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Abstract. Field-aligned beams are known to originate from
the quasi-perpendicular side of the Earth’s bow shock, while
the diffuse ion population consists of accelerated ions at
the quasi-parallel side of the bow shock. The two distinct
ion populations show typical characteristics in their veloc-
ity space distributions. By using particle and magnetic field
measurements from one Cluster spacecraft we present a case
study when the two ion populations are observed simulta-
neously in the foreshock region during a high Mach num-
ber, high solar wind velocity event. We present the spatial-
temporal evolution of the field-aligned beam ion distribution
in front of the Earth’s bow shock, focusing on the processes
in the deep foreshock region, i.e. on the quasi-parallel side.
Our analysis demonstrates that the scattering of field-aligned
beam (FAB) ions combined with convection by the solar
wind results in the presence of lower-energy, toroidal gyrat-
ing ions at positions deeper in the foreshock region which are
magnetically connected to the quasi-parallel bow shock. The
gyrating ions are superposed onto a higher energy diffuse ion
population. It is suggested that the toroidal gyrating ion pop-
ulation observed deep in the foreshock region has its origins
in the FAB and that its characteristics are correlated with its
distance from the FAB, but is independent on distance to the
bow shock along the magnetic field.

Keywords. Interplanetary physics (Energetic particles;
Planetary bow shocks) – Space plasma physics (Charged
particle motion and acceleration; Wave-particle interactions)

1 Introduction

A well-known and long investigated feature of the Earth’s
bow shock is the presence and behavior of energetic ions
in the foreshock region. The foreshock is the upstream re-
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gion which is magnetically connected to the bow shock and
is dominated by waves and energized particles. The so-
called upstream ions have energies from just above the solar
wind bulk energy up to a few 100 keV. Based on their veloc-
ity space distribution characteristics the upstream ions have
been divided into five groups. The diffuse ions, field-aligned
beams and intermediate ions are basically gyrotropic and can
be separated according to their pitch angle distributions. The
other two distributions, the gyrating ions and the gyrophase
bunched ions are nongyrotropic and they are discriminated
from each other by their distance from the shock. As shown
in previous studies by Scholer et al. (1981) and Ipavich et al.
(1981), diffuse ions present a wide, mostly isotropic shell-
like distribution in 3-D velocity space, with a flat energy
spectrum extending well beyond 100 keV. These ions are ac-
celerated at the quasi-parallel region of the bow shock, where
2Bn (i.e., the angle between the interplanetary magnetic field
and the bow shock normal) is less than 45◦. It is known that
diffuse ions are accompanied by MHD waves with frequen-
cies less than the proton gyrofrequency (see e.g., Gosling
et al., 1978; Bonifazi and Moreno, 1981a,b; Greenstadt et
al., 1995; Russell and Farris, 1995). The field-aligned beam
(FAB), composed of collimated ion beams with an energy
of a few keV, propagates along the interplanetary magnetic
field away from the bow shock (Paschmann et al., 1980),
(Schwartz et al., 1983), (Thomsen, 1985) and originates at
regions of the bow shock where2Bn is between 45◦ and 70◦,
i.e. at the quasi-perpendicular side. The statistical properties
of the beam ions, like average number and energy density,
were determined by Bonifazi and Moreno (1981a,b) based
on a statistical analysis of ISEE 2 events.

In the transition region between the quasi-parallel and the
quasi-perpendicular side the ion population was named “in-
termediate” by Paschmann et al. (1979), because this popu-
lation has characteristics in velocity space intermediate be-
tween the diffuse and beam ion population. Gosling et
al. (1982) and Paschmann et al. (1982) demonstrated that
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another group of ions, the so-called gyrating ions are shock
reflected ions and are found in the close vicinity of the quasi-
perpendicular shock, i.e. within a distance of about one gy-
roradius. Because of their gyration around the magnetic field
and due to the interplanetary magnetic field direction these
ions quickly return to the shock front and are not able to
move upstream into the foreshock region. The existence of
a fifth ion group, the gyrophase bunched ions was first sug-
gested by Hoshino and Terasawa (1985) on the basis of com-
puter simulations. They were actually found at some dis-
tance from the shock (Thomsen, 1985; Fuselier et al., 1986)
and are thought to be the result of FAB ions trapped in a
self-generated monochromatic wave. In addition, Meziane et
al. (2004) have reported observations of gyrophase bunched
ions in the close vicinity of the quasi-parallel bow shock.
These distributions are probably due to modulation of spec-
ularly reflected ions by the monochromatic low frequency
upstream waves in this region of the bow shock.

