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Magnetic reconnection is a fundamental process at work in laboratory, space, and astrophysical

plasmas, in which magnetic field lines change their topology and convert magnetic energy to

plasma particles by acceleration and heating. One of the most important problems in reconnection

research has been to understand why reconnection occurs so much faster than predicted by

magnetohydrodynamics theory. Following the recent pedagogical review of this subject [Yamada

et al., Rev. Mod. Phys. 82, 603 (2010)], this paper presents a review of more recent discoveries and

findings in the research of fast magnetic reconnection in laboratory, space, and astrophysical

plasmas. In spite of the huge difference in physical scales, we find remarkable commonality

between the characteristics of the magnetic reconnection in laboratory and space plasmas. In this

paper, we will focus especially on the energy flow, a key feature of the reconnection process. In

particular, the experimental results on the energy conversion and partitioning in a laboratory

reconnection layer [Yamada et al., Nat. Commun. 5, 4474 (2014)] are discussed and compared

with quantitative estimates based on two-fluid analysis. In the Magnetic Reconnection Experiment,

we find that energy deposition to electrons is localized near the X-point and is mostly from the

electric field component perpendicular to the magnetic field. The mechanisms of ion acceleration

and heating are also identified, and a systematic and quantitative study on the inventory of con-

verted energy within a reconnection layer with a well-defined but variable boundary. The measured

energy partition in a reconnection region of similar effective size (L� 3 ion skin depths) of the

Earth’s magneto-tail [Eastwood et al., Phys. Rev. Lett. 110, 225001 (2013)] is notably consistent

with our laboratory results. Finally, to study the global aspects of magnetic reconnection, we have

carried out a laboratory experiment on the stability criteria for solar flare eruptions, including

“storage and release” mechanisms of magnetic energy. We show that toroidal magnetic flux gener-

ated by magnetic relaxation (reconnection) processes generates a new stabilizing force which pre-

vents plasma eruption. This result has led us to discover a new stabilizing force for solar flares

[Myers et al., Nature 528, 526 (2015)]. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948721]

I. INTRODUCTION

In this paper, recent progress in several selected sub-

topics of magnetic reconnection research is discussed. In par-

ticular, the dynamics of ions and electrons in a prototypical

reconnection layer is discussed in the context of two-fluid

physics. The study of the mechanisms of energy conversion

and energy partitioning in a collision-free reconnection layer

(current sheet) in a laboratory plasma has made great pro-

gress, and the results are compared with numerical analysis

as well as with satellite measurements in the magnetosphere.

In addition, the impulsive nature of the global aspect of mag-

netic reconnection has been investigated through the evolu-

tion of flux ropes generated in a laboratory between the two

line-tied boundaries. Our major results are presented along

with a discussion on their relevance to the dynamics of solar

flare and coronal mass ejection (CME) phenomena.

Fast reconnection of magnetic field lines occurs, where

two regions of magnetized plasma meet and where the

magnetic field shear increases. The movement of magnetic

field lines caused by external forcing or by change of the

global boundary conditions leads to the formation of a cur-

rent layer, and magnetic reconnection is driven. In the local

reconnection layer, the reconnection rate is determined by

the physical mechanisms of the current layer. The local

reconnection in turn influences the global configuration by

determining the amount of magnetic flux transfer through the

current layer. The reconnection speed is characterized by the

amount of field lines moving from one section to another

that is topologically separated.

Historically, one of the most important questions on mag-

netic reconnection has been why reconnection occurs so fast

in comparison with the rate predicted by classical magnetohy-

drodynamics (MHD) theory.1,2 During the past two decades,

important progress in understanding the physics of fast colli-

sionless reconnection has been made through numerical simu-

lations, observations from satellites, and dedicated laboratory

plasma experiments.3,4 It is now established that two-fluid

effects,3–6 which are derived from the fundamentally different

behavior of ions and electrons, are important within the critical

reconnection layer where reconnection takes place. In previous

Note: Paper SR1 1, Bull. Am. Phys. Soc. 60, 302 (2015).
a)Invited speaker. 2015 Recipient of the James Clerk Maxwell Prize for

Plasma Physics.

1070-664X/2016/23(5)/055402/21/$30.00 Published by AIP Publishing.23, 055402-1

PHYSICS OF PLASMAS 23, 055402 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  198.125.232.58 On: Wed, 27 Jul

2016 14:24:04

http://dx.doi.org/10.1063/1.4948721
http://dx.doi.org/10.1063/1.4948721
http://dx.doi.org/10.1063/1.4948721
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4948721&domain=pdf&date_stamp=2016-05-11


studies of the physics of the reconnection layer, important pro-

gress has been made in understanding fast collisionless recon-

nection. Hall effects are now considered to be responsible for

the fast reconnection observed in the collisionless neutral

sheets generated in the reconnection layer of the magneto-

sphere and laboratory plasmas.

In one-fluid MHD formulation, the difference between the

fluid velocity of electrons and ions is supposed to be much

smaller than the Alf�en velocity or the ion thermal velocity.

This one-fluid approximation criterion, however, does not often

hold in the reconnection layer because of a sizable amount of

neutral sheet current flowing there; namely, electrons and ions

move quite differently and the two-fluid formulation becomes

more appropriate. Generally, the two-fluid formulation implies

that the electron and ion distribution functions are close to

shifted Maxwellians, and this imposes constrains on the level

of collisionality required for such description.7,8 Here, by two-

fluid reconnection, we mean that reconnection dynamics can

be collisionless and be described by the generalized Ohm’s

law, which is valid for arbitrary distribution functions.

Major findings in the past decade regarding two-fluid

effects are as follows:

• Hall effects have been verified by observations of an out-

of-reconnection-plane quadrupolar magnetic field struc-

ture in the prototypical reconnection layer, in numerical

simulations, dedicated laboratory experiments, and space

satellite data.
• In the laboratory experiment, the reconnection rate is found

to increase rapidly as the ratio of the electron mean free

path to the scale length increases.9 This finding provides

evidence for two-fluid effects being responsible for the

observed fast reconnection rate in collision-free plasmas.
• Electrostatic and electromagnetic fluctuations are observed

in the reconnection layer of laboratory and space plasmas

with notable similarities in their characteristics. Although

some correlation was seen between the reconnection rate

and the amplitude of electromagnetic waves in laboratory

experiments, a causal relationship is yet to be found.

Recently, the major focus of laboratory reconnection

research has been shifted to investigation of the key mecha-

nisms of energy conversion from the magnetic field to parti-

cle kinetic energy across reconnection regions of various

scale sizes. This is perhaps the most important problem in

magnetic reconnection research, since it is the energy con-

version mechanisms that are often of primary interest. This

is especially important in heliospheric and astrophysical

applications where reconnection is widely invoked as a

mechanism underlying explosive and violent energy release,

often powering spectacular high-energy emissions such as

solar or stellar flares. An important aspect of plasma energ-

ization during reconnection is the acceleration of a large

number of nonthermal particles to very high, sometimes rela-

tivistic, energies and their observable radiative signatures.

Recent major findings and discoveries on the energetic

of magnetic reconnection are:

• An experimental study of the reconnection layer has been

carried out in a laboratory plasma in the two-fluid physics

regime. It was observed that the conversion of magnetic

energy occurs across a region significantly larger than the

narrow electron diffusion region (EDR) previously consid-

ered. A saddle shaped electrostatic potential profile appears

in the reconnection plane with a few ion skin-depth scale,

and ions are accelerated by the resulting electric field at the

separatrices. The accelerated ions are then thermalized by

re-magnetization in the downstream region.
• A quantitative inventory of the converted energy was docu-

mented in a reconnection layer of a laboratory plasma with

a well-defined, variable boundary, and compared with a

similar analysis of numerical simulations. This study con-

cludes that about 50% of the inflowing magnetic energy is

converted to particle energy, roughly 2/3 of which is ulti-

mately transferred to ions and 1/3 to electrons. The results

are consistent with recent space observations. These fea-

tures of energy conversion and partitioning do not strongly

depend on the size of the analysis region over the tested

range of scales, approximately 2 to 4 ion skin depths.

It is generally believed that if the magnetic energy of a

low beta global MHD equilibrium state is lowered by a reor-

ganization of plasma topology, reconnection must take place.

Reconnection will stop if it no longer lowers the total mag-

netic energy. It is recognized that global reconnection (mag-

netic self-organization) phenomena almost always occur

unsteadily or impulsively. Fast reconnection generally leads

to an impulsive global topology change or global magnetic

self-organization phenomena. Impulsive reconnection typi-

cally occurs after the gradual evolution of the global equilib-

rium builds up sufficient free energy in order to induce the

motion of plasma or a topological change. In this paper, we

investigate mechanisms that cause impulsive global recon-

nection phenomena through a study of toroidally shaped

magnetic flux ropes generated by the plasma discharges

between two electrodes.

Solar eruptions are driven by the sudden release of mag-

netic energy stored in the solar corona. In many cases, it is

believed that the magnetic energy that drives the CME is

stored in arched structures called line-tied magnetic flux

ropes. We analyze our data based on the “storage-and-release”

model for solar eruptions. In this model, eruptions are trig-

gered by a global MHD instability in the corona rather than

by dynamic fast flux injection at the solar surface. For an

arched flux rope, the relative invariance of the solar surface

translates to a slow driving mechanism at the two “line-tied”

foot points. Previous laboratory arched flux rope experiments

do not satisfy this storage-and-release condition by relying on

the dynamic injection of either plasma or magnetic flux at

the foot points to produce an eruption.10–12 In contrast, the

present Magnetic Reconnection Experiment (MRX) enforces

a clear separation of timescales between the foot-point driving

time, and the dynamic Alfv�en time, such that the observed

eruptions are driven by storage-and-release mechanisms. The

observed eruption of the flux rope shows a clear evidence for

plasma motion caused by an ideal MHD instability, which

generates current sheets in and around the flux rope. The fea-

tures of these current sheets and a new mechanism of self-

organization of a flux rope are presented in this paper.
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In Section II, we present how a current sheet is formed

and discuss our recent findings on the dynamics of local

magnetic reconnection layer. In Section III, we present our

theoretical consideration of the characteristics of energy flow

in a prototypical reconnection layer. In Section IV, a sum-

mary of the recent experimental results of the energy conver-

sion and partitioning, and finally in Section V, global

magnetic reconnection phenomena of flux ropes generated in

a laboratory in relationship with solar coronal mass ejection

(CME), followed by a summary.

