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Abstract
In this letter we report a clear and unambiguous observation of the out-of-plane quadrupole
magnetic field suggested by numerical simulations in the reconnecting current sheet in the Magnetic
Reconnection Experiment (MRX). Measurements show that the Hall effect is large in collisionless
regime and becomes small as the collisionality increases, indicating that the Hall effect plays an

important role in collisionless reconnection.

PACS numbers: Valid PACS appear here



Magnetic reconnection is the topological change of magnetic field by breaking and recon-
necting magnetic field lines. It can happen in a region where the assumption of flux freezing
in ideal MHD no longer holds. Magnetic reconnection converts magnetic energy to plasma
kinetic energy by way of acceleration or heating of plasma particles and is considered to be a
key process in the evolution of solar flares, in the dynamics of the earth’s magnetosphere, and
in the formation process of stars. It also occurs as an important self-organization processes
in fusion plasmas and it plays a key role in ion heating as well as in determining confinement
properties of hot fusion plasmas. Motivated by the observations of solar flares, Sweet and
Parker [1] proposed the first steady-state model of magnetic reconnection based on resistive
magnetohydrodynamics (MHD). However, in collisionless plasmas the reconnection rate of
this model with classical Spitzer resistivity is too slow to explain solar flares and magnetic
substorms. By including slow shocks Petschek’s model [2] can produce a faster reconnection
rate, but with uniform resistivity this model has been found to be inadequate [3, 4]. It is
therefore necessary to go beyond resistive MHD physics to find fast reconnection mecha-
nisms. Non-MHD effects are studied extensively in the Magnetic Reconnection Experiment
(MRX) [5] and other experimental devices [6, 7].

In recent literature two mechanisms have often been cited for fast reconnection: anom-
alous resistivity generated by plasma turbulence [8] and Hall effect of two-fluid MHD theory
[9]. The first mechanism has been investigated experimentally and a positive correlation
between resistivity enhancement and magnetic fluctuations has been found [10]. The second
mechanism involves the decoupling of ion and electron flows in reconnecting current sheet in
a laminar 2D fashion, thus generating so-called Hall currents and out-of-plane quadrupole
magnetic fields [9, 11, 12]. The reconnection rate is enhanced by the Hall effect [9, 11].
As an important sign of the Hall effect and 2D laminar fast reconnection mechanism, the
quadrupole magnetic field has been demonstrated to exist in many numerical simulations
[11, 13-15] and has been occasionally observed in the magnetosphere by some satellites
[16-18]. This letter reports a clear and unambiguous verification of this Hall effect in a lab-
oratory plasma in the MRX by the identification of the out-of-plane quadrupole magnetic
field during magnetic reconnection. The measurements provide a sufficiently unambiguous
characterization of the quodrupole field to identify it with the quadrupole field of numerical
simulations. Furthermore, the dependence of the qudrupole field amplitude on the collision-

ality indicates that the Hall effect plays an important role in collisionless reconnection. This
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FIG. 1: (a) Cross-sectional view of the MRX vacuum vessel. (b) The positions of the 71-channel

magnetic probe array and the 29-channel magnetic probe array.

discovery was made possible by the recent upgrade to the MRX facility, leading to a longer
time duration of reconnection than in previous experiments.

In the MRX the MHD criteria (S >> 1, p; << L, where S is the Lundquist number; p;
is the ion gyroradius; L is the system scale length) are satisfied in the bulk of the plasma [5].
Fig. 1(a) shows a cross section of the MRX vacuum vessel in a R-Z plane and the positive
toroidal direction defined points into the plane. The overall initial geometry of the device
is axisymmetric and thus global 2D geometry is ensured. In the MRX two toroidal plas-
mas with annular cross sections are formed inductively around two flux cores (donut-shaped
devices with poloidal and toroidal windings inside to generate poloidal magnetic field and
plasma [5]). By simultaneously reducing the toroidal current in both flux cores, magnetic
field lines are pulled towards the flux cores, forming a current sheet and inducing magnetic
reconnection.

A variety of diagnostics are used in the MRX to measure essential parameters of the
current sheet [19]. Three probe arrays were used extensively in the study of the Hall effect.
As shown in Fig. 1(b), a 71-channel 1D magnetic probe array with spatial resolution of 1.25
mm (~ 0.04c/w,, in typical Hydrogen discharges) was inserted radially at off-center position
at either Z=7 cm or Z=-7 cm to measure the radial profile of the out-of-plane magnetic field
in the toroidal direction as defined previously. The systematic error of the measurements

by this probe is less than 10 gauss. A second coarser 90-channel magnetic probe array was
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FIG. 2: The magnetic field in the diffusion region for Deuterium plasmas with fill pressure of 5
mT. ¢/wy; is about 4 cm. The arrows show the measured magnetic field vectors in the R-Z plane.
The size of the arrows is normalized to the maximum magnetic field strength in the R-Z plane

which is about 300 gauss. The color-coded contour plot shows the out-of-plane magnetic field Brp.

used to measure the three components of magnetic field (Bg, Bz, Br) at 30 locations in a
R-Z plane simultaneously (Fig. 1(a)). A third 29-channel one-dimensional magnetic probe
array with spatial resolution of 5 mm was put at the current sheet central plane (Z=0 cm)
to measure the reconnection magnetic field By (Fig. 1(b)). By fitting the measured recon-
nection field to the Harris sheet profile, the current density profile was calculated [19]. The
experiments reported here were performed in both Hydrogen and Deuterium plasmas during
“null-helicity” reconnection [5], where no net initial toroidal guide field By is applied.

