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Abstract 
A statistic study of the oxygen ion’s heating/accelerating near the polar 
cap has been made. The mechanism behind the heating/acceleration has 
also been investigated. The studies have been done to find incorrect data 
points and to investigate in which areas it is most common that incorrect 
data occurs. 
 
All the data are from the Codif instrument on board on the Cluster II 
satellites. The Cluster mission consists of four identical satellites, though 
in this paper data points from only one satellite have been used. The 
reason to why only one satellite has been used is to make it easier to 
interpret the results. 
 
The tool used to analyze the statistics has been the program Matlab. With 
help of three different programs written in Matlab incorrect data points 
has been sorted away and different variables have been compared with 
each other. 
 
The study has shown that the oxygen and hydrogen ions parallel bulk 
velocity are coupled with each other. Oxygen and hydrogen ions have the 
same parallel bulk velocity. Further on the study shows that the oxygen 
ions are not only heated by a low altitude source there are also a 
continuous heating of the oxygen ions when the ions are flowing out 
from the Earth. 
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Sammanfattning 
Syrejonernas upphettning/acceleration vid polarkalotten har studerats 
med hjälp av en statistisk studie. De bakomliggande mekanismer till 
upphettning/accelerationen har också utretts. Studier har även gjorts på 
hur man på ett tillförlitligt sätt kan hitta felaktiga datavärden, utreda 
källorna till det felaktiga datavärden och att ta reda på i vilka områden 
det är vanligt att icke tillfölitligt datavärden förekommer. 
 
All data kommer från Codif instrumentet ombord på Cluster II 
satelliterna. Cluster missionen består av fyra identiska satelliter, i denna 
rapport har bara datavärden från satellit fyra används. Anledningen till att 
bara datavärden från en satellit har används är för att förenkla tolkningen 
av resultaten. 
 
Verktyget för att kunna analysera statistiken har varit programmet 
Matlab. Med hjälp av tre olika program skrivna i Matlab har dåliga 
datavärden sorteras bort och olika variabler har jämförts med varandra.  
 
Studien visar att syre- och vätejonernas parallela hastighet är kopplade 
med varandra. Syre- och vätejonerna har samma parallelhastighet. Vidare 
visar studien att syrejonerna inte enbart är upphettade av en låghöjdskälla 
utan att det finnas en kontinurelig upphettning av syrejonerna under tiden 
syrejonerna flödar ut från jorden.  
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Introduction 
Oxygen outflow from the polar cap is described in this paper. The first 
chapter presents background, purpose and method. In the second chapter 
the cluster mission and basic theory are described. The third chapter 
presents the results. A discussion about the result and future application 
ends the paper. 
 

Background 
The most varied and exciting sky on the Earth is in the polar region, 
midnight sun in the summer and aurora during the darker period of the 
year. Also in the high altitude many interesting phenomena occurs in the 
Polar Regions. Because of the fact that all the magnetic lines which are 
stretching some significant distance out into space are concentrated in the 
Polar Regions, a large amount of particles travels along the field lines 
toward or from the polar caps.  
 
Direct measurements in space have made it possible to get knowledge 
about physical phenomena which can not be registered at a distance. For 
example the only way we can measure electric field, magnetic field and 
the space plasma is to measure it where it occurs, in situ. The 
measurements in situ have given us knowledge about processes, 
structures and characteristics in space plasma. The information we have 
got from measurements in space have changed our idea about the area 
close to the earth as well as the outer space. Before the space age, our 
idea of the outer space was simple. The space was assumed to be a 
vacuum and the only material inside was high energetic particles which 
create the cosmic radiation. It was assumed that the only electromagnetic 
field in space was from the earth and outer heavenly bodies. The 
magnetic field from the earth was a dipole and was expected to be 
negligible small at large distance from the earth according to scientists 
before the space age. Figure 1.1 illustrates how scientists in the 1950s 
assumed the magnetic field from the earth. 
 

   
Figure 1.1: The space in 1950. A vacuum penetrated with the fast decreasing magnetic dipole field 



Statistical study of oxygen ion outflow above the polar cap 
 

 
Martin Waara 
Luleå University of Technology 2

The in situ measurements have given us a better understanding of what 
the magnetosphere looks like. The figure 1.2 shows what we today think 
that the surrounding of the earth looks like. There are different areas 
around the earth, the van Allen belts, magnetopause, polar cusps, 
plasmasheet etc. 
 

 
Figure 1.2: The space 1960. A deformed Magnetosphere with different regions. (Minnesota 
Technolog, 2005) 
 
But also after the modern picture of the magnetosphere was established 
many important things were misunderstood. The common thought was 
that the plasma in the magnetosphere was hydrogen ions, i.e. the plasma 
around the earth was hydrogen plasma, transported from the sun to the 
earth with the solar wind. Now we know that a large part of the plasma is 
oxygen plasma coming up from the ionosphere of the earth. 
(Fälthammar, 1990). Those upgoing oxygen ions and the relations 
between oxygen and hydrogen ions are the subjects of this paper. 
 

Purpose 
The purpose of this paper is to examine the oxygen ions outflow above 
the polar cap. The main purpose is to find out where the ions are heated 
/accelerated and which mechanism that creates the heating/acceleration. 
Other topic in the report is to find incorrect data, investigate the sources 
to the incorrect data and find out where it is most common.  
 