II. DYNAMICS OF A CURRENT SHEET IN THE
RECONNECTION LAYER

Ideal magnetohydrodynamics (MHD), developed in the

early 1950s, describes the dynamics of highly conductive

plasmas, wherein the electric field parallel to the magnetic

field line (Ek) vanishes.1,2,13 In this model, magnetic field

lines always move with the plasma. Any plasma on a given

line stays on that line as it moves and cannot move to another

line. This is basically the flux freezing process associated

with ideal MHD. When two field lines approach very close

to each other in a narrow region (Fig. 1) and the magnetic

field gradient becomes large, a current sheet is formed. The

interaction of field lines in this sheet makes Ek sufficiently

large to induce non-ideal-MHD plasma behavior and to

cause the magnetic field lines to lose their identity, break,

and reconnect. We called this a diffusion region. After recon-

nection takes place, the two newly connected field lines

accelerate the plasma fluid due to a tension force generated

by reconnection. Thus, there are two important aspects for

magnetic reconnection; (1) the magnetic topology changes

and (2) magnetic energy is converted to plasma kinetic

energy.

A. Analysis of magnetic reconnection layer in MHD

About 60 years ago, plasma physicists considered, based

solely on the MHD model, that when plasmas flow towards

an X-point as shown in Fig. 2(a), a current sheet should be

formed in the plasma by the collapse of the X-point type

neutral point and current is induced in this diffusion region

as shown in Fig. 2(b).14 In vacuum, this would not happen

because r� B ¼ l0J ¼ 0 everywhere.

We can define this diffusion region in the MHD formu-

lation as the region where Eþ V� B ¼ gJ 6¼ 0 with V

defined as the plasma bulk flow velocity and g as the plasma

resistivity. Outside of this region, the rest of the plasma satis-

fies Eþ V� B ¼ 0, the ideal MHD condition. It should be

noted here that the definition of the diffusion layer would

change drastically within the kinetic or two-fluid framework.

Magnetic reconnection occurs throughout solar flares.

When as sun spot shows up on the Sun’s surface, a helmet

shape hot plasma region is often recognized nearby with a

strong emission of X-ray (Fig. 3). This region generally has

an arcade structure, and magnetic reconnection takes place

in the current layer on the top of this arcade. Plasma is accel-

erated in the reconnection layer at the top of arcade and

impacts the loop top where we can see a lot of X-ray emis-

sion. This type of reconnection also generates phenomena

called coronal mass ejection (CME). The CME events eject

a large amount of plasma outward from the sun, generating

solar winds. The solar winds carry magnetic field with

them. When they arrive near the earth, they induce magnetic

reconnection at first on the day-side front of magnetosphere

(Fig. 4). The reconnected field lines are blown away with

high (solar wind) speed and reach behind the earth, thereby

creating a situation wherein oppositely directed field lines

meet again in the tail. Reconnection again happens, acceler-

ating plasma particles and inducing aurora near the polar

region.

FIG. 1. Magnetic energy is converted to plasma in magnetic reconnection.

After reconnection occurs, the two newly connected field lines accelerate

the plasma fluid due to a tension force generated by reconnection. When

field lines are reconnected, the topology of magnetic configurations changes,

and the conversion of magnetic energy to kinetic energy occurs as the

plasma gains energy.

FIG. 2. Formation of current sheet by

externally driven flow. From T. G.

Forbes, Reconnection of Magnetic
Fields: Magnetohydrodynamics and
Collisionless Theory and Observations.
Copyright 2007 Cambridge University

Press. Reprinted permission by

Cambridge University Press.14
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Thus, there are two primary regions where we can find

magnetic reconnection layers in the magnetosphere: the day-

side magnetopause at the front, and the tail reconnection

layer in the night side as shown in Fig. 4. It should be noted

that reconnection may also occur in other regions depending

on the direction of solar wind. For example, when the solar

wind magnetic field direction is northward, reconnection at

the dayside magnetopause is suppressed but reconnection

still can happen near the cusp, where the solar wind magnetic

field is close to antiparallel to the magnetospheric field.16

Nowadays, there are many satellites flying within the magne-

tosphere, and numerous in situ data from reconnection

encounters have become available. As a result, we can

directly compare their data with our laboratory data.

The profile of a neutral current sheet manifests the key

physics of magnetic reconnection. In driven reconnection in

MRX, profiles of the neutral sheets have been investigated

by changing collisionality, which depends on both the

plasma density and temperature. It is observed that the 2D

profile of the neutral sheet changes dramatically from the

rectangular shape in the collisional regime to a double wedge

shape in the collision-free regime, as the collisionality is

reduced by decreasing the plasma density or by increasing

the electron temperature.9

Sweet and Parker addressed the magnetic reconnection

problem using the resistive MHD formulation and consid-

ered the situation where magnetic fieldlines in the solar coro-

nae are merging. They transformed the reconnection region

into a two dimensional reconnection boundary layer in which

oppositely directed field lines merge as shown in Figs. 2(b)

and 5(a).1,2 In the Sweet and Parker model, magnetic fields

of opposite polarity enter into the rectangular shaped recon-

nection region, merge, and then the newly reconnected field

lines exit. During this process, the dissipation of magnetic

field energy occurs due to resistivity. This 2D MHD model

introduced the important concept that the magnetic recon-

nection rate can be calculated quantitatively through the

magnetic flux transfer between two geometrically separated

plasma regions, assuming uniformity in the third dimension.

For analysis of the local reconnection layer using the resis-

tive MHD formulation, the motion of magnetic field lines in

a plasma can be described by combining Ohm’s law with

Maxwell’s equations

Eþ V� B ¼ gJ; (1)

@B

@t
¼ �r� E; (2)

to obtain

@B

@t
¼ r� V� Bð Þ þ g=l0ð Þr2B: (3)

When g¼ 0, magnetic field lines move with the fluid without

any dissipation as described by Eq. (3). In resistive MHD

plasmas, hydromagnetic flows can lead to the formation of a

neutral sheet, wherein the plasma flow is reduced and the

electric field is balanced with gJ in Eq. (1). In the rectangular

diffusion region shown in Fig. 5(a), the resistivity term

becomes sufficiently large that the magnetic field line can

FIG. 3. Magnetic reconnection in solar

flares. A current layer appears at the

top of the arcade. Reprinted with per-

mission from Shibata et al., Astrophys.

J. Lett. 451, L83 (1995). Copyright

1995 IOP Publishing.15

FIG. 4. Current sheets formed in the Earth’s magnetosphere for magnetic

reconnection: red color regions. From http://mms.gsfc.nasa.gov.
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diffuse and lose its original identity, and reconnect to another

field line. In steady state, Eq. (3) can be simplified to

VinB ¼ ðg=dl0ÞB; (4)

where Vin is the inflow speed and d is the half width of the

diffusion region. Using the continuity equation for plasma

flows in the reconnection layer, VinL ¼ Voutd, where L is the

half length of the diffusion region and Vout is the outflow

speed. Using pressure balance between the upstream

(B2=2l0) and the downstream (�qV2=2; q is the mass den-

sity) regions, we have Vout ¼ VA, which leaves us a very sim-

ple formula for the reconnection speed Vin:

Vin

VA
¼ d

L
¼ 1ffiffiffiffiffiffi

Lq

p ; (5)

where VA ¼ B=
ffiffiffiffiffiffiffiffi
l0q
p

is the Alfv�en velocity and Lq ¼ lVAL=g
is the Lundquist number, the ratio of the Ohmic diffusion time

to the crossing time of the Alfv�en waves. To avoid confusion

with the Poynting vector (S) that is widely used in the latter

part of this paper, we use Lq instead of the conventional S to

denote the Lundquist number.

In this resistive MHD formulation, magnetic fields dif-

fuse and dissipate in the rectangular reconnection region of

Fig. 5(a), where incoming plasma flux is balanced with the

outgoing flux, satisfying continuity equations for both plasma

fluid and magnetic flux. The reconnection rate depends on the

Lundquist number, which is usually extremely large: Lq can

be 104–108 in laboratory fusion plasmas, 1010–1014 in solar

flares, and 1015–1020 in the inter-stellar medium of the

Galaxy. This Sweet–Parker reconnection rate becomes very

small if applied to reconnection phenomena in these systems.

This slowness comes from the assumption that both plasma

and magnetic flux have to go through the unrealistically nar-

row rectangular neutral sheet with thickness of d ¼ L=
ffiffiffiffiffiffi
Lq

p
,

as shown in Fig. 5(a).

In the early 1960s, a serious discrepancy was recognized

between the measured magnetic reconnection times and the

times predicted by the Sweet–Parker theory. Petschek pro-

posed that introduction of slow shocks in the Sweet–Parker

outflow region would greatly speed up the mass flow and

remove a major hurdle for the Sweet–Parker theory,17 whose

reconnection rate is hampered by a limited mass flow through

the very narrow current channel of constant width. However,

the Petschek’s slow shock was not conclusively identified ei-

ther in the laboratory nor space plasmas. In resistive MHD

simulations, Petcheck’s slow shock configuration is sustained

only if an anomalous resistivity is imposed within the high

current density region.18 So far, no persuasive theory has been

developed to physically justify this model.19

B. Analysis of magnetic reconnection layer using the
two-fluid formulation

The above MHD formulation of the local reconnection

layer is based on the assumption that electrons and ions

move together as a single fluid even in the presence of inter-

nal currents. This formulation must be modified by the real-

ization that this MHD condition does not hold in a thin

reconnection layer. For instance, in the collisionless magne-

tosphere, ions become demagnetized as shown in the grey

region of Fig. 5(b), while electrons are still magnetized and

the relative drift velocity between electrons and ions can be

large. In this two-fluid regime, the reconnection layers at the

magnetopause have thicknesses that are comparable to the

ion skin depth (di ¼ c=xpi; xpi is the ion plasma frequency)

with a broader exhaust region.4 In this region, the ion skin

depth is comparable to the ion gyroradius (b � 1 leads to

this relationship) and only electrons are magnetized, leading

to a strong Hall effect. In the collisionless magnetic recon-

nection layer, electrons and ions move quite differently from

each other due to two-fluid dynamics; differential motion

between the magnetized electrons and the unmagnetized ions

generates strong Hall currents in the reconnection layer, as

shown by the red broken lines in Fig. 5(b).

