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[11 A laboratory plasma is utilized to assess the effectiveness of several prominent
spacecraft data analysis techniques. These include minimum variance analysis on the
magnetic field (MVAB) and various boundary-crossing time analyses (BCTA) such as the
constant velocity approach (CVA), constant thickness approach (CTA), and minimum
thickness variance (MTV). Magnetic field data from measurement points that resemble the
formation of multispacecraft flying though a reconnecting current sheet is used to check
MVAB and BCTA to deduce a proper normal vector. Results from each method are
compared to the values measured by 2-D magnetic probe arrays. We examine discharges
with a two-dimensional (2-D) X-line structure as well as cases in which a flux rope
forms within the layer. All discharges are in a two-fluid regime in which electrons are
magnetized but ions are not. We conclude that CVA with four sample measurement
points forming a tetrahedron generates a reasonable unit normal vector i, relative velocity
along the normal vector V,,, and current sheet thickness g for all of the tested cases.
Unlike CVA, both CTA and MTV sometimes generate V,, and 0.y that are different from
the measured values, which indicates that CTA and MTV are sensitive to changes in the
current sheet thickness. CTA is, however, successful at estimating n. MVAB, on the other

hand, often fails to predict a proper normal direction. This is because the reconnecting
neutral sheet fundamentally contains 2-D or 3-D structures. MVAB, however, does
determine the direction along the reconnecting magnetic field that is close to the real
magnetic geometry. Based on these observations, we suggest a hybrid procedure for
determining a local coordinate system for data from four spacecraft passing through

a reconnecting current sheet.

Citation: Yoo, J., and M. Yamada (2012), Experimental evaluation of common spacecraft data analysis techniques for
reconnection region analysis in a laboratory plasma, J. Geophys. Res., 117, A12202, doi:10.1029/2012JA017742.

1. Introduction

[2] For many decades, satellite measurements have been
employed to understand the complex nature of the magnetic
fields surrounding Earth. These measurements have revealed
the presence of magnetic reconnection throughout Earth’s
magnetosphere [e.g., Paschmann et al., 1979; Phan et al.,
2000; Jieroset et al., 2001; Phan et al., 2006; Angelopoulos
et al., 2008]. During the past dozen years, the role of mag-
netic reconnection has been studied in detail through a com-
bined effort that includes numerical simulations, dedicated
laboratory plasma experiments, and direct observations from
spacecraft [ Yamada et al., 2010]. As a result of this effort, it is
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now recognized that two-fluid effects resulting from the dif-
ferent behavior of ions and electrons in the reconnection layer
play a key role in collisionless reconnection [Yamada, 2007,
Zweibel and Yamada, 2009; Mozer et al., 2002; Vaivads et al.,
2004]. In order to further study two-fluid effects in the mag-
netosphere, the Magnetospheric MultiScale (MMS) mission
will be launched in 2014 to explore spatial scales down to the
electron inertial length (¢/w,.), a measurement regime which is
critical to obtain a complete understanding of collisionless
reconnection.

[3] One of the foremost challenges of using spacecraft to
study reconnection is properly identifying the local magnetic
field geometry. Because the number of spacecraft is limited,
the spatial profile of the plasma has to be inferred from the
time series of physical quantities such as the magnetic field
and electric field, typically using at most four locations.
Several analysis methods have been developed to address
this challenging problem. Classical minimum variance anal-
ysis on magnetic field data (known as MVAB) [Sonnerup
and Cahill, 1967] has been employed for many spacecraft
data analyses [e.g., Dieroset et al., 2001]. Alternatively,
maximum variance analysis of electric field data (MVAE)
[Sonnerup et al., 1987; Paschmann et al., 1990] or the
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Faraday residue method [Terasawa et al., 1996; Khrabrov
and Sonnerup, 1998a] can be employed if electric field
measurements are also available. These variance analysis
methods (MVAB, MVAE, and the Faraday residue method)
are capable of identifying a vector normal to the reconnection
current layer using data from a single spacecratft.

[4] If multiple spacecraft are available, more information
on the reconnection layer can be obtained via boundary
crossing time analysis (BCTA). For example, BCTA was
used to estimate the normal component of the relative
velocity of a boundary ¥, and current sheet thickness g for
data from ISEE 1 and ISEE 2 [Berchem and Russell, 1982].
Similar analysis has been carried out on data from 16 cross-
ings of Earth’s magnetopause by the spacecraft AMPTE/
UKS and IRM [Bauer et al., 2000]. In these studies, which
had only two spacecraft, the normal vector i is determined by
the single-spacecraft variance analyses such as MVAB. When
four spacecraft are available, however, f can be obtained with
better accuracy by BCTA without the use of single-spacecraft
techniques [Russell et al., 1983]. This is why BCTA has been
widely used for data from the four-spacecraft Cluster mission
[Vaivads et al., 2004; Eastwood et al., 2005; Khotyaintsev
et al., 2006; Eastwood et al., 2007; Retino et al., 2007, 2008;
Rosengvist et al., 2008].

[s] For a detailed study of reconnection, more information
on the magnetic geometry is needed; knowing the direction
normal to the current sheet is not enough. In particular, key
physical parameters such as the reconnection rate cannot be
estimated without differentiating two tangential directions:
the out-of-plane direction and the direction of the recon-
necting magnetic field. In some cases, the MVAB or MVAE
techniques successfully separate all three principal axes that
naturally form a coordinate system, from which the full local
magnetic geometry can be inferred. However, when the var-
iances along two principal axes are similar, they cannot recon-
struct the magnetic geometry properly. In attempt to address
these shortcomings, Mozer and Retino [2007] combined
MVAB and MVAE to find a rotation matrix transforming the
GSE coordinate system into the magnetopause frame. They
noticed that MV AB best finds the direction of the reconnecting
magnetic field component which is the maximum varying
component, while MVAE best locates the maximum varying
normal electric field component. In this study, however, the
validity of results from the combined procedure could not be
checked since the actual magnetic geometry is not known.