Methods 
Matlab are used to analyse the data from the Cluster satellites to read in 
all values from the ASCII-files and to recalculate the variables. There are 
three programs for making the statistics. The first read in all values from 
the ASCII-files, the second program makes an average value over one 
minute, which makes it easier to compare the different variables and 
reduces the number of values. The third program makes a comparison of 
the different variables. The function Pcolor in Matlab is used to visualize 
the result. 
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Limitations 
The data used in this paper comes from the Cluster Ion Spectrometers 
(CIS) on board Cluster II spacecraft 1, 2 and 4. To satisfy all the 
requirements the CIS package consists of two different instruments: HIA 
and CODIF.  It is data from the CODIF instrument that is analyzed here. 
CIS are described in this paper but are described in more detail in Réme 
et al. (1997).  The data reaches from 7 February 2001 to 27 May 2003. 
The different days have been picked out manually. The condition is that 
it must be a distinct oxygen beam. An example of a good oxygen beam is 
illustrated in figure 1.3. Also the lengths of data have been decided from 
the oxygen beam condition. The structure of the beams last several hours 
and appear limited by spacecraft position rather than the lifetime of the 
beam. Although it is possible to use all three satellites simultaneous, 
analyzes in this paper are based on data only from one satellite. 
Combining different satellites should have given more information but it 
is much easier to interpret the result from one satellite. Combining the 
satellite result can be a next step in a future study. In this study satellite 
number four have been used for analyzing the data. Satellite number four 
is chosen because it has a large amount of values. However the other 
satellites have been used to control if the result from satellite number 
four is valid for the other satellites too. For the statistical studies in this 
paper it has not been necessary to combine the measurements from 
several satellites to analyze the data. Studies and comparison have been 
made between statistics from different years too see if the result depends 
on the specific year, e.g. if there is more cross talk one year comparing to 
the other two years. 
 

 
 

Figure 1.3: Data from Codif from 12 April is a good example on a cold 
oxygen beam. The data in this report is from beams like this. 
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Measurement Technique 

In this chapter the Cluster mission and instrument on board the 
spacecraft, especially the Codif instrument, are described. In the end of 
the chapter some of the background theories are described to make it 
easier to interpret the results. The results are presented in the following 
chapter. 
 

Cluster II 
The Cluster mission is an ESA project to explore near-Earth space. The 
mission was first proposed in November 1982. The proposal was to study 
the cusp/cleft and the magnetotail regions of the Earth’s magnetosphere. 
Cluster was ready to be launched in 1996. The 4 June 1996 Ariane 5 
lifted off from Kourou, French Guiana, carrying its payload of four 
Cluster satellites. Unfortunately the flight lasted only 37 seconds before 
Ariane 5 blew up. Figure 2.1 is from the moment when Ariane 5 blew up.  
 

 
 

Figure 2.1: Ariane 5 blew up shortly after launch. (Photo: ESA) 

 
A rescue mission was considered after the launch failure of Ariane 5. On 
16 July and 9 August 2000, respectively two Russian Soyuz rocket 
blasted off from Baikonour, Russia to deliver two Cluster spacecraft 
each. The four Cluster satellites reached their final tetrahedral 
constellation by the end of August 2000. The mission was declared 
operational on 1 February 2001.The spacecrafts have been named Rumba 
(Spacecraft 1), Salsa (Spacecraft 2), Samba (Spacecraft 3) and Tango 
(Spacecraft 4). They have been named to describe how the four 
spacecrafts fly in their weightless dance. (Escoubet et al., 2001) 
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Cluster’s mission purpose 
The Cluster’s mission main goal is to study small-scale plasma structures 
in three dimensions in the key plasma regions, such as, the magnetotail, 
the polar cusps, the auroral zones, the magnetopause, the solar wind and 
the bow shock. Cluster and Solar and Heliospheric Observatory (SOHO) 
are the European contributions to the International Solar Terrestrial 
Program (ISTP). There is state-of-the-art plasma instrumentation in 
Cluster’s payload to measure magnetic and electric fields from the quasi-
static up to high frequencies, ion and electron distribution functions from 
energies of nearly 0 eV to a few MeV. A network of eight national data 
centers (six in Europe, one in China and one in the USA) has been set up 
for scientific data processing and distribution activities. (Escoubet et al., 
2001) 
 
Our understanding of the global behaviors of the magnetosphere has been 
greatly enhanced by common efforts of the major space agencies to 
coordinate the scientific operations of their satellites. Investigations on 
small- to medium-scale structures from 100 km to 2-3 earth radii are 
required to make an additional large step towards a complete 
understanding of our planet’s magnetosphere. The Cluster mission, 
capable of identical state-of-the-art instrumentation and multi-point 
measurements with high time resolution on all satellites was the only 
serious possibility to achieve this step. (Escoubet et al., 2001) 
 
The Cluster mission is an in-situ investigation of the Earth 
magnetosphere using four identical satellites simultaneously. It 
investigates the interaction between the Solar wind and the 
magnetosphere of the Earth. One example of this interaction is the direct 
entry of solar wind particles through the polar cusps. Another interesting 
phenomenon is the acceleration of plasma particles during magnetic 
substorms in the magnetotail. Figure 2.2 illustrates the orbit when the 
spacecraft are measuring the different plasma regions. (Escoubet et al., 
2001) 
 

Placements and orbits 

The Cluster satellites are the first to be able to make detailed, three-
dimensional study of processes taking place in the near-Earth space. The 
spacecraft are flying in a tetrahedral (triangular pyramid) formation. This 
enable us to better understand the processes taking place inside the 
magnetosphere and build a three-dimensional model of it. It makes it 
possible to distinguish between temporal and spatial variations. The 
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tetrahedral formation is illustrated in figure 2.2. The separation distances 
between the satellites can be adjusted. When satellites are just a 100 km 
apart they are able to study small scale features in the surrounding space. 
Sometimes they may be separated as much as 20 000 km. When the 
distance between satellites is big they get a broader view of the events 
happening in larger scale. The four identical satellites follow highly 
elongated, polar orbits which make the distance between satellites and 
earth vary from 19 000 and 119 000 km.  
 