The generation and the acceleration mechanism of these
different groups of ions have been under intensive investiga-
tion for the past four decades, but they are not yet completely
understood. A number of mechanisms were proposed for
the production of the ion beams. It was demonstrated that
ions from the solar wind population can be accelerated to
become beam ions if the bow shock is able to turn their ve-
locity direction in such a way to enable them to leave the
shock mostly field-aligned in the upstream direction (Son-
nerup, 1969). Here it was assumed that the particle energy
is preserved in the de Hoffmann-Teller frame. In the de
Hoffmann-Teller frame the plasma flow is field-aligned and
the electric field is zero. Paschmann et al. (1980) found that
the beam peak ion energy agrees well with the predictions
of Sonnerup’s model as a function of magnetic field orien-
tation relative to the shock normal and solar wind orienta-
tion. Burgess (1987) used one-dimensional hybrid simula-
tions combined with the test particle technique to analyze the
density of beam ions as a function of shock angle and shock
Mach number. He predicted that the density of reflected ions
decreases with increasing Mach number and increasing2Bn.

An alternative mechanism, proposed by Edmiston et al.
(1982) and Tanaka et al. (1983), considers the leakage of
part of the heated downstream plasma as a mechanism to
produce upstream field-aligned beams. Despite the obser-
vational evidence by Thomsen et al. (1983), which shows
that leakage works in order to produce lower energy beams,
the model is not generally accepted. Möbius et al. (2001)
demonstrated that field-aligned beam ions originate from the
same distribution of ions as the gyrating ions. In a subsequent
study, Kucharek et al. (2004) show evidence based on multi-
spacecraft observation that the field-aligned beam ions most
probably do not have their origin in the downstream distribu-
tion. A recent study based on Geotail observations by Oka
et al. (2005) came to the same conclusions. In the past most
of the studies regarding the beam ions put the emphasis on
their origin and production mechanism, while the temporal

and spatial behavior of the field-aligned beam ion population
in the upstream region still presents some open questions.

In this paper we will analyze the spatio-temporal evolu-
tion of the field-aligned beam ions in front of the Earth’s bow
shock. As will be demonstrated, the appearance and the char-
acteristics of the beam ions upstream of the quasi-parallel
shock is in part the consequence of convection of the mag-
netic field by the solar wind plasma flow. The study is based
on the observation of a high Mach number shock made by
Cluster on 18 February 2003. We will present observations
which show how the original field-aligned beam ion distribu-
tion transforms into an intermediate, and later into a toroidal
gyrating ion distribution in the presence of diffuse ions.

The simultaneous observation of the toroidal gyrating and
the diffuse ions leads to the conclusion that we deal with
two totally different ion populations: while the diffuse ions
are coming from the quasi-parallel side of the bow shock,
our results show that the toroidal gyrating ions are former
field-aligned beam ions and therefore originate on the quasi-
perpendicular side.

2 Observation

2.1 Energetic ion distributions

On 18 February 2003, between∼11:00–23:00 UT, Cluster
was upstream of the bow shock on an inbound leg of its or-
bit. This time period was after the passage of a disturbance
(most probably a CME) in interplanetary space. A unique
characteristics of the event is the absence of the usual level
of ultra-low-frequency, large-amplitude fluctuations in the
background interplanetary magnetic field. As a result, the
magnetic field orientation at all four spacecraft was rather
constant, providing connection (i.e., magnetic) to the bow
shock over the whole time period. Figure 1 presents the
power in the magnetic field versus frequency as obtained
from the magnetic field measurements by ACE far from the
bow shock and inside the foreshock region as obtained from
Cluster magnetic field measurements for the 11:00–11:30 UT
time period. The power in the ultra-low frequency waves at
ACE is very low and more than two orders of magnitude be-
low the power at Cluster (the spike in the ACE spectrum near
0.08 Hz is an artifact due to the spacecraft spin). The signifi-
cant increase of the wave intensity in the foreshock region is
the result of the waves which are locally excited by energetic
ions which are to be found in the foreshock region. The posi-
tion of the “peak” in the intensity of waves recorded by Clus-
ter corresponds to the resonant frequency of the FAB ions, as
will be discussed later. The characteristics of the monochro-
matic low frequency waves on this day has been investigated
in detail by Archer et al. (2005). We should like to point
out that this upstream event is up to now the only one from
the Cluster database, which provides us with a continuous,
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almost uninterrupted upstream ion presence for more than
12 h.

