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The influence of current-aligned instabilities on magnetic reconnection in weakly collisional
regimes is investigated using experimental observations from Magnetic Reconnection Experiment
(MRX) [M. Yamada et al., Phys. Plasmas 4, 1936 (1997)] and large-scale fully kinetic simulations.
In the simulations as well as in the experiment, the dominant instability is localized near the center
of the reconnection layer, produces large perturbations of the magnetic field, and is characterized
by the wavenumber that is a geometric mean between electron and ion gyroradii k ! "qeqi#

$1=2.
However, both the simulations and the experimental observations suggest the instability is not the
dominant reconnection mechanism under parameters typical of MRX. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4811371]

I. INTRODUCTION

Magnetic reconnection remains one the most chal-
lenging and fascinating problems in plasma physics.
Small-scale turbulence is frequently invoked in theoretical
models of reconnection as a microscopic mechanism re-
sponsible for breaking the frozen-in condition. Among
all of the possible types of turbulence, the fluctuations
driven by current-aligned instabilities are of particular in-
terest since they are thought to be naturally associated
with reconnection current sheets. One of the frequently
discussed causes of microscopic turbulence near the
reconnection sites is the Lower-Hybrid Drift Instability
(LHDI).1–3 Indeed, electromagnetic fluctuations in the
lower-hybrid frequency range are frequently observed
in the vicinity of reconnection sites in both space (e.g.,
Refs. 4–9) and laboratory plasmas (e.g., Refs. 10–12).
However, it remains unclear if the observed fluctuations
play a key role in the reconnection process itself or are
instead relatively passive accompaniments.

In this paper, we use large-scale three-dimensional
(3D) kinetic simulations and experimental observations
from Magnetic Reconnection Experiment (MRX)13 to
investigate the role of magnetic fluctuations experimentally
observed near the X-line. MRX is a well-diagnosed com-
pact laboratory experiment dedicated to studies of magnetic
reconnection. It provides an excellent testbed to verify and
challenge theoretical models. The motivation for the pres-
ent analysis is two-fold. First, identification of the mecha-
nism responsible for decoupling the electron fluid from the
magnetic field in weakly collisional regimes achievable in
MRX has proven challenging. Careful analysis of the struc-
ture of experimentally observed electron-scale reconnection

layers revealed significant disagreement with the predic-
tions of two-dimensional (2D) kinetic simulations.14–17

Specifically, the appropriately normalized thickness of
these layers in MRX is 3–5 times higher than the simulation
results. Since the thickness of the reconnection layer is
determined by the mechanism that decouples electrons
from the magnetic field (hereafter, we will refer to this as
the reconnection mechanism), this discrepancy suggests
that this mechanism in MRX is of different origin compared
to the 2D simulations. At the same time, recent highly
resolved spacecraft observations demonstrated excellent
agreement with 2D simulations, indicating that at least
under some conditions reconnection layers with thickness
of the order of electron inertial length are observable in
nature.18 Therefore, it is natural to assume that the mag-
netic fluctuations observed in MRX produce large contribu-
tions to the reconnection mechanism and are primarily
responsible for the observed discrepancy.

More generally, the very existence of magnetic fluctua-
tions observed in MRX near the X-line is of great theoretical
interest. It has long been realized that in the anti-parallel
reconnection configuration under conditions typical of
MRX, most of the well-known current-driven instabilities
are stable near the center of the current sheet. This is related
to large local values of plasma beta, which is stabilizing for
LHDI, and to the typical relation between ion and electron
temperatures Ti > Te, which tends to stabilize streaming
instabilities. Since the same conditions are frequently
encountered in many other systems of interest, such as the
Earth’s magnetopause, the problem is rather generic. In this
regard, the electromagnetic instability of lower-hybrid origin
capable of penetrating the vicinity of the X-line attracted
particular attention (Ref. 19 and references therein). This
mode produces large perturbations of the magnetic field and
is characterized by the wavenumber that is a geometric mean
between electron and ion gyroradii k ! "qeqi#

$1=2. Early
analysis based on the linear theory and kinetic simulations of
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model equilibria suggested that the instability may be an
effective reconnection mechanism (e.g., Refs. 20–22).
However, we have recently demonstrated that this instability
does not necessarily play an important role in actively recon-
necting current sheets.23 While it is observed in many kinetic
simulations of reconnection (e.g., Refs. 22–24), the condi-
tions under which the instability reaches large amplitude and
influences the reconnection mechanism in collisionless ki-
netic simulations are rather restrictive: large asymmetry, low
b, and small ratios of ion-to-electron temperatures Ti < Te.
While there is some support for these theoretical predictions
from spacecraft observations,5,7,25 a more careful verification
from laboratory experiments is highly desirable.