In present MRX plasma, a pull magnetic reconnection lasts for about 40 ps, much longer
than the typical Alfvén time 74 (=L/V4 ~ 1 ps) in the MRX plasmas. Only after magnetic
reconnection starts is the out-of-plane quadrupole magnetic field observed. Using the 90-
channel magnetic probe array, we measured the 2D profile of the out-of-plane quadrupole
magnetic field. Fig. 2 shows the contours of this out-of-plane quadrupole magnetic field in
the diffusion region during magnetic reconnection, together with the vectors of the magnetic
field in the R-Z plane. The spatial resolution of this figure is 4 cm in the Z direction and is
improved to 1 cm in the R direction by scanning the probe radially and averaging several
shots at each position. The quadrupole configuration of the out-of-plane magnetic field By

can be clearly seen. The measured amplitude of this quadrupole magnetic field is of order
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FIG. 3: (a) The radial profiles of the out-of-plane toroidal magnetic field By (open square) at Z=-7
cm; and the 29-channel magnetic probe array data (asterisk) with the fitted reconnection magnetic
field By (solid line) and toroidal current density jr (dashed line and not to scale) at Z=0 cm. (b)
Same as (a) with the out-of-plane toroidal magnetic field measurement at Z=7 cm. c¢/wy; is about

3 c¢m for these Hydrogen discharges.

20-40 gauss. Two characteristic lengths for the out-of-plane toroidal magnetic field can be
defined in this figure. Lyq; and gy are defined as the distance between two peaks of the
quadrupole magnetic field in the Z direction and in the R direction respectively, and charac-
terize the spatial scales of the quadrupole field in the Z direction and in the R direction. In
Fig. 2, Lyay is about 18-20 cm and g,y is about 5-6 cm. Taking a typical plasma density of
6 x 10" em ™2 for these shots, we can calculate the ion skin depth for the Deuterium plasma
to be about 4 cm, so Ly ~ 5¢/wy; and dpan ~ ¢/wy;, which is consistent with numerical
simulation (Lgay ~ 5¢/wy; and Spran ~ ¢/wpi) [13].

The radial profile of the quadrupole magnetic field can be measured by the 71-channel
magnetic probe array with higher spatial resolution. Fig. 3(a) shows a snapshot of the ra-
dial profiles of the out-of-plane toroidal magnetic field By at Z=-7 cm and the reconnection

magnetic field By and toroidal current density jr at Z=0 cm. Fig. 3(b) shows the same



profiles for another similar discharge where the the out-of-plane toroidal magnetic field is
measured at Z=7 cm, the other side of the current sheet central plane. Both snapshots are
taken at times well after magnetic reconnection starts. In both figures the toroidal magnetic
field reverses sign at the current sheet center. For the Z=-7 cm case the toroidal field is
positive at smaller radius and negative at larger radius. This polarity is reversed for the Z=7
cm case, which reveals the quadrupole configuration of the out-of-plane toroidal magnetic
field. The amplitude of the toroidal field (Bpay) in Fig. 3(a) is about 50 gauss and in Fig.
3(b) it is about 60 gauss (The smaller amplitude seen in Fig. 2 is likely because of the
coarse spatial resolution of the 2D magnetic probe array). For both cases the reconnection
magnetic field Bz has an amplitude of about 100 gauss. The ratio between the amplitude
Bpay and reconnection magnetic field Bz (at the shoulder) reaches 0.6, showing that a
substantial amount of By can be generated during magnetic reconnection. This ratio is also
in good agreement with the observation result of 0.55 in the magnetoshpere [17]. In Fig.
3, Omau is about 3-5 cm which is on the order of ¢/w,; (typically 3cm for these Hydrogen
discharges). The spatial scaling here is again consistent with numerical simulation [13]. The
order of magnitude of the Z component of the in-plane Hall current density jz can be esti-
mated based on this width. Using jz ~ Bgau/(todmai/2), the magnitude of jz is about 0.2
MA/m? (Fig. 3(b)). This in-plane current density is sizable compared to the reconnection
current density (~ 0.7 MA/m? in this case). Furthermore, the electron outflow velocity near
the current sheet mid-plane (R~38 cm) can be estimated based on the assumption that the
current mostly comes from the electron flow. Using vz, = jz/(en) and n ~ 6x10' cm™3,
vze is about 20 km/s comparable to v4 ~30 km/s based on the shoulder reconnection field
and central density.