[6] For a quantitative test of spacecraft analysis techni-
ques, we need to acquire similar types of data from a known
magnetic geometry. A well-controlled, well-diagnosed cur-
rent sheet in the Magnetic Reconnection Experiment (MRX)
provides a unique opportunity to perform such a quantitative
test. In particular, the current sheet is swept over the sta-
tionary probes via internal pulsed coils. This situation is very
similar to the space measurements in which the current sheet
moves with respect to spacecraft. This plasma “jogging”
experiment is carefully designed and performed so that we
can test these methods in the plasma in which we monitor
evolution of the profile of the magnetic field measured by
multiple magnetic probe arrays.

[7] With the use of data from the plasma jogging experiment,
we present a detailed and thorough laboratory test of two of the
methods mentioned above, minimum variance analysis of the
magnetic field and boundary-crossing time analysis, in a
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collisionless reconnection layer. First, both methods are tested
to produce proper normal vectors. Second, three different ver-
sions of BCTA (CVA, CTA, and MTV) are used to estimate ¥,
and the current sheet thickness d.g and they are compared to
measured values in order to evaluate the effectiveness of each
method. Third, we compare the results from MVAB and
BCTA and present a hybrid procedure for determining a local
magnetic geometry based on elements of both MVAB and
BCTA which can be used by any four-spacecraft mission such
as Cluster and the Magnetospheric MultiScale (MMS) mission.
It should be noted that we do not perform MVAE or the
Faraday residual analysis because we do not currently have
sufficient electric field measurement capabilities.

2. Experimental Apparatus

[8] For more than a decade, the Magnetic Reconnection
Experiment has been dedicated to study of magnetic recon-
nection in a controlled laboratory environment. In MRX
plasmas, the MHD criteria (S > 1, p; < L, where § is the
Lundquist number; p; is the ion gyroradius; L is the system
scale length) are satisfied in the bulk of the plasma [Yamada
et al., 1997]. Figure 1 shows an R-Z cross section of the
MRX vacuum vessel for this experimental campaign. The two
gray circles are “flux cores” that each contain two independent
coils: a poloidal field (PF) coil and a toroidal field (TF) coil
[Yamada et al., 1981]. The PF coils generate the X-line
geometry at the middle of the MRX device and drives mag-
netic reconnection, while the TF coils inductively create the
plasma around the flux cores. As the PF coil current ramps
down, the magnetic flux is pulled toward the flux cores and a
current sheet forms that is elongated along the Z direction
(indicated in orange in Figure 1). In this phase, the initial out-
of-plane magnetic field that is produced during the plasma
formation phase becomes negligible compared to the recon-
necting magnetic field such that anti-parallel reconnection is
achieved. The entire process of plasma formation and mag-
netic reconnection is monitored by 2-D magnetic probe arrays
located every 3 cm from Z= —9 cm to 9 cm and electrostatic
probes such as Langmuir probes and Mach probes. The max-
imum radial resolution of the magnetic arrays is 0.6 cm and the
radial coverage is 16 cm. Data is acquired every 0.4 ps.

[9] Inthis experimental campaign, another set of coils (red
circles in Figure 1) called the shaping field (SF) coils is used
to drive the plasma radially inward. This accelerated motion
of the current sheet is called “jogging.” The advantage of this
jogging experiment is that a simulated “satellite” data set can
be obtained when the current sheet region is swept past a
stationary probe with a predetermined velocity and angle.
Figure 2 illustrates radial profiles of B during the quasi-
steady period of a single discharge of the MRX jogging
experiment. Asterisks stand for measured data and solid lines
are results of fitting the radial profiles into a Harris-sheet type
function [Harris, 1962], ~tanh((R — Ry)/d) [Ji et al., 1999].
The jogging speed of the current sheet can be controlled by
firing the SF coils with various voltages. Figure 3 shows time
profiles of the current sheet location with various SF firing
voltages. The SF coils are activated just before the quasi-
steady period of the MRX plasma. Shortly after they are
fired, the current sheet moves in radially. The location of the
current sheet is from the Harris fitting. The jogging speed
increases almost linearly with the firing voltage. In the
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Figure 1. Cross section of the MRX vacuum chamber. The gray circles indicate flux cores in which there
are two sets of coils: poloidal field (PF) coils and toroidal field (TF) coils. PF coils produce the X-line
geometry and drive reconnection. The red circles show the position of the shaping field (SF) coils which
are used to accelerate the motion of the current sheet radially inward.

discharge presented in Figure 2, the current sheet moves about
3.5 cm over 6 p s, yielding a speed of 5.8 km/s, which is about
one order of magnitude lower than the Alfvén velocity based on
upstream plasma parameters (7, = 2—5 x 10'* cm ™ and |B| =
200-250 Gauss). Every discharge presented in this paper has
a similar radial speed (56 kmy/s).

3.

3.1. Description of Method

[10] Following Mozer and Retino [2007], the following
coordinate system, which is similar to the GSE system for
subsolar reconnection, is used throughout this paper: x is

Minimum Variance Analysis on Magnetic Field
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Figure 2. Radial profiles of B, every 1.2 us during the
quasi-steady period of a single discharge, measured by the
magnetic probe array at Z = 0. Asterisks stand for measured
data and the solid lines come from fitting the data to a Harris
function, ~tanh((R — Ry)/6). The current sheet moves in
with a relatively well-maintained structure at about 5.8 km/s.

normal to the current sheet, y is along the out-of-plane
direction, and z is in the direction of the reconnecting mag-
netic field. The corresponding local Cartesian coordinates
for reconnection during the quasi-steady period in MRX are
R, Y, and Z respectively [Yamada et al., 1997].