In the two-fluid formulation, the Ohm’s law of MHD

should be replaced by the generalized Ohm’s law in order to

describe force balance of an electron flow, namely,

Eþ V� B ¼ gJþ J� B

ene
�r � Pe

ene
� me

e

dVe

dt
; (6)

where ne is the electron density, Pe is the electron pressure ten-

sor, and Ve is the electron flow velocity. A large out-of-plane

electric field caused by the Hall currents at the reconnection

layer (JHall � B) causes an increase in the reconnection rate by

inducing rapid movement of the reconnecting field lines. As a

result, we have

Erec � jVe � Brecj; (7)

where Brec is the reconnecting magnetic field component and

Erec is the reconnection electric field. This explains why the

reconnection rate in collisionless plasmas is much faster than

the classical Sweet–Parker rate. Also, quite different flow pat-

terns of ions and electrons create circular currents, which

FIG. 5. (a) Sweet–Parker model base

on the resistive MHD. (b) Two-fluid

model for collisionless reconnection

layer: Note different motions of elec-

trons and ions.
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generates an out-of-plane quadrupolar magnetic field. This is a

very important signature of two-fluid physics, the Hall effects.

In the generalized Ohm’s law of Eq. (6), the first term of

RHS is negligible in collisionless reconnection, the second

term represents the Hall term. Eq. (6) can be reduced to the

ordinary Ohm’s law by setting Ve ¼ Vi ¼ V, and by neglect-

ing the electron inertia and pressure tensor terms. Most of the

region shown in Fig. 5(b) where ions are demagnetized is

called the “ion diffusion region (IDR)” with Eþ Vi � B 6¼ 0.

The motion of magnetized electrons is still described by

Eþ Ve � B ¼ 0 until they reach the region near the X-point

where electrons are demagnetized. This central region is

called the “electron diffusion region.” The inertia term and

pressure tensor term become large in the electron diffusion

region. Generally, in Eq. (6), all vectors should include both

the mean field contributions as well as contributions from

fluctuations, thus g solely denotes the classical Spitzer resis-

tivity based on Coulomb collisions.

C. Experimental study of dynamics of the two-fluid
reconnection layer

In MRX laboratory experiment, a well-defined recon-

nection layer is generated in a controlled manner in the two-

fluid regime, and the dynamics of the reconnection layer is

studied extensively, including the features of both the elec-

tron diffusion layer and the ion diffusion layer. Fig. 6 shows

a schematic of the MRX apparatus (a) together with the

measured flow of electrons and ions in the reconnection layer

(b), wherein two oppositely directed field lines merge and

reconnect.

It should be noted that this formation of a current sheet

is similar to the situation in Fig. 2(b). Each flux core (dark-

ened section in Fig. 6(a)) contains both toroidal field (TF)

and poloidal field (PF) coils. By pulsing both PF and TF coil

currents in a controlled manner, a prototypical reconnection

layer is generated and a detailed energy inventory study is

carried out.20 For standard conditions of ne¼ 2–6� 1013/

cm3, Te¼ 5–15 eV, B¼ 0.1–0.3 kG, Lq � 500; the electrons

are well magnetized (gyro-radius � L) while the ions are

not. The mean free path for electron–ion Coulomb collisions

is in the range of 5–20 cm (>the layer thickness), and as a

result, the reconnection dynamics are dominated by two-

fluid and kinetic physics.4,21 We employ a geometry (R, Y,

Z) where BZ is the reconnecting field component and Y is the

symmetric, out of plane axis. Local flow vectors for electrons

and ions are measured in the reconnection layer, and com-

pletely different flow patterns of ions and electrons are

found, as expected. The two-fluid plasma dynamics are

described by the Generalized Ohm’s law, which is derived

by multiplying the velocity vector with the Vlasov equation

for electrons as shown in Eq. (6).

Two different shapes of reconnection layer were verified

in MRX9 when the collisionality was varied in a wide regime

of plasma operation with hydrogen plasmas. In the high

plasma density case, as shown in Fig. 7(a), where the mean

free path is much shorter than the sheet thickness, a

rectangular-shaped neutral sheet profile of the Sweet–Parker

FIG. 6. (a) MRX apparatus and reconnection drive. (b) Measured flow vectors

(length represent velocity) of electrons (red arrows) and ions (blue) in the full

reconnection plane together with poloidal flux contours (which represent

reconnecting field line components projected in the reconnection plane) and

out of plane field contours; 1 cm vector length stands for 2� 106 cm/s, color

contours represent out-of-plane field strength, and green broken lines depict

(experimentally identified) separatrix lines. Toroidal symmetry is assumed.

Reprinted with permission from Phys. Plasmas 22, 056501 (2015). Copyright

2015 AIP Publishing LLC.20

FIG. 7. Comparison of the current sheet (reconnection layer) between collisional (a) and collisionless (b) plasmas. Hydrogen plasma. Reprinted with permis-

sion from Phys. Plasmas 13, 052119 (2006). Copyright 2006 AIP Publishing LLC.9
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model of type is identified, and the classical reconnection

rate is measured. In the case of low plasma density, where

the electron mean free path is longer than the sheet thickness,

a double-wedge-shaped sheet profile appears, as shown in

Fig. 7(b), and the Hall MHD effects become dominant, as

indicated by the notable out-of-plane quadrupole field

depicted by the color code. A double-wedge profile of the

Petschek type, seen in Fig. 7(b), deviates significantly from

that of the Sweet–Parker model, and a fast reconnection rate

is measured in this low collisionality regime. It should be

noted, however, that the slow shock proposed by Petschek

was never observed in MRX. The MRX result is an impor-

tant experimental demonstration to show how collisionality

changes the shape of the reconnection layer together with the

reconnection rate.

When we discuss collisionless reconnection in the two-

fluid (or kinetic) physics formulation, the definition of diffu-

sion region becomes quite different from that of MHD. In a

prototypical 2D two-fluid reconnection layer, there are two

separate diffusion regions for electrons and ions. Actually,

the electron diffusion region resides (near the X-point) inside

the broader ion diffusion region.

D. Experimental identification of a two-scale diffusion
region

In the MRX experiment, we experimentally identified a

two-scale diffusion layer in which the electron diffusion layer

resides within the outer ion diffusion layer, the width of which

is the ion skin depth, as shown in Fig. 8.4,23,24 Here, we define

the ion diffusion layer as the regime of Eþ Vi � B 6¼ 0 and

the electron diffusion layer as the regime of Eþ Ve � B 6¼ 0.

Just outside the electron diffusion layer, Eþ Vi � B ¼ 0

holds. In the electron diffusion region, electrons are demagne-

tized with Eþ Ve � B 6¼ 0,20,25 while in the ion diffusion

region, electrons are still magnetized by the relation Eþ
Ve � B ¼ 0 (Ref. 23), and Eþ Vi � B 6¼ 0 are satisfied with

Vi 6¼ Ve. It was also concluded that Hall effects determine the

reconnection rate in the broad ion diffusion region; in Eq. (7),

EY � ðVe � BÞY , as shown in Fig. 9.

Furthermore, it was found that demagnetized electrons

are accelerated along the outflow direction and within the

reconnection plane, as shown in Fig. 8. The width of the

electron outflow was shown to scale with the electron skin

depth as 5–10 c=xpe, which is 5–8 times wider than pre-

dicted by 2D numerical simulations.24,26 In Sec. II E, we

revisit this discrepancy (Figs. 11 and 12). While the electron

outflow seems to slow down due to dissipation in the elec-

tron diffusion region, the total electron outflow flux remains

independent of the width of the electron diffusion region.

We note that even with the presence of the narrow electron

diffusion region, the reconnection rate is still primarily deter-

mined by the Hall electric field as was concluded by the

GEM challenge.6 To our knowledge, MRX results are the

clearest observations of the electron diffusion region gener-

ated in a controlled reconnection experiment. When either an

externally imposed guide field or inflow asymmetry is

applied, the configuration of the electron diffusion layer

becomes deformed and changes to a more complex

configuration.

As shown above, a prototypical reconnection layer can

be formed in a laboratory if a 2D symmetric condition is

imposed by the boundary conditions. In more general cases,

it is harder to identify the electron diffusion region (particu-

larly in space) in a natural condition, since it can be often bi-

furcated into multiple regions in asymmetric reconnection.25

With the presence of a guide field, the electron diffusion

region can transform from a single layer to a more compli-

cated structure even when symmetric boundary conditions

are imposed. 3D effects would also make the structure of the

electron diffusion region more complicated. In order to iden-

tify the diffusion region in space plasmas with measurements

from only a few satellites, it is desirable to look for another

identifier in addition to following the regime of

FIG. 8. Identification of the electron diffusion layer inside the ion diffusion

layer. The three panels (a)–(c) show measured out-of-plane Hall magnetic

field contours (in colors), flow vectors (black arrows), and electron flow

velocities in the reconnection plane. The value of the Hall magnetic field

ranges from about �70 to 70 Gauss in this figure. The shoulder value of the

reconnecting magnetic field component is about 120 Gauss. Reprinted with

permission from Ren et al., Phys. Rev. Lett. 101, 085003 (2008). Copyright

2008 American Physical Society.23 The ion skin depth is about 5–6 cm.

FIG. 9. Radial profile of the reconnection electric field at Z¼ 0. The classi-

cal resistivity term is about 10% of the reconnection electric field at the X-

point (R¼ 37.5 cm). Away from the current sheet, the reconnection electric

field is balanced by the Ve � B term. Reprinted with permission from Phys.

Plasmas 21, 055706 (2014). Copyright 2014 AIP Publishing LLC.22
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Eþ Ue � B 6¼ 0. One of the more promising ways is to iden-

tify a region of high energy deposition rate je � E, as

described in Sec. II E.

E. Dynamics and energetics of electrons in the
reconnection layer

By quantitative measurements in the MRX reconnection

layer, the acceleration and heating of both electrons and ions

are determined to account for half of the incoming magnetic

energy, and this conversion happens at a remarkably fast

rate.27 In the MRX study, it was found that in the collision-

less reconnection layer, the energy deposited into the elec-

trons is concentrated near the electron diffusion region and

near the X-line. Furthermore, a non-negligible amount of

magnetic energy flows out of the exhaust. A comparison of

numerical simulation data and experimental results is made

to investigate the energy deposition on electrons, and

remarkably clear findings are made. Figure 10 shows results

from our experimental measurements of electron dynamics

in the two-fluid reconnection layer.

The electron flow velocity in the reconnection plane

becomes very large near the X-point, and electrons are ejected

out to the exit. Fig. 10(a) presents detailed measurements of

the electron flow vectors in one half of the reconnection plane.