The solar wind speed value was rather high, fluctuating
slightly around an average value of∼660 km/s; the Alfv́en
Mach number MA (solar wind speed divided by Alfv́en ve-
locity vA) was∼8. Figure 2 presents from top to bottom the
spacecraft trajectory and the bow shock in thex−y andx−z

planes of the GSE (Geocentric Solar Ecliptic) coordinate sys-
tem; the solar wind bulk velocity, the interplanetary magnetic
field components and the solar wind plasma density versus
time for the time period under investigation. The solar wind
density and bulk velocity data were obtained from the CIS-
HIA instrument (R̀eme et al., 2001), which covers the ion en-
ergy range up to 32 keV; the magnetic field components were
provided by the FGM instrument (Balogh et al., 2001). The
data from the CIS-HIA and FGM have a 1 spin (i.e. 4 s) reso-
lution. In order to filter out the high frequency fluctuations in
the magnetic field and to decrease the statistical error in the
ion data we averaged these data over 8 spins (i.e. 32 s). The
location of the bow shock is calculated by using a dynamic
bow shock model (Peredo et al., 1995): the exact location of
the bow shock is known from the observed crossing by the
spacecraft at∼22:40 UT. Using the solar wind parameters at
the time of the crossing as a priori information, the shape and
the position of the bow shock is then dynamically modified
according to the actual observed solar wind parameters (i.e.
solar wind plasma density and bulk velocity) for the time pe-
riod under investigation. The bow shock position shown in
Fig. 2 corresponds approximately to the average position of
the bow shock for the time period under investigation. In
the bottom panel of Fig. 2 are indicated by horizontal bars
the time periods for which we will analyze in detail the ion
distribution.

Kis et al. (2004) analyzed the diffuse ion behavior during
this time period in the 10–32 keV energy range. Based on
the e-folding distance of the intensity they have concluded
that the diffuse ions are subject to diffusive transport in the
upstream region and obtained a mean free path for 32 keV
ions of ∼2.4RE . In the present study we extend the anal-
ysis to lower energies in order to study the behavior of the
field-aligned beam ions in the foreshock region. We focus on
the protons, since they are the main component of the solar
wind as well as of the energetic ion population. For this study
we use the magnetic field data provided by the FGM instru-
ment and the ion data provided by the CODIF analyser of the
CIS instrument (R̀eme et al., 2001). The CODIF analyzer
covers the ion energy up to 40 keV. The reason that in the
present paper data from the CODIF analyzer is used is that
this instrument is capable to distinguish protons from other
ions. We perform the analysis over the time period between
11:00–14:00 UT. We will use only FGM and CODIF data
from spacecraft 1 (SC1) since this spacecraft has the highest
sensitivity ion data during the time period of observations;
data from the other three spacecraft are unreliable for this
time period due to either technical problems and/or sensi-
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Fig. 1. Magnetic wave intensity versus frequency in the interplan-
etary region (recorded by ACE) and inside the foreshock region
(recorded by Cluster) for the time period of 11:00–11:30 UT. ACE
magnetic field data courtesy of C. W. Smith.

tivity presets of the instruments. Figures 3–4 and Figs. 6–8
show the particle distributions at different times inv‖ (ve-
locity component parallel to the magnetic field) versusv⊥

(velocity component perpendicular to the magnetic field) ve-
locity space. This is a cut of the full 3-D distribution in the
plane defined by the solar wind bulk velocity vector and the
average magnetic field vector. The solar wind distribution ap-
pears in the figure as an elongated, red-colored patch; this is
due to the fact that the CODIF sensor, to avoid saturation and
degradation in the high gain section, does not sweep through
the whole solar wind distribution, but stops at∼2 keV in a
45◦ wide sector centered in the solar wind direction. Be-
cause of the limited sweep the solar wind distribution is in-
complete, and the color does not represent the real value of
the solar wind flux (i.e., approximately 5 percent of the total
solar wind ion flux value is presented). In all other areas of
velocity space outside of the red patch the color coding rep-
resents the physical value of the ion flux. The offset of the
solar wind in thev⊥−v‖ plot from v⊥=0 is due to the rela-
tive angle between the average magnetic field and the solar
wind bulk velocity. The distributions are obtained by aver-
aging over 300 s. This averaging has been performed firstly

www.ann-geophys.net/25/785/2007/ Ann. Geophys., 25, 785–799, 2007
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in order to obtain the distribution with sufficient statistical
accuracy over a wide velocity range and second in order to
smooth out fluctuations due to short time directional fluctu-
ations of the magnetic field. In the panel below the velocity
distribution we present the magnetic field vector components
in the GSE coordinate system versus time for a 10 min time

period which contains the time period of the velocity distri-
bution.

