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Quantitative Study of Guide-Field Effects on Hall Reconnection in a Laboratory Plasma
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The effect of guide field on magnetic reconnection is quantitatively studied by systematically varying
an applied guide field in the Magnetic Reconnection Experiment (MRX). The quadrupole field, a
signature of two-fluid reconnection at zero guide field, is altered by a finite guide field. It is shown
that the reconnection rate is significantly reduced with increasing guide field, and this dependence is
explained by a combination of local and global physics: locally, the in-plane Hall currents are reduced,
while globally guide field compression produces an increased pressure both within and downstream of the

reconnection region.
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Magnetic reconnection [1,2] is a fundamental plasma
physics process in which magnetic field lines of opposite
direction merge, changing the magnetic topology of the
plasma. Guide field, the component of magnetic field
which is perpendicular to the reconnection plane (see
Fig. 1), plays an important role in the dynamics of recon-
nection. Most instances of reconnection in nature [3-5] and
the laboratory [6—10] contain a significant guide field (B,)
in comparison with the reconnecting field strength (B..),
prompting the study of this type of reconnection both
theoretically and numerically [11-19]. In magnetosphere
reconnection [3,4], for example, guide fields often reach
the level of the reconnecting field (B, ~ Bie), while re-
connection in fusion experiments (such as during tokamak
[20] or reversed-field pinch [21] sawteeth) can have guide
fields exceeding 20B,..

In two-fluid reconnection, Hall effects allow the plasma
to achieve fast reconnection and typically produce a char-
acteristic quadrupole field [22], illustrated (without a guide
field) in Fig. 1. To date there is no consensus model able to
analytically quantify the reconnection rate dependence on
guide field strength for a two-fluid plasma. However, simu-
lations (e.g., [15-19]) routinely show that the two-fluid
reconnection rate is reduced by the presence of the guide
field. This reduction is physically attributed to a nonlinear
interaction between the in-plane Hall currents (which pro-
duce the quadrupole field) and the applied guide field
[12,19]. The electron flow is deflected, and the modified
current patterns result in an additional J X B force which
opposes the reconnection flow. In addition to reducing the
reconnection rate, this interaction can produce a tilted
current sheet [23,24], and reduce or destroy the quadrupole
field [17].

In this Letter, we report on a systematic investigation
into guide field effects on collisionless reconnection in a
laboratory plasma. A toroidal guide field has been applied
to reconnection plasmas in the Magnetic Reconnection
Experiment (MRX) using a steady-state external toroidal
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field coil. With the application of guide field, we observe
evidence of the expected interaction between Hall currents
and guide field, and a reduction of the reconnection rate.
The reconnection rate is reduced much more strongly than
anticipated, and we attribute this change to magnetic pres-
sure pileup caused by the compression of guide field.

In MRX, plasmas are formed by a combination of
poloidal field (PF) coils and toroidal field (TF) coils em-
bedded within two toroidally symmetric flux cores [7]. The
PF coils are toroidally wound wires and produce the in-
plane reconnecting field, as illustrated in Fig. 2, and by
quickly reducing the PF coil current, reconnection is driven
with radial inflow and axial outflow.

The TF coil is helically wound within each flux core and
produces a time-varying toroidal field inside the flux core;
this, in turn, produces a poloidal electric field outside the
flux core which is used to break down the plasma. As a
result of the MRX plasma formation process, there is
always some residual toroidal magnetic field near the

FIG. 1 (color online). A typical reconnection geometry illus-
trating the reconnecting magnetic field (B,), the flow pattern
(Vi, and V), and the out-of-plane quadrupole field (shaded
region). The coloring indicates that for zero guide field plasmas,
the quadrupole field is directed into (blue; first and third quad-
rants) or out of (red; second and fourth quadrants) the reconnec-
tion plane. The guide field and reconnection electric field are
also directed perpendicular to the plane [2,26,27].
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FIG. 2. A schematic of MRX. The picture shown is a cross
section of the cylindrically symmetric vacuum vessel with
magnetic field lines drawn. The guide field (toroidal) direction
is out of the plane.

flux cores. We make use of a mode of operation known as
“counterhelicity pull reconnection,” in which the residual
toroidal field components are oppositely directed, resulting
in nearly anti-parallel reconnection. A guide field is inde-
pendently applied to the plasma by a coil wrapped through
the center column of MRX.