[11] The theory behind MVAB can be found in the literature
[Sonnerup and Cahill, 1967; Sonnerup and Scheible, 1998]
but we briefly describe it here. The fundamental assumption of
MVAB is that the boundary is one-dimensional. With this
assumption, the normal component of the magnetic field
remains constant during the satellite crossing. In reality,
however, due to 2-D or 3-D structures, temporal variations,
and/or noise, the normal component undergoes finite changes.
The basic idea of MVAB is that the direction along which the
magnetic field component varies least is the most probable
direction for the normal vector fi. Such a unit vector i can be
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Figure 3. Current sheet motion as a function of the firing
voltage for the SF coils. Shortly after the SF coils are acti-
vated, the current sheet starts to move in. The jogging speed
of the current sheet is proportional to the firing voltage. Two
black dashed lines indicate the quasi-steady period of the
MRX plasma.
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found by computing eigenvectors of the symmetric matrix M
defined by

My, = (B.By) = (B.)(B.), (1)

where B, and B, are components of the measured magnetic
field based on a Cartesian coordinate system. For MRX data,
these components are Bg, By, and By Since the magnetic
variance matrix M is symmetric, three eigenvalues A, \,, and
A; in order of increasing magnitude are real, and their
corresponding normalized eigenvectors u;, u,, and uz are
orthogonal. Mathematically, each eigenvalue equals the vari-
ance along the corresponding eigenvector. Thus, if a space-
craft encounters the current sheet and passes though it, the
normalized eigenvector u; that has the minimum variance is a
natural choice for the unit normal vector n, or X. Because
magnetic field component along the direction of the recon-
necting magnetic field B, varies most across the layer, u, and
u; are parallel to y and z respectively.

[12] The size of the data segment, M, is chosen by checking
that the results of MVAB are stationary. If the basic
assumption of MVAB is satisfied, i.e. if the boundary is 1-D,
MVAB is independent of the number of data points. This
stationary property of MVAB is not guaranteed in real
data. If M is too small or too large, results from MVAB
can be different from those with intermediate data segments
[Sonnerup and Scheible, 1998]. Thus, the stationarity of
MVAB must be checked to make sure the nested data
segment is within the intermediate, or “plateau” region. As
M increases, the average magnetic field along the normal
vector from MVAB (B)-n remains nearly unchanged,
indicating a plateau region as shown in Figure 6a. The
number of data points M is chosen such that the data seg-
ment is in the plateau region.

[13] To summarize the procedure of determining local
coordinates by MVAB, a proper span of magnetic field data
centered at the middle of the current sheet must be chosen.
Then, the magnetic variance matrix M is constructed from
the data and eigenvalues and eigenvectors of M are com-
puted. The normalized eigenvector corresponding to the
smallest eigenvalue determines the normal direction X, i.c.,
X = tu,. The other two eigenvectors u, and u; define
y and z. Proper signs should be chosen to make surez = X X ¥.
Then, the transformation of values in the original cartesian
coordinates (R, Y, Z) to those in (x, y, z) is given by

66 -

3.2. MVAB Results and Analysis

[14] Data from the MRX jogging experiment provides a
good opportunity to test MVAB since the full 2-D (or 3-D)
magnetic field geometry is independently measured.
Whether MVAB generates a proper normal vector can be
easily checked by comparing the local magnetic geometry
predicted by MVAB with the measured global geometry.

[15] Figure 4 shows the time evolution of 2-D profiles of
the current density Jy with contours of the poloidal magnetic

N =
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R
flux ¥ = / 27R'Bz(Z,R',t)dR and the out-of-plane mag-

0

netic field By measured by the 2-D magnetic probe arrays
during the quasi-steady period of a typical MRX jog dis-
charge. The right column shows the quadrupolar By structure
moving in radially with temporal changes mainly due to the
TF coil current ringing [Ren et al., 2008]. The radial motion
of the current sheet is shown in the left column. The current
sheet structure is well-maintained and moves in with the
quadrupolar By. The layer clearly has 2-D structures: Jy
varies along Z and the B, = 0 boundary indicated by red
dashed lines is slightly kinked in the R — Z plane, especially
at t = 340 us. However, the direction normal to the current
sheet is generally along eg, the unit vector for R, as the
curvature of the B, = 0 boundary remains small. The angle
between the local vector normal to the boundary and ey is
less than 5 degrees. Furthermore, toroidal asymmetry is
monitored by an additional magnetic probe at ¥ = —9 cm
and is found to be fairly negligible for this plasma. There-
fore, the rotation matrix that transforms from (R, Y, Z) into
(x, v, z) coordinates for this discharge should have diagonal
terms close to unity and off-diagonal terms close to zero.
In other words, X =~ ez, ¥ = ey, and Z = e,.

[16] As shown in Figure 5, data from four different mea-
surement points (Z=0, 3, 6,9 cm; R =36.7, Y =0 for all) of
the same discharge is used to test MVAB. At Z = 0, in the
right vicinity of the X point, only the reconnecting magnetic
field B, varies significantly as shown in Figure 5c. In this
case, variance of By is comparable to that of By and the
normal vector generated by MVAB becomes a mixture of eg
and ey. The rotation matrix predicted by MVAB for this

example is
X 0.3576
y | = | —0.9338
2 0.0082

where the subscript 1 is added to avoid confusion and
to emphasize that these are just a ‘suggested’ coordinate
system by MVAB at the given location. The normal vector is
0.3576ex + 0.9314ey + 0.0682e,, which is closer to ey than
to the reference normal ez. Even though three eigenvalues of
M are well-separated as shown in Figure 5c’, the normal
vector does not reflect the real magnetic geometry. The
smallest and intermediate eigenvalues are often degenerate
(A1 ~ X)) at Z = 0 in other discharges. However, MVAB
predicts the direction of the reconnecting field well (z; = e,).

