GEOPHYSICAL RESEARCH LETTERS, VOL. 40, 233–238, doi:10.1029/2012GL054574, 2013

Three-dimensional, impulsive magnetic reconnection in a laboratory plasma
S. Dorfman,1 H. Ji,1 M. Yamada,1 J. Yoo,1 E. Lawrence,1 C. Myers,1 and T. D. Tharp1
Received 15 November 2012; revised 28 November 2012; accepted 28 November 2012; published 22 January 2013.

[1] Impulsive, local, 3-D reconnection is identiﬁed for the
ﬁrst time in a laboratory current sheet. The events
observed in the Magnetic Reconnection Experiment are
characterized by large local gradients in the third direction
and cannot be explained by 2-D models. Detailed
measurements show that the ejection of ﬂux rope structures
from the current sheet plays a key role in these events. By
contrast, even though electromagnetic ﬂuctuations in the
lower hybrid frequency range are also observed concurrently
with the impulsive behavior, they are not the key physics
responsible. A qualitative, 3-D, two-ﬂuid model is proposed
to explain the observations. The experimental results may be
particularly applicable to space and astrophysical plasmas
where impulsive reconnection occurs.
Citation: Dorfman S., H. Ji, M. Yamada, J. Yoo, E. Lawrence,
C. Myers, and T. D. Tharp (2012), Three-dimensional, impulsive
magnetic reconnection in a laboratory plasma, Geophys. Res. Lett.,
40, 233–238, doi:10.1029/2012GL054574.

