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The ion dynamics in a collisionless magnetic reconnection layer are studied in a laboratory plasma.
The measured in-plane plasma potential profile, which is established by electrons accelerated around
the electron diffusion region, shows a saddle-shaped structure that is wider and deeper towards the
outflow direction. This potential structure ballistically accelerates ions near the separatrices toward
the outflow direction. lons are heated as they travel into the high pressure downstream region.
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Magnetic reconnection is a fundamental process in magnetized plasma in which magnetic energy is converted to
particle energy through the topological rearrangement of magnetic field lines. In recent studies of collisionless magnetic
reconnection, progress has been made in understanding the dynamics of electrons and ions in the context of two-fluid
dynamics [1], which result from the different behaviors of large orbit ions and small orbit magnetized electrons, leading
to a strong Hall effect. In collisionless plasmas, this Hall effect facilitates a faster reconnection than predicted by the
classical Sweet-Parker rate [2, 3]. However, the mechanisms that convert magnetic energy to particle energy during
reconnection are not well understood. This remains one of the foremost challenges in magnetic reconnection research.

Ton acceleration and heating during magnetic reconnection have been a focal point of research both experimentally
[4-11] and computationally [12-15]. Additionally in the magnetosphere, high-speed Alfvénic ion jets have been
attributed to the reconnection outflow [16-18]. Despite of all these efforts, it has not been resolved how ions are
heated and/or accelerated particularly in a collisionless reconnection layer.

In this letter, we present measurements of the two-dimensional (2-D) in-plane potential profile together with mea-
surements and analysis of ion acceleration and heating in the collisionless plasma of the Magnetic Reconnection
Experiment (MRX) [20]. As seen in numerical simulations [21-23] and space observations [24], the potential well
along the direction normal to the current sheet becomes deeper and broader downstream, creating a saddle-shaped
potential profile in the reconnection plane. This unique in-plane potential is established by electron dynamics around
the electron diffusion region (EDR). A large in-plane electric field (JE;,| ~ 500-800 V/m) over a short spatial scale
(< 0i = ¢/wp;) ballistically accelerates ions up to a significant fraction (0.5) of the Alfvén velocity Vi = Brec/\/Hop
near the separatrices. Here, B,... is the reconnecting magnetic field. As ions travel into the high pressure downstream
region, energy from E;,, preferentially heats ions.

Figure 1-(a) shows a cross section of the MRX device in the R—Z plane. The two gray circles are “flux cores” that
each contain two independent coils: a poloidal field (PF) coil and a toroidal field (TF) coil. The PF coils generate
the X-line geometry at the center of the MRX device and drive magnetic reconnection, while the TF coils inductively
create the plasma around the flux cores. No external guide field is applied for this study, so that the reconnecting field
lines are nearly anti-parallel during the quasi-steady period over which the reconnection rate is relatively constant.
Figure 1-(b) illustrates the detailed geometry of our measurement region. Due to the fundamental scale difference
between electrons and ions, ions are decoupled from electrons in the ion diffusion region (IDR), which leads to strong
Hall effects inside of the IDR.

Due to a relatively low electron temperature (< 12 eV) and short discharge duration (< 1 ms), in-situ measurements
of plasma quantities are possible in MRX. In this experimental campaign, the evolution of all three components of
the magnetic field is measured by a 2-D magnetic probe array with a maximum radial resolution of 0.6 cm and an
axial spacing of 3 cm. The electron temperature and density are measured by triple Langmuir probes. A radial profile
of the floating potential () is obtained by a 17-tip floating potential probe array with a maximum resolution of
0.7 cm. Local ion temperature and flow velocity are measured by Ion Dynamics Spectroscopy Probes (IDSPs) [25]
by fitting He II 4686 A spectra into a sum of 13 Gaussian functions to take fine structure effects into account [26];
otherwise, the ion temperature is overestimated by 15-25 %. The signal from the IDSPs is recorded by a gated,
intensified charge-coupled device (ICCD) camera. The time resolution of the IDSPs is limited by the gate-open time
of 5.6 us and the spatial resolution is given by the distance between the lens and a view dump of 3-4 cm. Ion flow
data is also obtained from Mach probes. Due to their better time and spatial resolution, the ion flow data measured
by the Mach probes is presented. The Mach probe flow data is calibrated to corresponding IDSP flow measurements.

Using an extensive R—Z scan of the above probes, we obtain 2-D profiles of various plasma parameters such as
electron density n., electron temperature T¢, ion temperature T;, ion flow V;, and ®;. Among more than 4200
discharges, shots are scrutinized based on reproducibility of data from magnetic probes and a reference Langmuir
probe. To facilitate the ion temperature measurement, helium discharges with a fill pressure of 4.5 mT are used.
Plasma parameters are controlled such that the plasma is in the collisionless regime during the quasi-steady period.
In this regime, the resistive term (7, Jy, where 1, is perpendicular Spitzer resistivity) accounts for about 10 % of
the reconnection electric field (Ey ) at the X point. The mean free path of electrons at the X point is about 8-12 cm,
which is larger than the measured current sheet half width of about 2 cm.

