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The results from guide field studies on the Magnetic Reconnection Experiment (MRX) are
compared with results from Hall magnetohydrodynamic (HMHD) reconnection simulation with
guide field. The quadrupole field, a signature of two-fluid reconnection at zero guide field, is
modified by the presence of a finite guide field in a manner consistent with HMHD simulation. The
modified Hall current profile contains reduced electron flows in the reconnection plane, which
quantitatively explains the observed reduction of the reconnection rate. The present results are
consistent with the hypothesis that the local reconnection dynamics is dominated by Hall effects in
the collisionless regime of the MRX plasmas. While very good agreement is seen between
experiment and simulations, we note that an important global feature of the experiments,
a compression of the guide field by the reconnecting plasma, is not represented in the simulations.
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I. INTRODUCTION

Magnetic reconnection,’ a fundamental plasma physics
process in which magnetic fields of opposite direction break
and reconnect, can be significantly influenced by the pres-
ence of a third component of magnetic field, known as a
guide field, which is perpendicular to the reconnection plane
(see Figure 1).

Most instances of reconnection in nature® and the
laboratory,>'? which have been studied both analytically
and numericallym_25 by means of 2.5-dimensional models,
contain a significant guide field (B,) in comparison with the
reconnecting magnetic field strength (B,..). In magneto-
sphere reconnection,> for example, guide fields often reach
the level of the reconnecting field (B, ~ B,.), while recon-
nection in fusion experiments (such as during tokamak®® or
reversed-field pinch27 sawteeth) can have guide fields
exceeding 20B,.,..

Sweet®® and Parker®® offered the first quantitative
description of magnetic reconnection to explain astrophysi-
cal observations. While applicable to collisional plasmas,®®
their model fails to reproduce the fast reconnection rates
observed in collisionless plasmas. In the collisionless regime,
fast reconnection can be modeled by treating the electrons
and ions as two independent fluids. In two-fluid reconnec-
tion, Hall effects allow the plasma to achieve fast reconnec-
tion and typically produce a characteristic quadrupole
field,>" illustrated (without a guide field) in Figure 1.
Previous Magnetic Reconnection Experiment (MRX) results
without a guide field®* showed that the local reconnection
dynamics are dominated by Hall effects in the collisionless
regime when the thickness of the reconnection layer is less
than the electron mean free path. The present results are an
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extension of this research to include reconnection with a
guide field, and the results are consistent with previous MRX
results in the collisionless regime. To date, there is no con-
sensus model able to analytically quantify the dependence of
the reconnection rate on guide field strength for a two-fluid
plasma. However, simulations (e.g., Refs. 17-22) routinely
show that the two-fluid reconnection rate is reduced by the
presence of guide field.

Presently, we report on the systematic investigation of
guide field effects on a laboratory plasma. A toroidal guide
field has been applied to reconnection plasmas in the MRX
using an external, steady-state toroidal field (TF) coil, result-
ing in a modification of the quadrupole fields and a reduction
of the reconnection rate.>> We compare these results with Hall
magnetohydrodynamic (HMHD) simulation, and find good
agreement in the quadrupole field structure and reconnection
rate. In both experiment and simulation, the reconnection rate

FIG. 1. A typical reconnection geometry illustrating the reconnecting mag-
netic field (B,..), the flow pattern (V;, and V,,,,), and the out-of-plane quadru-
pole field (shaded region). The coloring indicates that for zero guide field
plasmas, the quadrupole field is directed into (blue) or out-of (red) the recon-
nection plane. The guide field and reconnection electric field are also
directed perpendicular to the plane.>**3
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is reduced in parallel with a reduced magnitude of the Hall
term of Ohm’s law. The reconnection rate in the experiment is
also impacted by a global compression of the applied guide
field. In addition to enhancing the local value of the guide
field, we observe a correlation between the measured recon-
nection rate and the magnetic pressure associated with the
compressed field in the reconnection outflow. We postulate
that this may also impact the reconnection rate by modifying
the boundary conditions for the local reconnection dynamics.