In the inflow region, magnetized electrons flow towards the

X-point along field lines, which are almost parallel with the

separatrix at the edge of the inflow region. While ions and

electrons move together with the field lines before entering the

ion diffusion region, inside the ion diffusion region, electrons

move much faster than ions as they approach the X-point

region as seen in Fig. 6(b). This electron flow pattern generates

net circular currents in the reconnection plane, and thus creates

an out-of-plane magnetic field with the quadrupole profile as

shown in Fig. 6(b), and represented in 3D in Fig. 10(b). This is

a signature of the Hall effect. The energy deposition rate on

electrons, je � E, is concentrated near the X-point as seen in

Fig. 10(d), in a much wider region (�10de) than predicted by

numerical simulations [e.g., Ref. 28]. Furthermore, our data

indicate that electron heating takes place in even wider region

of the exhaust as seen in Fig. 10(c). The measured 2D electron

temperature profile shows that the electron heating spreads

along the magnetic field lines in the exhaust. The observed

high Te region is attributed to the strong parallel heat conduc-

tion. We note that Ohmic dissipation based on the classical re-

sistivity accounts for less than 20% of the measured heating

power. Magnetic and electrostatic fluctuations in the lower

hybrid frequency range are observed near the X-point and

throughout the downstream region,22 and could cause the

observed anomalous electron heating, although more quantita-

tive analyses on wave-particle interactions are yet to be made.

It is important to note that when the energy deposition rate to

electrons, je � E, is decomposed into je? � E? þ jekEk, i.e., sep-

arating the inner product into that of the perpendicular and par-

allel components with respect to the local magnetic field lines,

je? � E? is measured to be significantly larger than jekEk as

shown in Fig. 11.

Near the X-point where energy deposition is maximum,

je? � E? is larger than jekEk by more than an order of magni-

tude. This very notable characteristic of energy deposition to

electrons is verified by our 2D PIC numerical simulation

using the VPIC code29 as shown in Fig. 12. While most

FIG. 10. Experimentally measured

electron dynamics: (a) and (b)

Measured electron flow vectors and

measured field lines in the half recon-

nection plane and its perspective view

in 3D geometry as shown in equivalent

condition as the simulation. Vector

length (1 cm in the figure scale) stands

for 4:5� 106 cm/s. (c) and (d) Strong

electron temperature rise is observed in

a wide area of the exhaust region, while

the energy deposition to electrons,

je � E, is concentrated near the X-point

as seen in (d): strong parallel heat con-

duction is considered to be the cause of

the high Te at the exhaust region. The

measured electron temperature is the

average electron energy of the bulk

population. The ion skin depth, di, is

6–8 cm and the electron skin depth, de,

is 1 mm, typically. Reprinted with per-

mission from Yamada et al., Nat.

Commun. 5, 4474 (2014). Copyright

2014 Nature Publishing Group.27
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features of electron flow vectors are reproduced and verified

in our simulation, electron flow speeds are much more pro-

nounced near the X-point as well as on both sides of the sep-

aratrices. Thus, the thickness of the electron diffusion layer

is much smaller than that of our experiment as discussed

extensively before.24,30–32 It is again notable in the simula-

tion that when the energy deposition rate to electrons, je � E,

is decomposed, je? � E? is found to be significantly larger

than jekEk near the X-point where energy deposition is maxi-

mum. Recently, in the Magnetospheric Multiscale mission,

the identification of the EDR was supported by the high

energy deposition to electrons through the perpendicular

components.33

F. Dynamics and energetics of ions in the
reconnection layer

It was observed that the conversion of magnetic energy

to ions occurs across a region significantly larger in area than

the narrow electron diffusion region. A saddle shaped elec-

trostatic potential profile is verified to exist within the recon-

nection plane both in the experiment and simulations, and as

a result, ions are accelerated by the resulting electric field at

the separatrices.34 It was verified in MRX that the electric

potential profile is formed in the reconnection plane in order

to balance the Lorentz force on the electron flows. It is found

that the flows of magnetized electrons, which cause the Hall

effects, produce a strong electric field in the reconnection

plane especially across the separatrices as shown in Fig. 13.

A strong in-plane electric field is generated near the separa-

trices with a wider and deeper potential well downstream.

The MRX potential data are consistent with simulation

results [e.g., Refs. 28 and 35–37] as well as the measure-

ments by the CLUSTER spacecraft,38 which showed a nar-

row potential well near the X-point with a half width in the

range of 60–100 km [(3–5) de], and deeper and wider well

towards the exhaust region. The in-plane (Hall) electric field

(or potential drop) is mostly perpendicular to the local

FIG. 11. Comparison of two composi-

tions of energy deposition rate meas-

ured in MRX: (a) jekEk and (b)

je? � E?.

FIG. 12. Results of numerical simula-

tion of electron dynamics: (a) and (b)

Electron flow vectors and measured

field lines in the half reconnection

plane and its perspective view in the

3D geometry.
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magnetic field lines and is strongest near the separatrices.

Electric potential is seen to be nearly constant along a poloi-

dal flux contour (or magnetic field line) in a half of the

reconnection plane in Fig. 13. In this figure, it is notable that

a large electric field across the separatrices extends to a sig-

nificantly larger area of the reconnection layer than the

region in which field line breaking and reconnection occur.

A typical magnitude of the in-plane electric field, Ein, is

3–4 times larger than the reconnection electric field, Erec

� 200 V/m, in MRX.

An electrostatic acceleration of ions was observed near

the separatrices due to the strong electric field mentioned

above, whose spatial scale is �2 cm, smaller than the ion

gyro-radius of �5 cm. Fig. 13 also shows the 2D profile of

ion flow vectors measured by Mach probes, along with con-

tours of the plasma potential Up. We observe clearly that

the ion flows change their direction at the separatrices and are

accelerated in both the Z and R directions. The energy deposi-

tion rate on ions, ji � E, is concentrated near the separatrices in

the exhaust region as seen in Figs. 14(a) and 14(b). Fig. 14(b)

depicts the ion velocity distribution function versus VZ meas-

ured by IDSP (Ion Dynamics Spectroscopy Probe39) at three

locations specified in Fig. 14(a). In this measurement, the

IDSP spectrum profiles are converted to the local velocity dis-

tributions of ions versus VZ. Shifted Maxwellian distributions

are observed at typical positions (R, Z) as shown in Fig. 14(a).

A notable heating is observed as the ions flow out to the

exhaust from the X-region, as demonstrated. The cause of this

anomalously rapid slowdown of ions, together with ion heat-

ing, is concluded to be the “re-magnetization” of the exiting

ions by careful verification based on VPIC simulations.22 As

the R component of reconnected magnetic field becomes

stronger in the downstream region, the ion trajectories are sig-

nificantly affected by the magnetic field of the exhaust, and

thus, ions are re-magnetized.

This acceleration and heating of ions happen in a wide

region extending over an ion skin depth—the ion diffusion

region. These accelerated ions are then thermalized by

re-magnetization through stochastic ion motions and some

collisions in the downstream region. When the energy depo-

sition rate to ions, ji � E, is decomposed into ji? � E? þ jikEk,
the perpendicular component, ji? � E?, is again found to be

dominant over jikEk in the regions where energy deposition

to ions is maximum.20

III. LOCAL PHYSICS OF ENERGY CONVERSION IN
THE RECONNECTION LAYER

Some of the content in this section is published in

Yamada et al.40

A. Analysis of energy flow in MHD formulation

The overall energy conversion in the single-fluid

(MHD) model can be examined with the following energy

transport equation:41

@

@t

B2

2l0

þ �0E2

2
þ uþ q

2
V2

 !
þr � SþHþKð Þ ¼ 0; (8)

where u ¼ ð3=2Þp is the internal energy density, p ¼ neTe

þ niTi is the pressure, q ¼ mene þ mini is the mass density,

V is the single-fluid velocity, S ¼ ðE� BÞ=l0 is the Poynting

flux, H ¼ ðuþ pÞV is the enthalpy flux, and K ¼ ðq=2ÞV2V

is the flow energy flux. In non-relativistic plasmas, the electric

field energy (�0E2=2) is usually neglected. The neglect of

inductive electric field energy is a valid approximation for

the evolution of macroscopic magnetic fields, provided that

the characteristic timescale is much longer than the light

crossing time. In plasmas, the electrostatic field energy may

also be neglected due to the assumption of quasineutrality.

The above equation is used to analyze energy conversion in

the Sweet–Parker model, which is the most well-known MHD

model for magnetic reconnection.

Following the previous description on the Sweet–Parker

model in Section II A, the incoming Poynting (Sin), flow

energy (Kin), and enthalpy (Hin) flux of reconnection layer

are expressed by

Sin ¼ ErecBrec=l0 ¼ ðB2
rec=l0ÞVin; (9)

FIG. 13. Measured 2D plasma potential (Up) profile along with the in-plane

ion flow vectors. Ions are accelerated by the strong in-plane electrostatic

field especially near the separatrices. Figure from Yoo et al., Phys. Rev.

Lett. 110, 215007 (2013). Copyright 2013 American Physical Society.34

FIG. 14. (a) Measured energy deposition rate to ions, ji � E. High energy dep-

osition is primarily due to ji? � E?, which is concentrated in the ion diffusion

region. The energy deposition to ions occurs across the sepratrices and in a

much wider region than for electrons. (b) Normalized spectra of measured He

4686 Å at three locations marked with crosses in (a). The upstream ion ther-

mal velocity vth0 is 13 km/s. Reprinted with permission from Phys. Plasmas

22, 056501 (2015). Copyright 2015 AIP Publishing LLC.20
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Kin ¼ qV3
in=2 ¼ ð1=2LqÞSin; (10)

and

Hin ¼ ð5=2ÞpinVin ¼ ð5=4ÞbSin: (11)

Here, pin is the upstream pressure, and b is the ratio of

upstream plasma pressure to reconnecting magnetic pressure.

When Lq � 1 and b� 1, as is typical of magnetized astro-

physical plasmas, the total incoming flux is dominated by the

Poynting flux.

The outgoing fluxes can also be expressed in terms of

the incoming magnetic energy flux, Sin. Since the reconnec-

tion electric field is uniform over the layer due to the steady-

state assumption, we have that

Erec ¼ VinBrec ¼ VABout; (12)

where Bout is the magnetic field strength in the exhaust

region. The outgoing Poynting (Sout) and flow energy (Kout)

fluxes are given by

Sout ¼ ErecBout=l0 ¼ Sin=
ffiffiffiffiffiffi
Lq

p
; (13)

and

Kout ¼ qV3
A=2 ¼ ð

ffiffiffiffiffiffi
Lq

p
=2ÞSin: (14)

The outgoing enthalpy flux (Hout) can be obtained using Eq.

