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A b stract

So far, Mercury is not a well understood planet. The initial interest started 

with the visit of Mariner 10 in 1974 and 1975 to the vicinity of the planet during 

three flybys. Two of those approaches revealed a most interesting finding that 

Mercury possesses its own magnetic field of dipolar character. Recently, two 

new missions were scheduled to uncover more mysteries of this iron neighbour 

of the Sun. First, NASA MESSENGER was launched on March 2004 and then 

the cornerstone mission BepiColombo in a joint collaboration between ESA 

and JAXA. In the past, several ground-based observations of Mercury were 

made although measurements are difficult due to its proximity to the Sun. One 

of these observations [Potter and Morgan, 1985] revealed a sodium exosphere 

generated from the surface of the planet. Among others, one of the goals of 

missions to Mercury is to study the exosphere of heavy ions. This thesis intends 

to contribute to the interpretation of data received from MESSENGER and 

BepiColombo and to suggest possible sources and processes of sodium ions in 

the exosphere.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



A cknow ledgem ents

I acknowledge all people who were helping me and supporting me to finish 
this thesis. Especially my supervisor Prof. Robert Rankin who supported me 
all the time even when my results were not convincing, my external adviser 
Dr. Pavel Travnicek who answered so many questions about hybrid modeling 
and physics in general - without him I would never go study abroad, and Dr. 
Konstantin Kabin who provided much appreciated advice on modeling Mercury. 
They were always there to answer my questions and I would not be able to finish 
this work without them. I thank them for their patience and discussions not 
only about my research but about ethical issues as well. Also a big thanks goes 
to my parents and my friends, especially to Eun Ah Lee, Gyusik Kim, Chokri 
Dridi and others.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Table of Contents

1 Introduction 1

2 In situ observations 4
2.1 Mariner 10 ...........................................................................................  4

2.1.1 Instrumentation ...................................................................... 6
2.1.2 F ly b y s......................................................................................... 7

2.2 MESSENGER .....................................................................................  8
2.2.1 Scientific Payload......................................................................  10

2.3 BepiColom bo........................................................................................  12
2.3.1 Scientific Payload......................................................................  15

3 R em ote m easurements 18
3.1 Observations ........................................................................................  18

3.1.1 Sodium and Potassium.................................................................20

4 Exosphere 24
4.1 Introduction............................................................................................ 24
4.2 Releasing processes...................................................................................25

4.2.1 Surface te m p era tu re ....................................................................27
4.2.2 Photon stimulated desorption (P S D )....................................... 27
4.2.3 Solar wind sputtering (S W S ) .................................................... 28
4.2.4 Micro-meteoroid vaporization (M M V ).................................... 29
4.2.5 Thermal desorption (T H D ) ....................................................... 30

4.3 Ion iza tion ...................................................................................................31

5 Numerical simulations 33
5.1 Hybrid sim ulations.................................................................................. 33

5.1.1 Numerical S ch em e .......................................................................34
5.1.2 Model Scaling............................................................................  36
5.1.3 Initialization ............................................................................  38
5.1.4 Electric and Magnetic fie ld s ....................................................... 39

5.2 Particle tra c in g ......................................................................................... 39
5.2.1 A lg o r ith m .................................................................................................... 40
5.2.2 Particle loading............................................................................. 42
5.2.3 Output quantities .......................................................................43

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



TABLE OF CONTENTS

6 Results 45
6.1 Electric and magnetic d r i f t s ................................................................... 45
6.2 Particle s ta tis tic s ......................................................................................50
6.3 Single Particle ......................................................................................... 51
6.4 Surface of the P la n e t ................................................................................53
6.5 Bulk v e lo c ity ............................................................................................ 59
6.6 Temperature an iso tro p y ..........................................................................66
6.7 Number density ......................................................................................... 69
6.8 Mean energy ............................................................................................ 69
6.9 Virtual flybys of M ESSENGER.........................................................  74

7 Conclusions 80

Bibliography 82

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



List o f Tables

2.1 Instruments on board of the Mariner 10 measuring field and par
ticle properties. Original table adopted from Wurz and Blomberg 
[2001]........................................................................................................  7

2.2 Approximate timeline for MESSENGER mission............................  9
2.3 MESSENGER payload sum m ary......................................................  11
2.4 Spacecraft summary adopted from official BepiColombo website. 14
2.5 BepiColombo payload summary. .....................................................  14

3.1 Atmospheric abundances for Mercury’s mean orbit; quiet Sun . . 19
3.2 Sodium and Potassium spectral line ...............................................  21

4.1 Physical Properties of Mercury and the Moon (for comparison) . 25
4.2 Atmospheric loss rates for quiet Sun (a,c) and active Sun (b,d) 

experimentally (a,b) and theoretically (c,d) determined.....................32

5.1 Solar wind parameter of the study c a s e s .............................................37
5.2 Conversion of simulation units to SI units for two study cases . . 38

6.1 Particle statistics. Nbnd, Npi and N emit are number of particles 
which left the simulation box through the boundary, hit back the 
surface and total number emitted into the system respectively. . 51

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



List of Figures

1.1 Summary of interacting processes. Schematics adopted from
[Milillo et al, 2005, Figure 1]..............................................................  2

2.1 Schematic picture of Mariner 10 with labels of its parts.................  5
2.2 Schematics adopted from Ness et al. [1975b] showing two flybys

of Mariner 10..........................................................................................  6
2.3 Schematic picture of MESSENGER with labels of its parts (cour

tesy: NASA)...........................................................................................  8
2.4 Illustration four parts of BepiColombo. Top to bottom: Mercury

Magnetospheric Orbiter (MMO), Sunshield, Mercury Planetary 
Orbiter (MPO), Mercury Transfer Module. Courtesy ESA. . . .  13

3.1 High latitude enhancements of Na measured by Potter and Mor
gan [1997b] on July, 1994 for three consequent days 20 - 22 July, 
indicating rapid changes of distribution in time, in this case on 
scales of one day. The color bar represents rayleighs intensity. . . 22

3.2 Distribution of potassium measured on December 7, 1990 by Pot
ter and Morgan [1997a, Figure 2] reflected from the surface (left) 
and Mercury’s corona scattered at 7664 A .  The color bar repre
sents rayleighs in tensity ..........................................................................23

4.1 Cartoon representing sources and sinks of atoms in the environ
ment of the Mercury. Adopted from Morgan and Killen [1997, 
Figure 1]...................................................................................................... 26

5.1 Example of the proton density output from the 3D hybrid simu
lation visualized by volume rendering technique. The boundary 
represents the bow shock of the planet for the fast solar wind
(vsw =  5?>A) ..................................................................................................35

5.2 The radius of the planet Mercury in hybrid units as a function
of solar wind density..................................................................................37

5.3 Electric field in (from left to right) equatorial, noon-midnight, 
dawn-dusk plane for slow (upper) and fast (lower) solar wind 
conditions. Color scale represents magnitude in the units of SW 
electric field Esw and arrows represents projection of the field in
the plane of cut.......................................................................................... 40

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



LIST OF FIGURES

5.4 Magnetic field in (from left to right) equatorial, noon-midnight, 
dawn-dusk plane for slow (upper) and fast (lower) solar wind 
conditions. Color scale represents magnitude in the units of SW 
magnetic field B sw and arrows represents projection of the field
in the plane of cut......................................................................................41

5.5 Macro-particle flux distribution of sodium neutral atoms from 
the surface of the planet. On x-axis is longitude and y-axis rep
resents latitude with subsolar point in the center. Three process
are presented here from top to bottom: PSD, MMV and SWS. . 44

6.1 E  xB  drift in the vicinity of the planet for slow (top) and fast 
(bottom) solar wind conditions............................................................... 46

6.2 V S  drift in vicinity of the planet. Color represents magnitude 
with maximum at the bow shock of the planet and arrows repre
sent a direction in given the plane of cut. Top and bottom panel 
represent slow respective fast solar wind study case. Note, that 
units are in vasw/ v\ ..................................................................................48

6.3 Curvature drift in vicinity of the planet. Color represents mag
nitude with maximum at the bow shock of the planet and arrows 
represent a direction in given the plane of cut. Top and bottom 
panel represent slow respective fast solar wind study case. Note, 
that units are in tMsw/ v | ..........................................................................49

6.4 Projection of a single test particle trajectories released from the 
latitude of 40°S and for three longitudes: -90 (solid line), -30 
(dotted line) and 50° (dashed line), measured from the subsolar 
point. The initial velocity of test particles is |u| =  0.01. In the 
background is magnitude of magnetic field in units of solar wind 
magnetic field Bsw ............................................................................... 52

6.5 A planetary deposit map, under the slow solar wind conditions, of 
the super-partiicle flux (color scale) through the surface for three 
major releasing processes: PSD, SWS and MMV (from top to 
bottom). On x-axis and y-axis is longitude respectively latitude 
in Miller cylindrical projection of the surface The subsolar point
is in the middle of projection...................................................................54

6.6 Mean energy flux (color scale) of sodium ions through the surface 
of the planet under the slow solar wind conditions for three major 
releasing processes: PSD, SWS and MMV (from top to bottom).
On x-axis and y-axis is longitude respectively latitude in Miller 
cylindrical projection of the surface The subsolar point is in the 
middle of projection...................................................................................55

6.7 A planetary deposit map, under the fast solar wind conditions, of 
the super-partiicle flux (color scale) through the surface for three 
major releasing processes: P SD , SW S and M M V (from top to  
bottom). On x-axis and y-axis is longitude respectively latitude 
in Miller cylindrical projection of the surface The subsolar point
is in the middle of projection...................................................................56

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



LIST OF FIGURES

6.8 Mean energy flux (color scale) of sodium ions through the surface 
of the planet under the fast solar wind conditions for three major 
releasing processes: PSD, SWS and MMV (from top to bottom).
On x-axis and y-axis is longitude respectively latitude in Miller 
cylindrical projection of the surface The subsolar point is in the 
middle of projection...................................................................................57

6.9 Bulk velocity in noon-midnight plane in units of Alfven speed of
solar wind vaSw for slow solar wind vsw =  3 vasw- Three major
releasing processes are presented in each column: photon stimu
lated desorption (PSD), solar wind sputtering (SWS) and micro
meteorite vaporization (MMV). The velocity is transformed into 
spherical coordinate system: radial direction (top row); longitu
dinal direction (middle row); and azimuthal direction (bottom 
row). The black line represents an assessment of magnetopause. 60

6.10 Bulk velocity in noon-midnight plane in units of Alfven speed of
solar wind vaSw for fast solar wind vsw =  5 vaSw  Three major
releasing processes are presented in each column: photon stimu
lated desorption (PSD), solar wind sputtering (SWS) and micro
meteorite vaporization (MMV). The velocity is transformed into 
spherical coordinate system: radial direction (top row); longitu
dinal direction (middle row); and azimuthal direction (bottom 
row). The black line represents an assessment of magnetopause. 61

6.11 Bulk velocity, in plane forming an angle 60° with noon-midnight
plane, in units of Alfven speed of solar wind vaSw for slow so
lar wind vSVJ ■= 3 vasw- Three major releasing processes are 
presented in each column: photon stimulated desorption (PSD), 
solar wind sputtering (SWS) and micro-meteorite vaporization 
(MMV). The velocity is transformed into spherical coordinate 
system: radial direction (top row); longitudinal direction (mid
dle row); and azimuthal direction (bottom row). The black line 
represents an assessment of magnetopause............................................62

6.12 Bulk velocity, in plane forming an angle 60° with noon-midnight 
plane, in units of Alfven speed of solar wind vasw for fast so
lar wind vsw = 5 vasw- Three major releasing processes are 
presented in each column: photon stimulated desorption (PSD), 
solar wind sputtering (SWS) and micro-meteorite vaporization 
(MMV). The velocity is transformed into spherical coordinate 
system: radial direction (top row); longitudinal direction (mid
dle row); and azimuthal direction (bottom row). The black line 
represents an assessment of magnetopause............................................63

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



LIST OF FIGURES

6.13 Bulk velocity in dawn-dusk plane in units of Alfven speed of so
lar wind vasw for slow solar wind vsw — 3 tU sw  Three major 
releasing processes are presented in each column: photon stimu
lated desorption (PSD), solar wind sputtering (SWS) and micro
meteorite vaporization (MMV). The velocity is transformed into 
spherical coordinate system: radial direction (top row); longitu
dinal direction, (middle row); and azimuthal direction (bottom
row). The black line represents an assessment of magnetopause. 64

6.14 Bulk velocity in dawn-dusk plane in units of Alfven speed of so
lar wind vasw for slow solar wind vsw =  5 vasw- Three major 
releasing processes are presented in each column: photon stimu
lated desorption (PSD), solar wind sputtering (SWS) and micro
meteorite vaporization (MMV). The velocity is transformed into 
spherical coordinate system: radial direction (top row); longitu
dinal direction (middle row); and azimuthal direction (bottom
row). The black line represents an assessment of magnetopause. 65

6.15 Temperature anisotropy T l/T|| in slow solar wind case from three 
major releasing processes: PSD, SWS, MMV (from top to bot
tom) in three different cuts through the center of the planet:
X-Y, X-Z and Y-Z (from left to right).................................................. 67

6.16 Temperature anisotropy T±/T\\ in fast solar wind case from three 
major releasing processes: PSD, SWS, MMV (from top to bot
tom) in three different cuts through the center of the planet:
X-Y, X-Z and Y-Z (from left to right).................................................. 68

6.17 Super-particle number density in slow solar wind configuration 
of EM field of three major releasing processes: PSD, SWS, MMV 
(from top to bottom) in three different cuts through the center 
of the planet: X-Y, X-Z and Y-Z (from left to right). The three 
lines represents flybys of MESSENGER before parking on the 
orbit as of April 30, 2007...................................................................... 70

6.18 Super-particle number density in fast solar wind configuration of 
EM field of three major releasing processes: PSD, SWS, MMV 
(from top to bottom) in three different cuts through the center 
of the planet: X-Y, X-Z and Y-Z (from left to right). The three 
lines represents flybys of MESSENGER before parking on the 
orbit as of April 30, 2007......................................................................  71

6.19 Mean energy of three major releasing processes: PSD, SWS,
MMV (from top to bottom) in three different cuts through the 
center of the planet: X-Y, X-Z and Y-Z (from left to right). The 
three lines represents flybys of MESSENGER before parking on
the orbit as of April 30, 2007...............................................................  72

6.20 Mean energy of three major releasing processes: PSD, SWS,
M M V (from top to  bottom ) in three different cuts through the 
center of the planet: X-Y, X-Z and Y-Z (from left to right). The 
three lines represents flybys of MESSENGER before parking on 
the orbit as of April 30, 2007...............................................................  73

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



LIST OF FIGURES

6.21 Virtual flybys of MESSENGER scheduled for 2008/01/14 (solid 
line) 2008/10/06 (dotted line) and 2009/09/29 (dashed line) on 
the background of solar wind proton number density for slow 
(top) and fast (bottom) case of solar wind ...................................... 75

6.22 Macro-particle number density during three virtual flybys of MES
SENGER in the vicinity of the planet for slow (top 3 panels) and 
fast (bottom 3 panels) solar wind. Solid line, dotted line and 
dashed line represents PSD, SWS and MMV processes respec
tively. Time t = 0 represents the closest approach...............................76

6.23 Sodium mean energy during three virtual flybys of MESSENGER 
in the vicinity of the planet for slow (top 3 panels) and fast (bot
tom 3 panels) solar wind. Solid line, dotted line and dashed line 
represents PSD, SWS and MMV processes respectively. Time
t = 0 represents the closest approach..................................................... 77

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1

Chapter 1 

Introduction

Mercury is the first planet in our solar system, with a mean distance of 0.387AU. 
The trajectory of the orbit is highly eccentric. The eccentricity of Mercury is 
e =  0.205 and its orbital period is 87.969 of terrestrial days. One day in Mercury 
is 58.785 of the Earth’s days. The planet’s spin axis is almost perpendicular to 
the plane of orbit. Because of its proximity to the Sun, the temperature ranges 
between 700 K at perihelion subsolar point and 90 K at midnight of aphelion. 
Mercury’s radius is approximately R m  = 2440 km which is 2.6 times smaller 
than that of the Earth’s and its density is 5.3 g/cm3 which is comparable to 
the Earth’s density. This is probably due to Mercury’s heavy iron-rich core and 
thin layer of its upper mantle.

