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Abstract

Collisionless shocks in space plasmas are known to be capable of
accelerating particles to very high energies. Particles are accelerated
through a process called Fermi acceleration. However, this process
can only act on particles with higher than thermal (suprathermal)
energies. This population of suprathermal ions are called the ion seed
population. The process of how the ion seed population is formed is
still not fully understood.

Our Sun emits charged particles in all directions, this is called the
solar wind. Close to Earth, there is a region where the solar wind
particles are slowed from supersonic to subsonic speeds, this region
is called the bow shock. The region of the bow shock that we have
studied is called the quasi-parallel bow shock. It is a region where the
magnetic field forms a small angle to the shock normal. The quasi-
parallel shock is a highly turbulent and dynamic region. One type
of magnetic structures found here are short large amplitude magnetic
structures (SLAMS), which are sharp planar waves.

In this work, we study the formation of the ion seed population as
a result solar wind ions being reflected off SLAMS in the quasi-parallel
bow shock. For our analysis, we use data from the four Cluster satel-
lites, which are in orbit around Earth. In particular, three instruments
are used, one electric field instrument, one magnetic field instrument
and one ion instrument.

In this report we present observational data of ion reflection off
a SLAMS. We perform simulations of an event to study the process
of reflection. The simulations are shown to be highly consistent with
observations. We then show how reflected particles can gain energy
through interaction with the solar wind and form the suprathermal
ion seed population. This ions ion seed population is also observed by
Cluster.
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Svensk sammanfattning

Det är känt att partiklar kan accelereras till mycket höga energier i plasma-
chocker i rymden. Partiklar n̊ar dessa energier genom Fermi-acceleration,
där partiklarna upprepade g̊anger reflekteras av magnetiska spegeleffekter
och f̊ar energi varje g̊ang de speglas. För denna mekanism ska ske, m̊aste
en ”seed population” av joner med högre energi än solvinden finnas. Denna
seed population kan sedan accelereras till ännu högre energier via Fermi-
acceleration. Hur formationen av seed populationen g̊ar till är fortfarande
en olöst fr̊aga.

Syftet med detta projekt är att studera formationen av seed popula-
tionen i jordens bogchock. När chocknormalen bildar en vinkel p̊a mindre
än 45◦ med det interplanetära magnetfältet kallas chocken kvasi-parallell.
Den här delen av bogchocken är högst turbulent och här bildas en speciell
typ av v̊agor i magnetfätet. Dessa v̊agor är korta, med hög amplitud och
kallas ”short large amplitude magnetic structures”, eller SLAMS. Det här
arbetet fokuserar p̊a hur joner fr̊an solvinden kan reflekteras när de stöter
p̊a SLAMS och hur de sedan uppn̊ar tillräckligt höga energier för att bilda
seed populationen.

I den här studien används data fr̊an de fyra europeiska Clustersatelliterna
i en fallstudie fr̊an n̊agra minuter i februari 2002. Tre instrument ombord
Cluster användes: ett instrument som mäter elektriska fält, ett som mäter
magnetiska fält och ett som mäter hur joner rör sig. Satelliterna roterar,
vilket sätter en begränsning p̊a tidsupplösningen p̊a mätningarna. I detta
fall var alla Clustersatelliter relativt nära varandra, vilket utnyttjas för att
f̊a data med högre tidsupplösning.

I rapporten visas hur joner fr̊an solvinden reflekteras av en SLAMS
samt hur dessa joner sedan uppn̊ar höre energier och till slut bildar den
eftersökta seed populationen. Ocks̊a en simulering av fallet utförs. Simu-
leringen producerar resultat som överenstämmer väl med data och ger en
inblick i mekanismen för partikelreflektion i samband med SLAMS.
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1 Introduction

Particles are known to be able to accelerate to very high energies inside
shocks. Particles gain this energy through Fermi-acceleration, where the
particles are repeatedly reflected by magnetic mirrors [Krymskii, 1977]. For
this mechanism to take place, ions must first be accelerated to higher than
thermal energies. These ions are called the suprathermal ion seed popula-
tion. This seed population can then be accelerated to even higher energies
through Fermi-acceleration. [Malkov and O’C Drury, 2001] One major un-
resolved issue is the formation of this seed population.

This report is about studying the formation of the suprathermal seed
population in a special region of Earth’s bow shock, called the quasi-parallel
bow shock. In this part of the bow shock, the shock normal forms an angle
of less than 45◦ with the interplanetary magnetic field. In this region a
particular kind of wave, called short large amplitude magnetic structures
(SLAMS), form [Lucek et al., 2008]. This work focuses on how solar wind
ions are reflected off these SLAMS.

For this study, data from the four Cluster satellites is used for a case
study of one event in February in 2002. In particular, three instruments
onboard Cluster are used: an electric field instrument, a magnetic field
instrument and a ion instrument. During the time of the event, the satellites
were in the quasi-parallel shock and encountered a series of SLAMS. The
satellites were close together, with a distance of <100 km. Because of the
short separation, it is possible to obtain a high time resolution of the data.
In this report, data from this event is presented and compared to existing
models as well as a simulation of the event.

The report is structured as follows: In Section 2 some background to
the subject is given, starting with Earth’s magnetosphere and bow shock
and moving on to SLAMS and earlier studies of shock particle acceleration.
In Section 3, the Cluster satellites and the instruments used are discussed.
Also, the different coordinate systems used in the report are presented here.
Section 4 is about the work done in this project. In section 5, the results of
the project are discussed and summarized.