(8). With the steady-state assumption and the divergence the-

orem, the relation between the incoming and outgoing fluxes

is

ðSin þ Hin þ KinÞL ¼ ðSout þ Hout þ KoutÞd: (15)

With this relation, and Eqs. (9)–(14), Hout is found to be

Hout ¼
1

2
þ 5

4
b

� � ffiffiffiffiffiffi
Lq

p
� 1

2
ffiffiffiffiffiffi
Lq

p
" #

Sin: (16)

The above equations indicate that most of the incoming

electromagnetic energy is dissipated within the rectangular-

shaped diffusion region and that the energy is equally split

into plasma flow and thermal energy. The change in the

magnetic energy flow (DWM) inside the diffusion region per

unit time and unit length along the out-of-plane direction is

given by

DWM ¼ �4ðLSin � dSoutÞ ¼ �4LSinð1� 1=LqÞ: (17)

The outgoing magnetic energy is smaller than the incoming

energy by a factor of 1=Lq. Since Lq � 1 for most astro-

physical and large laboratory plasmas, the outgoing magnetic

energy is negligible, which means that most of the incoming

magnetic energy is dissipated within the diffusion region by

resistivity. Similarly, the changes in the flow (DWK) and en-

thalpy (DWH) energy are

DWK ¼ 4ðLKin � dKoutÞ ¼ 2LSinð1� 1=LqÞ ¼ �DWM=2;

(18)

DWH ¼ 4ðLHin � dHoutÞ ¼ 2LSinð1� 1=LqÞ ¼ �DWM=2:

(19)

Thus, there is an equipartition between the flow and thermal

energy gain in the Sweet–Parker model.42 This equipartition

means that half of the incoming magnetic energy must be

converted to flow energy in order to achieve the required

Alfv�enic outflow.

B. Analysis of energy flow in the two-fluid formulation

For two-fluid dynamics, Eq. (8) is modified to include

the microscopic heat flux, q, and the scalar pressure, p,

which is generalized to the total pressure tensor, P:

@

@t

B2

2l0

þ
X
s¼e;i

us þ
qs

2
V2

s

� �" #

þr � Sþ
X
s¼e;i

Hs þKs þ qsð Þ
� �

¼ 0: (20)

Here, us, the internal energy of species s, is derived from

the pressure tensor, us ¼ TrðPsÞ=2, and Hs ¼ usVs þ Ps � Vs

is the enthalpy flux for species s. In this form, the only term

added to the MHD energy transport equation (Eq. (8)) is the

divergence of the microscopic heat flux of each species, qs.

If the heat flux at the boundary is negligible and the diagonal

terms of the pressure tensor are dominant for both electrons

and ions, the two-fluid energy transport equation reduces to

the MHD energy transport equation.

Because electron and ion dynamics are quite different in

the two-fluid regime, a quantitative analysis of the energy

partition in a two-fluid reconnection layer is not straightfor-

ward to carry out. In fact, this difficulty is closely related

to the fact that there is a lack of a full analytical theory of

two-fluid reconnection. Such a theory should be able to self-

consistently predict key reconnection parameters such as the

reconnection rate, plasma outflow velocity, layer aspect ra-

tio, and energy deposition. It is known that the reconnection

mechanisms can depend on many factors including the

boundary condition, asymmetry in upstream parameters, and

the strength of the guide field. Here, we assume a 2D anti-

parallel geometry and describe a simple quantitative analysis

of the energy inventory in the ion diffusion region (the IDR).

For the energy inventory analysis in a reconnection

layer, it is important to choose a properly sized volume since

the energy conversion process occurs not only over the ion

diffusion region but also at the so-called reconnection fronts

where plasma jets originating from an active reconnection

site interact with the background plasmas.43 The energy con-

version process at the reconnection front inevitably depends

on the boundary conditions there. To exclude effects from a

specific choice of boundary conditions, we set the volume

size for the energy inventory analysis, such that it covers

most of the IDR but not the so-called reconnection fronts

outside of the IDR. In 2D, this volume simply becomes a

2Li � 2di box, where Li and di are the half length and width

of the IDR, respectively.

Energy deposition to ions happens throughout the IDR,

which makes the estimation difficult. For simplicity, we only
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consider the ion energy gain from the in-plane electrostatic

field, which is the dominant energy source for ions.34 Since

ions are demagnetized in the IDR, the amount of the energy

gain for a single ion from the inflow region to the exhaust is

eDUp, where DUp is the plasma potential difference across

the separatrices, which can be estimated.22 The normal direc-

tion of the electrons’ equation of motion through the center

of the reconnection site is

En � VeyBsh �
1

ene

@pe

@n
; (21)

where n and y denote the normal and out-of-plane direction,

respectively, Bsh is the shoulder value (the value just outside

the current sheet) of the reconnecting magnetic field, and the

pressure tensor is simplified to be a scalar pressure. By integrat-

ing the above equation along the normal direction, we obtain

DUp �
B2

sh

2l0ehnei
� DTe; (22)

where hnei is the electron density averaged over the current

sheet, and DTe is the electron temperature difference

between the center of the current sheet and a point just out-

side. The temperature difference, DTe, is related to the bulk

electron heating during reconnection. This is found to be

small with respect to the incoming magnetic energy per elec-

tron–ion pair, miV
2
A ¼ B2

rec=l0ne;44,45 (<5%). If we assume

Bsh¼Brec, and using Eqs. (9) and (22), the ratio of total ion

energy gain per unit time and unit length along the out-of-

plane direction, Wi to Win becomes

Wi

Win
¼ 4eDUpLi

4SinLi
¼ B2

sh=2l0

B2
rec=l0

� 0:5: (23)

Usually, Bsh is somewhat smaller than Brec, the asymptotic

value of the reconnecting magnetic field far away from the

X-line, and this ratio is less than 0.5 (about 0.4) in MRX.

Energy conversion in the EDR can be discussed using a

Sweet–Parker-type model. Since the EDR is relatively small

compared to the ion scale, the incompressible assumption of

the Sweet–Parker model is generally valid. As a result, the

electron outflow Ve;out � ðLe=deÞVe;in, where Le and de are

the half length and half width of the EDR, respectively, and

Ve;in is the electron inflow speed. From (12), one can show

that the outgoing magnetic energy is ðLe=deÞ2 times smaller

than the total incoming magnetic energy into the EDR. Since

ðLe=deÞ � 1, the outgoing magnetic energy is negligible,

which means that most of the incoming magnetic energy to

the EDR is converted to the electron energy. Then, the ratio

of the electron energy gain per unit time and unit length

along the out-of-plane direction, and We to the total incom-

ing magnetic energy per unit time and unit length along the

out-of-plane direction to the IDR, Win becomes

We

Win
� 4SinLe

4SinLi
¼ Le

Li
; (24)

where Sin is the incoming Poynting flux associated with

reconnecting magnetic field and reconnection electric field,

which is the same as in the Sweet–Parker model (Eq. (9)).

The length of the EDR is typically on the order of an ion

skin depth [e.g., Refs. 26, 28, 35, 46, and 47]. The length of

the IDR, however, is harder to determine. If we define the

IDR as the region where the Hall effects exist, for example,

the IDR can reach multiple ion skin depths. Due to these

characteristics and lack of theory of two-fluid reconnection,

there is no consensus for Le=Li, which can also depend on

the system size or boundary conditions. In MRX, Le=Li is

about 5 with Le � di and Li � L where L is the system size,

which means that about 20% of the incoming magnetic

energy is converted to electrons.

An important feature of energy conversion in the two-

fluid reconnection layer is that the outgoing magnetic energy

is not negligible due to the relatively small aspect ratio.

From the above quantitative discussions, ðWe þWiÞ=Win

is 50%–60%, which means that 40%–50% of the incoming

magnetic energy flows out without conversion. This is

caused by the characteristics of the two-fluid reconnection

layer: (1) Since the fast reconnection rate is primary facili-

tated by the Hall fields, a large outgoing Poynting flux is

generated by the in-plane E field and the out-of-plane Hall

magnetic field. (2) With the fast reconnection speed caused

by Hall effects, the ratio of the inflow velocity to the outflow

velocity is close to unity, resulting in a smaller aspect ratio

of the ion diffusion region (Li=di). As a result, a sizable

amount of the outgoing Poynting flux exists.

IV. EXPERIMENTAL STUDY OF THE ENERGY
INVENTORY

The energy inventory during two-fluid reconnection has

been carefully examined in a laboratory plasma.20,27 Energy

flux terms as well as time derivative terms are evaluated

within a boundary that covers most of the ion diffusion

region, as shown in Fig. 15. Including the time derivative

terms is important since the plasma is not perfectly steady

state, and these terms represent changes in the energy

enclosed in the plasma volume. Details on the energy inven-

tory analysis can be found in Yamada et al.20

FIG. 15. Boundary for the energy inventory analysis. The dashed magenta

box of �2di � 2di shows the region where the analysis is conducted. In 3D,

this boundary indicates a toroidal volume. The color indicates the out-of-

plane quadrupole field, a signature of two-fluid effects. The black lines are

the poloidal flux contours, representing magnetic field lines. Reprinted with

permission from Phys. Plasmas 21, 055706 (2014). Copyright 2014 AIP

Publishing LLC.22
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Figure 16 shows the overall energy inventory during

two-fluid reconnection in MRX. The numbers in this figure

are normalized by the incoming magnetic energy per unit

time, which is

Win ¼
ð

Cb

d3xr � Sin; (25)

where Cb is the volume of the plasma specified by the bound-

ary in Fig. 15 and Sin ¼ EYBZ=l0eR is the incoming Poynting

flux with eR being the unit vector along the R direction. The

actual value of Win is 1.9 MW. There are major differences

in the energy inventory between two-fluid reconnection and

the Sweet–Parker model. First, there is a significant outgoing

Poynting flux, which accounts for 50% of the magnetic energy.

Since the aspect ratio of the ion diffusion region Li=di is only

about three, the MHD component of the outgoing Poynting

flux, SMHD ¼ �ðEYBR=l0ÞeZ, is not small. Moreover, there is

also an outgoing Poynting flux associated with Hall fields,

SHall ¼ ðERBY=l0ÞeZ � ðEZBY=l0ÞeR, whose contribution is

larger than that of SMHD, as shown in Fig. 16. Second, the

energy gain is dominated by an increase in thermal energy for

both ions and electrons; there is no equipartition. As mentioned

in Section III, it is important to note that the energy deposition

to electrons predominantly occurs in the electron diffusion

region through je? � E? as shown in Fig. 11, and the energy

deposition to ions occurs in the ion diffusion region through

ji? � E?, as shown in Fig. 14.

