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…ein komplexes System

§ Die Magnetosphäre besteht aus eine Vielzahl von Regionen  
mit unterschiedlichen Eigenschaften. 

§ Wechselwirkungen vermittelt durch:  
Teilchen, Ströme, Felder, Wellen 

!

§ Unser Ziel ist die Untersuchung dieser Wechselwirkungen.  
Reichen dafür Messungen mit einzelnen Satelliten?
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TI-IE BOUNDARY OF THE GEOMAGNETIC FIELD 
This boundary of the geomagnetic field is 

also the boundary of the trapped particles, in 
that an abrupt decrease in the flux of various 
trapped particles occurs at a lesser distance than 
termination of the magnetic field [Davis and 
Williamson, 1962]. 

A summary of boundary locations obtained 
to date is presented in Table 2. Local time refers 

TABLE 2 

1839 

Distance, Latitude, 
Date Ro GM Local Time 

Aug. 16 (out) 11.1 -18.6 ø 1123 
16-17 (in) 11.1 - 4.4 ø 1302 

Sept. 12 (in) 9.6 -•- 8.0 ø 1138 
13 (in) 8.2 -•13.0 ø 1200 

to the local time of the subsatellite point, on the 
earth's surface, at boundary penetration. On 
September 13, for example, boundary penetra- 
tion occurred on the noon meridian. The geo- 
magnetic field, as observed on the ground, was 
quiet in the periods August 11-17 and Septem- 
ber 28-30, 1961; the period September 12-14, 
1961, was only moderately disturbed. The data 
indicate a geomagnetic cavity boundary at !0- 
11Ro near the earth-sun line, in a magnetically 
quiet period. Earlier theories of the interaction 
of the solar wind with the geomagnetic field sug- 

14 (in) 8.6 + 6.3 ø 1150 
28 (in) 11.7 --10.8 ø 1013 
29 (out) 11.4 --11.0 ø 0840 
30 (in) 10.6 -- 8.5 ø 1023 
30 (out) 10.6 --18.2 ø 0822 

gest a somewhat closer boundary. Recent studies 
using the concept of a shock transition region 
outside the magnetosphere indicate a boundary 
more in agreement with these observations 
[Kellogg, 1962; Ax/ord, 1962]. 

In the data available here there is no clear 
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Fig. 4. Record of September 30, 1961, inbound pass. Magnitude of the magnetic field IF[, 
the angle a, and the angle • are plotted against radial distance from the center of the earth, 
measured in earth radii. The field magnitude scale is at the left, in gammas. The angle scales 
are at the right, in degrees. The smooth curve is the computed field magnitude. Error flags for 
IFI and a are the probable errors of twenty measurement averages. The error flags for • are 
estimated uncertainties in the determination of •. 
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Zeitliche Veränderungen in Messdaten können 
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zeitliche und räumliche Veränderungen
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Region 1 Region 2

Zeit 1

Zeit 2

Zeitliche Veränderungen können von räumlichen Veränderungen  
mit Einzelsatelliten-Messungen nicht unterschieden werden.

Zeitliche Veränderungen in Messdaten können 
unterschiedlich interpretiert werden:

Region 1 Region 2

Zeit 1

Zeit 2
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Übersicht

§ Einordnung globaler Zusammenhänge 

§ Bewegung von Grenzflächen,  
Ausbreitung von Wellen 

§ Messung von Strömen
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http://www.nasa.gov/mission_pages/themis/multimedia/index.html
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THEMIS: Time History of 
Events and Macroscale 

Interactions during 
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tail current (5). Further downtail, fast tailward
flows threaded by southward magnetic fields,
or Earthward flows threaded by northward
fields, are observed near substorm expansion
onset and have been interpreted as evidence
for magnetic reconnection (20, 21). Substorm
expansion is followed by substorm recovery,
during which auroral forms remain active at
the poleward boundary of the auroral oval for
hours, until they eventually reduce in intensity
and move equatorward, often starting another
substorm sequence. Arc intensification alone
does not necessarily constitute a substorm, even
though it may involve the same underlying
physics as substorms (22). The sequence of
growth phase, expansion, and recovery of the
aurora constitutes a bona fide substorm pro-
cess. Due to the gradual intensification of au-
roral arcs at growth phase, it is typically easier
to identify a substorm onset by its poleward
expansion. The high cadence of the THEMIS
ground measurements allows us to explicitly
differentiate between the aforementioned ob-
servational determinations of onset, and we
intentionally retain this differentiation as these
phenomena manifest different magnetosphere-
ionosphere coupling processes.