Figure 2-(a) shows the measured 2-D profile of the plasma potential ®, in the middle of the quasi-steady reconnection

period along with contours of the poloidal flux ¥ = fOR 27 R'BzdR'. The plasma potential is obtained by measuring
®; and T, and using the relation ®, ~ @7+ (3.34+0.51In u)T, where u = m;/m, and T is in units of eV [19]. The red
asterisks in Fig. 2-(b) show the radial profile of ®, at Z = 0. The magnitude of the potential well is about 10 V and
its half width is the same as the current sheet width. As shown in Fig. 2-(c), the magnitude of the radial potential
well becomes deeper downstream, reaching 35 V. It also becomes wider downstream as its boundary expands along
the separatrices. These results are consistent with recent numerical simulations [21-23]. It is notable that the flux
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FIG. 1. (a) A cross section of MRX. The flux core contains the PF coil for driving magnetic reconnection and the TF coil for
creating the plasma. Magnetic probes are inserted to monitor the evolution of the 2-D magnetic geometry. (b) Enlarged view
of the reconnection layer marked by the dashed red box in (a). The electron diffusion region (EDR) is embedded in the much
larger ion diffusion region (IDR). The blue dashed lines illustrate typical ion flow, while the red lines show electron flow.

contours in Fig. 2-(a) almost match the ®, contours, suggesting that ®,, is relatively constant along magnetic field
lines.

This in-plane potential profile is governed by electron dynamics around the EDR. The acceleration of electrons by
Ey around the EDR is the fundamental driving force of the Hall electric field. To test this hypothesis, let us write
down the electron momentum equation [1]

A%

Wez—ene(E—i—VeXB)—V-[Pe—i—ene[n-J, (1)
where P, is the electron pressure tensor and mn is the resistivity tensor. After the negligible electron inertial term
and resistivity term are ignored and the pressure tensor is assumed to be isotropic, the R component of the above
equation at Z = 0 leads to
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FIG. 2. (a) Measured 2-D plasma potential profile with contours of the poloidal flux W. The radial potential well becomes
deeper and wider downstream. (b) Radial profile of &, at Z = 0 (along the magenta dashed line in (a)). The red asterisks are
the measured ®, and the blue line is the radial integration of the right-hand side of Eqn. (2). Two profiles are in agreement.
(c¢) Axial profile of ®, at R = 37.5 cm (along the black dashed line in (a)). The red asterisks are the measured ®, and the blue
line comes from the integration of the right-hand side of Eqn. (4) along Z.
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FIG. 3. (a) In-plane ion flow vector measured by Mach probes together along with contours of ®, and ¥. The flow vectors
are measured every 1 cm along R and every 3 cm along Z. The maximum ion velocity is 16 km/s. As ions flow across the
separatrices, they are accelerated by E;, and turn into the outflow direction. (b) Work done by the electric field on ions. It is
dominated by the strong Hall field.

Since both Br and By are small at Z = 0, the out-of-plane component of the electron diamagnetic drift Vi, can be
approximated as V.- = (Vp. x B)y /(en.B?) ~ —(1/en.Bz)dp./OR. Then, Equn. (2) can be rewritten as

Er =~ —(Vey — Viy)Bz. (3)

The diamagnetic drift term is not negligible due to strong electron heating near the current sheet that cannot be
explained by classical Ohmic heating [27]. The radial electric field reverses sign at the X point where the sign of Bz
also reverses. This indicates that the bipolar radial electric field is the result of electron force balance [28]. Since Vgy
contains the diamagnetic component, Eqn. (3) implies that the electron diamagnetic drift does not contribute to Fr;
only pure acceleration by Ey plays a role [29]. By integrating the right-hand side of Eqn. (3) along R, the radial
potential profile can be estimated. The electron drift velocity is obtained by V., = —J/en.+V,; = =V xB/upen.+V;.
As shown in Fig. 2-(b), the estimates by Eqn. (3) (the blue line) agree with the measured values (red asterisks).
Similarly, the electron momentum equation along the outflow direction at R = 37.5 cm yields
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As electrons flow out of the EDR with high V.y, they create a further potential decrease along the outflow direction
Z. The amount of the further potential decrease can be estimated by integrating Eqn. (4) along Z, which agrees
with the measured values as shown in Fig. 2-(c). Due to the high mobility of electrons, the potential drop around
the EDR is conveyed along magnetic field lines, creating a strong E;,, near the separatices as shown in Fig. 2-(a).
The strong Hall electric field ballistically accelerates ions near the separatrices where the ions are unmagnetized. The
magnitude of E;, near the boundary can exceed 700 V/m, which is much larger than Ey (~ 200 V/m). Furthermore,
its spatial scale is smaller than the ion skin depth ¢; = ¢/wp; (~ 9 cm). Thus, as soon as the ions see the strong E;,,
they are accelerated toward the outflow direction. Figure 3-(a) shows the ion flow vector profile measured by Mach
probes along with contours of ®,. Considerable changes in the ion flow occur near the boundary. The corresponding
large difference between the ion and electron in-plane flow profiles produces the well-known quadrupole out-of-plane
magnetic field [30]. It is worth noting that the stagnation point of the ion flow is shifted to the inboard side (R < 37.5),
which is caused by the upstream density asymmetry [31]; the outboard side (R > 37.5) has about 2-3 times larger
density than the inboard side due to radial symmetry-breaking processes in the earlier phases of the discharge [32].
Figure 3-(b) shows the profile of the work done by the electric field on the ions per unit volume, J; - E. The
in-plane electric field is calculated by E;, = —V®, and the out-of-plane reconnection electric field is estimated by
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FIG. 4. (a) Spectra of He 4686 A at (R, Z) = (37.5,0) (black) and at (R, Z) = (37.5,15) (green). Solid lines are from fitting
the spectra into the sum of 13 Gaussian functions. Both ion heating and acceleration are observed at (R, Z) = (37.5,15). (b)
Axial T; and V;z profiles at R = 37.5 cm. For Z > 9 cm, the ion temperature rises significantly while V;z begins to saturate.
(c) Radial T; and Viz profiles at Z = 15 cm (downstream). The ion temperature profile is peaked at the center of the layer
while the outflow profile is broader.