Given the above discussion, the goals of this paper are (i)
to identify the origin of the magnetic fluctuations observed in
MRX and (ii) to understand their influence on the reconnec-
tion process. The organization of the paper is as follows: in
Sec. II, we describe the parameters, geometry, and the initial
conditions of the simulations used in this analysis. Section III
contains a brief description of the experimental conditions in
MRX and presents some details of how the fluctuations are
measured. Section IV contains the main results. The conclu-
sions of the paper, summarized in Sec. V, are as follows: (i)
the observed fluctuations originate from the electromagnetic
instability discussed above and (ii) they are not the dominant
reconnection mechanism in weakly collisional regimes and
are not responsible for the observed deviation of the electron
layer structure from 2D simulation results.

II. FULLY KINETIC 3D SIMULATIONS

Throughout this paper, we compare results of two large-
scale fully kinetic simulations with experimental observa-
tions. The first simulation is a driven collisionless simulation
performed in an open-boundary geometry. It is a high mass
ratio (mi=me % 900) version of the simulations described in
Ref. 23. This case is of relevance to the most collisionless
discharges in MRX and is of great interest since the
employed mass ratio is only a factor of two smaller than that
of hydrogen mH=me & 1836. The second simulation includes
Coulomb collisions and employs initial conditions and
aspects of geometry mimicking MRX. Since we are inter-
ested in modeling MRX experiments with no externally
applied guide field (see Sec. III), neither of the simulations
includes a guide field. Both simulations utilize high-
performance particle-in-cell (PIC) code VPIC.26,27

The collisionless simulation employs asymmetric initial
conditions. As we discuss below, some degree of asymmetry
is always present in MRX. However, no attempt is made to
match asymmetry in this simulation to any specific MRX
discharge. The simulation is initialized with magnetic field
of the form B % 0:5'"B0 ( B1# $ "B0 $ B1#tanh"x=d0#)ez.
Here, indices “0” and “1” denote, respectively, asymptotic
values on the high-b and low-b sides of the current sheet at
t % 0. The local time-evolving quantities do not have an
index. The initial particle distributions consist of two compo-
nents, a Harris-like distribution fs % ncc cosh$2"x=d0#
exp'$ms"v$ Usey#2="2T0

s #), and an asymmetric Maxwellian
component with density n"x# % 0:5'"n0 ( n1# $ "n0 $ n1#

tanh"x=d0#) and temperature T0
s . Here, d0 is the half-

thickness of the initial current sheet chosen to be d0 % 0:5d0
i ,

where d0
s % c=xps; xps % "4pn0q2

s=ms#1=2, ms and qs are,
respectively, mass and charge of species s. The force balance
across the layer dictates that 8pn0"T0

e ( T0
i # ( B2

0 % 8pn1

"T0
e ( T0

i # ( B2
1 % 8p'ncc ( 0:5"n1 ( n0#)"T0

e ( T0
i #. Note

that the coordinate system used throughout this paper is dif-
ferent compared to Ref. 23 and matches the coordinate
system traditionally used by MRX. The initial configuration
is parameterized by the value of plasma b0 % 8pn0"T0

e ( T0
i #

=B2
0 and the ratio n1=n0 between densities on the low-b and

the high-b sides. For the simulation described in this paper,
b0 % 0:5; n1=n0 % 0:1, and T0

i % T0
e . The initial configura-

tion does not correspond to an exact Vlasov equilibrium, but
is in force balance and allows reconnection to develop after
a few Alfv!en times. The inflow boundaries are driven
by applying electric field Ey % $E0

y exp"$t=s#, where E0
y

% 0:08B0V0
A=c; s % 20"x0

ci#
$1; V0

A % d0
i x

0
ci, and x0

cs % qsB0

="msc#. In order to study the evolution of the system over a
long time scale, the simulations employed open downstream
boundary conditions that allow plasma and electromagnetic
flux to leave the simulation domain.28 Other numerical
parameters are x0

pe=x
0
ce % 1:75, spatial domain Lx * Ly

*Lz % "10* 3* 10# d0
i with 1024 * 320 * 1024 cells, and

time step Dtx0
ce & 0:095. The plasma at t % 0 was repre-

sented by 2 * 1011 computational particles. The overall dy-
namics of this simulation and the instabilities that develop
closely resemble results from lower mass ratio simulations
mi=me % 400 described in Ref. 23. Fig. 1 presents an over-
view of this simulation at a fully developed stage tx0

ci % 41.
A detailed analysis of the fluctuations and comparison with
MRX observations is presented in Sec. IV.