Substorm Timing on 26 February 2008
At 4:50 UT, the THEMIS probes were aligned
along the Sun-Earth line, less than 1 RE from
the nominal neutral sheet (Fig. 1). A sudden
increase of the THEMIS Auroral Electrojet In-
dex (AETH) to 200 nTwas observed at 04:54:00
UT, indicating an isolated substorm onset (Fig.
2A). Auroral station Gillam and mid-latitude
station Carson City recorded Pi2 pulsations
(Fig. 2, B and C). The Pi2 pulsation onsets
were determined as the times of the first in-
crease in signal amplitude above background,
at 04:52:00 UT and 04:53:05 UT, respectively.
Observations from the THEMIS All-Sky Im-
agers (ASIs), seen in Fig. 2, F and G, and
movies S1 and S2 (23), show that a relatively
stable arc extended across the sky from Gillam
to Sanikiluaq at 04:50:03 UT, and that by

04:53:03 UT the arc had intensified at Gillam
(arrow in Fig. 2G). The auroral brightening
region was initially ~100 km in width (the
ASI field of view is ~800 km when mapped to
110-km altitude). Using the inflection point of
the auroral intensity increase at Gillam (Fig.
2D), we determined that the auroral intensi-
fication onset was at 04:51:39 UT. The arc
intensified at 67.8° geomagnetic latitude and
expanded poleward of 68.2° at 04:52:21 UT
[Fig. 2E and movie S2 (23)]; we denote the
latter as the time of substorm expansion onset.
These substorm onset times are summarized in
Table 1.

For several minutes before the abrupt
brightening at 04:51:39 UT, the arc developed
small (50- to 100-km scale) filaments that
moved along the arc and/or died down at these
stations. Images from a NORSTAR imager at
Rabbit Lake (just to the west of Gillam), seen
in movie S3 (23), also captured these transient
filaments, and in one instance (at 04:50 UT),
the filaments were seen in conjunction with a
localized transient enhancement in ultralow-
frequency power at that station. Because au-
roral intensification onset was localized within
the field of view of Gillam, but the filaments
were developing for several minutes and over
a 2-hour magnetic longitude range, we do not
associate these filaments with the sought-after,
abrupt substorm trigger. These filaments, how-
ever, may be related to preconditioning of the
magnetosphere, leading up to substorm onset.

Using the T96 magnetospheric model (24),
we projected the probe locations along mag-
netic field lines to the ionosphere. The probe
footpoints lie near the west coast of Hudson
Bay (i.e., near Gillam) and within 1 hour of
Magnetic Local Time of the meridian of au-
roral intensification (the substorm meridian). A
current wedge analysis of the mid-latitude mag-
netometer data confirms that the probe foot-
points were within the substorm current wedge.
Therefore, the probes were well positioned
meridionally to examine the relative timing of
substorm signatures on the ground and in space.

Overview of tail signatures. Probes P1 and
P2 recorded a decreasing magnitude of Earth-
ward component, Bx , between 04:45 and 05:01
UT (Fig. 3, A and G), consistent with a decreas-
ing current sheet thickness and an increasing
current sheet density, as expected at substorm
growth phase. The plasma sheet ion density
and average energy, obtained from the data
shown in Fig. 3, D and J, were about one particle
per cubic centimeter and ~1 keV, respectively.
These are attributes of a cold-dense plasma
sheet after prolonged intervals of northward
interplanetary field (25). Probe P1 observed at
~04:54 UT tailward flows (Vx < 0) accompanied
by southward (Bz < 0) and duskward (By > 0)
excursions of the magnetic field, followed at
~05:02 UT by Earthward flows and opposite-
polarity magnetic field perturbations. Probe P2
observed Earthward flows of the same nature
and at about the same time as P1 (05:02 UT).
The flow and field signatures at P1 are expected
from a reconnection site first located Earthward,
then retreating (or reappearing) tailward of P1,
starting at ~05:01 UT. The observed By-
component variations (By > 0 tailward of the
reconnection site; By < 0 Earthward of it) are
also classical Hall signatures of reconnection
(26–28).