At 11:30–11:35 UT the spacecraft (in the following all
references in this chapter to “spacecraft” will refer to SC1)
was situated in the upstream region and was connected along
the magnetic field to the quasi-parallel bow shock. The
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Fig. 3. The upper part presents the proton distribution in velocity space observed by SC1 CIS-CODIF during the time period 11:30–
11:35 UT. The lower shows the associated interplanetary magnetic field vector components in the GSE coordinate system during the same
time period.

distribution at 11:30–11:35 UT, presented in Fig. 3, shows
the cut of a broad, shell-like ion distribution. It was demon-
strated by Paschmann et al. (1981) that this kind of distri-
bution is a characteristic diffuse ion distribution. The lower
panel shows low-frequency, high-amplitude magnetic fluc-
tuations at the same time; these fluctuations can always be
observed in the presence of diffuse ions (Hoppe et al., 1981).
It has been shown by Eastwood et al. (2005) that the mag-
netic waves propagate in the upstream direction along the
magnetic field with a velocity of∼vA, but since the speed of
wave propagation is substantially lower than the solar wind
bulk velocity, these waves are convected to the shock by the
plasma flow. This also means that the waves are generated
in-situ, i.e. they cannot come from the downstream direction.

Figure 4 shows the ion distribution and the associated
magnetic field for the time period between 12:20–12:25 UT.
At this time a field-aligned beam is observed. On the left
side of the velocity space plot the FAB can be identified as a
localized, high flux of protons directed into the upstream di-
rection along the magnetic field streaming against the incom-
ing solar wind. The FAB is a beam of solar wind ions which
are reflected at the quasi-perpendicular side of the bow shock
and which have a velocity of about twice the solar wind bulk
speed in the solar wind frame (e.g., Eastwood et al., 2005).
It has been shown by Paschmann et al. (1979) and recently
by Eastwood et al. (2005) that at the location where a FAB is
observed usually there are either no fluctuations at all or very
low fluctuation levels in the magnetic field. This fact can
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Fig. 4. Same as Fig. 3 for the time period 12:20–12:25 UT.

be seen in the lower panel, where the magnetic field compo-
nents do indeed not exhibit large fluctuations. The velocity
distribution plot shows that ions backstreaming towards the
shock are almost absent. In addition to the FAB ions are
higher velocity ions streaming away from the shock. These
ions have velocities reaching above 2000 km/s in the space-
craft frame. Figure 5 shows a cut of the distribution function
alongv||, the velocity parallel to the magnetic field. Negative
velocities are in the sunward direction, positive velocities are
in the direction of the bow shock. The solid line shows the
distribution averaged over the 12:20–12:25 UT time interval
and clearly exhibits the field-aligned beam. In addition, at
velocities above|−1800| km/s (i.e., on thev|| negative side)
a high energy tail can be observed as a second population,
corresponding to the blue region in the distribution function

of Fig. 4. The dashed line in Fig. 5 shows the distribution
function of diffuse upstream ions obtained between 11:30–
11:35 UT. The large increase between−100 km/s and 0 km/s
is due to the 1 count limit; the increase below 1000 km/s is
due to the unresolved solar wind. As can be seen the phase
space density in the high energy tail of the beam distribution
corresponds to the phase space density of the diffuse ions.