The only in situ measurements were made by Mariner 10 in 1974-75 during 
three flybys. The data from this mission showed that Mercury possesses no 
proper atmosphere and only a thin exosphere [Broadfoot et al, 1976b] which is 
coupled with the planet. Only six planets have their own magnetic field: Mer
cury, Earth, Jupiter, Saturn, Uranus, and Neptune. We do not know whether 
Pluto has a magnetic field but Mars has the weakest one. A major finding was 
the discovery of Mercury’s internal magnetic field [Ness et al, 1974a] with an 
estimated magnetic dipole of 200-400 nT (Earth’s magnetic dipole is 30000 
nT R|;). A more precise estimate will provide measurements from MESSEN
GER’S mission compared with numerical simulations [Kabin et al, 2007]. The 
source of the magnetic field is most likely an inner dynamo [Southwood, 1997]. 
The dipole axis is almost aligned with the spin axis and points approximately 
10° from the southern pole. Over the last several years ground-based observa
tions replaced in situ measurements. Killen and Ip [1999] assessed Mercury’s 
column density to be < 1012cm-2 of observed atoms. Because of this relatively 
low density, we can expect the exosphere to be non-collisional. Prom the UVS 
instruments of Mariner 10 and ground-based observations, several species were
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CHAPTER 1. INTRODUCTION

confirmed to be present on Mercury, namely H, He, O, Na, K as discussed in 
Broadfoot et al. [1976b]; Potter and Morgan [1985, 1986]; Bida et al. [2000]. 
Compared to the situation on Earth, the Hermean magnetosphere possesses a 
relatively weak magnetic field. Despite this fact, experiments measuring energy 
on board of Mariner 10 recorded [Simpson et al., 1974b] ions with energies of 
up to 55 keV and electrons with energies of up to 300 keV. Eraker and Simpson 
[1986] and Lundin et al. [1997] discussed various acceleration processes involved 
in exciting particles to such energy levels.

Escape from  
m agnetopause

, /  Cusp 
\  /  entering, P lasm a

precipitation
r  V 77I T  '  .... ......../

M A G N ET O SPH ER E

w xtsttbt Radiation
Photoiomsalion pressure

Charge-
exchange

interplanetary 
medium

EX O SPH ER E

Release
processesPrecipitation

Cusp
precipttation M icrometeoroid 

impact

SU RFA CE

Figure 1.1: Summary of interacting processes. Schematics adopted from [Milillo 
et al, 2005, Figure 1].

In Figure 1.1, adopted from Milillo et al. [2005], you can see the details 
of the processes coupling the magnetosphere, exosphere, and surface together. 
Two main sources of particles are filling this coupled system. First, the solar 
wind is entering through the cusp regions where part of the particles precipitate 
on the surface. Second, the interplanetary medium in the form of dust and 
micrometeorite impact on the surface. When particles become part of Mercury’s 
environment, they start to circulate in the system (in case of solar wind) or they 
can scatter on the surface, which causes a sputtering. Sputtered particles can 
escape from the surface by any of the releasing processes into the exosphere 
with energy of few eV from where they can precipitate back to the surface 
or be ionized by photoionization or charge exchange, and become part of the 
magnetosphere. Prom there, particles can precipitate back on the planet or 
escape via Jeans’ escape 1 or by the radiation pressure.

1T h e  loss o f a to m s in  th e  h igh  en erg y  ta i l  o f th e  M axw ell-B o ltzm ann  d is tr ib u tio n  fu n c tio n
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CHAPTER 1. INTRODUCTION

The magnetosphere of Mercury is closely connected with the conditions of 
the solar wind because of three factors: i) Mercury is the closest planet to the 
Sun and thus solar wind conditions are extreme, ii) the strength of the magnetic 
dipole allows solar wind pressure to distort the magnetosphere and probably 
even allow particles to directly access the dayside of the planet as suggested by 
Kabin et al. [1999], and iii) the lack of trapped particles.

The Hermean exosphere is constantly filled by neutral atoms and ions by 
sputtering mechanisms from the surface (in the case of sodium and potassium) 
but other sources are also possible. For example, in a recent publication, Koehn 
and Sprague [2007] suggests an important source of oxygen and calcium from 
the solar wind. The main sputtering mechanisms, by importance, are: pho
ton stimulated desorption, solar wind sputtering, micro-meteoroid vaporization, 
thermal desorption, and chemical sputtering. We consider only the first three 
sputtering mechanisms because others are not energetic enough to overcome 
gravitation and the solar wind radiation pressure forces.

Our goal is then to trace particles in a snapshot of electric and magnetic 
fields obtained from hybrid simulation performed by [Travmcek et al, 2007]. By 
using a particle tracing technique we can achieve higher spatial resolution as well 
as longer time scales. Also, heavy ion number density is small enough to justify 
the use of the particle tracing technique. Other approaches are also possible, 
for example using magnetohydrodynamics (MHD) equations or developing an 
empirical model to obtain an evolved magnetosphere. However, we expect that 
this would neglect important aspects of physics we would like to take into 
account.

from the atmosphere. Jeans’ escape is important for light atoms at higher altitudes. See 
Hunten [1973] for more information.
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Chapter 2

In situ  observations

Up to now only one mission visited Mercury. Mariner 10 made 3 flybys in 
the vicinity of the planet and discovered the presence of an intrinsic magnetic 
field. Because of many questions, new missions are being planned to visit Mer
cury. The first one is MESSENGER spacecraft, operated from Johns Hopkins 
University, Applied Physics Laboratory in Laurel, supposedly to start orbiting 
Mercury in May, 2011 and BepiColombo a cornerstone mission of ESA/JAXA 
consisting of two spacecrafts, Mercury Planetary Orbiter and Mercury Magne- 
tospheric Orbiter. In this chapter we summarize the payload and objectives of 
each mission.

2.1 Mariner 10

Mariner 10 was a Mercury/Venus mission launched on 3 November 1973 at 
05:45:00 UTC from Cape Canaveral, United States. That was already the 
seventh successful mission of the Mariner series. But it was the first mission 
visiting two planets (Venus and Mercury) and using the gravitational pull of 
one planet (Venus) to reach another (Mercury). The spacecraft was equipped 
with camera, magnetometer and particle detectors. The scientific objectives of 
the mission were to study environment, atmosphere, magnetosphere and body 
characteristics of the planets Mercury and Venus.

Mercury has been visited in 1974 and 1975 by the Mariner 10 spacecraft 
(Fig. 2.2), during which time the internal magnetic field of the planet was dis
covered [Ness et al., 1974b] and later confirmed by Ness et al. [1975b]. Prom 
the measurements, estimations for the various parameters of the internal field
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CHAPTER 2. IN  SITU  OBSERVATIONS

Figure 2.1: Schematic picture of Mariner 10 with labels of its parts.

of Mercury, based on the very limited measurements of Mariner 10, vary some
what [e.g. Connemey and Ness, 1988], but the dipole component of the field 
is generally believed to be about 350 nT R^- [Ness et al, 1975a]. Measure
ments of thermal plasma, electron [Ogilvie et al, 1977] and energetic particles 
[.Simpson et al, 1974b] were also taken by Mariner 10, but unfortunately in
terpretation of these data is far from unambiguous. A review by Slavin [2004] 
describes the current understanding of the Hermean magnetosphere. The only 
in situ measurements of the neutral exosphere of Mercury came from Mariner 
10 spacecraft which used UV observations of airglow to identify neutral helium 
and hydrogen with concentrations of approximately 600 cm-3 and 8 cm-3 , re
spectively [Broadfoot et al, 1976a]. Despite the small size and relatively weak 
magnetic field of the Hermean magnetosphere ions with energies of up to 550 
keV and electrons with energies of up to 300 keV were detected by the energetic 
particle experiment on board Mariner 10 [Simpson et al, 1974b]. The exact 
interpretation of these data is, however, somewhat ambiguous, as discussed, 
for example by Armstrong et al [1975]; Criston et al [1979]; McKenna-Lawlor 
[1997]. Possible particle acceleration mechanisms in the Hermean magneto
sphere are discussed by Eraker and Simpson [1986] and Lundin et a l [1997].
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Figure 2.2: Schematics adopted from Ness et al. [1975b] showing two flybys of 
Mariner 10.

2.1 .1  In stru m en ta tion

Mariner 10 was a three-axis stabilized spacecraft loaded with instruments to 
try to answer questions about intrinsic magnetic field and particle populations 
at the environment of Mercury.

• two tri-axial fluxgate magnetometers

• a plasma science instruments

• an energetic particle detector

The overall summary of the on board instruments is presented in the Tab. 2.1.1 
adopted from Wurz and Blomberg [2001].

Plasm a science instrument

Two particle detectors were mounted on Mariner 10. First, a very sensitive 
sunward ion and electron sensor which unfortunately did not work properly. We 
do not know what happened because the sensor did not count particles above 
the X-ray background so we do not have any useful data. Second, antisunward 
electron observer which was not as sensitive as the first one. This hemispherical 

electrostatic analyzer was detecting particles from 13 to 688elA The detector 
had 15 logarithmically spaced regions/channels with A E/E  =  0.066 width. It
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Instrument Range Comments
Fluxgate mg. “
El. analyser b 
Energetic pcle. det.

Energetic pcle. det.

±16 nT, ±128 nT
13.4 -  688 eV 
e"1 : 170 keV -  30 MeV 
p, a : 0.62 -  68 MeV 
e - 1 : 170 keV -  30 MeV 
p: 0.53 -  8.9 MeV

Up to ±3188 nT bias field 
13 log. spaced channels 
Range > 35 keV for e-1 
case of pulse pile-up 
Range > 35 keV for e~l 
case of pulse pile-up

in

in

a Ness et al. [1974a, b] 
b Ogilvie et al. [1977] 
c Simpson et al. [1974a] 
d Christon et al. [19791

Table 2.1: Instruments on board of the Mariner 10 measuring field and particle 
properties. Original table adopted from Wurz and Blomberg [2001].

took 0.4 second to finish a measurement in one channel and 15 seconds to scan 
entire spectrum. Both detectors were mounted on a motor driven platform 
which was able to rotate 1 or 4°/sec.

Energetic particle detector

Those detectors consist of two parts, a main telescope (MT) and low energy 
telescope (LET). The experiments provided basic energy measurements like 
energy loss, total energy and range of particles that entered the telescope.

2.1 .2  F lybys

Mariner 10 was launched on November 2, 1973 and encountered Mercury on: 
March 29,1974 (MI), September 21,1974 (Mil) and March 16, 1975 (Mill). The 
first flyby (MI) on March 29, 1974 approached Mercury with the closest distance 
723 km to the planet’s surface on the night-side. During that time a maximal 
magnetic field B max = 98nT  was measured. The low latitude nightside flyby 
crossed a substorm-like injection region leading to magnetic field dipolarization 
effects (A-D events) reported by Luhmann et al. [1998]. By comparing with 
terrestrial observations these events are supposed to be part of the substorm 
process. No later confirmations were published and only new measurements can 
provide necessary additional information. One such event was detected between

20:48 and 20:49 UT.
Because no one expected a magnetic field at Mercury, M il on September 21,
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1974 was scheduled far on the dayside with the closest approach 5 x 104 km to 
the planet. No interaction with the solar wind and intrinsic field was detected.

On March 16, 1975, M ill took place again on the nightside but much closer 
to the surface with the closest approach 327 km to planet. During this passing in 
high latitude of 68°N the maximal magnetic field Brnax — 400nT  was recorded 
and helped to estimate the magnetic dipole moment. This time no energetic 
particle events were detected.

2.2 MESSENGER

MESSENGER (short for MErcury Surface, Space ENvironment, GEochemistry, 
and Ranging) is a NASA project [Gold et al, 2001; Andrews et al, 2007] which 
visits Mercury after 30 years from the last in situ measurements by Mariner 10. 
The spacecraft was launched on August 3, 2004 and is scheduled to enter the 
orbit of Mercury in March 2011 before it circles the Sun 15 times and travels 7.9 
billion kilometers. Before parking at the orbit, MESSENGER will undergo two 
flybys around Venus and three flybys around Mercury. The mission is managed 
by Mission Operation Center at the Johns Hopkins University Applied Physics 
Laboratory in Laurel, Md. Table 2.2 summarize important milestones of the 
MESSENGER mission.

Low-gairi a n ten n as „

\  Battery
S unshade

-Large velocity 
ad just (LVA) thruster

array/fanbeam  an tennas

S tar trackers

Back phased
arrayjfanbeam / 
low-gain an tennas

Launch vehicle Propellant lank 
(1 of 3)Solar array (back)

MESSENGER Flight Configuration, Rear View Magnetometer

Figure 2.3: Schem atic picture of M ESSEN G ER  w ith  labels of its parts (cour
tesy: NASA).
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Data Event
August 3, 2004 
August 2, 2005 
October 24, 2006 
June 5, 2007

Launch from Cape Canaveral
Earth flyby
Venus flyby 1
Venus flyby 2
Mercury flyby 1
Mercury flyby 2
Mercury flyby 3
Orbit of Mercury begins
Mercury orbit/data collection ends
Final data analysis/archiving complete

January 14, 2008 
October 6, 2008
September 29, 2009
March 18, 2011 
March 18, 2012 
March 2013

Table 2.2: Approximate timeline for MESSENGER mission.

The spacecraft is powered by two solar panels, 1.5 m by 1.65 m, which are 
designed to provide 385-485 W for the payload during the cruise phase and 640 
W during the orbit phase but theoretically can produce more than 2 kW on 
the Mercury’s orbit. The propulsion system consists of a 660 N bipropellant 
thruster for large maneuvers and 16 hydrazine-propellant thrusters for adjust
ments in a trajectory. The communication system consists of several antennas. 
Those include two high gain phased array antennas; two medium gain fanbeam 
antennas and four low gain antennas. The downlink rate ranges from 9.9 b/s 
to 104 kb/s for data transmission and 7.8 to 500 b/s for operating commands. 
The rates vary according to spacecraft distance and size of the antennas on the 
ground. Once inserted on the orbit on March 18, 2011 MESSENGER will have 
a highly elliptical orbit around Mercury with the closest point 200 km above 
the surface and 15195 km at the farthest part of the trajectory. The plane of 
the orbit is inclined 80° to Mercury’s equator with the low point in the orbit 
coming at 60° north latitude. The orbit period will be 12 h approximately.