Ey = (0¥/0t)/2mR. The work done by Ey is fairly uniform over the measurement region, which is inside of the IDR,
with values of 2-8 W/cm?. On the other hand, the work done by E;, is localized downstream with higher values
of 20-50 W/cm?®. This means that ions gain energy mostly from the Hall electric field, which agrees with recent
simulation results [23, 33].

In addition to ion acceleration, we also observe ion heating downstream. Figure 4-(a) shows measured He 4686 A
spectra at the X point [(R, Z) = (37.5,0), blue] and downstream [(R, Z) = (37.5,15), red]. Clear broadening (heating)
and shifting (acceleration) exist in the spectrum at Z = 15 cm. Figure 4-(b) shows the axial (Z) profile of T; and
Viz at R = 37.5 cm. The ion temperature starts to rise at Z = 9 cm where V;z begins to saturate. Finally, Fig.
4-(c) shows a radial profile of T; downstream at Z = 15 cm. The ion temperature is peaked at the center of the layer
while V;z has a broader profile. These profiles suggest that ions are heated after they are accelerated by E;,, near the
separatrices.

The observed ion temperature profile cannot be explained by classical viscous heating in the unmagnetized limit
[34]. The region where ions are heated does not match the area where classical viscous damping is strong (i.e., where
strong velocity shear and/or acceleration exist). Furthermore, heat conduction is too large to sustain the observed
ion temperature gradient. This suggests that other heating mechanisms are responsible for the measured profiles.

One possible mechanism that can explain the observed downstream heating is the re-magnetization of the ions in
the outflow region. In particular, the influence of the magnetic field is not negligible away from the X point, especially
further downstream (Z > 12 cm) where the magnetic field becomes strong enough to make the local ion gyro-radius
smaller than the local inertial length of 5-6 cm. In this case, the ion gyro-motion can prolong the transit of the
ions through the outflow region, significantly increasing the chance that ions are thermalized via collisions and/or
scattered by wave-particle interactions. Additionally, the frictional drag caused by the high density downstream
plasma may also play a role. Since the downstream plasma density (5-8 x 10*® ¢cm~3) is higher than the upstream



density (1-2.5 x 1013 cm™3), the local ion mean free path is reduced from 6-12 to 2-5 cm in the downstream region.
Thus, as the ions travel further downstream, they lose energy to the ambient plasma through collisions—a process that
generates heat. This mechanism differs from the aforementioned classical viscous heating mechanism because this
process results from a beam-plasma interaction.

The heating could also result from other mechanisms such as kinetic effects from characteristic bouncing motion of
ions inside of the potential well [14, 15, 33]. Boundary effects from existence of the flux cores may be also important.
Detailed studies of the ion thermalization process in the downstream region will be conducted in the future via
numerical simulations.

In summary, we have measured the 2-D in-plane potential profile together with the 2-D ion flow profile in a
laboratory plasma. We have observed both ion acceleration and heating in the ion diffusion region and identified
possible mechanisms to explain these observations. The in-plane electrostatic field is established by electron dynamics
around the electron diffusion region. Ions are accelerated to 0.5V4 by the strong Hall electric field as they flow across
the separatrices. As they travel into the high-pressure downstream region, ions are heated.

Further work is under way to address important questions related to general aspects of particle heating and accel-
eration during reconnection. Examples are the dependence of the energy conversion process on collisionality, the role
of plasma (3, and mechanisms for the measured anomalous electron heating in the current sheet. We will pursue these
issues in our future research.
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