The distribution in Fig. 6 presents the particle distribution
for the time period between 12:45–12:50 UT. In the lower
panel we can observe a strong wave activity at this time.
These waves scatter the particles in pitch angle, the originally
focused beam ion population now presents a kidney-shaped,
i.e., intermediate distribution. Beside this intermediate dis-
tribution of lower energy ions there is superposed an almost
complete shell-like distribution of higher-energy diffuse ions.
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As a result of the wave activity the intermediate ions are also
partially backscattered and move toward the shock (in the
spacecraft frame). The distribution in Fig. 7 shows the parti-
cle distribution at 13:25–13:30 UT in a more evolved phase
of the scattering: the diffuse ion shell is already closed and a
substantial fraction of ions forming the kidney-shaped part of
the lower-energy ion distribution are backscattered. Finally,
Fig. 8 shows the distribution at 13:55–14:00 UT: the dif-
fuse ions represent a higly isotropic, broad, closed shell-like
distribution, similar to the distribution observed at 11:30–
11:35 UT. The original FAB ions, which earlier formed a
kidney-shaped (i.e. intermediate) distribution, at this time
present a toroidal gyrating ion distribution: ions with small
pitch-angle values are missing. We will argue that this is
due to the combination of pitch-angle scattering and convec-
tion by the solar wind: ions with a larger upstream directed
parallel velocity (i.e. with smaller pitch-angle) have already
escaped in the upstream direction, while the ions with pitch
angles closer to 90◦ are convected with the magnetic field
deeper into the foreshock by the solar wind plasma flow.
In the following we present a more detailed discussion of

the observed energetic ion distributions and the mechanism
which leads to these distributions.

2.2 Relation to bow shock geometry

The upstream event observed by SC1 between 11:00–
14:00 UT on 18 February 2003, provides the possibility to
analyze in detail the spatio-temporal evolution of the FAB
ion population in front of the Earth’s quasi-parallel bow
shock. This possibility is the result of the combination of sev-
eral key conditions, like the absence of ultra-low frequency,
large-amplitude fluctuations in the far upstream interplane-
tary magnetic field (which results in the unusual stability of
the interplanetary magnetic field direction over a time period
of many hours), the high solar wind velocity, and the favor-
able position of the spacecraft. It can be observed how the
distribution of the FAB transforms first into an intermediate,
and after that into a toroidal gyrating ion distribution while
it is convected by the solar wind plasma flow deeper into the
foreshock region.

www.ann-geophys.net/25/785/2007/ Ann. Geophys., 25, 785–799, 2007
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Fig. 6. Same as Fig. 2 for the time period 12:45–12:50 UT.

In order to understand the physical mechanism which
leads to the outlined transformation of the original FAB dis-
tribution, we need to know the location of the spacecraft and
the direction of the magnetic field related to the bow shock
surface. Figure 9 presents from top to bottom the evolution of
the spacecraft distance to the shock along the magnetic field,
the angle between the interplanetary magnetic field andxGSE,
and2Bn versus time for the 11:00–14:00 UT time period.
The distance of the spacecraft to the shock along the mag-
netic field line (upper panel) and2Bn (lower panel) were cal-
culated by using a dynamical bow shock model, as described
above. Between 11:30 and 11:35 UT the ion instrument of
the spacecraft observes a broad shell-like shaped, diffuse en-
ergetic ion distribution in the presence of high-amplitude,
low-frequency fluctuations in the magnetic field. At this time

the spacecraft is located in the foreshock region and magnet-
ically connected to the quasi-parallel side of the bow shock,
2Bn being∼14◦. The distance to the shock along the mag-
netic field is∼7.7RE . The ion distribution in velocity space
has a hole in the center which means that the intensity of the
lower-energy ions in this region is very small, i.e. its value
falls below the one count limit of the instrument.

For the time period under investigation the value ofBy

(interplanetary magnetic field vector component parallel to
yGSE) is substantially smaller than the value ofBx or Bz.
For most of the timeBy fluctuates slightly around the zero
value. Because of this the changes in the magnetic field di-
rection are mainly due to changes in the values ofBx andBz.
The temporal evolution of the angleα between thexGSE and
the interplanetary magnetic field thus provides information
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about the foreshock geometrical structure and the ion fore-
shock boundary and helps to understand the physical process.
As it can be seen from Fig. 9, middle panel, at 11:30 UTα is
∼15◦.