[17] At Z =3 cm, the quadrupolar out-of-plane field starts
to play a role. While By remains small, By changes moder-
ately as shown in Figure 5d. As a result, the three eigenva-
lues are well-separated and the unit vectors suggested by
MVAB reflect the magnetic geometry. The coordinate sys-
tem determined by MVAB is usually best at Z= £3 cm for
MRX jogging experiment data. The transformation matrix
predicted by MVARB at this location is

X 0.9976
y, | = | —0.0687
¥4

—0.0115

0.9314

0.0682\ /R
03560 0.0349 | [ v |, (3
—0.0762 09971 ) \ z

0.0630

0.0297\ /R
09601 02712 |[ v ]|. (4
—02726 0.9621) \ z
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Figure 4. Data from 2-D magnetic probe arrays during the quasi-steady period of the MRX jog experi-
ment discharge 114338 is shown. (left) Colors demonstrate the profile of the current density Jy, while the
black lines represent contours of the poloidal flux W. The red dashed lines indicate the location of B, =0
boundary which agrees with the current sheet location from the Harris fitting. (right) Contour plots show
the time evolution of the out-of-plane magnetic field By every 2 us. Because of the time-varying TF cur-
rent, the overall shape of the quadrupole structure undergoes temporal changes. The current sheet moves
in radially together with the quadrupolar By structure with a speed of ~6 km/s.

Here, the normal vector from MVAB is very close to the
reference normal. It is worth noting that Z, has been degraded
as it picks up a sizable ey component, which means the Hall
field is considered a part of the reconnecting field by MVAB.
The predicted out-of-plane direction y, also has a consider-
able e; component. Thus, as shown in Figure 5d’, the quad-
rupolar component of B, is weakened after the coordinate
transformation. This tendency is enhanced further down-
stream, so that the transformed out-of-plane magnetic field
component B,, is significantly contaminated by the other two
components and frequently loses its bipolar shape (See
Figures 5¢’ and 5f"). This could be one of the reasons why a
clear quadrupolar structure has rarely been identified in space
[Mozer and Retino, 2007].

[18] At Z = 6 cm, the variation in B becomes non-
negligible because of the 2-D structure of the reconnection
geometry. For most cases, this leads to a degenerate

condition with A; ~ )\, making X3 and y; meaningless. The
suggested transformation for this example is

X3 0.7990 —0.5677 —0.1984 R
» | =1 0.5927 0.6876  0.4195 Y . (5)
z3 —0.1017 —0.4528 0.8858 V4

73 is further deviated from ez and both X3 and ¥ do not reflect
the real magnetic geometry. Similar trends continue at
Z =9 cm where MVAB generates the following coordinate

transformation:
X4 0.8542 —0.5036 —0.1291 R
v | = 0.4888 0.6935 0.5293 Y |. (6)
Z4 —0.1770 —0.5152 0.8386 Z
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Figure 5. (a) 2-D profile of Jy with contours of ¥ of the discharge 114338 at the time the current sheet is
close to the sample measurement points. (b) 2-D profile of B7. Color scales are the same as in Figure 4.
The arrows indicate the data range used for MVAB. Magnetic field data at (R, Z) = (c) (36.7, 0),
(d) (36.7, 3), (e) (36.7, 6), and (f) (36.7, 9) (Y = 0 for all), respectively around the time the current sheet
passes. Data between dashed black lines is used for MVAB. (¢'-f") Profiles in (x, y, z) coordinates sug-
gested by MVAB. Three eigenvalues () of the matrix M are shown inside of each panel. The out-of-plane
magnetic field (By) loses the bipolar shape after the coordinate transform by MVAB.

In this example, the suggested normal vector is again closer ~maximum variance analysis are analytically derived. In the
to —ey than to eg, which does not agree with the real mag- reference, the angular uncertainty is given by
netic geometry.
[19] To confirm that the above disagreement between the (v ey
i A itN—AN)
normal vectors from MVAB and the measured magnetic 1Ag,| = |Ady| = \j( 1 Y Citi, ()

geometry is not due to measurement noise, we perform error M—1) (N — )\j)z
estimations following Khrabrov and Sonnerup [1998b]
where errors associated with random noise in minimum/

6 of 14



YOO AND YAMADA: EXPERIMENTAL EVALUATION OF SPACECRAFT DATA ANALYSIS

A12202
a
: : Lm0
= 40} AFEETE | —Z=3
Z M»;M 7=6
3 . . . . —_—=
- :
JAN :
m
Vv 0,.\
-20 i i i i i
0 10 20 30 40 50
Nest Size
b
B s0f
&
e or
% 30 , , ,
< | : - - - :
60 : ; ; : :
0 10 20 30 40 50
Nest Size
C
—Z=0
_ —7=3
[}
N
o
<
30 ; ; ; : :
0 10 20 30 40 50

Nest Size

Figure 6. (a) Average magnetic field component along the
suggested normal vector u; from MVAB ((B),=(B) - 1)
as function of the nest size M. Error bars are computed by
equation (8). (b) Angle between u; and the reference normal
vector e in the R-Y plane (¢py) as function of M. Except at
Z =3, the angle ¢y is not close to zero for any value of M.
(c) Angle between u; and the reference normal vector ez R-Z
plane (¢rz) as function M. The angle ¢z is usually smaller
than ¢ry since MVAB well-separates the direction of the
reconnecting magnetic field from others.

where |Ag;] is the angular uncertainty of eigenvector u; in
the direction of u;. The combined statistical error estimate
for (B, = (B) - u, is [Sonnerup and Scheible, 1998]

A0B) - w] = /5 (0 (B) ) + (A0 (B) )
(®)

where the first term inside of the square root comes from the
uncertainty in the average magnetic field associated with the
variance \;.