The magnetic field is measured using more than 300
magnetic pickup coils inserted into the plasma. By mea-
suring the magnetic field globally, we directly measure
the reconnection rate as E, = —# %, where (r) =
2ar i B,r'dr' is the poloidal flux. This measurement is
based on an assumption of toroidal symmetry; although
MRX plasmas are not perfectly symmetric, the plasma
asymmetry does not result in a substantial error in our
measurement. We use a Harris sheet fit [25] to identify
the magnitude of the reconnecting field, B, ~
B, tanh(r/§). Electron density and temperature are mea-
sured at the center of the reconnection layer using a
Langmuir probe.

Measurements indicate that the plasmas under consid-
eration are in a two-fluid regime [1,2,26], with the current
sheet half width (6 ~ 2 cm) smaller than the ion skin depth
(d; ~5 cm) and of comparable scale to the ion sound
gyroradius (p, ~ 2.5 cm) [13]. A strong signature of
two-fluid physics is the out-of-plane quadrupole field
[27], which is readily identifiable in zero guide field plas-
mas. As the guide field is increased, the quadrupole field is
modified, but still present even for B, ~ B. Figure 3
shows contours of the measured out-of-plane field, B,,
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for five MRX discharges with different values of applied
guide field. In this regime, the ion flow is small (V; < V),
so the contours of the toroidal field in Fig. 3 are a good
approximation to streamlines of the in-plane current, and
equivalently the electron flow. It is clear from these pat-
terns that the guide field is capable of strongly changing the
electron flow dynamics, a result which has been previously
studied by simulations [28,29]. The resulting patterns are
similar to those of two-fluid simulations [30] and space
observations [5], and we interpret this qualitative similarity
as physical evidence supporting the conclusion that non-
linear interactions between the Hall currents and an applied
guide field result in a modified quadrupole field structure.
Simulations have shown [16—19] that this nonlinear inter-
action is consistent with a modestly reduced reconnection
rate. Though there is not yet a consensus on the physical
interpretation of this reduction, one interpretation is that a
force is produced by J,, X B,, where J, is the modified in-
plane Hall current and B, is the applied guide field, and
that this force is partially directed against the reconnection
flow and hence reduces the reconnection rate.

A further consequence of this nonlinear interaction is
that the amplitude of the out-of-plane (modified) quadru-
pole field is reduced for stronger guide fields [16—19]. In
Fig. 4, the measured toroidal field structure is decomposed
into a radially varying, z-averaged guide field and a re-
maining ‘“‘quadrupole” field component, which varies in
the z direction. As the guide field is increased, it is clear
that the quadrupole component of the field is reduced in
amplitude. This reduction is physically associated with a
reduction in the reconnection rate: with a lower reconnec-
tion rate, the electron flow is reduced, which is equivalent
to a reduction in the Hall current and the associated quad-
rupole field.

This physical relationship can be expressed quantita-
tively in terms of the out-of-plane Ohm’s law for steady-
state two-fluid reconnection [26]. Slightly upstream or
downstream of the x point, the Hall term dominates
Ohm’s law, such that
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where J, and B, are measured 4 cm upstream of the x point
(in the inflow region), while J, and B, are measured 8 cm
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Contours of the toroidal field for guide fields spanning B, ~ 0 (left) to B, ~ By (right). We have systematically

measured the full quadrupole field over a range of applied guide fields in MRX.
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FIG. 4 (color online). Measurements of the Hall field during
counterhelicity discharges with five different guide field settings.
(These are the same discharges shown in Fig. 3.) In the first
panel, each line represents the radial profile of B, at one z
position. The second panel shows the z-averaged guide field. The
third panel shows the quadrupole component which is an anti-
symmetric structure superimposed on the z-averaged guide field;
more precisely, the third panel shows B, — (B,),, where (),
represents an average over all z positions.

downstream of the x point (in the outflow region). In Fig. 5,
we show experimentally that the addition of the guide field
substantially reduces the reconnection rate, and we confirm
that the relationship of Eq. (1) holds for a range of applied
guide field strengths. We normalize the reconnection
electric field to B..V,, where B, is the magnitude of
the reconnecting field (z component), and V, =
B/ \Jiom;n; is the Alfvén speed calculated using Bie.
(This is a typical normalization because the Sweet-Parker
reconnection rate [31,32] is given by “i—: = % J)

The relationship between Hall currents and reconnection
rate confirms that, locally, two-fluid physics is critically
important to this reconnection, but this does not fully
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FIG. 5 (color online). Reconnection electric field (E,..) and the
Hall electric field (%) versus normalized guide field, B,/Bie..
We plot separately measurements of J, X B,/ne measured 4 cm
upstream of the x point (labeled “inflow”) and J, X B,/ne
measured 8§ cm downstream of the x point (labeled “‘outflow”).
Error bars denote the statistical variance over multiple shots. The
density is measured in a single location near the center of the
reconnection layer.

explain the observed reconnection rate reduction—the
measured reduction is significantly stronger than that typi-
cally seen by simulations [16—19]. In these simulations, the
reconnection rate is typically reduced by a factor of 2 for
a guide field of B, = 5B, while the experimental result
shows the same factor of 2 reduction at a much smaller
guide field, less than Bg = By. Next, we show that the
reconnection rate in these MRX plasmas is strongly im-
pacted by global effects associated with the dynamics of a
compressible guide field, which explains this discrepancy.

