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Fast, impulsive reconnection is commonly observed in laboratory, space, and astrophysical

plasmas. In this work, impulsive, local, 3-D reconnection is identified for the first time in a

laboratory current sheet. The two-fluid, impulsive reconnection events observed on the Magnetic

Reconnection Experiment (MRX) [Yamada et al., Phys Plasmas 4, 1936 (1997)] cannot be

explained by 2-D models and are therefore fundamentally three-dimensional. Several signatures of

flux ropes are identified with these events; 3-D high current density regions with O-point structure

form during a slow buildup period that precedes a fast disruption of the reconnecting current layer.

The observed drop in the reconnection current and spike in the reconnection rate during the

disruption are due to ejection of these flux ropes from the layer. Underscoring the 3-D nature of the

events, strong out-of-plane gradients in both the density and reconnecting magnetic field are found

to play a key role in this process. Electromagnetic fluctuations in the lower hybrid frequency range

are observed to peak at the disruption time; however, they are not the key physics responsible for

the impulsive phenomena observed. Important features of the disruption dynamics cannot be

explained by an anomalous resistivity model. An important discrepancy in the layer width and

force balance between the collisionless regime of MRX and kinetic simulations is also revisited.

The wider layers observed in MRX may be due to the formation of flux ropes with a wide range of

sizes; consistent with this hypothesis, flux rope signatures are observed down to the smallest scales

resolved by the diagnostics. Finally, a 3-D two-fluid model is proposed to explain how the

observed out-of-plane variation may lead to a localized region of enhanced reconnection that

spreads in the direction of the out-of-plane electron flow, ejecting flux ropes from the layer in a

3-D manner. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862039]

I. INTRODUCTION

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 contexts1

including tokamak plasmas,2–4 the solar atmosphere,5–7 and the

Earth’s magnetotail.8,9 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.10–12

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 mod-

els may be modified by the presence of a third dimension. For

example, the reconnection rate spikes when secondary mag-

netic islands are ejected in 2-D simulations,13 but in 3-D runs

these islands become flux ropes with complex structure in the

third dimension.14 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.10,15–19

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 from both the

magnetosphere and solar surface. In standard 2-D models of

solar reconnection, the observed X ray emission from ener-

getic electrons at the footpoints of a coronal loop moves

outwards as successive field lines reconnect.20 However, the

observations show that there is a different pattern of emis-

sions in select cases consistent with a 3-D spreading of the

reconnection site along an arcade of neighboring loops.21 In

the magnetosphere, the distribution and time development of

reconnection signatures in the out-of-plane direction also

suggest a 3-D reconnection process.22,23

A large array of 3-D behaviors has also been observed in

laboratory experiments. Experiments with a grid used to

locally change the aspect ratio of the current sheet showed that

3-D tearing modes developed for large enough current sheet

aspect ratios.24 Newer experiments, involving the reconnection

of externally generated flux ropes, also show a rich 3-D

structure.25,26 In previous work on the Magnetic Reconnection

Experiment (MRX), magnetic fluctuations were sometimes

observed in conjunction with two-fluid reconnection, suggest-

ing an impulsive, 3-D picture.12,27 On the Versatile Toroidal

Facility (VTF), experiments with a strong guide field find that

reconnection starts at one location and propagates in both

directions around the torus11 at the Alfv�en speed. This is due

to the presence of a global m¼ 2 or m¼ 3 mode in the device.
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In contrast to the symmetric spreading found in the VTF

experiments, when an equilibrium with zero guide field is set

up in collisionless simulations such that reconnection is ini-

tialized in one location, the perturbation is often observed to

spread asymmetrically in the third direction.28,29 In the strong

guide field case, simulations find that X-line spreading is due

to bidirectional excitation of Alfv�en waves while in the case

with no guide field, the unidirectional spreading of the current

carriers dominates.30 The “reconnection wave” associated

with this spreading in the zero guide field limit propagates in

the direction of the current carriers and is driven by magnetic

curvature in the electron frozen in region.28 Similar Hall

physics also describes the case of a density gradient in the

electron flow direction within the current layer. In a 2-D Hall

MHD picture with the outflow direction taken to be the sym-

metry direction, this may lead to magnetic shock like struc-

tures that rapidly thin the layer in the gradient region.31,32

3-D effects were previously identified as a leading candi-

date mechanism to explain an important discrepancy between

MRX observations and 2-D particle-in-cell simulations.

Specifically, the width of the electron diffusion region is con-

sistently 3-5 times higher in MRX than in the simulations.33

Since the width of the layer is related to the strength of the

off-diagonal pressure terms in collisionless simulations, this

discrepancy has important implications for the nature of the

dissipation mechanism at the X-line. Prior investigations have

focused on weak Coulomb collisions,34 electromagnetic fluc-

tuations,35 and the influence of the probes used in the meas-

urements, but a definitive answer remains elusive.

In this paper, localized current disruptions are identified

in MRX as the first example of fast, impulsive, and

fundamentally three-dimensional local magnetic reconnec-

tion 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.

The paper is organized as follows: Section II describes

the experimental setup in MRX, including details of the dis-

charge evolution and diagnostic setup. Section III describes

the relationship between impulsive reconnection and the

observed electromagnetic fluctuations. The detailed structure

of the current layer during these impulsive events, including

observed current disruptions and flux rope structures, is cov-

ered in Sec. IV. This is followed by Sec. V which details a

qualitative 3-D, two-fluid picture that may explain the obser-

vations and explores the idea of small-scale flux ropes as a

possible solution to the layer width discrepancy. Finally,

concluding points are presented in Sec. VI.

II. EXPERIMENTAL SETUP

The experiments reported in this paper were conducted on

MRX at the Princeton Plasma Physics Laboratory (PPPL).36

MRX is a small laboratory device aimed at creating reconnec-

tion in a controlled setting where it can be studied in detail.

The device is unique in that the details of the two-scale

structure of the diffusion region may be resolved with little or

no guide field, producing results that can be directly compared

to the standard 2-D picture observed in simulations.33,37,38 This

allows for the present investigation in a real plasma on how the

2-D picture may be modified to produce the impulsive recon-

nection observed in real laboratory and astrophysical systems.