Before the onset of the fast tailward flows,
both probes observed two ion components: a
500-eV component, commensurate with the cold
plasma sheet preceding the event, and a 10-keV
component that appeared gradually. Both probes
also observed relatively low-temperature elec-
trons (100 to 200 eV) of decreasing flux. Despite
the plasma sheet thinning, P1 and P2 remained
within the plasma sheet. As the fast tailward
flows were observed at P1, the average energy
of the ions and electrons increased to 10 keV
and 1 keV, respectively. After the tailward re-
treat of the reconnection site at 05:01 UT, both
probes observed even hotter plasma (20-keV
ions, 2-keV electrons) and crossed the neutral
sheet as evidenced by the near-zero transitions
of Bx at around 05:02 UT. This is evidence of
plasma heating at the reconnection outflow
and plasma sheet dipolarization at 05:02 UT
at 22 RE, the distance of P1.

If the flows are due to reconnection, the
current sheet should resemble a slingshot-like,
standing Aflvén wave (27, 28). To evaluate
the shear stress balance, we examined the cor-
relation between the measured ion flows, DVi,
and the flows predicted from reconnection out-
flow, DVA º TDB·Ni

−1/2, on P1 and P2 (VA:
Alfvén speed, B: magnetic field, Ni: the ion
density). The correlation coefficients for the
tailward and Earthward flows on P1 (04:53:30
to 04:58:30; 05:01:00 to 05:13:00) and for the
Earthward flows on P2 (05:01:30 to 05:06:00)
were 0.79, 0.61, and 0.86, whereas the slopes
were –0.53, 0.32, and 0.51, respectively. The
slopes are likely underestimates because of
temporal variations in the reconnection process
and because we have not yet included energetic

Table 1. Summary of timing results during the 26 Feb 2008 04:53:45 UT substorm onset, in order
of time sequence. The last column is the time delay, assuming reconnection onset at 04:50:03 UT,
at 20 RE, which was arrived at based on our interpretation of data and an estimate of an average
Alfvén speed in the plasma sheet of 500 km/s.

Event Observed time (UT) Inferred delay (seconds
since 04:50:03 UT)

Reconnection onset 04:50:03 (inferred) TRx = 0
Reconnection effects at P1 04:50:28 25
Reconnection effects at P2 04:50:38 35
Auroral intensification 04:51:39 TAI = 96
High-latitude Pi2 onset 04:52:00 117
Substorm expansion onset 04:52:21 TEX = 138
Earthward flow onset at P3 04:52:27 144
Mid-latitude Pi2 onset 04:53:05 182
Dipolarization at P3 04:53:05 TCD = 182
Auroral electroject increase 04:54:00 237

www.sciencemag.org SCIENCE VOL 321 15 AUGUST 2008 933
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Table 1.
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sheet after prolonged intervals of northward
interplanetary field (25). Probe P1 observed at
~04:54 UT tailward flows (Vx < 0) accompanied
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component that appeared gradually. Both probes
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Fig. 1. Histogram of sunward component of phase velocities (in the
plasma frame) divided by the magnitude of phase velocities.