The code used in this project is free for download at https://github.

com/ajohlander/irfu_proj.
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2 Background

2.1 Earth’s magnetosphere

The Sun emits a stream of charged particles, which is called the solar wind.
These plasma particles originate from the Sun’s corona and are accelerated
by a pressure gradient radially outward from the Sun. When the solar wind
reaches Earth it has a velocity of several hundreds of kilometers per second
and a number density of a few particles per cm3 [Parks, 1991].

When reaching Earth, the dynamic pressure of the solar wind particles is
balanced by Earth’s magnetic field. This gives rise to a region around Earth
where the motion of the particles is determined by the magnetic field of
Earth, called the magnetosphere. The boundary of this region is called the
magnetopause. Before reaching the magnetopause, the solar wind particles
hit the bow shock. The bow shock is a collisionless plasma shock and is
situated about 10 RE from Earth, where 1 RE is one Earth radius[Russell,
1993]. At the bow shock, the particles are slowed from supersonic to subsonic
speeds. The region between the bow shock and the magnetopause is called
the magnetosheath.
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Figure 1: Artist’s concept of Earth’s magnetosphere. The numbers show:
1) Bow shock. 2) Magnetosheath. 3) Magnetopause. 4) Magnetosphere.
5) Northern tail lobe. 6) Southern tail lobe. 7) Plasmasphere. http:

//commons.wikimedia.org/wiki/File:Magnetosphere_Levels.svg

Close to Earth, the magnetic field resembles a dipole field but farther
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away, the magnetic field is distorted by the solar wind pressure. On the side
of the magnetosphere facing in the sunward direction, the magnetic field is
compressed while it is stretched out on the side facing away from the Sun,
forming the magnetotail. The magnetotail is divided into a northern and
a southern lobe distinguished by different directions of the magnetic field
[Russell, 1993]. The structure of the magnetosphere can be seen in Figure 1.

2.2 The bow shock

In front of Earth a collisionless shock forms when the solar wind hits the
magnetosphere. In this shock the solar wind particles are deflected and
heated. Shocks in a plasma forms when a super-Alfvénic flow meets a large
obstacle. Super-Alfénic flow means that the Alfvénic Mach number is greater
than 1.

MA = v/vA > 1 (1)

where v is the plasma flow velocity and vA is the velocity with which Alfvén
waves propagate. This velocity is given by

vA =
B√

µ0miN
. (2)

where B is the magnetic field vector, mi is the ion mass and N is the ion
number density in the plasma.

That the bow shock is collisionless means that the plasma is not dense
enough for collisions between particles to play a significant role in the shock.
This can be expressed as that the collisional mean free path λcoll is much
greater than the width of the shock. In the solar wind the mean free path of
a particle is more than 2 AU, which far exceeds the shock width. [Treumann,
2009]

The angle between the shock normal and the interplanetary magnetic
field θBn is an important parameter when it comes to shocks in space. A
shock is called perpendicular when θBn = 90◦ and parallel when θBn = 0◦.
More generally, a shock is considered quasi-parallel if 0◦ < θBn < 45◦ and
quasi-perpendicular if 45◦ < θBn < 90◦ [Parks, 1991, p. 418]. The difference
between the quasi-parallel and quasi-perpendicular regions of Earth’s bow
shock is illustrated in Figure 2.
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Figure 2: The regions of the bow shock. The shock is quasi-parallel when
θBn < 45◦ and quasi-perpendicular when θBn > 45◦

.

The quasi-perpendicular bow shock is characterized by sharp transition be-
tween the upstream and downstream plasma. Figure 3 shows a simulation of
the bow shock with the quasi-parallel shock at the top of the figure and the
quasi-perpendicular shock at the bottom. The figure illustrates the sharp
transition of the quasi-perpendicular shock in contrast to the turbulent and
spread out quasi-parallel shock.
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Figure 3: Numerical simulation of particles in the bow shock. Courtesy:
Dietmar Krauss-Varban

.

The quasi-parallel shock transition is, compared to the perpendicular
shock, very spread out and very variable with time. This is because of re-
flected particles escaping upstream along the magnetic field. These particles
disturb the incoming plasma flow, causing ultra-low frequency (ULF) waves,
and form what we call the foreshock [Lucek et al., 2008]. As these waves
moves closer to the quasi-parallel shock, they steepen and grow in ampli-
tude, we then call these waves SLAMS (Short Large Amplitude Magnetic
Structure).

2.3 Short Large Amplitude Magnetic Structures (SLAMS)

As the waves that populate the foreshock are convected toward the quasi-
parallel shock, they grow into SLAMS [Schwartz and Burgess, 1991]. SLAMS
are characterized by a sharp increase in the magnetic field, at least 2 times
of that of the background field. SLAMS move anti-sunward in the rest frame
of Earth or a spacecraft, but in the plasma frame (inertial frame of the so-
lar wind) the SLAMS move in the sunward direction. ULF waves usually
have right-handed polarization in the plasma frame. This means that these
waves, and therefore also SLAMS, usually have right-handed polarization in
the spacecraft frame [Lucek et al., 2008].
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While SLAMS are generally found in the quasi-parallel bow shock the
SLAMS themselves have magnetic orientation so that they are locally a
quasi-perpendicular shock [Mann et al., 1994].

Schwartz et al. [1992] makes the distinction between isolated and em-
bedded SLAMS. An isolated SLAMS is found in a rather quiet plasma with
no other SLAMS in the vicinity, while embedded SLAMS are found in hot-
ter, magnetosheath-like plasma. Isolated SLAMS are usually found further
upstream than the embedded ones.