MRX is a cylindrical vacuum vessel with an inner radius

of 76.2 cm and a 0.6 cm thick stainless steel wall; inside the

vessel are two donut shaped flux cores of major radius

37.5 cm and minor radius 9.4 cm that produce the plasma

and drive the reconnection. Each flux core consists of two

windings, known as the Poloidal Field (PF) and Toroidal

Field (TF) coils. A cutaway view of the machine showing

the flux cores is shown in the left schematic of Fig. 1 along

with the MRX coordinate system. Z is along the axis of the

cylinder, R is radially outward, and h is the out of plane coor-

dinate around the cylinder: together these make up an R, h, Z
right handed cylindrical coordinate system. The experimen-

tal data presented primarily use the coordinates R, y, Z where

R is the inflow direction, Z is the outflow direction, and y is a

Cartesian coordinate locally oriented in the azimuthal direc-

tion in the small section of the device that most of the meas-

urements are made. This region is illustrated in Fig. 2. Two

probe setups are shown: one for measurements in the recon-

nection plane (left) and one to measure variation in the

out-of-plane (y) direction (right). This approach differs sig-

nificantly from Katz et al.11 which models impulsive recon-

nection with a guide field as a global (i.e., periodic in the

third direction) rather than a local phenomena. While global

impulsive reconnection may be more applicable to tokamak

sawteeth and reverse-field pinches where similar periodicity

is observed,3,39 the present study is more relevant to space

and astrophysical plasmas which have no such periodicity.40

The current waveforms driven in the flux cores for a typical

discharge are shown in Fig. 3. For this particular discharge, six

60 lF capacitors dump 10 kV into the PF windings at t¼ 100 ls,

leading to the vacuum field shown on the left side of Fig. 1.

Once the PF current reaches its peak value at t¼ 214 ls, four

additional 60 lF capacitors are triggered, dumping 12 kV into

FIG. 1. Schematic of MRX operation and coordinate system. The left figure

shows a cutaway view of the flux cores with the MRX coordinate system

and a vacuum magnetic field. On the right is the configuration after the

plasma has been created and the current in the flux cores begins to decrease:

magnetic field lines that span both flux cores are pulled back in to reconnect

in the central region.
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the TF windings. Plasma is then created ohmically, with higher

density in the region near the flux cores where the inductive field

produced by the TF windings is stronger.

Even though the PF current begins to decrease at

t¼ 214 ls, the poloidal field does not respond to the pulling

right away. The evolution is instead dominated by TF drive.

Due to the plasma production process, there is excess density

and Bh magnetic field near the flux cores; this plasma and field

pushes towards the X-point located at the vessel midplane. In

the counter-helicity mode used in this work, the TF windings

are connected such that the two flux cores produce opposite

signs of Bh. At the X-point, where the magnetic field is small,

currents are driven in the plasma to prevent the inward motion

of field in Z. In the region of this push current sheet, Bh and BR

annihilate to produce BZ and particle kinetic energy in what is

known as the push phase of the discharge. This occurs during

the time from t� 260–300 ls, shaded in cyan in Fig. 3.

The focus of this work is on dynamics during the pull

phase of the discharge from t � 310–350 ls, shaded in green

on Fig. 3. By this time, the PF current has significantly

decreased, reducing the magnetic pressure by the flux cores;

meanwhile, the ramp-up of the TF current stops. As a result,

push reconnection stops, and poloidal magnetic field lines

surrounding both flux cores reconnect, breaking in the center

region and moving back into the cores on either side. This

conversion of BZ to BR is shown in the right panel of Fig. 1.

A current sheet forms and elongates in the central region to

oppose the change in flux. At the time of the observed dis-

ruptions, 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 cur-

rent sheet width of 1–2 cm; thus, the MRX layers at the dis-

ruption time are considered to be collisionless.

The dynamics of the pull phase of reconnection crucially

depend on the initial conditions set by the push phase. In

some discharges, Bh has completely annihilated by the time

pull reconnection starts, but more typically the push phase is

slightly unbalanced, leading to a small left over negative

guide field that is typically �25% of the reconnecting field

for the MRX operational mode used here. Furthermore, push

reconnection does not occur symmetrically at all h locations;

as a result, the initial conditions for the pull phase may

include the toroidal non-uniformities in density and field

studied in Sec. IV C. This configuration is generated at the

measurement location by operating the TF coils such that the

toroidal field produced during the push phase is in the �h
direction on the –Z side and the þh direction on the þZ side;

this setup is termed “Case O” by Inomoto et al.41 However,

the precise push dynamics that create the non-uniformity are

still a topic of active research; the present study takes the

measured toroidal non-uniformities as an initial condition

and explores the resulting pull reconnection dynamics.

III. ELECTROMAGNETIC FLUCTUATIONS

An appealing picture long considered as a candidate to

explain fast reconnection is as follows: electromagnetic fluc-

tuations generated by gradients in the reconnection region

lead to additional terms in Ohm’s Law at the center of

the diffusion region.43,44 Due to the correlation between fluc-

tuating quantities, these terms enhance E/J, the effective

FIG. 2. 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

y¼ 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 Z¼ 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 fluc-

tuations may be placed nearby in the blue positions. Reprinted with permission from Dorfman et al., Geophys. Res. Lett. 40, 233 (2013).42 Copyright 2012

American Geophysical Union. All Rights Reserved.

FIG. 3. Typical MRX flux core current waveforms for the present experi-

ment. Shown as a function of time are the PF waveform (solid black), TF

waveform (dashed blue), and cyan and light green shadings representing typ-

ical times for the push and pull phases of the discharge, respectively.

012109-3 Dorfman et al. Phys. Plasmas 21, 012109 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.112.66.66 On: Thu, 17 Apr 2014 05:02:42



resistivity at the center of the diffusion region. Because the

modes considered have finite ky in the out-of-plane direction,

this mechanism requires variation in all three spatial direc-

tions. A simple Sweet-Parker type analysis predicts that the

additional dissipative terms from the fluctuations will

enhance the observed reconnection rate. Therefore, a pro-

posed model for an impulsive event is as follows: (1) recon-

nection starts slow, (2) fluctuations are generated due to

gradients in the reconnection region, (3) dissipation is

enhanced and reconnection speeds up, (4) the fluctuations

relax the gradients and thus can no longer be driven, and

finally (5) the reconnection rate returns to its slower classical

value.

Previous work on MRX10 showed a positive correlation

between the fluctuation amplitude and the reconnection rate.

While this result may be interpreted to support an anomalous

resistivity model of fast reconnection, new detailed measure-

ments of the fluctuation characteristics and layer structure

(all completely consistent with Ji et al.10) reveal additional

features that are not explained by this model. Furthermore, it

is possible to show that if the observed modes have a phase

velocity comparable to the electron drift velocity (as meas-

ured by Ji et al.10 and Roytershteyn et al.35), the expected

contribution to the force balance will be on the order of 1%.