Later the magnetic field direction changes and the space-
craft is at∼12:25 UT able to observe the field-aligned beam
(FAB). At this time the spacecraft distance to the bow shock
is ∼7.5RE , α is ∼30◦, and2Bn is ∼25◦. The associated
fluctuations in the magnetic field are small. It has been
demonstrated earlier by Greenstadt et al. (1980) and Thom-
sen (1985) that a FAB can be observed in a narrow region
near the ion foreshock boundary. The FAB ions are thought
to be solar wind ions reflected at the quasi-perpendicular side
of the bow shock. After their reflection these ions travel in
the upstream direction along the magnetic field with a veloc-
ity of about twice the solar wind bulk velocity (in the plasma
frame). The reflection occurs as a result of the “head-on”

collision of the solar wind ions with the shock wave. As
can be seen from Figs. 4 and 5 the peak value of the beam
flux in the velocity space is located atv‖∼−750 km/s and
v⊥∼500 km/s. This results in a total beam ion velocity of
∼900 km/s in the spacecraft frame. Since the magnetic field
is “frozen-in” in the solar wind the magnetic field is con-
vected by the plasma flow. Therefore a spacecraft situated
in the upstream region is able to observe a particle veloc-
ity which is the resultant velocity of the particle movement
along the magnetic field and the convection of the field by the
plasma. By taking into account the particle velocity along the
magnetic field and the plasma convection the trajectory of the
FAB can be determined. The direction of the magnetic field
is known at the time of the observation as well as the velocity
and the direction of the plasma convection, the latter is in fact
the solar wind bulk velocity. Using these data we computed
the ion beam velocity along the interplanetary magnetic field
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Fig. 8. Same as Fig. 3 for the time period 13:55–14:00 UT.

line. Results show that the beam observed at∼12:25 UT by
the SC1 is an ion beam which consists of ions which propa-
gate along the magnetic field with a velocity of 1300 km/s in
the plasma frame. Since the solar wind velocity at this time
is ∼650 km/s (i.e. half the beam velocity) we conclude that
the FAB ions have twice the velocity of the solar wind ions.
This is in good agreement with recent results of Eastwood et
al. (2005), who performed a statistical analysis of a number
of events based on Cluster observations and found that in the
solar wind rest framevb/vsw=2.1±0.6, wherevb andvsw

are the beam and solar wind velocity, respectively.

Taking into consideration the direction of the interplane-
tary magnetic field, the solar wind and the beam velocities
and the position and shape of the bow shock, we have calcu-
lated the trajectory and the point of origin of the FAB on the
bow shock surface. The results show that the FAB originates
on the quasi-perpendicular side of the bow shock at a posi-

tion where the2Bn is ∼60◦. This is also in good agreement
with earlier observations.

In addition to the beam ions in the distribution shown in
Fig. 4 one can see the presence of∼30 keV ions (i.e. ions
with velocities higher than∼2400 km/s). The geometrical
configuration does not allow the spacecraft to be reached
by 30 keV energy ions originating at the quasi-perpendicular
side of the shock. Instead, the 30 keV protons have to come
from the quasi-parallel side of the bow shock, as will be dis-
cussed below.

The important feature of this situation is that the spacecraft
is able to observe particles coming from the quasi-parallel
and the quasi-perpendicular side of the shock simultaneously,
or in other words it can observe the field-aligned beam ions
and higher energy, quasi-parallel shock-accelerated ions at
the same time (note that the spacecraft is connected along
the magnetic field to the quasi-parallel side of the shock,2Bn
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Fig. 9. From top to bottom: evolution of the distance of SC1 to the bow shock along the magnetic field, the angle between the interplanetary
magnetic field andxGSE, and the shock normal - magnetic field angleθBn versus time for the time period under investigation. Horizontal
bars in the bottom panel indicate the time periods for which ion distributions are analyzed in detail.

being∼25◦). This results in a superposition of the different
ion populations and explains why besides the FAB ions there
are also higher-energy ions present in the distribution.

At ∼12:45–12:50 UT the spacecraft is situated deeper in
the foreshock region due to a change in the interplanetary
magnetic field direction (see Fig. 6). It can be seen that in
this region there are small amplitude waves. These waves
scatter the FAB ions in pitch-angle around a circle with a
center point depicted by the solar wind beam position minus

thevA since the ion energy is preserved in the wave frame.
The distribution shows that the originally concentrated ion
beam now has a more kidney-shaped distribution meaning
that some of the beam ions started to acquire larger pitch an-
gle values due to the interaction with the magnetic waves.
In addition it can be observed that the former higher-energy
ion half-shell started to form a shell, however the shell is
not yet complete at this position. At a later time period, be-
tween 13:25–13:30 UT, the spacecraft is situated even deeper

www.ann-geophys.net/25/785/2007/ Ann. Geophys., 25, 785–799, 2007



796 A. Kis et al.: Scattering of field-aligned beam ions

13:20 - 13:30 UT, February 18, 2003

Frequency (Hz)