[2] Magnetic reconnection is a fundamental plasma
process involving the efﬁcient conversion of magnetic ﬁeld
energy to plasma kinetic energy through changing ﬁeld line
topology. Reconnection has been observed in a variety of
contexts [Yamada et al., 2010] including the solar surface
[Parker 1979; Tsuneta 1996; Priest and Forbes 2000], the
Earth’s magnetotail [Dungey, 1961; Birn, 2011], and tokamak
plasmas [von Goeler et al., 1974; Yamada et al., 1994;
Kadomtsev 1975]. In all these cases, reconnection is not only
fast but also impulsive; in other words, a slow buildup phase
is followed by a comparatively quick release of magnetic
energy. Signatures of impulsive behavior have been
previously identiﬁed in laboratory reconnection experiments
[Ji et al., 2004; Katz et al., 2010; Yamada 2011].
[3] An open question in the literature is if this behavior
can be described by a two-dimensional model with no
spatial variation in the out-of-plane (y) direction or if
impulsive reconnection is fundamentally three-dimensional.
While two-dimensional, impulsive reconnection models
exist, these models may be modiﬁed by the presence of a
third dimension. For example, the reconnection rate spikes
when secondary magnetic islands are ejected in 2-D
simulations [Daughton et al., 2006], but in 3-D runs these
islands become ﬂux ropes with complex structure in the
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third dimension [Daughton et al., 2011]. In 2-D systems,
there is a clear X-point where impulsive reconnection may
take place, but in 3-D, fast reconnection could take place
at all points along the X line simultaneously or spread in
the out-of-plane direction. Evidence for the later view is suggested by space measurements, including the spread of fast
reconnection signatures in the out-of-plane direction during
magnetospheric substorms [Nagai, 1982] and in a cascade
of solar coronal loops [Grigis and Benz, 2005]. The addition
of 3-D variation also allows for a large class of wave modes
with ﬁnite ky; these modes have long been considered as a
possible source of anomalous resistivity that may speed up
reconnection [Davidson and Gladd, 1975; Ji et al., 2004;
Bale et al., 2002; Carter et al., 2002; Daughton, 2003;
Wang et al., 2008].
[4] In this letter, localized current disruptions are
identiﬁed in the Magnetic Reconnection Experiment
(MRX) as the ﬁrst example of fast, impulsive, and
fundamentally three-dimensional local magnetic reconnection
in a laboratory current sheet. Signatures of ﬂux ropes are found
in the reconnecting current layer. The observed disruptions are
due to the ejection of these 3-D, high-current density regions
associated with O-points at the measurement location. By
contrast, magnetic ﬂuctuations, long considered as a possible
cause of anomalous resistivity, are not the key physics responsible for the observed impulsive phenomena.
[5] Experiments are performed on the MRX, a wellcontrolled and well-diagnosed driven laboratory experiment
[Yamada et al., 1997]. Two donut-shaped ﬂux cores produce
the plasma and drive the reconnection. In the pull phase of
the discharge studied here, a current sheet forms in the
plasma as a result of decreasing the current in the ﬂux cores.
No external guide ﬁeld is applied in the present experiments.
Also unlike prior studies of reconnection between externally
generated 3-D ﬂux ropes [Intrator et al., 2009; Lawrence
and Gekelman, 2009], ﬂux ropes may be spontaneously
generated in the MRX current sheet geometry. Additional
details of the experimental setup are described elsewhere
[Yamada et al., 1997; Dorfman 2012]; for the purposes of
this letter, the reconnection region in a localized toroidal section of the device is considered. This region is illustrated in
Figure 1; R is the inﬂow direction, Z is the outﬂow direction,
and y is a Cartesian coordinate locally oriented in the
azimuthal direction. Two probe setups are shown: one for
measurements in the reconnection plane (left) and one to
measure variation in the out-of-plane (y) direction (right).
This approach differs signiﬁcantly from Katz et al. [2010],
which models impulsive reconnection with a guide ﬁeld as
a global (i.e., periodic in the third direction) rather than a
local phenomenon. While global impulsive reconnection
may be more applicable to tokamak sawteeth and reverseﬁeld pinches where similar periodicity is observed [Yamada
et al., 1994; Tharp et al., 2010], the present study is more
relevant to space and astrophysical plasmas which have no
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Figure 1. Probe locations in the current sheet for in-plane measurements (left) and out-of-plane measurements (right). The
local coordinate system is indicated by the coordinate axes in both plots. The Cartesian coordinate y is locally oriented in the
azimuthal direction of MRX. For illustration purposes, parts of the reconnection plane are shaded gray. In the left panel,
seven ﬁne structure magnetic ﬁeld probes (light green), each with 35 magnetic sensors, are located in the y = 0 plane on both
sides of the current sheet. In the right panel, ﬁve ﬁne structure probes, each with 50 magnetic sensors, are located at Z = 0 but
at various out-of-plane y positions. Probes in both setups are separated by 3 cm. Additional probes to measure density,
temperature, or high frequency magnetic ﬁeld ﬂuctuations may be placed nearby in the blue positions.
such periodicity [Eastwood et al., 2007]. At the time of the
observed disruptions, typical plasma parameters are ne
1013/cm3 and Te  5 eV. This gives a mean free path of
5 cm for electron-ion collisions, which is larger than the
typical current sheet width of 1–2 cm; thus, the MRX
layers at the disruption time are considered to be
collisionless.
[6] Data gathered using the in-plane setup from Figure 1
illustrate well the basic features of a current layer disruption,
deﬁned as an event where the current density drops and the
inductive electric ﬁeld peaks. Discharges are prepared using
a set of parameters that have been experimentally found to
lead to current layer disruptions at the y location of the
measurements. From a few hundred identically prepared
discharges, cases with a clear disruption at the probe
location are selected using strict quantitative criteria, such
as those outlined in the caption of Figure 3. On average,
one out of every three cases meet the criteria for a total of
over 100 disruptive discharges in each experimental setup.
While there is considerable variation in the details of each
disruptive discharge, the key features discussed in this paper
are common to nearly all discharges that meet the
quantitative criteria for a disruption. One such discharge is
shown in Figure 2. As illustrated in row A, the total outof-plane current is initially 8 kA but drops by 3 kA within about
4 ms around t = 332 ms. This time scale for the out-of-plane
current drop is comparable to an ion cyclotron time of  4 ms
obtained from the upstream reconnecting ﬁeld at t = 332 ms.
At the same time, the electric ﬁeld rises from 2 V/cm to over
4 V/cm as the reconnection rate spikes. This inductive electric
ﬁeld at the X-point is obtained through integration of magnetic
ﬂux; error from toroidal asymmetry associated with disruptive
discharges is estimated at no more than 10 % [Dorfman, 2012].
[7] The details of the layer structure for this discharge
reveal that the disruption is due to the ejection of a highcurrent density O-point structure from the layer. Each of the
three panels in rows B, C, and D of Figure 2 represent a
time indicated by a vertical dashed line in row A. The height
of the contours in row B (equivalent to the color in row C)
shows the out-of-plane current density moving outward in
Z over the course of the disruption. One of these areas of
high-current density has a clear O-point structure as