Following the same analysis as Ref. 10, the momentum per

unit volume carried by the waves may be estimated as

kyE=x, where E � 2j ~Bj2=8p is the total wave energy density.

The contribution to the out-of-plane force balance of the

electric field Ewave
y associated with the transfer of energy

from electrons to the waves is then estimated; this force is

given by the momentum per unit volume times twice the

growth rate c of the wave

enEwave
y ¼ 2ky

j ~Bj2

8p
2c
x
: (1)

Equation (1) with the assumption x/ky¼ vde leads to an

estimate of Ewave
y that is too small to explain the observed

reconnection electric fields. Plugging x/ky¼ vde into Eq. (1)

with vde ¼ c=4pneð Þ Bz
?=dð Þ [Bz

? is measured at one layer

width d upstream] and assuming highly nonlinear waves

with c � x

Ewave
y ¼ 2

x
c

d
Bz

?
j ~Bj2: (2)

Plugging in typical MRX parameters: d � 1 cm, Bz
? �

150 G and using a large fluctuation amplitude of ~B � 5 G at

x � 2p� 2 MHz, the resulting Ewave
y is only �4 V/m, two

orders of magnitude too small to explain the force balance in

MRX. Note that this differs from the conclusion of Ji

et al.;10 this is because the product of the low density used in

this previous estimate times the phase velocity of the

observed modes is much smaller than the observed current

density. In other words, for typical MRX parameters, there

can only be a significant contribution to the force balance

from the fluctuations for modes with a phase velocity signifi-

cantly less than the electron drift speed. Consistent with this,

3-D simulation cases have been found with x/ky � vde

where fluctuations account for a portion of the force balance.

These cases also have Te>Ti (Ref. 35) which is not usually

true in the experiment.

Nonetheless, fluctuations are often found to be associ-

ated with impulsive behavior in the experiment. To illustrate

this relationship, an example discharge is shown in Fig. 4. In

the top panel of the figure, an impulsive event may be clearly

identified during the time period between 330 and 335 ls.

Key signatures include a drop in the out-of-plane current

density Jy, a peak in the inductive electric field Ey, and large

fluctuations at a nearby location. The bottom panel of the fig-

ure shows that the fluctuations occur when the current layer

in black passes by the location of the fixed fluctuation probe

in blue, consistent with previous MRX observations.10,27

However, note that the fluctuations do not peak until the

time that the inductive electric field Ey associated with the

impulsive event peaks even though the current sheet crosses

the exact location of the fluctuation probe 1 ls earlier. This

is evidence that the timing of the fluctuations depends not

only on the location of the current sheet but also on the tim-

ing of the impulsive event.

However, it is impossible to tell from Fig. 4 whether the

fluctuations are a cause or a consequence of the impulsive

event. In order to determine the answer to this question, a

more in-depth look at current layer structure is necessary.

This is covered in the following section.

IV. CURRENT LAYER DISRUPTIONS

A. Flux rope ejection

An example of what happens during a current disrup-

tion is shown in Fig. 5. The top time trace in panel A is the

total out-of-plane current integrated over the field of view

of the fine structure array in the left panel of Fig. 2. Plotted

underneath is the inductive electric field at the X-point

obtained through flux integration. The total out-of-plane

FIG. 4. Example showing the association of fluctuations with an impulsive

reconnection event. Top panel: Inductive electric field Ey and current density

Jy from fine structure probe measurements at Z¼�3 cm, y¼ 0 and the raw

magnetic fluctuation trace ~Bz at Z¼�4.5 cm, y¼ 2.6 cm. Bottom panel:

Location of the current sheet (black trace), edge of the current sheet (black

dashed trace), and location of the fluctuation probe (blue line). When an im-

pulsive event (characterized by Ey peaking and Jy dropping) occurs, the fluc-

tuations peak even though the layer center crosses the location of the

fluctuation probe 1 ls earlier.
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current is initially 8 kA, but drops by 3 kA within about 4 ls

around t¼ 332 ls. This timescale for the out-of-plane cur-

rent drop is comparable to an ion cyclotron time of �4 ls

obtained from the shoulder field of a Harris fit to the mag-

netic profile at t¼ 332 ls. At the same time, the electric

field rises from 2 V/cm to over 4 V/cm as the reconnection

rate spikes.

The details of the layer structure for this discharge

reveal that the disruption is due to the ejection of current

density from the layer. Each of the three times in panel B of

Fig. 5 represents one of the times indicated by the vertical

dashed lines in panel A. The changing height of the contours

between panels represents the out-of-plane current density

moving outward in Z over the course of the disruption.

Meanwhile, the reconnection electric field Ey, indicated by

the color code, initially peaks at the layer center and then

also spreads outwards in Z. The arrows show the electron

outflow �Jz inferred from By measurements; Jz peaks around

the disruption time.

The areas of high current density which peak down-

stream from the layer center have an O-point structure as

illustrated by the flux plot and BR measurements shown in

panels C and D of Fig. 5 for each of the times in panel A. At

t¼ 330 ls, just before the total current begins to drop, BR as

a function of Z at the R location of the X-point shows two

clear zero crossings, identified as the X and O-points on the

figure. Consistent with this, the corresponding flux plot

clearly shows the O-point associated with the flux rope struc-

ture. 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 litera-

ture, a “flux rope” is defined here as a 3-D, high current den-

sity region associated with an O-point at the measurement

location. Inside a flux rope, an enhanced core field may be

observed. When the four density measurements per dis-

charge are aligned along Z at the radial location of the flux

rope, density is also observed to peak inside the structure.

Since these additional signatures are not always clear, it is

FIG. 5. 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 cur-

rent 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 electron flow 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 dis-

ruption proceeds, the layer aspect ratio

decreases; at the same time, BR

increases, first near Z¼ 0 and then at

outer Z locations. An X and O-point

for the first time slice are marked on

the figure. Reprinted with permission

from Dorfman et al., Geophys. Res.

Lett. 40, 233 (2013). Copyright 2012

American Geophysical Union. All

Rights Reserved.
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important to note that the definition presented here differs

from the most rigorous definitions of a flux rope (e.g.,

NRC45) found in the literature.