[20] Figure 6 shows the results of the error estimates with
M = 3-41 for the same data used for MVAB in Figure 5.
Error bars in this figure are computed by the above equa-
tions. The estimated statistical errors in (B) are generally
small as shown in Figure 6a, which is expected since the
signal-to-noise ratio of MRX magnetic data is small.
Figures 6b and 6¢ show the angle between the normal vector
from MVAB, u,, and the reference normal vector, e, in the
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R-Y plane (¢gy), and in the R-Z plane (¢r,) as a function of
the nest size, M. When the normal vector from MVAB
agrees with the measured global magnetic geometry, both
dry and ¢py are close to zero. Except at Z =3 cm, ¢py and
¢ry are not close to zero and statistical errors do not account
for the difference. Therefore, the disagreement of the results
from MVAB with the global magnetic geometry does not
come from random noise. A possible explanation of the
reason for frequent failures of MVAB based on an idealized
2-D X-line geometry is presented in section 5.

[21] MVAB is also tested in a discharge with a time-
varying reconnection geometry. As shown in Figure 7a,
a clear O-point is developed and ejected downstream. This
O-point is associated with very high local current density and
is believed to have a 3-D structure [Dorfman, 2011], so we
describe this feature as a “flux rope” to emphasize its 3-D
nature even though it is not accompanied with a sizable guide
field. MVAB is conducted for data from the measurement
point at (R, Z) = (37.6, —6) (indicated by green diamond
marks in Figure 7a) as the flux rope passes by. Due to the O-
point structure, there is a bump in By around 334 us as shown
in Figure 7b. By is supposed to have the minimum variance
without the O-point. The transformation matrix produced by

MVAB for this case is
—0.1150 R
—02389 | [ Y ]|. (9
0.9642 4

Xs 0.4401  0.8906
ys | = [ —0.8824 0.4052
<z5 ) (—0.1662 0.2066
Again, MVAB fails to predict a proper unit vector normal to
the current sheet although the three eigenvalues are well-
separated as shown in Figure 7c. However, it still produces a
reasonable tangential vector as Zs remains close to ey.

[22] These examples show that MVAB generally does not
produce a proper normal vector even if the current sheet
structure does not undergo significant time variations.
However, MVAB is much better for determining the direc-
tion of the reconnecting magnetic field, the maximum-
varying component, which agrees with Mozer and Retino
[2007]. MVAB’s prediction for Z is better for measurement
points close to the X-point since variations of the other two
components are smaller there.

4. Boundary-Crossing Time Analysis

[23] Since Russell et al. [1983] first presented a four-
spacecraft analysis technique which can decide the normal
vector, speed, and thickness of a boundary based on the
boundary-crossing time of each spacecraft, many different
methods based on different assumptions have been devel-
oped. The common assumption of all BCTA techniques is
that the boundary is a 1-D plane. The original BCTA by
Russell et al. [1983] is called the Constant Velocity
Approach (CVA) because it assumes V,, is a constant during
the crossing. By noting that the assumption of a constant
velocity may not be proper for current sheets in the magne-
topause, Haaland et al. [2004] develop the Constant
Thickness Approach (CTA) where the width of the bound-
ary is assumed to be a constant but ¥, a cubic polynomial of
time. In another method called the Discontinuity Analyzer
(DA) [Dunlop and Woodward, 1998], both the thickness and
the velocity can be varied but the normal vector i has to be
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Figure 7. (a) (left) 2-D profiles of Jy (color) with contours of ¥ of a discharge containing a flux rope.
A clear O-point related to the high local current density is formed and ejected downstream. (right) 2-D
profiles of By. Initially, the left side of the quadrupolar structure is destroyed due to the development of
the O-point structure (‘flux rope’). As the flux rope is ejected downstream, the quadrupolar structure is
recovered. The green diamond marks indicate the location of the sample measurement point for data
shown in Figure 7b. (b) Magnetic field data at a sample measurement point at (R, Z) =(37.6, —6). The bump
in the normal component By, is caused by the passing of the flux rope. (c) The same data after being trans-
formed into the (x, y, z) coordinate system suggested by MVAB. Three eigenvalues are shown above the
panel. Even though three eigenvalues are well-separated for this case, the (x, y, z) coordinate system con-
structed by MVAB is far from the real magnetic geometry.

obtained from single-spacecraft analysis such as MVAB.
Finally, the Minimum Thickness Variation (MTV) method
has been developed by combining all of the above three
methods [Paschmann et al., 2005]. MTV can be considered
as an improved version of DA since it does not require single-
spacecraft techniques. Instead, it uses CVA and CTA to find
n, and the velocity is modeled as a cubic polynomial of time
rather than a quadratic as in DA.

4.1. BCTA Results and Analysis: 2D Case

[24] Wenow apply CVA, CTA, and MTV to data from the
MRX jogging experiments to see whether they predict a
proper n, V,, and current sheet thickness ¢s. Data from the
same discharge shown in Figures 4, 5, and 6 is used. We
choose three test measurement points ((R, Z) = (38.5, —3),