 
 
Figure 2.2: The satellite formation and orbit. (Spaceweb 2001)  

Spacecraft 

Diameter:    2.9 m 
Height:    1.3 m 
Mass:     1200 kg 
(of which) Propellant:   650 kg 
(of which) Scientific payload : 71 kg 
Solar array power:   224 W 
Spin rate:    15 rpm  
Operational lifetime:   5 years  
 

Instruments 

Each Cluster satellite carries the same set of eleven instruments to 
investigate charged particles, electric fields and magnetic fields. The 
instruments were built by European and American instrument teams led 
by Principal Investigators (PI). 
 
FGM  Fluxgate Magnetometer 
EDI  Electron Drift Instrument 
ASPOC Active Spacecraft Potential Control experiments 
STAFF Spatio-Temporal Analysis of Field Fluctuation experiment 
EFW  Electric Field and Wave experiment 
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DWP  Digital Wave Processing experiment 
WHISPER Wave of High frequency and Sounder for Probing of 

Electron density by Relaxation experiments 
WBD Wide Band Data instrument 
PEACE Plasma Electron And Current Experiment 
RAPID Research with Adaptive Particle Imaging Detectors 
WEC Wave Experiment Consortium (DWP, EFW, STAFF, 

WBD and WHISPER) (ESA 2005) 
 

CIS 

The Cluster Ion Spectrometry (CIS) experiment measures the full, three 
dimensional ion distributions of H+, He+, He++ and O+ from a few eV/e to 
about 40 keV/e. To satisfy all scientific criteria the experiment consists 
of two instruments. Composition and Distribution Function analyzer. 
(CIS1/CODIF), giving the mass per charge composition with medium 
(22,5o) angular resolution. The other instrument is a Hot Ion Analyzer 
(CIS2/HIA), which has a better angular resolution (5.6o) but does not 
offer mass resolution. Professor Henri Réme at CESR in Toulouse is PI 
for CIS. 
 
The CIS instrumentation has been designed to simultaneously satisfy the 
following criteria on the four spacecraft: 

• Provide uniform coverage of ions over entire π4 steradian solid 
angle with good angular resolution. 

• Separate the major mass ion species from solar wind and 
ionosphere. 

• Have high sensitivity and large dynamic range to support high 
time resolution measurements over the wide range plasma 
conditions to be encountered in the Cluster mission. 

• Have high and flexible angular sampling resolution to support 
measurements of ion beams and solar wind.  

• Have the ability to routinely generate on board the fundamental 
plasma parameters for major species, with one spacecraft spin 
time resolution. These parameters include the density, velocity 
vector, pressure tensor and heat flux vector.  

• Cover a wide range of energies, from spacecraft potential up to 
40keV/e. 

• Have versatile and easily programmable operating modes and 
data processing routines to optimize the data collection for 
specific scientific studies and widely varying plasma regimes. 
(Réme et al., 2003) 
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CODIF 
The COmposition DIstribution Function (CODIF) instrument combines 
the ion energy per charge selection by deflection in a rotationally 
symmetric toroidal electrostatic analyzer with a subsequent time-of-flight 
(TOF) analysis after post-acceleration by up to 20 keV/e. The 
electrostatic analyzer (ESA) is a toroidal top-hat type with a response 
over 360˚ polar angle. As figure 2.3 shows the analyzer consists of an 
inner toroid and an outer toroid. A variable negative potential is applied 
to the inner toroid and the outer toroid is held at ground potential. A 
beam of parallel ions enter the aperture and hit a certain area in the exit-
plane of the analyzer. The location of the certain area determined the 
polar angle of the ions. A cross-plate voltage of 1-5200 V gives the 
energy range of 15-40 000 eV/e. The cross-plate voltages vary in 
logarithmically spaced step. The full polar angle of the analyzer is 
divided into 16 channels of 22.5˚ each. The full energy sweep with 30 
contiguous energy channels is performed 32 times per spin. Thus a 
partial two-dimensional cut through the distribution function in the polar 
angle is obtained every 1/32 of the spin. The full 4π ion distributions are 
obtained in a spin period. In order to maximize the dynamic range of the 
instrument the entrance apertures of CODIF have two different 
geometrical factors, each with an 180˚ field of view. It is a factor 100 
between the two different geometrical factors. (Réme et al., 2003) 
 
Behind the analyzer the ions are accelerated by a voltage of -15 to -20 
kV, after the acceleration also thermal ions have a minimum energy 
before entering the TOF section. The flight path of the ions is 3 cm 
distance between the carbon foil at the entrance and the stop plate. The 
start signal is given by a secondary electron which is emitted from the 
carbon foil during the passage of ions. The ions are deflected onto the 
start position of the micro channel plate. The secondary ion gives the 
position information for the angular sectoring. The stop signal is given by 
secondary electrons generated by the ions hitting the stop of the micro 
channel plate. For same energy heavier ions will have a longer time-of-
flight and mass separation can be achieved. (Réme et al., 2003)  
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Figure 2.3: The CODIF sensor: schematics (left) and MCP sectoring (right) (Réme et al., 
2003)  
 
