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ABSTRACT

An ion beam field-aligned to the background guide field (By = 330 G) was observed in a reconnection experiment on the Large Plasma
Device and, to the authors’ knowledge, is the first experimental observation of its kind. Two kink-unstable flux ropes (L =11 m, d =7.6 cm)
were made to collide, which allows magnetic reconnection to occur. Sub-Alfvénic ion beams with energies of up to 15 eV were then observed
from measurements of the local ion energy distribution function. The beam ions do not appear to be heated. They were correlated with the
collision of the ropes and appear to be energized by magnetic reconnection. The results and interpretation of the measurements are sup-
ported by three-dimensional gyrokinetic particle simulations of the merging flux ropes and electric field measurements from previous experi-
ments [W. Gekelman et al., Astrophys. J. 853, 33 (2018)]. The mechanism behind the acceleration appears to be non-local.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138350

I. BACKGROUND

Magnetic reconnection is a process in which the topology of the
magnetic field changes, resulting in the conversion of magnetic energy
to heat or electric fields that can respectively energize or accelerate par-
ticles.' A large variety of plasma waves with varying frequency ranges
can also be generated, thereby creating turbulent and non-linear effects
that influence the large-scale dynamics of the surrounding region."’

In laboratory studies of ion energization associated with magnetic
reconnection, two spherical or toroidal magnetized plasmas are often
merged to induce reconnection. Examples include the TS-3 device,
where ions were heated up to 200 eV and were accelerated to Alfvénic
velocities;” the Magnetic Reconnection Experiment (MRX), where
sub-Alfvénic ion flows, not beams, both parallel and perpendicular to
the local magnetic field were observed with localized ion heating;” and
the Swarthmore Spheromak Experiment (SSX), where 70 eV protons
moving within the plane of reconnection® and super-Alfvénic ions
with energies in excess of 100 eV were observed in the direction nor-
mal to the reconnection plane.” The super-Alfvénic ions in the SSX
were consistent with test particle simulations and were correlated with
3D reconnection events.

While most experiments involving reconnection can be adequately
described by two-dimensional models, the geometry of reconnection is
inherently three-dimensional.'’ Therefore, systems that are described by
three-dimensional reconnection models such as magnetic flux ropes are
very appropriate for studying ion energization. Flux ropes are current-
carrying columns of plasma that are abundant in space and play a major
role in the study of astrophysical plasmas, such as those found in the solar
photosphere and corona.'"'* They can become kink-unstable by carrying
a sufficiently large current, which then causes the ropes to writhe, twist,
and collide with each other, thereby triggering magnetic reconnection."”
As a result, evidence of ion heating and acceleration could be observed
during the reconnection events of solar flares and coronal mass ejec-
tions,”"* as well as from ion flows within the Earth’s magne'[otail,13 where
the behavior of ions was studied using kinetic simulations.'®'"”

In this study, the energization of ions due to the collision of two
flux ropes in the Large Plasma Device (LAPD) is explored.'® The mor-
phology of the LAPD flux ropes and the various reconnection regions
were well quantified through topological studies'””” that identified the
quasi-sepratrix layer (QSL), which measures the three-dimensional
separation of field lines.”’ ** The topological winding number, a
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mathematical quantity that measures the entanglement of field line
pairs, subsequently identiﬁed regions of reconnection that were not
observed in the QSL.”” In this experiment, once the reconnection
regions of the ropes were identified, the local ion energy distribution
function (IEDF) was measured with a retarding field energy analyzer
(RFEA), and evidence of ion energization related to the reconnection
of two flux ropes was observed. The results were then compared to
three-dimensional gyrokinetic particle simulations (see Sec. VII),
which showed agreement with the experimental findings.

Il. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup of the two flux ropes on
the LAPD. The vacuum chamber is 26.5 m long and backfilled with
helium (base pressure 2.7 x 10~> Torr). The background plasma
(e =1x 102 cm >, T, ~ 4 eV, T; ~ 1 V) is a 60 cm wide cylindri-
cal column produced by a lanthanium hexaboride (LaBs) cathode and
molybdenum anode pair located at one end of the chamber. A
second LaBg cathode produces a denser current carrying plasma
(ne =2%10% cm™>, T, ~ 7 eV, T; ~ 4 eV) from the other end of
the chamber. The current flows through an electrically floating carbon
mask that has two 7.6 cm diameter holes with an edge-to-edge separa-
tion of 3 cm. A stainless steel anode located Az = 11 m away from the
carbon mask terminates the rope currents, and the length of the ropes
is defined by the cathode-anode separation. The experiment is con-
ducted in a By = 330 G background field strong enough to magnetize
the ions and electrons throughout (f < 0.01).