(38.5, 3), and (33.7, 0); Y = 0 for all) that form a nearly
equilateral triangle in the main measurement plane with leg
length ~6 cm. One more measurement point is provided by
an additional probe at (R, Y, Z) = (36.5, —9, 0). Figures 8a
and 8b show the location of the four measurement points:
ri, I, I3, and ry. The location of r; marked by a red dia-
mond is actually 9 cm below of the plane. Thus, these
measurement points form a tetrahedron with the fourth point
at ¥ = —9 cm approximately 10 cm from the others. The
upstream density measured by a Langmuir probe for this
discharge is about 4 x 10'® cm >, which leads to an ion skin
depth of §; = c/w,; = 5.1 cm for this deuterium plasma.
Thus, the separation between measurement points is com-
parable to 6;.
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Figure 8. (a) Profile of Jy with contours of W of the discharge 114338 when the B, = 0 boundary is close
to r;. (b) That of B7. Four measurement points (ry, r», I3, and ry) used for BCTA are shown in both panels.
Those measurement points form a tetrahedron since ry, which is indicated by the red diamond mark, is
actually 9 cm below of the main measurement plane. Color scales are the same as in Figure 4. (c) Recon-
necting magnetic field B, profiles at 4 sample measurement points for BCTA. The location of the mea-
surement points in (R, Y, Z) coordinates is r; = (36.5, —9, 0), r, = (38.5, 0, —3), r; = (38.5, 0, 3), and
ry = (33.7, 0, 0), respectively. (d) Current sheet radial location Ry measured by magnetic probe arrays
at Z= -3, 0, and 3 cm. (e) Normal velocity V, from CVA, CTA, and MTV. The red, blue, and green
curves are radial velocities of the current sheet (dRcs/dt) at Z= —3, 0, and 3 cm, respectively. (f) Current
sheet width 6 from CVA, CTA, and MTV. The red, blue, and green curves stand for measured ¢y at
Z=-3,0, and 3 cm, respectively.

[25] Figure 8c shows By at each measurement point. These ~ [26] With these crossing times and durations, CVA

time profiles are fitted to the following Harris-type function: and CTA are performed to find the normal vector n.
The normal vector from CVA for this example is n =

0.9987ezr — 0.0435ey — 0.0260e, and that from CTA is n
= 0.9923e; + 0.1147ey — 0.0460e,. Both normal vectors
are close to the reference normal egz. The normal vector
The third term is required to take the field from external coils used for MTV is just the renormalized average over the
such as the PF and equilibrium field coils into account. above two normal vectors.

Following Haaland et al. [2004], t; is the CI'OSSiIlg time and [27] By ﬁtting radial B, proﬁles from the 2-D magnetic probe
7; is half of the crossing duration for i-th measurement point.  arrays into a similar Harris-type function of equation (10),

t—1t

Bz(t) = B, + B, tanh [ } + Cp(t—t;). (10)

i
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the radial current sheet location Ry and width é.g are deter-
mined independently. Figure 8d shows Rqg at Z = —3 cm
(the same Z location of r,), at Z= 0 cm (r; and ry), and at
Z =3 cm (r3), from which the radial velocity of the current sheet
can be computed as shown in Figure 8¢ (blue, red, green
curves). Black dashed vertical lines indicate four crossing
times (¢;). These measured values can be compared to estimates
from CVA, CTA, and MTV. The black horizontal line in
Figure 8e indicates the constant V,, from CVA of —5.71 km/s.
Average radial velocities over crossing times measured at
Z=-3,0,and 3 cm are —5.32, —5.51, and —5.80 km/s,
respectively. The cyan curve in the same figure is V,,(f) from
CTA, which is not in quantitative agreement with measured
values as the change of velocity is exaggerated. The result from
MTV (magenta curve) better describes the actual change of the
current sheet velocity during crossings. This is because 8¢y is
also allowed to vary in MTV and g is actually changing as
shown in Figure 8f. Again, the red, blue, green curves are
results from the Harris fitting and error bars represent uncer-
tainties in the fitting. 6y from CVA (black asterisks) is both
qualitatively and quantitatively in agreement with the measured
values. On the other hand, the thickness from CTA is 2.92 c¢m,
which is generally higher than the globally measured values.
The values from MTV is quantitatively all right, but does not
show the tendency of increasing g at Z= 0 (red curve) at later
times.

[28] The results from CVA are surprisingly close to the
measured values even though the radial current sheet
velocity varies from —8 to —3 km/s during the crossing as
shown in Figure 8e. Although the magnitude of the current
sheet velocity is changing, its direction remains radial,
so that the differences of crossing times by radial separations
are still dominant. Furthermore, CVA is not sensitive to
changes in the instantaneous velocity. As long as the average
velocity over ¢; to ¢;; does not change much, we can expect
reasonable results from CVA. However, the change of
instantaneous velocity does affect the reliability of results
from the Harris fitting by disrupting the time profile of the
maximum varying magnetic field component Bz. When some
of the Harris fittings are poor, we find that normal vectors
from CV A can be improved by taking the zero-crossing time
of B as the crossing time ¢;.

[29] The results from CTA are sensitive to the assumption
of constant current sheet thickness. In this example, dcg
changes over time especially at Z = 0 where both r; and ry
exist. The coefficients of the higher order terms of V,(¢)
become considerable due to the small changes in thickness,
exaggerating the change in V,. CTA is also sensitive to 7;
from the Harris fitting; small uncertainties in 7; can signifi-
cantly alter CTA results. In most of the cases we have tested,
the normal vector n from CTA is reasonable but V() and
bcs from CTA do not agree well with measured values.

[30] MTYV produces better results than CTA especially for
V(). However, dcs from MTV is sometimes far from
measured values. Moreover, MTV is generally unsuccessful
in reflecting the actual change in 8¢5, which is anticipated
because MTV minimizes the variance of dcg.

4.2. BCTA Results and Analysis: 3D Case

[31] We have also tested BCTA techniques on data from
discharges that undergo significant temporal changes caused
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by 3-D structures. Figure 9a shows the time evolution of Jy
with contours of U and By. At ¢ =330 us, the position of the
main X-point is near Z = 0 based on the quadrupole By
structure. An O-point is formed near Z = —3 cm, generating
another X-point probably near Z = —11 cm outside of the
measurement window. As shown in Figure 9b, the B; = 0
boundary passes r; = (36.5, —9, 0) much earlier than
rs =(36.4, 0, 0), indicating considerable toroidal asymmetry.
This flux rope dynamically evolves, changing the magnetic
geometry significantly. As it moves toward the +Z direction,
the original X-point is pushed toward the same direction and
the center of the quadrupolar By structure is shifted to around

= —9 cm, close to the second X-point, which means the
most active X-point is now at Z = —9 cm.