We have quantitatively evaluated how magnetic energy

is converted to the thermal and flow (kinetic) energy of elec-

trons and ions within a toroidal boundary of minor radius

12 cm and length 15 cm. In our local energy flux inventory,

about half of the incoming magnetic energy is converted to

particle energy, 1/3 of which goes to electrons and 2/3 to

ions.

We here note that while energy deposition to electrons

occurs mostly within the electron diffusion region,22,28 it

also happens along the separatrices, but the amount of the

energy gain is much smaller than that in the EDR. It is also

worth noting that electrons lose energy to the field

(Je � E < 0) just outside of the EDR where the electron out-

flow exceeds the local E� B velocity. The positive contribu-

tion from the separatrix region and the negative contribution

outside the EDR almost cancel each other, so that the total

electron energy gain is dominated by that in the EDR.

To make a quantitative estimate of the energy partition-

ing in the EDR, the width of the EDR, de also has to be

specified. With the relationship of Ve;out � ðLe=deÞVe;in, the

ratio between the electron flow energy gain in the EDR,

DWKe to We becomes

DWKe

DWMe
¼ 1

2

Ve;out

VAe

� �2

; (26)

where VAe ¼ Brec=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0mene
p

is the electron Alfv�en velocity.

The electron outflow velocity is generally less than VAe [e.g.,

Refs. 26 and 46], which means that the flow energy increase

is less than half of the incoming magnetic energy into the

EDR. The electron outflow velocity in experiments is only

about 0:1VAe,26 smaller than the values in numerical simula-

tions. This is related to a long-standing discrepancy in de

between simulations and experiments; de is much larger in

experiments (6–10de; de ¼ c=xpe, electron skin depth) than

in kinetic simulations (1–2de).
24,30–32 Due to the small elec-

tron outflow velocity, the electron flow energy increase in

MRX is only about 5% of the total energy gain, and the rest

of the energy is converted to electron enthalpy or comes out

as the heat flux.22

For energy partitioning in the IDR, a Sweet–Parker-type

analysis can also be carried out. However, the incompressi-

ble assumption is not valid inside the IDR; density in the

exhaust region is higher than that in the inflow region [e.g.,

Refs. 30, 46, and 48–51]. Considering the density difference,

mass conservation yields

Vi;out �
Li

di

nin

nout
Vi;in; (27)

where nin and nout are the density in the inflow and outflow

region, and Vi;in and Vi;out are the ion inflow and outflow

speed, respectively. The typical aspect ratio (Li=di) of the

IDR is 3–5, and the density ratio (nin=nout) is 0.3–0.5,

depending on the boundary condition [e.g., Refs. 30, 34, 46,

and 49]. The inflow ion speed, Vi;in, in collisionless (two-

fluid) reconnection ranges from 0.1 to 0.2 VA [e.g., Ref. 6].

With these values, the ion outflow becomes smaller than the

Alfv�en velocity, typically about 0.5VA in particle-in-cell

(PIC) simulations and experiments [e.g., Refs. 22, 34, 35, 51,

and 52]. As a result, the ion flow energy gain, DWKi, is only

about 10% of the total incoming magnetic energy to the

IDR, WMi, which means that the ion energy gain is domi-

nated by an enthalpy increase.27,53,54

The observed large outgoing Poynting flux is caused by

the unique features of the two-fluid reconnection layer as

FIG. 16. Energy inventory during two-fluid reconnection in MRX. Every

number is normalized by the incoming magnetic energy per unit time,

Win¼ 1.9 MW. The electron flow energy increase is not shown because it is

extremely small (�10�4).
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mentioned in Section III. First, there is less separation

between the inflow speed (�0:1VA) and the outflow speed.

As shown in Eq. (12), the outgoing magnetic field is deter-

mined by the ratio between ion inflow and outflow speeds. In

the two-fluid reconnection, the inflow speed is not small

(�0:1VA) due to fast reconnection speed. The outflow speed

(�0:5VA) is less than the Alfv�en velocity due to the density

pile up in the down flow region. As a result, unlike in the

Sweet–Parker model, Bout is not negligible in the two-fluid

reconnection. Second, there is also an outgoing Poynting

flux associated with the Hall fields, i.e., the out-of-plane

magnetic field and in-plane electric field. For reconnection

with a negligible guide field, this outgoing flux (SHall) is

much larger than the MHD-based outgoing Poynting flux

associated with Bout and Erec, SMHD.27,54,55 Overall, our

quantitative measurements show that half of the incoming

magnetic energy is converted to particle (enthalpy) energy

with a remarkably fast speed, 0.1–0:2ðB2=2l0ÞVA in compar-

ison with the rate calculated by MHD, �ðB2=2l0ÞVAL=L1=2
q

¼ 0:03ðB2=2l0ÞVA; S¼ 900.

The above energy inventory is for the case without a sig-

nificant asymmetry across the current sheet; the density ratio

of the two upstream regions is less than 1.3. Recently, recon-

nection with a significant (�10) density asymmetry has been

studied.22 These laboratory studies of asymmetric reconnec-

tion are of importance, since reconnection in nature often

has large asymmetry in plasma parameters such as density

and temperature across the current sheet. A typical example

is reconnection at the dayside magnetopause where the solar

wind plasma interacts with magnetospheric plasma [e.g.,

Ref. 25]. Then, the natural question is how the energy inven-

tory changes in asymmetric reconnection.

It is found that the fraction of magnetic energy con-

verted in the ion diffusion region, which is about 50%, does

not notably changes but the detailed energy inventory is dif-

ferent in asymmetric reconnection.56 In particular, the ratio

of ion energy gain to electron energy gain changes to about

1.3, which is significantly less than 2. This change comes

mostly from the fact that the density asymmetry changes the

Hall field profiles;22,57–62 the Hall electric field on the high-

density side, where most of the ions are flowing to the

exhaust, becomes much weaker. Thus, the ion energy gain

becomes smaller. For electrons, there is an additional energy

gain near the low-density-side separatrices where a strong

pressure gradient exists,56 thereby increasing the electron

energy gain.

How the energy inventory changes for different situa-

tions, such as reconnection with a guide field, has yet to be

studied. The systematic dependence of the energy inventory

on the various upstream parameters such as plasma beta and

collisionality should also be studied in the future.

V. GLOBAL IMPACT OF IMPULSIVE RECONNECTION
ON STABILITY OF LINE-TIED MAGNETIC FLUX ROPES

In order to expand our study of magnetic reconnection

beyond the local reconnection layer, we now consider the

impact of impulsive reconnection phenomena on the global

topology of astrophysically relevant laboratory plasmas. The

particular plasma configuration studied here is that of an

arched, line-tied magnetic flux rope. This configuration is of

particular interest due to its central role in storing and releas-

ing magnetic energy in the solar corona.63–66 To study the in-

ternal structure of line-tied flux ropes in a laboratory setting,

a new arc discharge experiment was recently developed

using the MRX facility.67

In this section, we first describe the MRX flux rope

experiments, including the key features that make them

uniquely relevant to the solar eruption problem. We then

present a study of the flux rope instability parameter space

that reveals a new “failed torus” regime where ideally unsta-

ble flux ropes fail to erupt.68 The experiment is equipped

with a two-dimensional, high-coverage magnetic probe

array, which we use here to investigate the detailed evolution

of the flux rope during eruptive and failed torus events.

These measurements reveal the formation of current sheets

outside of the flux rope during eruptive events and within the

flux rope during failed torus events. In each case, the current

sheets help to reconfigure the global topology of the flux

rope on Alfv�en timescales. Finally, the magnetic probe data

are used to directly measure the J� B acting on the flux

rope plasma.67–69 From these measurements, we conclude

that the toroidal field tension force, which is neglected in tra-

ditional flux rope force balance studies,70,71 is dynamically

enhanced by the impulsive reconnection processes identified

here. It is this dynamically enhanced tension force that pre-

vents many flux rope eruptions in the failed torus regime.

A. Experimental setup and key findings

For an arched flux rope, the relative invariance of the so-

lar surface translates to a slow driving mechanism at the two

“line-tied” foot points. Previous laboratory arched flux rope

experiments do not satisfy this “storage-and-release” condi-

tion, because they rely on the dynamic injection of either

plasma or magnetic flux at the foot points in just a few

Alfv�en times, sA ¼ L=VA, to produce an eruption.10–12 In

contrast, the present MRX experiments enforce a strict sepa-

ration of timescales between the foot-point driving time,

sD � 150 ls, and the dynamic Alfv�en time, sA � 3 ls, such

that the observed eruptions are driven by storage-and-release

mechanisms.

The line-tied flux rope experimental setup in MRX is

shown in Fig. 17. The arched plasma is formed between and

above two copper electrodes mounted on a glass substrate.

Four vacuum field coil sets, two inside the vessel and two

outside, are used to produce a wide range of vacuum mag-

netic field configurations in the plasma region. This flexibil-

ity is necessary to conduct the instability parameter space

study that is described below. The vacuum field configura-

tion consists of two components: (1) the “guide” magnetic

field that runs toroidally along the flux rope; and (2) the

“strapping” magnetic field that runs orthogonal to the flux

rope. The guide field is equivalent to the toroidal field in a

tokamak, while the strapping field is equivalent to the verti-

cal field. These two field components combine to produce

the obliquely aligned vacuum magnetic field lines shown in

Fig. 17. Note that the (x, y, z) coordinate system used in these
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experiments differs from the local reconnection coordinate

system used in Secs. II–IV. Here, z is aligned with the verti-

cal axis above the footpoints as is commonly found in the so-

lar literature.

Once a given vacuum magnetic field configuration has

been selected, the various coil sets are ramped to their

selected currents and held there for the duration of the dis-

charge. In practice, the vacuum magnetic field configuration

is established several milliseconds before the plasma break-

down in order to allow vessel and electrode eddy currents

to decay away. The plasma discharge then is initiated by

connecting a pre-charged capacitor bank across the electro-

des. The discharge driving time is governed by the charac-

teristics of the combined RLC capacitor bank and plasma

circuit.