The objectives of MESSENGER are to find the answer to the questions 
raised by the Mariner 10 mission. An iron core of Mercury plays a key role in 
the total density of the planet which is comparable with density of Earth. The 
core inside of the rocky crust takes approximately 60% of total mass which is 
twice as much as at Earth. The proximity of the Sun can be a factor but we 
are not sure for now. Those are six areas which should be addressed by the 
M ESSEN G ER  mission:

• the density of Mercury
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• the geologic history

• the structure of the core

• the nature of the magnetic field

• the unusual materials at the poles

• the important volatiles

2.2.1 Scientific P ayload

All instruments are designed to achieve critical conditions in the vicinity of 
the Sun and to minimize weight due to the budget restrictions. MESSENGER 
carries seven instruments and a radio equipment including radio experiments 
and imaging cameras to finish mapping of the surface. All instruments should 
help to understand geologic history, the origin of the magnetosphere as well 
as exosphere and explore materials near the pole regions. All instruments are 
summarized in Table 2.3. Together with indirect measurements, which we can 
perform from radio science observations, we should be able to answer questions 
which arise from Mariner 10 mission 30 years ago.

M ercury Dual Imaging System

MDIS are charge-coupled devices (CCDs) with narrow and wide angle objec
tives. Those cameras will map the Mercury’s surface and spectral variations in 
monochrome, color and stereo. The imager are mounted on a pivot so can be 
used for tracking navigation points like stars or other optical navigation guides 
during its journey. The wide-angle camera has a 10.5 degree field of view and 
can distinguish wavelength range 400 to 1100 nanometers using 12 different fil
ters. Its results will be used to investigate the diversity of rock types found on 
the surface. The narrow-angle camera has black and white CCD with high res
olution through its 1.5 degree field of view. The images will be used to analyze 
small object and features up to 19 meters across.

Gamma-Ray and Neutron Spectrom eter

GRNS is a set of two spectrom eters (gamma-ray and neutron) to retrieve the  

informations about elements in the upper crust of Mercury. The Gamma-Ray 
spectrometer is planned to search for geologically important elements such as

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 2. IN  SITU  OBSERVATIONS

Instrument Mass Power Name
M m

MDIS 7.9 10 Mercury Dual Imaging System
GRNS 13.1 23.6 Gamma-Ray and Neutron Spectrometer
XRS 3.4 11.4 X-Ray Spectrometer
MAG 4.4 4.2 Magnetometer
MLA 7.4 38.6 Mercury Laser Altimeter
MASCS 3.1 8.2 Mercury Atm. and Surf. Composition Spect.
EPPS 3.1 7.8 Energetic Particle and Plasma Spectrometer

Table 2.3: MESSENGER payload summary.

hydrogen, magnesium, silicon, oxygen, iron, titanium, sodium and calcium with 
possibility to detect naturally radioactive elements such as potassium, thorium 
and uranium. The detector is made of high-purity germanium semiconductor 
crystal on a thin Kevlar string and must operate at cryogenic temperatures 
(-183° Celsius) ensured by small but powerful refrigerator. The Neutron Spec
trometer will measure the abundance of various atoms by comparing thermal 
and epi-thermal populations of neutrons.

X-Ray Spectrom eter

XRS detects emissions from elements in the 1-10 keV, namely magnesium, alu
minum, silicon, sulfur, calcium, titanium and iron by measuring X-ray emissions 
coming from Mercury’s surface as a reflection from solar X-ray radiation. XRS 
has a 12° field of view.

M agnetom eter

MAG is a three axis, ring core fluxgate detector aiming to reveal true nature 
and strength of internal magnetic field measured by Mariner 10. The sensor is 
attached on a 3.6 meter boom to prevent own magnetic field of the spacecraft to 
interfere. The instrument will operate at 20 Hz at magnetosphere boundaries 
and 1 Hz otherwise.

M ercury Laser A ltim eter

MLA is a infrared laser transmitter (operating at a wavelength of 1064 nm) 
and receiver which will map the features of the surface by measuring round trip
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time of the beam. The results together with Radio Science Doppler ranging will 
be used to map the planet’s gravitational field. MLA can measure with up to 
30 cm precision from 1000 km. The instrument consist of four saphire lenses, a 
photon counting detector and electronics for the time measurements and signal 
processing.

Mercury Atmospheric and Surface Com position Spectrom eter

MASCS will measure the abundance of atmospheric gases in Mercury’s exo
sphere and detect minerals in surface materials.

Energetic Particle and Plasm a Spectrom eter

EPPS [Koehn et al., 2002] consists of two instruments: Energetic Particle Spec
trometer (EPS) and a Fast Imaging Plasma Spectrometer (FIPS). Both will 
measure energy and species of charged particles. EPS has 160 by 12° field of 
view to measure the energy spectra, atomic composition and pitch angle of par
ticles accelerated in magnetosphere. FIPS, on the other hand, will measure low 
energy particles with surface origin forming ionized by solar wind and forming 
very thin exosphere.

2.3 BepiColombo

BepiColombo [Anselmi and Scoon, 2001] is a “corner stone” mission of Euro
pean Space Agency (ESA) and Japan Aerospace Exploration Agency (JAXA) 
named after Italian mathematician and engineer Giuseppe (Bepi) Colombo 
(1920-1984) from the University of Padua, Italy. The BepiColombo mission 
is planned to launch in August 2013 and travel 6 years to Mercury. In August 
2019 it should arrive on the orbit and start collecting data for one year with 
possible extension of another year up till September 2021.

The mission will consists of two satellites: Mercury Planetary Orbiter (MPO) 
and Mercury Magnetospheric Orbiter (MMO) which will travel to Mercury in
side the sunshield of BepiColombo (see Fig. 2.4) and will be inserted into the 
low orbit during parking phase of the mission. Original proposal expected Mer
cury Surface Element (MSE) to be a part of the mission but was canceled later 
due to the budget constrains. The details of MPO and MMO are provided in 
Tab 2.4.
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Figure 2.4: Illustration four parts of BepiColombo. Top to bottom: Mer
cury Magnetospheric Orbiter (MMO), Sunshield, Mercury Planetary Orbiter 
(MPO), Mercury Transfer Module. Courtesy ESA.

BepiColombo will be inserted into geostationary transfer orbit after the 
start. Then will be increased altitude of the orbit using chemical propulsion 
engine to 420 000 km. After the lunar flyby BepiColombo will reach the inter
planetary trajectory. Then cruise trajectory by ion propulsion stage is scheduled 
using the Solar Electric Propulsion Module (SEPM) with 0.24 N thrust together 
with five gravity assists at Earth, two at Venus and finally another two using 
Mercury gravitational pull. On arrival to Mercury, ion propulsion stage will 
assist its Mercury arrival. Capture and insertion will be assisted by chemical 
propulsion engines within the MPO [Yamoz et al, 2006].

The objectives of the mission could be summarized into the several ques
tions: 1) What can we learn about formation of our solar system from the 
structure of the planet Mercury? 2) Why only Mercury has different normal
ized density compared to all other terrestrial planets (including Moon)? 3) 
What can we say about the core? Is it liquid or solid?
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MPO MMO
Stabilisation 3-axis stabilised 15-rpm spin-stabilised
Orientation Nadir Spin axis at 90 to Sun
Spacecraft Mass 500 kg 250 kg
Payload Mass 60 kg 40 kg
Power 450 W 300 W
TM band X/Ka-band X-band
Deployment 400 1508 km 400 11 824 km
Lifetime > 1 year > 1 year
Data volume 1550 Gb/year 160 Gb/year
Avg. data rate 50 kb/s 5 kb/s
Thrusters Ion thrusters
Other equipment high temperature resistant 

thermal protection, solar arrays

Table 2.4: Spacecraft summary adopted from official BepiColombo website.

Mercury Planetary Orbiter (MPO):
BELA BepiColombo Laser Altimeter
ISA Italian Spring Accelerometer
MERMAG Mercury Magnetometer
MERTIS-TIS Mercury Thermal Infrared Spectrometer
MGNS Mercury Gamma ray and Neutron Spectrometer
MIXS Mercury Imaging X-ray Spectrometer
MORE Mercury Orbiter Radio science Experiment
PHEBUS Probing of Hermean Exosphere

by Ultraviolet Spectroscopy
SERENA Search for Exosphere Refilling and

Emitted Neutral Abundances
SIMBIO-SYS Spectrometers and Imagers for MPO BepiColombo

Integrated Observatory System
SIXS Solar Intensity X-ray Spectrometer

Mercury Magnetospheric Orbiter (MMO):
MERMAG-M/MGF Mercury Magnetometer
MPPE Mercury Plasma Particle Experiment
PWI Plasma Wave Instrument
MSASI Mercury Sodium Atmospheric Spectral Imager
MDM Mercury Dust Monitor

Table 2.5: BepiColombo payload summary.
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2.3 .1  Scientific P ayload

In Table 2.5 are summarized technical details for selected instruments in prepa
ration for BepiColombo mission with more details provided for some of the 
instruments below.

BepiColom bo Laser A ltim eter

The BepiColombo Laser Altimeter (BELA) will measure topography and sur
face morphology of Mercury as well as local surface roughness and the albedo. 
From the data we will be able to construct digital terrain model which allows 
to invert Hermean gravity data from MORE experiment. The instrument will 
have 2 ns timer resolution and will acquire data every 250 m on ground-tracks 
separated 25 km at the equator and crossing at the poles.

M ercury Radiom eter and Thermal Infrared Spectrom eter

High resolution spectral analysis for detailed mineralogical composition survey 
of Mercury’s surface together with surface temperature and thermal inertia 
will be conducted. MERTIS will cover a wavelength range from 7 to 14 pm 
with resolution up to 90 nm by using IR-imaging spectrometer. The spatial 
resolution is 500 m and can be adopted to optimize S/N ratio so 5-10 % of 
the surface will be scanned with higher resolution. The instrument will use 
micro-bolometer technology which allow to sustain high temperatures without 
using any external cooling mechanism. One of the objectives is to study bright 
spots in polar regions reported from the ground-based observations.

Ultraviolet Spectrom eter

PHEBUS is a dual FUV-EUV spectrometer plus two-channel detector of potas
sium and calcium at 404 nm and 422 nm respectively. The spectrometer will 
measure wavelength in range from 55 to 315 nm having resolution 1 nm. The 
instrument is a cooperation between Japan, Russia and France. The main ob
jectives should cover the detection of new species; measuring number density 
of constituents of exosphere and vertical structure for various configuration of 
Sun/Mercury; and local and temporal variation in terms of hours.
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The Solar Intensity X-ray and particle Spectrom eter

SIXS consists of X-Ray spectrometer with time resolution up to 1 s measuring 
energies 1-20 keV and other two spectrometers able to operate simultaneously 
are for protons 0.5-30 MeV and electrons with energies 0.1-3 MeV. Both chan
nels are able to measure count-rates up to 20000 cps and Field-Of-View 180°. 
For spectral calibration of X-Ray detector, the instrument is equipped with 
Fe55 radioactive source. The objectives are to provide information about so
lar wind and couple the data with X-Ray observation of surface from MIXS 
instrument and to study X-Ray corona and solar flares of the Sun.

Search for Exosphere Refilling and Em itted Neutral Abundances

SERENA will consist of four spectrometers: 1) Emitted Low-Energy Neutral 
Atoms (ELENA) measure gasses escaping from surface by measuring both the 
velocity and distribution by reconstructing the data from 2D data array sensor. 
2) STart from a Rotating Field mass spectrOmeter (STROFIO) is a neutral 
particle spectrometer which measure the composition of gasses escaping from 
the surface. The instrument uses a technique where particles are ionized first so 
trajectory can be adjusted by external electric field and focused on sensor which 
then measure charge to mass ratio. 3) Miniature Ion Precipitation Analyser 
(MIPA) monitor the ion flux angle; energy and then velocity. 4) Planetary Ion 
CAMera (PICAM) is an ion mass spectrometer in form of all-sky camera for 
charged particles. Its purpose is to study processes of neutral ions released 
from the surface and eventually ionized. SERENA should answer the question 
about how did thin exosphere produce by ionized atoms from solar wind and 
magnetosphere of Mercury.

M ercury M agnetom eter

MERMAG consists of two sensors thermally isolated from a 1.5 m long boom. 
One sensor will be mounted at the end of the boom and a second at distance 
1 m from spacecraft. This configuration reduces local magnetic field caused by 
the spacecraft itself. The instrument support several scientific operation modes 
with different bit-rates. The scientific objectives for MERMAG are to find the
source of the m agnetic field and to understand the evolution of the field. The 

mission should determine the strength of the field up to octopole with high 
accuracy. The measurements will be performed on both spacecrafts (MPO and
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MMO). Another objective is to describe and to help understand dynamic effects 
of solar wind interacting with Hermean magnetic field.

M ercury Imaging X-ray Spectrom eter

MIXS will measure the spectrum of light from the Sun reflected from the surface 
of the planet. For the calibration output from related instrument SIXS will be 
used. The instrument consist of two channels: i) MIXS-C with wide Field-Of- 
View and broad range of energies for overall scanning, ii) MIXS-T is an imaging 
telescope with a narrow Field-Of-View and high resolution. Instruments are 
cooled to -10° C and use GaAs common pixel arrays. Both day and night side 
of the planet will be scanned since it is expected that on the night side there is a 
large flux contribution from auroral arcs. The total abundances will be obtained 
due to the support from calibration instrument (SIXS). Few monolayers of the 
surface in the 0.5-7.5 keV energy range will be scanned for Mg, Al, Si, S, Ca, 
Ti, Fe, K, P to produce global elemental abundance maps.
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Chapter 3

R em ote m easurem ents

The history of observations of Mercury started many years before the Mariner 
10 mission in 1974 and. 1975. In this chapter we summarize some of the known 
facts about Mercury with focus on the remote measurements. Because the 
ground based observations measure only on the neutral exosphere, the results 
are not significant from the particle tracing point view.

3.1 Observations

The summary from observations, modeling and in situ measurements can be 
found in Table 3.1 [e.g., Killen and Ip, 1999] in a form of surface and total col
umn abundances. The ground based observations become a very common tool 
for discovering high column abundances of sodium by Potter and Morgan [1985] 
and later on potassium [Potter and Morgan, 1986]. By further investigation of 
the sodium atmosphere, Killen et al. [1990] showed high-latitude abundances of 
Na and K which vary on timescales less then 1 day which are poorly understood 
up till now.

Two elements, K and Na, are the most studied elements in the Hermean 
exosphere because they are easily observed from Earth by analyzing spectra of 
the light. Because K is sputtered at 4000 - 12000 K and Na at 2000 - 6000 K 
we can observe big differences in Na/K ratio due to the energy [Madey et al, 
1998] of observed particles. Other effect responsible for the observed Na/K ra
tio is different radiation pressure [Smyth and Marconi, 1995] (when neglecting 
gravitation force) acting on the atoms. Once atoms are ionized, the different gy- 
roradii leads to the higher effective loss of K compared to Na ions. Those effects
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Specie Surface Abundance [cm 3] Total Zenith Column [cm 2]
H 23; 230 “ 3 x 109 b
He 6 x 103 0 3 x 1011 b
0 4.4 x 104 “ 3 x 1011 b
Na 1 .7 -3 .8  x 104 ° 2 x 1011 d
K 3.3 x 102 c 1 x 109 c

40 Ar < 6.6 x 106 “ < 2 x 1013 6
20Ne 6 x 103 e (day) 3.7 x 1010 6

7 x 105 e (night)
h 2 < 2.6 x 107 a < 8.7 x 1014 b
o 2 < 2.5 x 107 a < 9.6 x 1013 6
n 2 < 2.3 x 107 a < 1 x 1010 b

c o 2 < 1.6 x 107 a < 4.5 x 1013 b
h 2o < 1.5 x 107 a < 1 x 1012 *

< 1 x 1014 6
OH > 1 x 1010 f ’9
Mg 7.5 x 103 3.9 x 1010 9
Ca 387 9 1.2 x 109 9

< 239 h < 7.4 x 108 *
Fe 340 9 7.5 x 108 9
Si 2.7 x 103 9 1.2 x 1010 9
S 5 x 103 9 2 x 1010 9

6 x 105 * 2 x 1013 i
Al 654 e 3 x 109 9

a Hunten et al. [1988], measurements of upper limits 
b Shemansky [1988], Mariner 10 measurements 
c Potter and Morgan [1988]
d Killen et al. [1990], measured abundance, subsolar 
e Hodges [1974], model abundance 
f  Killen et al. [1990], model abundance
9 Morgan and Killen [1997], model abundances, “preferred” composition 
h Sprague et al. [1993], measured upper limit 
1 Sprague et al. [1995], predictions

Table 3.1: Atmospheric abundances for Mercury’s mean orbit; quiet Sun
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could explain highly varying Na/K ratio reported to be from 80 to 250. The 
column abundances can vary due to the error in measurements in the case of K 
because of the weak spectral line and thus very noisy data. Compared to Moon 
distribution of Na has unexplained enhancements especially in high-latitudes at
tributed to the magnetospheric effect [Potter and Morgan, 1990, 1997b; Killen 
et al., 1998] or nonuniform distribution of material in regolith [Sprague, 1990; 
Sprague et al., 1997].

