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Summary/Outline
• (Yet another) Introduction to Magnetic Reconnection

• Sweet-Parker versus “fast” reconnection

• Discussion of dedicated experiments on reconnection (a 
little MRX-centric…)

• Experiments exploring what makes reconnection fast:

• Turbulence and anomalous resistivity?

• Fast reconnection via two-fluid effects

• Plasmoid instability



Why is magnetic reconnection important?
First, a working definition:

Process by which rapid (⌧ ⌧ ⌧R) changes in magnetic topology
and rapid release of magnetic energy can occur in a highly
conducting plasma. Reconnection causes changes on local
(heating, particle acceleration) and global (topology, transport)
scales.

⇤ Solar Corona: Flares, Heating, CME’s
⇤ Magnetosphere: Solar wind interaction with the earth’s

dipole field
⇤ Other Astrophysical Plasmas: Accretion disks, star

formation
⇤ Dynamo: Reconnection could be a rate-limiting step
⇤ Fusion Devices: IRE’s, Sawtooth crash, Helicity injection



Example: Reconnection in the solar corona

⇤ Sweet’s picture: formation of current sheets & reconnection between
magnetic loops in the corona

⇤ Reconnection models must explain solar flare timescales: ten’s of
minutes to hours (⌧ ⌧r)



Sweet-Parker theory: Resistive MHD reconnection
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⇤ Significantly faster than resistive diffusion, but still too slow to explain
observations

⇤ Bottleneck: � must be very small due to ⌘; this limits mass outflow,
which in turn limits inflow, u (reconnection rate)

⇤ What additional physics must be added to this model to match
observations?



What could make reconnection faster than Sweet-Parker?
Generalized Ohm’s Law (electron momentum equation):
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Turbulent anomalous resistivity
[Syrovatskii, Heyvaerts, ...]

⇤ Modify Sweet-Parker using in-
creased ⌘, � widened, reconnec-
tion rate enhanced

⇤ Can get Petschek-like reconnec-
tion with ⌘ = ⌘( j)

⇤ Turbulence is essential, but
what instability?

Hall dominated reconnection
[Biskamp, Drake, Birn, ...]

⇤ Reconnected field lines relax via
whistler wave; favorably changes
CS geometry (Petschek-like ge-
ometry)

⇤ Reconnection rate independent
of dissipation mechanism

⇤ 3D: Turbulence may slow down
reconnection [Rogers]



Petschek Reconnection
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SP Layer

⇤ Mass flow and dissipation are decoupled

⇤ Won’t work under resistive MHD – not self-consistent (B
y

regeneration
[Biskamp, Kulsrud])

⇤ Will work if ⌘ = ⌘( j) under resistive MHD

⇤ Same effect is accomplished when the Hall term is introduced, but the
shocks are replaced by standing whistler waves.

⇤ So anomalous resistivity or the Hall term might lead to fast
reconnection, but which mechanism is dominant?



First laboratory experiments to observe 
reconnection:  fusion experiments

• e.g. Sawteeth: on ST tokamak (Von Goeler, et al, PRL 33, 1201 (1974))

• Time-resolved measurements of structure on JET (Edwards, et al, PRL 
57, 210 (1986)): Period ~100ms, crash < 100μs



UCLA Reconnection Experiments (80’s)

of the discharge. After a few Alfvén times, a classic
plasma flow pattern was observed with ions jetting from
the neutral sheet with velocities close to the Alfvén
speed. The 2D features of particle acceleration were
measured !Gekelman et al., 1982". Figures 18!c" and
18!d" show typical 2D ion flows drifting radially from
diffusion region to outside at t=60 and 80 !s. The local
force on the plasma j"B−!p was compared with the
measured particle acceleration using differential particle
detectors. The ion acceleration was seen to be strongly
modified by scattering off wave turbulence and the ob-

served fluctuations were identified as oblique whistler
waves. But it was not clear whether the whistler waves
were solely responsible for the observed large ion scat-
tering rate. It was concluded later that the observed
anomalous scattering rate and high resistivity were in
large part due to ion acoustic turbulence although
higher frequency whistler waves were present. The role
of whistler waves for the observed anomalous resistivity
was not conclusively determined.

The physical effects of the strong guide field used in
the experiment were not discussed explicitly in their
analysis of their data, while it was expected to play a
significant role in the force balance. After they modified
the shape of the end anode, they found evolution of the
neutral current sheet depended on the strength of the
axial magnetic field. As the axial field was raised from
20 to 100 G, the classic double-Y-shaped neutral-sheet
topology changed to the O-shaped magnetic island. This
result was later reproduced in the MHD regime on the
MRX !Yamada et al., 1997a, 1997b". The stability of the
current sheet was also investigated. When the current
density in the center of the sheet exceeded a critical
value, spontaneous local current disruptions were ob-
served with the center of the sheet moving out to the
sides. This experiment was extended to a 3D study
!Gekelman and Pfister, 1988", in which tearing of the
current sheet was observed.

Their experiment was valuable in measuring the local
structure of the non-MHD feature of a reconnection re-
gion for the first time and in finding the relationship
between the reconnection rate and wave turbulence.
One of the most important questions on reconnection,
how the diffusive neutral sheet is formed in a plasma
relevant to space and astrophysics, was not answered
because the MHD conditions for the global plasma were
not satisfied due to the boundary condition in which the
reconnection layer is too close to the wall !#i$L". We
note that the short ion mean free path !compared to L"
may explain the fluidlike behavior of the ions as shown
in Fig. 18. The role of line tying in their linear plasma is
not clear. In the subsequent sections reconnection ex-
periments in MHD regimes where the Lundquist num-
bers exceeds 100 with both electrons and ions being
magnetized !#e%#i%L" are discussed.

2. Plasma merging experiments

Local and global MHD issues for magnetic reconnec-
tion have been extensively investigated in 3D geometry
in the colliding spheromak experiments. The studies
showed that a double spheromak geometry is a well
suited configuration for basic studies of magnetic recon-
nection.

a. Todai spheromak-3 /4 facility

In the Todai Spheromak-3 !TS-3" experiments !Ya-
mada et al., 1990, 1991; Ono et al., 1993", two
spheromak-type plasmatoroids merged together, con-
tacting and connecting along a toroidally symmetric line.
A spheromak is a spherical or toroidal shaped plasma in

FIG. 18. LPD experiment: !a" Cross-sectional view of experi-
mental setup without plasma, !b" magnetic flux contours, and
!c" and !d" ion velocity vectors. The magnetotail coordinate
system !y is in the out-of-plane direction" is employed in this
experiment. Adapted from Stenzel and Gekelman, 1981 and
Gekelman et al., 1982.

620 Yamada, Kulsrud, and Ji: Magnetic reconnection

Rev. Mod. Phys., Vol. 82, No. 1, January–March 2010

• Documented current sheet formation, 
Alfvénic outflow 

• Reconnection rate ~0.3VA; but very low S and 
essentially unmagnetized ions (in retrospect, 
they were studying the electron layer?)

• Saw anomalous scattering/resistivity due to 
current driven instabilities (ion acoustic, 
Langmuir)
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Experiments on Magnetic-Field-Line Reconnection

R. L. Stenzel and W. Gekelman
DePawtment of Physics, University of California, Los Angeles, California 90024

(Received 12 February 1979)
In a very large laboratory plasma the process of magnetic-field-line reconnection has

been diagnosed carefully. The temporal evolution of a narrow (-ac/& ~) neutral layer
with Petschek slow shocks is observed. Electrostatic fields are found to be as important
as induced electric fields.