10
4

10
-2

10
2

10
-3

10
-1

10
0

P
o
w

e
r 

(n
T

  
/H

z
)

2

Fig. 10. Magnetic field power versus frequency for the 13:20–
13:30 UT time period.

in the foreshock region than at 12:45–12:50 UT due to its
inbound orbit and due to a further slight change in the in-
terplanetary magnetic field direction. Large-amplitude low
frequency waves can be observed in Fig. 7; these waves ef-
ficiently scatter the energetic particles in pitch-angle. The
diffuse ion distribution is a closed, broad shell-like distribu-
tion showing that a substantial amount of high-energy ions
are backscattered. The lower energy former FAB ions still
have a kidney-shaped distribution, but compared to the dis-
tribution observed at 12:45–12:50 UT this distribution has a
more elongated kidney-shape, similar to a half-shell. This
shows that at this time/position part of the ions are gyrating
(i.e. have large pitch angles) with positive parallel velocity
oriented towards the shock. In velocity space the intensity
of ions having pitch angles close to zero (i.e. maximum par-
allel velocity in the upstream direction) is very low. Evi-
dently, this is a result of the pitch-angle scattering process
combined with convection from the solar wind. The con-
vection results in a velocity filter effect spatially separating
ions having the same energy but different pitch angles. Ions

with maximum parallel velocity (i.e. with pitch angles close
to zero) oriented upstream along the magnetic field lines are
moving faster along the magnetic field than the ions which
have larger pitch angles, while they all are convected by the
solar wind plasma flow. The hole in the center of the kidney-
shaped distribution is the result of the spatial separation of
ions with different pitch angles.

Figure 10 presents the total wave power versus frequency
during 13:20–13:30 UT. During this time period the average
magnetic field magnitude was∼7.61 nT, the solar wind ve-
locity was∼650 km/s and the plasma number density was
∼4.9 cm−3. Using these values we obtain∼74 km/s for the
Alfv én speed and∼0.11 Hz for the proton cyclotron fre-
quency. Taking into account the average direction of the
interplanetary magnetic field relative to the solar wind bulk
velocity (∼33◦) and assuming parallel wave propagation one
obtains for the resonant frequency of FAB ions with a speed
of twice the solar wind speed a value of∼0.039 Hz in the
spacecraft frame. As can be seen from Fig. 10 this reso-
nance frequency of the FAB ions is close to the location of
the peak in the wave power. This fact demonstrates that the
FAB ions will be scattered by self-induced waves. We cal-
culated also the resonant frequency for the 30 keV (i.e. dif-
fuse) ions assuming maximum parallel velocity and obtain
a value of∼0.022 Hz. Thus diffuse ions are most probably
not efficiently scattered by the waves excited by the FAB.
The diffuse ions are most probably scattered by the waves
at lower frequencies (below the peak in Fig. 10) which are
self-excited waves. This is strictly only true for diffuse ions
with velocities parallel to the field; at pitch angles closer to
90◦ the parallel velocity is smaller and the resonance can be
at higher frequencies.

The final phase of this process can be observed at 13:55–
14:00 UT (Fig. 8) where it can be seen that only toroidal
gyrating lower-energy ions are present at this position in the
foreshock region. As can be seen from the large hole in the
center of the distribution all former FAB ions with, after pitch
angle scattering, small pitch angles are now missing. The
higher-energy diffuse ions present a broad, shell-like distri-
bution. At this time the spacecraft distance to the bow shock
is∼6.7RE , and2Bn at the intersection point of the magnetic
field line through the spacecraft with the bow shock is∼15◦.

3 Discussion

At 11:30–11:35 UT the distance of the spacecraft to the bow
shock was∼7.5RE and2Bn ∼15◦, at 13:55 UT the distance
was∼6.7RE and2Bn was∼15◦. Despite similarity of2Bn

and of the distance at the two different times we observe a
large difference in the velocity-space ion distributions. If the
lower-energy, gyrating ions observed in the distribution at
13:55 UT would come directly from the shock, we should
be able to observe them also at 11:30 UT, due to the very
close values in distance to the bow shock and2Bn. The fact
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Fig. 11. The three figures present the bow shock position (curved line), the location of the spacecraft (diamond-shaped symbol) and the FAB
(dashed line) in thexGSE−zGSE plane at 11:30, 12:20 and 13:55 UT. Also depicted are the projection of the interplanetary magnetic field
direction in the plane of representation.