Due to the predicted lack of magnetic field, first publications overestimated 
content of He in Mercury exosphere. This element was observed by Mariner 10 
at 584 A  by UVS spectrometer. It is generally believed that the main source 
of He comes from implantation of solar wind. The 1216 A  channel of Mariner 
10 UVS spectrometer measured H above subsolar point. During two flybys two 
characteristic temperatures appeared in the observations. Thermal population 
of particles with temperature of 420 K and the cold one with temperature of 
110 K. The possible cause of this difference may be particle transport from 
the dark side of the planet or particle population is simply released by non- 
thermal processes like surface chemistry reported by Potter [1995]. Prom the 
latest reports [Killen et al, 1997, 1998; Potter and Morgan, 1997b] the surface
like thermal corona (550 K) contain even suprathermal component [Potter and 
Morgan, 1997b].

3.1 .1  Sod ium  and P otassiu m

Sodium and potassium discovery in the Hermean exosphere was one of the 
biggest surprises. First single-slit spectrogram was used which revealed sodium 
atmosphere [Potter and Morgan, 1985] summarized by Sprague et al. [1997] and 
one year later weaker potassium [Potter and Morgan, 1986] atmosphere was 
detected. Few years later followed by Potter and Morgan [1990], image slicer 
technique was used to reach better picture of the distribution by measuring 
column (or line-of-sight) abundances. These measurements assessed the total 
column abundances to be 1-3 x 1011 cm-2 atoms which would require supply of 
Na in order of 1023 atoms s-1 to balance all loss processes by photo-ionization 
on the dayside and losses of the neutral atoms on the nightside.

Sodium and potassium species have almost the same column density distri
bution over the surface as reported by Potter and Morgan [1997a]. This could 
suggest that both Na and K have the common source of the particle genera-
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Di d 2
sodium 5896 A 5890 A

potassium 7699 A 7664 A

Table 3.2: Sodium and Potassium spectral line

tion and even the same loss process. The particles are most likely sputtering 
from the surface due to the collisions with solar wind protons penetrating the 
magnetosphere through the open field lines thus mainly in the north and south 
cusps regions. This is in agreement with images taken by using spectral line 
analysis of the light reflected from the surface of Mercury. Spectral line is a fre
quency with more resp. less (lighter resp. darker) photons compared to nearby 
frequencies depending on the emission direction of the photons. We can see 
spectral lines in entire electromagnetic spectrum from radio waves to gamma 
rays.

Sodium can be detected by sunlight scattered at the Di and D2 spectral line 
summarized in Table 3.2. It was suggested by Potter [1995] that sodium in the 
atmosphere is produced by chemical reaction on the surface by precipitation of 
solar wind protons creating sodium vapor and water.

Potassium, on the other hand, is hard to measure. The Di spectral line 
is clear without atmospheric interaction but is very weak to observe. The D2 

spectral line is approximately twice as strong as Di emission but is masked 
by oxygen emission line in the Earth’s atmosphere. Under the certain circum
stances, Potter and Morgan [1997a] reported that those lines are separated (due 
to the Doppler effect) so we can image potassium in D2 line. This happens only 
few times in a year. Potter demonstrated that both elements have the same 
distribution (Figure 3.2) with higher density at southern hemisphere and lesser 
at norther hemisphere. Potter and Morgan [1997a] suggested that some other 
factors than solar wind may have been involved in Na+ , K+ generation since 
during their observation the solar wind radiation intensity increased by 15% 
but the abundance of the metal atom increased by 50%. Photoionization is 
supposed to be major reason of loss process of both atoms but potassium seems 
to be more rapidly removed from atmosphere than sodium.

In Figure 3.2 by Potter and Morgan [1997a] we can see distribution of potas
sium with density peak at subsolar point. Such distribution can be attributed 
to the photo-stimulated desorption with density falling with cos (%) where %
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Figure 3.1: High latitude enhancements of Na measured by Potter and Morgan 
[1997b] on July, 1994 for three consequent days 20 - 22 July, indicating rapid 
changes of distribution in time, in this case on scales of one day. The color bar 
represents rayleighs intensity.

is a zenith angle. Other observation, on the other hand, reveal down-dusk 
asymmetries summarized in Sprague [1992a] and Sprague et al. [1997] which 
conclude that those asymmetries come from storing of the gas on the dark side 
of the planet in the atmosphere and degassing when photoionization effects take 
place on the morning terminator. This explanation was later rejected by Killen 
and Morgan [1993b] since we are not able to measure such effects at reported 
enhancements.
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CHAPTER 3. REMOTE MEASUREMENTS

Figure 3.2: Distribution of potassium measured on December 7, 1990 by Potter 
and Morgan [1997a, Figure 2] reflected from the surface (left) and Mercury’s 
corona scattered at 7664 A .  The color bar represents rayleighs intensity.
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Chapter 4 

Exosphere

The first surface-bounded lunar exosphere was detected by Apollo spacecraft 
by detecting He and Ar. From that time other bodies were confirmed to posses 
exosphere, namely at the Mercury and Europa. The exosphere is dynamical 
system coupling surface, magnetosphere and interaction with the solar wind. 
In this part of thesis we will describe sources and sinks of the particles with focus 
on the sodium together and with up to date knowledge of involved processes. 
We describe observations made by Mariner 10 (Section 2.1) as well ground based 
observations.

4.1 Introduction

From the time of the Mariner 10 mission, the exosphere was predicted to be 
only a very thin layer formed by diffusion, solar wind implantation with sec
ondary thermal vaporization or sputtering. In that case Mercury would be very 
similar to other objects like the Moon. Using ground-based observations, high 
concentrations of Na and K was discovered by Potter and Morgan [1985, 1986]. 
After this discovery many ground-based observations were performed as well 
as radar imaging. In 1992 imaging of the polar regions the bright spots where 
discovered [Harmon and Slade, 1992] and they were attributed to iced water. 
The basic properties of Mercury and Moon (for comparison) are summarized 
in Tab. 4.1.

The review on Mercury and Moon by Killen and Ip [1999] defines an ex
osphere as “ensemble of atoms or molecules above a planet’s surface or atmo
sphere for which the mean free path is grater then the scale height (the e-folding
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Property Mercury Moon
Radius [km] 2439 1738

Mass [Earth mass] 0.0554 0.0123
Subsolar temperature [K] 550-750 396-407
Minimal temperature [K] 40 40

Polar temperature [K] 174 159
Escape velocity [km s-1] 4.25 2.38

Meteoric impact velocity [km s-1] 25 15
Surface gravity (equator) [cm s-2] 382 162.2

Mean density [g cm-3] 5.517 3.34
Orbital eccentricity 0.2056 0.0545

Obliquity 1.7-2.6' 1°32'
Inclination of equator to orbit 7.00487° 6°4T

Magnetic dipole moment «300 nT - 0
Heat flow [mW m~2] 20 29

Sidereal rotation period [days] 58.6462 27.322
Diurnal period [Earth days] 176 29.5

Distance from Sun [AU] 0.306 - 0.46 1

Table 4.1: Physical Properties of Mercury and the Moon (for comparison)

height for density)” . In the case of Mercury, the exosphere is directly connected 
to the surface and thus all interaction processes play an important role in form
ing the exosphere and particle distributions observed primarily defined by Jeans’ 
escape, photo-dissociation, ionization and surface interactions.

4.2 Releasing processes

The exosphere is a closed system (see Figure 4.1) with its sources, mainly from 
lower layers of the planet, and sinks in the form of releasing of the material 
from the upper surface. The main sources of new material are diffusion of the 
material from non depleted layers of the planet or new regolith creation from 
outer source (i.e. micrometeorite precipitation). On the other hand five major 
release processes of atoms take place in Mercury’s environment which deplete 
the surface layer («  10 m)

•  P hoton  stim ulated desorption

• Solar wind sputtering
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Figure 4.1: Cartoon representing sources and sinks of atoms in the environment 
of the Mercury. Adopted from Morgan and Killen [1997, Figure 1].

• Micro-meteoroid vaporization

• Thermal desorption

• Chemical sputtering

We do not consider chemical sputtering as one of the possible ejecting mech
anisms as described by Potter [1995] because of the low energy of the ejected 
atoms. In this section we describe only first 4 processes using the probability 
function and energy distribution function. We are using Leblanc and Johnson 
[2003] as a m ain reference.
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4 .2 .1  Surface tem p eratu re

Because of the eccentricity (e «  0.2) the Sun-Mercury distance varies signifi
cantly. The proximity from the Sun is directly related to the surface tempera
ture by solar photon flux intensity and the zenith angle defining the effectiveness 
of the heating process. Assuming that temperature is constant (Tg =  100 K) 
on the night side of the planet, which means that the surface cool down almost 
immediately after reaching terminator, we only need to describe dayside of the 
planet.

Letting both latitude (#) and longitude ((/>) vary from -90° to 90° that means 
subsolar point is at longitude and latitude equal to zero we may describe tem
perature [Leblanc and Johnson, 2003] as

Tg = To +  Ti x (cos 6 x cos (4.1)

where T i =  100 K and To is 600 K at perihelion and 475 K at aphelion.

4.2 .2  P h o to n  stim u la ted  d esorp tion  (P S D )

Photon stimulated desorption is a dominant mechanism caused by the flux of 
UV photons exciting atoms from the surface. The PSD processes is selective
releasing mechanism favoring mainly Na and K as described by Yakshinskiy
and Madey [1999]. The most effective is for surfaces with temperature 250 
K bombarded by UV photons with wavelength less than 300 nm. The yield 
of released particles is proportional to the flux of photons which is in turn 
proportional to the inverse of the squared heliospheric distance 1 /R 2Hel and cos 
function of zenith angle. Thus maximum is at subsolar point and no particles 
are released from the night side of the planet. Note that high particle flux on 
the dayside may lead to depletion of the material [Leblanc and Johnson, 2003] 
which would lower the efficiency of the PSD mechanism. Ejection rate of atoms 
from the surface of Mercury can be described by the following equation

Tpsd =  4>UV COS (0) X Q CNa (4.2)

where <f*uv is UV flux of photons with energies greater then 5 eV [ Yakshinskiy 
and Madey, 1999; Killen et al., 2001]; 0  is the zenith angle and Q is PSD cross 
section (typically 1 x 10~20 cm2). Sodium concentration CNa is approximately 
0.0053 so for atoms surface density ns = 7.5 x 1014 cm-2 we obtain sodium
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surface density nNa = 3.98 x 1012 cm~2. The UV flux was estimated to be 
approximately 10UA/R'^rb by Killen et al. [2001] where A is scaling factor 
(«  1.5). The flux was estimated for events studied by Killen et al. [2001] to be 
«  (1.5 — 2) x 1010 cm-2s -1 photons [Leblanc and Johnson, 2003]. The energy E 
of released particles and angle between initial velocity and surface normal can 
be described by Maxwell-Boltzmann flux distribution function

f (E ,  0 ) =  2 cos (0) X eXP
E

kKT
(4.3)

where k& is Boltzmann constant and T  is assumed to be 1500 K by Leblanc 
and Johnson [2003].

Several estimates of particle flux were available in the literature. Shemansky 
and Morgan [1991] estimated flux to be 4108 m-2s-1 . Wurz and Lammer [2003] 
estimated surface average flux of Na atoms due to the PSD process to be «  41012 
m_2s_1 with average release velocity of v =  890 m /s corresponding to 1100 K 
and surface density n =  7.7 x 109 m“ 3 particles. Another estimates were made 
by Killen and Morgan [1993a] to be 2 x 109 m-2s-1 ; on the other hand McGrath 
et al. [1986] estimated flux 2 x 1011 — 2 x 1012 m_2s_1 and Lammer et al. [2003] 
estimated 1 -  5 x 1010 m_2s_1.

4 .2 .3  Solar w ind  sp u tter in g  (SW S)

Depending on the solar wind conditions part of the planet surface can be directly 
exposed to solar wind particles. This region strongly depends on the orientation 
of the B z component of the IMF and under the extreme conditions, as suggested 
by Kabin et al. [1999], the entire magnetosphere can be pressed towards the 
surface of planet. In this scenario the solar wind particles would have direct 
access to the surface on the dayside. Under the normal conditions energetic 
ions sputter neutral atoms and ions only in the cusp regions. The secondary 
source of sputtering by magnetospheric particles may play an important role in 
generation of exosphere as well. The amount of ions depends on composition 
of the material and is between 0.001 and 0.1 of neutral atoms with increasing 
values in case of oxided surfaces.

Wiens et al. [1997] measured distribution of velocity on Na2S0 4  in labora
tory and concluded that distribution function is similar to a Thompson-Sigmund

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 4. EXOSPHERE

energy distribution:

f (E ,  0 ) =  2cos(0) x 2E U j i E  +  U)3 (4.4)

with speed peaking at 1.5 km/s in case of sodium, where U is a binding energy, 
approximately 0.57 eV. Note that we are using value of 0.27 eV assumed by 
Leblanc and Johnson [2003]. The yield of 0.15 atoms/ion was estimated by 
Killen et al. [2001], not considering porosity of the material. Another study by 
Johnson and Baragiola [1991] estimated yield to be 0.06 atoms/ion considering 
properties of the material. The ejection rate of sodium atoms in case of solar 
wind sputtering is then a product of yield, the flux of solar wind ions and the 
sodium concentration CNa

To initialize neutral atom flux from the surface due to the SWS process 
we need to identify the regions of increased flux of solar protons which pene
trated magnetosphere and scattered on the planet. We use SW protons flux 
distribution map from self consistent hybrid simulation mentioned above with 
maximum flux concentrated in two narrow bands in mid latitude of 35-60°.