The Cluster satellites are able to measure plasma with different 
characteristics. The figure 2.4 below shows the different ion fluxes along 
the Cluster orbit in the solar wind (SW), the magnetopause (MP), the 
magnetosheath (MSH), the plasma mantle (PM), the magnetosphere 
(MSPH), the plasma sheets (PS), the lobe and upwelling ions (UPW). 
(Réme et al., 2003) 
 

 
Figure 2.4: Ion fluxes along Cluster orbit (Réme et al., 2003) 

 

Time-of-flight 
A good signal from time-of-flight section looks like the left figure in 
figure 2.5. The two peaks corresponding to two different masses are 
separated from each other and are easy to detect. The background noise 
from hydrogen, the first peak does not affect the oxygen values. The right 
figure in figure 2.5 shows when the detector has not managed to separate 
the two different ions. The hydrogen values are spread and the oxygen 
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values are highly affected of how much hydrogen there is. Also the 
values in the right figure can be used but if we want to use those values 
then we have to pick out the oxygen values manually. 
 

 
Figure 2.5: The TOF analyzer. The x-axis is time of flight and the y-axis is amount a counts. 
The left figure is a good signal from the analyzer and the right is a signal with crosstalk. In 
the left figure the peaks are separated and easy to detect. In the right figure the two peaks are 
connected and hard to separate. The oxygen values are highly affected of the hydrogen 
values. The oxygen peak in the right figure are exaggerated to illustrates how the oxygen 
values are affected of hydrogen peak  

 

Theory 
Consider a particle with charge q and mass m move with a velocity 
vector v in a homogeneous magnetic field B. Perpendicular to the 
magnetic field the particle have a circular orbit with a constant cyclotron 
angular frequency, wg . The magnetic force Bqv⊥  and the centrifugal 
force ρ/2

⊥mv must be equal. Then the radius of gyration is 
 

Bq
mv⊥=ρ        (2.1) 

 
Along the magnetic field vector negative particles rotate clockwise and 
positive particles rotate anticlockwise. In both cases the particles 
movement represent a current circling around the magnetic field 
anticlockwise and this gives a magnetic field opposite to the original.  
 
Along the magnetic field the particles propagate with a constant velocity 
v║. The resulting track is a spiral, gyrating center moving uniform along 
the spiral axis. If there is an electric field perpendicular to the magnetic 
field then the particle drifts perpendicular both to the magnetic and the 
electric field. The explanation is that the gyrating particle has larger 
energy on one side of the orbit than the other side. The magnitude drift 
velocity is BEu /=⊥ and in vector form (Fälthammar, 1990), 
 

Time of flight (TOF) Time of flight (TOF)

Cnt Cnt
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2B
u BE×

=⊥         (2.2).  

Magnetic moment 

The first adiabatic invariant is magnetic moment. Magnetic momentμ, 
for gyrating particles is ‘ 
 

B
mv
2

2
⊥=μ        (2.3) 

 
When the magnetic field change, ⊥v  and ⊥W  will also change so that μ 
is almost unchanged. If the change in each gyration period is small 
enough will the magnetic moment will stay unchanged.  
 
If the angle between the particles velocity and the magnetic field, pitch 
angle is α  and the magnitude of the velocity vector is 
v ( 22

perppar vv += ), then the magnetic moment is 

 

B
mv

B
mv

2
sin

2

222 α
μ == ⊥      (2.4) 

 
Because of that the energy of the particles is maintained due to the 
energy conservation, also the velocity vector v  stays constant. When a 
particle is coming from a weak-field region into a strong-field region, ⊥v  
must increase in order to keepμ constant. (Fälthammar, 1990) 
 

Mirror force 

The invariance μ is the basis for the magnetic mirror. When a particle 
travels along the magnetic field lines from a weak-field toward a strong-
field region it will meet a magnetic field gradient. The magnetic field 
lines are converging. The perp-velocity increases to conserve the 
magnetic moment.. Since the total energy must remain constant, vpar must 
decrease when the magnetic field is increasing. If the magnetic field 
gradient is strong enough an incoming particle will stop and the particles 
will be reflected back to the weak-field region. This effect is often termed 
the mirror force. (Chen, 1984) 
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Distribution function 

Plasma consists of a collection of particles, both particles with positive 
and negative charges. We have to deal with collections of particles, a 
large numbers of particles with different velocities. With Boltzmann’s 
approach, one is not interested in motion of individual particles but rather 
the distribution of particles. We describe the properties of a large number 
of particles by saying how many there are per unit volume of phase 
space. Phase space is a six-dimension space (x,y,z,vx,vy,vz) and the phase 
space density fs(r,v,t) are called the single-particle distribution function. 
The distribution function correspond to the number of particles of species 
s, that at time t, are located in a volume element d3r about r and at same 
time have the velocities in a velocity-space volume element d3v about vs.  
 
In order to determine how many particles of type s there are per unit 
volume of ordinary space, the species number density, ns(r,t), we must 
count all the particles in the phase-space volume, regardless of which 
velocity they have. We integrate over all possible velocities 
 

∫= ),,(),( 3 tfvdtn ssss vrr     (2.5) 

 
Likewise, the average or drift velocity of a species, us(r,t), can be obtain 
by integrating the product vsfs(r,vs,t) over all velocities and dividing by 
the density  
 

.
),,(

),,(
),(

3

3

∫
∫=

tfvd

tfvd
t

sss

ssss
s vr

vrv
ru      (2.6) 

 
This is the bulk velocity. If the bulk velocity is different for ions and 
electrons, then electric current will flow in the system. Often is the 
velocity of an individual particle v a magnitude larger than the flow 
velocity us. But if the velocity is random, they contribute little to the 
average velocity. We introduce the random velocity, cs=vs-us., 

and ss vdcd 33 = . The introduction of cs changes the origin of the 
coordinate system, but the integral is over all of velocity space. The 
temperature Ts is describes by 
 