that the toroidal gyrating ions are missing from the distribu-
tion observed at 11:30 UT, shows that these ions are indeed
the remnants of the original FAB. In our interpretation the
FAB is pitch-angle scattered by the low frequency upstream
waves and due to the described velocity-filter effect they are
separated according to their pitch angle, i.e. their velocity
component parallel to the magnetic field, which leads deeper
in the foreshock region to the presence of a lower-energy,
toroidal gyrating ion distribution. This latter distribution is
superposed to the higher-energy, shell-like diffuse ion distri-
bution. Also the fact that the whole process takes place at the
distance interval 7.5–6.7RE from the bow shock suggests
that the distance from the shock is not the important factor,
but rather the distance of the spacecraft from the FAB, or in
other words, the spacecraft distance from the ion foreshock
boundary. To show this, we reconstructed the position of the
FAB at 11:30, 12:20 and 13:55 UT. For the reconstruction we
used the bow shock model and we have taken into account
the solar wind and FAB velocity, and the direction of the in-
terplanetary magnetic field. Figure 11 shows from top to bot-
tom, in thexGSE−zGSE plane, the location of the bow shock,
spacecraft and FAB at 11:30, 12:20 and 13:55 UT. The point
of origin of the FAB for the times at 11:30 and 13:55 UT
has been calculated by assuming that the beam originates on
the quasi-perpendicular side of the bow shock, where2Bn is
60◦. The direction of the interplanetary magnetic field has
also been taken into account. It can be seen from Fig. 11
that at 13:55 UT the spacecraft is situated at a distance of
∼11RE from the FAB (dashed line) in the downstream di-

rection. Since at this time the spacecraft observes a toroidal
gyrating distribution of the former FAB ions, this shows, at
least in the case of this study, that the distance of∼11RE

from the FAB is the distance over which the FAB ions are ef-
ficiently scattered and spatially separated according to their
pitch angle, leading to the presence of only toroidal gyrating
ions at the spacecraft location. Figure 11 also demonstrates
that the reason why we are not able to observe a toroidal gy-
rating component at 11:30 UT is the fact that at this time
the spacecraft is situated at a distance of∼31RE from the
FAB. Obviously, over this distance the former FAB ions are
so efficiently scattered and separated due to the velocity filter
effect that at the spacecraft location their intensity is so low,
that they cannot be detected anymore.

The scattered and backstreaming ions of the FAB interact
eventually with the bow shock in the more quasi-parallel re-
gion and can take part in a diffusive acceleration process.
FAB ions can thus be a source for diffuse ions. On the
other hand it is well documented that the quasi-parallel bow
shock itself injects ions into a diffusive acceleration process.
Ipavich et al. (1988) have actually reported that the percent-
age of alpha particles in the FAB is rather low, while the
alpha to proton ratio in diffuse ions (at the same energy per
charge) corresponds well to the same ratio in the solar wind
(Ipavich et al., 1984) and have excluded on the basis of these
observations the FAB as a major source for diffuse ions. The
present observations do not allow us to determine the relative
contribution of the FAB ions to diffuse ions. Since scatter-
ing is limited to a region of severalRE from the foreshock
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boundary it is expected that this contribution is small deeper
in the foreshock region where connection along the magnetic
field is to the more parallel bow shock. If the contribution of
scattered FAB ions to diffuse ions is larger near the foreshock
boundary one may expect a variation of the relative contribu-
tion of alpha particles to diffuse ions with distance from the
foreshock boundary.

In summary, the present results show that the scattering
of the FAB is leading to the presence of toroidal gyrating
ions upstream of the quasi-parallel bow shock. The phase
of transformation of a FAB ion population to an intermedi-
ate, and later into a toroidal gyrating ion population is cor-
related with the distance from the FAB. The process takes
place in the presence of higher-energy diffuse ions which
are shock-accelerated at the quasi-parallel side of the bow
shock. Despite the fact that the lower-energy, former FAB
ions and the higher-energy, diffuse ions appear together, they
have a completely different origin. This might confuse the
proper understanding of the physical processes if studies are
only based on observations of a single spacecraft or several
spacecraft which are relatively close to each other compared
with the dimensions of the foreshock region. Therefore it is
necessary to analyze also the origin and the evolution of the
ion distributions at different energies and their relation to the
foreshock geometrical structure.
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