4 .2 .4  M icro-m eteoro id  vaporization  (M M V )

Micro-meteoroids continuously bombard the surface of Mercury and this process 
provides another physical mechanism for particle ejection. A large meteoroid 
may weight up to 1-100 kg and may have velocities more than 30 km/s with 
respect to the planet. In this case, the ejected particles have Maxwellian dis
tribution with temperature 4500 K and mean velocity of 2 km/s. Impacts of 
such magnitude are, however, relatively infrequent, so in the thesis we consider 
only light material ejecting particles with the same temperature T =  3000 K as 
suggested by Leblanc and Johnson [2003] with the most probable speed of 1.5 
km/s and the average speed of 2.1 km/s. Because Mercury has a very eccentric 
trajectory we need to consider a change of the flux of micro-meteoroids with 
distance from Sun. Killen et al. [2001] suggested to add a power law factor of 
heliospheric distance /?Hei to the flux of space material per unit area as -R ^'9. 
Expecting the same situation as at the Earth [Killen and Ip, 1999] we assume 
that the flux of space material bombarding surface on the dawn side is two

Tsujs — yield x c^a (4.5)
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times larger than that on the the dusk side. MMV vaporization is belived to 
produce from 25 % [Killen et al., 2001] to 30 % [Leblanc and Johnson, 2003] of 
the entire sodium exosphere. Together with ion sputtering it is the only source 
of ejecta on the night side of the planet. The rate of sputtered particles by 
MMV was estimated as 0.15 - 14 xlO23 s-1 by Morgan et al. [1988] and 3.5 
xlO23 s_1 by Leblanc and Johnson [2003].

4 .2 .5  T h e rm a l d e s o rp tio n  (T H D )

To have the list of sources complete we have to mention process governed by 
temperature of atoms itself. The thermal desorption process and its importance 
in global view of the exosphere is described mainly in Sprague [1990, 1992a, b]; 
Hunten and Sprague [1997, 2002]. The nominal energy of released Na particles 
is between 0.03 and 0.05 eV which is not sufficient enough to escape from 
gravitational field and overcome solar wind radiation pressure acceleration. To 
overcome those forces requires energies around 2.07 eV (escape energy). Such 
particles reach maximally 60 km and then hit the surface again [Yakshinskiy 
et al, 2000]. Other references on the other hand point out the importance of 
the process in terms of depleting the surface when temperature reach 400 K 
[Hunten and Sprague, 1997, 2002] on the morning side of the planet.

The paper by Yakshinskiy et al. [2000] study thermal desorption in labo
ratory on thin Si02 films. Prom experiments they concluded that number of 
sodium atoms per second can be expressed as

Ahd =  V CNa exp
kBTs _ (4'6)

where u is vibrational frequency, typically 1013 s-1 ; U is binding energy 
which for thermal desorption is between 1.4 and 2.7 eV but we can easily use 
average 1.85 eV; CNa the sodium concentration in the surface; fee is Boltzmann 
constant and Ts is surface temperature described in Section 4.2.1.

Energy distribution can be described by the Maxwell-Boltzmann flux dis
tribution:

f, r f  i
(4.7)f (E ,  0 )  =  2cos(0) x exp

E
(k^TsY kBTs

where E  is energy of particle and 0  is angle between surface normal and ve
locity vector. As you can see temperature of the surface play important role 
in determining energies of released particles such as for Ts < 350 K energy is
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almost zero.

4.3 Ionization

During the release process a small fraction of particles is already ionized at the 
time of release but major portion of ions in Mercury’s exosphere comes from 
ionized neutral atoms through photoionization on the dayside of the planet. 
We can neglect other sources such as charge exchange and electronic impact 
since they are insignificant due to the low density of sodium specie. It takes 
approximately 3.3 hours to ionize atom by photoionization [Smyth and Mar
coni, 1995] at aphelion but this number can be up to 3 times smaller [Milillo 
et al., 2005] during high photon flux interaction from the Sun. In our model 
photoionization can happen only at the regions with direct access of photon 
flux (i.e. no photoionization on the nightside). Photoionization and loss rates 
of neutral atmosphere in general are summarized in Table 4.2.
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Specie

Jeans’ Flux 
(T =  575)

—9 —1cm *s 1

Photoionization 
Lifetime 

(R =  0.386 AU) 
s

Photoionization 
Loss Rate 

(R =  0.386 AU)
—9 —1cm *$ 1

H 8.6 x 10& 2.0 x 10e 1.5 x 103
He 51.4 x 107 2.8 x 106 1.1 x 105
0 1.8 x 1(T3 7.4 x 105 4.0 x 105
Na 2.3 x 1(T9 5780-13927 2.1 x 107 a

5444-13118 2.3 x 107 b
15817-38112 7.4 x 106 c
14361-34605 8.7 x 106 d

K 9.0 x 104 1.5 x 105
Ar 4.8 x 105 4.2 x 107
h 2 2.3 x 106 8.8 x 108
o2 2.6 x 105 2.7 x 109
n 2 4.1 x 105 4.5 x 104
co2 1.9 x 105 2.0 x 108
H20 3.7 x 105 2.0 x 108
OH 6.2 x 105 2.7 x 106
s 1.3 x 105 1.5 x 105

1.5 x 108

Table 4.2: Atmospheric loss rates for quiet Sun (a,c) and active Sun (b,d) 
experimentally (a,b) and theoretically (c,d) determined.
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Chapter 5

Num erical sim ulations

The numerical simulations is the tool commonly used to confirm theoretical 
hypothesis or observations done by various satellite missions. As performance 
and resource available to researchers grows very rapidly we are now able to 
simulate almost the entire magnetosphere of the planet with certain limitations. 
For our purposes we carried out two kind of the simulations: i) Hybrid; ii) 
Particle tracing; which will be described below.

5.1 Hybrid simulations

Two major approaches are used in today code development for the purpose of 
studying plasma phenomena. Because the plasma is behaving, on large scales, 
as a fluid we can use simple fluid equations and close the set of equations with an 
equation of state (EOS) to get a rough description of the plasma (see Baumjo- 
hann and Treumann [1996] for the introduction). The numerical solution of 
such set of equations is called magneto-hydrodynamic (MHD) codes. This ap
proach is simple but has a few drawbacks. Because we neglect the gyration 
motion of particles (the fluid velocity represents bulk velocity of the guiding 
centers of the particles) all particle-wave interaction physics of gyration related 
processes is neglected. Consequently we can not observe any physical processes 
with typical length below the length of the particle gyroradius.

Another approach which solves the given problem from a different point of 
view are the particle-in-cell (PIC) codes. In this case we load macro-particles, 
each representing a cloud of real particles, with similar characteristic (posi
tion, velocity) into the simulation box and advance them in time by applying
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Lorentz force. Then moments of the distribution function are collected and 
used to compute new EM fields which are again used to advance particles and 
so on. This kind of codes are able to describe even physical micro-scale pro
cesses in exchange of finner timestep (usually below gyroperiod of electrons) 
and increased level of noise. That means that PIC is not suitable for simulating 
a magnetosphere even for today’s computers.

Fortunately we can use advantages of both and combine those two ap
proaches into the hybrid code. In this case protons which play important role in 
forming of plasma envelope around the planet can be treated as macro-particles 
and electrons as a charge neutralising fluid can be described using MHD equa
tions.

=  w  ( M )

In the weak magnetic field, especially when we are talking about heavy ions, 
the gyroradius of the particles (Eq. 5.1) can reach lengths comparable to the 
radius of the planet. In our specific case we need to follow full particle motion 
and thus we axe not able to employ magneto-hydrodynamic (MHD) codes which 
approximate motion of the plasma by hydrodynamic equations. The code we 
are using is described in article by Matthews [1994], Another implementations 
can be found in Hamed [1982] using a predictor-corrector scheme; Winske and 
Quest [1988] using a moment method or Horowitz et al. [1989] substepping 
magnetic field. It is a hybrid code treating ion species as macroparticles and 
electrons as a massless fluid which balances forces acting on electrons. CAM-CL 
is used to advance the solution and it stands for Current advance method and 
cyclic leapfrog. There axe few differences when compared to other hybrid codes: 
i) Multiple ion species are treated in a single computational pass through data 
arrays; ii) CAM advances ionic current density instead of fluid velocity in other 
codes; iii) velocity is collected a half time step ahead, before equation of motion 
is applied; iv) magnetic field is sub-stepped using modified midpoint method 
[Press et al., 1992] for better time resolution and to prevent dispersion.

5.1.1 N u m erica l Schem e

T he system  is governed by Vlasov-fluid equations:

T T - t* <5'2>
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DB: hdf.h5 
Cycle: 0 TlmeiO
V o lu m e

user: jparal
Thu Feb 1 15:59:37 2007

Figure 5.1: Example of the proton density output from the 3D hybrid simulation 
visualized by volume rendering technique. The boundary represents the bow 
shock of the planet for the fast solar wind (vaw = 5va).

dt to.,

&B
dt =  - V  x E

(5.3)

(5.4)

V x B =  /ioJ (5.5)

dUg
dt

=  —neeE +  J e x B — Vpe (5.6)

pe = neksT e (5.7)
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where the symbols mean: ion position xs; ion velocity vs; ion mass ms; ion 
charge qa; electric field E; magnetic field B; magnetic permeability po', current 
density J; electron number density ne; electron mass m e; electron fluid velocity 
ue; magnitude of electronic charge e; electronic current density J e — —neeue; 
electron fluid pressure p e \ Boltzmann’s constant k g ', and electron temperature 
Te. The subscript s refers to ion specie. We are using Darwin’s approximation 
so the displacement current is neglected in Maxwell’s equation 5.5 and we are 
assuming massless electron fluid so lefthand term of equation 5.6 can be ne
glected. By adding a term q3e on the right-side of equation 5.6, where r? is 
resistivity of plasma, we can introduce an artificial resistivity into the system 
which cause the damping of high frequency waves. In the real situation, Eq. 
5.7 describing isotropic and isothermal plasma is not valid and we have to use 
rather adiabatic approximation where we substitute electron temperature Te by 
Te = Teo (n e/ n eo)7_1, where 7  is an adiabatic index.

In this case the electric field is not time dependent and can be evaluated 
as a function of current density, magnetic field, charge density and electron 
pressure when we combine 5.6, 5.5, and substitute electron current density by 
J  =  J e +  J* and charge density pc = n sqs

E J t x B  | ( V x B ) x B  Vpe
Pc pO Pc Pc

substituting into equation 5.4 we obtain relation for advancing of magnetic field 
given by

®  V x ^ - V x < ^ J 2 h i 5  (5.9)
dt pc (^opc

For advancing ionic current density we use momentum conservation equation 
while neglecting quadratic terms:

^ = n E  +  J i x B  (5.10)
dt

5 .1 .2  M o d e l S ca ling

For better scaling of the physical problems we use a scaling called hybrid units. 
We usually take protons of the solar wind as a reference to express other species 
and variables so hybrid units are dimensionless. If we mark all simulation 
hybrid units by index H  and physical units by S I  then each variable x  can 
be expressed [x ]h  =  [:r]si/w where u is physical unit. Then when we adopt
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variable case I case II
Bsw [nT] 46 21

vsw [km/s] 600 (5 v^sw) 250 (3 vasw)
nsw [cm-3] 73 32

Psw.mO [kg m-3] 1.22 x 10~19 5.34 x 10_2°

Table 5.1: Solar wind parameter of the study cases

mass of the proton mp as unit of mass and charge e then we can define hybrid 
units: unit of magnetic field i?sw (magnetic field of solar wind); unit of speed 
va Alfven speed; unit of time fipsw (solar wind proton cyclotron time); unit 
of length Apsw =  c/ujpi = va/Opsw  (inertial length); unit of charge density 
^pswe; unit of electric field vaB s w ] unit of energy pm(c/^pSw)3v \  where c is 
the speed of light, flpsw =  eSsw /m p is solar wind proton gyrofrequency, and 
ujpi =  noe2/eomp is ion plasma frequency. Note that in hybrid units we keep 
magnetic permeability po = 1, ion beta fa = pmv2h, electron beta (3e = 2r e, and 
speed of sound c2 = (JiL +  (3e)2 where re =  ksT e/e  is a measure of the electron 
temperature.

20

18

16

14

12

20 30 40 50 60 70
n[cm 3]

Figure 5.2: The radius of the planet Mercury in hybrid units as a function of 
solar wind density.
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variable sim. units case I case II SI units
time Q-1“ pSW 0.23 0.50 s

length c/UJpiQ 26.7 40 km
speed VAO 118 82 km /s

mass density PmO 1.22 x 10~19 5.34 x 10~2° kg m~3
energy PmO (c/^pio)^'yAO 3.23 x 104 2.30 x 104 J

Table 5.2: Conversion of simulation units to SI units for two study cases

As a consequence we need to change the size of an obstacle as we change 
the parameters of the solar wind. For example the length which is a function 
of solar wind density Apsw =  c/^pi ~  1 /y^o require us to change the radius of 
the obstacle as we set up the initial conditions of the solar wind protons. On 
Fig. 5.2 we can see how to scale the radius of Mercury in terms of solar wind 
density.

5.1.3 Initialization

As a first step in our approach, we perform global hybrid simulations to obtain 
a steady state picture of the magnetosphere of Mercury. Our global hybrid 
model which is based on Matthews [1994] has been modified and applied to 
Mercury’s magnetosphere by Travmcek et al. [2007]. In our model, ions are 
treated as macroparticles and electrons are a massless fluid which obeys charge 
neutrality condition. The model advances electric current in time using the 
cyclic leapfrog method of Matthews [1994] which has been extended to three 
dimensions by Travmcek et al. [2007]. Our simulations were performed on a 
structured computational grid encompassing N x x Ny x N z = 560 x 200 x 200 
points and had a spatial resolution of (A x ,A y ,A z )  — (0.4,1,1) Apsw where 
Apsw is proton inertial length Apsw =  c/upi. Macro particles were advanced 
with the time step of A t  =  0.02 and magnetic field was sub-stepped
with a step of A t# =  At/10. This improves time resolution of field solver and 
allows us to resolve high-frequency behaviour of the fields. Our simulations 
were initialized with a linear superposition of constant uniform interplanetary 
magnetic field (IMF) superimposed on the dipole magnetic field of the planet. 
The intrinsic dipole moment of Mercury was set to M  = 25,000 B sw ^lsw /ho- 
At the beginning of the simulation every cell was initialized with 70 particles 
having Maxwellian isotropic distribution with (3P = nswTp/B b2w =  0.5 where
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nsw is number density of solar wind protons, Tp temperature of protons and 
Bsvv is interplanetary magnetic field. Electron fluid had 3e = 0.5. The plasma

were applied on all other sides of the simulation box. All particles which hit 
the surface of the planet were removed from the simulation. In the interior of 
the planet we imposed d B /d t = 0 and E =  0.

5.1.4 Electric and Magnetic fields

Electric and magnetic fields together with mathematical description of the re
leasing processes are the only inputs into particle tracing simulation. For both 
study cases (Tab. 5.1.2) the electric and magnetic fields are presented in Figures
5.4 and 5.3, respectively. Color scale represents amplitude and arrows projec
tion of orientation of a given variable into the plane of cut. The three Cartesian 
axis are scaled in radius of the planet Rm for convenience and positive X axis 
points towards the source of solar wind. As mentioned earlier Bz  is set to zero 
and vector B forms angle 30° with negative X-axis. This configuration prevents 
the reconnection process to occur on the dayside of the planet, on the other 
hand we can clearly observe parallel and perpendicular bow shock in equatorial 
plane cut.

5.2 Particle tracing

Our goal is to trace heavy ions in a snapshot of static electric and magnetic 
fields evolved by hybrid code. No time dependency of the fields is assumed 
and thus no particle-wave interaction is captured. Throughout the motion of 
particles we expect very small changes of the fields. Also, low density of sodium 
specie allow us to assume that interaction with the fields is negligible. When 
those conditions are satisfied we can use particle tracing technique instead of 
adding particles self-consistently into the global simulation.