illustrated by the ﬂux contours and BR measurements shown
in rows C and D. At t = 330 ms, just before the total current
drops, BR as a function of Z at the R location of the X-point
shows two clear zero crossings, identiﬁed as the X and Opoints on the ﬁgure. Consistent with this, the corresponding
ﬂux plot clearly shows the O-point associated with the
ﬂux rope structure. A third zero crossing is not well resolved
but suggests a possible second ﬂux rope at Z. To avoid
confusion with the various deﬁnitions of ﬂux ropes that
appear in the literature, a “ﬂux rope” is deﬁned here as a
3-D, high-current density region associated with an O-point
at the measurement location. Inside a ﬂux rope, density is
peaked, and an enhanced core ﬁeld may be observed. Since
these additional signatures are not always clear, it is
important to note that the deﬁnition presented here differs
from the most rigorous deﬁnitions of a ﬂux rope (e.g., NRC
[2004]) found in the literature.
[8] Current disruptions occur in discharges with strong
local 3-D asymmetry in the pull phase initial condition. This
may be seen by examining data from the stacked probe
conﬁguration on the right side of Figure 1. Positive y, which
points downward, approximates the out-of-plane electron
ﬂow direction within the layer. At the toroidal location of
the measurements, gradients of the equilibrium density and
magnetic ﬁeld in the y direction are a key feature of the
initial condition of the MRX pull phase; these gradients have
a typical scale length only one order of magnitude greater
than the width of the layer. This average behavior is shown
in the left panel of Figure 3 for the density at the center of
the layer and the upstream magnetic ﬁeld Bsh at a time near
the start of the pull phase of the discharge prior to the
disruption and before ﬂux rope formation. Data are averaged
over discharges with a clear disruption, selected using the
thresholds explained in the ﬁgure caption. In the right panel,
density and magnetic ﬁeld are displayed during a later
portion of the pull period, by which time the disruption has
already taken place and the original gradient in the upstream
magnetic ﬁeld has relaxed.
[9] To better understand the role of these gradients, the
out-of-plane magnetic ﬁeld proﬁle in the R-y plane is
examined as a function of time for an example discharge in
Figure 4. A buildup phase occurs during the time period
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Figure 2. An example of a current layer disruption in which the electric ﬁeld peaks and the current drops as a ﬂux rope
structure is ejected from the layer. (Row A) Total out-of-plane current drop and reconnection rate enhancement during a
current layer disruption. Shown are the total out-of-plane current integrated over the ﬁeld of view of the ﬁne structure array
(thick dashed line) and inductive electric ﬁeld at the X-point (solid line) for a representative deuterium discharge at 8 mTorr.
(Row B) Detailed layer proﬁles from the ﬁne structure magnetic ﬁeld probes for the three times indicated by the vertical
dashed lines in the top panel. The height of the contours represents out-of-plane current density Jy obtained though
differentiation of 2-D magnetic ﬁeld data, the color scale inductive electric ﬁeld Ey, and the arrows in-plane current
derived from the out-of-plane magnetic ﬁeld. (Row C) Flux plots with current density shaded for the same three times.
(Row D) BR as a function of Z at the R location of the current sheet center as measured by the ﬁne structure probe array.
As the disruption proceeds, the layer aspect ratio decreases; at the same time, BR increases, ﬁrst near Z = 0 and then at outer
Z locations. X and O-points for the ﬁrst time slice are marked on the ﬁgure.
shown by the ﬁrst row of plots; the green region where
magnetic ﬁeld is small visibly narrows, especially at smaller
y, indicating an increase in current density. The region in
which this buildup occurs is typically characterized by a
density gradient in the electron ﬂow (+ y) direction,
consistent with a buildup mechanism similar to the layer
sharpening described by Huba and Rudakov [2003]. The second row of plots shows the disruption phase; the green region
broadens, ﬁrst at small y by t = 331.6 ms and then at large y by
t = 333.2 ms. Thus, the disruption process is not uniform in y

but rather spreads in the electron ﬂow (+ y) direction. The time
evolution of these y gradients of Bz is related to the ﬂux rope
structures observed in the in-plane measurements. When a ﬂux
rope builds up at or passes by the location of the probes
stacked at Z = 0, the layer narrows. Once the ﬂux rope is
ejected past the Z location of the stacked probes, the layer is
seen to broaden and disrupt.
[10] While 3-D ﬂux ropes are analogous to 2-D islands,
several key features of the observed current disruptions have
no clear 2-D analog. For example, strong out-of-plane

235

10

50

5

0

electron flow

0.12 0.06 0
y (m)

0.12 0.06 0
y (m)

3
13

100

B

sh

(G)