The experimental results reported here have shown that an out-of-plane quadrupole mag-
netic field is generated during magnetic reconnection. This self-generated magnetic field is
the hallmark of the Hall effect thought to be important inside the diffusion region of magnetic
reconnection [9]. The role played by the Hall effect in the force balance can be addressed by
examining the generalized Ohm’s law (neglecting the electron inertia term):
jxB V-P,

en en

E+V xB=nj+

(1)

where j x B/(en) is the so-called Hall term. The toroidal component of this equation shows

how electric field is balanced by the Hall term and resistivity in the diffusion region. In



order to see the importance of the Hall term, we evaluate jz x Br/(en) and jr x Bz/(en).
Using the experimental results reported above, we estimate these terms as follows. In Fig.
2 around the up-stream area (Z~0 and R~40 c¢cm) jr ~ Bya/(poLnau/2) where By is
the amplitude of the out-of-plane quadrupole magnetic field and Ly, is the characteristic
length defined previously. Because Bpg is small in the same area, jz X Bg/(en) can be
neglected. Taking Lpay ~18 cm and Bpay ~40 gauss, jg is about 3.5x10* A/m?. Using
the typical up-stream density of 3x10'3 ¢m™ and reconnection magnetic field By of 200
gauss, jg X Byz/(en) is estimated to be about 140 V/m which is sufficient to balance the
typical reconnection electric field Er of 100 V/m in the reconnecting current sheet in the
MRX [10]. The reconnection electric field is calculated from Ep = ¥/27R where W is the
poloidal flux function obtained through ¥ (R, Z) = 27 fOR Bz(R,Z)RdR (see Note 28 in [10]
for more details). In the areas Z~ £7 cm and R~38 c¢m, j; x Br/(en) could be important.
Since we do not have accurate measurements of Bg in the these areas, this question can
not be addressed now and is open for future research. We note that an investigation of the
Generalized Ohm’s law has been reported by Cothran et al. [7], but the authors did not
evaluate fully each vector component of the Generalized Ohm’s law in the paper. Instead
they just measure the absolute values. The large term they measured does not necessarily
balance the reconnection electric field, because it included the jx B force due to just a neutral
sheet current and they did not measure the direction and strength of the reconnection electric
field.

Another important question is how the collisionality of the plasma affects the Hall effect.
In equation (1) the term associated with collision effect is 77 where 7 is the Spitzer resistivity.
When collisionality is large, n is large and 777 can be more dominant in the generalized Ohm’s
law and the Hall term less important. It is crucial to investigate the transition from the
collisional regime to the collisionless regime. By changing the fill pressure of working gas
we can change the plasma density thus the collisionality of the plasmas. In the MRX we
denote the collisionality by the ratio §/\,, s, where § is the current sheet width and A, is
the electron mean free path. Fig. 4 shows the ratio between the quadrupole field amplitude
Bpay and the reconnection magnetic field Bzo (at the shoulder of the diffusion region) as
function of 6/, rp. This ratio indicates the significance of the Hall effect during reconnection
processes. It can be seen that it changes from 0.6 to about 0.25 as §/\,, s, increases from 0.2

to 20, i.e. the plasma changing from the collisionless regime to the collisional regime. This
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FIG. 4: Normalized amplitude of the out-of-plane quadrupole magnetic field versus the collisonality

from a scan in fill pressure with Deuterium. The error bars come from shot-to-shot variation.

ratio correlates positively with the reconnection rate which is larger when the collisionality
is smaller [20]. Although it is not straightforward to quantitatively calculate the dependance
of Byau/Bzo on 6/ pp, this correlation supports the importance of the Hall effect in the
collisionless reconnection processes [9]. A quantitative calculation of this dependance is in
progress. A similar dependence on collisionality for magnetic fluctuations has been reported
in a previous letter [10]. The magnetic fluctuations have also been observed in the present
experiments and the relation between the quadrupole magnetic field and fluctuations is being
investigated in the MRX. In addition, a bipolar electric field pointing to the center of the
current sheet, predicted in numerical simulation [21] and observed in space observation [17],
is also being studied in the MRX. The results will be reported in the future.

In conclusion we have experimentally identified an out-of-plane quadrupole magnetic field
during magnetic reconnection in the MRX. This quadrupole magnetic field is a confirmation
of the Hall effect, which is essential to 2D laminar collisionless fast magnetic reconnection
based on the 2-fluid MHD model. We have verified experimentally that the Hall effect is
large in collisionless plasmas and it is sufficient to balance the reconnection electric field in
the diffusion regime. This is the first clear and unambiguous identification of the Hall effect
in the reconnecting current sheet of a laboratory plasma.
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