In order to better reproduce the experimental conditions,
we also conducted a series of simulations that include
Coulomb collisions and aspects of MRX geometry. The sim-
ulation model extends the one previously used by us to con-
duct 2D simulations.16,17 Coulomb collisions are treated
with a Monte-Carlo approach29 that has been extensively
tested (e.g., Refs. 30 and 31) and previously used in recon-
nection simulations.17,31,32 The simulations described here

FIG. 1. Collisionless simulation with mi=me % 900. Shown is an isosurface
of constant density on the low-b side of the current sheet, colored by the
magnitude of current density jJj. Instabilities of the central current sheet and
very strong LHDI activity along low-b separatrices are clearly visible.
Simulation parameters are specified in the text.
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are conducted in a slab geometry appropriate to the short-
wavelength modes of interest, illustrated in the right panel of
Fig. 2. The geometry and the initial conditions seek to mimic
the pull phase of reconnection in MRX.16 Specifically, the
reconnection is driven by ramping down in time the pre-
scribed current I(t) in two regions of the simulation domain
corresponding to MRX poloidal field (PF) coils (see Fig. 2).
The functional form I"t# % I0'1( 5cos2"p"t( t0#=2s#)=6 is
chosen to model the time dependence of current in MRX PF
coils. For the simulation considered s % 150x0

ci and
t0 % 0:3s. The initial magnetic field B(x, z) at t% 0 is due to
the prescribed current I0, while the particle distribution
functions are of the form fs % n"x; z#exp"$msv2=2T0

s #, where
n(x, z) at t% 0 is chosen in such a way that the density profile
during active reconnection phase t ! s=2 resembles experi-
mentally observed profiles. In this simulation, the initial tem-
peratures of ions and electrons are equal T0

i =T0
e % 1. Density

and magnetic field profiles in MRX are characterized by a
degree of radial asymmetry that is induced by toroidal
effects. In order to mimic this asymmetry in the simulation,
the current-carrying regions corresponding to the MRX PF
coils are offset in the radial direction by 1/6 of simulation
domain length. After the simulation is initialized at t% 0, it
evolves self-consistently in response to the changing current
I(t). In order to reduce the cost of highly expensive 3D simu-
lations, we utilized a reduced version of the geometry used
in 2D16,17 with periodic boundary conditions in y and z direc-
tions. The size of the simulation domain is Lx * Ly * Lz &
"8:8* 2:9* 11:5#d0

i with 1202* 390* 1536 cells. The sim-
ulation employs mi=me % 300. The reference values of other
parameters are x0

pe=x
0
ce % 1 and b0

e % 8pnoT0
e=B2

0 % 0:01.
However, these values correspond to a reference value of
magnetic field B0 created by the PF coils at t % $t0 at a ref-
erenced position in the middle of the simulation domain.16

More relevant are parameters corresponding to a developed
reconnection phase t ! s=2. For example, xpe=xce & 5 at
t % s=2 if the density is measured at the center of the current
layer and the magnetic field on its shoulder. The local value
of electron beta on the low-density side of the simulation do-
main at t % s=2 is be & 0:35. A snapshot of the MRX simu-
lation is presented in Fig. 3, which illustrates the
development of current sheet instabilities in this simulation.

At present, it is not feasible to conduct 3D explicit fully
kinetic simulations of large-scale systems with realistic

values of mi=me and xpe=xce. For any attempt to model ex-
perimental observations, an important choice is how to scale
with mi=me and xpe=xce various quantities such as the sys-
tem size or the relevant time scale. In this work, we utilize
the same approach that was used and motivated in Refs. 16
and 17. The dimensions of the simulation domain are chosen
to be comparable to the size of the experiment in terms of
the ion inertial length d0

i , while the time scales are normal-
ized by x0

ci. The plasma b in the inflow region is chosen to
be comparable to the experimental observations. The
employed collisional model allows for a considerable flexi-
bility in scaling of the collision frequency. Our approach is
motivated by the results of 2D studies on how the structure
of the electron reconnection layer depends on the regime of
collisionality.17 Specifically, we enforce the ratios between
various frequencies to follow the same parametric depend-
ence as the physical collision frequency (i.e.,
!ee=!ii / "mi=me#1=2"Ti=Te#3=2). The overall scaling factor is
chosen to match the typical values of the ratio between the
reconnection electric field and the Dreicer runaway critical
electric field to the experiments of interest

ED +
!!!!!!!!!!
Teme

p
!ee=e: (1)

FIG. 2. Geometry of the MRX simula-
tions: (a) 3D extension of the geometry
used to conduct previous 2D simula-
tions;16,17 (b) reduced geometry uti-
lized in this study. The shaded surfaces
represent conducting boundary condi-
tions for fields and reflecting boundary
conditions for the particles. Periodic
boundary conditions are imposed on
unshaded surfaces. The reconnection is
driven by ramping down y-current in
prescribed regions of the simulation
domain that mimic PF coils in MRX.
The poloidal field coils are enclosed by
flux cores (F.C.), which are modeled
through absorbing particle boundary
conditions.