Il. MRX DEVICE

In MRX, plasmas are formed by a combination of poloi-
dal field (PF) coils and TF coils embedded within two toroi-
dally symmetric flux cores. The PF coils are toroidally
wound wires and produce the in-plane reconnecting field, as
illustrated in Figure 2. By quickly reducing the PF coil cur-
rent, reconnection is driven with radial inflow and axial out-
flow in a mode of operation known as “pull reconnection.”

The TF coil is helically wound within the 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 fill gas into a
plasma. We make use of two operational modes of MRX:
counterhelicity, in which the TF coils have opposite polarity,
and cohelicity, in which the TF coils have the same polarity.
In counterhelicity operation, the TF coils drive current
locally near the flux cores, resulting in a reconnection region
with nearly zero guide field. In cohelicity operation, the to-
roidal field coils drive a global circulation of plasma current
linking the two flux cores, thus producing a strong toroidal
field throughout the reconnection region. By combining the
two modes of operation with an independently applied guide
field produced by an external coil wrapped through the cen-
ter column of MRX, we can experimentally span a range of
guide fields of roughly —3B,,. < By < 3Bcc.

N
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FIG. 2. A schematic of MRX. (a) The picture shown is a cross-section of the
cylindrically symmetric vacuum vessel with magnetic field lines drawn. The
toroidal direction is out of the plane. (b) Each flux core contains a PF wind-
ing to produce the magnetic x-point geometry and a TF helically wound
coil, which produces an electric field used to break down the plasma. (c) The
two modes of MRX operation produce plasmas with little residual guide
field (counterhelicity) and a large residual guide field (cohelicity).

Cohelicity
electric field
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The magnetic field is measured using more than 300
magnetic pickup coils inserted into the plasma. By meas-
uring magnetic field globally, we directly measure the recon-
nection rate as Ey = _mﬁ’ where V/(r) = 2 [; B.r'dr’ is
the poloidal flux. This measurement is based on an assump-
tion 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?*?3 to identify the magnitude of the reconnecting field,
B, ~ By tanh(r/0). Electron density and temperature are
measured near the center of the reconnection layer using a
Langmuir probe. The plasma is formed using deuterium gas
filling the vacuum vessel to a pressure of a few milliTorr.

Measurements indicate that the plasmas under consider-
ation are in a two-fluid regime,l’z’32 with the current sheet
half width (6 ~2cm) smaller than the ion skin depth
(c/wpi ~5cm) and of comparable scale to the ion sound
gyroradius (p; ~ 2.5 cm).'® A strong signature of two-fluid
physics is the out-of-plane quadrupole field,*>° which is
readily identifiable in zero guide field plasmas.

lll. QUADRUPOLE FIELD STRUCTURE

As the guide field is increased during counterhelicity
operation, the quadrupole field is modified, but still present,
even for B, ~ B,... The quadrupole field is not easily experi-
mentally identified during cohelicity operation, because it is
difficult to distinguish the two-fluid Hall field from the natu-
ral spatial variation of the guide field; thus, we limit the dis-
cussion about quadrupole field to plasmas produced using
the counterhelicity mode.

We compare these measurements with numerical
simulations carried out in a domain of the size L, X L., with
L, = 25d; and L, = 12.5d,, utilizing periodic boundary con-
ditions in x and perfectly conducting boundaries in z. The
initial magnetic field is a standard Harris sheet profile with a
uniform guide field, with a small perturbation added to initi-
ate reconnection. In normalized units,

L 2
B, = tanh(z/h) — ez—szcos ( L“f) sin <%),
B, = B, and

. [ 27mx nz
B. = esin cos|— ],
L, L.

where 4 is the initial current sheet width and e is a small pa-
rameter. Here, we take & = 0.5d; and ¢ = 0.05. The initial
density profile is p = 1 + 1/4T, cosh?(z/h), and the pressure
is p = 2pTy, where Tp = 0.125 is chosen. We assume elec-
tron and ion temperatures to be equal, and the pressure is
evolved adiabatically with the ratio of specific heat y = 5/3.
The plasma resistivity 7 is set to 0.005 to break the frozen-in
condition, which corresponds to S; =200, where S, =
d;Va/n is the Lundquist number using d; as the length scale.
All the measurements are carried out when the reconnection
rate reaches its peak.