For the sake of brevity, the details of the design, construction,
and operational considerations of the ion RFEA used in this experi-
ment will be presented in a standalone paper to be published else-
where.”® A brief description of the RFEA is thus as follows. The RFEA
probe head consists of four circular stainless steel grid meshes and a
tantalum disk-shaped collector. These components are electrically iso-
lated from each other using 50-100 xm thick mica washers. Each grid
mesh has an opening size of 43.2 um and a transparency of 30%,
except for the entrance grid. The entrance grid is comprised of four
grids stacked together, which attenuates the density of the incoming
plasma to less than 1%. The separation between the grids is 1.3 mm,
and the effective area of the probe is 71 mm? (with diameter 9.52 mm).
The grids and collector are housed in a cylindrical shell made of non-
porous alumina ceramic. The probe head has a length of 15 mm and
an outer diameter of 15.9 mm.

The repeller grid (grid #1) was biased at —50 V to repel electrons
entering the RFEA. During the experiment, it was discovered that con-
necting the entrance grid (grid #0) to the repeller grid resulted in a less
noisy collector current and significantly improved measurements. As a

ion energy analyzer
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result, the RFEA effectively operated as a three-grid energy analyzer,
with the entrance grid biased at —50 V. To repel secondary electrons
emitted from the collector, the suppressor grid (grid #3) was biased at
—9V relative to the collector, which was itself biased at —67.5V to
repel electrons and collect ions. Therefore, the potential of the suppres-
sor grid was —76.5V.

To determine the IEDF of the plasma, the collector current I was
measured as a function of the discriminator grid (grid #2) voltage V to
obtain an I-V characteristic at a fixed location in the plasma. The col-
lector current I depends on the IEDF or f(E) as

I :ZLAJOO dEf(E), (1)
e(V-Vy)

m

where Z and m are the effective nuclear charge and mass of the ion,
respectively (in our case, Z=1), e is the elementary charge, A is the
effective area of the probe, and V), is the plasma potential. By differen-
tiating Eq. (1) with respect to V; a function proportional to the IEDF is
then obtained.

It may be noted that unlike most energy analyzers, the voltage on
the discriminator grid V' cannot be rapidly increased within a short time
interval to obtain an I-V curve due to an unusually high internal capaci-
tance of the RFEA. The latter produces an unwanted capacitive current
that is typically larger than the collector current of the RFEA. Therefore,
to avoid this situation, V was increased in steps. It was first fixed at a
given potential for the duration of a single data shot and then incre-
mented by a small amount on the next data shot. In this manner, the
voltage was increased from 0 to 110V in step sizes of 0.25V, while the
RFEA was at a single location. Each step consisted of 100 shots that were
conditionally averaged to smooth out the noise and correct for the ran-
dom phase of each shot that would cause the coherent mode oscillation
of the flux ropes to start at different times. This involves shifting each
shot in time corresponding to a phase relative to a chosen shot from a B-
dot probe”” that was fixed in position near the REEA before taking the
average.”’ The conditionally averaged data points from the 441 different
voltage steps were then combined to construct an I-V curve. Overall, this
process is more time-intensive when compared to a regular voltage sweep
as more data have to be collected to construct the I-V curve at a single
location for a given set of parameters, which can take up to a full day of
machine time. However, a benefit of this method is that I-V curves can
be constructed for any time during the experiment when the flux ropes
are present. The time uncertainty of each IEDF is thus the sampling rate
of the data acquisition system, which is 0.32 us (=1/3.125 MHz).

In this experiment, data were acquired with flux ropes from two
different cases that were conducted in two separate experimental
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FIG. 1. A scale drawing of the experimental setup and the various components used to create the two flux ropes on the LAPD. The location of the RFEA (ion energy analyzer)

is shown, while the coordinate system is displayed on the far right.
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sessions. In case 1, only RFEA data were collected. Magnetic field and
vector potential measurements were not available. Measurements were
made with the RFEA facing both directions along (*z) and across
(*y) the magnetic field when it was located at (x,y,z) = (3.4,0.0,
420) cm, but only in the 4z direction at (x, y, z) = (10,0.0,420) cm.
The discharge potential of the flux rope cathode was V=120V,
while the current that flowed through each rope was Iy=610A. In
contrast, case 2 contains planar B-dot probe measurements that were
made in conjunction with the RFEA. The RFEA data, however, were
limited to ions moving only in the z-direction. In this case, the REEA
was located at (x,y,z) = (6.0, 1.7,540) cm. The discharge potential
was Vp=140V, and the current through a single rope was
Ix=>550 A. In both cases, the ropes were initially centered at (x, y)
= (0,0) cm. In the sections that follow, data from case 1 are presented
in Secs. I11-V, while data from case 2 are presented in Sec. V1.

lll. BI-MAXWELLIAN DERIVATIVES OF THE -V
CHARACTERISTIC

Figure 2(a) shows an I-V curve constructed from the condition-
ally averaged data points and then digitally smoothed using a
Savitzky-Golay filter. The I-V curve is characterized by a flat region of
ion saturation current when the discriminator grid voltage V is below
the local plasma potential V), The current then decays to zero as V' is
increased. In this example, the value of V that corresponds to zero ion
energy (i.e., the transition point where the ion current no longer satu-
rates and starts to decay) is approximately near 60 V in part due to the
—50V applied on the entrance grid.