∫ −== 232 )(
22

1
2
3

ssss
s

s
sss fvd

n
mcmkT uv    (2.7) 

 
For systems in equilibrium, the phase-space distribution is the 
Maxwellian distribution. It is given by 
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[ ]{ }),(2),(exp
),(2

),(),,( 2
2

3

skTtm
tkT

m
tntf ssss

s

s
sss rruv

r
rvr −−⎥

⎦

⎤
⎢
⎣

⎡
=

π
. (2.8) 

 
The drift velocity, temperature and density can be described in a 
schematic way. In figure 2.7 the distribution function is schematically 
described. The drift velocity is where the distribution function has it 
center of gravity. Temperature is the width of the function and the area 
under the graph is the density. (Kivelson et al., 1997) 
 

 
Figure 2.7: The distribution function. The temperature and the drift velocity are shown in 
the figure. The area under the graph is the density.  

Velocity filter effect 

When particles are flowing outwards they both have parallel and 
perpendicular velocity to the magnetic field. Assume that all particles 
come from a small source and the perpendicular velocity is mainly ExB-
drift, the drift velocity is the same for all kind of energies. If the thermal 
velocity is small, the particles with highest velocity will also have the 
highest field-aligned velocity. Particles with high field-aligned velocity 
will reach a high altitude faster than particles with lower field-aligned 
velocity. Point 1 in figure 2.8 represents the particles with the highest 
field-aligned velocity and point 3 in the figure is the particles with lowest 
field-aligned velocity. The observed change in the field-aligned velocity 
can be used to calculate the distance to the source region, Sd and Tc is the 
convection time. The particles with the highest speed will reach a certain 
altitude in shorter time and then the particles have traveled a shorter 
distance perpendicular to the magnetic field.  
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Figure2.8: The velocity filter effect gives different energies in different latitudes. 
 
In practice we are measuring particles for several hours and have to take 
into account the increased altitude of the satellite.  Also the fact that 
mirror force will change the perpendicular energy into field-aligned 
energy when a particle is traveling upward has to be taken into account. 
The mirror force will transform more and more energy into field-aligned 
energy, until all kinetic energy is in field-aligned direction. That means 
that the particles will have higher parallel velocity when they are 
measured than they had near the source and the estimation of the source 
altitude will be underestimated. Velocity filter effect are described in 
detail in Nilsson et al. (2004) 
 
In Arvelius et al. (2005) the velocity filter effect is found for O+ with less 
than 1 keV observed at 6-8 ER  geocentric distance. It has been observed 
that in lower altitudes (75-80 degrees) O+ with energy less than 0.1 keV 
is dominant and at higher altitudes dominate O+ with more than 0.1 keV. 
If we assume that outflowing oxygen ions have a field-aligned velocity 
defined by  

 

m
W

v par
par

2
=       (2.9) 

 

where parW are the parallel kinetic energy. Oxygen ions with 0.5 keV 

have velocity of 77 km/s and 0.05 keV have velocity of 25 km/s. If both 
oxygen ions start at same time going up from ionosphere, they travel 5 

ER in altitude with difference ~890 seconds. If we taking the empirical 
value ≤ 0.01 degrees/s as an estimate of convection the lower energy 
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oxygen has convected about °9  poleward. This agrees with what we see, 
higher energy is dominating in lower latitude and lower energy is 
dominating in higher latitudes. 

 

Important areas 
The magnetosphere of the Earth is a highly dynamic region of flowing 
plasma. The plasma is guided by our magnetic field. The aim of 
exploring the magnetospheric environment of the earth is to understand 
the physical processes that control this dynamic system. The two areas 
described in this section are polar cusps and polar cap. These areas are 
important for the study in this paper. 
 

Polar cusps 

The solar wind particles are flowing from the Sun toward the Earth. 
When the solar wind particles meet the bow shock their directions 
change. The bow shock region reduces the speed and change the motion 
of the particles. Most of the particles go around the magnetosphere. The 
magnetosphere rejects most of the particles because charged particles do 
not travel easy across a magnetic field, particles bends off and are 
moving along the magnetic field. Some of the solar wind particles can 
travel along the magnetic field lines of the Earth. There are a funnel-
shaped area between the sunward magnetic field and the tailward 
magnetic field. These funnel-shaped areas are called the polar cusps. 
Polar cusp has a highly dynamic position and geometry. There is one 
cusp in each hemisphere. The solar wind particles enter the exterior cusp 
and then follow the converging magnetic field down to the Ionosphere. 
The exterior cusp has a diameter of approximately 50 000 km and cusp 
size in the ionosphere is approximately 500 km. (ESA, 2003) The 
locations of the polar cusps are shown in figure 1.2. 
 

Polar cap 

The polar cap is the area around the geomagnetic pole bounded by the 
auroral oval (Kivelson et., 1995). Polar caps are the high latitude regions 
in both hemispheres with open magnetic field lines connected to the 
interplanetary magnetic field, IMF. At high altitudes the field lines from 
the polar caps form the tail lobes in the magnetotail. The auroral oval is 
illustrated in Figure 2.9. This is a ring shaped area, but eccentric to the 
magnetic pole. It is displaced toward the night side. This eccentric oval is 
fixed while the earth rotates. The field lines that extend to the greatest 
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distance are those who start or end near the magnetic poles. The most 
sensitive zone for magnetic effects on Earth is the polar caps. 