It is convenient to introduce the solar wind coordinate sys-
tem (Narita et al., 2006; Verigin et al., 2006). Its basis vectors
are spanned as
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= � B

x
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where e

v

and e

b

denote the unit vectors in the solar wind di-
rection and in the interplanetary magnetic field (IMF) direc-
tion, respectively. B

x

denotes the sunward component of the
IMF. In the solar wind coordinate system the IMF is tangent
to the bow shock in the Y>0 region. Therefore the quasi-
parallel and the quasi-perpendicular shock regimes are sepa-
rated into the Y<0 and Y>0 areas, respectively. The IMF is
contained in the XY plane. The Cluster observations are lim-
ited to the high latitude regions in the magnetosheath because
of its polar orbit with apogee about 20R

E

(1R

E

=6400 km),
but they can widely spread out from the low to the high lat-
itudes in the solar wind coordinate system, as the XY plane
is rotated about the X axis to include the IMF direction. The
ACE spacecraft data of the ions and the magnetic field are
used to determine e

v

, e

b

, and B

x

for the respective Cluster
observations. The IMF as well as the bent magnetic field
pattern in the magnetosheath are conveniently represented in
the XY plane in this coordinate system.
In the wave analysis procedure dominant frequencies are

first identified in the frequency spectra using Cluster mag-
netic field data (Balogh et al., 2001), and then wave vectors
at those frequencies are identified. We make use of the wave
telescope method (Glassmeier et al., 2001; Motschmann
et al., 1996; Pinçon and Lefeuvre, 1991) which was de-
veloped particularly for the multi-spacecraft mission. The
Doppler shift of the frequencies is then corrected and the

Fig. 2. Distribution of the phase velocity vectors in the XY plane of
the solar wind coordinate system. Contours represent density ratio
to the upstream one in the Spreiter model.

plasma frame frequencies are determined using the relation
!

pl

=!

sc

�k·v
f l

, where !

pl

denotes the plasma frame fre-
quency, !

sc

the spacecraft frame frequency, k the wave vec-
tor, and v

f l

the plasma flow velocity. Cluster ion data are
used to determine v

f l

(Rème et al., 2001). It should be
noted that only multi-point measurements can determine the
plasma frame frequencies, since one needs the wave vector k
when applying the Doppler relation. Finally the phase veloc-
ity vectors are determined from !

pl

and k as v

ph

=!

pl

k/k

2

at the observation coordinates r which are scaled from the
magnetopause to the bow shock crossing position.

3 Results

Both sunward and anti-sunward propagation (in the plasma
frame) are identified in the magnetosheath, but the anti-
sunward propagation dominates (Fig. 1). The majority of the
waves peaks in this direction (v

ph,x

/v

ph

⇠�1) and hence the
anti-sunward direction is the most preferred direction.

Ann. Geophys., 24, 2441–2444, 2006 www.ann-geophys.net/24/2441/2006/
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Fig. 3. The same panels as Fig. 2 for the XZ plane.

The propagation pattern for the anti-sunward waves ex-
hibits a unique organization shown in detail below. Figure 2
displays the distribution of the phase velocities in the XY
plane (containing the IMF direction) in the solar wind co-
ordinate system. They are plotted as unit vectors projected
to this plane. The observation coordinates in the magne-
tosheath are scaled to the relative position from the magne-
topause to the bow shock using the Spreiter model (Spre-
iter et al., 1966) of axially symmetric, hydromagnetic flow
in the magnetosheath under the condition of Mach number
M=8 and polytropic index �=5/3. The anti-sunward prop-
agation is clearly seen at the zenith angle (the angle from
the X axis) about 45�, while the propagation directions are
slightly shifted toward the magnetopause at the zenith angle
about 90�. This tendency is found both in the Y>0 and Y<0
half planes. Note that the Cluster spacecraft have an apogee
typically upstream of the bow shock and the observations are
not made in the subsolar region (near the X axis). Contours
in gray in Fig. 2 represent the density ratio relative to the
upstream value varying from 0.8 to 4.1. It exhibits a maxi-
mum in the subsolar region and becomes diminished toward
the flank region. Superposition of the phase velocity vectors
and the density contours yields an interesting result, that is
the phase velocities traverse more or less perpendicular to

Fig. 4. Distribution of phase velocity vectors in the YZ plane.