The BR profiles at the current sheet center are consistent

with the picture of flux ropes moving outward in Z. Because

the initial Ey peak at t¼ 330 ls in panel (B) of Fig. 5 is local-

ized near the X-point, there will be finite @Ey/@z and hence

@BR/@t associated with this spatial structure. This time deriv-

ative has the effect of increasing the slope of BR near the

X-point; this change in slope is clear from a comparison of

the left and center portions of panel (D) of Fig. 5. As the

slope of BR changes and the flux rope moves away from the

X-point, the fast reconnection region spreads outwards, and

so does the spatial derivative of Ey. Thus, by the time shown

in the right portion of panel (D), the slope of BR has also

increased at large jZj; consistent with this, the initially elon-

gated layer decreases in aspect ratio as the flux rope is

ejected.

B. Buildup of current density

A disruption occurs following a slow buildup phase;

during this buildup period, the discharge transitions from the

collisional to the collisionless regime; meanwhile, current

density slowly builds up due to collisionless effects. This is

shown in Fig. 6 which plots three parameters related to the

collisionality regime in the top section and the out-of-plane

current density Jy at Z¼ 3 cm in the bottom section. Only

shots with a clear current disruption within the range of the

fine structure probes are selected for this average plot using

the criteria outlined in the figure caption. These criteria are

met in 112 out of 315 discharges, a bit more than one-third

of the cases checked. The data are plotted with respect to the

disruption time which is defined as the time at which the in-

ductive electric field at the X-point peaks. The current den-

sity trace shows an �15 ls buildup phase during which the

current density increases by 50% and a comparatively fast

disruption phase lasting only �5 ls during which the current

density decreases back to its initial value. Note that the

increase in current density is due to a narrowing of the layer

width rather than an increase in the total current. This is

consistent with Fig. 5 which shows no increase in the total

current prior to a disruption.

The top half of Fig. 6 illustrates the collisional to colli-

sionless transition that occurs during the buildup phase.

Values of the inductive electric field E, the runaway electric

field EDreicer (EDreicer �
ffiffiffiffiffiffiffiffiffiffi

Teme

p
�e=e), and the resistive con-

tribution to the force balance g?Jy during the buildup and

subsequent disruption are shown in the top plot. EDreicer and

g? are calculated using density and temperature measured by

a fixed Langmuir probe at Z¼ 4.5 cm. The probe is scanned

every 1 cm in R between discharges to obtain the average

profiles. Density and temperature at the magnetic field rever-

sal location are obtained by interpolating these averages.

Early in the buildup phase, EDreicer is considerably greater

than Ey and g?Jy is within errorbar of Ey, indicating that

reconnection is collisional. However, by the start of the dis-

ruption phase, Ey and EDreicer are equal to within errorbar

and g?Jy is small; the slow �15 ls timescale for these

changes suggests that a gradual transition to collisionless

regimes occurs during the buildup phase that precedes a dis-

ruption. This behavior is in direct contrast to 2-D models,

such as the one by Cassak et al.46 in which a fast collisional

to collisionless transition causes impulsive phenomena.

Note that since EDreicer � n/Te, and Te changes by only a

few eV, the decrease in EDreicer over time is mainly due to

the depletion of upstream density. This is shown explicitly in

the left panels of Fig. 7 which shows the average density pro-

files from the radial Langmuir probe scan for three of the

times in Fig. 6: during buildup, just before the disruption,

and during the disruption. The data reveal the primary reason

for the trend in EDreicer: during the buildup phase, the

upstream density is gradually depleted as plasma enters

the layer and is ejected into the outflow region. By t¼ 0, the

density profile at the X-point to the left of the high current

density region is essentially flat in the radial direction. In

other words, the disruption occurs as the reconnection layer

“runs out” of upstream density. Note that even as the average

density is decreasing from �10 to �5 ls, the current density

in the right panels of Fig. 7 is building up; as seen in Fig. 6,

the speed of the increase is especially pronounced towards

the end of the buildup phase when the layer is collisionless.

This suggests that the mechanism directly responsible for the

buildup operates in the two-fluid regime. Other signatures of

the buildup phase consistent with these features include an

increase in the magnitude of the observed out-of-plane quad-

rupole magnetic field, enhanced toroidal field inside the flux

rope, and possible electron heating in the flux rope region.

Note, however, that this does not imply that the collisional to

collisionless transition is the disruption mechanism. 2-D ki-

netic simulations (modeled after Ref. 47) in which such a

FIG. 6. Plots showing the transition from collisional to collisionless regimes

that occurs during the current density buildup phase. Top plot: Inductive

electric field (red), runaway electric field (blue), and g?Jy (magenta) at the

location of the in-plane magnetic null. Bottom plot: current density as a

function of time showing a slow �15 ls buildup and a fast �5 ls disruption

phase; the disruption phase is represented by the shaded green region.

Magnetic measurements are from a fine structure probe at Z¼ 3 cm; density

and temperature are from a Langmuir Probe at Z¼ 4.5 cm. Error bars repre-

senting an average over 112 deuterium discharges at 8.1 mTorr are smoothed

over 4 ls and represented by shaded regions. The discharges selected all

have a peak electric field at the X-point greater than 250 V/m between

325 ls and 335 ls at a radial location between 37 cm and 39 cm.
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transition occurs do not disrupt despite similar density profile

evolution to the experiment.

Although the buildup mechanism is collisionless, the

depletion of upstream density associated with the transition

to collisionless regimes still plays an important role. This

conclusion may be deduced from an examination of dis-

charges that do not transition. For example, when density

remains high and E/EDreicer remains low, the current density

does not vary much in time and there is no disruption. But

when reconnection is entirely two-fluid (E/EDreicer and cur-

rent density start high), small impulsive events are observed

rather than a single dramatic disruption; a good example of

this case is the right half of Fig. 13. This further implies that

a collisionless 3-D mechanism is responsible for the impul-

sive behavior observed.

C. Out of plane measurements

Strong gradients of equilibrium quantities in the y direc-

tion are routinely observed in disruptive discharges, under-

scoring the 3-D nature of the phenomena. An example is

shown in the left panel of Fig. 8 for the density at the center

of the layer and the shoulder magnetic field Bsh from a

Harris fit at a time near the start of the main pull reconnec-

tion phase. The center panel shows the same quantities near

the disruption time when the magnetic field gradient is in the

process of relaxing. At this time, the plasma density has

decreased; in other words, the depletion of upstream density

observed in Fig. 7 translates into the flattening of the y den-

sity gradient in Fig. 8. Note that the density measurements

are an average over discharges at a Z location near the typi-

cal location of the X-point; within a single discharge, as

described in Sec. IV A, the density often remains high inside

the flux rope region. In the far right panel of Fig. 8, density

and magnetic field are displayed towards the end of the pull

reconnection period by which time the original Bsh gradient

is gone. As with the in-plane measurements, discharges with

a clear disruption are selected using the thresholds explained

in the figure caption.