FIG. 3. Weakly collisional simulation performed in MRX geometry with
mi=me % 300. Shown is an isosurface of current density colored by the x-
component of the electron flow velocity Ue;x in order to highlight multiple
instabilities of the central current sheet. The back panel shows ion outflow
velocity Ui;z. Sample magnetic field lines and the flux core surfaces are also
shown. Simulation parameters are specified in the text.
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Assuming that the reconnection rate cE="BVA# is comparable
between the simulations and the experiments,16 this implies
that the collision frequency needs to be scaled as

!ee

xce

" #

sim

% !ee

xce

" #

exp

b,e
mi

me

" #$1=2

sim

b,e
mi

me

" #1=2

exp

; (2)

where label “exp” and “sim” refer to the values in experi-
ment and simulations, respectively. Here, b, refers to b
defined with pressure near the X-line and the edge magnetic
field. Typical experimental values are b,e & "0:3$ 0:5#.
Assuming that values of b,e ! Te="Ti ( Te# are close
between simulations and experiment, relation (2) implies
that ratio of the lower-hybrid frequency xLH % "xcexci#1=2

to the electron collision frequency is also matched between
the simulations and the experiment. This is important to
achieve since the characteristic frequency and growth rate of
the relevant instabilities are expected to scale as x; c / xLH.
The typical values of b,e for our 3D simulations are
b,e & "0:25$ 0:7#.

In order to measure properties of electromagnetic fluctu-
ations in the simulations, we have constructed a dedicated
diagnostic. At a number of locations in the simulation do-
main, the local values of electric and magnetic fields Ex;y;z"t#
and Bx;y;z"t# are saved with a high time resolution dtx0

LH

% 0:25p. In the simulations described in this paper, the spa-
tial locations of such “virtual probes” are organized in a grid
pattern in the (x, z) plane with a typical spacing dx and dz of
a few d0

e . The y-spacing dy is equal to one cell. The informa-
tion obtained by this diagnostic can be post-processed to
compute various properties of the fluctuating fields, such as
spectra, cross-correlations, etc. All of the spectra presented
in this paper were obtained during a stage with fully devel-
oped reconnection over a time interval where fluctuation am-
plitude remains approximately constant.

III. MRX OBSERVATIONS

The MRX is a compact toroidal device dedicated to
studies of magnetic reconnection.13 It consists of a cylindri-
cal vacuum vessel with the inner radius R0 % 76:2 cm. Two
current-carrying toroidal coils (flux cores) of radius 37.5 cm
inside the vessel both produce the plasma and drive the
reconnection. The surface-to-surface separation between the
flux cores is Z0 % 40 cm. In the so-called pull scenario inves-
tigated here, the current in the flux cores is ramped down
after the plasma formation period, initiating reconnection in
a narrow toroidal current sheet between the flux cores. The
present experiments to investigate electromagnetic fluctua-
tions were performed in hydrogen or deuterium plasmas with
the following typical parameters: electron density
ne % "0:5$ 20# * 1013cm$3, electron temperature near the
center of the current sheet Te % "5$ 15#eV, magnetic field
at the edge of the current sheet B% (150 – 300)G. The ion
temperature was not directly measured in these experiments,
but is estimated from the radial force balance across the cur-
rent layer to be in the range Ti % "5$ 15#eV near the layer
center. This range is consistent with previous ion tempera-
ture measurements performed in MRX helium discharges.33

In more collisional discharges, the Coulomb collisions tend
to enforce Te ! Ti, while in more collisionless discharges,
ion temperature is generally higher than the corresponding
electron temperature at the layer center.

The slab geometry of the simulations discussed in this
paper corresponds to a narrow toroidal wedge of MRX. The
employed coordinate system is as follows: z denotes the
direction of the reconnecting magnetic field, R (or x) refers
to the radial (inflow) direction, and y is the electron flow
direction out-of-plane, corresponding to the toroidal direc-
tion in MRX (see Fig. 2).

In order to measure the details of the reconnection pro-
cess, a number of electrostatic and magnetic diagnostic
probes are placed in the reconnection layer. These include
fine structure probe arrays, Langmuir probes, and magnetic
fluctuation probes. A single fine structure probe consists of
an array of up to 50 magnetic pickup coils in a 4.25 mm di-
ameter glass tube. Each coil measures one component of the
magnetic field at one radial location. The total radial cover-
age is close to 20 cm with a maximum resolution of
3.75 mm. When many of these probes are placed at different
z locations, the evolution of the reconnection layer geometry
may be tracked over a single discharge. All of the relevant
measurements presented in the paper were performed with
an array of 7 probes with 35 coils per probe. Langmuir
probes are the primary electrostatic diagnostic used to deter-
mine plasma density and temperature. In the experiments
described here, triple Langmuir probes with tip area of
approximately 3 mm2 were employed. Electron temperature
is obtained from the potential difference between a floating
tip and a positively biased tip. Plasma density is calculated
using the ion saturation current drawn from the probe and
the measured temperature.