Shots 105218−105731, Emax>2V/cm, H2
200
20
B
−14.8µs 4.8µs
sh
ne 15
150

ne (10 /cm )

DORFMAN ET AL.: 3-D IMPULSIVE RECONNECTION

0

Figure 3. Probe measurements of out-of-plane gradients
before a current layer disruption and prior to ﬂux rope
formation (left) and after the disruption (right). Black
crosses represent the upstream magnetic ﬁeld obtained from
ﬁtting the experimental data to a Harris proﬁle [14] in the
inﬂow region at Z = 0. Blue circles show density measured
at the current sheet center at Z = 2.6 cm. Data are averaged
over 101 hydrogen dischanges at 10.8 mTorr with a peak
inductive electric ﬁeld of at least 2 V/cm at y = 6 cm. The
time indicated in the upper portion of each panel is with
respect to the disruption time. In the pull phase initial
condition, there are strong gradients in both quantities in
the out-of-plane electron ﬂow (+ y) direction. Following
the disruption, the original magnetic ﬁeld gradient has
relaxed, and density is lower.
gradients are consistently observed in disruptive discharges;
this association cannot be explained by a 2-D model.
Similarly, the spreading of the disruption in the y direction
requires 3-D physics to explain. Finally, magnetic
ﬂuctuations in the lower hybrid frequency range with ﬁnite
ky are observed concurrently with disruptions (see, for example, the bottom panel of Figure 4). Although these
ﬂuctuations have characteristics consistent with Ji et al.
[2004], the observed out-of-plane gradients and ﬂux rope
structures are not predicted by a picture in which small-scale
ﬂuctuations are responsible for a locally enhanced reconnection rate. Therefore, neither a 2-D model nor an anomalous
resistivity model is capable of explaining the observations.
The key features of the disruption imply a fundamentally
three-dimensional process.
[11] This leads to an important question: How do these
3-D features lead to the observed disruptions? While this
is still a subject of active research, with some physical
intuition, it is possible to construct a simpliﬁed model
consistent with the observations. This 3-D two-ﬂuid model
is built on the 2-D Hall MHD picture. Due to the twoscale structure of the diffusion region, there is a region
where only electrons are frozen to the ﬁeld and Hall
MHD applies. Here, electrons and magnetic ﬁeld move
together, while the slower ions control plasma density.
The resulting conﬁguration in the inﬂow region is schematically illustrated by the magnetic ﬁeld lines (circles) and
electron ﬂow vectors (arrows) in the left panel of Figure 5.
Although frozen-in electron ﬂow convects magnetic ﬁeld
Bz towards the red dissipation region in both the x and y
directions, there is no y variation of the ﬁeld or ﬂow due
to the symmetry constraint.

