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[1] A key feature of collisionless magnetic reconnection is the formation of Hall magnetic
and electric field structure in the vicinity of the diffusion region. Here we present
multi-point Cluster observations of a reconnection event in the near-Earth magnetotail
where the diffusion region was nested by the Cluster spacecraft; we compare observations
made simultaneously by different spacecraft on opposite sides of the magnetotail current
sheet. This allows the spatial structure of both the electric and magnetic field to be
probed. It is found that, close to the diffusion region, the magnetic field displays a
symmetric quadrupole structure. The Hall electric field is symmetric, observed to be
inwardly directed on both sides of the current sheet. It is large (�40 mV m�1) on the
earthward side of the diffusion region, but substantially weaker on the tailward side,
suggesting a reduced reconnection rate reflected by a similar reduction in Ey. A small-
scale magnetic flux rope was observed in conjunction with these observations. This flux
rope, observed very close to the reconnection site and entrained in the plasma flow, may
correspond to what have been termed secondary islands in computer simulations. The
core magnetic field inside the flux rope is enhanced by a factor of 3, even though the lobe
guide field is negligible. Observations of the electric field inside the magnetic island
show extremely strong (�100 mV m�1) fields which may play a significant role in the
particle dynamics during reconnection.
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1. Introduction

[2] Magnetic reconnection is thought to be one of the most
fundamental processes controlling the dynamics of plasma.
It is particularly important in the space environment, for
example, controlling the interaction of the Earth’s magneto-
sphere with the solar wind [Dungey, 1961]. Magnetic recon-
nection at the dayside magnetopause enables solar wind
plasma to enter into the magnetosphere, resulting in the
transient build up of magnetic flux inside the magnetosphere;
magnetic reconnection in the magnetotail plays a key role in

the dynamic changes that occur during the resulting magnetic
storms and substorms.
[3] The first evidence supporting theories of reconnection

was based on observations of macroscopic phenomena such
as the existence of reconnection jets and, on a larger scale,
the global behavior of the magnetosphere. However, this
behavior is a consequence of reconnection, which does not
strictly shed light on the specific causes of reconnection, of
key importance when the plasma is collisionless. Theories
of collisionless reconnection [Vasyliunas, 1975; Sonnerup,
1979] make specific predictions concerning the magnetic
reconnection diffusion region. In particular, it is expected
that the diffusion region exhibits a two-scale structure due
to the differential motion of the electron and ion fluids. This
leads to a characteristic Hall magnetic and electric field
structure.
[4] The structure of the Hall fields, and particularly the

Hall magnetic field, has been studied most extensively
using simulations with symmetric inflow conditions. Recent
work, for example, the GEM reconnection challenge [Birn
et al., 2001], predicts that the quadrupole Hall magnetic
field is a distinctive feature of the diffusion region [e.g.,
Hesse et al., 2001; Pritchett, 2001b; Shay et al., 2001]. In
the past few years a number of observations have been
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reported confirming the existence of the Hall current loop
[Fujimoto et al., 1997] and the Hall magnetic field in the
vicinity of the expected location of the reconnection site by
the Geotail satellite in the near-Earth magnetotail [Nagai et
al., 2001; Asano et al., 2004], by Wind in the distant
magnetotail [Øieroset et al., 2001], and by Polar at the
dayside magnetopause [Mozer et al., 2002]. More recently,
themultispacecraft Cluster mission has also encountered Hall
magnetic field signatures, both at the dayside magnetopause
[Vaivads et al., 2004] and in the near-Earth magnetotail
[Runov et al., 2003; Borg et al., 2005; Wygant et al., 2005;
Nakamura et al., 2006; Xiao et al., 2006].
[5] The different behavior of the ions and electrons is also

expected to result in Hall electric fields, as observed in
simulations [Shay et al., 1998; Arzner and Scholer, 2001;
Pritchett, 2005a]. Hall electric field structure was first
observed in Polar data [Mozer et al., 2002], and subse-
quently in Cluster observations [Vaivads et al., 2004; Borg
et al., 2005; Wygant et al., 2005].
[6] The observations by Mozer et al. and Borg et al.

are essentially single point in nature. Wygant et al. pub-
lished comparisons between two Cluster spacecraft, which
observed the same side of the diffusion region. In fact,
Wygant et al. observed a bipolar structure in Ey