[32] The normal vector from CVA is n =
0.9816ez — 0.1906ey + 0.0089¢, and the normal velocity is
—5.87 km/s. n has a sizable ey component due to the toroidal
asymmetry probably caused by kink-type instability along
the out-of-plane current direction. As shown in Figure 9d,
the radial velocity of the current sheet (blue, red, and green
curves) remains relatively steady and ¥, from CVA agrees
with the average radial velocity during crossings which is
—5.81 km/s at Z = 0. §¢cg from CVA is also in agreement
with measured values as shown in Figure 9e. Since the radial
velocity is decreasing, §cg for the last crossing at ry is esti-
mated to be higher than the measured value at Z = 0.

[33] CTA also produces a reasonable normal vector for
this case, which is n = 0.9686ez — 0.2485ey + 0.0110e..
However, the V,(f) from CTA is totally deviated from the
measured radial velocity profile as shown in Figure 9d. In
this example, the first three crossing times are very close to
each other (see the black dashed vertical lines). The dura-
tions of the crossings, on the other hand, are diverse since
Ocs at different axial locations is actually different due to the
flux lope formation. To make the current sheet width for
each crossing the same, V() has to change quickly, so that
the coefficients of the higher order terms become unrealis-
tically large. In MTV, V,(f) is again better than CVA, but the
estimated ¢y is too small in this case.

5. Synthesis of Results

5.1. MVAB and BCTA

[34] To compare the results of BCTA with those of
MVAB, we perform MVAB for data from the same mea-
surement points as used in section 4.1. Table 1 summarizes
MVAB results which have similar trends to those described
in section 3. First, the normal suggested vector u; is close to
the reference normal ez at Z= +3 (r, and r3) but it becomes
a mixture of ey and e; at Z= 0 (r; and r4). Second, MVAB
determines the direction of the reconnecting field component
well at Z= 0, but at Z = 43, u3 is degraded as the Hall field
cannot be distinguished from the reconnecting field.

[35] A fundamental reason that MVAB sometimes fails to
determine a proper normal vector is that the X-line magnetic
geometry inherently has a 2-D structure. Let us explain this
under the idealized 2-D X-line geometry shown in Figure 10.
The boundary of 0B,/0x = 0 coincides with the current sheet
location at x = 0 and extends along the normal direction (X)
only at z = 0. Because MVAB requires a finite number of
samples of data around the boundary, at z # 0, it naturally
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Figure 9. BCTA for the discharge 114332 which has a ‘flux rope’ structure. (a) (left) 2-D profiles of
Jy (color) with contours of 1. Red dashed lines stand for the B, = 0 boundary. (right) Those of By. A clear
O-point is formed and moves to the +Z direction changing magnetic geometry. The location of the mea-
surement points is indicated by green and red diamonds. r; and rs has the same Z location and a similar R
location, but ry is located 9 cm below of the main measurement plane. (b) Reconnecting magnetic field B,
profiles at sample measurement points of r; = (36.5, =9, 0), r; = (38.5, 0, —3), r; =(38.5, 0, 3), ry, = (33.7,
0,0),and rs = (36.4, 0, 0) in (R, Y, Z). Although r; and r5 have a similar radial position, the B, = 0 surface
crosses r; much earlier, which is a sign of toroidal asymmetry of this discharge. (c) Current sheet radial
location Rcg measured by magnetic probe arrays at Z = —3, 0, and 3 cm. (d) Normal velocity V,, from
CVA, CTA, and MTV. The red, blue, and green curves are radial velocities of the current sheet (dRcg/dt) at
Z=-3,0, and 3 cm, respectively. (e) Current sheet width §cg from CVA, CTA, and MTV. The red, blue,
and green curves stand for measured g at Z= —3, 0, and 3 cm, respectively.

includes data from the region where 0B,/0x = 0 is not MRX jog experiment data at Z = 0 are degenerate (\; ~
satisfied. Even at Z = 0, the variance of B, is not guar- \,) since neither Bz nor By changes much.

anteed to be minimal since 0B,/0x is also zero there. [36] The results in Figure 6 support this idea. As shown in
Actually, more than 50 percent of the tested cases for Figure 6a, at Z= 0 in the vicinity of the X point, the length of
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Table 1. MVAB Results for Data From the Same Sample Measurement Points Used for BCTA in Figure 8*

Location u; R)Y,Z) u; (R)Y,Z) Eigenvalues
r (0.8871, 0.4612, 0.0182) (—0.0288, 0.0159, 0.9995) 3,19,2.07 x 10*
r; (0.9983, —0.0452, —0.0374) (0.0501, 0.3226, 0.9452) 1,47,1.37 x 10*
r3 (0.9964, —0.0741, —0.0401) (0.0149, —0.3134, 0.9495) 0.2, 23, 1.80 x 10*
ry (0.1002, —0.9942, —0.0388) (—0.0056, 0.0395, 0.9992) 0.2,3,1.35 x 10*

*The variable u; is the suggested normal vector and the variable us is the suggested direction of the reconnecting field.

the error bars becomes smaller with a large nest size M,
which is expected by equations (7) and (8). On the other
hand, the error bars do not change much at Z # 0. This is
because the smallest eigenvalue A\, becomes larger as M
increases, indicating the source of the variance is not from
random noise but from something systematic; the magnetic
geometry is not 1-D. With a larger data sample size, more
data points lie in the region where 0B,/0x # 0, increasing the
variance \;.

[371 CVA, on the other hand, estimates n based on the
moment that the boundary passes the measurement point.
Therefore, as long as the boundary is close to a plane and V,
is approximately constant over time, it produces a reasonable
n and V,. As shown in Figure 10, the B, = 0 boundary that
coincides with the location of the current sheet center is a
straight line (a plane in 3-D) in spite of the 2-D X-line
magnetic geometry. This is why crossing time analysis
works even for discharges with flux ropes like Figure 9. As
shown in Figure 9a, red dashed lines (B, = 0 boundaries)
remain close to a straight line especially between Z = £+3 cm
where crossing time analysis is employed.