Perhaps the most important diagnostic for the present
set of experiments is a set of magnetic fluctuation probes that
measure the high frequency components of B. These consist
of up to four magnetic pickup coils connected to a small am-
plifier board placed in the probe shaft. The addition of this
current buffer to the circuit ensures that magnetic signals at
frequencies on the order of the lower hybrid frequency
!LH % "10$ 15#MHz are not dominated by noise pickup. In
order to measure correlations between fluctuation signals
and determine the phase velocity of the observed modes, two
or more fluctuation probes must be placed in close proxim-
ity. This is achieved by placing one of the probes on a
movable ball flange. By adjusting the position of the probe
on the ball flange, the two probes may be brought to within a
few millimeters of each other for detailed phase shift
measurements.

The experimental measurements of the fluctuating mag-
netic field presented in this paper are typically assembled
over multiple discharges. For example, the measurements of
the radial profile of the fluctuations presented in Sec. IV
were obtained from 215 reproducible discharges using the
following procedure. In each discharge, the fluctuating com-
ponent of Bz at z% 0 was measured by a four channel probe
at four different radial locations separated by 2 cm. For each
discharge, a 5 ls window is chosen centered at the time the
reconnection electric field peaks. To produce a radial power
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spectrum, the 215* 4% 860 individual spectra were binned
based on the distance of each measurement from the current
center position R0 during the selected time period. The
results are then compiled over the discharges.

IV. COMPARISON OF THE FLUCTUATIONS
OBSERVED IN MRX WITH THE RESULTS OF FULLY
KINETIC SIMULATIONS

As we discussed in the introduction, there is a consider-
able amount of theoretical and observational evidence indi-
cating that current sheets undergoing reconnection tend to
become unstable against a broad spectrum of electromag-
netic instabilities. Such instabilities can in principle affect
the reconnection mechanism in a number of ways, for exam-
ple, by inducing anomalously large transport of electron mo-
mentum. However, most of the instabilities known to be
effective at producing momentum transport cannot be
excited near the center of the reconnection layer under con-
ditions typical of MRX experiments discussed here (i.e.,
very small guide field and Ti ! Te). As such, these instabil-
ities cannot directly influence the reconnection process. In
this regard, the fluctuations of magnetic field observed within
reconnection layers in MRX and in kinetic simulations are of
great interest (e.g., Refs. 11, 19, and 23 and references
therein). Indeed, as is illustrated by Fig. 4, these relatively
low-frequency magnetic fluctuations peak near the X-line.
The characteristic width of the fluctuation amplitude profile
is comparable to the thickness of the current layer d. In con-
trast, the fluctuations of the electric field (not shown) in both
the experiment and in the simulations tend to be localized
slightly upstream of the reconnection layer (e.g., Refs. 10,
23, and 34) in the regions of small b. They originate from
the well-known short-wavelength lower-hybrid drift instabil-
ity with characteristic wavelength kqe ! 1.1

More detailed information about the spectra of the
observed magnetic fluctuations is presented in Fig. 5, which
shows x$ ky spectra of Bz close to the X-line. The salient
features of the presented spectra are as follows:

(1) The dominant fluctuations propagate along the direction
of the electron drift, x=ky > 0.

(2) The dominant modes observed in the simulations
are characterized by wavenumbers of the order of

k0 % "qiqe#
$1=2 and frequencies in the range x < xLH.

The peak of the spectra corresponds to wavenumber
k & k0 and frequency x ! k0vth;i.

(3) The dominant modes in the experimentally measured
spectrum correspond to the same direction of propaga-
tion and roughly the same wavenumber and frequency

FIG. 4. Radial profile of the magnetic fluctuation frequency spectrum dB2"x;x# %
P

ky
jBz"x; x; ky; z0#j2 across the reconnection layer in the experiment

(experiment), collisionless simulation (collisionless), and weakly collisional simulation in MRX geometry (collisional). Here, z0 refers to the average z-coordi-
nate of the X-line. In all cases, the X-line is located close to x % x0 (within the resolution of the diagnostics). The quantity plotted in each panel is
ln'dB2"x;x#=B2

0), where B2
0 % max'dB2"x;x#) is the maximum of the respective spectrum.

FIG. 5. Comparison of a typical x$ ky spectrum jdB"ky;x#j2 observed in
MRX deuterium discharges (bottom panel) with the spectra measured in the
collisionless (top) and weakly collisional (middle) simulations. All spectra
are normalized to their respective peak value dB2

max. In each panel, the thin
black line corresponds to x % kvth;i. Note that with the normalizations uti-
lized here, vth;i='xLH"qeqi#