We now report the key findings of a detailed study68 of

the flux rope instability parameter space (Fig. 18). The pa-

rameter space plotted here is defined by the onset criterion

for the kink72–76 and torus70,71,77,78 instabilities. More specif-

ically, the x-axis is the edge safety factor,79,80 qa, which

measures the inverse edge twist in the flux rope. Low qa cor-

responds to high twist and therefore kink instability. The

y-axis, on the other hand, is the field decay index,70,81 n,

which measures how steeply the vacuum magnetic field

decays with height above the electrodes. High n corresponds

to a steeply decaying profile and therefore torus instability.

The color in the figure is the normalized instability ampli-

tude, hdzi=xf . Here, dz is the spatial amplitude of instability

driven motion of the flux rope magnetic axis, and 2xf is the

footpoint separation distance. The specifics of how qa, n, and

hdzi=xf are extracted from each discharge are detailed

elsewhere.67,68 The data points in Fig. 18 are directly meas-

ured from more than 800 laboratory flux rope discharges in

MRX.

Four distinct stability regimes are delineated in Fig. 18.

First, the stable regime at high qa and low n appears as

expected in the absence of both the kink and torus instabil-

ities. Likewise, the eruptive regime appears at low qa and

high n when both instabilities are present. Next, the “failed

kink” regime at low qa and low n reveals that the kink insta-

bility can drive motion of the flux rope without causing an

eruption. This result is consistent with the existing numerical

work,82 and it highlights the primacy of the torus instability

in driving eruptions. The fourth and final regime at high qa

and high n, which we call the “failed torus” regime, is also

non-eruptive. This refutes the notion that the torus criterion

is a necessary and sufficient condition for eruption. Instead,

flux ropes that exceed the torus criterion in this regime fail to

erupt. The salient point is that the stable, eruptive, and failed

kink regimes can be explained within the framework of ideal

MHD instabilities, but the failed torus regime cannot.

Therefore, a non-ideal process such as magnetic reconnec-

tion must be involved. In Sections V B–V D, we provide

experimental evidence of the formation of current sheets in

both the eruptive and failed torus regimes.

B. Current sheets during eruptive events

We proceed by discussing the formation of current

sheets during eruptive events in these experiments. Before

doing so, we must introduce the magnetic probe array67,68

used to diagnose the internal structure of the plasma. The

probe array consists of seven long, thin magnetic probes that

are aligned in a two-dimensional plane and inserted verti-

cally into the flux rope plasma (Fig. 19(a)). Each probe

FIG. 17. Experimental setup. A plasma arc (pink) is maintained between

two electrodes that are mounted on a glass substrate. The electrodes, which

serve as the flux rope footpoints, are horizontally separated by 2xf ¼ 36 cm,

and they have a minor radius of af ¼ 7:5 cm. The plasma current flows

mainly along the arc discharge. Note that the (x, y, z) coordinate system used

in these experiments differs from the local reconnection coordinate system

used in previous sections. The vertical distance from these footpoints to the

vessel wall is zw � 70 cm. Four magnetic field coil sets (two inside the ves-

sel, two outside) work in concert to produce a variety of vacuum magnetic

field configurations. More specifically, the two orange coil sets are used to

produce the guide vacuum field, while the two blue coil sets are used to pro-

duce the strapping vacuum field. Reprinted with permission from Myers,

et al. Nature 528, 526 (2015). Copyright 2015 Nature Publishing Group.

Note that the notation of axes is different from previous sections; we are fol-

lowing the convention for the solar surface.

FIG. 18. Experimentally measured torus versus kink instability parameter

space. The x-axis represents the kink instability through the edge safety fac-

tor qa (the inverse magnetic twist), while the y-axis represents the torus

instability through the potential field decay index n. Each data point is the

mean of 2–5 flux rope plasma discharges with the same experimental param-

eters. A total of 806 flux rope plasma discharges are represented. The metric

used here to quantify the eruptivity of each flux rope is the normalized spa-

tial instability amplitude hdzi=xf . A value of hdzi=xf < 0:5 is stable, while

hdzi=xf > 1 is clearly eruptive. The shaded boundaries, which are empiri-

cally identified, delineate the four distinct instability parameter regimes

described in the text. Reprinted with permission from Myers, et al. Nature

528, 526 (2015). Copyright 2015 Nature Publishing Group.
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contains up to 17 “triplets” of miniature magnetic pickup

coils spaced at 4 cm intervals along the length of the probe.

Each triplet measures the vector magnetic field at one loca-

tion in space. Thus, in total, the probe array contains � 300

pickup coils that measure the magnetic field at more than

100 locations distributed throughout the plasma. The probes

are separated horizontally by 4 cm so that the triplets form a

4 cm� 4 cm grid covering an area of 64 cm� 24 cm. The

probe array can be rotated about the z-axis to measure differ-

ent cross-sections of the flux rope plasma, but all of the data

in this paper are presented with the probe array in the poloi-

dal cross-section (Fig. 19(a)).

Figure 19(b) shows how the magnetic probe data are

used to track the height-time history of an erupting flux rope

plasma. The magnetic axis position is determined by track-

ing the reversal of the out-of-plane poloidal magnetic field,

By 	 êy � BP. We see that for the representative erupting flux

rope in Fig. 19(b), the plasma begins with small amplitude

kink oscillations that transition to eruptive oscillations that

extend nearly to the wall of the vacuum vessel at zw ’ 70

cm. These eruptive oscillations commence when the flux

rope enters the torus-unstable regime.68 Figure 19(c) shows

an analogous height-time trace for a failed torus discharge.

Note that only small-scale oscillations are observed.

Figures 19(d) and 19(e) show spatially resolved

magnetic measurements from a single point in time. In

Fig. 19(d), the poloidal (in-plane) magnetic field vectors,

BP, are shown along with the toroidal current density, JT

¼ êT � ðr � BPÞ. In Fig. 19(e), on the other hand, the

“internal” toroidal magnetic field, BTi, is shown. This inter-

nal field is the field produced by the plasma, such that BTi

does not include the vacuum toroidal guide field, Bg. In a

low-b flux rope, the internal toroidal field will be paramag-

netic, or co-directed, with the guide field.67–69 Using the to-

roidal field and the assumption of local toroidal symmetry,

vectors of the local poloidal current density, JP ¼ êT

�ðr � JTÞ, are computed. Finally, the contours in Fig. 19(d)

are contours of a local poloidal flux function. The red con-

tour is the minor radius of the flux rope, which is defined

here as the contour that encloses 75% of the total current

injected at the electrodes. The measurements of B and J pre-

sented here facilitate the direct measurement of the forces

acting on the flux rope (see Section V D), but first, we use

them to track the evolution of the flux rope plasma during

characteristic eruptive and failed torus events.

Figure 20 shows a sequence of JT and BTi measurements

that capture the Alfv�enic rise of a flux rope during a charac-

teristic eruptive event. Since this event is driven by the ideal

kink and torus instabilities, current sheets and magnetic

reconnection play only a secondary role. That being said,

distinct current sheets are visible in Fig. 20. First, a strong,

coherent flux rope forms at low altitude (the strong green

current channel) and then rises steadily toward the wall of

the machine. The total current in the rope drops as the in-

ductance of the growing loop increases. Notably, a reversed

current sheet forms above the flux rope (purple) as the rope

pushes through the surrounding vacuum magnetic field. It is

likely that this current sheet mediates the speed with which

the flux rope rises. This is just one event in a sequence of

eruptive events (see Fig. 19(b)). As such, the remnant of the

previous event is visible at high altitude in the first few

frames of Fig. 20 and then again in the last few frames. Due

to the inductive voltage provided by the capacitor bank, a

new flux rope readily forms in behind the erupted rope. It is

likely that reconnection plays a role in the transfer of flux

from the erupted rope to the newly formed rope at low

altitude.

C. Magnetic reconnection and self-organization
processes

The failed torus regime, unlike the eruptive regime, can-

not be explained in the context of ideal MHD instabilities.68

Instead, impulsive magnetic reconnection that reconfigures

FIG. 19. Magnetic probe configuration for the MRX flux rope experiments. (a) Seven long, thin magnetic probes (yellow) are arranged in a two-dimensional

plane and inserted vertically into the flux rope plasma. For all of the two-dimensional data presented in this paper, the probes are aligned in the “poloidal

cross-section” shown here. (b)/(c) Height-time histories of characteristic eruptive and failed torus discharges. (d)/(e) Representative magnetic measurements of

the internal structure of the flux rope at one point in time. Plotted here are all three components of B and J, with J computed from the spatially resolved meas-

urements of B.
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the global topology of the flux rope plays a central role. The

magnetic evolution of a characteristic failed torus event is

shown in Fig. 21. The sequence of frames shown here, which

is analogous to the sequence of frames for the eruptive event

in Fig. 20, reveals a very different evolution. Instead of a

coherent current channel rising in the vessel as in the erup-

tive case, the flux rope in the failed torus case undergoes sub-

stantial internal reconfiguration. More specifically, the flux

rope rises from a low-lying rope with uniform current den-

sity (t¼ 231.6 ls) to an elevated rope with a hollowed-out

current profile (t¼ 242.4 ls). Instead of continuing to rise,

this hollowed-out flux rope collapses back downward in just

two Alfv�en times and reforms with a relatively uniform JT

profile at low altitude (t¼ 248.8 ls). It is this sudden reconfi-

guration and collapse that characterizes the failed torus

regime.

Upon closer examination, the current profiles during the

downward collapse (t¼ 244.0 ls, t¼ 245.6 ls) comprised

multiple sharp current sheets, including a reversed current

sheet in the middle two frames. Such current sheets are clear

evidence of the transient magnetic reconnection that facili-

tates the rapid topological reconfiguration of the flux rope. In

this context, it is useful to examine the evolution of BTi in

the second row of Fig. 21. We see that BTi rises substantially

in magnitude as the current profile hollows out. This sharp

rise in BTi indicates that poloidal magnetic flux (associated

with JT) is being converted to toroidal magnetic flux (associ-

ated with BTi).
68 This type of flux conversion conserves

helicity, and there is a classic example of magnetic self-

organization.83 The physical mechanism at the heart of

helicity-conserving self-organization is magnetic reconnec-

tion. As we show in Sec. V D, a key consequence of the tran-

sient increase in toroidal flux is a large magnetic tension

force that causes the flux rope to collapse back downward

and fail to erupt.

D. Dynamically evolving hoop and tension forces

We now quantitatively examine the failed torus evolu-

tion described above by examining the changes in the inter-

nal profiles of the flux rope and the corresponding forces that

are generated. Computing the flux rope forces is a detailed

process, whereby different terms of J� B (force per volume)

are computed and integrated over a differential wedge of

plasma at the flux rope apex. The resulting quantities are

measurements of the various forcers per unit length acting

on the flux rope apex. Given that this complex force calcula-

tion is treated in detail elsewhere,68,69 we only briefly

describe the three key force terms acting on the flux rope.