The reconnection of magnetic field lines near
a neutral point is a problem of fundamental im-
portance in space plasmas' (e.g. , solar flares,
substorms) as well as in some fusion plasmas
(e.g. , tearing modes in tokamaks). However,
in neither of these cases are detailed in situ
measurements possible. %e have therefore
built a large, weakly collisional, high-beta re-
search laboratory plasma to explore the physics
of the reconnection process. Such experiments
have been pursued earlier in pinches' ~ but, un-
fortunately, the effects were collision dominated
and/or difficult to diagnose. In the present Let-
ter we show the first detailed pictures of slow
shocks near a neutral sheet predicted by Pet-
schek. '
The experiment is performed in a linear device

(Fig. 1) in which a large (-1-m-diam, 2-m-
length), uniform, low-pressure (-10 4-Torr)
discharge plasma is produced with an oxide-
coated cathode and adjacent mesh anode. The
pulsed argon plasma (n, =10's cm ', T, =10T,
=4 eV, 0.8-sec repetition rate, 1% duty cycle)
is immersed in a constant, uniform, axial bias
magnetic field (B,= 20 G, plasma P = 0.4). A
time-dependent transverse magnetic field [Fig.
1(b)] is established by pulsing an axial current
(~ 20-kA peak, -100-Izsec rise time) through
two parallel copper electrodes (60 cm wide, 150
cm long, 30-cm spacing) The. current returns
via the metallic chamber walls. The vacuum
field geometry contains an X-type neutral point
on the axis of the device, closed (private) flux
insi. de the separatrix encircling each conductor,
and, dominantly, common Qux outside the sep-
aratrix. The peak common magnetic fieM ex-
ceeds the bias magnetic field by a factor 2 to 10.
Associated with the time-varying transverse mag-
netic field is an axial electric field E,=-A,-=—&A,/&t (L is the vector potential, 8=Vx X).
In the presence of plasma the electric field gives
rise to axial currents carried dominantly by
electrons drifting from the cathode end to the
opposing grounded chamber waO. The current
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FIG. 1. (a) Schematic side view and (b) axial view of
the experimental setup.

closes via the walls to the cathode which emits
as many electrons as are collected at the end
plate. The plasma currents modify the magnetic
field topology and the electric fields which, in
turn, determine the current, and hence the sys-
tem evolves self- consistently.
The net electric field in the plasma consists of

the sum of induced and space-charge electric
fields, E=—A- V'q. All three terms have been
measured directly. The induced field is obtained
with a loop probe consisting of two parallel wires
in the radial x direction connected by a short
(b,y = 3.8 cm) axial wire along the neutral line.
Thus, the loop links over a distance hy the total
common flux g. The open-loop voltage V outside
the diameter is given by

V= —P =—fB, dx6y =—$ A dI= -A b y,
and hence A= —V/&y. Figure 2(a) shows the in-
duced fields in vacuum and with plasma. The ap-
plied wave form in vacuum is governed by circuit
parameters (R,L, ,C). Typical peak values are

1979 The American Physical Society 1055

Stenzel & Gekelman, PRL 42, 1055 (1979)
Geleman, Stenzel & Wild JGR 87, 101 (1982)



Spheromak Merging Experiments (early 90’s)

• Form two compact toroids (spheromaks) and merge them, causing 
reconnection of both poloidal and toroidal components of B



Ion heating observed during merging experiments

Ono et al, PRL,v76, 3328 (1996)

which force-free currents !j!B=0" set up an equilib-
rium configuration depending on whether there is a cur-
rent !flux" hole at the major axis !Taylor, 1986". The two
toroidal spheromaks, carrying equal toroidal current
with the same or the opposite toroidal field, are forced
to merge by controlled external coil currents. These are
called cohelicity merging or counterhelicity merging, re-
spectively. Figure 19!a" shows an experimental schematic
for the TS-3 merging experiment. To document the in-
ternal magnetic structure of the reconnection on a single
shot, a two-dimensional magnetic probe array is placed
on an R-Z plane or toroidal cutoff plane. Plasma param-
eters are B#0.5–1 kG, Te#10 eV, and ne#!2–5"
!1014 cm−3. The time evolution of the poloidal flux con-
tours showed that merging of spheromaks of opposite
helicity occurs faster than merging of the same helicity
$Fig. 19!b"%. It was argued that for the merging of plas-
mas of two antiparallel toroidal fields, the central toroi-
dal field is quickly reduced to zero and the attracting
force becomes dominant accelerating reconnection. The
toroidal current-density contours were deduced for the
same sequence of shots !Yamada et al., 1991; Ono et al.,
1993", verifying an important 2D feature of magnetic re-
connection.

A strong dependence of the reconnection speed on
the global forcing was observed, i.e., the merging veloc-
ity of the two plasmas. It is observed that the reconnec-
tion rate ", defined by a flux transfer rate !1/#"$# /$t,
increases nearly proportionally to the initial colliding ve-
locity vi. This result cannot be explained by the classical
2D MHD theories of Sweet and Parker and/or Petschek
which are based on the local dynamics. The experiment
suggests the importance of an external driving force in
determining the reconnection rate and supports an im-
portant aspect of a driven-reconnection model.

A violent plasma acceleration in the toroidal direction
was observed by Ono et al. !1996" as the field lines con-
tracted after the merging of two toroidal plasmas of the
opposite helicities. As reconnection proceeded, evidence
of the toroidal slingshot effect !Yamada et al., 1991" was
observed. An energy transfer from magnetic to plasma
thermal energy was expected in this dynamic reconnec-
tion process of toroidal field annihilation. A strong ion
heating was measured during the counterhelicity merg-
ing with details in Sec. V.B.

b. Swarthmore Spheromak Experiment facility

The Swarthmore Spheromak Experiment !SSX"
!Brown, 1999" !Fig. 20" facility studies magnetic recon-
nection also through the merging of spheromaks. Re-
connection physics, particularly its global characteristics,
has been studied in a number of geometries with diam-
eters varying from 0.17 to 0.50 m !Brown, 1999; Cothran
et al., 2003; Brown et al., 2006". Different types of flux-
conserving conductors consisting of two identical copper
containers have been used. Merging of a pair of coun-
terhelicity spheromaks generates turbulent 3D magnetic
reconnection dynamics at the midplane.

Many optical diagnostics were utilized in this device.
The line-averaged electron density is monitored with a
HeNe laser interferometer !Brown et al., 2002". Plasma
parameters are similar to those of TS-3, ne= !1–10"
!1014 cm−3, Ti=40–80 eV, Te=20–30 eV !inferred from
soft-x-ray radiation", with typical magnetic fields of
0.1 T. The ion gyroradius is much smaller than the ra-

(b)

(a)

FIG. 19. Plasma merging experiement in TS-3. !a" Experimen-
tal setup. !b" Evolution of poloidal flux contours for cohelicity
!left" and counterhelicity merging !right". The plasma param-
eters are kept roughly the same for the two cases. From Ya-
mada et al., 1990 and Ono et al., 1993.
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Slower Reconnection with Guide Field than 
Without

M. Yamada et al., PRL, v65, 721 (1990)



Magnetic Reconnection Experiment

• Goal was to produce controlled 
reconnection in MHD plasma (ρᵢ << L, 
S>>1)

The Magnetic Reconnection Experiment (MRX)

200 cm

Well-controlled experiments on current sheets and reconnection in
an MHD plasma (⇢i ⌧ L, S� 1)

Plasma Configurations and Parameters

(a)

(b)

( i )    Null-helicity 
(Antiparallel)
Reconnection

( ii )    Co-helicity
Reconnection

( iii )    Counter-helicity
Reconnection

Plasma parameters:
ne ≈ 0.2–1.2 × 1014 cm−3

Te ∼ Ti ≈ 5–30 eV
B ≈ 200–500 G
S ≈ 200–1000

L ∼ 10 cm
δ ∼ ρi ∼ c/ωp,i ∼ 2 cm
λmfp,e/δ ∼ 0.3–10
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“Flux cores” to generate plasma and drive 
reconnection

• Used “flux core” technology from spheromak 
formation (toroidal solenoid + poloidal field coil) to 
generate plasma and drive reconnection

• Fixed arrays of probes to measure magnetic structure

Diagnostics and reconnection geometry in MRX

90 channel 2-D 
magnetic probe array

60 channel 2-D 
magnetic probe array

Symmetry
axis

29 channel 1-D
magnetic probe array

R

Z θ

Flux Core 

R
Zθ

Flux Cores

J
θ

⇤ ⇠ 180 magnetic probes, for single-shot resolution of coarse-scale 2D
magnetic profiles and fine-scale 1D magnetic profile

⇤ Toroidally symmetric current sheets are formed

⇤ Current sheets in this study have no “guide” field (no toroidal field)





Determination of magnetic flux and 
reconnection rate in MRX

• Assume axisymmetry 
(cross your fingers….)