To fully understand the key role out-of-plane gradients

play in a current disruption, it is important to examine the

detailed time evolution of the y gradients in Bsh during both

the buildup and disruption phases of the discharge. The time

evolution of the magnetic field profile in the R-y plane is

shown for an example discharge in Fig. 9. The first column

of plots shows the buildup phase with time increasing down-

wards; the green region where the magnetic field is small

visibly narrows, especially at smaller y, indicating an

increase in the current density. The second column of plots

shows the disruption phase; the green region broadens, first

at small y by t¼ 331.6 ls and then at large y by t¼ 333.2 ls.

Therefore, the disruption process is not uniform in y, but

instead spreads in the electron flow (positive y) direction.

FIG. 7. A 2-D in-plane view of density

depletion and current density buildup/

ejection. Density (ne) and current den-

sity (Jy) as a function of time with

respect to the disruption time at t¼ 0 ls

are shown for an average of the same

112 deuterium discharges used to con-

struct Fig. 6. Three times from Fig. 6

are shown from top to bottom: during

buildup, just before the disruption, and

during the disruption. Density is meas-

ured with Langmuir probes at

Z¼�4.5, 0, 4.5, and 7.5 cm scanned

every 1 cm between shots. Magnetic

field is measured using fine structure

probes placed every 3 cm in Z. As time

advances towards the disruption,

upstream density is depleted by

reconnection.

FIG. 8. Probe measurements of out-of-plane gradients before a current layer

disruption and prior to flux rope formation (left), during the disruption

(center), and after the disruption (right). Black crosses represent the

upstream magnetic field obtained from fitting the experimental data to a

Harris profile48 in the inflow region at Z¼ 0. Blue circles show density

measured at the current sheet center at Z¼ 2.6 cm. Data are averaged over

101 10.8 mTorr hydrogen discharges with a peak inductive electric field of

at least 200 V/m at y¼ 6 cm. The time indicated in the upper portion of each

panel is with respect to the disruption time. In the pull phase initial condi-

tion, there are strong gradients in both quantities in the out-of-plane electron

flow (þy) direction. Following the disruption, the original magnetic field

gradient has relaxed and density is lower. During the disruption, there is no

density gradient and the magnetic field gradient is in the process of relaxing.
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The time evolution of the y gradients of Bz is related to

the flux rope structures observed in the in-plane measure-

ments. When a flux rope builds up at or passes by the loca-

tion of the probes stacked at Z¼ 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. The region

in which this buildup occurs is characterized by a density

gradient in the electron flow (þy) direction as seen, for

example, in the initial state of Fig. 8.

V. DISCUSSION

While 3-D flux ropes are analogous to 2-D islands, sev-

eral key features of the observed current disruptions have no

clear 2-D analogue. For example, strong out-of-plane gra-

dients 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 con-

currently with disruptions (see, for example, the bottom

panel of Fig. 9). Although these fluctuations have character-

istics consistent with Ji et al.,10 the observed out-of-plane

gradients and flux rope structures are not predicted by a pic-

ture 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 disrup-

tion imply a fundamentally three-dimensional process.

A. 3-D, two-fluid picture

This raises 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 builds on the picture

of impulsive two-fluid dynamics developed by Yamada.12

Due to the two-scale 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 magnetic field configuration is schematically illus-

trated on the left side of Fig. 10 from Yamada12 which shows

this frozen-in electron flow stretching magnetic field lines

out of the reconnection plane in the y direction. Note that a

Cartesian coordinate system is employed with x as the inflow

direction and z as the outflow direction. The right panel of

the figure shows Bz magnetic field and electron flow vectors

for a cut in inflow region (x-y plane) near the X-point at

z¼ 0; note that this picture assumes that there is no y varia-

tion of the field or flow. Frozen in electrons convect the mag-

netic field in both the x and y directions towards the red

dissipation region at x¼ 0 where reconnection takes place.

FIG. 9. Out-of-plane view of current

density increase and subsequent dis-

ruption. 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 (þy) direc-

tion. Also shown in the bottom panel

of the figure is a plot of magnetic fluc-

tuations measured at Z¼ 0 cm,

y¼ 7.5 cm, R¼ 38.5 cm with the six

times for the upper plots indicated by

vertical red lines. Reprinted with per-

mission from Dorfman et al., Geophys.

Res. Lett. 40, 233 (2013). Copyright

2012 American Geophysical Union.

All Rights Reserved.

012109-8 Dorfman et al. Phys. Plasmas 21, 012109 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.112.66.66 On: Thu, 17 Apr 2014 05:02:42



The reconnection electric field Ey is primarily balanced by

the Hall term in the electron frozen in (two-fluid) region and

balanced by the dissipation term in the red dissipation

region. In Yamada,12 it was shown that the electron flows

associated with Hall dynamics fluctuate in time leading to

impulsive reconnection. This time-dependence may be due

to 3-D dynamics.

Consider, for example, how the simple picture of bent

field lines in Fig. 10 behaves in the presence of y gradients in

vey associated with the out-of-plane density and magnetic

field gradients. These gradients, which are present at the start

of pull phase in disruptive discharges, play a key role in the

discharge evolution. The simplest possible overview of the

proposed physical picture leading to a disruption in MRX is

as follows: The density gradient controlled by the heavier

ions holds the magnetic field gradients and lighter electrons

in place. Current density builds up until the plasma density

upstream from the X-point is sufficiently depleted by slow

reconnection. Once the out-of-plane density gradient flattens

at the X-point, the out-of-plane magnetic field gradients can

no longer be held in place, and the layer disrupts over a fast

timescale.

To understand how this corresponds to the physical pic-

ture in Fig. 10, first consider a simplified version of the situa-

tion that exists in the inflow region just before a disruption.