2.4 Particle acceleration

A common model for ion acceleration in the bow shock involves ions being
specularly reflected (mirror reflection) off the shock surface. Several studies
concerning SLAMS and ion acceleration in Earth’s bow shocks have been
made using data from Cluster and other space missions. Some examples are:
Gosling et al. [1989], who showed data of coherent reflected ion beams in
the quasi-parallel shock that were consistent with specular reflection, using
data from the ISEE-2 space probe. Also Onsager et al. [1990] showed that
specular reflection is an important source of high energy ions in the quasi-
parallel shock. Another, more recent study made by Kis et al. [2013] shows
gyrosurfing ions being accelerated by a SLAMS.

Figure 4 shows a solar wind ion coming in and is reflected off a quasi-
perpendicular shock. After the reflection, the ion is accelerated upward by
the convection electric which is Eip = −vsw×B, where vsw is the solar wind
velocity. When the particle returns to the shock front it has moved along the
electric field and thus gained energy. Therefore, its velocity is higher when
it returns to the shock and the ion can pass through the shock [Sckopke
et al., 1983]. If the shock is quasi-parallel instead, the ion in Figure 4
would never return to the shock front but would gyrate around the magnetic
field and travel upstream. This property of the quasi-parallel shock is what
makes it so spread out and dynamic [Treumann, 2009]. However, SLAMS
are generally local quasi-perpendicular shocks inside the quasi-parallel bow
shock, and particles could possibly return to these shocks.
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Figure 4: Part of Figure 1 in [Sckopke et al., 1983]. Trajectory of a particle
specularly reflected off a stationary perpendicular shock.

In the reference system of the spacecrafts, the SLAMS is moving in the
same direction as the solar wind but with a lower velocity. This means that
reflecting a solar wind ion off a SLAMS is like throwing a ball at the back
of a truck as the truck is moving away from you. The ball will bounce back
but with a lower velocity. In the same way, ions reflected off a SLAMS will
generally have a velocity lower than the solar wind velocity in the reference
system of the spacecrafts.
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3 Cluster

3.1 The mission

Cluster is a European space mission to study Earth’s plasma environment
over a full solar cycle. The mission consists of four satellites flying in a
tetrahedral formation. Cluster was launched in two pairs aboard Russian
Soyuz rockets in 2000. The satellites are called Rumba, Tango, Salsa and
Samba. In this report the satellites will be refered to as C1, C2, C3, and C4
respectively.

The satellites were launched into a highly elliptical polar orbit with a
perigee of ∼ 3 RE and an apogee of 19 RE (1 RE = 1 Earth radius =
6371 km). With this orbit, Cluster can perform in situ studies in various
regions like the solar wind, the bow shock, the magnetopause, the polar
cusps and the magnetotail.

Each Cluster satellite has a cylindrical shape, 2.9 m in diameter and
1.3 m in height. Each spacecraft is rotating along the symmetry axis of the
cylinder with a spin period of roughly 4 seconds. Due to the orientation,
the satellites have solar cells on the sides of the cylinder.

Figure 5: Geometry of the Cluster spacecrafts.

Every Cluster satellite carries the same set of 11 scientific for studies of
ions, electrons as well as electric and magnetic fields. All data from the
instruments aboard the satellites has been made available in the Cluster
Active Archive (CAA).

CAA is an open domain depository for all processed and validated data,
as well as raw data, calibration data and documentation from all 11 scien-
tific instruments aboard the Cluster satellites. The instruments from which
data was used in this work are described in the sections below. [ClusterOp-
erations, 2014]
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3.2 Electric Field and Waves (EFW)

The EFW instrument consists of four spherical sensors on the end of the 44 m
long wire booms extending out from the spacecraft in the spin plane. The
potential difference between two sensors corresponds to an electric field along
the separation vector. With this setup, the electric field in the spin plane
can be determined. With data about the magnetic field and the assumption
that E ·B = 0 the electric field component along the spin axis can also be
determined. [Gustafsson et al., 1997]

3.3 Fluxgate Magnetometer (FGM)

The FGM instrument consists of two triaxial fluxgate magnetometers and
an onboard processing unit. One of the sensors is placed at the end of one
of the 5.2 m radial booms. The other is also placed on the boom but closer
to the spacecraft body. Due to the wide variation in magnetic field between
different regions in the magnetosphere, FGM can operate in several different
ranges, the widest is between -65 µT and +65 µT. The instrument produces
full three-dimensional magnetic field data with a time resolution of 22 Hz
for normal mode and 67 Hz for burst mode. [Lewtas et al., 2012]

3.4 Cluster Ion Spectroscopy (CIS)

The CIS experiment is a set of ion spectrometry instruments aboard all
Cluster satellites. With it, it is possible to obtain full three-dimensional
ion distribution and mass-to-weight ratio of the particles. The experiment
consists of two different instruments: an ion Composition and Distribution
Function analyser (CODIF) and a Hot Ion Analyser (HIA).

CODIF is capable of determining ion distribution and mass per charge
ratio of the ions in the range ∼ 25eV/e - ∼ 40keV/e. In order to cover ion
populations in the solar wind to tail lobe ions CODIF consists of two 180◦

field-of-view sections with different sensitivities, one High Sensitivity (HS)
section and one Low Sensitivity (LS) section.

HIA is an ion energy spectrometer capable of obtaining full ion angular
distribution in the energy range ∼ 5eV/e - ∼ 32keV/e. Like CODIF, HIA
consists of two 180◦ field-of-view sections with different sensitivities, one
High Sensitivity (HS) section and one Low Sensitivity (LS) section.