To move the particles in time we need to solve a Lorentz force equation 5.12 
to advance the velocity coupled with Equation 5.11 for positions advancing.

was continuously injected at the left boundary while open boundary conditions

dx
—— =  v (5.11)

(5.12)
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Figure 5.3: Electric field in (from left to right) equatorial, noon-midnight, dawn- 
dusk plane for slow (upper) and fast (lower) solar wind conditions. Color scale 
represents magnitude in the units of SW electric field Esw and arrows represents 
projection of the field in the plane of cut.

where x, v are position and velocity of the particle; E, B are electric and mag
netic field; and q, M  are the charge and mass of the particle respectively. In 
Section 5.2.1 we explain the Leap-frog algorithm we used for pushing the par
ticles. We adopted the same scaling of variables as hybrid code described in 
Section 5.1.2 so we avoided rescaling the fields into the SI units.

5.2.1 Algorithm

To advance particle positions in time we use a simple explicit Leap-frog algo
rithm successively applied CAM-CL hybrid simulation code by Matthews [1994] 
described in previous Section 5.1. This method advances velocity alternatively 
by leap-frogging position and velocity vectors at different time levels. We adopt 
commonly used notation where time levels are expressed as a superscript where 
0 represents current time level and 1 is the next time level into which we are 
advancing the simulation.

Velocity is first half advanced in time using positions at time level zero 
dv1/2/d t =  q /M [E +  v° x B] and then full step is done using previously com-
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Figure 5.4: Magnetic field in (from left to right) equatorial, noon-midnight, 
dawn-dusk plane for slow (upper) and fast (lower) solar wind conditions. Color 
scale represents magnitude in the units of SW magnetic field B sw and arrows 
represents projection of the field in the plane of cut.

puted value dv1/d t =  q/M[E  +  v 1//2 x B]. In the end, positions are updated 
using equation of motion dxx/df =  d?;1.

v n+X/2 =  v n +  +  v n x

vn+1 =  vn +  At-^[E(x") +  v n+1/ 2 X B (xn)]

xn+1 =  x" +  A fvn+1

(5.13)

(5.14)

(5.15)

To obtain the vector of the fields at the positions of the particles we use a bilinear 
interpolation. This algorithm uses tabulated values at the grid points (in our 
case fields) to estimate untabulated values inside of the grid cell. Disadvantage 
of bilinear interpolation is that the gradients are not smooth at the boundaries 
of the cells. This problem can be avoided by more sophisticated algorithm 
(i.e. bicubic interpolation or spline) in exchange of defining gradients and cross 
derivations at the grid points (for details see P r e s s  e t  al. [1992]).

Provided scheme is precise up to second order and to prove that the algo
rithm performs correctly and to asses optimal time step we run several testing
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simulations with uniform magnetic field and no electric field to check if gyro- 
radius rg =  m v±/qB  is conserved on the time scales of the simulations. The 
optimal time step was chosen to be A t = 0.01fl“ŝ  which is sufficiently smaller 
than gyro-period of sodium ions. We use output snapshot of magnetic and elec
tric fields at simulation time t = 40Q“S(V from hybrid simulation described above 
and we employ previously defined scaling from CAM-CL hybrid simulation.

We run all simulations to the time 1000f!“ŝ  which is already a steady 
state because typical transition time is several hundreds of due to the 
acceleration in magnetosphere after ionization. In our case we use two times 
higher resolution (Ax, A y, A z) — (0.2,0.5,0.5) Apsw with grid Nx x Ny x N z — 
560 x 200 x 200 compared to hybrid simulation.

5.2.2 Particle loading

Having the distribution function of energies and angle we need to find the 
transformation from a uniform distribution of random numbers £, 0 < £ < 1 to 
our nonuniform distribution of variable as discussed in [Lipatov, 2002]

{ =  D{x) = S A A A  ( 5 . 1 6 )

where d(x) is a given distribution function and a and b are lower and upper 
boundaries respectively where function d{x) is defined.

For Thomson-Sigmund distribution used for solar wind sputtering energy 
distribution defined as f(E )  = 2EU /(E + U )3 we obtain after applying previous 
procedure:

E  = U ~ t f  ~  ^  (5.17)
sE — 1

again for 0 < £e < 1
0  =  arcsin(2£© — 1) (5.18)

<f> = 2tt& (5.19)

Gaussian random number generator is using Polar (Box-Muller) method; [Knuth, 
1973, v2, 3rd ed, pl22] where we generate two uniformly distributed numbers x
and y from interval [-1,1] and set s = x 2 + y2 we repeat this process until s < 1
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and then generate velocity with mean value /i and variance a

(5.20)

5.2.3 Output qucintities

Through out the simulation we measure the first three moments of particle 
distribution and stored into the file. Particle number density weighted on the 
Cartesian computational grid. The interpolation function weight each particle 
i on grid point j  by function

n  =  X ^ ( Xi) (5>21)
i

where cf> is a bilinear weighting function [Matthews, 1994]. Particle bulk velocity 
is similarly defined as:

u =  ^  ^(x*)v* (5-22)
i

parallel and perpendicular temperature from pressure tensor

Tll =  3^  J 2  <Kx*)(v;|| -  u , |)2 (5.23)
i

T± = 3^  ^ Xi) (V<-L -  u x ) 2 (5.24)
i

On the planet surface we measure particle surface density ns = N /S ,  number
of particles N  which hit the surface S  in units of A^sw. To have information
about energy distribution we measure mean energy density per surface by Es = 
1/n s  £< v2.

' —2 log s v = a x y \ l ------------b /x
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Figure 5.5: Macro-particle flux distribution of sodium neutral atoms from the 
surface of the planet. On x-axis is longitude and y-axis represents latitude with 
subsolar point in the center. Three process are presented here from top to 
bottom: PSD, MMV and SWS.
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Chapter 6

R esults

In this chapter we present results from several simulations. Two study cases 
of solar wind are first considered (described in Section 5.1) and analysed in 
terms of drift forces. For both cases, three major releasing processes of heavy 
sodium atoms from the Mercury’s surface are simulated and traced forward in 
time. Next we study basic characteristics of sodium exosphere in terms of space 
missions of MESSENGER and BepiColombo.

6.1 Electric and magnetic drifts

In electric and magnetic field, several forces are acting on the charged particles 
in electromagnetic field. Prom the given fields we can directly compute drifts 
which allow us to detect and analyze cause of particle distribution in test particle 
simulations we performed. Because of static nature of EM fields we can neglect 
polarization drift defined as:

_  1 dEj,
Vp ujgB d t

where change of electric field in time is zero and thus \ p 
drifts:

• Electric drift (E x B)

• Gradient B drift (V B)

• Magnetic field curvature drift (Rc)
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will define the trajectory of the particles in simulation box. Here we present 
all three drifts (Figures 6.1, 6.2 and 6.3) for comparison in form of plots rep
resenting magnitude and direction in three major planes of cut through the 
planet.

a  o.5

m h 4.0

W 1.3

- 2 - 1 0 1 2  - 2 - 1 0 1 2
X[Ru] F[i*M]

Figure 6.1: E x B  drift in the vicinity of the planet for slow (top) and fast 
(bottom) solar wind conditions.

E x B  drift

E x B  drift is defined as
E x B

v s  =  —g2“  (6-2)

where E and B are electric and magnetic field respectively. We have to perform 
Lorentz transformation from observer’s coordinate system, where planet is in 
the rest, to the local rest coordinate system of plasma. Electric and magnetic
fields in the frame of reference moving with the velocity u  are defined as

E  +  u  x B
E =  r, ^ i / o  (6‘3)

and magnetic field is

[i -  w *

B, =  B + (u xE )/c»
[i -  4 } 1/2
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for small velocity u <  c where c is speed of light we can transform fields into

E ' =  E  +  u x B  (6.5)

and
B ' =  B (6.6)

due to the Lorentz transformation (see Baumjohann and Treumann [1996, p. 
16] for more details), where E ' is electric field experienced by particles, E is 
electric field measured in hybrid simulation and u  is bulk flow velocity of the 
plasma at the given point.

In Figure 6.1 we can see the magnitude of E x B  drift represented by color 
scale for slow (top) and fast (bottom) configuration of the solar wind. The
arrows represent the orientation of the drift in the given plane of cut. The
drift reach its maximum in the magnetosheath with values up to 3.5 v^sw in 
the slow solar wind case and up to 8 vasw in the case of the fast solar wind. 
In both cases the orientation is predominantly from the polar to equatorial 
regions. This orientation cause the particle to populate two narrow bands of 
the surface in the midlatitude regions observed in Section 6.4 where particles, 
already accelerated, with usually very complicated trajectory in the simulation 
box return back on the dayside of the planet and hit the surface.

Gradient B drift

In inhomogeneous magnetic field, particles experience additional drift related 
to the different magnitude of the magnetic field during its gyro-period. Using 
Taylor expansion around guiding center of the particle

B =  B0 +  (r • V)B0 (6.7)

where Bo is magnetic field and r  is distance from guiding center we can find 
by averaging over one period [Baumjohann and Treumann, 1996] that particle 
undergo magnetic V B  drift defined as

v v = i i (B x V B )  (6-8)

Gradient B drift is presented in Figure 6.2. Color represents magnitude of 
the drift in units of where v± is the velocity of the particle in per-
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- 2 - 1 0 1 2  - 2 - 1 0 1 2 - 2 - 1 0 1 2
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Figure 6.2: V B  drift in vicinity of the planet. Color represents magnitude with 
maximum at the bow shock of the planet and arrows represent a direction in 
given the plane of cut. Top and bottom panel represent slow respective fast 
solar wind study case. Note, that units are in ru sw/uj_.

pendicular direction to the background magnetic field. Arrows then represent 
direction of the drift in the plane of cut. Two cases of solar wind are presented: 
fast (top) and slow (bottom) solar wind summarized in Section 5.1.3. As ex
pected, gradient B drift support the partial ring current in vicinity of the planet 
and reach its maximum in bow shock of the planet (left and center panels) in 
both cases of solar wind. Gradient B drift has relatively small contribution into 
overall drift forces because of a small dipole moment of the planet compared to 
the strength of Earth.

Curvature drift

The curvature drift is defined as
9

VK =  x B) (6-9)
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I

- 2 - 1 0  1
X[Rm

Figure 6.3: Curvature drift in vicinity of the planet. Color represents magnitude 
with maximum at the bow shock of the planet and arrows represent a direction 
in given the plane of cut. Top and bottom panel represent slow respective fast 
solar wind study case. Note, that units are in vasw/ vu.
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where R c is vector of local curvature of magnetic field. To determine R c on the
Cartesian grid we have to find local curvature vector n  which can be defined as

K =  V± l n R + Mo(V>^ f ) XB (6.10)

where gradient in perpendicular direction V_l is

vx = v - | ( | . v )  (6.11)

Then local curvature radius R c points in the opposite direction then local cur
vature vector k  is defined as

R c =  (6.12)

thus local curvature of magnetic field is

Rc = B \ B  B 2 (6.13)

where jiQ =  1 in hybrid units [Matthews, 1994].
In Figure 6.3 is the curvature drift. Magnitude is represented by color 

scale and arrows represent direction of the curvature drift in the given plane of 
cut. The units of all figures are in UAsw/^jj• Small size of the planet supports 
relatively high curvature drifts, especially in the vicinity of the surface with 
maximum at the equator. Note that in slow solar wind when magnetic field 
is not completely compressed towards the surface, maximum of curvature drift 
forms ring with the peak at 1.3 - 1.4 R m  visible at upper left figure. For already 
accelerated particles with velocities more then 1 v^sw in parallel direction is 
resulting drift the strongest one among all of the analysed drifts. Orientation 
of Rc drift supports ring current clearly as we can clearly see in bulk velocity 
presented in Section 6.5.

6.2 Particle statistics

From the running simulation we can perform several statistics based on the 
number of particles which cross the boundary Ntmd, hit the surface of the planet 
Npi after the release or total number of emitted neutral atoms Nemit.
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Rel. process
Slow SW

N bnd/ N pi [%] N p l/ N emit [%]

Fast SW
N bn d /N p i [%} N p l/ N emit [%]

PSD 5.9 35.2 24.4 48.1
SWS 58.4 30.5 77.7 31.5
MMV 6.6 23.9 26.0 35.2

All 25.5 30.6 39.5 38.3

Table 6.1: Particle statistics. Nfmd, Npi and N emit are number of particles which 
left the simulation box through the boundary, hit back the surface and total 
number emitted into the system respectively.

Ip [1987] estimated the ratio Nimri/N pi to be 0.5 by comparing Mercury 
with the situation at Earth and he attributed this loss to the intercepting of 
the heavy ions by the magnetopause. This value is in agreement («  40%) with 
our result for the fast solar wind. In case of the slow SW the ratio drops to the 
«  26% which is considerably lower. Note that we considered all processes to 
release the same amount of particles. In the real situation we can expect the 
ratio to be different depending on which process is dominant. If the SWS would 
be the major releasing process then the ratio N ^ /N p i  would be even higher 
since SWS is very effective in releasing particles in latitudes of open/closed field 
line boundary and thus most of the particles escape from the system.

The ratio Npi/N emit is very close for the both cases of the solar wind. For the 
slow SW it is «  31% whereas for the fast SW it is «  38%. Again, this ratio can 
change dramatically in case different particle fluxes from the surface, especially 
when we can expect that SWS will be very effective releasing mechanism during 
events like coronal mass ejection. In case of the photon stimulated desorption, 
during the fast solar wind, almost 50% of the released neutral atoms precipitated 
back to the surface.

6.3 Single Particle

Several approaches are possible when particle tracing technique is used. When 
neglecting the option of particles tracing backward in time, we can trace enor
mous amount of particles to obtain statistics in a single computational cell (i.e. 
bulk velocity) or we can trace only a single particle and focus on the trajectory. 
From a history of such single particle we can identify a pattern of the typical 
particle trajectory at various regions.
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X\R m\ X[Rm] Y[Rm]

Figure 6.4: Projection of a single test particle trajectories released from the 
latitude of 40°S and for three longitudes: -90 (solid line), -30 (dotted line) and 
50° (dashed line), measured from the subsolar point. The initial velocity of test 
particles is |u| =  0.01. In the background is magnitude of magnetic field in 
units of solar wind magnetic field .Bsw

In Fig. 6.4 is a cut through magnitude of magnetic field in (from left to 
right): equatorial plane; noon-midnight meridian plane and dawn-dusk plane. 
The X , Y  and Z  spatial axis are in units of Mercury planetary radius Ru- Color 
scale represents magnitude of magnetic field |B| in units of solar wind magnetic 
field B sw ■ Besides of all characteristics of the well formed magnetosphere, 
namely bow shock, cusps regions or current sheet with reconnection X-line, 
three particle trajectories were picked up to represent common scenarios in 
the simulation. All three particles were released from the latitude of 40°S and 
from three different longitudes: -90° (solid line), -30° (dashed line) and 50° 
(dotted line), measured from the subsolar point. The initial velocity of all 
three particles is |u| =  0.01 in radial direction. This configuration is typical for 
solar wind sputtering because of the initial latitude was chosen in open/closed 
field line boundary at about 35 - 55° of latitude (see Sec. 6.4 for more details).

The first particle (solid line), after the release from the dawn side of the 
planet in mid-latitude region, is trapped in the dipole magnetic field of Mercury. 
Compared to the case at Earth, the dipole moment of Mercury is relatively 
small. Because of the high mass of sodium ions particle usually undergo only 
several periods before escape from the system or scatter to the surface again. 
During this motion particles participate into the ring current observed in bulk 
velocity in Section 6.5.