• Can compute poloidal flux 
function, reconnection 
rate, current from 
measured magnetic fields

Magnetic Field Measurements
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Magnetic Field Measurements

Derived quantities:
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⇤ Reconnection rate in MRX characterized by E✓ (rate of flux
consumption)

⇤ High-resolution measurement of reconnecting (Bz) field in current
sheet fit to Harris profile, current profile derived from fit





Profiles of magnetic field, density, and temperature
t = 244µs t = 268µs t = 278µs

⇤ Triple Langmuir probe for
Te, ne

⇤ ne ⇠ 1 � 20 ⇥ 1013 cm�3,
peaked at the current sheet

⇤ Te . 20eV

⇤ Radial asymmetries in B

and ne



Reconnection rate and Ohm’s law in MRX

⇤ MRX data well described by generalized Sweet-Parker model, including
measured ⌘⇤ [Ji]

⇤ E✓/(⌘sp j✓) = ⌘⇤/⌘ is found to be large at low collisionality (�/�mfp
small) [Ji, Trintchouk]

⇤ Does a turbulent resistivity explain the discrepancy at low
collisionality?

Ji et al., Phys. Rev. Lett. 80, 3256 (1998)



MRX current sheets are c/!p,i or ⇢i thick

(a)

(b)

⇤ Measured neutral sheet width scales as c/!p,i or ⇢i

⇤ Diamagnetic cross-field currents! constant cross-field drift velocity

⇤ Marginal state of a current-driven instability or the Hall term in action?



Ion heating in MRX current sheets: Is turbulence to blame?

(a)
(b)

⇤ Ions are heated non-classically. [Hsu]
⇤ Ti & Te

⇤ Collisionality data suggests some tie to mechanism behind fast
reconnection in MRX

Hsu, et al., Phys. Rev. Lett. 84, 3859 (2000)



What instability might provide ⌘ in MRX current sheets?
⇤ Decades of theoretical studies of CS instabilities (e.g., Buneman

[Heyvaerts], ECDI [Haerendel], IA turbulence [Coroniti], ...)

. Several “ruled out” based on requirements: Ti/Te & 1, V/vth,i ⇠ 1

. Some (e.g., Buneman) unlikely to provide resistive effect (! > !p,i)

⇤ Lower-hybrid drift instability (LHDI) [Krall, Davidson, Gladd, Huba,
Drake, et. al.]

. Strongly growing in ⇢i scale density gradients, even (especially) for
Ti/Te � 1

. However, linearly stabilized by high �, which might exclude it
from the center of the current sheet

. Observational evidence for LHDI in magnetotail [Huba, Shinohara]

. Simulations show LHDI during reconnection, but disagree on role
of the LHDI [Horiuchi, Shinohara, Rogers]

. Considered by some to be the “best bet” for anomalous resistivity
during reconnection [Shinohara, et. al.]



Review of the lower-hybrid drift instability
⇤ Instability is driven by density gradient and cross-field drift, negative

energy drift-wave in ion frame (n0/n ⇠ 1/⇢i ,!⇤ ⇠!LH), driven by
ion Landau damping (!/k ⇠ vth,i)

⇤ ! ⇠!LH, k⇢e ⇠ 1, � ⇠!LH

⇤ k? � kk, propagates in electron diamagnetic direction (ion reference
frame)

⇤ Linear, local, electrostatic model (following Krall, Huba, Davidson):
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⇤ VD,e is the electron diamagnetic drift, V̄rB

is the average electron rB
drift (/ �VD,e), V is the cross-field ion flow, and x = v?/vth,e

⇤ In MRX: V/vth,i ⇠ 2� 4; ✏n⇢i/2 ⇠ 1 (✏n = d ln(n)/dx); � ⇠ 1



Linear characteristics of LHDI using MRX parameters
⇤ Electrostatic, local model with finite � rB-drift corrections to electron

orbits [Krall, Huba, Davidson]

! ⇠!LH, � ⇠!LH for k?⇢e ⇠ 1 � linearly stabilizes LHDI



Probe-based fluctuation measurements in MRX

⇤ Differential floating Langmuir probes, magnetic pick-up loops

⇤ Wideband ( f . 125 MHz) amps built into probe tips ( fLH ⇠ 5� 15
MHz)

. Improved noise immunity

. Impedance matching

. 50⌦ line driver

⇤ Low-loss cabling: semi-rigid UT85LL in probe shafts, RG8 to digitizers

⇤ Fast oscilloscopes: 500MS/s-1GS/s (Tek 510A, 754C)



Lower hybrid frequency range fluctuations are observed in
MRX Discharges

ZR
θ

Vacuum vessel Fluctuation probe

Flux cores

37.5 cm

R=34cm

(a)

(b)

⇤ Fluctuations begin with
current sheet formation

⇤ Spectrum near fLH

⇤
e��f
Te

. 10%

⇤ Similar magnetic fluctua-
tions are also observed,
�B/B ⇠ 2� 5%

Carter et al., Phys. Rev. Lett. 88, 015001(2001)
 Carter et al., Phys. Plasmas 9, 3272 (2002)



Scaling of frequency spectra with M and B is consistent with
the lower hybrid frequency

⇤ Scan of peak reconnecting magnetic field (bank voltage) in hydrogen
and helium

⇤ Scaling of peak frequency and width of spectrum consistent with LHDI



Fluctuation amplitude is peaked at the edge of the MRX
current sheet

⇤ Strongest on the inner
edge of the CS and early
in time

⇤ Rapid decay of fluctua-
tion amplitude during re-
connection observed



Fluctuation amplitude is peaked at the edge of the MRX
current sheet



Radial amplitude profile is consistent with linear theory of
LHDI

⇤ Measured profiles used to
compute roots of the LHDI
dispersion relation at each
radial location

⇤ Asymmetries in rn, �, and
drift velocity lead to asym-
metric growth profile

⇤ Decrease in growth rate
with increasing Ti/Te could
explain time behavior



Role of the LHDI?: Measured amplitude is small at
magnetic null

⇤ Current peak is offset
from null due to toroidal
effects

⇤ Consistent with expecta-
tions of linear finite-�
stabilization

⇤ LHDI is unlikely to directly provide a resistivity at the null through
effective scattering.



Time behavior of LHDI amplitude is inconsistent with
reconnection rate

⇤ Peak LHDI amplitude
drops rapidly early in the
reconnection process

⇤ Reconnection rate (E✓) and
current density seem insen-
sitive to the drop (and may
even increase)

⇤ Suggests that LHDI is not essential in determining the reconnection
rate in MRX.



Significant LHDI amplitude persists in highly-collisional
current sheets

⇤ Peak amplitude in both space and time, versus collisionality

⇤ Amplitude increases at lower collisionality, but normalized peak
amplitude does not change

⇤ Implies fairly constant effective collisionality due to LHDI as the
Coulomb collisionality is widely varied



Computed quasilinear resistivity due to the LHDI

⌫LHDI = h�n�Ei
nmV

= Im

"
k?

4!2
p,i

k

2
?v

2
th,i

⇣iZ(⇣i)

#

k

max
?

Ti
meV

E
nTi

[Davidson]

⇤ LHDI effective collision rate computed at peak amplitude, in both
space and time (generous?)

⇤ ⌫LHDI ⇡ !LH . ⌫e,i – even when using the peak amplitude for the
lowest Coulomb collisionality data point



Lower hybrid drift also observed in 
magnetopause reconnection

• POLAR satellite 
measurements in the 
magnetopause current 
sheet

• Consistent with laboratory 
observations: LHD 
turbulence on edges of 
current sheet, not where 
resistivity is needed

Bale, et al., GRL, 29, 33 (2002)



If not anomalous resistivity, then what?