Out-of-plane density variation is negligible and only the

remaining out-of-plane magnetic field gradients are consid-

ered. For both simplicity and consistency with the picture of

bent field lines in Fig. 10, the gradients considered are due to

y variation of Bx (see the caption of Fig. 11 for details). The

four different panels of Fig. 11 describe the time sequence of

how a disruption may occur and spread in the y direction:

1. Net flux of electrons and field out of the y gradient

region due to y flows: On the left side of panel (1) at

large y, the current density is higher as indicated by the

darker red color of the dissipation region. Consistent with

this, the two rows of field lines at large y are convected by

the electrons in y faster than the two rows at small y. As a

result of the difference in vey between the two regions,

there will be a net flux of field lines out of the y gradient

region due to y flows, but only at x locations well

described by Hall physics. This is illustrated by the shape

of the white gap between the fast and slow moving elec-

trons in panel (1) which shows that in the region of the y
gradient, the net y flux DveyBz is highest at the x locations

closer to the edge of the dissipation region and zero near

the outer edge of the two-fluid region. The latter condition

is dictated by the outer boundary: far outside of the cur-

rent sheet where the heavier ions are also tied to the field,

there can be no displacement of field due to electrons

alone.

2. Disruption in the gradient region: Even as electrons

and field lines are depleted at the inner x locations along

the y gradient, there is still a plentiful supply of field at

nearby x locations on the outer side of the electron frozen

in region. Under the charge neutrality assumption, elec-

tron 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 in panel (2). The enhanced inflow of elec-

trons and field lines in the x direction increases the local

reconnection rate in the orange region of panel (2), caus-

ing the layer to disrupt at this y location. From a force

FIG. 10. Schematic from Yamada12 showing electrons convecting the mag-

netic field lines out-of-plane (left) and a cut of this schematic in the inflow

direction at z¼ 0 near the X-point (right). For the figure on the right, circles

represent magnetic field Bz and arrows represent frozen in electron flow for

the portion of the inflow region (x-y plane) near the X-point (z¼ 0) where

electrons are frozen to the field lines. The horizontal red line at x¼ 0 repre-

sents the electron dissipation region. Note that the figure on the left illus-

trates 2-D features of what could be a 3-D system; the figure on the right

assumes a 2-D picture with no variation in the out-of-plane direction. Left

panel reprinted with permission from M. Yamada, Phys. Plasmas 18,

111212 (2011). Copyright 2011 American Institute of Physics.

FIG. 11. Diagram showing how a disruption may spread in y when

@vey/@y> 0 due to magnetic field gradients associated with 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 repre-

sents lower current density in the dissipation region due to larger @Bx/@z.

The reconnection rate is enhanced in the gradient region of panel (1) by the

mechanism described in the text. This enhanced reconnection, indicated by

the large arrows in panel (2), leads to Bx generation which decreases vey. The

gradient then moves in the þy direction and the disruption spreads, as shown

in panels (3) and (4), respectively.

012109-9 Dorfman et al. Phys. Plasmas 21, 012109 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.112.66.66 On: Thu, 17 Apr 2014 05:02:42



balance perspective, as the electron inflow in the two-

fluid region increases, the Hall contribution to Ey is

enhanced. Therefore, dissipation in the orange portion of

the dissipation region must increase in order to maintain

force balance in the y direction. If the dissipation is due to

the off-diagonal pressure tensor terms, the additional elec-

trons entering the diffusion region through increased vex

will increase the magnitude of the off-diagonal terms self-

consistently with the vex enhancement. As the additional

electrons must exit the diffusion region through the out-

flow, vez should also increase; therefore, an overall

increase in the magnitude of the Hall effects and the dissi-

pation terms are expected in the fast reconnection region.

3. Gradient region moves in 1y: The enhanced reconnec-

tion region associated with the disruption in panel (2) will

lead to a quick conversion of reconnecting field Bz to

reconnected field Bx. This change in the layer structure

reduces vey in the gradient region, modifying the electron

flow pattern to that shown in panel (3) of the figure. The

structure of the red dissipation region adjusts as neces-

sary; this is indicated by the spread of the light color, low

current density portion to the left in panel (3).

4. Disruption spreads in 1y: The process illustrated by

panel (2) repeats at the new location of the y gradient and

the disruption spreads!

This proposed physical picture of the disruption may

equivalently describe the propagation of the “reconnection

wave” outlined by Huba and Rudakov.28,29,31,32 In this case,

the magnetic field perturbation that creates the vey gradients

associated with bent field lines is externally imposed rather

than generated by pre-existing magnetic field gradients. Also

note that if the vey gradient is in opposite direction from the

case shown in Fig. 11, the spreading perturbation may

sharpen rather than weaken the layer.

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 mag-

netic field gradient in the initial condition. Consistent with

Yamada et al.,1 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 pre-

diction. Although the observed flux ropes are not explicitly

included in the model discussed here, note that the cut in

Fig. 11 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 pic-

ture of Fig. 5. This ejection process causes the gross mag-

netic topology change in rows B and C of the figure that

makes the disruption rather dramatic.

Flux rope formation is possibly related to the initial state

described by the left panel of Fig. 8. Here, both density and

magnetic field gradients are present with similar scale

lengths. In this case, the vey gradients will be dominated by

the density variation held in place by the heavier ions, lead-

ing to the picture shown in Fig. 12 with @vey/@y< 0. Note

that the electron dissipation region shading is lighter at small

y; even though vey is greater in this region, the current den-

sity is smaller due to the lower plasma density. There is now

a net flux of electrons and field from the y direction into the

y gradient region at the x locations closest to the dissipation

region. Therefore, to maintain charge neutrality, the continu-

ity equation predicts that vex is reduced and reconnection

slows. Consistent with this, Bz is enhanced and Bx is reduced,

leading to a buildup of current density. Note that this buildup

is associated with the lighter electrons, but the gradient is

held in place by the heavier ions which evolve over slower

timescales. Therefore, unlike the picture in Fig. 11 where the

change in the reconnection rate causes the field gradient

region to move, the density gradient remains in place, and

current density may continue to build up. The elongated

layers that result from this process may be tearing unstable,

possibly contributing to the formation of flux rope structures.

This buildup process ends when upstream density is depleted

and the y density gradient at the X-point next to the flux

ropes flattens; the remaining magnetic field gradients then

dominate vey, potentially leading to the disruption process

described above.

B. Small scale flux ropes: A solution to the layer width
discrepancy?

The flux ropes ejected during a disruption may provide

an important clue towards the solution of the layer width dis-

crepancy between MRX and kinetic simulations. But these

observable flux ropes alone cannot explain the discrepancy;

while the layer may be broader in the flux rope region, the

layer should be able to thin to qe scales in other portions of

the current layer if no other structure is present. However,

large scale current layer disruptions are not the only kind of

impulsive event observed.