1=2) % '"Ti=Te#"me=mi#)1=4. In order to compute
the slope of the curve x % kvth;i for the experimental plot, Ti=Te % 2 was
assumed. The normalizations for simulation data are computed as follows:
qs % vs=xcs; vs % '2Pyy;s="nsms#)1=2, stress tensor Pij;s, and particle density
ne are measured at the center of the reconnection layer, while xcs is com-
puted with the magnetic field measured at the edge of the reconnection layer.
The value of vs in the experiment is computed using temperature measured
by a Langmuir probe.
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range as in the simulation spectra. To illustrate this point,

we estimate k"qeqi#
1=2 corresponding to other character-

istics scale-lengths. For example, k % q$1
e corresponds

to k"qeqi#
1=2 % "qi=qe#

1=2 % "Ti=Te#1=4"mi=me#1=4. This

is approximately 7:8"Ti=Te#1=4 for the deuterium dis-

charges in MRX. Similarly, k % d$1
e corresponds to

k"qeqi#
1=2 %

!!!!!
be

p
"qi=qe#

1=2. Taking representative be

% 0:3$ 0:5, this is equal to "4:2$ 5:5#"Ti=Te#1=4. The

wave numbers corresponding to ion scales are k % q$1
i ,

corresponding to k"qeqi#
1=2 % "qe=qi#

1=2, which is

0:13"Te=Ti#1=4 under the same assumptions; and

k % d$1
i , which translates to k"qeqi#

1=2 %
!!!!
bi

p
"qe=qi#

1=2

& "0:07$ 0:09#"Te=Ti#1=4. We conclude that the experi-
mentally observed wave number range observed in Fig. 5
is most consistent with k (qeqi)

1/2& 1 and is significantly
separated from other possible characteristic scales.

(4) The characteristic phase velocity of the fluctuations in
consistent between the simulations and the experiment.

Note that the frequency resolution in the weakly collisional
simulation (middle panel) is limited since the radial profiles
of magnetic field, density, and temperature are evolving on a
time scale comparable to the duration of the interval used for
this measurement. The experimental data are obtained using
two three-component fluctuation probes at R% 40 cm,
z% 0 cm separated by 6.6 mm in the toroidal direction (see
Sec. III for details). The shown spectra are compiled across
multiple similar discharges.

Based on the results summarized by Figures 4 and 5, we
conclude that the properties of the magnetic fluctuations
observed in MRX bear considerable resemblance to those
observed in the simulations. The characteristic frequencies and
the wavenumbers in all cases correspond to those expected for
the instability identified in Ref. 19. Consequently, the charac-
teristic phase velocity of the experimentally observed fluctua-
tions match the simulations when it is normalized to a
characteristic value xLH"qeqi#

1=2. Moreover, in both the
experiment and in the simulations, the dominant modes are res-
onant with the ions, x & vth;ik. Interestingly, the phase velocity
of the fluctuations in the experiment is also consistent with the
magnitude of the electron drift Ue. On the other hand,
jx=kyj- jUej in the simulation data. Given the differences in
the structure of reconnection layers observed between simula-
tions and the experiment (see more discussion below), we con-
clude that the phase velocity of the fluctuations does not
strongly depend on the magnitude of the electron drift.

Having established the correspondence between the fluc-
tuations observed in the simulations and in the experiment, we
now turn to the analysis of their influence on the reconnection
process. The most direct assessment of the role of observed
instabilities is offered by comparing 3D simulations with
equivalent 2D cases. Indeed, the simulations discussed here
possess a large-scale 2D symmetry imposed by the initial and
boundary conditions. Therefore, various quantities measured in
3D simulations can be averaged over the symmetry direction
(y) and directly compared against 2D runs. Since 2D geometry
excludes perturbations with finite ky, any difference between

otherwise identical 2D and 3D cases has to be attributed to the
influence of instabilities. This argument can be made quantita-
tive by considering the average force balance near the X-line

mehnedVe=dti%$ehneEi$hr.Pei$ehne"Ve=c#*Bi(hReii;
(3)

where hAi denotes average over y of quantity A. The friction
force Rei represents collisional momentum exchange
between electrons and ions. Each nonlinear term in Eq. (3)
can be split into contributions from average parts and contri-
bution from the fluctuations. For example, hABi
% hdAdBi( hAihBi, where dA refers to the fluctuating part
of A % hAi( dA. Similarly, hABCi % hAihBihCi( hAi
hdAdBi( hBihdAdCi( hCihdAdBi( hdAdBdCi. Assuming
their amplitude is sufficiently large, the fluctuations of the
type discussed here can in principle produce sizable contri-
butions to the average force balance through such terms as
fluctuation-induced drag hdndEi, etc. (e.g., Refs. 21–23).
Such modifications of the average force balance would be
necessarily accompanied by changes in the structure of the
reconnection layer. For example, the average thickness of
the current layer was 3 times higher compared to the respec-
tive 2D cases in the most unstable simulations described in
Ref. 23. However, the results of those collisionless simula-
tion are not directly relevant to MRX since the values of
some of the critical parameters do not correspond to typical
MRX conditions (e.g., simulations assume very low values
of plasma b < 0:1 and T0

i < T0
e in the inflow region, while

typical MRX values are b > 0:5, and Ti > Te).
In contrast, fluctuations play comparatively smaller role in