The second scenario (dotted line) where particles was released from the day- 
side sector on the south hemisphere. The particle follow the field line at L-shell
1.5 and then hit the surface at the north hemisphere at the same latitude with
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out any contribution to the ring current. Up to 50% of particles in case of PSD 
releasing mechanism, under the fast solar wind conditions, scatter back to the 
surface. Other mechanisms are not so effective and number of particles which 
return back to the surface is between 24% and 35% from the total number of 
released atoms. For details see Section 6.2 where statistics of released particles 
were presented.

The third particle (dashed line) simply escape from the tail of the magneto
sphere after being energized by crossing of magnetopause. The particle can be 
captured in the current sheet where gain even more energy and can be injected 
back to the dayside. Such particles can then easily hit the surface of the planet. 
This usually happen in the mid-latitude region from two energetic bands of the 
increased particle flux from the surface as observed in the Section 6.4.

6.4 Surface of the Planet

An important view on the history of particle can reveal a deposit map of the 
particles and energy fluxes through the surface of Mercury. Using Table 5.1.2 
for conversion of the units from hybrid into the SI units, we can transform an 
energy flux as follow

[4?e ]s I =  4>e  [P m o (c /w pio ) 3 'yA o]si [c A V o Jsi;2 [^ p S w Js i1 (6 -1 4 )

where index H and SI represent hybrid and SI units respectively. 4>e is flux of 
the mean energy through the surface of the planet and pm0, c/ujpio, vao and 
QpSW are hybrid unit of mass density, length, speed, and time respectively.

Particles, after released as neutral atoms, are ionized due to the photo ion
ization. Large number of particles (between 24% and 48%) then scatter on 
the surface of planet where cause secondary particle sputtering. This amount 
is strongly dependant on the releasing process involved and on the magneto
sphere configuration as well as solar wind conditions as described in Section 
6.2. Because of unknown initial particle number density we can only measure 
the macro-particle flux distribution through the surface of the planet as seen 
on Figure 6.5 and 6.7 for slow and fast solar wind respectively. As we can 
see, the distribution of the flux vary significantly depending on the releasing 
mechanism considered. The PSD process has almost zero particle flux through 
the surface on the night side of the planet as well as in a low latitude region
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Figure 6.5: A planetary deposit map, under the slow solar wind conditions, of 
the super-particle flux (color scale) through the surface for three major releasing 
processes: PSD, SWS and MMV (from top to bottom). On x-axis and y-axis 
is longitude respectively latitude in Miller cylindrical projection of the surface 
The subsolar point is in the middle of projection.
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Figure 6.6: Mean energy flux (color scale) of sodium ions through the surface 
of the planet under the slow solar wind conditions for three major releasing 
processes: PSD, SWS and MMV (from top to bottom). On x-axis and y-axis 
is longitude respectively latitude in Miller cylindrical projection of the surface 
The subsolar point is in the middle of projection.
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Particle flux
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Figure 6.7: A planetary deposit map, under the fast solar wind conditions, of 
the super-particle flux (color scale) through the surface for three major releasing 
processes: PSD, SWS and MMV (from top to bottom). On x-axis and y-axis 
is longitude respectively latitude in Miller cylindrical projection of the surface 
The subsolar point is in the middle of projection.
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Figure 6.8: Mean energy flux (color scale) of sodium ions through the surface 
of the planet under the fast solar wind conditions for three major releasing 
processes: PSD, SWS and MMV (from top to bottom). On x-axis and y-axis 
is longitude respectively latitude in Miller cylindrical projection of the surface 
The subsolar point is in the middle of projection.
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around equatorial plane on the day side. The maximal particle flux forms two 
narrow bands in midlatitude which are shifted towards equator in fast solar 
wind case. The zero flux which is observed in the equatorial region then may 
be connected with very strong curvature drift as seen in Fig. 6.3. In the case of 
solar wind sputtering (SWS) process the flux distribution is strongly localized 
at the same latitude (ps 50°) for both hemispheres and practically all longi
tudes. Note also that the distributions are almost the same for slow and fast 
solar wind with higher flux on the dawn side than on the dusk side. The micro 
meteorite vaporization (MMV) scatter particles on the most of surface, except 
for the small part of the planet’s night side, for latitudes less then 50° and for 
the low latitude region on the day side. This scattering is due to the particle 
initial flux distribution map of the MMV process which sputter neutral atoms 
from the entire surface of Mercury as seen in Fig. 5.5 representing the neutral 
atom flux distribution map.

Figures 6.6 and 6.8 represent particle mean energy flux distribution for 
slow and fast solar wind respectively. Units are converted using Equation 6.14 
into SI units Jm _2s_1. Figures follow the same notation as super-particle 
flux for X, Y axis. Three panels represent different releasing mechanism. As 
seen from direct comparison of both figures, the maximal energy flux through 
the surface increased approximately 20 times in fast solar wind compared to 
the slow SW. This increase is due to the higher gradients in the compressed 
magnetosphere caused the stronger solar wind pressure. Surprisingly the same 
energy flux distribution in Figure 6.6 formed for all releasing processes. Two 
parallel symmetric bands formed in + /-  40° of latitude. Two major mechanisms 
can scatter particles at those specific latitudes. Firstly, when the pitch angle a 
(Equation 6.15) of bouncing particle is small

a = tan_1(ux/u||) (6.15)

the mirror force is not sufficient enough to reflect the sodium ion at the mirror 
point and thus particle hit the surface. Secondly, the injection of energized 
particles from high altitude, above the polar region. We can see those particles 
in the bulk velocity plots (i.e. Fig. 6.9) as enhanced velocity above the magne
topause boundary layer in the azimuthal direction. Although this enhancement 
is in the north to south direction, in the case of SWS we can identify the higher 
velocity even in south to north direction. This could explain why the narrow
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band in the mean energy flux is interrupted on the dayside of the south hemi
sphere for PSD and MMV processes but are not visible in case of SWS. The 
situation in case of fast solar wind is even more complicated. We can still iden
tify the two narrow bands at latitudes «  40° but the energy flux is enhanced 
for all latitudes between those bands, especially on the night side of the planet. 
Even if particle flux on the dayside of PSD and MMV processes is large the 
energy flux of such particles is small. This is probably because the particles are 
quickly scattered on the surface before energizing.

6.5 Bulk velocity

On Figures 6.9-6.14 you can see the bulk velocity of the sodium ions Na+ rep
resented by color scale in units of Alfven velocity vasw- particles were originally 
released from the surface of the planet by PSD, SWS, MMV processes. The bulk 
velocity is converted into spherical coordinate system so each row represents one 
component of the velocity in (from top to bottom) radial; longitudinal; and az
imuthal direction. All Figures 6.9 - 6.14 of bulk velocity follow the same layout. 
The velocity converted into spherical coordinates allow us clearly identify the 
regions of particle injection into the surface (scattering), ring current, etc. Two 
cases of solar wind velocity are considered: i) slow solar wind vsw =  3 vasw (Fig. 
6.9, 6.11, 6.13); and ii) fast solar wind usw =  5 vasw (Fig. 6.10, 6.12, 6.14). 
The black line in all plates represents rough assessment of magnetopause. This 
assumption is based on the fact that on the magnetopause boundary is zero 
velocity of plasma in normal direction. We can see that so called magnetopause 
stagnation point is in the range of 1.2 - 1.7 R m  which is in agreement with 
theoretical expectations by Baumjohann and Treumann [1996] using Equation 
6.16. Using typical parameters, we find out Rmp to be about 1.4 R m -

We considered various angles x formed between the plane of cut and noon- 
midnight plane, namely X =  0° (noon-midnight plane in Fig. 6.9 and 6.10), 
X =  60° (Fig. 6.11 and 6.12), and x =  90° (dawn-dusk plane in Fig. 6.13 and 
6.14).

(6.16)

All plates of bulk velocity show an increased velocity upstream of the mag
netopause. Also note more than twice higher maximal velocities (> 3 vaSw) iQ
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Figure 6.9: Bulk velocity in noon-midnight plane in units of Alfven speed of 
solar wind v^sw for slow solar wind vsw = 3 vaSw  Three major releasing 
processes are presented in each column: photon stimulated desorption (PSD), 
solar wind sputtering (SWS) and micro-meteorite vaporization (MMV). The 
velocity is transformed into spherical coordinate system: radial direction (top 
row); longitudinal direction (middle row); and azimuthal direction (bottom 
row). The black line represents an assessment of magnetopause.
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Figure 6.10: Bulk velocity in noon-midnight plane in units of Alfven speed 
of solar wind vaSw for fast solar wind wsw =  5 vaSw  Three major releasing 
processes are presented in each column: photon stimulated desorption (PSD), 
solar wind sputtering (SWS) and micro-meteorite vaporization (MMV). The 
velocity is transformed into spherical coordinate system: radial direction (top 
row); longitudinal direction (middle row); and azimuthal direction (bottom 
row). The black line represents an assessment of magnetopause.
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Figure 6.11: Bulk velocity, in plane forming an angle 60° with noon-midnight 
plane, in units of Alfven speed of solar wind vasw for slow solar wind vsw — 
3 vasw• Three major releasing processes are presented in each column: photon 
stimulated desorption (PSD), solar wind sputtering (SWS) and micro-meteorite 
vaporization (MMV). The velocity is transformed into spherical coordinate sys
tem: radial direction (top row); longitudinal direction (middle row); and az
imuthal direction (bottom row). The black line represents an assessment of 
magnetopause.
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Figure 6.12: Bulk velocity, in plane forming an angle 60° with noon-midnight 
plane, in units of Alfven speed of solar wind vasw for fast solar wind vsw = 
5 vasw- Three major releasing processes are presented in each column: photon 
stimulated desorption (PSD), solar wind sputtering (SWS) and micro-meteorite 
vaporization (MMV). The velocity is transformed into spherical coordinate sys
tem: radial direction (top row); longitudinal direction (middle row); and az
imuthal direction (bottom row). The black line represents an assessment of 
magnetopause.
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Figure 6.13: Bulk velocity in dawn-dusk plane in units of Alfven speed of 
solar wind vasw for slow solar wind vBW = 3 vasw Three major releasing 
processes are presented in each column: photon stimulated desorption (PSD), 
solar wind sputtering (SWS) and micro-meteorite vaporization (MMV). The 
velocity is transformed, into spherical coordinate system: radial direction (top 
row); longitudinal direction (middle row); and azimuthal direction (bottom 
row). The black line represents an assessment of magnetopause.
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Figure 6.14: Bulk velocity in dawn-dusk plane in units of Alfven speed of 
solar wind Vasw for slow solar wind vsw = 5 vasw- Three major releasing 
processes axe presented in each column: photon stimulated desorption (PSD), 
solar wind sputtering (SWS) and micro-meteorite vaporization (MMV). The 
velocity is transformed into spherical coordinate system: radial direction (top 
row); longitudinal direction (middle row); and azimuthal direction (bottom 
row). The black line represents an assessment of magnetopause.
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the fast solar wind case due to the strong gradients in magnetic field than that 
in slow solar wind where velocities reach about 1.5 vaSw- Comparing the radial 
direction of bulk velocity (top row) of the processes, we can note that only 
SWS mechanism shows an inward stream of ions towards the planet surface at 
south hemisphere in latitudes 50-70°, visible especially in Figure 6.9. We ob
served this feature in the mean energy flux through the surface in Section 6.4 as 
well. The inward flux is probably connected with increased velocity in negative 
azimuthal direction above the south pole, visible in Fig. 6.9 for SWS. In the 
real situation we will not be able to distinguish between the processes and thus 
we would see much higher flux of energetic particles in the north hemisphere 
compared to the south one where only the solar wind sputtering is contributing 
to the total flux from all processes.

In Sec. 6.3 we presented that one of the possible scenarios of ionized particle 
trajectory is to bounce between the north and south mirror points while undergo 
drifting motion causing the ring current. We can clearly identify a partial ring 
current especially in slow SW when magnetopause is sufficiently far from the 
surface. This increased bulk velocity is visible in longitudinal direction (middle 
row) of Figure 6.9.

The sodium plasma is almost stationary in both lobes and the only inter
esting regions are the high gradient structures in magnetic field. In the case 
of fast solar wind, sodium ions probably do not feel as strong magnetic field 
as in slow solar wind because spatial scales of EM field are much smaller than 
gyroradius of heavy sodium ions.

6.6 Temperature anisotropy

Figures 6.15 and 6.16 represent particle temperature anisotropy Tj_/T)| resulting 
from three major releasing processes, namely PSD, SWS and MMV (from top 
to bottom) in three planes of cut through the planet: Y-X, X-Z and Y-Z (from 
left to right). By future analyzing of parallel beta parameter =  2fjl0p ^ /B 2 
defined as the ratio of thermal and magnetic pressure together with temperature 
anisotropy we can identify the sources of instabilities caused by sodium ion 
population. This analysis is out of scope of this thesis and will be done in 
future work.
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Figure 6.15: Temperature anisotropy T±/T\\ in slow solar wind case from three 
major releasing processes: PSD, SWS, MMV (from top to bottom) in three 
different cuts through the center of the planet: X-Y, X-Z and Y-Z (from left to 
right).
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Figure 6.16: Temperature anisotropy T±/T\\ in fast solar wind case from three 
major releasing processes: PSD, SWS, MMV (from top to bottom) in three 
different cuts through the center of the planet: X-Y, X-Z and Y-Z (from left to 
right).
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6.7 Number density

In Figures 6.17 and 6.18 is non-thermal exosphere caused by particles which 
were ionized in very early time after the releasing. This envelope-like structure 
around the planet of non-accelerated particles is comparable with expectation 
and observations of Kitten et al. [1998]. Both solar wind configuration possess 
a comet-like tail caused by photo-ionization process highlighted especially in 
SWS mechanism. This feature is due to the fact that photon flux can ionize 
neutral atoms only in the space with direct access of photons. Also note higher 
densities at high altitudes in subsolar point in case of SWS when compared 
with other releasing mechanisms. This enhancement is in an agreement with 
explanation of relationship between SWS and non-thermal exosphere at high 
altitudes by Lammer and Bauer [1997].

When a solar wind pressure is relatively small, as in the case of Figure 
6.17, magnetosphere allow to sodium ions to develop exosphere with most of 
the aspects known from Earth. In the case of fast solar wind, presented in 
Figure 6.18, only the micro-meteorite vaporization and solar wind sputtering 
mechanisms had fully developed exosphere tails. Photo-stimulated desorption, 
on the other hand, had entire exosphere pressed towards the planet. This is 
mainly because of the spatial scales of magnetosheath between shock wave and 
magnetopause is much, smaller that gyroradius of sodium ions. In this case 
particles hardly feel any forces at the boundaries and easily escape from the 
exosphere.