• As current sheet approaches c/ωpi or 
ρᵢ scale, two-fluid and kinetic physics 
becomes important

• Decoupling of electron and ion 
motion:  two-scale current sheet 
predicted: ions turn the corner early 
(ion scale sheet) while electrons travel 
in to smaller electron dissipation 
region

• Decouples mass flow from 
dissipation (solves Sweet-Parker 
bottleneck)

Most of the observations mentioned here have been
analyzed in the context of MHD, but it is quite obvious
that two-fluid physics analysis is needed to accurately
describe the results since the size of the reconnection
regions are comparable to the ion skin depth or the ion
gyroradii. In the next section, we focus our discussion on
two-fluid physics.

VI. TWO-FLUID PHYSICS OF THE RECONNECTION
LAYER

As presented in the preceding sections, magnetic re-
connection was described primarily through the MHD
theory which was developed in the early phase of the
plasma research, treating the plasma as a single fluid
!Parker, 1957; Sweet, 1958; Petschek, 1964". The MHD
framework is based on the assumption that electrons
and ions move together as a single fluid even in the pres-
ence of internal currents. This formulation has been re-
evaluated by a realization that the MHD condition does
not hold in a thin reconnection layer such as those seen
in the magnetosphere, where ions become demagnetized
and the relative drift velocity between electrons and ions
can be large. Reconnection layers, such as those created
at the magnetopause !Vasyliunas, 1975; Dungey, 1995;
Kivelson and Russell, 1995", have thicknesses that are
comparable to the ion skin depth !c /!pi". Because of the
force balance between the magnetic field and the plasma
kinetic pressure, the ion skin depth is comparable to the
ion gyroradius !B2 /8"#nTi leads to c /!pi##i" and only
electrons are magnetized, leading to strong two-fluid ef-
fects, especially the Hall effect, in the neutral sheet. This
effect is considered to allow a large reconnection electric
field at the reconnection region and is thus responsible
for speeding up the rate of reconnection over Sweet-
Parker rate. Generally speaking, two-fluid effects come
into play due to the different behaviors of large orbit
ions and strongly magnetized electrons. Electromagnetic
or electrostatic turbulence at high frequencies !!$!ci"
can also be excited and can increase the reconnection
rate, as discussed in VII.

A. Numerical simulation of two-fluid reconnection

In the past 12 years, numerous two-dimensional nu-
merical simulations !Mandt et al., 1994; Ma and Bhatta-
charjee, 1996; Biskamp et al., 1997; Horiuchi and Sato,
1999; Birn et al., 2001" of the collisionless neutral sheet
have demonstrated the importance of the Hall term !j
%B" based on two-fluid or kinetic codes. In the gener-
alized Ohm’s equation, it allows a steady !laminar" cross-
field current of electrons, which contributes to a large
apparent resistivity and generates fast reconnection. Ex-
tensive numerical work has been done by Shay and
Drake !1998", Shay et al. !1998", Horiuchi and Sato
!1999", Pritchett !2001", Daughton et al. !2006", and
many others with periodic and open boundary condi-
tions. Particularly, under a collaboration entitled “The
Geospace Environmental Modeling !GEM" Magnetic
Reconnection Challenge,” a concerted effort was made

to determine the physical mechanisms and rates of two-
fluid reconnection !Birn et al., 2001" and to apply it to
the Earth’s magnetosphere. For this purpose, antiparal-
lel !without guide field" reconnection was extensively
studied in collisionless plasmas.

A common picture has emerged from numerical cal-
culations which utilized benchmarking studies of recon-
nection. Figure 31!a" shows a schematic diagram for the
field structure and the dynamics of ion and electron
flows in a typical neutral sheet !Drake and Shay, 2007"
together with the results from the PIC simulation by
Pritchett !2001". As seen in Fig. 31!b", ions become de-
magnetized as they enter the neutral sheet, turn 90° in
the reconnection plane !x ,z" of their coordinate system,
and then flow outward to the exit direction. In contrast,
the magnetized electrons mainly flow inward along the
separatrices toward the X point. As the electrons E
%B motion makes them migrate toward the X point, the
magnetic field weakens. The electron drift !Ey /Bx" due
to the reconnection electric field Ey becomes larger near
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FIG. 31. Two-fluid dynamics in the reconnection layer. !Top"
Schematic diagram of the neutral sheet. From Drake and Shay,
2007. !Bottom" Patterns of ion and electron flows in the neu-
tral sheet. From Pritchett, 2001.
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Two-fluid/Hall reconnection: reconnection rate 
independent of dissipation mechanism

• Dissipation mechanism sets scale of inner (electron scale) 
current sheet, mass flow controlled by ion scale sheet

• Reconnection rate independent of size of electron sheet 
(mechanism of dissipation)

• GEM challenge result:  several different simulation codes found 
same reconnection rate with varying dissipation mechanisms; 
requirement was inclusion of two-fluid physics (Hall term)

the X point and electrons are ejected out to the exit. The
electron flow patterns shown in Fig. 31 generate net cir-
cular currents in the reconnection plane and create an
out-of-plane magnetic field with a quadrupole profile, a
signature of the Hall effect. Similar results were ob-
tained by a simpler Hall MHD code which did not in-
clude particle dynamics of electrons and ions !Breslau
and Jardin, 2003". The increased electric field caused by
the strong Hall term !j!B /en" producing a steady lami-
nar cross-field current of electrons represents a fast mo-
tion of flux lines !E=−d" /dt" in the reconnection plane,
a fast rate of magnetic reconnection.

An important question is how the reconnection rate
depends on the dissipation mechanism. An important
conclusion of GEM challenge !Birn et al., 2001" is that
the reconnection speed is insensitive to the dissipation
mechanism and much larger than the resistive MHD re-
connection rate. In Fig. 32, the reconnected flux is
shown as a function of time for different simulations
using a MHD code, a Hall MHD code !including j!B
and ! ·P terms in Ohm’s law", a hybrid code !massless
electrons and particle ions", and a PIC code. All runs
were carried out with the same Harris equilibrium with
finite initial perturbations. The rate of reconnection is
the slope of the rising reconnected flux. As seen in Fig.
32, all models but the MHD model show indistinguish-
able rates of reconnection and are significantly faster
than that of the MHD model.

Since the mechanism for breaking field lines in vari-
ous models differs !electron inertia in PIC and hyper-
resistivity in the other non-MHD models", their results
support the idea that the reconnection rate is insensitive
to the dissipation mechanism. It is argued that because
of the dispersion relationship of whistler waves # /k$k
the total outflow flux of electrons from the dissipation
region nevx% is constant since vx## /k and %#1/k. It
was thus concluded that the reconnection rate is prima-
rily determined by the Hall term and insensitive to the
dissipation mechanisms. It is considered that the dissipa-
tion of magnetic energy in their simulations occurs only
in the vicinity of the X point within the distance of a few
electron skin depths. There still remains a question of
whether the GEM challenge properly addressed a gen-
eral problem of reconnection, particularly the dissipa-
tion mechanism which causes field-line breaking and the
conversion of magnetic energy to plasma energy. Re-

cently, further efforts have been made using PIC nu-
merical codes to investigate the effects of boundary con-
ditions !periodic versus open" !Daughton et al., 2006",
which will be discussed in Sec. VIII. The effects of the
electron pressure tensor term in the presence of a guide
field !Hesse, 2006" are described in Sec. VII.

A group of two-fluid numerical calculations has been
carried out to assess the Hall effect in the presence of
collisions or resistivity. Ma and Bhattacharjee !1996" re-
ported that the neutral-sheet profile changes from a
double Y shape to an X shape with impulsive reconnec-
tion features as two-fluid effects were turned on with a
constant resistivity. When the resistivity was set to be
uniform in space and sufficiently large, the familiar
rectangular-shaped Sweet-Parker layer was obtained
!Fig. 33". When the resistivity is reduced, characteristic
features of the two-fluid dynamics appear with the
double-wedge-shaped neutral sheet !Fig. 33". This result
is in good agreement with the recent observation in the
MRX as described later.

Impulsive reconnection was observed !Cassak et al.,
2005" when the Hall effect was turned on, on the top of
slow resistive reconnection. For a given set of plasma
parameters they observed two stable reconnection solu-
tions: a slow !Sweet-Parker" solution and a fast Hall re-
connection solution. Below a certain critical resistivity,
the slow solution disappears and fast reconnection oc-
curs suddenly and dominates.