the simulations discussed in this paper. As an example, Fig. 6
compares the current density in the 3D weakly collisional
MRX simulation with its 2D counterpart. We observe that the
current layer is on average about 25% wider in this 3D simula-
tion compared to 2D. The observed differences in the structure
of the reconnection layer are relatively small and certainly are
not enough to explain the differences between 2D simulations
and the experiment. Moreover, in a typical simulation, the
instabilities do not reach large amplitude unless the reconnec-
tion layer is first compressed to the scales of a few electron
gyroradii, which is smaller than the minimum thickness
observed in the experiment (see more discussion below).
Consistent with this notion, the typical root-mean-square (rms)
amplitude hdB2i1=2 of the fluctuating magnetic field observed
in the experiment is a few Gauss (as shown in Fig. 7 below),
which should be compared to the values of magnetic files on
the shoulder of the electron layer of B0 % 150$ 250G. In the
simulations discussed in this paper, the rms amplitude is of the
same order or higher, hdB2i1=2=B0 " 10%.

To summarize, our simulations demonstrated that the
magnetic fluctuations observed in MRX likely originate
from the long-wavelength instability with characteristic
wavelength k"qeqi#

1=2 that has been identified previously in
linear theory and many collisionless kinetic simulations. In
contrast to early expectations based on considerations of
model equilibria such as Harris current sheet, the instability
does not always play an important role in current sheets
undergoing active reconnection. Rather, the saturation
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amplitude is very sensitive to the details of equilibrium, such
as the value of b, the degree of radial asymmetry between
the two sides of the current sheet. The apparent discrepancy
between the predictions drawn from analysis of static equili-
bria and the results of simulations focusing on the stage of
developed reconnection is likely related to the constraints
imposed on the growth rate of the relevant instabilities by
the fast convection of the electron fluid through the recon-
nection region.23 The simulations indicate that the fluctua-
tions are unlikely to substantially modify the structure of the
reconnection layer under conditions typical of MRX.
However, only a small number of these highly expensive 3D
fully kinetic simulations with finite collisionality have been
performed, covering a rather limited range of parameters. In
order to corroborate the simulation predictions concerning
the possible influence of the instabilities on reconnection in
MRX, we utilize the understanding gained from the simula-
tions and linear theory to focus on two experimental results:
the dependence of the fluctuation amplitude dB on the re-
gime of collisionality and the dependence of the observed

width of the reconnection layer on the occurrence rate and
the amplitude of the fluctuations.

We consider a set of 30 experimental discharges. The
time selected for measurements in each shot correspond to
the time at which the R location of the X-point passes by a
fixed array of Langmuir probes located at R% 37.5 cm. At
the crossing time, the plasma density at the X-point spans a
wide range "0:15$ 6# * 1013cm$3, corresponding to a broad
scan of collisionality regime EDreicer / n=Te. Electron tem-
perature varies only by about a factor of two across these dis-
charges. Fluctuation amplitudes were obtained by two three-
component fluctuation probes in the outflow region. One
probe is located at z%$7.5 cm, R% 37.5 cm; the second is at
z% 10.5 cm, R% 37.5 cm. The data presented below are an
average between the measurements of the two probes.

An important observation regarding the properties of
magnetic fluctuations in MRX is that their amplitude
increases with decreasing collisionality, as illustrated in Fig.
7 (see also Ref. 11). One attractive interpretation of this
result is in terms of the increasing importance of fluctuation-
induced momentum transport, as measured, for example, by
E="gSj#, where E is the reconnection electric field and gS is
the Spitzer resistivity. On the other hand, one may regard the
increase of the fluctuation amplitude as a passive conse-
quence of the modifications in the structure of reconnection
layers expected with decreasing collisionality. Indeed, as we
demonstrated in Ref. 17 using 2D simulations, the contribu-
tion of the collisional electron-ion momentum exchange to
the force balance near the X-line quickly diminishes as the
ratio between reconnection electric field and the critical run-
away field EDreicer defined by Eq. (1) approaches unity. As a
consequence, the thickness of the reconnection layer d=qe in
2D simulations quickly decreases as E=EDreicer approaches
one. As is demonstrated in Fig. 8, the experimental data cer-
tainly follow this trend, even if the absolute values of d=qe

are significantly different between the experiment and the

FIG. 7. Correlation of the fluctuation amplitude with the collisionality re-
gime, as measured by ratio of reconnection electric field E to the critical
Dreicer field ED. Qualitatively similar dependence can be observed dynami-
cally within a single discharge. The error bars are from an average over a
1.2 ls window around the time at which the current sheet passes by a fixed
array of Langmuir probes at R% 37.5 cm.

FIG. 6. Average current density hjyi in the 3D weakly collisional case (top)
and in its 2D equivalent (bottom). In the top two panels, jy is normalized to
its peak value in 2D case. The bottom panel shows x-profile of jjyj at z% 0.
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2D simulations. Since the growth rate of the relevant insta-
bility increases with decreasing d=qe, it is quite natural that
the amplitude of the fluctuations tend to be higher in cases
with E=EDreicer ! 1.