Small impulsive events are also observed which are

associated with less dramatic peaks in Ey and a flat BR profile

with no observable flux ropes. An example case is shown in

Fig. 13. The left side of the figure is reprinted from Fig. 5;

the time evolution of the out-of-plane current and inductive

electric field in the upper left shows clear disruptive

FIG. 12. Diagram showing how current density may build up in the y gradi-

ent region when @vey/@y< 0 due to density gradients. The buildup is due to a

reduction in the reconnection rate in the gradient region by the mechanism

described in the text.
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behavior. Taking a cut of BR as a function of Z at the layer

center just before the current drops, clear X and O-points are

observed. By contrast, the discharge on the right displays

multiple small peaks in the inductive electric field and multi-

ple small current drops. Just before one of these drops, an

examination of BR as a function of Z at the layer center rev-

els a region where BR hovers near zero, possibly indicating

the presence of small scale flux ropes below the probe

resolution.

Therefore, an intriguing possibility is that these small

impulsive events are simply miniature versions of large scale

disruptions. If this is the case, collisionless layers in MRX

may be unstable to the formation of small scale flux ropes

before the layer can thin down to qe scales; these small flux

ropes could then be responsible for the wider electron layers

observed in the experiment. Note that under this scenario,

flux ropes would not be observed until they grow to a size

that can be resolved by the diagnostics. If this is the case, the

high current density observed in the outflow region

(not shown) in the discharge on the right side of Fig. 13

could be the result of the continual impulsive ejection of

these structures from the layer center.

Evidence to support the presence of small scale flux

ropes is displayed in Fig. 14 which shows a distribution of

flux rope sizes for a set of 315 discharges. For each event,

the time averaged Z scale of the flux rope, as defined by the

distance between the X and O line crossings, is plotted.

Events are observed by the fine structure probe array which

has a maximum Z resolution of 3 cm; the data are then

interpolated onto a grid of resolution 1.5 cm and the zero

crossing points are found. The result is consistent with an

exponentially decreasing distribution starting near the

smallest scale resolved by the probe array and ending at the

largest scale measured; this range is represented by the gray

shaded region. As explained in the figure caption, there is a

gradual transition from white (poorly resolved) to gray

(fully resolved) shading in the figure. The data suggest that

flux ropes of all sizes may be present, but are not always

resolved by the probes. This conclusion is consistent with

data reported in Dorfman49 from a fixed BR probe with

finer-scale resolution.

This picture suggests that flux ropes form at small scales

and then may grow and merge to large scales before their

ejection from the layer. While this is similar to the conclu-

sion reached by several previous numerical and analytical

studies,50–53 it is important to note that the exponential distri-

bution reported here cannot be easily compared to all distri-

butions previously reported in the literature. Specifically,

some references express the size distribution in terms of the

peak flux w in the island or flux rope.50,53 Since this peak

value may fall between two measurement coils in the experi-

ment, no comparable experimental figure can be produced.

However, other studies also predict a distribution in terms of

the scale size of the island or flux rope;51,52 these results are

easier to compare with the experiments.

A comparison between two models and the experiment

is shown in Fig. 14. The solid curve is an exponential; a

power-law fit to the MRX measurements is represented by a

dashed 1/x2 curve. The power-law prediction is based on a w
distribution in a 2-D, high Lundquist number (S> 104)

model.50,53 Given these assumptions, it is not surprising that

this model is not the best fit for the flux rope half width dis-

tribution of the less collisional MRX case. By contrast, a

FIG. 13. Comparison of large and small impulsive events. The top panels

show the total out-of-plane current integrated over the field of view of the

fine structure probes and the inductive electric field measured at the X-point.

The reconnected electric field BR is displayed as a function of Z in the bot-

tom panel at the time indicated by the vertical dashed line in the correspond-

ing top panel. The discharge on the left illustrates the case of a large

impulsive event associated with a clear X and O-point. To the right is an

example case with multiple small impulsive events and possible flux ropes

below the probe resolution.

FIG. 14. Statistical distribution of flux rope half widths in the Z direction for

a set of 315 deuterium discharges as measured by the fine structure probes at

y¼ 0 and the R location of the current sheet center. For each event, the aver-

age half-width over the lifetime of the flux rope is determined by measuring

the distance between X and O line crossings in the BR profile. A statistical

distribution of events is presented in bar form and normalized to the number

of shots. The scale length for the exponential curve overplotted is 2.2 cm.

The fine structure probes have a maximum resolution of 3 cm and a range of

18 cm centered at Z¼ 0. The gray shaded region represents the range of flux

rope sizes that can be resolved under these measurement constraints.

Depending on the position of the X and O line crossings relative to the probe

coils, some events with half-width less than twice the probe resolution

(or 6 cm) will not be fully resolved; hence, the gradient shading between

3 cm and 6 cm on the plot. Similar gradient shading is used for sizes bigger

than half the probe range.
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kinetic description by Fermo et al.51 with a different model

for island coalescence predicts an exponential distribution of

scale sizes. This model is not only a better fit to the MRX data

in Fig. 14 but is also consistent with observations of flux trans-

fer events in the magnetosphere.51,52 The scale length of the

exponential in Fermo et al.51 is a characteristic flux rope scale

size; consistent with this, the 2.2 cm scale length of the model

in Fig. 14 is similar to the MRX current sheet width. Thus, the

similarities between this model and the MRX results suggest a

ripe area for further investigations.

An upper bound estimate of the minimum possible size

of a small flux rope may be obtained by comparing the

Alfv�en transit time sA¼ L/VA for the structure to move

through a layer of length L to the resistive diffusion time

sR ¼ 4pw2=gc2 over which collisions will smooth out the

structure; w represents the structure size. Taking a ratio of

these two times

sA

sR
¼ �ei

Xe

diL

w2
: (3)

An estimate for the minimum structure size based on

Eq. (3) is consistent with the experimental results in Fig. 14

and the model of Fermo et al.51 The smallest possible flux

rope that can traverse a distance L without dissipating will

have sA/sR of order unity. For typical MRX parameters in the

collisionless regime, �ei/Xe � 0.02, di � 5 cm, L � 5 cm, this

gives a minimum scale length w � 0.7 cm, which cannot be

resolved by the fine structure probes. Note that this simple

estimate assumes a constant flux rope size and does not con-

sider growth due to reconnection or flux rope merging.

Smaller flux ropes could exist transiently and/or grow to a

size where resistive diffusion is no longer important.