GSE, which
was interpreted as a Hall electric field because of the
twisting of the current sheet, placing the normal closer to
the yGSE direction rather than the usual zGSM. In the event
analyzed by Borg et al., they concluded that the GSM
(geocentric solar magnetic) coordinate system was close to
the current sheet system and that the normal was therefore
closely aligned with the zGSM direction. A second differ-
ence between the two events is that Wygant et al. observed
the Hall electric field over a period of a few seconds,
whereas Borg et al. observed it repeatedly over an interval
of 4 min.
[7] Here we present new observations of what we have

concluded to be a magnetic diffusion region in the near-
Earth magnetotail. The observations are novel because
different spacecraft observed the different quadrants of
the Hall electromagnetic field structure at the same time,
thus directly revealing the spatial structure. In particular,
simultaneous observations of the electric field on both sides
of the current sheet are presented for the first time.
[8] The observations were made by the Cluster spacecraft

on 22 August 2001. We will focus on observations made
between 09:40:00 and 09:52:00 UT, when the spacecraft
encountered an earthward/tailward reversal in the plasma
flow, correlated with a positive/negative reversal in the zGSM
component of the magnetic field. This particular magneto-
tail orbit has been studied by a number of researchers, each
identifying and analyzing different features as follows:
An earthward moving flux rope encountered at 10:08 UT
by all four spacecraft was identified by Slavin et al. [2003b]
who used the curlometer technique to investigate the
nonforce-free nature of the flux rope. Subsequently, Volwerk
et al. [2004] have studied part of the crossing (09:50–
10:02 UT) in an analysis of compressional wave activity in
high-speed flows. Observations from this current sheet
crossing were also used in separate studies of magneto-
hydrodynamic eigenmodes in plasma sheet wave activity
[Fruit et al., 2004; Louarn et al., 2004]. Finally, in an
analysis of a later interval 09:50–09:58 UT, where the

plasma velocity changed from tailward to earthward, Lui et
al. [2006] have concluded that the observations during this
later interval are inconsistent with magnetic reconnection but
consistent with current disruption instead.
[9] The event studied here is of further interest because of

the existence of an earthward-moving magnetic flux rope
island and a tailward-moving island. Small-scale flux ropes
(�100 Earth radii in size) have been observed in the Earth’s
magnetotail using the ISEE spacecraft [Elphic et al., 1986],
Geotail [Slavin et al., 2003a; Ohtani et al., 2004], and
Cluster [Slavin et al., 2003b; Eastwood et al., 2005, 2006].
One interpretation of these events is that reconnection
occurs at several distinct sites [Schindler, 1974]. The
reconnection rate at these sites may be different. In partic-
ular, if one site has evolved sufficiently such that it begins
to process lobe plasma, the reconnection rate at that site
is enhanced [Hesse et al., 1996] and rapidly drives the other
nascent flux rope structures earthward or tailward as appro-
priate [Slavin et al., 2003a], although this may depend
crucially on the stability of the ion tearing mode [Sitnov
et al., 2002].
[10] The formation of ‘secondary’ islands has been

observed in several different simulations of magnetic recon-
nection [Hesse et al., 1999; Ohtani et al., 2004; Drake et al.,
2005; Daughton et al., 2006]. It is thought that the guide
field may play a key role in controlling the production and
properties of such islands [Drake et al., 2006b], but recent
work using open boundary conditions suggests that islands
will form even when no guide field is present [Daughton et
al., 2006]. Simulations also suggest that these structures play
a key role in the production of energetic electrons [Cattell
et al., 2005; Drake et al., 2006a] which is a problem of
general importance in solar and cosmic plasma physics [Lin
et al., 2003].
[11] We have studied in detail the properties of the

earthward-moving flux rope which exhibits particularly
interesting electric field structure that, to our knowledge,
has not been previously observed nor investigated by
computational or theoretical means. We hope that such
experimental information will spur the further development
of simulations in a quest to understand the temporal
evolution of the reconnection process.
[12] The remainder of this paper is organized as follows.

In section 2, the data are described. In section 3, an
overview of the observations is presented. In section 4,
the Hall electric and magnetic signatures are analyzed in
detail. In section 5, the structure of the secondary island is
examined. The observations are discussed in the context of
previously published theories, and our conclusions are
presented, in section 6.

2. Data

[13] We present observations made by Cluster on 22
August 2001. During the time of interest, Cluster was
located in the magnetotail plasma sheet, near the current
sheet itself, approximately 19 Re from the Earth. The
Cluster mission consists of four identical spacecraft in
polar orbits around the Earth [Escoubet et al., 2001]. In this
part of the mission, the orbits were arranged so that the
spacecraft formed a tetrahedron during apogee with a scale
size of �2000 km. For a plasma density of 0.1 cm�3, this
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corresponds to �3 ion inertial lengths (c/wpi = 720 km).
Figure 1 shows the configuration of the Cluster tetrahedron at
09:45 UT on 22 August 2001. The top panel shows the
tetrahedron projected into the x-y geocentric solar magnetic
(GSM) coordinate system; the bottom panel shows the
projection into the x-z GSM plane. Note that the x axis is
directed so that the Earth is to the left. The positions of the
spacecraft are shown in kilometers relative to Cluster 1.
Cluster 1 is located at (�18.7, �3.4, 1.1) Re (GSM). Cluster
1, 2, and 4 form a plane that is nearly parallel to the x-y plane.
Cluster 3 lies below this plane. Finally, Cluster 1 is closest to
the Earth.
[14] The analysis has used data from several different