 
Figure 2.9: The polar cap is bounded by the auroral oval. (University of Alaska plot) 

 

Data program 
In this section the programs which have been used to clean the data, 
make the statistics and present the result are described. Read_moment 
read all the data values from ASCII-files and Bin_moments sum the 
values over one minute and make an average value for that minute. 
Comp_moments compare the different values and make it possible to 
make a figure with the different variables on the axis. The commando 
pcolor in Matlab have been used to make figures to analyze the result. 

Variables 

The different variables in the programs begin with Oa, Ou, Ha or Hu. Oa 
stands for Oxygen all and Ou stands for Oxygen up. The same index is 
used for hydrogen. Ou means that only upflowing/reflected oxygen ions 
population i.e. from the earth and out toward the magnetosphere, are used 
in calculation of moments. Oa means that both incoming/downflowing 
and reflected/upflowing ions population are used in calculation of 
moments. When oxygen up is measured then the distribution function is 
base only on particle going out from earth, i.e. only the region on the 
positive side of the y-axis in the picture. Oxygen all means the net flow 
and the distribution function are calculated from all particles, the whole 
circle in the figure 2.10. This means that some time when parallel 
velocity only consists of upflowing particles the velocity is the same for 
upflowing and for all particles. The other case is when there are equally 
amount of oxygen going up and down, then Ouvpar can be large but 
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Oavpar is zero. The moments we got: Magnetic field in GSE coordinates 
(Bx, By, Bz), temperature (Tpar, Tperp), Density (dens), velocity (vpar, 
vperp) and the spacecraft position in GSE coordinates (xgse, ygse, zgse). 
 
 

 
Figure 2.10: Velocity distribution. Variables Oav and Hav have the bulk velocity calculated 
from the whole circle, Ouv and Huv have the bulk velocity calculated from the positive 
values on the Vpar axis.  

 

Read_moment 

The first which have to be done is to read in all values from the ASCII-
files. Read_moment read in all variables from the ASCII-files and gives a 
proper name to all variables. The data is sorted in different day from 
20010207 to 20030528 and under each day there are twelve different 
files. There are three satellites and four different variables for each 
satellite. The four different variables for each satellite are Oa, Ou, Ha and 
Hu.  
 

Bin_moments 

This program read in all variables that read_moment has made. The 
purpose with this program is to make an average value over one minute 
and make it possible to compare the different variables and reduce the 
number of values. The average is made from adding all measured points 
during a minute and then divide with the number of points.  
 
This program build all the data on the criteria that it must be good 
oxygen data. If there is good oxygen data then the program calculate 
value on both oxygen and hydrogen. If there are no data for hydrogen or 
the data is bad then hydrogen gets value NaN (Not a Number) instead. 
All variables in the program will have a b in the middle e.g. OabBx, 
Oabvpar. The b stands for that it come from Bin_moments and are an 
average of one minute. Beside this b the names of variables are the same 
as from read_moment.  
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The possibility to compare different variables comes from the fact that 
variables have the same size. For example Oavpar (1,100) are measured 
at the same time as Havpar (1,100) and the size of Oavpar are equal to 
the size of Habvpar. To make a statistical study it is enough to have one 
minute resolution. Shorter time resolution gives more values but much 
more noise. Up to five minutes time resolution has been used and in 
some cases the longest integration gives the best result. One minute is a 
good compromise between many values and little noise. 
 

Comp_moments 

This program is used to compare different variables. E.g comparing 
parallel velocity for oxygen with parallel velocity for hydrogen. It is this 
program which makes it possible to do the pcolor plots. This program 
divides all variables in nbin, number of bins. The nbin decide the 
resolution of the plot. The higher nbin the better resolution of the plot. 
But higher resolution gives more noise. 150 bins are often a good 
compromise between good resolution and not that much noise. In some 
cases there are too much noise in the pictures when nbin=150 have been 
used, then it have been lowered to nbin=75 or 50. The program calculates 
the variable on y-axes first and then it calculates the x-axis variable. The 
program always normalizes the values with how many data point there 
are in each column on the x-axis. All the graphs are normalized after the 
x-axis. If we do not normalize the plots they are more dependent of how 
many values the satellites have measured and not the physics behind the 
values. How many times a value has been measured are highly dependent 
of the satellite orbits. 
 

Pcolor 

All pictures which show a relation between different variables are made 
by pcolor. The pcolor plot is like a histogram but the height is shown by 
a color instead of a curve. The colorbar shows the proportion between the 
different sectors on the x-axis. 0.1 means that 10% of the values are 
inside that square. Each column on the x-axis should contain 100%. A 
scatter plot gives the same result as pcolor do but pcolor make it possible 
to see where the data points are and at the same time see how much 
values each points contains. The information of how many values there 
are in one point is useful for the interpretation of the results.  
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Crosstalk 
One of the main goals in this paper is to find crosstalk and clean the data 
from the crosstalk. Crosstalk means that H+ signal effects O+ signal. This 
occurs when the H+ signal saturates. The detector can not handle too 
large fluxes. The problems with crosstalk are most common in the polar 
cusps or magnetosheath.   
 