the density contours toward the smaller densities, i.e. the re-
lation v

ph

k�rn holds, where v

ph

and rn denote the phase
velocity and the density gradient, respectively.
Figure 3 displays the distribution of the phase velocities

in the XZ plane (perpendicular to the IMF). Again the above
pattern is seen, too. The propagation is almost anti-sunward
at the zenith angle about 45�. The waves at the smaller zenith
angles tend to propagate in the flank direction, whereas those
at the larger angles tend to propagate in the magnetopause
direction.
Figure 4 displays the distribution in the YZ plane. Most

of the waves propagate toward the X axis, (Y, Z)=(0, 0), at
various clock angles in this plane. The length of the arrows
are smaller, reflecting the fact that the phase velocities are
dominant in the X direction.

4 Conclusions

To summarize, the anti-sunward propagation dominates. At
the smaller zenith angles the propagation is toward the mag-
netosheath flank, and at the larger angles it is toward the mag-
netopause. At 45� it is almost anti-sunward. The propagation
directions form qualitatively a symmetric pattern around the
X axis and it can be approximately expressed as v

ph

k�rn.
The relationship between the propagation pattern and the

density distribution is of great interest. In plasmas waves
may be coupled to the density gradient, and they become the
so-called drift waves. In the case of the magnetosheath the
mirror mode waves are often observed, and the existence of

www.ann-geophys.net/24/2441/2006/ Ann. Geophys., 24, 2441–2444, 2006

nach Narita und Glassmeier, 2006
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orbit (as a result of Keplerian evolution). In order to set an
overall scale for the configuration, however, manoeuvres
are performed at intervals during the mission.
[3] Many multispacecraft analysis techniques need par-

ticular application to the Cluster data. Indeed, the properties
of interest are as significant as the spacecraft configuration
when considering how the analysis may be applied, and the
quality of any analysis is critically limited by measurement
uncertainty. The use of a multispacecraft technique must
therefore be event dependent. The configuration can sample
the magnetic field behavior in very different ways at differ-
ent positions along the orbit (see for example Figure 4).
This has the consequence that some combinations of the
four-point measurements will be more fruitful than others
will be, hence some techniques will be better suited than
others. Nevertheless, much of the anisotropic structure in
the magnetosphere can be described by similar global
frames of reference. For example, known magnetosheath
phenomena tend to be ordered by a boundary, flow and
field-aligned system [Dunlop et al., 1993] so that often
Cluster configurations can be well matched to these natural
coordinates. As well as these spatial considerations, the
direct separation of temporal and spatial variations with
Cluster is not possible without assumptions on plasma
behavior locally (i.e. event by event). Usually, most obvi-
ously, the analysis of the measured, time series variations
will involve crude estimates of large- or small-scale struc-
tures and of the degree of stationarity for each event.
[4] We apply one of these techniques below, namely the

Curlometer [Dunlop and Balogh, 1993; Robert and Roux,
1993; Robert et al., 1998]. Other papers [Dunlop et al.,
2001; Glassmeier et al., 2001] explore other techniques that
are relevant in some sense to the other data regimes (defined
by the comparative spatial and temporal scales). The first of
these deals with the application of the discontinuity analyzer
[Dunlop et al., 1997; Dunlop and Woodward, 1998, 1999].
The second addresses four spacecraft analysis in the Fourier
domain, describing the first application of a number of
related techniques, named the Wave Telescope [Glassmeier
et al., 1995; Motschmann et al., 1996, 1998; Pincon and
Motschmann, 1998].