[12] In 3-D, this same Hall physics may lead to disruptions. In the simpliﬁed physical picture shown in the right
panel of Figure 5, density is uniform, and the key difference
from the 2-D case is the introduction of an out-of-plane electron ﬂow gradient associated with magnetic ﬁeld gradients
(see ﬁgure caption for details). Under the charge neutrality
assumption, electron ﬂow continuity in the Hall MHD
region demands that a nonzero and positive @ vey/@ y be
supported by an enhanced inﬂow of electrons and ﬁeld from
the outer edge of the Hall MHD region as indicated by the
thick green arrows. As the dissipation region adjusts to this
dynamical change, the reconnection rate is enhanced. The
faster conversion of reconnecting ﬁeld Bz to reconnected
ﬁeld Bx also self-consistently reduces vey, modifying the
initial gradient, causing the disruption to spread in the
electron ﬂow direction within the layer. These 3-D two-ﬂuid
effects are similar in many ways to prior studies of “reconnection waves” and Hall MHD shocks [Rudakov and Huba
2002; Huba and Rudakov 2002, 2003; Lapenta et al.,
2006]. The proposed physical picture of the disruption may
equivalently describe the propagation of the “reconnection
wave” outlined by Huba and Rudakov [2002]. In this case,
the vey gradients and 3-D ﬁeld line structure are not part of
the initial condition; they are instead due to an externally
imposed magnetic ﬁeld perturbation.
[13] Several key features of the proposed model agree well
with MRX observations. For example, the model explains
the observed peak in the reconnection rate, the disruption
spreading in y, and the importance of the out-of-plane
magnetic ﬁeld gradient in the initial condition. Consistent
with Yamada et al. [2010], the enhanced inﬂow described
by the model means that the Hall signatures will peak at
the disruption time; measurements of the quadrupole
magnetic ﬁeld and electrostatic potential well (not shown)
corroborate this prediction. Although the observed ﬂux
ropes are not explicitly included in the model discussed
here, note that the cut in Figure 5 is taken at the Z location
of the X-point. As the reconnection rate at the X-point
peaks at a given y location, any ﬂux ropes that have formed
to the side of the X-point will necessarily be ejected
outward, consistent with the picture of Figure 2. This
ejection process causes the gross magnetic topology change
in rows B and C of the ﬁgure that makes the disruption
rather dramatic.
[14] An important aspect of this proposed physical picture
is that out-of-plane gradients locally drive the reconnection
through the Hall term, and the dissipation region adjusts to
produce impulsive behavior. This is in direct contrast to
anomalous resistivity models where the key physics takes
place inside the dissipation region and the outside regions
adjust. Thus, this new 3-D two-ﬂuid picture is important
because (1) it shows that the Hall terms which lead to steady
state fast reconnection in 2-D can lead to localized, fast,
impulsive reconnection in 3-D and (2) it decouples
impulsive phenomena from the detailed physics of the
electron dissipation region, relegating magnetic ﬂuctuations
once thought to be directly responsible for fast reconnection
to a less consequential role.
[15] The observations presented in this paper may be
particularly applicable to space and astrophysical plasmas
where impulsive reconnection occurs. For example,
observations of busty bulk ﬂows in the magnetotail are
consistent with 3-D bursts of spatially localized reconnection
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Figure 4. Out-of-plane view of current density increase and subsequent disruption. Magnetic ﬁeld Bz is plotted at six times
as a function of R and y for an 8.5 mTorr deuterium discharge. The top row shows the buildup phase with time increasing to
the right, while the second row shows the disruption. Note that the disruption spreads from top to bottom in the electron ﬂow
(+ y) direction. Also shown in the bottom panel of the ﬁgure is a plot of magnetic ﬂuctuations measured at Z = 0 cm, y = 7.5
cm, and R = 38.5 cm with the six times for the upper plots indicated by vertical red lines.
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Figure 5. Diagram of the inﬂow region showing electron ﬂow (arrows) convecting ﬁeld line (circles) towards the
dissipation region (red shaded region) in both the 2-D case with no spatial variation in the out-of-plane direction (left)
and a simpliﬁed 3-D case with an out-of-plane electron ﬂow gradient (right) associated with added y variation of Bx. Bx is
not shown explicitly, but the resulting modiﬁcations to the ﬂow pattern and current density in the 3-D case are. For
example, lighter shading represents lower current density in the dissipation region due to larger @ Bx/@ z. The 3-D variation
shown may lead to a layer disruption as described in the text.
[31]. Other key features of 3-D impulsive reconnection
observed in MRX also have possible analogs in space
observations, including current disruptions [Lui et al., 1990;

Ohtani et al., 1992; Baker et al., 1996], ﬂux rope signatures
[Eastwood et al., 2007], and electromagnetic ﬂuctuations
[Pickett et al., 2001; Zhou et al., 2009]. Future multi-point
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satellite studies (e.g., Cluster and Magnetospheric Multiscale)
could be used to examine the potential importance of gradients along the X line. Thus, comparison with MRX observations may provide important clues to the nature of 3-D
reconnection processes observed in the magnetotail
[Nagai, 1982; Shay et al., 2003] and on the solar surface
[Grigis and Benz, 2005].
[16] In summary, current disruptions are identiﬁed in the
Magnetic Reconnection Experiment as a new local, 3-D
way to quickly release magnetic energy. These disruptions
are due to the ejection of 3-D, high-current density ﬂux rope
structures. In these discharges, the initial condition of the
MRX pull phase (prior to ﬂux rope formation) is
characterized by strong local gradients in the out-of-plane
direction. Further underscoring the 3-D nature of the
process, the ﬂux ropes are not ejected from the layer at all
y locations symmetrically; instead, the disruption appears
to spread in the electron ﬂow (y) direction. These features
cannot be explained by either a 2-D or an anomalous
resistivity model. Instead, a 3-D, two-ﬂuid model consistent
with the observations is proposed as a possible disruption
mechanism. Future work will focus on 3-D probe array
measurements to more fully resolve the reported ﬂux ropes,
simulations to validate the proposed model, and comparison with ﬂux ropes [Eastwood et al., 2007] and disruptions
[Ohtani et al.,1992] reported in space observations.
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