Figure 3 shows contours of the measured out-of-plane
field, B,, for five MRX discharges with different values of
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FIG. 3. Top: Contours of the toroidal field for measured guide fields spanning B, ~ 0 (left) to B, ~ By, (right) during counterhelicity operation. Bottom:
Quadrupole field patterns produced using Hall-MHD simulation. Note that the contour scales are independently determined for each plot to maximize contrast;
for a discussion of the relative quadrupole field amplitudes, see Figure 4 and associated text. The contours have been plotted with the same spatial scale

between simulation and experiment, setting d; = 5 cm.

applied guide field in the upper row of plots, and correspond-
ing cases of HMHD simulation in the lower row of plots.
There are some discrepancies between experiment and simu-
lation, including a slight disagreement in the size of the
quadrupole lobes, and a superimposed radial structure pres-
ent in high guide field experimental data, which is absent in
the simulation. In general, however, the shape of the quadru-
pole field is modified very similarly in experiment and simu-
lation as the guide field is increased. We interpret the
qualitative similarity seen here (at least in the first four
frames) as physical evidence supporting the conclusion that
interactions between the Hall currents and the applied guide
field result in a modified electron flow and the associated
quadrupole field structure.

IV. RECONNECTION RATE

In addition to a changing quadrupole field structure,
both experiment and simulation observe a reduced reconnec-
tion rate and a reduced quadrupole field amplitude (or equiv-
alently, a reduced Hall current) as guide field is increased.
These two quantities are related by the out-of-plane Ohm’s
law for steady-state two-fluid reconnection.’” Slightly
upstream and downstream of the x-point, the ion flow contri-
bution and the resistive term of Ohm’s law are small, such

that
J,B; J.B
ne J inflow ne J sutflow

In Figure 4(a), we show measurements of £ and J x B,
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
downstream of the x-point (in the outflow region), roughly
corresponding to the locations of maximum Hall term.
We normalize the reconnection electric field to B,..Vja,
where B,.. is the magnitude of the reconnecting field

(z-component), and V4 =B,/ VHomin; is the Alfvén speed
calculated using B,.. (This is a typical normalization
because the Sweet-Parker reconnection rate”®?° is given
by “;—A = B,Ec’—‘VA) The corresponding values for the simulation
are shown in Figure 4(b). Here, we plot a simulated
“measurement” at the location of the maximum Hall term
contribution. The scaling of the reconnection rate with the
Hall term, taken together with the modified quadrupole field
structure, is suggestive a physical mechanism for the reduced
reconnection rate: The applied guide field intersects the path
of electron flow, reducing the inflow Hall term, J,.B,/ne, and
thereby reducing the reconnection rate.

Despite the very good agreement between Figures 4(a)
and 4(b), some care should be taken in the quantitative com-
parison of these results. While we have tuned the parameters
of our simulation to match MRX conditions as accurately as
possible, this slab geometry still fails to capture some impor-
tant aspects of the true boundary conditions of MRX recon-
nection, so the quality of the agreement between experiment
and simulation should be taken with a grain of salt.

V. GLOBAL EFFECTS OBSERVED IN MRX

Next, we present observations that the reconnection rate
in MRX may also be impacted by magnetic pressure associ-
ated with the compression of guide field on large scales. A
global circulation of current flowing around the MRX flux
cores results in a larger guide field in the outflow region of
the reconnection than the inflow. This results in a higher
magnetic pressure in the plasma outflow than the upstream
region, and the magnitude of this pressure imbalance is large
enough that it cannot be ruled out as an important contribut-
ing factor to the reconnection rate. This pileup of magnetic
pressure is due to the large-scale global geometry of the
MRX experiment, and it is not accurately modeled by the
boundary conditions of the simulation.