The smoothed I-V curve is then differentiated to obtain a
—dI/dV curve, which is the blue line in Fig. 2(b). In each of the
—dI/dV curves produced, the large peaks tend to fit either a single
Maxwellian or a bi-Maxwellian function which has the form

(Case 1)
t=12.680ms

(@) . ..lonenergy analyzer (+2)

ion saturation current

(O]
o

data (conditionally averaged)
—— smoothed

<

£ current [uA]

arb. units
N U1
o

-~

= Bi-Maxwellian (best fit)
—— =dl/dV* 60

6]

u

noise threshold level

o

20 40 60 80 100
Discriminator Grid Voltage [V]

FIG. 2. (a) An -V curve of the collector current / as a function of the discriminator
grid voltage V is presented. The RFEA measures ions moving in the +2z direction.
The orange data points represent the conditional average of 100 individual shots
measured at the same V. The blue line represents the smoothed data, while the
light blue region corresponds to its standard error. (b) A plot of —d!/dV which rep-
resents the derivative of the -V curve is shown. The smoothed raw data are
depicted by the blue line. The best-fitting function (a bi-Maxwellian) is shown in red,
along with the component Maxwellians indicated by the red dashed lines. The
green region indicates the threshold level below which peaks are considered noise
and are excluded in the fitting the —dl/dV curve.
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V—v)? V—V,)?
A, exp ( %) + A exp < (2T2)> +¢  (2)
1 2

where A;, b, and V; (for i=1 and 2) are the fitting parameters that
determine the height, width, and peak potential of the component
Maxwellians, respectively, and c is the overall vertical offset of the plot.
For a single Maxwellian, A, = 0. Then, the best-fitting function is
determined by the function that gives the smallest least squares error.
In the case of the —dI/dV shown in Fig. 2(b), the best-fitting function
is a bi-Maxwellian that is plotted in red. The component Maxwellians
are indicated by the red dotted lines.

It may be noted that noisy oscillations were produced by numeri-
cal differentiation of the data and the use of a Savitzky-Golay filter
during smoothing. These oscillations are visible at the regions where
—dlI/dV is expected to be constant such as when the ion current satu-
rates (i.e, V' < V) or when the current is close to zero. The maximum
height of these oscillations represents an error in the fit as the peaks in
—dI/dV were only fitted to a (bi-)Maxwellian if their amplitudes were
greater than this level. This “noise threshold level,” which is shown in
Fig. 2(b), is different for every —dI/dV plot and is recalculated for
every instant in time a —dI /dV plot is generated.

A —dI/dV curve that best fits a bi-Maxwellian function suggests
that an ion beam is present, which is represented by a more energetic
secondary peak. Evidence of this is also provided by observing the
time evolution of a single oscillation cycle of the flux ropes
(f=3.9kHz) which contains a bi-Maxwellian —dI/dV such as the one
shown in Fig. 2(b). This is presented in Fig. 3, where eight evenly
timed plots within a 0.256 ms interval are shown. The —dI/dV curve
initially fits a single Maxwellian, which is assumed to be the primary
distribution of ions in the plasma. As the flux ropes oscillate, a second-
ary peak with an energy range of 9-15 eV develops and is most promi-
nent at At = 40.096 ms. At this time, most ions from the primary
distribution have been redistributed into the secondary peak. The
best-fit function is also bimodal, which indicates that the function is
comprised of a mixture of two distinct normal distribution of ions.””
As the presence of the secondary peak persists longer than the recon-
nection timescale (t = 50 us), it suggests that the ion beam is real.

As an aside, the beam energy is always measured with respect to
the peak potential of the primary distribution, which changes with
time due to the oscillation of the flux ropes. Figure 4 shows the peak
potential of both the primary distribution and the beam plotted as a
function of time when the flux ropes are present. The blue data points
between 11 and 14 ms show that the peak potential of the primary dis-
tribution oscillates with a range of approximately 8-12'V, which is the
same order of magnitude as the change in the plasma potential at a
fixed point observed by an emissive probe in an previous experi-
ment.” The orange data points are plotted for the peak potentials of
the secondary distribution when —dI/dV is a bi-Maxwellian. These
points indicate when a beam is present and appears to be in phase
with the oscillation of the primary distribution.

IV. THE ION ENERGY DISTRIBUTION FUNCTION
AND DIRECTION OF ION BEAM PROPAGCATION

A limitation of the RFEA is that it only measures ions moving in
a single direction perpendicular to the face of the planar electrodes.
Therefore, obtaining the IEDF along a single axis requires splicing two
—dI/dV measurements, where the second measurement has the
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FIG. 3. The time evolution of —dl/dV is shown, which illustrates the development of a beam for ions moving along the magnetic field in the -z direction and away from the

source of the ropes. The curves are plotted for the duration of a single flux rope oscillation (At =

0.256 ms). The dashed line estimates the plasma potential V,, and separates

the gray region of ion saturation current from the rest of the —dl/dV curve. A beam is clearly observed from the bi-Maxwellian function at t = 12.702 ms.