The CIS-data mainly used in this work is from the HS section of HIA
as that has full tree-dimensional ion distribution occasionally in subspin
resolution. [Dandouras and Barthe, 2012]

3.5 Coordinate system

One coordinate system that is commonly used when describing a satellites
position is the Geocentric Solar Ecliptic (GSE) system. In this system, the
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center of Earth is the origin. The x-axis points toward the center of the Sun
and the z-axis is orthogonal to the ecliptic plane and positive toward the
north. This results in that the y-axis points toward the dusk side of Earth.

The Cluster satellites spin with a period of ∼ 4 s and the spin axis
is roughly aligned with the −z-axis of the GSE system. Because of this
one common coordinate system used for Cluster is the Inverted Spacecraft
Reference of Frame (ISR2) in which the z-axis is the negative spin axis and
the meridian between x and z contains the Sun. This means that ISR2 is
roughly the same as GSE. ISR2 is somewhat different for all satellites but
it is still like GSE within 6◦ for all satellites [Laakso, 2012]. In this report,
ISR2 is treated like GSE and this is the coordinate system that is used unless
otherwise stated.

In this report, we will also use the polar coordinates of GSE. In this
system, z is the polar axis and the polar angle θ ∈ [0◦, 180◦] is the angle
from this axis. The azimuthal angle ϕ ∈ [0◦, 360◦] is the angle between the
x axis on the projection on the xy-plane.
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4 Analysis

This section is about the work performed in this project and covers analysis
and results of the project. Sections 4.1, 4.2 and 4.3 covers how data was
selected and how the ion data works as well as some methods used in the
project. Section 4.4 deals with observations of data concerning the SLAMS
and particle reflection. In section 4.5, these observations are compared to
a simulation that was performed. Section 4.6 deals with how the particles
reach higher energies after reflection. In Section 4.7 we briefly compare ion
data with recent simulations.

4.1 Data selection

The selection of data for this work was to a large part limited by condition
that the data from the CIS instrument should contain subspin data. Subspin
data is desirable because of the short timescale of SLAMS. A SLAMS is
seen for about 1 s and for a detailed study, data with high time resolution
is required. This means that the data should be in full time resolution, i.e.
4 Hz for both C1 and C3. For C2 and C4 there is no such data collected
since the HIA part of CIS is not operational on those satellites. Subspin
data is only sent to Earth when the Cluster satellites are in burst mode or
in some other special mode, therefore the condition of subspin data limits
the number of available events a great deal.

In addition to the subspin resolution, only some periods of time from the
14 years Cluster has been operational were considered. First, the apogees
of the orbits are in the sun-ward direction in the spring. The satellites pass
through the bow shock only around this time so only January-June were
considered. Second, a short separation of the satellites was desirable. Since
the SLAMS are only seen for a short time and that their velocities are high,
a short separation of the satellites translates into a high time resolution.
Because of the separation requirement, only the years 2001, 2002 and 2004
were considered.

After this, the data was downselected on position of the satellites. The
satellites should be between the Sun and Earth and with a distance of ∼
10 RE from Earth. Additionally, the bow shock is more likely to be quasi-
parallel on the dawn side of the Earth-Sun line.

After all these selections, the magnetic field data and the ion data was
gone through by hand in order to determine if the data was from the quasi-
parallel shock and if it contained any interesting SLAMS events. In the end,
one such event was chosen. It took place in 2002-02-03 around 04:18 in the
morning UTC. This event is analyzed in detail in Section 4.4.
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4.2 Ion data

The CIS instrument records ion flux in three ways: as raw counts, differential
energy flux and phase space density. The quantity used here is the phase
space density, denoted by F and has a unit of

[
1/L3(L/T )3

]
=
[
T 3L−6

]
where L is length and T is time. Phase space density has an advantage in
that it is comparable between different energy levels. The time evolution of
the phase space density in a plasma is described by the Vlasov equation.

∂F

∂t
+ v · ∇F +

q

mi
(E + v ×B) · ∇vF = 0 (3)

The ion phase space density is recorded by CIS as the spacecraft spins.
The instrument can only see in one direction in the radial direction of the
spacecraft but it covers 180◦ over the polar angle. This results in a series
of vertical snapshots of the ion population that for one full spin covers all
directions in space. Furthermore, the data is ordered in energy bins for each
measurement.
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Figure 6: One spin, integrated over polar angle. The time of the start of
the spin is shown at the top. The most prominent feature is the solar wind
which can be seen as red at E ≈ 1 keV and at azimuthal angle ϕ ≈ 180◦

which means that the ions in the anti-sunward direction. Data from the
CIS instrument.

The instrument measures the phase space density 16 times during one
spin, for each of these measurements there are 8 bins over the polar angle and
each of these bins contain 31 bins that represents energy of the ions. This
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means that a full spin contains 16×8×31 = 3968 individual measurements.
In order to plot this data some sort of integration is usually necessary. In
Figure 6 the data is integrated over the polar angle. This means that the
only information in this figure is how the ions move in the spin plane of the
spacecraft.

Since the data in Figure 6 is collected as the spacecraft spins, the ϕ-axis
can just as well be regarded as a time axis that represents an interval of
one spin period, ∼ 4 seconds. Several spins can be put after one another to
illustrate subspin ion data over a longer time period.

4.3 Geometry

For these analyses, it is desirable to have knowledge of the geometry of
the SLAMS. If we assume that the SLAMS is a plane that moves along its
normal vector. The two parameters we need is the normal vector and the
speed. Here, two ways to determine the geometry of the SLAMS are used.