2. Caviats of Use
2.1. Basic Definition

[5] The analysis technique applied in this paper directly
combines simultaneous data across the different spacecraft
to calculate the curl of the magnetic field. It uses Ampere’s
law to estimate the average current density through the
tetrahedron formed by the spacecraft configuration, using
the difference approximation

m0J ! !ri^!rj
! "

¼ !Bi !!rj #!Bj !!ri
#

representing : m0

Z

J ! ds ¼
I

B ! dl
$

with!ri$ ri# r1, and similarly!Bi$ Bi# B1 (seeDunlop
et al. [1988] for a derivation). This effectively estimates the
average current normal to the face (1,i,j) of the tetrahedron
(see Figure 1). Since the vector defining the face is known by
!ri _ !rj, the currents normal to three faces can easily be re-
projected into a Cartesian coordinate system. The fourth face

gives redundant information by definition, but can be used as
a consistency check on the others. A number of different
formalisms now exist to calculate J (see chapters 15 and 16
ofPaschmann andDaly [1998])which are all mathematically
identical, but which differ slightly in their application to the
data (methodology). The central assumption here is a linear
field variation (i.e. a linear gradient) between spacecraft so
that J is constant over the spacecraft volume. Generally, this
requires that the spacecraft separation is much less than the
scale lengths on which the current density varies. If this
assumption does not hold, the estimate of J becomes
inaccurate (but may still reflect real effects). Some check on
the linearity of the spatial magnetic field gradients is therefore
desirable to qualify the estimate to some degree (see below).
[6] It is also possible to calculate an estimate for div(B),

from

div Bð Þ j !ri !!rj ^!rk j¼j "cyclic!Bi !!rj ^!rk j

The calculation of div(B) produces non zero values as a
consequence of nonlinear spatial gradients neglected in its
estimate (as well as containing the effect of timing and
measurement errors, as mentioned below). It therefore
usefully measures the combined effect of the linear
approximation for those diagonal terms in the dyadic rB.
The other terms in rB, contributing to curl(B), are not
monitored, but for many simple current structures the
nonlinear contributions to these terms can be substantially
similar to those for the terms in div(B) (but see below). In
this sense only, div(B) can provide a quality estimate for
Jcurlometer in place of the unknown error (Jcurlometer # Jreal),
arising from the calculated, linear estimate of J (as
originally noted by Dunlop et al. [1988]). In fact, the
two quantities are often comparable in situations where the
application of the Curlometer is useful (e.g. the case of
simple current sheets, flux tubes or field#aligned currents).
[7] Nevertheless, each term (div(B) or (Jcurlometer # Jreal))

is different, so that the information from div(B) only

Figure 1. Illustration of the the Curlometer estimate.
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orbit (as a result of Keplerian evolution). In order to set an
overall scale for the configuration, however, manoeuvres
are performed at intervals during the mission.
[3] Many multispacecraft analysis techniques need par-

ticular application to the Cluster data. Indeed, the properties
of interest are as significant as the spacecraft configuration
when considering how the analysis may be applied, and the
quality of any analysis is critically limited by measurement
uncertainty. The use of a multispacecraft technique must
therefore be event dependent. The configuration can sample
the magnetic field behavior in very different ways at differ-
ent positions along the orbit (see for example Figure 4).
This has the consequence that some combinations of the
four-point measurements will be more fruitful than others
will be, hence some techniques will be better suited than
others. Nevertheless, much of the anisotropic structure in
the magnetosphere can be described by similar global
frames of reference. For example, known magnetosheath
phenomena tend to be ordered by a boundary, flow and
field-aligned system [Dunlop et al., 1993] so that often
Cluster configurations can be well matched to these natural
coordinates. As well as these spatial considerations, the
direct separation of temporal and spatial variations with
Cluster is not possible without assumptions on plasma
behavior locally (i.e. event by event). Usually, most obvi-
ously, the analysis of the measured, time series variations
will involve crude estimates of large- or small-scale struc-
tures and of the degree of stationarity for each event.
[4] We apply one of these techniques below, namely the

Curlometer [Dunlop and Balogh, 1993; Robert and Roux,
1993; Robert et al., 1998]. Other papers [Dunlop et al.,
2001; Glassmeier et al., 2001] explore other techniques that
are relevant in some sense to the other data regimes (defined
by the comparative spatial and temporal scales). The first of
these deals with the application of the discontinuity analyzer
[Dunlop et al., 1997; Dunlop and Woodward, 1998, 1999].
The second addresses four spacecraft analysis in the Fourier
domain, describing the first application of a number of
related techniques, named the Wave Telescope [Glassmeier
et al., 1995; Motschmann et al., 1996, 1998; Pincon and
Motschmann, 1998].

