36.5 29.2 23.4 18.7 15.0 12.0 9.61 7.69 6.16 4.93 

D15 82.7 66.3 53.3 42.9 34.4 27.6 22.1 17.7 14.2 11.4 9.09 7.27 5.82 4.66 3.73 2.98 
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Appendix V  Selenographic Tracing 

Selenographic tracing along the Line-of-Sight (LoS) to the lunar surface was done 

by first defining the point of intersection in a “Selenocentric Chandrayaan-1 

Ecliptic” (SCE) coordinate system, illustrated in Figure A5a, where the x-axis points 

towards Chandrayaan-1, the y-axis lies in the orbital plane, perpendicular to the x-

axis, and the z-axis is perpendicular to the orbital plane. The SCE coordinate of the 

intersection is found in the x-z plane, at an angle β from the x-axis to the z-axis. 

β can be calculated by knowing the Moon radius RM, the viewing angle α and the 

altitude a (see Figure A5b), 

         (
   

 
    )   . (A5.1) 

The Cartesian SCE coordinates, normalized to the unit sphere, then becomes 

 {

          
       

          
 (A5.2) 

The angle γ (Figure A5c) was defined as the angle between the orbital plane and 

the longitudinal meridian underneath the spacecraft at the specific time. To 

obtain it, the latitudinal and longitudinal components of the satellite velocity 

vector were calculated from two subsequent sub-satellite coordinate pairs, 

 {
   

   

  
 

  

  
 
   

  

   
   

  
 

  

  
 
   

  

, (A5.3) 

where v is velocity, s is distance, t is time, ϕ is sub-satellite latitude and θ is sub-

satellite longitude. 
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Assuming that the Moon is spherical, the latitudinal distance sϕ in meters per 

degree is constant, while the longitudinal distance sθ in meters per degree 

decreases with distance from the equator, where it is the same as the latitudinal 

distance per degree, 

 
   

  
 

   

  
     . (A5.4) 

γ can be obtained from 

         (
  

  
). (A5.5) 

(A5.3) and (A5.4) in (A5.5) then gives 

         (
  

      
)  (A5.6) 

Rotating the SCE coordinate frame right-handedly around the x-axis with angle γ 

then gives the new values x’, y’ and z’ for the coordinates in (A5.2), 

 {

        

                     

                     
 (A5.7) 

The z’ axis is now in the selenographic equatorial plane. This coordinate frame can 

then be rotated left-handedly around z’ with the sub-satellite latitude ϕ, which 

will put the x’’ and z’’ axes in the selenographic equatorial plane and y’’ towards 

selenographic north, and the coordinates become 

 {
                  

                  

       

 (A5.8) 

The coordinate frame is then rotated left-handedly around y’’ with the sub-

satellite longitude θ, putting the x’’’-axis at the selenographic 0-meridian. 

 {
                     

         

                     

 (A5.9) 
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Conversion to Cartesian selenographic coordinates is now simple, 

 {

         

          

         
 (A5.10) 

These can be converted into selenographic latitude ϕ’ and longitude θ’ for the 

intersection point, 

 {
         (   )

          (       )
. (A5.11) 

For tracing to a reflection altitude h, replace equation (A5.1) with 

         (
   

   
    )   . (A5.12) 

For h=a, the intersection coordinate is the same as the sub-satellite coordinate. 
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Figure A5 – Illustrations for the linear tracing of LoS to intersection with surface, and 
transformation into selenographic coordinates. The black dot represents the Chandrayaan-1 
spacecraft and the black cross represents the point of intersection. a) shows the Selenocentric 
Chandrayaan-1 Ecliptic (SCE) coordinate system, and e) shows the Selenographic (SG) 
coordinate system. b) shows the definitions of the angles α and β in the triangle formed by the 
center of the Moon, Chandrayaan-1 and the intersection point. c) shows the angle between the 
orbital plane and the longitudinal meridian currently underneath the spacecraft. d) shows the 
selenographic latitude ϕ’ and longitude θ’ of the intersection point. 
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