[38] Another reason for BCTA’s better performance is that
BCTA utilizes the maximum-varying magnetic field com-
ponent (B,), while MVAB minimizes the small normal
component (B,). Thus, MVAB is more vulnerable to noise
and temporal changes than BCTA. The example shown in
Figure 7 supports that the temporal change in the magnetic
geometry can severely affect MVAB results.

5.2. Hybrid Technique for Magnetic
Geometry Determination

[39] We have confirmed that the normal vector from
BCTA is more reliable than that from MVAB. One disad-
vantage of BCTA is that it cannot differentiate the two tan-
gential vectors. MVAB, on the other hand, is robust in
estimating the direction of the reconnecting magnetic field
especially in the vicinity of the X-point where the Hall field
is small. Thus, the local magnetic geometry can be precisely
determined by appropriately combining two methods.

[40] We suggest the following procedure for the determi-
nation of the local magnetic geometry when four spacecraft
pass through a current sheet layer. First, employ MVAB for
all spacecraft data. Decide which spacecraft is closest to the
X-point by either looking at other data such as the ion
velocity or comparing A; and ), for each spacecraft. The one
that has the smallest sum of \; and ), is mostly likely to be
closest to the X-point. u; from that spacecraft is a valid
indicator for z and this is a temporary direction for the
reconnecting magnetic field, z'. Find the time evolution of
B., = B - 7' for each spacecraft. Then, estimate i = X and V,
by crossing time analysis such as CVA. Since i and Z' may
not be orthogonal, decide ¥ first from y =z’ x X. Finally, z

is given by Z = X x y. The transformation matrix obtained
by this procedure for data from the discharge 114338 is

x 0.9987 —0.0435 —0.0260 R
y | =100430 09969 —0.0147 Y|, (11)
z 0.0266 0.0135  0.9975 VA

which is very close to the desired identity matrix.

6. Summary and Discussion

[41] We have tested various techniques for determining
the boundary normal direction in space with the use of data
from the MRX jog experiment. Multispacecraft BCTA
techniques are more successful in estimating f than the
single-spacecraft method, MVAB. MVAB deduces the
direction of the maximum varying reconnecting magnetic
field well. The suggested Z is best in the vicinity of the
X-point since the effect from the Hall field is smallest
there. Thus, the complete local magnetic geometry can be
decided by using BCTA to find the normal vector i and
by employing MVAB to estimate Z. This hybrid proce-
dure is presented in section 5.2.

[42] The better performance of BCTA over MVAB
in estimating n comes from the following reasons. First,

BZ :O: aBY _ 8BV _ 0
oB Ox Ox '

Figure 10. Idealized X-line geometry. The orange box
illustrates the current sheet. The blue line is the boundary
of B. = 0 where 0B,/0x = 0 is satisfied. The 0B,/ox = 0
extends along the x direction only at z = 0 (red line), where
0B,/0x = 0 is also satisfied there.
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the reconnecting current sheet layer fundamentally has 2-D or
3-D structures, which often makes results of MVAB unreli-
able. Even though the X-line magnetic geometry is 2-D or 3-
D, the current sheet itself can be close to a plane as shown in
Figure 10. BCTA, in this case, can successfully estimate the
normal vector. Second, BCTA has more immunity to noise
and/or temporal changes since it utilizes the large magnetic
field component B, while MVAB has to rely on the smaller
normal component B,.

[43] Among BCTA techniques, the performance of CVA
is more robust than both CTA and MTV for MRX jogging
data. For CVA, the velocity of the boundary along the nor-
mal vector V, and the current sheet width §g are in agree-
ment with the measured values by the 2-D magnetic probe
arrays. CTA is more sensitive to the validity of its basic
assumption; results of CTA are deviated from the measured
values when the current sheet thickness is changing over
space and/or time. MTV estimates the instantaneous normal
velocity profile V,(f) generally better than CTA but it does
not reflect the actual variance of 6.5 In cases where the
constant thickness assumption is quite valid, V,(¢f) can be
further improved by applying MTV. One of the major
sources of errors of these BCTA techniques is uncertainties
in ¢; and 7; from the Harris fitting. CTA and MTV are more
sensitive to these errors than CVA.

[44] These results do not necessarily mean CVA is a better
method than CTA and MTV. Results from CVA may not be
reliable when the current sheet experiences significant
acceleration between each crossing. If the spacing between
spacecraft is much smaller than the system scale such that
the constant thickness assumption is valid, then CTA and
MTYV should be better choices over CVA. In MRX jogging
experiment, because the system size is not much greater than
the separation of sample measurement points and the current
sheet width changes over space and time, V,,(f) from CTA
and MTV does not reflect the actual normal speed of the
boundary.

[45] For BCTA, the distance between measurement points
(or spacecraft) is important. If the separation is too small,
the normal vector only reflects the local geometry that can
be different from the global geometry due to, for example,
flux ropes and/or kinked current sheets. If it is too large,
the basic assumption of the boundary being a plane may not
be satisfied. Moreover, ¥, may not be considered to be a
constant. For the MRX jog experiment, separation of (1-2)6;
is proper because our system size is about 100; and the
characteristic spatial scale of the kinked current sheet struc-
ture along toroidal direction is also expected to be compara-
ble to the ion skin depth.

[46] In the future, we plan to perform a more detailed
laboratory test of spacecraft data analysis techniques by
systematically changing the separation of measurement
points from the electron skin depth scale (order of mm) like
that in the MMS mission to the ion skin depth scale.
In addition, change along the out-of-plane direction will be
better monitored by placing multiple probes along the sym-
metric direction.
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