The GEM challenge program !Birn et al., 2001" found
that reconnection proceeds much faster than resistive
MHD reconnection, and the reconnection rate is deter-
mined primarily by the Hall term, not by dissipation.
Some argued that this results in a separation of the dis-
sipation region of line breaking from the global region.
The dissipation region is shorter than the global length
and so the problem of transporting plasma a long dis-
tance faced by Sweet-Parker and Petschek models is
eased. Figure 34 shows that there are long separatrices
attached to the dissipation region much as pictured in
the Petschek model.

This argument is borne out by the simulations of
Daughton et al. !2006", who extended the simulation box
and allowed open boundary conditions. They found that
the reconnection rate first followed that of the periodic
box simulations but later slowed down as the plasma
reached the new wall. This simulation itself does not
allow for any back pressure since, once the plasma
reaches the wall, its dynamics are no longer considered.

The GEM simulations seem adapted to the magneto-
sphere, where the change of topology is the prime rea-
son for reconnection, but are not well adapted to the
solar problem where the conversion of a large amount of
magnetic energy is the main concern. Thus, in the latter
case incoming lines of force must be very long, and if the
matter they bring in is not moved out of the way by a
large longitudinal distance, then the matter on the first
reconnected lines will bottle up the reconnection and
stop it. The problem of back pressure along the separa-
trix was considered in the MHD context by Uzdensky
and Kulsrud !2000" who were able to obtain an analytic

FIG. 32. Reconnected magnetic flux vs time for four different
codes for GEM projects: MHD, Hall MHD, hybrid, and full
particle codes. From Birn et al., 2001.
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Bipolar In-Plane Electric Field:

Numerical Simulations

(Drake et al. 2008)

D. Uzdensky

Signature of two-fluid/Hall reconnection: 
quadrupole out-of-plane magnetic field pattern

[Drake 2008]

Most of the observations mentioned here have been
analyzed in the context of MHD, but it is quite obvious
that two-fluid physics analysis is needed to accurately
describe the results since the size of the reconnection
regions are comparable to the ion skin depth or the ion
gyroradii. In the next section, we focus our discussion on
two-fluid physics.

VI. TWO-FLUID PHYSICS OF THE RECONNECTION
LAYER

As presented in the preceding sections, magnetic re-
connection was described primarily through the MHD
theory which was developed in the early phase of the
plasma research, treating the plasma as a single fluid
!Parker, 1957; Sweet, 1958; Petschek, 1964". The MHD
framework is based on the assumption that electrons
and ions move together as a single fluid even in the pres-
ence of internal currents. This formulation has been re-
evaluated by a realization that the MHD condition does
not hold in a thin reconnection layer such as those seen
in the magnetosphere, where ions become demagnetized
and the relative drift velocity between electrons and ions
can be large. Reconnection layers, such as those created
at the magnetopause !Vasyliunas, 1975; Dungey, 1995;
Kivelson and Russell, 1995", have thicknesses that are
comparable to the ion skin depth !c /!pi". Because of the
force balance between the magnetic field and the plasma
kinetic pressure, the ion skin depth is comparable to the
ion gyroradius !B2 /8"#nTi leads to c /!pi##i" and only
electrons are magnetized, leading to strong two-fluid ef-
fects, especially the Hall effect, in the neutral sheet. This
effect is considered to allow a large reconnection electric
field at the reconnection region and is thus responsible
for speeding up the rate of reconnection over Sweet-
Parker rate. Generally speaking, two-fluid effects come
into play due to the different behaviors of large orbit
ions and strongly magnetized electrons. Electromagnetic
or electrostatic turbulence at high frequencies !!$!ci"
can also be excited and can increase the reconnection
rate, as discussed in VII.

A. Numerical simulation of two-fluid reconnection

In the past 12 years, numerous two-dimensional nu-
merical simulations !Mandt et al., 1994; Ma and Bhatta-
charjee, 1996; Biskamp et al., 1997; Horiuchi and Sato,
1999; Birn et al., 2001" of the collisionless neutral sheet
have demonstrated the importance of the Hall term !j
%B" based on two-fluid or kinetic codes. In the gener-
alized Ohm’s equation, it allows a steady !laminar" cross-
field current of electrons, which contributes to a large
apparent resistivity and generates fast reconnection. Ex-
tensive numerical work has been done by Shay and
Drake !1998", Shay et al. !1998", Horiuchi and Sato
!1999", Pritchett !2001", Daughton et al. !2006", and
many others with periodic and open boundary condi-
tions. Particularly, under a collaboration entitled “The
Geospace Environmental Modeling !GEM" Magnetic
Reconnection Challenge,” a concerted effort was made

to determine the physical mechanisms and rates of two-
fluid reconnection !Birn et al., 2001" and to apply it to
the Earth’s magnetosphere. For this purpose, antiparal-
lel !without guide field" reconnection was extensively
studied in collisionless plasmas.

A common picture has emerged from numerical cal-
culations which utilized benchmarking studies of recon-
nection. Figure 31!a" shows a schematic diagram for the
field structure and the dynamics of ion and electron
flows in a typical neutral sheet !Drake and Shay, 2007"
together with the results from the PIC simulation by
Pritchett !2001". As seen in Fig. 31!b", ions become de-
magnetized as they enter the neutral sheet, turn 90° in
the reconnection plane !x ,z" of their coordinate system,
and then flow outward to the exit direction. In contrast,
the magnetized electrons mainly flow inward along the
separatrices toward the X point. As the electrons E
%B motion makes them migrate toward the X point, the
magnetic field weakens. The electron drift !Ey /Bx" due
to the reconnection electric field Ey becomes larger near
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FIG. 31. Two-fluid dynamics in the reconnection layer. !Top"
Schematic diagram of the neutral sheet. From Drake and Shay,
2007. !Bottom" Patterns of ion and electron flows in the neu-
tral sheet. From Pritchett, 2001.
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• Hall currents bend reconnected field line out of plane; 
can think of the structure as standing whistler wave (no 
guide field — with, have kinetic Alfvén wave)



Experiments observe quadrupole signature of 
Hall-mediated reconnection

For any point P!x ,z", we define the volume per flux
V!x ,z" as the volume contained in a flux tube of unit
magnetic flux which passes through P, contained be-
tween it and the x axis.

The toroidal field is

By!x,z" = − 4!neEyV!x,z" , !23"

where Ey is the reconnecting electric field.
If the ion density is constant throughout the current

layer, then the electron behavior can be treated quanti-
tatively. Uzdensky and Kulsrud !2006" found the follow-
ing results in the first quadrant !x"0, z"0" and outside
the separatrix boundary layer. Results in the other quad-
rants can be found by symmetry.

On any line #, the toroidal position is

y2 − y0
2 = 2!neEy!V2 − V0

2" , !24"

where y0 is the toroidal coordinate where the line #
leaves the current layer and V0!#" is the volume per flux
at this point.

The toroidal velocity and acceleration are

vy = dy/dt = 4!necEy
2!dV0

2/d#" !25"

and

ay = d2y/dt2 = 4!necEy
3!d2V0

2/d#2" . !26"

Close to the separatrix may#eE when

# − #S #$m
M

ln
M
m

B0$ # 0.06$B0, !27"

where #S is the value of # on the separatrix. $ is the
thickness of the current layer and M is the ion mass.
This result is valid only for a particular model.

The thickness of this region along the x axis for the
simple poloidal field layer is %y#0.25$, where $ is the
thickness of the entire current layer %Fig. 35!d"&.

C. Experimental observations of two-fluid effects in the
reconnection layer

In the past two decades, a number of laboratory ex-
periments have provided important data contributing to
the understanding of the local two-fluid physics of re-
connection. Table I shows a number of recent experi-
mental devices dedicated to the study of magnetic re-
connection. In this section, we review the observations
from these devoted laboratory studies that lead to im-
proved understanding of the two-fluid physics in the re-
connection layer. Recent major observations from space
satellites are also described. The observations are com-
pared with the numerical simulation results mentioned
earlier.