055705-4 Tharp et al.
% E-Hall (inflow) ' '
0.6} * E-Hall (outflow) (@) A
o E-rec
0.14 { | ]
_o.12} * 1
§ 4
§ 0.1f * % % 1 1
@ 0.08} ] 1
i

0.06f | %
ERLL ifl

—({‘.5 -1 -0.5 0 0.5 1 1.5
Bg / Brec

0.14F m m E,. (b) T
* * EHa”(inﬂOW)
0.12 Eypon(ont R
+ + aloutilow
Hall z..
0.10F PR i
Lk *Hy
[ﬂm 0.08 |- .**+++++**. N
| |
0.06 m T m 1
*+ +%
W+ + 5l
0.04F i
l.*+ +,A,.l
m N + + H m
0.02 +F L .
* % x *
0.00 : : :

-1.5 —-10 -0.5 0.0 0.5 1.0 1.5
ByO/BIO

FIG. 4. Reconnection electric field (E,..) and the “Hall Electric Field” (%B)
versus normalized guide field, B,/By... (a) 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. (b) Simulation
“measurements” of the reconnection electric field and the Hall terms. The
measurement is taken at the location of the peak Hall term contribution.

A full-scale radial profile of the guide field in a typical
counterhelicity MRX plasma is illustrated in Figure 5(a). At
z=0, the guide field is peaked at the radial position of the
current sheet, effectively amplifying the applied guide field
for reconnection studies. Note that the spatial structure of the
resulting enhanced guide field has a characteristic scale
(~20 cm) that is much larger than the scales of the reconnec-
tion layer (~5 cm). Detailed measurements in MRX, such as
those shown in Figures 3 and 4, only cover a narrow region
centered near the x-point, which is also the approximate
location of maximum guide field. Hence, the value of guide
field at the reconnection x-point was used as the guide field
value in the previous analysis.

In Figure 5(b), we show the measured guide field at the
reconnection layer as a function of the applied guide field for
both counterhelicity and cohelicity plasmas. The measured
guide field is larger than the applied field for all cases, but
the degree of enhancement is different for the two modes of
operation. Counterhelicity and cohelicity plasmas are
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FIG. 5. Guide field pileup as a function of (a) radius, and (b) applied field.
(a) Typical toroidal field profile measured at z=0 and spanning over most
of the MRX radius during counterhelicity reconnection with an externally
imposed guide field, resulting in a total guide field at the reconnection layer
of By ~ 1.2B,... The quadrupole field measurements in Figure 3 are made
near the peak value of the compressed toroidal field, between r = 0.3 and
0.45. (b) Measured guide field at the reconnection x point as a function of
the applied guide field at this position. The guide field enhancement depends
on the operational mode of MRX: in counterhelicity plasmas (red: points
with applied field |B,| < 250 Gauss), the enhancement roughly doubles the
applied field, while cohelicity operation (black: points with applied field
[Bg| > 250 Gauss) results in a nearly constant offset in addition to the
applied field.

produced with different startup methods and flux core cur-
rents, and therefore comparisons such as Figure 5(b) should
not be interpreted as a smooth scan from zero guide field to
the maximum guide field (3B,..).

In addition to increasing the effective guide field for
reconnection studies, guide field compression can play a role
in the reconnection dynamics by modifying the boundary
conditions of the reconnection. In particular, we observe in
MRX that this guide field produces a stronger magnetic pres-
sure in the reconnection outflow region than the inflow, and
therefore may contribute to the reconnection rate reduction.

The applied toroidal field is constant in time and varies
as Byppliea ~ 1 /R. This vacuum field does not exert a force
on the plasma (magnetic pressure and tension exactly can-
cel), indicating that the applied field alone does not meaning-
fully contribute to the plasma pressure balance. However,
the pressure associated with the compressed field,
By — Bappiica> can contribute a net magnetic force. Note that
this pressure description is only an approximation of the true
magnetic forces in MRX since some terms are neglected
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FIG. 6. (a) Total magnetic pressure in the outflow due to the compressed
guide field, (b) change in guide field pressure across the layer, and (c) recon-
nection rate for counterhelicity (red) and cohelicity (black) guide field
reconnection. The correlation between the reconnection rate and the mag-
netic pressure boundary conditions suggests that global effects may play a
role in the reconnection dynamics in MRX. (a) Magnetic pressure of the
compressed guide field, (By — Bapl,l,-(,d)2 /214, evaluated in the reconnection
outflow (8 cm downstream) and normalized to the magnetic pressure of the

reconnection field, B2, /21,. (b) Magnetic pressure difference (outflow pres-

sure —inflow pressure) from 7.5 cm upstream to 8§ cm downstream of the
reconnection x-point as a function of guide field. (c) Reconnection rate as a
function of guide field.