6.8 Mean energy

From the bulk velocity we can easily obtain the mean energy of the particle 
population. Two extreme cases of solar wind are considered: slow solar wind 
in Fig. 6.19 and fast solar wind in Fig. 6.20 separately for each of the releasing 
process. In top, middle and bottom row are PSD, SWS and MMV process 
respectively in three planes of cut: (from left to right) equatorial, noon-midnight 
and dawn-dusk plane. In all plates are three lines representing three flybys 
of MESSENGER mission (as of April 30, 2007) scheduled before parking the 
spacecraft on the orbit. As we can see from direct comparison of Fig. 6.19 and 
Fig. 6.20, fast solar wind (5 vasw) is able to energize the sodium population 
more then 10 times compared to the slow (3 vasw) SW. Only SWS and MMV
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Figure 6.17: Super-particle number density in slow solar wind configuration of 
EM field of three major releasing processes: PSD, SWS, MMV (from top to 
bottom) in three different cuts through the center of the planet: X-Y, X-Z and 
Y-Z (from left to right). The three lines represents flybys of MESSENGER 
before parking on the orbit as of April 30, 2007.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 6. RESULTS

Figure 6.18: Super-particle number density in fast solar wind configuration of 
EM field of three major releasing processes: PSD, SWS, MMV (from top to 
bottom) in three different cuts through the center of the planet: X-Y, X-Z and 
Y-Z (from left to right). The three lines represents flybys of MESSENGER 
before parking on the orbit as of April 30, 2007.
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Figure 6.19: Mean energy of three major releasing processes: PSD, SWS, MMV 
(from top to bottom) in three different cuts through the center of the planet: 
X-Y, X-Z and Y-Z (from left to right). The three lines represents flybys of 
MESSENGER before parking on the orbit as of April 30, 2007.
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Figure 6.20: Mean energy of three major releasing processes: PSD, SWS, MMV 
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MESSENGER before parking on the orbit as of April 30, 2007.
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processes axe efficient enough to play an important role in populating current 
sheet region by energetic particles. Note the dusk-dawn asymmetry in energy 
population of MMV process especially visible in Fig. 6.19. This difference 
is due to the magnetosphere asymmetry and because of the transition time 
when particles from more dense dawn side move to the dusk side. During this 
transition particles gain energy in the interactions with fields. An energetic 
vacuum around the planet is visible only in case of slow solar wind (Fig. 6.19).

Two large structures formed in the distribution of high energy particles. 
Thick layer in equatorial plane continuing up to the tail around the current 
sheet and envelope-like structure upstream of magnetopause in magnetosheath. 
Particles in those regions gained energy from meandering motion in field with 
high gradient. Both structures are in agreement with Delcourt et al. [2003] who 
considered the same releasing processes as we did but used a simple empirical 
model of electromagnetic field. Using EM field from the hybrid simulation 
instead of empirical model leads to somewhat fuzzier distribution of energy but 
with still clearly visible structures.

6.9 Virtual ftybys of MESSENGER

On Figure 6.21 is density distribution in units of solar wind density npsw in three 
planes with scheduled flybys (as of April 30, 2007) of MESSENGER mission 
described in Section 2,2. The flybys are scheduled on FBI: 2008/01/14 (solid 
line), FB2: 2008/10/06 (dotted line) and FB3: 2009/09/29 (dashed line). Note 
that all three flybys are at the equatorial plane. One of the key component 
of the mission will be FIPS instrument developed by University of Michigan 
described in Koehn et al. [2002]. The objectives of the instrument are to measure 
energy and species of charged particles in both low and high energy spectrum. 
Low energy spectrum channel should map the exosphere formed from released 
particles from the surface and high energy channel should answer the questions 
about energizing processes taking place in Mercury’s magnetosphere.

Since the initial particle number densities are unknown for all releasing 
process, not many conclusions can be made from the sodium number densities 
measured during the flybys. Fig. 6.22 represents macro-particle number density 
measured during three flybys of MESSENGER around Mercury before parking 
the spacecraft at the orbit of the planet. First three plates are under slow 
SW conditions and bottom three are during fast SW. Various lines represent
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Figure 6.21: Virtual flybys of MESSENGER scheduled for 2008/01/14 (solid 
line) 2008/10/06 (dotted line) and 2009/09/29 (dashed line) on the background 
of solar wind proton number density for slow (top) and fast (bottom) case of 
solar wind

different processes: solid line - photon stimulated desorption, dotted line - solar 
wind sputtering and dashed line - micro-meteorite vaporization.

In Fig. 6.22 micro-meteorite vaporization process dominates (dashed line) 
except of the third flyby in slow solar wind (third plate) where trajectory of the 
spacecraft cross the thin layer of high density sodium ions on the dayside formed 
by photon stimulated desorption (solid line). In this case the peak at t =  6 min 
has the same structure and amplitude for both MMV and PSD. From Fig. 6.22 
we can see that under the conditions when all releasing process would have the 
same particle flux from the entire surface, micro-meteorite vaporization would 
be the dominant process populating dawn side of the planet. This is because of 
the distribution flux of sodium atoms on the surface from MMV process is two 
times higher on the dawn than on the dusk side. Compared to the third flyby 
during the slow solar wind, the peak observed as well in the fast solar wind in 
PSD process (bottom plate) at t =  3 min is much smaller,compared to the peak 
in MMV, although still visible. Both cases, presented here, show the increased 
density in the interval between 3 and 5 minutes of the flyby which is connected 
with comet-like tail due to the photo-ionization process which acts only on the

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 6. RESULTS

10.0

1.0

S  0.1
20•20

Time [min]

£  10.0 bo b)
. 1.0ks  i
^ & ■2  o.i Li 

-20

il*':
S i*  \ifj i • 'ii :j>: il ‘ “

!> 'vx 
I 4, -: Ait il il:: l

li

-10
Time [min]

10 20

«  100.0

1.0

20■10 0 10-20
Time [min]

1.0

2010-10 o-20
Time [min]

Time [min]

.a io.o

&<
1.0

0.1
20100-10-20

Time [min]

Figure 6.22: Macro-particle number density during three virtual flybys of MES
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panels) solar wind. Solid line, dotted line and dashed line represents PSD, SWS 
and MMV processes respectively. Time t  = 0 represents the closest approach.
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Figure 6.23: Sodium mean energy during three virtual flybys of MESSENGER 
in the vicinity of the planet for slow (top 3 panels) and fast (bottom 3 panels) 
solar wind. Solid line, dotted line and dashed line represents PSD, SWS and 
MMV processes respectively. Time t =  0 represents the closest approach.
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dayside and in the regions with direct access of the photon flux.
Prom the bulk velocity we can easily obtain mean energy of the sodium ions. 

Compared to the number density, which is unknown because of the uncertain 
or unknown initial particle fluxes from the surface, mean energy of particle 
distribution is independent of the initial sodium number density. In the case 
of sufficiently high number density, when collisions are not negligible, we would 
need to take into account another process of energy distribution. Since almost 
no collisions take place in the sodium exosphere, this is not the case. In Figure 
6.23 are several plots of the mean energy measured during the virtual flybys 
of MESSENGER under the various solar wind conditions. Top three plates 
represent slow SW and bottom three demonstrate fast SW conditions. Time 
t =  0 minutes represents the closest approach of the spacecraft from the planet’s 
surface which is, from the last trajectory adjustments, supposed to be «  200 
km. From the measurement of super-particle density during the flybys we can 
estimate spatial regions where the distribution function of ion population is 
described sufficiently and where statistical error is large. In the regions where 
super-particle density is lower then the critical density we do not have enough 
information about the sodium plasma and the energy measurements are not 
convincible at the given region. To avoid this phenomenon we would need to 
increase the amount of super-particles or decrease the spatial resolution.

From energies of PSD process (solid line) we can see increasing importance 
the PSD plays in generation of energetic particles population (around t =  0 
minutes) as the closest approach of the flyby shifts from night sector towards 
dawn. Although such feature is visible only for slow solar wind because when 
exosphere is compressed towards the surface most of the particles return back to 
the surface or simply escape from the system. Thus there is no energy increase 
from PSD process around t =  0 min for bottom three plates representing the fast 
solar wind study case. The MMV process (dashed line) acts as a background, 
middle range energy source except of the several events where energy increased 
up to maximal 8 x 105 in the plate 6.23d. Almost no long term enhance in 
energy is observed during the flybys caused by MMV. This process greatly is 
responsible in populating night side and tail regions. On the other hand SWS 
process (dotted line) is even more very effective in populating night sector. 
Especially for fast solar w ind (bottom  three panels) the SWS is dom inating  

process for times < 5 min which represents sector from terminator down to the 
tail region in the equatorial plane. Considering that particles are released from
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the midlatitude region of the planet, particles are easily trapped and participate 
in the ring current and thus are transported into the tail where escape.

We found that in our simulation the pick-up ions were accelerated to the 
energies of up to 106 eV, which is well within the range of measuring capabili
ties of the FIPS instrument on board the MESSENGER spacecraft Koehn et al. 
[2002]. Our simulations show that the energy spectrum of the heavy ions along 
the proposed MESSENGER flyby trajectories is strongly affected by the solar 
wind dynamic pressure. Depending on the assumed solar wind conditions, the 
typical ion energies may change by a factor of 10 or even more. Two major struc
tures formed in distribution of relatively high energy sodium ions. First, thick 
layer at the current sheet region and second in the upstream of magnetopause. 
Both regions are connected with the increased magnetic field gradient causing 
the acceleration of particles. Note also the higher mean energy in the upstream 
of dawn sector. This enhancement is due to the Parker spiral orientation of IMF 
which forms the parallel bow shock easily penetrated by ions. These results are 
qualitatively similar to those of [Delcourt et al., 2003] who used an empirical 
magnetic field model to describe Mercury’s magnetosphere. Sharp peaks in 
the high-energy ion concentrations near the magnetospheric boundaries in our 
model is also reminiscent of the energetic particle peaks observed by Mariner 
10 spacecraft [Simpson et al, 1974b] (even if the details of the interpretation of 
observations are still open to debate). The locations of the high concentrations 
of the high-energy particles depend on the magnetic field topology. Therefore, 
FIPS measurements can be used to provide additional constrains on the mag
netospheric magnetic field in the Hermean magnetosphere. Energy spectrum 
measured by FIPS will also provide answers with respect to the acceleration 
mechanism for the pick up ions in the magnetosphere of Mercury.

From analysis of gradient and local curvature of magnetic field we can see 
that curvature plays very important role in acceleration of particles, especially 
in very low latitude regions and within 1.3 R m of radii. Whilst gradient of 
magnetic field is more important in a tail region and in bow shock crossing 
of ions. Analysing of energy distribution and the bulk velocity of heavy ions 
from MESSENGER spacecraft measurements it will be possible to locate those 
regions of interest and confirm our findings.
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Chapter 7 

Conclusions

Our work was focused on sodium ion exosphere generated from the surface 
of planet Mercury using various releasing processes of sodium neutral atoms. 
Prom the known processes we considered three major releasing mechanisms: 
photon stimulated desorption caused by flux of the energetic photons from 
the Sun (with energies > 5 eV); solar wind sputtering due to the high en
ergetic protons which impacted the surface after penetrating magnetosphere; 
and micro-meteorite vaporization caused by space material bombarding sur
face. The other processes were not taken into account due to the small role 
they play in the forming of exosphere. Among those is, for example, thermal 
desorption which produces only low energy particle with insufficient velocity to 
overcome the gravitation and solar wind pressure forces. Because we neglected 
collisions in our system, all releasing processes behave independently and we 
were able to study distributions, temperatures and other characteristics sepa
rately for each of the releasing mechanisms. Due to the increasing interest in 
planet Mercury initiated by space mission Mariner 10 in 1974/1975 and followed 
by two new missions: i) MESSENGER in collaboration of National Aeronautics 
and Space Administration (NASA) and The John Hopkins University Applied 
Physics Laboratory (APL); ii) BepiColombo developed in collaboration of Eu
ropean Space Agency (ESA) and Japan Aerospace Exploration Agency (JAXA) 
we simulated sodium atoms ionized through photoionization process to obtain 
sodium exosphere which will be the subject of those missions.

We performed several statistics with number of particles in the system which 
leave the simulation box through the boundary ( N ^ ) ,  hit the surface of the 
planet (Npi). In agreement with Ip [1987], who estimated the ratio Nbnd/Npi to
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be 0.5, we obtain «  40% in case of the fast solar wind. Although this ratio is 
uncertain because we expected that all releasing processes have the same flux of 
the particles through surface. In case when one of the process would dominate 
then this ratio could change dramatically. This can happen, for example, in 
the case of coronal mass ejection when solar wind protons are very energetic. 
The number of particles which scatter back to the surface is between 24% and 
35% from total number of released atoms, except of PSD process under the fast 
solar wind condition where this number is «  48%.

Prom the measurements of the energy flux through the planetary surface 
we can see that most of the energetic particles are scattered at latitude < 50° 
which is the open/closed field line boundary. For slow solar wind Svasw, only 
two narrow («  10°) energetic bands are formed and as the speed of the solar 
wind increase up to 5t)Asw> energy flux increase even in the lower latitudes. In 
agreement with Delcourt et al. [2003] there is a shift of the bands on the day 
side of the planet towards the equator of about 5°. We identified two major 
scattering processes: i) when the pitch angle of particle is less then critical angle, 
the particle escape from the magnetic mirror and scatter on the surface; ii) 
neutral atoms which after ionization and usually have very complicated history 
in the simulation box are energized in the tail or from cross-polar centrifugal 
acceleration and then injected back into the upstream of the magnetopause. 
Such particles can enter the inner magnetosphere through open/closed field line 
boundary. Note also that for such accelerated population we can identify only 
above the north pole except of the solar wind sputtering process, for example 
in Figures 6.9 and 6.10, where we can identify the flux in azimuthal direction of 
energetic particles even in south hemisphere. This observation is in agreement 
with Figure 6.6 of the energy flux where only SWS has energetic bands at 
latitude 30 — 50° on both hemispheres and all longitudes. Compared to the 
initial velocities of the particles being about O.OIwasw when released from the 
surface, we obtain bulk velocities up to 1.5u^sw in slow solar wind and more 
then 3vasw in the case of fast SW.

From Figure 6.1 we can see that gradient pressure responsible for higher 
electric field in magnetosheath will cause higher E x B  electric drift which sup
ports injection of particles, already accelerated mainly in current sheet region, 
into the m idlatitude regions of the planet observed in all figures of energy flux 

through planet’s surface, namely Figure 6.6 and 6.8. Particles are easily in
jected into the inner magnetosphere in open/closed field boundary as seen in

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 7. CONCLUSIONS

solar wind protons flux though surface. Such accelerated particles will cause 
secondary sputtering in the case of sufficient amount of material in the upper 
crust of the planet. In the case of the fast material depletion, for example by 
thermal desorption as proposed by Hunten and Sprague [2002], this secondary 
sputtering would be inefficient due to the lack of the material in upper crust of 
the planet.

In agreement with the expectations for FIPS [Koehn et al., 2002] installed 
on board of MESSENGER spacecraft, we obtained the same maximal energies 
with values up to 106 eV during the virtual flybys performed on obtained data 
from numerical simulations. No releasing processes dominates during the flyby 
but this fact could change when different trajectories (i.e. though dayside of the 
planet) would be considered. Note, that mean energies differ with change of the 
solar wind pressure and can be 10-20 times higher. Also, only two characteristic 
structures formed in the distribution of high energy particles. Firstly, thick layer 
(«  1 R m ) formed around the current sheet. Secondly, envelope-like structure in 
the magnetosheath. Those two regions are in agreement with [Delcourt et al., 
2003] who considered the same releasing processes but mathematical model of 
magnetosphere.

As part of future work we would like to investigate different orientation 
of interplanetary magnetic field which may play an important role in forming 
topology of magnetosphere and this influence mainly solar wind sputtering pro
cess caused by energetic protons penetrating to the surface. Another part of 
the future work could focus on the neutral exosphere formed from the neutral 
atoms before ionization. For this purpose we would need to implement forces 
such as gravitation and solar wind acceleration pressure. Then we could em
ploy the line of sight integration technique to compare the results with ground 
based observations. In future, various species (like K+) can be considered when 
first result from MESSENGER mission will be available. Future analysis of 
beta parameter f3\\ together with temperature anisotropy could reveal sources 
of instabilities caused by sodium ions.
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