RFEA facing the direction directly opposite to the first. Figure 5 shows
two examples of IEDFs constructed using this method. Figure 5(a) is
comprised of two single-peaked distributions, while Fig. 5(b) is com-
prised of a single-peaked distribution and a bi-Maxwellian function.

In both these figures, the IEDF is plotted as a function of its
energy E in which positive values of E represent ions moving in one
direction and negative values represent ions moving in the opposite
direction. Since the ions’” energy are not discriminated when V' < Vps
only the part of the —dI/dV curve where V' > V,, is plotted. A change
of variables is then applied where —dI/dV is plotted as a function of
E, where E = e(V — V). The two curves are then joined at E=0
which represents V=V, for both curves. In each of the —dI/dV
curves, the value of V), is estimated to be the peak potential of a single

s . lon energy analyzer (+z) (Case 1)
—_— == prlmary
-g 754 —— secondary f f I'X.L& & %
870 . [.
365
%60
& 10 11 12 13 1'4 15
(x,y)=(3.4,0.00cm  time [ms]
z=42m

FIG. 4. A plot of the peak potential as a function of time is shown for the back-
ground ion distribution (primary) and the beam (secondary). The peak potential of
the beam is only plotted when —dl/dV best fits a bi-Maxwellian function.

Maxwellian or the peak potential of the component Maxwellian that
has the lower energy for a bi-Maxwellian function. The amplitude of
the curve in the negative direction is normalized to the magnitude of
the curve in the positive direction at E = 0.

Taking a step further, a two-dimensional (2D) distribution
function can be constructed by splicing —dI/dV curves along four dif-
ferent directions. For example, the 2D distribution function in the
yz-plane is constructed from the —dI/dV curves in the *y and *z
directions. Figure 6 shows six such polar plots that can be used to visu-
alize the direction of the ion beam propagation. The abscissa and

(x,y)=(34,0.00cm, z=42m (Case 1)
2/(a) fiE) : f(E) t=1034ms
T i e | t,‘ifé?fﬂ.i AT 2
O —— . : = ik
_2((b) fE) | fE) t=1267ms
W H
=1 I e
0 == E o
-40 -30 -20 -10 0 10 20 30 40

lon Energy, E[eV]

FIG. 5. The IEDFs are constructed by splicing —dl/dV curves measured along the
z-direction at two different times. The sign of E represents the direction of the ions,
with positive E indicating ions traveling toward the background plasma LaBg cath-
ode, and negative indicating the opposite direction. (a) is spliced from two single-
peaked distributions, while (b) is spliced from a single-peaked and a bi-Maxwellian
function.
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r0.31

r0.21
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FIG. 6. A time series of polar plots that represent the two-dimensional IEDF constructed from splicing the IEDF along four different directions (i.e., =y and *=z). The data in-
between angles were interpolated. The time interval corresponds to a single flux rope oscillation (At = 0.256 ms). Each polar plot is normalized to the maxima at the local

time. An ion beam in the +z direction can be observed at t=12.68 and 12.73 ms.

ordinate represents data along and across the magnetic field, respec-
tively, while the data in-between the angles are linearly interpolated
from the data along the axes. The 15eV beam shown in Fig. 3 is
observed at t=12.68 ms of Fig. 6, which propagates primarily in the
+z direction along the background magnetic field. This behavior is
also observed from the other ion beams that are periodically produced
during the experiment and is reproducible. It suggests that the ion
beam is preferentially accelerated along the +z direction and is field-
aligned to the background magnetic field.

V. ION TEMPERATURE AND AVERAGE ENERGCY

The IEDF is primarily used in the calculation of the average
energy (2E), a quantity analogous to the one-dimensional ion temper-
ature kT; but for a non-Maxwellian IEDF. The presence of a
non-Maxwellian IEDF results in an ill-defined ion temperature. The
quantity (2E) is derived from the temperature-pressure relationship
and the second moment of the velocity distribution function (v?), i.e.,

m{v?)

n

kT,’ =

= (2E), 3)

where m is the ion mass, and 7 is the density. By a change of variables
to the kinetic energy E = mv?/2 and a splitting of the integral to
account for the splicing of two different —dI/dV curves in opposite
directions, the average energy is thus expressed as

(2E) = % (J:o dE\/E, f(Ey) + J:C dE,\/Ef(E,)> . (4

where f(E) is the IEDF with E is subscripted with 4 and — to indicate
the direction of the ions’ velocity, and ' is the normalized density

= a5 = f(E, o+ ). )

The quantity (2E) is then calculated for all time steps when the two
flux ropes are present. Figure 7 shows time traces of (2E) for ions
moving along the z-direction at two different xy locations, but on the
same plane at z= 4.2 m. Figure 7(a) is for a location near the center of
the two > Topes at (x,y) = (3.4,0.0) cm where reconnection frequently
occurs,” while Fig. 7(b) is for a point located at the edge of the ropes
outside the reconnection region at (x, y) = (10.0,0.0) cm. The point
at the edge of the flux ropes only contains data in the +z direction as
opposed to the point in the center which is constructed with data in
both the +z and —z directions. In both plots, the data points were
conditionally averaged such that the time traces of the two plots are in
phase with each other.