Though we acknowledge that these plasmas are outside
the resisitive-MHD regime, the well-known process of
Sweet-Parker magnetic reconnection [31-34] can help to
contextualize our discussion. In this model, the reconnec-
tion rate is determined in two parts,

E _ Vin Voul ) (2)
VA Vout VA
The geometry of the layer, which controls “,/‘"l, is deter-

mined by the local physics of mass conservation and the
out-of-plane Ohm’s law, while the outflow speed, ‘(,A‘ is
determined by the global physics of upstream versus down-
stream pressure balance. If magnetic tension terms are

small [33,34], this condition is

2 2
A o

where V is the ion flow speed, B is the total magnetic field,
and p is the thermal pressure of the plasma. In two-fluid
reconnection with MRX plasma parameters, we expect that
the plasma obeys resistive MHD far from the reconnection
layer, and Hall physics nearby. Therefore, it is reasonable
to expect that the outflow speed is still controlled by global
pressure balance, while two-fluid physics controls the re-
connection locally.
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FIG. 6 (color online). Typical toroidal field profile measured at
z = 0 and spanning over most of the MRX radius.
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FIG. 7 (color online). Magnetic pressure due to the reconnect-
ing field, B,.. (drives outflow) and pressure due to the pileup
component of toroidal field at the x point (reduces outflow).

We observe in MRX that guide field dynamics strongly
contributes to the reconnection pressure balance. The ap-
plication of a toroidal guide field to MRX plasmas results
in a notable enhancement of the applied field at the recon-
nection layer. A typical full-scale radial profile is illus-
trated in Fig. 6. At z = 0, the guide field is peaked at the
radial location of the current sheet, and has a spatial
structure with a characteristic scale that is large compared
to the reconnection current sheet width and the quadrupole
field. This enhancement can be understood as a large-scale
advection and compression of the toroidal field by the
reconnection flow. Because the MRX flux cores impede
the reconnection outflow, the advected guide field is not
ejected from the system and a pileup of toroidal field
occurs. This pileup of compressed field produces a signifi-
cant magnetic pressure which is strongest in the plasma
outflow region and extends all the way back to the recon-
nection inflow region.

The applied toroidal field is constant in time and varies
as Bappliea ~ 1 /r. This vacuum field does not exert a force
on the plasma (magnetic pressure and tension exactly
cancel), indicating that the applied field does not play a
role in global pressure balance. However, the compressed
field, By — Bgppiica» does contribute a net J X B force
which can be approximated as the gradient of magnetic
pressure. In Fig. 7, we compare the magnetic field pressure
due to the reconnecting field, BZ_/2u,, as determined by
the Harris fit, to the pressure due to guide field compres-
sion, (By — Byppiiea)’/2 4o, measured at the reconnection
x point. The relative magnitudes of the reconnection field
pressure (which drives outflow) and the compressed toroi-
dal field (which impedes outflow) show that this unex-
pected effect of guide field pileup is capable of strongly
reducing the reconnection rate in high guide field plasmas.

The present data do not separate the reconnection rate
reduction into a contribution due to guide field compres-
sion (global pressure effects) and a contribution directly
attributed to a uniform guide field (local two-fluid effects).
Simulations to date have focused on the role of a uniform

guide field during reconnection, but our results show that
pressure gradients associated with nonuniform guide fields
must also be considered for the general case.

In summary, we have systematically applied an external
guide field to antiparallel reconnection in MRX, and we
observe that the addition of guide field strongly reduces the
reconnection rate of these plasmas. We conclude that
pressure due to guide field compression plays a critical
role in setting global constraints on reconnection in MRX,
but the scaling that E,.. = % and the qualitative similar-
ity between quadrupole field structures in experiment and
simulation suggest that two-fluid physics still controls the
reconnection locally. These observations indicate that
guide field can influence reconnection through both the
local physics of two-fluid reconnection and the global
physics of pressure balance.
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