The first method uses timing data and the position of the satellites to
calculate the geometry. Consider the four satellites in space, the position of
the i:th satellite is denoted by ri. We now assume that all satellites are hit
by a structure with a plane geometry and velocity v = vn̂, where n̂ is the
unit normal vector of the plane. We denote the time each satellite registers
the structure as ti. The following equation can be set up:

(ri − rj) · n̂ = (tj − ti)v i, j = 1, 2, 3, 4 (4)

By setting one of the satellites, C1 for example, as the reference, the follow-
ing equation system can be constructed.

(ti − t1) =
1

v2
(ri − r1) · v i = 1, 2, 3, 4 (5)

The first equation (i = 1) in this system is trivial, so there are three equa-
tions left. There are also three unknown parameters, the three components
in v and can therefore be solved. The desired parameters are then v = |v|
and n̂ = v/v.

The other method is to consider the full 3-D magnetic field vector and
use the fact that B is divergence free. The solution to the wave equation for
a magnetic plane wave is

B = B0e
i(k·r−ωt) (6)

where B0 is a constant amplitude vector, k is the wave vector, r is the
position, ω is the angular frequency and t is the time. By using the fact
that ∇ ·B = 0 we get:

∇ ·B = ik ·B0e
i(k·r−ωt) = ik ·B = 0. (7)

13



This means that, for a plane wave, the change of the magnetic field compo-
nent in the propagation direction is zero. We can use this to estimate the
normal vector n̂ = k/k as the direction that the change of the magnetic field
is the lowest. This vector can be found by using minimum variance analysis
[Sonnerup and Cahill, 1967]. This is done by minimizing the variance

V =
1

N

N∑
i=1

[Bi · n̂− 〈B〉 · n̂]2 (8)

where N is the number of measured magnetic field vectors, n̂ is the unit
vector of the plane wave and 〈B〉 is the average magnetic field vector. With
this method, it is possible to get an estimate of the normal vector of the
SLAMS using only one spacecraft. It is however not possible to determine
the propagation velocity of the SLAMS and therefore not the sign of n̂ either.

4.4 SLAMS event

Several SLAMS were observed by Cluster between 04:18 and 04:19 UTC on
2002-02-03. At this time, the satellites were very close to the bow shock
and were moving toward Earth. This day the solar wind had a fairly typical
bulk speed of

vsw = 410 km s−1

but a rather high density of

ni = 12 cm−3

Both solar wind speed and number density data was obtained from the
Omni-database. This solar wind speed and density means that the Alfvénic
Mach number was (from equation (1) and (2))

MA = 13

As can be seen in Figure 7 the interplanetary magnetic field formed
an angle with the shock normal of 20◦ − 30◦, so the shock is classified as
quasi-parallel.

4.4.1 Magnetic structures

At some distance from the shock the angle θBn was around 20◦−30◦. As the
satellites moved closer to the shock, θBn started to exhibit more turbulent
behavior. The SLAMS close to the shock all formed an angle of θBn ≈ 90◦,
which means that they are locally perpendicular shocks, just as discussed
in Section 2.3. This can be seen in Figure 7 where one of the SLAMS have
been marked.
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Figure 7: The angle between the magnetic field and the normal of the
04:18:13 SLAMS θBn over time. The time of one SLAMS is indicated by a
dashed vertical line. Magnetic data from FGM.

Figure 8: Absolute value of the magnetic field from the FGM instrument
for C1 and C3 during the event. Several magnetic structures can be seen.
Three SLAMS can be seen at 04:18:07, 04:18:13 and 04:18:40. We call these
SLAMS 1,2 and 3 as indicated.

In Figure 8 the amplitudes of the magnetic field measured by C1 and C3
are shown. In the figure, three SLAMS are apparent. Two sharp SLAMS
are to the left in the graph at 04:18:07 and 04:18:13 and a longer, more
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wave-like SLAMS can be seen between 04:18:35 and 04:18:40.
In Figure 9 the magnetic components of SLAMS 3. This figure illustrates

the polarized nature of SLAMS.
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Figure 9: Magnetic field components for C1 in a minimum variance coor-
dinate system for SLAMS 3. The measurement starts at the red ”x” and
goes around to form a right-handed polarized wave. The time interval of
the figure is ∼ 2 s. Data is from the FGM instrument.

The SLAMS that we will focus on here is the SLAMS at 04:18:13, which
we call SLAMS 2 as this SLAMS is the most effective particle reflector. This
is discussed in Section 4.4.2. The magnetic and electric fields measured by
C3 can be seen in Figure 10. As seen in this figure, the SLAMS is a swift
rotation of the magnetic field, but the amplitude also has a sharp increase
at this time. The electric field is relatively low at all times except precisely
inside the SLAMS which confirms the picture of SLAMS as planar current
sheets moving through space.
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Figure 10: Electric and magnetic field components for C3 during two
SLAMS events. SLAMS 2 is between the two vertical dashed lines. Data
is from the EFW and FGM instruments.

Since SLAMS 2 in Figure 10 is important for ion reflection, it is impor-
tant to have knowledge of its geometry and speed. The normal vector of
the SLAMS and speed of the SLAMS was determined using the methods
described in Section 4.3. The normal vector was determined in three ways:
timing, and minimum variance analysis for C1 and C3. All these ways were
very consistent and the mean normal vector was:

n̂sh =
(
−0.88, −0.17, 0.46

)
17



And the speed of the SLAMS obtained from timing was:

vsh = 210 km/s

The fact that the SLAMS normal was the same for C1 and C3 and that
this normal also agree well with timing data strongly support the idea of a
SLAMS being a planar sheets moving along its normal vector.