1. Measurements of profile of reconnection layer

The detailed study of the 2D profiles of reconnection
layer provides a clue to the physics mechanisms acting in
the region. Since the 1970s, the profile of the reconnec-
tion layer has been studied in many laboratory plasmas
by generating it in a controlled manner !Stenzel and
Gekelman, 1981; Ono et al., 1993; Yamada et al., 1997a,
2000". In the driven reconnection in the MRX, profiles
of the neutral sheets have been investigated by changing
its plasma parameters such as density and temperature
!Yamada et al., 2006; Yamada, 2007".

It is observed that the 2D profile of the neutral sheet
changes significantly from the rectangular shape in the
collisional regime !&mfp'$sheath" to a double-wedge
shape in the collision-free regime !&mfp"$sheath". Simul-
taneously, the reconnection rate is seen to increase as
the collisionality is reduced. Figure 36 shows how the
profile of the MRX neutral sheet depicted by the mea-
sured magnetic field vectors and flux contours changes
with respect to collisionality condition. In the high
plasma density case where the mean free path is much
shorter than the sheet thickness, a rectangular-shaped
profile of the Sweet-Parker model of Fig. 14 type is iden-
tified and the classical reconnection rate is measured. In

FIG. 36. !Color" Comparison of the experimentally measured reconnection layer profile for two cases: !a" collisional regime
!&mfp'$sheath" and !b" nearly collisionless regime !&mfp"$sheath". In-plane magnetic field is shown as arrows and out-of-plane field
component is shown by the color codes ranged from −50 to 50 G. Dashed pink lines show that the magnetic configuration changes
from an elongated current sheet %Sweet-Parker type in !a"& to a double-wedge shape !Petschek-like" as collisionality is reduced.
The predicted quadrupole structure of the out-of-plane magnetic component, a signature of Hall effects, is observed in !b". From
Yamada et al., 2006.
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• MRX:  lower density, lower collisionality plasmas exhibit 
X-point geometry and clear quadrupole out-of-plane 
field

Ren, et al. PRL (2005)



Quadrupole field & Electron current layer 
identified

Hall Effect documented in Simulations and in MRX



Terrestrial Reconnection EXperiment (TREX)

• Part of WIPAL facility (MPDX) — driven reconnection 
by adding internal coils + external Helmholtz



Reconnection in TREX: Quadrupole signature of 
fast reconnection identified

Experimental Setup

Joseph Olson



Electron pressure anisotropy & electron scale jet 
in TREX

• TREX can access lower collisionality than other experiments; 
reaching into the regime where electron pressure anisotropy 
can develop

• See electron “jets” develop in this regime, as predicted by PIC 
simulation 



Electron pressure anisotropy & electron scale jet 
in TREX

• TREX can access lower collisionality than other experiments; 
reaching into the regime where electron pressure anisotropy 
can develop

• See electron “jets” develop in this regime, as predicted by PIC 
simulation 

Role of Collisions for Pressure Anisotropy

42

Bg/B0=0.28 mi/me = 1836

Jan Egedal

W𝑒𝑖 0.1𝑣𝐴 > 𝑑𝑖
Collisionless if or

Les Houches, March, 2015



Quadrupole field pattern in the Swarthmore 
Spheromak Experiment (SSX)

• Spheromak merging/interaction experiment (nice 
measurements of ion energization)

• Observes quadrupole pattern in current sheet formed 
between two colliding spheromaks



The LArge Plasma Device (LAPD)

• Solenoidal magnetic field, cathode discharge plasma (BaO and LaB6)

• BaO Cathode: n ∼ 1012 cm-3, Te ∼ 5-10 eV, Ti ≲ 1 eV

• LaB6 Cathode: n ∼ 5x1013 cm-3, Te ∼ 10-15 eV, Ti ~ 6-10 eV

• B up to 2.5kG (with control of axial field profile)

• BaO: Large plasma size, 17m long, D~60cm (1kG: ~300 ρi, ~100 ρs)

• High repetition rate:  1 Hz



LAPD BaO Plasma source

CE

CE

CE

• Produces plasmas with 10-20 ms duration at 1 Hz rep rate    

• n ∼ 1012 cm-3, Te ∼ 5-10 eV, Ti ≲ 1 eV

• Large quiescent core plasma (~60 cm diameter) for study of 
plasma waves, injection of ion/electron beams, etc.



Example LAPD Users and Research Areas

• Basic Physics of Plasma Waves: e.g. linear properties of inertial and kinetic Alfvén 
waves (Gekelman, Morales, Vincena, Kletzing, Skiff, Howes);  Alfvén waves in multi-
ion plasmas (Vincena, Maggs, Morales); Stationary IAWs (Koepke, Knudsen…)

• Physics of fast ion interaction with Alfvén waves and turbulence (Heidbrink, 
Tripathi, Carter, Breizman, … ) 

• Energetic electron interaction with waves (Bortnik, Thorne, Papadopolous, Van 
Compernolle, Gekelman…) 

• Reconnection/flux ropes/current sheets (Gekelman, Daughton)

• Collisionless shocks (Niemann, Gekelman, …)

• Nonlinear Alfvén wave processes, MHD turbulence (Carter, Howes, Skiff, 
Kletzing, Dorfman, Boldyrev…)

• Drift-wave turbulence and transport, interaction with shear flow (Carter, 
Schaffner, Maggs, Morales, Van Compernolle, Horton…)

• Physics of fast waves/ion-cyclotron resonance heating (Perkins, Hosea, Martin, 
Caughmann, Van Compernolle, Carter, Gekelman, …)



Three-dimensional reconnection: interaction of 
flux ropes

• Use additional cathodes to drive field-
aligned currents (flux ropes)

• Flux ropes are kink-unstable, interact and 
merge (downstream from line-tied 
condition at cathode)

discharge currents for the LaB6 cathodes are shown in
Fig. 2. The characteristic rise time for the LaB6 currents
is 10 !s. For about 500 !s, the currents are relatively
quiescent, but eventually a strong coherent oscillation
appears. Note that the round-trip Alfvén transit time, "A,
is approximately 100 !s inside the current channels.

To diagnose the plasma, 3-axis magnetic ( _B) probes are
installed at various axial locations. Each probe is movable
in the transverse plane by computer controlled stepper
motors. The plasma is highly reproducible, so a data set
can be constructed with an ensemble of many shots
(sampled at 25 MHz). Two such time series are shown in
Fig. 2. The period of these oscillations is 190 !s and is
constant across the column, but the amplitude is much
stronger at the far end of the column.

The resulting magnetic field lines have a flux rope
geometry. Each rope has both writhe and twist compo-
nents of 180! and 180–270!, respectively. Twist varies
somewhat with radius. Data collected from a single cur-
rent channel configuration show only a twist compo-
nent. The radius of each rope, defined by the location
where B? is at a maximum, is a ¼ 1:5 cm. A current
carrying cylindrical plasma is predicted to be kink un-
stable if the Kruskal-Shafranov stability factor q #
2#aBz=LB$ðaÞ is less than 1 [22], where a is as defined

above, and L is the length of the plasma. In this experi-
ment, q & 0:7, so this helical structure is consistent with a
kink instability. Representative field lines at r ¼ 0:5 cm
are shown in Fig. 3(a).
The current density is calculated from Ampère’s law,

J ¼ ðc=4#Þr' B. Typical Jz profiles are shown in
Fig. 3(b). The character of the current channels near the
cathode does not change appreciably in time, but at the far
end of the channels, the profile changes from a merged
configurationto a complex filamented one with reverse cur-
rent layers inside it. The reverse current layers, signatures
of magnetic reconnection, are observed for z*600 cm.
The flux ropes rotate about their central axes with a

rotation period of 190 !s, presumably due to the presence
of a parallel plasma flow [23]. Mach probe measurements
estimate that vz=vA? & 2, where vA? is the local Alfvén
speed, B?=

ffiffiffiffiffiffiffiffiffiffi
4#%

p
. The rotation of the field line at the

center of each flux rope in the z ¼ 600 cm can be seen
in the hodograms in Fig. 4(a). Figure 4(b) shows the
rotation in the z ¼ 830 cm plane, where each rope sweeps
out a larger area as it rotates.
The perpendicular separation !s between the central

field lines at z ¼ 600 cm and z ¼ 830 cm is shown in
Fig. 4(c). At z ¼ 600 cm, we can see that the field lines
maintain a relatively constant separation, but at z ¼
830 cm there are 2 times where !s decreases quickly.
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FIG. 2. (a) Typical current in LaB6-mesh anode circuit. (b) Bx

at (0.0, 2.7, 64) cm, which is at the edge of the lower flux rope,
and (c) (( 1:5, 9.9, 830) cm, showing pulses due to the rotation
of the flux ropes at the far end.