The shape and color of each data point depend on whether any
of the —dI/dV curves that is used to construct the IEDF best fits a bi-
Maxwellian function. The orange, hollow circles indicate data points
in which either side of the IEDF fits a bi-Maxwellian function and is
likely to contain a beam. The blue, solid diamond-shaped points indi-
cate otherwise where both sides of the IEDF fit single Maxwellians. In
addition, the standard error of each data point, which was determined
from the fit of the (bi-)Maxwellian function and the error propagation
from using Eq. (4), is plotted as the blue shaded region of each plot.
Since (2E) converges to the ion temperature kT; when f(E) is
Maxwellian, the blue points that primarily measure the energy of the
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FIG. 7. Plots of the average energy (2E) as a function of time for case 1 at two dif-
ferent locations: (a) near the center of the two ropes where reconnection usually
occurs and (b) at a point far from the initial center of the two ropes. The orange
data points indicate times at which the IEDF is spliced with a bi-Maxwellian func-
tion, while the blue data points indicate times when neither —dl/dV are bi-
Maxwellian. The blue shaded region indicates the standard error of the data points.
In (b), only data in the +z direction were available for the calculation of (2E).

background distribution of ions can be used to estimate the back-
ground ion temperature. In the case of Fig. 7, the background ion tem-
perature is estimated to be between 4 and 8eV. Above (2E) = 8 €V,
the data points are mostly orange, in which the overall energy of the
ions is increased due to the presence of a beam.

On closer inspection of the orange data points, the increase in the
overall energy when the beam appears is primarily due to an accelera-
tion of the ions as opposed to the heating of the beam. Given that the
width of a Maxwellian distribution is proportional to its temperature,
the widths of both the ion beam and the background ions were consis-
tently found to be comparable to each other within a range of 4-8 V.
This can be observed in the —dI /dV plots of Figs. 2(b) and 3.

The (2E) data points between 11.5 and 13.5ms in Fig. 7 form
spiky structures that oscillate at the kink frequency of the ropes
(f=3.9kHz). However, the spiky structures above 8 eV comprised of
the orange bi-Maxwellian points occur more frequently at the center
[Fig. 7(a)] than at the edge region [Fig. 7(b)] of the two ropes. This
suggests that the formation of the ion beam is position-dependent and
that is likely to be energized by being in close proximity to the recon-
nection region. If that is indeed the case, the 14 eV bi-Maxwellian spike
formed at the edges of the ropes at 13 ms in Fig. 7(b) may be due to a
global rotation of the ropes. In previous studies, it was observed that
the ropes rotate with a larger radii as they became more chaotic over
time.”’ Thus, in this case, the reconnection region would be allowed to
reach the edge region and cause ion beams to form, which are then
detected by the RFEA.

VI. THE ION ENERGY DISTRIBUTION FUNCTION
IN A RECONNECTING PLASMA

In case 2, the average energy (2E) at a single point near the center
of the two ropes (x,y,z) = (6.0, 1.7,540) cm and the magnetic field
in a plane at z=3.8 m were simultaneously measured by the RFEA
and a B-dot probe, respectively. The B-dot probe was calibrated by a
network analyzer and is sensitive to magnetic fields on the order of
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FIG. 8. Plots of (a) the average energy (2E) and (b) the perpendicular magnetic
field B, for case 2. The RFEA and B-dot probes were separated Az = 1.6 m
away from each other. In (a), the blue shaded region indicates the standard error of
the data points. The red bar indicates a time interval of interest for Fig. 9.

0.1 mG. It is separated Az = 1.6 m away from the RFEA and is
located closer to the source of the flux ropes. Figure 8 shows a compar-
ison of the time traces of (2E) and the magnitude of the perpendicular

magnetic field B (: /B2 + B;) when the source of the two ropes

is turned on. In Fig. 8(a), the orange data points of (2E) appear
between 13 and 15ms and are highly correlated with the oscillations
of B, within the same time interval in Fig. 8(b). Both (2E) and B,
oscillate at the kink frequency of the ropes, which in this case is
f=3.4kHz. The large peak-to-peak variation of B, (>10G) indicates
large movements of the ropes and is indirectly correlated with strong
reconnection activity.” The correlation suggests that an ion beam is
produced when the ropes reconnect.

The magnetic field plane at z=3.8 m provides further evidence
of reconnection in a plot of the magnetic vector potential A, as a func-
tion of time for the interval indicated by the red bar in Fig
8 (t=13.15-13.20 ms). The quantity A, is given by the expression

A, =&JW’” ar, ©)

an ) |7 — 7|

where 7 and 7 are the distances to an observation and source point,
respectively, and J, is the perpendicular current density derived from
V x B. Figure 9 shows the line contours of A, at z=3.8 m, which
serve as a proxy for the magnetic field lines projected onto the xy-
plane due to insufficient data for reconstructing the three-dimensional
magnetic field lines of the flux ropes. The reconstruction process
requires volumetric datasets consisting of multiple planes of magnetic
field data taken along the length of the LAPD, which are not available
in this experiment. The xy-coordinates of the RFEA (z=5.4 m) are
indicated by the red cross at t=13.15ms. Two A, contours that merge
and reconnect are highlighted in red to guide the eye.