The three magnetic force terms that are of key impor-

tance to the flux rope evolution are the hoop, strapping, and

toroidal field tension terms. They are defined as follows:

fh ¼ êz � ðJT � BPiÞ
fs ¼ êz � ðJT � BsÞ
ft ¼ êz � ðJP � BTÞ; (28)

where JT is the toroidal current density, BPi is the internal

poloidal field produced by the flux rope plasma, Bs is the

vacuum strapping field, JP is the poloidal current density,

FIG. 20. Sequence of internal magnetic field measurements during a characteristic eruptive event. The top row plots poloidal magnetic field vectors, BP, and

the corresponding toroidal current density, JT ¼ êT � ðr � BPÞ. The bottom row plots the measured out-of-plane paramagnetic toroidal field, BTi. A coherent

flux rope forms with a strong forward current channel at low altitude (t¼ 243.2 ls) and then begins to rise. As the flux rope rises through the surrounding poloi-

dal flux, a reversed current sheet (purple) forms above the rope. As the flux rope reaches the wall, a new flux rope begins to form in behind it (t¼ 252.8 ls),

and the process repeats itself.
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and BT is the total toroidal field. Each of these forces per

unit volume, f, is integrated over a differential wedge at the

apex of the flux rope to produce three forces per unit length,

Fh, Fs, and Ft. It should also be noted that the toroidal field

tension term, Ft, contains both magnetic pressure and tension

terms, but the tension terms dominate. We therefore combine

them into a single term to simplify the discussion.

The spatial evolution of the flux rope and the three

measured forces acting during a failed torus event are shown

in Figs. 22(a) and 22(b). Poloidally averaged profiles of JT

and BTi at select points in time are shown in Figs. 22(c) and

22(d), respectively. We see that, as the flux rope initially

rises, all three force terms decline in magnitude. This is

because the flux rope expands vertically into a weaker field

region. As the flux rope reaches its peak, however, the forces

reverse course and begin to rapidly increase in magnitude.

The fastest rising force is the toroidal field tension force. It

overtakes the hoop force in magnitude and causes the flux

rope to collapse back downward. The sharp rise in the ten-

sion force correlates directly with the hollowing of the JT

profile and the amplification and broadening of the paramag-

netic BTi profile, which are a consequence of the self-

organization and magnetic reconnection processes described

above.

The conclusion that the toroidal field tension force is the

dominant restraining force during failed torus events is key,

given that this term is neglected in traditional analysis of the

torus instability. While it is true that the tension force is

small in the failed kink and eruptive regimes, the self-

organization and reconnection processes in the failed torus

regime elevate its importance. The toroidal field tension

force can be heuristically explained by considering a torus-

shaped coil with helical windings (see Fig. 23). The toroidal

curvature of the coil makes the density of windings (per unit

length) higher on the inboard side of the coil than on the out-

board side. Since the toroidal magnetic field is also stronger

FIG. 21. Sequence of internal magnetic field measurements during a characteristic failed torus event. The plotted quantities are the same as for the eruptive

event in Fig. 20. As the flux rope collapses from the hollowed-out configuration at t¼ 231.6 ls to the uniform configuration at t¼ 248.8 ls, a sharp reversed

current sheet (the purple line) forms, indicating that transient reconnection is facilitating the topological reconfiguration of the flux rope.

FIG. 22. Measured forces and associated radial profiles of JT and BTi during

a characteristic failed torus event. The radial profiles are obtained by com-

puting the poloidal flux surface average of each quantity for each minor ra-

dius position. The profound change in both quantities from initially peaked

profiles to a hollow profile in the case of JT and broadened profiles in the

case of BTi illustrates the conversion of poloidal to toroidal flux during the

failed torus event.
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on the inboard side than on the outboard side, which is typi-

cally the case, the contraction force on the inboard side

(JP � BT) will be stronger than the corresponding expansion

force on the outboard side (�1=R2). On the other hand, the

differential volume of the flux rope dV is proportional to R.

As a result, the total toroidal field tension force varies as

fT � JPBTdV � 1=R. This 1=R dependence of the tension

force means that the inward force on the inboard side will be

stronger than the outward force on the outboard side, which

produces an overall net inward tension force. If we calculate

this force for a large aspect ratio toroidal plasma discharge,

the final result takes the form of a tension term with

Ft � BTBTi=R.67,69 Thus, this force becomes larger for a

low-aspect-ratio (a/R; a is the minor radius) coil. As the pro-

file of the internal paramagnetic toroidal field strengthens

and broadens, the total paramagnetic toroidal flux and there-

fore the toroidal field tension force grow in magnitude.

VI. SUMMARY AND DISCUSSION

An experimental study of the reconnection layer has

been carried out in a prototypical geometry, wherein two-

fluid physics dictates the dynamics of electrons and ions. We

have observed that the conversion of magnetic energy occurs

across a region significantly larger than the electron diffusion

region. When a reconnection electric field is applied in the

reconnection layer in which opposite magnetic field lines

meet, such as shown in Fig. 5(b), electrons with high mobil-

ity respond to this field by creating a deformed region of

magnetic configuration with magnetic and electric fields

associated with Hall effects. This separates inflowing field

lines from the reconnected ones by separatrices, across

which a notable potential drop (strong electric field) occurs.

As a result, a saddle shaped electrostatic potential profile

appears in the reconnection plane, and ions are accelerated

by the electric field at the separatrices. These accelerated

ions are then thermalized by re-magnetization in the down-

stream region. The energy deposition to electrons, on the

other hand, mostly occurs near the electron diffusion region.

When the electron energy gain from the electric field, je � E,

is decomposed to je? � E? and jejjEjj; je? � E? is measured to

be significantly larger than jejjEjj. A quantitative inventory of

the converted energy is presented in a reconnection layer

with a well-defined boundary. We have also carried out a

systematic study of the effects of boundary conditions on the

energy inventory. This study concludes that about 50% of

magnetic energy is converted to particle energy, 2/3 of which

is ultimately transferred to ions and 1/3 to electrons.

In a reconnection region of similar size (L � 2000 km

�3di) in the Earth’s magnetotail, the energy partition was

recently measured using Cluster satellite data.54 The

observed energy partition is consistent with the present

MRX data, namely, 50% of magnetic energy flux being con-

verted to the particle energy flux which is dominated by the

ion enthalpy flux, with smaller contributions from both the

electron enthalpy and heat flux. These results from labora-

tory and space plasmas are remarkably consistent with our

quantitative estimate made based on our physical picture of

two-fluid mechanisms shown in Section IV. Our calculated

results show decent quantitative agreement with the experi-

mental results; approximately half of the incoming Poynting

flux is converted into particle energy, with a sizable portion

going to the ion enthalpy. To verify the agreement among

the MRX results, the magnetotail data, and our quantitative

estimates, we have carried out 2D PIC simulations with two

different boundary conditions: one with the global MRX

boundary conditions and the other using a standard Harris

sheet initial condition with open boundary conditions of vari-

able box size. We have found that over a broad range of

scales for boundary, 1:5di < L � 4di (the total system size is

5 di), the energy inventory is almost independent of the box

size.20

In Sections II–IV of this paper, we have discussed mag-

netic reconnection based on the physical mechanisms of an

idealized prototypical reconnection layer. Magnetic recon-

nection generally occurs in an astrophysical system signifi-

cantly larger than the characteristic scale length of ion skin

depth or the mean free path of plasma particles.

Investigation of reconnection dynamics beyond the idealized

classical single quasi-stationary X-line geometry is a very

important next step, and it is desirable to study magnetic

reconnection in larger systems,84 using improved diagnostics

and state-of-the-art computing tools. The larger complex

regimes induce multiple X-lines, plasmoid, and flux-rope

formation due to secondary instabilities, and the self-

consistent emergence of turbulence and accompanying

coherent structures under a variety of plasma conditions.

This theme has emerged in the last few years.85–92

Understanding the generation and influence of secondary

reconnection instabilities is one of the primary goals of

future laboratory experiments.

In Section V, we provided direct experimental evidence

that impulsive reconnection events can profoundly impact

the global evolution of line-tied magnetic flux ropes. By

measuring the tension force in the line-tied flux rope, it is

shown that the tension force derived from the self-generated

paramagnetic toroidal field exerts a restoring force on the

line-tied plasma and suppresses eruptive behavior across a

significant portion of the parameter space. These results pro-

pose new criteria for the prediction of eruptions of line-tied

FIG. 23. Heuristic coil winding model for the toroidal field tension force.

055402-19 Yamada, Yoo, and Myers Phys. Plasmas 23, 055402 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  198.125.232.58 On: Wed, 27 Jul

2016 14:24:04



magnetic flux ropes. Similarly, in tokamak discharges,

reconnection often occurs quite suddenly after a slow evolu-

tion of plasma equilibrium and magnetic flux build-up.

Generally, the flux build-up phase is significantly longer

than the reconnection time. This creates a sawtooth shape

evolution of the central electron temperature. We note that

this is a good example of the case in which evolution of the

global plasma configuration forces a fast local reconnection.

In the low-q pinch discharges in other laboratory fusion devi-

ces such as the spheromak and the RFP (reversed-field-

pinch), we observe similar sawtooth events which also con-

sist of a slow flux build-up phase through a slow reconnec-

tion and a fast reconnection/relaxation phase. In the former

phase, the current density in the center core gradually

increases together with incremental change of internal flux,

while in the latter, an impulsive current profile flattening

occurs with reconnection. Generally, reconnection occurs in

the resonant flux surfaces in the plasma core and, under

some conditions, at the edge. In some cases, two unstable

tearing modes in the core region are observed to couple each

other to nonlinearly drive reconnection at a third location in

the outer plasma edge region. It is conjectured that similar

phenomena occur in active solar arcade flares where sponta-

neous reconnection at one location can drive reconnection at

other locations, leading to coronal eruptions.93 In solar flares,

reconnection sites are identified with hard X-ray emissions

near the top of solar flare arcades during CME and coronal

eruptions.94,95 Global reconnection phenomena lead to a

large electric field along the magnetic field lines and acceler-

ation of electrons to super thermal energy. Actually, in

reconnection events in both solar flares and tokamak saw-

teeth, we observe a significant amount of high energy (run-

away) electrons. A careful comparative study of tokamak

sawteeth and RFP relaxation events should illuminate this

important energy flow channel.
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