FIG. 3 (color). (a) Two sets of representative field lines at t ¼
1:615 ms. The field lines are seeded from a 1.0 cm diameter
circle centered at each current channel in the z ¼ 64 cm plane.
The axial dimension is compressed 30 times. (b) Jz at each end
plane at an early time (top row) and at a late time (bottom row) in
the discharge.
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900 cm
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3.7 cm 15 cm

FIG. 1. Schematic of experiment (not to vertical scale). The
background He plasma is produced by a BaO coated cathode that
is biased to a mesh anode by a transistor-switched capacitor
bank. The LaB6 cathodes, pulsed by a separate capacitor bank,
produce the flux ropes.

PRL 103, 105002 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

4 SEPTEMBER 2009

105002-2



Three-dimensional reconnection in flux ropes

• Squashing-factor (Q) computed from 3D dataset,  Quasi-
separatrix layer (QSL) identified between ropes

• First time presence of QSL quantitatively linked to the 
reconnection rate

Lawrence, et al., PRL 103, 105002 (2009) 
Gekelman, et al., PRL 116, 235101 (2016)

These times correspond to the positions on the hodograms
indicated by diamonds (t ¼ 1:699 ms) and circles (t ¼
1:790 ms). During these times when the flux ropes are
colliding, the reverse current sheets are present, and one
expects magnetic reconnection as flux piles up.

To determine the location of the QSLs, we calculate the
squashing degree [16]. Consider two transverse planes at
z ¼ z0 and z ¼ z1. Each field line that intersects the z ¼ z0
plane at coordinates (x, y) has corresponding points
ðXðx; yÞ; Yðx; yÞÞ where it intersects the z ¼ z1 plane. The
squashing degree,

Q ¼
ð@X@xÞ2 þ ð@X@yÞ2 þ ð@Y@xÞ2 þ ð@Y@yÞ2

jBzðz0Þ=Bzðz1Þj
;

indicates how much the endpoints in the z1 plane change
relative to small movements in the z0 plane. Regions where
Q % 2 define QSLs. In this experiment, j1&
Bzðz0Þ=Bzðz1Þj & 0:005, so we neglect this term in our
calculations. Q does not change if we switch the initial
and final planes, so we can assign a value ofQ to each field
line.

In order to accurately compute field lines, the magnetic
field data set must be divergenceless to a high degree of
precision, and preferably described analytically by a set of
splines. Nonzero divergence can be introduced from mea-
surement errors such as small misalignment of the probe
head, or even by interpolation between grid points. We
follow the procedure described in detail in [24] to ‘‘diver-
gence clean’’ the data set. Briefly,B is integrated in Fourier
space to find the magnetic vector potentialA, which is then
fitted with tricubic splines. The splines are then differen-
tiated analytically to get the divergenceless magnetic field.

To compute Q, we seed field lines at z ¼ 64 cm and
determine where they intersect the z ¼ 830 cm plane. The
field line starting and end points are calculated on a nu-
merical grid with 4500' 5100 points with 9:33'

10&4 cm spacing. The derivatives of the mappings of x
and y coordinates between each plane then provideQ. This
assigns a value of Q to every field line starting in the z ¼
64 cm plane. The numerical grid is considerably finer than
the measurement grid, but Q is primarily a function of the
global structure of the magnetic field. Calculation of Q on
coarser grids shows similar distributions, but the peaks of
Q are not as well resolved.
A plot of log10ðQÞ in this plane during the first colliding

phase (t ¼ 1:699 ms) is shown in Fig. 5. The ‘‘S’’ shape of
the QSL is quite similar to what has been observed in
simulations of merging twisted flux tubes [25]. The S
actually consists of several layers stacked together, similar
to the fine double peaks found in the analytical configura-
tion in [26].
At other times, the Q distribution has a similar overall

profile, but the layers within the S move around and their
peak values of Q change. We find that QðtÞ attains local
maxima when!s reaches local minima; in other words, the
field lines are most diverged during flux rope collisions.
SinceQ is strongly peaked, we can visualize the QSL by

plotting the surface composed of field lines with Q greater
than some threshold; here we select Q ¼ 1000 to visualize
the most salient features of the Q distribution. In Fig. 6(a),
the Q ¼ 1000 surface is shown threading between the two
flux ropes. The ends of this surface have a thin profile, but
the middle is shaped like an equilateral triangle.
The connectivity of field lines on this surface show that

it has a HFT geometry where field lines that are closely
spaced at one end of the tube diverge hyperbolically at the
other end. In Fig. 6(b) we seed red and yellow field lines at
z ¼ 64 cm, the top and bottom sides of the QSL, respec-
tively. They are initially separated by the QSL width of

FIG. 4. Hodograms of the point at which the central field line
in each flux rope intersects (a) the z ¼ 600 cm plane and (b) the
z ¼ 830 cm plane. ‘‘Upper’’ and ‘‘lower’’ indicate which cath-
ode the field line is seeded from. Each arrow indicates the start of
the hodogram at t ¼ 1610 ms. (c) Distance !s between each
flux rope at each axial position.
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FIG. 5 (color). A logarithmic plot of the squashing degree Q in
the z ¼ 64 cm plane at t ¼ 1:699 ms. Isocontours of Jz ¼
f&5:5;&3:0g A=cm2 are overplotted in white.
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Flux rope interaction relevant to merging of Plasmoids?



Plasmoid Instability: Route to fast 
reconnection in large systems

• Early 2000’s:  Two-fluid/Hall/Kinetic reconnection was thought to be the 
solution for fast reconnection in many settings

• Consistent with observations in space and in the laboratory

• However, some systems, especially in astrophysical settings, system 
size was just too large to imagine current sheets on the ~di scale 
(e.g. solar corona)

• Nuno & friends to the rescue:  revisited tearing mode theory to 
show that for sufficiently high S (and sufficiently large scale), 
current sheets undergo tearing/plasmoid instability

Loureiro et al., PoP 14, 100703 (2007)
Uzdensky, et al., PRL 105, 235002 (2010)

etc.
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Plasmoid Instability: Route to fast 
reconnection in large systems

• Early 2000’s:  Two-fluid/Hall/Kinetic reconnection was thought to be the 
solution for fast reconnection in many settings

• Consistent with observations in space and in the laboratory

• However, some systems, especially in astrophysical settings, system 
size was just too large to imagine current sheets on the ~di scale 
(e.g. solar corona)

• Nuno & friends to the rescue:  revisited tearing mode theory to 
show that for sufficiently high S (and sufficiently large scale), current 
sheets undergo tearing/plasmoid instability

• Growth of plasmoids generates multiple reconnection sites and 
smaller length scales — e.g. MHD current sheet can break up into 
plasmoids that can create current sheets (possibly on kinetic scales)

• Reconnection rate becomes independent of S (even in MHD)



MHD/Reduced MHD: Plasmoid regime requires large size/large S

• MHD threshold: S ~ 10
4

• Reconnection “phase diagram”: argues for large-scale new reconnection experiment 
(high S, large size)

• However, breaking news (this meeting):  Lower threshold in S for experimental 
conditions (semi-collisional, departures from ideal MHD; using Viriato code)

Egedal (TREX website)
Ji, et al. Physics of Plasmas 18, 111207 (2011)