According to Fälthammar (1990) the perpendicular drift velocity is 
 

2B
Vperp

BE×
= .       (2.10) 

 
This equation is independent of mass of the ion. When both Oxygen and 
Hydrogen are in same electric and magnetic field the perpendicular 
velocity should be the same for both types of ions. The Codif-detector 
measure energy and time-of-flight, TOF and calculates the mass of the 
particles. If the ratio between Vperp O+ and Vperp H+ is ¼ then there is high 
probability that some of the O+ data is H+.  The energy can be described 
with 
 

2

2mvE = .       (2.11) 

 
The mass of oxygen is 16 times bigger than hydrogen. If energy is the 

same for oxygen and hydrogen the ratio 
+

+

perpH

perpO
V

V  is ¼. For the case 

of crosstalk the energy of the H+ and O+ will be the same. Crosstalk 
occurs individually for each energy channel. The data from the spacecraft 
are resampled with average time separation of 4-16 s (one to four spin). 
Bin_moments sum all data point and make an average value over one 
minute. If there are only few values in one minute which are incorrect 
then we can assume that ratio will be close to 1. If there are more 
incorrect values then correct we can assume that the ratio will be close to 
0.25 or a little higher. 
 

The interval which is used is when 
+

+

perpH

perpO
V

V is between 0.2 and 0.5. 

The lower values is 0.2 chosen because of that all data have noise and we 
can not expect that the ratio is exactly 0.25. The upper limit, 0.5 is 
chosen from the figure so the interval will cover the whole “¼-line” in 
the left graph in figure 2.11. 0.2-0.5 interval gives good result and takes 
away most of the crosstalk, in the right graph in figure 2.11. Another 
problem here is that the O+ beams are cold compared to drift velocity. 



Statistical study of oxygen ion outflow above the polar cap 
 

 
Martin Waara 
Luleå University of Technology 20

This affects the accuracy of the drift velocity measurement but in 
particular the temperature estimate.  

 
Figure 2.11: Ovperp per Hvperp interval. Unclean (left), clean (right) 

 
The 0.2-0.5 interval takes away almost all crosstalk values but it takes 
away too much values. In a figure over perpendicular velocity ratio and 
density ratio for oxygen and hydrogen, figure 2.12a the crosstalk values 
are easy to detect. The red dot under the curve is crosstalk. When we use 
our 0.2-0.5 interval in figure 2.12b the dot disappears, but many other 
values as well. We should create a new interval which only takes the dot 
away. The new interval should be where Vperp ratio is 0.25-0.5 and the 
density ratio is 0.01-0.0631.  
 

 
Figure 2.12a: O+/H+ vperp ratio per O+/H+ density ratio interval. Unclean. 
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Figure 2.12b: O+/H+ vperp ratio per O+/H+ density ratio interval. Cleaned with the old 
interval 

 
This interval gives a better result, figure 2.13c, and to reach the result we 
have only taken away 4000 values. The old interval took away almost 
16000 values. Now we have an interval which takes away the crosstalk 
values but not anything else.  

 
Figure 2.12c (right): O+/H+ vperp ratio per O+/H+ density ratio interval. Cleaned with the 
new interval 
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Reason to why crosstalk occur 

The new interval is used and the values inside are corresponding to 
crosstalk. In the figure over Ovpar per Oflux interval (figure 2.13) the flux 
axis are normed to 100nT. We have to norm the flux because of that the 
magnetic field line are diverging (a diverging magnetic field are 
illustrated in figure 1.1) and if we want to have same flux per cm2 then 
we get a better result if we norm the flux with the magnetic field. Almost 
all values in figure 2.13 are collected along a curve. The reason to this 
curve is that the instrument, Codif is limited in how high flux it can 
handle. The limit is different for each energy channel and the curve in 
figure 2.13 illustrates just the fact that the detector is saturated. The 
reason to why the curve is not sharp is that, if the beam hit several energy 
channels the detector can handle more flux than if the beam is just over 
one or two channels. High H+ counts results in increased background 
levels also for other mass channels (crosstalk), this happen in particular 
when the instrument saturates as shown in figure 2.13. Some times the 
background noise is high that it will cover the real oxygen peak in the 
detector.  

 
 

 
Figure 2.13: O+ parallel velocity per O+ flux interval. The values in the picture are 
corresponding to crosstalk. The interval is normed to 100 nT 
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The areas where crosstalk occur 

The figure 2.14 shows where the data points are measured. We are using 
the GSE system (Geocentric solar ecliptic), X-axis points from the Earth 
towards the Sun, Z-axis is parallel to the ecliptic pole and Y-axis is 
chosen to be in the ecliptic plane pointing towards dusk. The small circle 
at (0, 0, 0) is the earth. The blue color is measured points which have 
been accepted in comp_moment and the yellow points have not been 
accepted. The yellow points are crosstalk values. As illustrated in figure 
2.14 most of the crosstalk values occur when the spacecraft is going 
toward or from the polar cusp or magnetosheath. 

 
Figure 2.14: The space craft orbits. The blue points are accepted point and the yellow point 
are crosstalk values. 

 

Differences between the different years 

There are more affected data points in 2003 than 2001 and 2002. There 
are also more values 2003 than 2001 and 2002. But when we add 2001 
and 2002 together then there are equal amount of values 2001/2002 and 
2003. The reason to the increasing crosstalk values is an increased 
voltage over the micro channel plate (MCP) in the Codif instrument. The 
MCP is in the bottom of the instrument. The MCP is illustrated in figure 
2.3. The increased in crosstalk is illustrated in figure 2.15. The increased 
voltage over the plate is because the sensitivity is lowered when the plate 
gets old. The decrease in sensitivity is compensated with a higher voltage 
over the micro channel plate. 
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Figure 2.15: There are more cross talk 2003 then 2001 and 2002. If 2001 and 2002 data 
points are added then the amount is the same as 2003 along. 
 

1. Result 
In this chapter the results are presented. All the result contains figures 
made in Matlab. Each figure has a colorbar which shows how common a 
value is. All figures are normed after the x-axis. 
 