Therefore, 0.7 cm represents an upper bound on the mini-

mum flux rope size. This number is consistent with the

model of Fermo et al.51 which states that flux ropes will

form due to a tearing instability at scales between the ion

and electron skin depths. For the plasma densities of order

�1013/cm3 in the present dataset, the minimum size of

0.7 cm is in this range between the two skin depths.

Also consistent with this estimate, Fig. 14 shows events

down to the smallest scale resolved by the probe array. The

distribution may fall off below the resistive scale, but this is

not possible to show due to limitations in the resolution of the

present diagnostics. However, the best available evidence sug-

gests the formation of flux ropes of various sizes as a leading

candidate mechanism to prevent the layer from thinning down

into qe scales. This modification to the layer structure may

render the assumptions used in Dorfman et al.33 to calculate

the contribution to the force balance from the off-diagonal

pressure terms invalid; however, off-diagonal pressure terms,

appropriately modified to consider the small scale structure,

may still provide the force balance.

VI. SUMMARY AND CONCLUSIONS

In this paper, impulsive reconnection in MRX is

studied in detail, leading to the following three main

conclusions:

1. Current layer disruptions are observed in MRX as a fast,

impulsive, and fundamentally three-dimensional example

of magnetic reconnection.

2. Several signatures of flux ropes are identified in the recon-

necting current layer. The observed disruptions are due to

the buildup and ejection of these 3-D high current density

regions associated with O-points at the measurement

location.

3. By contrast, magnetic fluctuations, long considered as a

possible cause of anomalous resistivity, are not the key

physics responsible for the observed impulsive phenomena.

Discharges in MRX are identified in which the recon-

nection rate peaks and the current in the layer drops sud-

denly. Important features of this process cannot be explained

by 2-D models, suggesting a 3-D, impulsive reconnection

process. These “current layer disruptions” are found to be

associated with ejection from the reconnection region of

high current, O-point structures termed “flux ropes” and a

spike in the local reconnection rate. The flux ropes build up

in an elongated current layer prior to the disruption in the

presence of strong out-of-plane gradients of density and

magnetic field. These gradients, found to be present at the

start of the discharge pull phase, typically have scale lengths

only one order of magnitude greater than that of the field re-

versal associated with reconnection. During a disruption, the

magnetic field gradients flatten on a timescale that may be

less than a single ion cyclotron time. The disruption is

observed to spread in the electron flow þy direction within

the layer. This implies that the observed flux rope structures

are ejected from the layer in a 3-D way in both the y and Z
(electron flow) directions.

This work was motivated in part by a careful compari-

son between previous MRX data27 and 2-D kinetic simula-

tions with well-matched parameters and boundary

conditions.33 The physics matches on the ion scales, but

when appropriately normalized to electron scales the thinnest

layers in MRX are 3–5 times broader than in the simulations.

This discrepancy persists when finite collisions are added to

the simulation, and for 3-D simulations in the MRX geome-

try initialized uniformly in the y direction. This implies that

the physics of the electron layers in MRX is inherently three-

dimensional. In Roytershteyn et al.,35 magnetic fluctuations

are found not to be the cause of these wider electron layers.

In the present paper, small scale flux ropes below the probe

resolution are proposed as a possible solution.

Electromagnetic fluctuations have long been considered

as a source of anomalous resistivity which speeds up the

reconnection process.10,19 A strong correlation is found

between the timing of current layer disruptions and the peak

in the magnetic fluctuation amplitude in Sec. III. While it is

not possible to distinguish cause and effect from the near-

simultaneous timing, other features of the disruptions show

that they cannot be explained by an anomalous resistivity

model. An estimate of the resistivity enhancement in Sec. III

due to a wave propagating at the drift speed reveals a contri-

bution far too small to contribute significantly to the out-of-

plane force balance. As a result of the disruptive dynamics,

E peaks locally while J drops, but this is caused by the
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ejection of flux ropes from the layer and is not due to the

fluctuations. Out-of-plane gradients, another key feature of

disruptions, are also not explained by an anomalous resistiv-

ity model. In other words, near the disruption time, condi-

tions are most favorable for the generation of lower hybrid

turbulence. The close association of fluctuations and disrup-

tions suggests that the fluctuations may simply be a high fre-

quency component of the disruption dynamics.

In order to explain the observed impulsive behavior, a

3-D, two-fluid model is proposed. The relevant physical pic-

ture is an extension of the prior work of Huba and

Rudakov,28 Lapenta et al.,29 Yamada.12 When there is a gra-

dient in the electron flow velocity vey due to out-of-plane

magnetic field gradients, the resulting electron flow pattern

may lead to enhanced reconnection in the y gradient region.

The subsequent disruption changes the magnetic field struc-

ture in the y gradient region, decreasing the current density.

This causes the gradient region to move in the electron flow

(þy) direction and the disruption spreads in a manner con-

sistent with the “reconnection wave” described by Huba and

Rudakov.28

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 leads to

steady-state fast reconnection in 2-D can lead to localized,

fast, impulsive reconnection in 3-D and (2) it decouples im-

pulsive 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.

The observations presented in this paper may be particu-

larly 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.54 Other key fea-

tures of 3-D impulsive reconnection observed in MRX also

have possible analogues in space observations, including

current disruptions,55–57 flux rope signatures,40 and electro-

magnetic fluctuations.58,59 Future multi-point satellite studies

(e.g., Cluster and MMS) could be used to examine the poten-

tial importance of gradients along the X-line. Thus, compari-

son with MRX observations may provide important clues to

the nature of 3-D reconnection processes observed in the

magnetotail22,54 and on the solar surface.21

Many opportunities for further investigation remain.

Experiments aimed at resolving multiple planes simultane-

ously in a single discharge are already underway; prelimi-

nary results confirm the presence of 3-D flux rope structures.

To determine if small-scale flux ropes are continually being

generated, construction of probes with finer resolution in the

outflow direction is necessary. Some progress has also been

made using an active perturbation coil to modify the 3-D

structure of the layer; this may shed insight on the initial

conditions necessary to trigger disruptive behavior. Such an

understanding is especially important to guide future simula-

tion studies; while many simulations see 3-D X-line

spreading,28–32,60 a numerical model that successfully repro-

duces all the features of an MRX current disruption remains

elusive. Also on the simulation side, flux ropes have recently

been observed in 3-D MRX simulations in cylindrical geom-

etry; comparison to the results reported here is ongoing.

Finally, the many similarities between MRX observations

and measurements in the magnetotail suggest the need for a

detailed comparison study.
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