4.4.2 Ion populations

Figure 11 shows the ion phase space density and amplitude of the magnetic
field from both C1 and C3. An explanation of the ion data can be found in
Section 4.2. One thing worth noting in Figure 11 is that, since all magnetic
structures and the solar wind move in the anti-sunward direction, right in
the graph means upstream in the solar wind. In the same way, the further
left something in the graph is, the further downstream is it.

On the right side of the graph, we see the solar wind appearing every 4
seconds. The solar wind does not show up at the same time for both C1 and
C3 because while they have roughly the same spin period, their rotations
are not in phase. On the left side, there are large populations of ions with
low energy. These ions are reflected off the shock and move mostly upstream
from the shock. This is the opposite way of the solar wind, which is why
they are found between the detections of the solar wind.
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Figure 11: Ion and magnetic data for the entire event. In the top two
panels: phase space density of ions over time and energy for C1 and C3
respectively. In the bottom panel: absolute value of the magnetic field for
C1 and C3. The time axis is the same for all panels.

Figure 12 shows a zoomed in part from the left of Figure 11. Panel c)
and d) in Figure 12 shows ion phase space density integrated over energy.
This means that information of energy is lost but instead we see how the
ion population looks as a function of polar angle of the spacecraft. In this
figure, we see the solar wind on the right hand side with energy of ∼ 1 keV
and polar angle θ = 90◦. However, at about 04:18:18 for C1, we see another
population of ions with high phase space density. This population of ions is
seen at all azimuthal angles between the detections of the solar wind and has
polar angle of θ ≥ 90◦. These ions are most likely solar wind ions that are
reflected off the SLAMS 2 at 04:18:13. Especially for C1, this ion population
stretches in downstream of the SLAMS (to the left of the SLAMS) but there
the ions are mostly in θ ≤ 90◦. To the far left of Figure 12 the solar wind
hits another SLAMS and is now almost completely deflected and spread out
by the SLAMS.

19



0

2

4

6

C1_CP_CIS−HIA_HS_MAG_IONS_PSD

a)

lo
g 10

(E
) 

[e
V

] 

0

2

4

6

C3_CP_CIS−HIA_HS_MAG_IONS_PSD

b)

lo
g 10

(E
) 

[e
V

] 

0

50

100

150

C1_CP_CIS−HIA_HS_MAG_IONS_PSD

c)

P
ol

ar
 a

ng
le

 θ
 [d

eg
]

0

50

100

150

C3_CP_CIS−HIA_HS_MAG_IONS_PSD

d)

P
ol

ar
 a

ng
le

 θ
 [d

eg
]

  04:18:10     04:18:20     
0

5

10

15

20

03−Feb−2002

|B
| [

nT
] 

 

 

C1C3

e)

lo
g 10

F
   

   
 [s

3  k
m

−
6 ] 

2

3

4

5

6

7

8

9

10

Figure 12: In panels a) and b): phase space density of ions over time and
energy for C1 and C3 respectively. In panels c) and d): phase space density
of ions over time and polar angle for C1 and C3 respectively. In panel e):
absolute value of the magnetic field for C1 and C3. The time axis is the
same for all panels.

In Figure 13 the reflection is illustrated in two phase space diagrams. The
diagrams show the ion distribution as a function of velocity in the xy-plane.
The solar wind can be seen in both graphs as a peak at vx ≈ −400 km/s
and a small positive vy. The reason why the solar wind is not continuous
is because of the limited energy resolution at higher energies of the CIS
instrument. Figure 13 a) shows the ion population a bit upstream while 13
b) shows the ion population just upstream of SLAMS 2. In the (b) panel,
the reflected ion population can clearly be seen as a peak with small positive
vx (moving in the sunward direction).
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Figure 13: Logarithm of the ion phase space density as a function of vy
and vx in GSE for two spins of C1. The time on top of the graphs are the
start time of a spin. (a) shows ion data for a spin a bit upstream of the
SLAMS and (b) shows a spin upstream but very close to the SLAMS. The
unit for the phase space density is [s3 km−6]
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In the reference system of the spacecrafts, the SLAMS is moving in the
same direction as the solar wind but with a lower velocity. This means
that ions reflected off the SLAMS will have a velocity lower than the solar
wind velocity in the reference system of the spacecrafts. The most common
way to see particle reflection is as specular reflection (mirror reflection)
With knowledge of the solar wind velocity and the SLAMS velocity the
expected velocity of the reflected ions can be calculated. This is done by
first transforming the solar wind velocity vsw to the shock reference system
(where SLAMS velocity vsh = 0), then mirror that vector in n̂sh, and then
transform back to the spacecraft reference frame. The resulting velocity of
the reflected ions is in this case

vr =
(
−143, 52, −137

)
km/s.

This is a fairly good match as can be seen in Figure 12 and 13. However
there seems to be a quite large spread of the velocities of the reflected ions
and while on average, specular reflection seems like a good approximation,
it is clear that not all reflected ion are reflected in this manner and that the
model of specular reflection is not entirely true.

4.4.3 Subspin ion data

In this section, ion subspin data from one full spin is presented. Figure 14
and 15 each show eight measurements of ion phase space density for all 16
measurements of a spin of C3. The graphs are presented in chronological
order. Note that the spacecraft has ”negative” rotation and ϕ decreases
with time. The SLAMS happen roughly in time between Figure 14 and
Figure 15.