Relation between oxygen and hydrogen parallel 
velocity  
In this study is the ratio between Ovpar/Hvpar is near 1. That means that 
oxygen and hydrogen have the same parallel bulk velocities. In figure 
3.1a the whole velocity distribution is used for both hydrogen and 
oxygen. In figure 3.1b the whole velocity distribution is used for oxygen 
and only the upgoing velocities are used for hydrogen. In this study the 
result is better if we use the whole distribution for both oxygen and 
hydrogen. The particles are more collected near the line in the figure 3.1a 
than in figure 3.1b. Also figure 3.1b has the 1:1 line but there is more 
scatter and the lowest velocities are missing in that figure. 
 



Statistical study of oxygen ion outflow above the polar cap 
 

 
Martin Waara 
Luleå University of Technology 25

Figure 3.1a: Hydrogen parallel velocity per Oxygen parallel velocity interval. Whole distribution function is used for 
both hydrogen and Oxygen. 
 

 
Figure 3.1b: Hydrogen parallel velocity per Oxygen parallel velocity interval. Whole distribution function is used for 
Oxygen and only upgoing hydrogen is measured. 
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Isotropic temperature Hydrogen 
The hydrogen has a nice isotropic temperature. Figure 3.2 shows the 
parallel temperature on one axis and the perpendicular temperature on the 
other axis. The fact that the temperature is isotropic is just what we can 
expect. The hydrogen is warm compared to the bulk velocity and the 
magnetosheath has an isotropic temperature. The hydrogen enters the 
magnetosphere in the cusp, reflects and flow out over the polar cap with 
little heating or acceleration of the hydrogen particles.  
 

 
Figure 3.2: Parallel H+ temperature per perpendicular H+ temperature interval 

 
 

Higher perpendicular temperature for Oxygen 
The temperature for oxygen shows that it is common that the 
perpendicular temperature is higher then the parallel temperature. 
Oxygen has a higher bulk velocity compared to the thermal velocity. The 
fact that the measured oxygen beams often are cold and fast flowing 
make it difficult to properly resolve temperature ratios and the beams are 
often narrow in energy spectra which makes it difficult to know if the 
statistics give us the right result. When we make an average over five or 
ten minutes the points in figure 3.3 are more collected then if we use our 
standard one minute average. The fact that the values are more collected 
when the average time is increased shows us that many of the points in 
figure 3.3 are noise. 
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Figure 3.3: Parallel O+ temperature per perpendicular O+ temperature interval- 

 
From figure 3.4 we can see that there are a few particles with high 
parallel velocity in high magnetic fields. If the source for 
heating/acceleration for oxygen is a low altitude source then we should 
detect high parallel velocities also for high magnetic field. We assume 
that the bulk velocity dominates over the thermal velocity and the mirror 
force can be ignored. This figure shows that a low altitude source can not 
be the only source for accelerating oxygen. There are some continuous 
acceleration as well. 
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Figure 3.4: Magnetic field per O+ parallel velocity interval. 

 

Figure 3.5 illustrates the fact that it is a continuously heating of Tperp. 
The mirror force would give lower and lower Tperp for decreasing 
magnetic field. In figure 3.5 the Tperp is increasing for decreasing 
magnetic field.  There must be a continuously heating both to 
compensate for the mirror force and to even give a higher Tperp. 
  

 
Figure 3.5: Perpendicular Oxygen temperature per magnetic field interval. 
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Conclusion 
 
The points in figure 3.5 are divided in two different areas, over and under 
125 nT. The points over 125 nT are spread and it is difficult to tell if the 
particles are accelerated/heated or not. The particles under 125 nT are 
well collected and give a clear result, oxygen are continuously heated 
perpendicular to the magnetic field.  
 
The fact that we have a better relation between parallel velocity for 
oxygen and hydrogen when we use the whole distribution show us that 
there are some acceleration process that are more effective to accelerate 
oxygen than accelerating hydrogen. The temperature for hydrogen is 
isotropic and probably the hydrogen is not accelerated near the earth. 
Figure 3.4 shows that the outgoing oxygen are accelerated on the way 
out. There is some continuous energization for the oxygen. There are 
several possible energization processes. Ponderomotive force and two 
stream instability are two examples on energization processes. 
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Future work 
 
Future work in this subject is mainly to use more data and try to use two 
or three satellites instead of one which have been used in this study. The 
varying distance between the satellites can be used to measure small-
scale plasma structure in plasma regions. There is also a possibility to 
confirm the data from one satellite with the other two. 
 
A better cleaning of crosstalk can be done. It is possible to use time of 
flight data, TOF to confirm if the method in this study is working or not. 
There are several possibilities to confirm if the method is working and if 
the method is good enough. One method to see if the values we call 
crosstalk really are crosstalk is to pick out days were most of the values 
are cleaned by our program and then use the TOF-data. If there are only 
bad values in the TOF-data these days then it is correct to clean the 
original data from those values. If the TOF shows that there are good 
values those days then we now that our method does not work. The other 
problem is if our method is good enough. The TOF can be used to find 
days when the detector have given bad data and then check if many of 
the values are cleaned away by our program those days. If most of my 
crosstalk values really are crosstalk and if most of the bad data in TOF 
are cleaned by our program then the method is working, otherwise the 
method have to be changed to fit the criteria. 
 
To get a better understanding for under which circumstances the different 
conditions are working case studies are necessary. E.g. under which 
condition are the velocities the same for both oxygen and hydrogen. Also 
to confirm the statistics wee have to make case studies in some points to 
see if the statistics are valid or not. 
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