Evidence for plasmoid generation in TREX

Olson, et al., PRL 116, 255001 (2016)

contours in Fig. 4(c) make a closed loop ∼0.1di wide.
Because of the magnetic tension, the plasmoid is sub-
sequently ejected, corresponding to a sharp decline in the
current density. After the current density recovers and the
layer continues to reconnect, a second plasmoid is formed
and then ejected in a similar manner. With S ∼ 1000 and
Lj=di ∼ 1 it should be expected that our experiment will
fall deeply into a regime of single X-line, collisionless
reconnection, and yet plasmoids are clearly present.
The observed island behavior shows explosive and

dynamic modifications to the reconnection process. To
provide an overview of how the island influences the
reconnection process, Figs. 4(g) and 4(h) show Jϕ and
Eϕ evaluated on the evolving midplane. The locations of X
lines are shown as the solid black lines, while the locations
ofO points are marked as the solid red lines. The formation
and ejection of magnetic islands are responsible for the
strong variations in these profiles. First, as the islands grow
and their currents increase, Eϕ is reduced. Then, as the
islands are ejected, large spikes in Eϕ are observed. In fact,
at t ∼ 128 μs when the island is ejected and the current in
the layer declines, the inductive Eϕ spikes from 10 to
50 V=m (saturating the applied color scale). The same
pattern is observed again as the second island forms at a
later time. A similar modification to the reconnection rate

due to island dynamics has been observed in simulations
and demonstrates their importance to the overall dynamics
of the reconnection process [14].
To standardize our analysis of multiple discharges, we

characterize the plasma parameters observed at themiddle of
the current layers, where BZ ¼ 0, for each time point. To
illustrate this, Fig. 4(i) displaysΨ evaluated as a function of
Z along the midplane (indicated by the black dashed line)
observed at t ¼ 134 μs. The two X lines of Fig. 4(f) are
identified as the local maxima of the curve in Fig. 4(i). The
center of the island is characterized by the local minimum in
Fig. 4(i) (marked by the red “O”).We define the difference in
the flux between the O point and the X point of an island,
ΔΨ, as a measure for the size of the island.
One or more magnetic islands are observed in 42 of the

85 similar discharges considered (a total of 81 islands are
counted overall). To investigate the statistical properties of
the magnetic island occurrence we analyze the island sizes
observed in this ensemble of discharges. As shown in
Fig. 4(j), the distribution of island sizes is well charac-
terized by an exponential fit or, if the first data point is
ignored due to the finite resolution of our magnetic
diagnostics, a power-law fit.
In summary, we have observed electron scale magnetic

islands being produced in a low collisional plasma for

FIG. 4. (a)–(f) Measured 2D profiles of the out-of-plane current density Jϕ and magnetic flux contours; Ψ ¼ const. The occurrence of
separate plasmoids is clearly visible for t ¼ 128 μs and t ¼ 134 μs. The dashed lines indicate the midplane where BZ ¼ 0. Here
1 μs × fce ∼ 50, where the electron gyrofrequency fce is evaluated with the average reconnection magnetic field. (g),(h) Time evolution
of Jϕ and the inductive electric field Eϕ evaluated at the midplane as a function of Z and t. The dashed lines correspond to the midplanes
from frames (a)–(f). The O and X points are marked with red and black lines, respectively. (i) Magnetic fluxΨ observed at the midplane
for t ¼ 134 μs. The X points are located as local maxima, while the O points coincide with the local minimum. ΔΨ provides a measure
for the size of the islands. (j) Statistical study of the size of the magnetic islands. Islands from 85 discharges are binned according to their
size measured by ΔΨ of panel (i). The data are consistent with both exponential and power-law dependencies for the island occurrence
rate as a function of the island size.
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Electron-scale plasmoids in MRX

• In Ar plasmas, surprisingly at very low S (~20), 
structuring of the current sheet observed, consistent 
with tearing/plasmoid instability

detailed dynamics of plasmoids and their consequences on
the reconnection process. Here, the term plasmoid refers to
2D magnetic islands which are experimentally identified by
searching for O points as described below.
These experiments are performed in collisional argon

plasmas with initial neutral gas pressures of 1–4 mTorr. The
typical plasma density and temperature are given by ne ≈
5 × 1013 cm−3 and Te ≈ 3 eV upstream of the current sheet
and ne ≈ 2 × 1014 cm−3 and Te ≈ 4 eV within the current
sheet. As a result, these plasmas satisfy the length scale
ordering de ∼ 0.5 mm < λmfp ∼ 2 mm < δ ∼ 9 mm ≪
di ∼ 20 cm, and so the measured plasma resistivity
Ey=Jy is equal to the classical Spitzer resistivity η⊥
(electron-neutral collisions are negligible) [27].
The main diagnostic used to characterize the current

sheet is a large-scale 2D array of ∼400 magnetic pickup
coils measuring all three components of the magnetic field.

The spatial resolution of the coils is nonuniform in order to
optimally resolve both ion and electron scales, and the
maximal resolution within the current sheet is 6 mm in the
radial (r) direction and 3 cm in the axial (z) direction.
In order to positively identify the presence of plasmoids,

we rely on multiple distinct analysis techniques. First, at a
fixed time we infer the presence of poloidal nulls in the
magnetic field via a direct interpolation between the closest
magnetic coils. The classification of the detected nulls as
eitherO points or X points is based on the local topology of
the interpolated fields and is indicated via the green “X”
and “O” symbols in Fig. 2.
As a secondary check, we have computed the Poincaré-

Hopf index [28,29] of the poloidal magnetic field around
suspected plasmoids and verified that it supports the results
from direct interpolation. In this technique, the measured
domain is split into 3 cm square cells, and the magnetic
field is used to map the cell boundaries from a closed curve
in configuration space (r, z) to a closed curve in the
auxiliary space (Br, Bz). The winding number about the
origin in the auxiliary space is the Poincaré-Hopf index for
that cell, and if it is nonzero, then the cell contains at least
one null in the poloidal field [28].
Contours of the numerically integrated magnetic flux

may also be used to identify large plasmoids; however, due
to the inherent assumptions and limitations of the magnetic
flux calculation, it has proven to be less reliable for
identification of small plasmoids.
Finally, the time-dependent behavior has also been used

to further validate the detection of plasmoids. The current
sheet moves radially inwards as reconnection proceeds, and
so the transit of a plasmoid can be directly observed on
individual coils as a time-dependent reversal in the sign of
the normal magnetic field (Br) [19]. However, the current
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FIG. 1. Schematic of the Magnetic Reconnection Experiment
showing the internal coils used to induce and drive reconnection,
as well as the array of pickup coils used to measure the magnetic
field. MRX is cylindrically symmetric, and the coordinate system
used here is ðr; y; zÞ corresponding to the inflow, out-of-plane,
and outflow directions, respectively.

(a) (b) (c)

(d) (e) (f)

FIG. 2. Example discharges showing plasmoid formation either via a chain of small plasmoids [(a)–(c)] or via a single large plasmoid
[(d)–(f)]. Contours of the poloidal flux and the locations of identified X points and O points are shown along with the out-of-plane
current density (a),(d) and the out-of-plane Hall quadrupolar fields (b),(e). For clarity, flux contours outside of the central current sheet
have been suppressed. (c),(f) The profile of the normal magnetic field Br at r ¼ 37.5 cm [red line in (a), (b), (d), and (e)], along with
typical experimental uncertainties in the magnetic field measurement.
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Reconnection in HED plasmas (Z-pinch)

• Two wire-array Z-pinches fired off side-by-side, 
creating current sheet in between

Hare, Lebedev, Suttle, Loureiro et 
al., Phys. Rev. Lett. 118, 085001 
(2017)



Hare, Lebedev, Suttle, Loureiro et al., Phys. 
Rev. Lett. 118, 085001 (2017)

Plasmoid generation in Z-pinch experiments



Future directions
• New and upgraded reconnection experiments coming 

online:  TREX, FLARE (MRX Upgrade), etc

• Targeted at accessing collisionless reconnection with 
large system size.  Goals:

• Demonstrate and characterize Plasmoid instability, 
investigate impact on reconnection rate

• Collisionless processes in current sheets: role of 
pressure anisotropy

• Can we see particle acceleration (and characterize 
it) in the lab?