From previous flux rope experiments, it is known that multiple
X-points are located along the length of the two ropes, which serve as
potential sites for magnetic reconnection.’’ The presence of
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FIG. 9. Contour plots of the vector potential A, are shown for the time interval indicated by the red bar in Fig. 8. A pair of contour lines that appear to reconnect are colored in
red. The position of the RFEA, which simultaneously collected data with the B-dot probe, is marked by the cross at t=13.15ms.

reconnecting contour lines in Fig. 9 during this time interval thus pro-
vides evidence of magnetic reconnection. Furthermore, an inspection
of the A, contour plots at other times reveals periodic merging and
reconnecting of field lines, which were also observed at the kink fre-
quency of the ropes (f=3.4kHz). These periodic reconnection events
are correlated with the occurrence of the ion beam.

As an aside, a comparison of the energy released from magnetic
reconnection with the energy gain of the ions observed during the
appearance of the beam suggests that the acceleration of the ions can
be driven by the energy released from magnetic reconnection. These
energies can be independently determined from measurements of the
magnetic field and the average energy (2E), respectively. For the
energy released from magnetic reconnection due to magnetic field
annihilation, a current density of J,= 12 A/cm? an inductive electric
field of E, = |dA,/dt| = 0.18 V/m, and a reconnection timescale of
g =50 us, as determined from experimental data, were used.
Assuming the energy was dissipated over a reconnection volume of
Vr=1 m’, the energy generated from magnetic field annihilation is
(1gE - J)Vg = 0.6 J. This corresponds to the annihilation of 0B
= 0.23 G or 0.07% of the total magnetic field (By = 330 G), which is
consistent in both order and magnitude with previous experimental

studies on magnetic reconnection.’””” These magnetic fields are signif-
icantly smaller than the few hundred Gauss which are annihilated in
solar flares,”* which is estimated to be a third of the total magnetic
field.”

Next, the typical increase in the average energy of the ions when
the beam appears is approximately AT;~8 eV (6 — 14 eV).
Meanwhile, the density of the ions in the beam was estimated by com-
paring the z-direction IEDF of the beam to that of the primary distri-
bution when (2E) is at a local maximum (e.g, t=12.712ms).
Assuming a beam density of n;, = 2 x 10" cm ™ which is 10% of the
plasma density, the effective energy gain of the ions is
(npkAT;) Vg = 0.32 J. While this density may have been overesti-
mated due to the unknown spread of the beam in the x and
y-directions which leads to an overestimate of the energy gain of the
ions, it is worth noting that the efficiency of energy transfer from the
inductive field to the ions is typically less than 50%."""” This suggests
that the energy released from magnetic field annihilation has the
potential to create inductive electric fields capable of accelerating ions
and forming a beam. However, as will be demonstrated in Sec. V1I, the
acceleration of the ions cannot be solely attributed to the inductive
fields as the space charge fields also play a role in the process.
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Vil. THREE-DIMENSIONAL GYROKINETIC
SIMULATIONS

The data from the RFEA experiment were subsequently
compared to three-dimensional gyrokinetic simulations of the two
reconnecting flux ropes, which demonstrate that ion acceleration and
field-aligned ion beam formation are a consequence of the field-
aligned electric potentials that arise from the merging and the mag-
netic reconnection of the two flux ropes. A gyrokinetic model is well-
suited for the large guide field regime of magnetic reconnection where
both charged particle species (electrons and ions) are strongly magne-
tized. In this model, electrons are treated as drift-kinetic particles and
ions gyrokinetic, which also include gyro-averaged cross field E x B
drifts and exact parallel dynamics. The details of the simulation model
and basic equations have been given elsewhere.”*” The previous
model has been extended to include electron-ion collisions, and along
with conducting boundary conditions in the x-y plane, logical sheath
boundary conditions are employed in the axial z-direction. The axial
boundary conditions are such that the flux ropes are line-tied at the
z=0 plane and free to move at the furthest axial plane, which is at the
mesh anode.

The simulation model allows for the use of realistic parameters
when compared to the experiment. The 3D system has spatial scales of
dimensions L, x L, X L, = 512A, x 512A, x 32A,, with grid spac-
ings of Ay = Ay, = 0.1, and A, = 64.86,, where J, is the collisionless
electron skin depth of approximately 0.53 cm for an electron density of
1 x 10'2 ecm >, The simulations were carried out with a maximum of
80 particles per cell. The time step used in the simulation, normalized to
the ion cyclotron frequency, i.e., w;At; = 1.0, corresponds to 0.64 us,
assuming a helium ion mass and a 330 G background magnetic field.
The number of time steps varied from N = 400, which corresponds to a
single rope oscillation of 256 s, up to 2000 steps. The two flux ropes of
diameter d=7.6 cm (~~20.2 J,) and separated by a 3 cm spacing were
initialized using approximate fits to the density, temperature, and cur-
rent profiles taken from the experiment. The initial background plasma
temperature ratio was T,/ T; = 4, while the peak flux rope temperature
ratio was T,/ T; = 1.75.