2. Caviats of Use
2.1. Basic Definition

[5] The analysis technique applied in this paper directly
combines simultaneous data across the different spacecraft
to calculate the curl of the magnetic field. It uses Ampere’s
law to estimate the average current density through the
tetrahedron formed by the spacecraft configuration, using
the difference approximation

m0J ! !ri^!rj
! "

¼ !Bi !!rj #!Bj !!ri
#

representing : m0

Z

J ! ds ¼
I

B ! dl
$
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et al. [1988] for a derivation). This effectively estimates the
average current normal to the face (1,i,j) of the tetrahedron
(see Figure 1). Since the vector defining the face is known by
!ri _ !rj, the currents normal to three faces can easily be re-
projected into a Cartesian coordinate system. The fourth face

gives redundant information by definition, but can be used as
a consistency check on the others. A number of different
formalisms now exist to calculate J (see chapters 15 and 16
ofPaschmann andDaly [1998])which are all mathematically
identical, but which differ slightly in their application to the
data (methodology). The central assumption here is a linear
field variation (i.e. a linear gradient) between spacecraft so
that J is constant over the spacecraft volume. Generally, this
requires that the spacecraft separation is much less than the
scale lengths on which the current density varies. If this
assumption does not hold, the estimate of J becomes
inaccurate (but may still reflect real effects). Some check on
the linearity of the spatial magnetic field gradients is therefore
desirable to qualify the estimate to some degree (see below).
[6] It is also possible to calculate an estimate for div(B),

from
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The calculation of div(B) produces non zero values as a
consequence of nonlinear spatial gradients neglected in its
estimate (as well as containing the effect of timing and
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usefully measures the combined effect of the linear
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The other terms in rB, contributing to curl(B), are not
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FPI   = Fast Plasma Instrument 
DIS   = Dual Ion Sensors 
DES   = Dual Electron Sensors 
HPCA   = Hot Plasma Composition Analyzer 
ASPOC  = Active Spacecraft Potential  
  Control Device 
FEEPS  = Fly's Eye Energetic Particle Sensor 
EIS   = Energetic Ion Spectrometer 
EDI   = Electron Drift Instrument 
GDU   = Gun Detector Unit 
SDP   = Spin-plane Double Probe 
ADP   = Axial Double Probe 
AFG   = Analog Fluxgate Magnetometer 
DFG   = Digital Fluxgate Magnetometer 
SCM   = Search Coil Magnetometer

http://mms.space.swri.edu/instruments.html

The Magnetospheric Multiscale Magnetometers

Fig. 6 Photograph of the magnetometer front-end ASIC with an enlargement of the Styrian panther which in
reality has a size of 0.1×0.2 mm2. The left side of the ASIC contains four sigma-delta loops for the magnetic
field as well as the housekeeping measurements and the right part is composed of mainly digital circuits for
data decimation, clock generation and a serial synchronous interface

For MMS, the second revision of the MFA was space qualified according to NASA rules
which, e.g., includes space-qualified packaging of the dies, screening of all MFAs in the
military temperature range between −55 °C and 125 °C, a 1000 hour long life testing of
a reduced number of chips at 125 °C, and radiation testing of some MFAs by bombarding
them with heavy ions.

3.2.2 The AFG Electronics

The Analogue Fluxgate Magnetometer (AFG) consists of three matched elements, the pre-
cision low mass sensor, the interconnecting boom cable, and the electronics board. For op-
timum operation the electronics and sensor are tuned as a system using an identical inter-
connecting cable. The AFG electronics is shown in Fig. 8. The AFG board is designed to fit
inside the Central Electronics Box (CEB) of the FIELDS package, which provides power,
timing, and commands, and collects the data. The lower right hand cutout of the PCB fits
the DFG board. As well as digitizing the AFG sensor, the AFG electronics provides feed

nach Russell et al., 2014
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