In the third and fourth panel of Figure 14 we can see the solar wind
behind the SLAMS at ϕ ≈ 180◦. In all panels in Figure 15, we see the
reflected ions, with the highest concentration at ϕ ≈ 20◦. As discussed in
Section 4.2, the phase space density is conserved as the ions are deflected.
This means that it should be possible to see a ”path” of more or less constant
phase space density between the solar wind and the reflected ion population.
This is probably because the CIS instrument was pointing in the wrong
direction during the period of time Cluster was in the refletion region. The
supspin data for C1 s very similar to that for C3.
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Figure 14: Phase space density as a function polar angle θ and energy for
ϕ between 247◦ and 90◦ from CIS on C3. The time at the top is the time
of measurement for the first graph. The unit for the phase space density is
[s3 km−6].
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Figure 15: Phase space density as a function polar angle θ and energy
for ϕ between 67◦ and 270◦ from CIS on C3. The unit for the phase space
density is [s3 km−6].
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4.5 1-D test particle simulation

In order to further study the physical process of reflection, a simulation
using real data of magnetic field and ion phase space density was done. This
simulation was later compared to the observed ions discussed in Section 4.4.1

A simulation of particles entering the 04:18:13 SLAMS was performed.
The model used combined measured magnetic field with test particle simu-
lation of ions. The simulation was performed only along the x-axis in the
GSE-system but modeled a three dimensional velocity of the ion. All ions
were assumed to be protons.

The rest frame of the simulation is set to be that of the SLAMS (shock
rest frame), which means that all velocities are in that frame. The electric
field was not included in the simulation due to it being rather low everywhere
except in the SLAMS (see Figure 10) and it is certainly even lower in the
shock rest frame.

The model utilizes the explicit Euler step method for solving the equation
of the Lorentz force in order to calculate the position and the velocity of
the particle. This method is only of the first order of accuracy and has bad
stability properties. For this problem, stability is not a problem and the
accuracy is kept at acceptable levels by using time steps that are shorter
than the sampling rate of the magnetic field. The method is validated by
making sure that the kinetic energy is conserved throughout the simulation.

The magnetic field data used spans 13 s of measurements and all mag-
netic structures in this interval moved approximately with the velocity of
the SLAMS. Therefore the length of the simulation ”box” was over 2500 km,
which is significantly larger than the gyroradius of a proton (see Figure 16).
At the start of the simulation, the particle has some initial velocity in the
x-direction, denoted vx,i. The initial velocity in the other directions vy,i
and vz,i was 0. The simulation was stopped when the proton leaves the
simulation box, either upstream or downstream of the SLAMS.
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Figure 16: The magnetic field components of the field used in the sim-
ulations. The field is the measured by C3 between 04:18:07 and 04:18:20.
In the simulation, the proton is injected from the left with some velocity
vx,i. The dashed vertical line marks how far a proton with initial velocity
vx,i = −180 km/s reaches before it is reflected back upstream (see Figure
17).

Figure 17, shows the velocity components of a proton whose initial velocity
was -180 km/s. In this case, the ion is reflected off the SLAMS in a near-
specular manner. This means that the final velocity in the x-direction vx,f ≈
180 km/s in the shock rest frame. It takes about 5 s for the ion in Figure 17
to slow down to vx = 0. Since the average velocity for the ion while it slows
down is < vx >−= −80 km/s, the distance it takes to slow down is about
400 km in the shock frame. That means that the region of reflection is only
seen by Cluster for less than 2 s. This means that the CIS instrument misses
several directions during the time of reflection.

Figure 18 shows the velocity profile of a particle with initial velocity of
-200 km/s. Here, the proton passes straight through the SLAMS and con-
tinues downstream. This implies that particles in the high end of the solar
wind energy spectrum can pass through this SLAMS while the particles in
the low end is reflected back upstream. This is in agreement to observations
discussed in Section 4.4.2.
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Figure 17: Simulation of a proton with initial velocity vx,i = −180 km/s.
The components of the proton’s velocity are shown over time. Note that
velocity in x-direction changes sign. This means that the proton is reflected
back upstream.
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Figure 18: Simulation of a proton with initial velocity vx,i = −200 km/s.
The components of the proton’s velocity are shown over time. Note that
vx does not change sign. This means that the proton passes through the
SLAMS and continues downstream.
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Figure 19 shows the final velocity of protons as a function of initial veloc-
ity. Final velocity vf means the velocity the particle has when it leaves the
simulation box. Generally, vx,f > 0 means that the particle was reflected
upstream and vx,f < 0 means that the particle continues downstream. From
the figure we see that particles with vx,i > −185 km/s are reflected and par-
ticles with vx,i < −200 km/s continue downstream. Between these regions
the behavior a particle is highly unpredictable.
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Figure 19: Components of the final velocity as a function of initial velocity
in the x − direction. We can see that protons with vx,i & −185 km/s is
reflected while protons with vx,i . −200 km/s continues downstream.

To further study the behavior of the solar wind when it encounters the
SLAMS, a Monte Carlo-like study was performed. First, ion data from C3,
in particular the bin where ϕ = 180◦, was used to obtain the phase space
density function of the solar wind as a function of velocity in x-direction.
A set of random values of vx,i that follows the same distribution as the
measured data was generated using the acceptance-rejection method. This
generated distribution can be seen in Figure 20.

This distribution of the solar wind was then simulated encountering the
SLAMS. Instead of sending all particles through the entire simulation, pre-
existing knowledge of the behaviour of the particles as seen in Figure 19 was
used to approximate the final velocity distribution given the initial velocity
distribution.
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Figure 20: Generated phase space density of the solar wind in arbitrary
units as a function of velocity in the shock rest frame. N = 104.
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Figure 21: Phase space density downstream of the SLAMS, top panel : as
a function of vy,f , bottom panel : as a function of vz,f . N ≈ 3700.