The simulations were designed to follow in detail the evolution of
a single cycle in the collision and merging of the two oscillating flux
ropes. Field and particle data were used to investigate the destruction
of magnetic flux in the reconnection region between the two ropes and
the subsequent particle distributions affected by the inductive and
space charge electric fields. Figure 10 illustrates the merging process of
the ropes along the direction of the background magnetic field,
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showing contours of the vector potential A, at two different planes but
at the same time in the simulation (¢, = 64 pis). At z=3.8 m, an X-
point is clearly visible in the region between the two ropes, indicating
the formation of an induced electric field —dA, /dt.

To illustrate the formation of an energetic ion distribution in the
region of the maximum induced electric field in this plane, a group of
particles were selected from each of the boxes shown in Fig. 10(a), and
their trajectories were followed in time. These boxes correspond to the
region in the vicinity of the X-point and away from the two ropes,
respectively. The particles were grouped according to their change in
velocity, and the ions that experienced an acceleration from the paral-
lel electric field were identified and shown to result in an ion beam.
Figure 11 is a plot of the 3D velocity distribution for the ions in these
two regions. Ions accelerated by the parallel electric field were colored
red, while ions that were not accelerated by the electric field were col-
ored green. In Fig. 11(a), which corresponds to the region near the X-
point, the accelerated ions reached maximum speeds of approximately
four to five times the ion thermal speed vr; and were accelerated pri-
marily along the 4z direction. A small amount of ion heating was also
observed in the accelerated ion distribution. This is roughly consistent
with the 15 eV accelerated ion population observed in the experiment
where v/vy; = 2.7 (for T;=4eV) and is also in the z-direction. In
contrast, such ion acceleration was not observed in Fig. 11(b) as there
were no enhanced parallel electric fields outside the ropes.

Since the total electric field accelerating the particles consists of
both the inductive part (—dA,/dt) and gradient of the local plasma
potential (—V®), simulations were made with and without these
terms present in the particle equations of motion. Their impact on the
energetic ion distributions in the region near the X-point is shown in
Fig. 12(a), where the inductive field produces an energetic ion popula-
tion up to approximately 3—4vy;. In contrast, Fig. 12(b) represents the
case with only the space charge contribution to the electric field, which
results in a small energy gain of only about v7;. Their combined effect
is originally shown in Fig. 11(a). While the space charge electric field is
generally ten times larger than the inductive electric field,” the simula-
tions reveal that the inductive electric field has a more dominant effect
in the merging region between the two ropes. However, when the ini-
tial particle distribution was adjusted such that it encompassed a larger
portion of both flux ropes by having a wider box around the merging
region, the space charge field enhanced the energy of the beam compo-
nent by nearly a factor of two when compared to the results of Fig.
12(b). This highlights a critical interplay between both fields in the
acceleration of the ions.

a
) A, (a.u.) A, (a.u)
10 2 10 2
FIG. 10. Contour plots of the vector poten-
tial A, obtained from the 3D gyrokinetic
5 1.5 5 1.5 simulation at the same time (f; = 64 us)
E ’E“ but at two different axial planes: (a)
S0 1 S0 1 z=38 m and (b) z=8.3 m from the
> > cathode source. The dotted-line bounding
5 5 boxes in (a) indicate the regions where
0.5 0.5 particles are initially selected to construct
the 3D velocity distributions shown in
-10 0 -10 0 Fig. 11.
-10 10 -10 - 5 10
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The tracks of a few individual ions were subsequently mapped to
further understand how the formation of the beam particles, shown in
Fig. 11, is influenced by the trajectories of the ions. Starting from
the z= 3.8 m plane, the motion of four test ions within the vicinity of
the X-point was tracked for the duration of the reconnection time
(At; = 50 ps), and the results are plotted in Fig. 13. The path of the ions
is shown as black solid lines, while the planes are represented by contour
plots of A,. In this figure, ions located at z= 3.8 m begin at the center
region between the two ropes where the effect of the inductive field accel-
eration is dominant. They then drift outward as expected from an out-
flow of particles from a reconnection region. Interestingly, not all of the
ions completely leave the area. Some ions are observed to return to the
reconnection region further downstream, including ions that may have
lesser energies than than ones observed in beam. We thus hypothesize
that the ions that return to the reconnection region are the ones that
eventually form the ion beam. These ions are able to accumulate energy
from multiple exposures to the inductive field near the X-point and
potentially from nearby space charge fields within the ropes.

From these simulation results, the main mechanism for ion accel-
eration appears to be the total electric field E = —dA /dt — V®. The
inductive electric fields —dA /dt are produced during magnetic recon-
nection while the space charge fields —V® presumably by local pres-
sure gradients and charge separation. Tons that are accelerated by the
local electric field would gain a potential energy = = — IE - dl, which
is the definition of the reconnection quasipotential.” The value of Z is
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FIG. 11. Plots of the 3D velocity distribu-
tions at simulation time t; = 96 us for par-
ticles selected (a) near the X-point, and
(b) outside the flux ropes. These two
regions are indicated by the dotted-line
bounding boxes in Fig. 10(a). The par-
ticles that were accelerated by a parallel
electric field are colored red, while those
that were not are colored green.