An understanding of the mechanism responsible for con-
trolling the thickness of the experimentally observed recon-
nection layer is crucial for identification of the reconnection
mechanism in MRX. Indeed, 2D simulations excluding the
instabilities indicate that at E=EDreicer ! 1, the collisional mo-
mentum exchange is largely ineffective and the reconnection
electric field is supported predominantly by the divergence
of the electron stress tensor. This necessarily requires that
layer thickness collapses to the scales comparable to electron
crossing orbit width (a few qe).17 On the other hand, the
layer thickness experimentally observed in this regime is
d ! 10qe indicating that the mechanisms supporting recon-
nection electric field in the experiment are fundamentally
different from those in the 2D simulations. An unequivocal
conclusion regarding the role of the observed fluctuations
can be reached by comparing the experimentally observed
thickness of reconnection layer between cases with and with-
out fluctuations in the regime E=EDreicer ! 1. Crucially, the
minimum layer thickness in the experiment is the same
regardless of whether instabilities are present or not (see
Fig. 8). This likely indicates that fluctuations are not primar-
ily responsible for setting the observed minimal thickness
and puts into question the magnitude of the contribution of
the observed fluctuations to anomalous momentum transport
in the experiment.

The results presented here imply that identification of
the reconnection mechanism operating in MRX weakly colli-
sional regimes remains elusive. There currently exist no firm
understanding of the mechanism that sets the thickness of
the layer to be d ! 10qe in the discharges with E > EDreicer.
Over the last decade, a number of possibilities have been

considered and ruled out with varying degree of confidence.
Among them are the influence of infrequent Coulomb colli-
sions,17 presence of a neutral population (e.g., Ref. 35, see
also Ref. 36), and perturbations introduced by probes.14,37

More recent suggestions include possible presence of small-
scale flux ropes within the MRX reconnection layers,37 or
influence of a weak guide field (e.g., Ref. 38). Given the
results presented here, a more careful analysis of all of these
possibilities needs to be carried out.

V. SUMMARY AND CONCLUSIONS

In this paper, we explored the influence of current-
aligned instabilities on reconnection in the parameter
regimes typical of MRX. Specifically, we compared proper-
ties of electromagnetic fluctuations observed in MRX with
the results of collisionless and weakly collisional 3D fully ki-
netic simulations. The main conclusions from this integrated
study are as follows:

(1) Simulations indicate the instability of lower-hybrid origin
previously identified using linear theory19 and collision-
less simulations persists in weakly collisional regimes
achievable in MRX. The mode produces substantial per-
turbations of the magnetic field and is characterized by
k ! "qeqi#

$1=2. The spectral properties and localization of
the magnetic fluctuations observed in MRX are consistent
with the properties of this instability.

(2) The instability identified here tends to modify the aver-
age momentum balance and broaden the current layer.
However, the simulations indicate that it does not reach
significant amplitude under parameters typical of MRX.
Consequently, it should produce relatively small contri-
butions to the momentum balance and moderate increase
in the thickness of reconnection layer compared to the
cases where the instability is absent.

FIG. 8. Left: the width of the reconnection layer d vs collisionality regime E=EDreicer. Experimental discharges are grouped into those with small fluctuation
amplitude dB (!, dB < 0:5G) and those with significant fluctuations (*, dB > 0:5G). Simulations are represented by symbols " (2D cases with
E=EDreicer > 1), # (3D weakly collisional), and ! (3D collisionless with formally infinite E=EDreicer). Right: fluctuation amplitude dB vs the width of the
reconnection layer. The error bars on the experimental data points are from an average over a 1.2 ls window around the time at which the current sheet passes
by the probes. Layer thickness d is defined as the half-width of the current profile at 40% of its maximum value as measured at the z location of the layer center.
To compute electron gyro-radius qe and EDreicer, the temperature and density were measured at the center of the electron layer, while Bz was measured at one d
upstream. The reconnection electric field E in the experimental data is the inductive field at the X-point obtained through magnetic flux integration.
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(3) In order to corroborate these predictions, we analyzed
how the thickness of experimentally observed reconnec-
tion layers d changes with collisionality. The basic de-
pendence of d on the ratio of reconnection field to the
Dreicer limit EDrecicer is consistent with the results of
existing simulations. However, the width of the experi-
mentally observed reconnection layers is significantly
higher than predicted by simulations in the regimes
E ! EDrecicer.

(4) The characteristic minimum thickness of reconnection
layers observed in the experiments is about d &
"10$ 15#qe regardless of whether instabilities are pres-
ent or not. This likely indicates that fluctuations are not
primarily responsible for capping the minimal thickness
and puts into question the magnitude of the contribution
of the observed fluctuations to anomalous momentum
transport in the experiment.
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