The results of the simulation downstream of the SLAMS presented in
Figure 21 agrees well with observations. As seen in Figure 12 the ions
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downstream (to the left) of the SLAMS almost all have values of 180◦ <
ϕ < 360◦, meaning negative vy values, and most have θ < 90◦, which means
positive vz. This is in good agreement with the results in Figure 21. The
reflection efficiency was more than 50% in the simulation, which is in rather
good agreement with observations.

This simulation provides a plausible way for the ion distributions we see
both upstream and downstream of the SLAMS to have formed from the solar
wind ions being magnetically mirrored by a SLAMS. It also strengthens the
theory of low energy solar wind ions being reflected by the SLAMS while
high energy ions pass through.

The fact that the SLAMS at 04:18:40 did not produce any reflected ions
despite the magnetic field being capable of mirroring is probably because of
the length scale. That SLAMS moved with vsh = 300 km/s and was seen
during a longer time. This means that the wavelength was rather long in
the shock system. This in turn provides the electric field to cancel out the
effect of magnetic mirroring.

4.6 Particle acceleration

We have shown data and simulations of how ions are reflected off a SLAMS
to lower energy than the solar wind. But how are they later accelerated to
higher energies and form the ion seed population?

Consider ions reflecting off a SLAMS that moves with some velocity vsh
lower than the solar wind velocity vsw toward Earth.

Figure 22: Velocity space of solar wind and reflected ions. Here, the ions
are speculary reflected off a shock normal n̂ = [−1, 0, 0] and that the ions
after reflections gyrates in the xy-plane with conserved energy in the plasma
frame.

30



In the solar wind frame, the energy of the ions must be conserved due to
E×B-drift or some other mechanism [Treumann, 2009]. The circle in around
the solar wind velocity Figure 22 indicates the allowed velocity for reflected
ions. The ions will gyrate along this circle.

The velocity components can be expressed in the following way:

vx = (vsw + vr) cos ν − vsw vy = (vsw + vr) sin ν (9)

where vr is the velocity of the reflected ions in the spacecraft frame and is
described by

vr = 2vsh − vsw (10)

The azimuthal angle ϕ follows the following relation:

tanϕ =
vx
vy

=
vsw(1− cos ν)− vr

vsw sin ν
(11)

the kinetic energy of an ion that gyrates in this manner can be described
by:

E =
1

2
miv

2 =
1

2
mi(v

2
x + v2y) (12)

By inserting (9) in to this expression we get:

E =
1

2
mi

[
(v2r + 2v2sw(1− cos ν) + 2vswvr(1− cos ν)

]
(13)

The expression ν(ϕ) as described in (11) can be solved numerically with the
Newton-Raphson method. By doing this, the energy in the spacecraft frame
as a function of the azimuthal angle can be constructed. This function for
an example is shown in Figure 23.
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Figure 23: Energy in the spacecraft frame as a function of azimuthal angle
ϕ. vsw = 400 km/s and vr = 150 km/s.
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It is clear from Figure 23 that although the energy of the reflected ions
were initially lower than the solar wind in the spacecraft frame, the reflected
ions can later be accelerated to even higher energies, due to energy conser-
vation in the solar wind frame.

The high energy ion population seen on the right side in Figure 11 is
most likely ions that have been accelerated by this process. Figure 24 shows
ion data from this time as well as expected energy for ions that have been
reflected off a SLAMS with a velocity that has been chosen to fit the data.
As can be seen in this figure, this ion seed population can be fitted rather
well with this model.
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Figure 24: Energy in the spacecraft frame as a function of azimuthal angle
ϕ. The theoretical curve for reflected particles with vsw = 410 km/s and
vr = 350 km/s is shown as a black line over observational data from the
CIS instrument.

4.7 Integrated phase space distribution

Lastly we do a comparison of the observed ion phase space density with re-
cent simulations by Caprioli and Spitkovsky [2014]. They made large scale
simulations to investigate particle acceleration at non-relativistic astrophys-
ical shocks. Figure 25 shows the total phase space density, integrated over
the entire event as a function of energy. In order to asses the compatibility
of the simulations wit the observations we compare Figure 25 to Figure 12
(a or b) in [Caprioli and Spitkovsky, 2014]. We find that our observed data
fits well with simulation for a shock region with Mach number between 5
and 10 and a sock normal angle to the magnetic field between 0◦ and 20◦.
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Figure 25: Integrated phase space distribution function in the interval
from 04:18:00 to 04:19:30.
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5 Results and discussion

In this report, we present a case study of a SLAMS event in the quasi-
parallel bow shock. Ion reflection is observed in proximity of one of the
SLAMS, and a mechanism for this is found doing a test particle simulation
of the event. The reflected ions are then shown to be accelerated through
energy conservation in the solar wind frame. Through this process, the
suprathermal ion seed population is formed. The conclusions from this work
is presented as bullets below:

• Reflection of solar wind ions can be observed in proximity of a SLAMS.
The reflection is on average, close to specular, but the reflected ions
are spread out in velocity space and do not form a coherent beam.

• A SLAMS can through magnetic mirroring reflect incoming solar wind
ions and the process can be simulated using observed magnetic field
data.

• Simulations indicate that solar wind ions with lower energy were more
likely to be reflected off the SLAMS while high energy ions pass through
the SLAMS. These results are consistent with observational data.

• High energy ions can be observed upstream of the shock. These ions
are ions that were reflected off a SLAMS and energy conservation in
the solar wind frame gives rise to a higher energy in the spacecraft
frame. These ions make up the ion seed population.
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