instruments. Magnetic field observations are taken from the
FGM instrument [Balogh et al., 2001], which measures the
three components of the DC magnetic field. The data are
available at 22.42 vectors/s, which is the resolution used in
this work unless otherwise stated. Electric field observations
are taken from the EFW instrument [Gustafsson et al.,
2001], which uses four sensors at the end of wire booms
to measure the components of the DC electric field in the spin
plane of the spacecraft [the spin plane is nearly parallel to the
geocentric solar ecliptic (GSE) x-y plane]. The data are
available at a resolution of 25 vectors/s. The third component
of the electric field (along the spin axis) can be reconstructed
using themagnetic field if it is assumed thatE �B = 0, i.e., that
there is no parallel electric field. This assumption is expected
to be valid everywhere except in the electron diffusion region
itself. In this case, equation (1) is used to calculate the spin
axis component

Ez ¼ � Bx

Bz

� �
Ex �

By

Bz

� �
Ey ð1Þ

where the subscripts x and y refer to the spin plane
components and z the spin axis component. Clearly, if

(Bx/Bz) is large, small errors in Ex will be amplified resulting
in errors in Ez. Also, if Bz is close to zero, the same problem
will manifest itself. Consequently, the reconstruction of the
electric field is only possible when (1) the magnetic field is
not too weak and (2) the magnetic field is not close to the spin
plane. Typical threshold values for reconstruction, on the
basis of prior experience, are jBzj > 2 nT, jBx/Bzj < 10.
[15] Observations of the ion plasma are taken from the

CIS instrument [Rème et al., 2001]. CIS consists of the
following two detectors: HIA, which measures the ion
population without mass discrimination, and CODIF, which
includes a time of flight section. Data are not available from
the CIS instrument on spacecraft 2, and CIS-HIA data are
not available on spacecraft 4. The detectors measure the ion
population up to an energy of �40 keV. Moments of the
distribution are computed on board at 4-s (spin) resolution.
Full three-dimensional distributions are produced at 12-s
resolution. In this analysis, data from HIA has been used
unless otherwise stated.

3. Overview

[16] Figure 2 shows an overview of the observations from
Cluster between 09:40:00 and 09:52:00UT on 22 August
2001 (day 234). The magnetic and electric fields from all
four spacecraft are shown at 4-s (spin) resolution, together
with the plasma data from Cluster 1 and Cluster 3. The top
panel shows the differential energy flux as measured by
Cluster 3. Note that the data are shown in the GSM
coordinate system and that the spin axis electric field has
been reconstructed under the assumption that E � B = 0,
subject to the caveats described in the previous section. All
four spacecraft are initially located above the current sheet
(Bx > 0), and during the interval they cross the current sheet.
They do not cross simultaneously, and there is significant
decorrelation between the spacecraft time series; the space-
craft separation is somewhat larger than the scale thickness
of the current sheet. Also, note that the magnetic field above
the current sheet (close to the lobe) does not contain a
significant guide field (cf. Figure 2 at 09:40 UT).
[17] This interval was identified because of the correlated

reversal in the x component of the plasma velocity and the z
component of the magnetic field. At 09:44:25 UT, the
Cluster spacecraft observed a correlated positive/negative
reversal; this signature is usually interpreted as an X line
[Ueno et al., 1999], which given the positive/negative
reversal is moving earthward relative to the spacecraft.
Initially, the earthward flow is �750 km s�1 and reverses
to a weaker flow of �200 km s�1. This event is marked by
the vertical black line in Figure 2. At 09:50 UT, a stronger
tailward flow is observed, exceeding 800 km s�1 in the
antisunward direction at Cluster 1. Finally, we note the
existence of significant vy ion plasma flows in the vicinity of
the reconnection region. These flows have not been widely
reported in experimental data, but are qualitatively consis-
tent with results from some simulation studies [Shay et al.,
2004]. In the ion diffusion region, the ions are directly
accelerated in the out-of-plane direction by the reconnection
electric field, as observed in simulations [Pritchett, 2001a].
[18] A key question, motivated by our previous work, is

whether the timing of events at the different spacecraft is
consistent with this X-type geometry. In the analysis of a

Figure 1. Configuration of the Cluster tetrahedron on
22 August 2001, at 09:45 UT. The positions of the spacecraft
are shown relative to Cluster 1, in the geocentric solar
magnetic coordinate system. The scale size of the tetrahedron
was �2000 km.
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