when integrating J x B into the compressed guide field pres-
sure. However, the gradient —V(Bg — Bap,,l,-ed)2 /21 has
been verified in the present data to be approximately consist-
ent with the locally measured J x B force, indicating that
this approximation is reasonable for the present discussion.
In Figure 6, we examine some features of the guide field
compression which indicate that it may be an important con-
tributing factor to the reconnection rate reduction. The toroi-
dal field compression effects are dominated by large scale
structure in the radial direction, while the toroidal field does
not vary significantly in z. As a basic indicator of the magni-
tude of toroidal field compression effects, Figure 6(a) shows
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the total compressed guide field pressure in the reconnection
outflow as a fraction of the reconnection field pressure (as
determined by the Harris fit). As guide field is added, the to-
roidal field pressure in the outflow (which opposes reconnec-
tion) increases to a substantial fraction of the reconnection
field pressure (which drives the reconnection).

This pileup can significantly modify the local profiles of
the reconnection layer. Figure 6(b) shows that the com-
pressed guide field produces a local pressure difference
across the layer. This difference in pressure is measured
from 7.5 cm upstream to 8 cm downstream of the reconnec-
tion x-point. This data is somewhat noisier than Figure 6(a),
but it shows a similar trend: as the guide field is increased,
the compressed field produces a local pressure difference
across the layer.

Finally, Figure 6(c) shows the normalized reconnection
rate. For counterhelicity plasmas, this drops from its peak
(0.08) at zero guide field to a small value (0.02) at guide field
By =~ 1.5B,,.. This is concomitant with the rise in pressure
due to guide field pileup. During cohelicity reconnection, the
normalized reconnection rate is consistently small; corre-
spondingly, the guide field pileup pressure is consistently a
significant fraction of the reconnection drive. The reconnec-
tion rate and guide field compression do not change signifi-
cantly as guide field is added to cohelicity plasmas; this may
be attributed to the fact that global effects in cohelicity plas-
mas are different from those in counterhelicity plasmas
because of differences in their global setup (see Fig. 2).
While not conclusive, the correlation between reconnection
rate and guide field pressure pileup suggests that modified
reconnection boundary conditions imposed by these global
effects may play an important role in determining the recon-
nection rate.

Guide field compression and the associated pressure
pile-up is not significant in the simulation. However, this
compression is clearly important in at least one respect
because the reconnection rates shown in Figure 4 agree only
when comparing the simulation results with the local
(enhanced) value of the compressed guide field in the experi-
ment. In addition, the reconnection rate may be influenced
by the modified boundary conditions to the local reconnec-
tion region. Understanding the details of how the guide field
pileup quantitatively impacts the local reconnection through
boundary condition effects requires new measurements and
simulation beyond those currently available, and will there-
fore be addressed in future work.

VI. CONCLUSION

In summary, we have systematically produced reconnec-
tion in a two-fluid regime with varying amounts of guide
field in MRX, and we have compared these results in detail
to a Hall MHD simulation with a similarly varied guide field.
We observe that the addition of guide field modifies the elec-
tron flow, producing similar changes to the quadrupole field
structure in the simulation and the experiment. As guide field
is added, both the reconnection rate and the size of the Hall
terms of Ohm’s law are reduced simultaneously, indicating
that the electron dynamics are linked to changes in the
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reconnection rate. The modified Hall current profile with
reduced electron flows in the local reconnection plane quan-
titatively explains the observed reduction of the reconnection
rate.

In addition, we observed a compression of the global
guide field, not represented in the Hall MHD simulations.
The associated magnetic field pressure alters the boundary
conditions of reconnection in MRX in a way not captured by
the simulation, yet the reconnection rates agree remarkably
well between simulation and experiment as long as the
locally enhanced guide field value is used to analyze the
MRX data. The strong agreement between simulation and
experiment despite differences in the reconnection boundary
conditions is suggestive that these boundary effects may not
be critical to the reconnection rate in MRX; however, the no-
table change in the magnetic pressure associated with guide
field compression, and the correlation between this pressure
and the reconnection rate reduction indicate that this war-
rants further investigation.
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