5
0

-5 vz/vT;

obtained by integration along the individual magnetic field lines.
Figure 14(a) is a contour plot of = at z=3.84 m, which is approxi-
mately at the same z-location as the magnetic field plane from case 2
of the current experiment (see Fig. 9). A positive value of = indicates
that ions are accelerated in the +z direction, which is away from the
origin of the ropes. Further away from the source of the ropes at
z=28.32 m, a contour plot of = is shown in Fig. 14(b). The ropes have
rotated, and the accelerating potential fills the central area. This plot is
then compared to a plot of the integrated electric field obtained from
the 3D gyrokinetic simulation, shown in Fig. 15. The topology and val-
ues of the integrated field show remarkable similarity to that of Z in
Fig. 14(b).

Finally, evidence of reconnection is also provided by the existence
of the quasi-separatrix layer (QSL).”” A QSL greater than 2 indicates
rapidly diverging field lines, which can occur when the magnetic field
topology suddenly changes. This is a hallmark of reconnection and is
shown in Fig. 16. It may be noted that the largest values of Q coincides
with the largest values of A,.

VIII. DISCUSSION

In summary, the data acquired with the RFEA in conjunction
with magnetic field measurements show that the energy released from
the magnetic reconnection of two colliding flux ropes generate non-
Maxwellian IEDFs. During a number of flux rope oscillations that
encompasses a reconnection event, an ion beam is drawn out of the

FIG. 12. Plots of the 3D velocity distribu-
tions at simulation time t; = 96 us for par-
ticles selected near the X-point to test the
effects of simulation with (a) only the
inductive electric field —dA /dt retained,
and (b) only the gradient of electric poten-
tial or space charge electric field —V®
included. The particles that were acceler-
ated by a parallel electric field are colored
red, while those that were not are colored
green.
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FIG. 13. A 3D plot illustrating the trajectories of four test particles (4, 8, 8, and
12 eV) in the gyrokinetic simulation starting near the X-point at z= 3.8 m for a dura-
tion of At; = 50 us. The particle trajectories are indicated by the black lines, with
the longer tracks corresponding to the higher energy test particles, while the cross
section of the flux ropes is shown as contour plots of A,. Most particles tend to drift
outward from the reconnection region, but some are able to return to it at a location
further downstream.

distribution function. To the authors’ knowledge, this is the first obser-
vation of a field-aligned ion beam generated in a reconnection experi-
ment. The flux ropes were in a regime where the guide field is
strong (6B/By ~ 4%). To date, most spacecraft observations and sim-
ulations that deal with Harris-type current sheets have little to no
guide fields, such as studies of the Earth’s magnetotail using data from
the THEMIS spacecraft’’ or studies involving hybrid kinetic-fluid
model simulations.”’ In contrast, the studies that do include a strong
guide field rarely report ion beam observations.”” ** For example,
Pritchett and Coroniti"” simulated a current sheet with guide fields of
up to five times the transverse field. They observed enhanced parallel
electric fields and parallel electron beams, but no ion beams.

In the LAPD two flux rope experiments where the guide fields
are considered strong, a significant amount of reconnection activ-
ity has been observed.””””"" The reconnection rate R, is close to
the values inferred from 3D simulations*® and the typical value of
0.1," ie,
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FIG. 14. Experimental contour plots of reconnection quasipotential =, which is cal-
culated from the integral of the total electric field, along the magnetic field lines
using data from a previous flux rope experiment™ in nearly identical experimental
conditions. The data are shown at positions (a) z=3.84 m and (b) z=28.32 m.

[1]

R = ~0.1 7
"= IBova ; 7)

where L =18 m is the length of the ropes, By is the reconnecting
component of the magnetic field, and v, is the Alfvén velocity.”
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FIG. 15. A contour plot of the integrated electric field obtained from the 3D gyroki-
netic simulation at the plane z=8.3 m.
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FIG. 16. A contour plot of the QSL at z=7 m evaluated at {=5.38 ms after the
start of a previous flux rope experiment.

This is likely due to the enhanced resistivity of the two flux
ropes.”’

In addition, instabilities can also develop structure in the out-of-
plane direction,”® and one possibility is the current-driven ion acoustic
instability that propagates longitudinally along the magnetic field."” It
imparts sufficient momentum to the electrons through ion-acoustic
wave-particle interactions in order to violate the electron frozen-in
condition™ and can very effectively and non-resonantly scatter ions
across the magnetic field.”' The ion saturation current associated with
the swept Langmuir curves used to determine the electron energy was
used to generate frequency spectra, and broadband turbulence from
9.2kHz to 1.6 MHz was observed only in the spatial region where the
flux ropes collided. The upper limit of 1.6 MHz is much lower than
the ion plasma frequency f,; = 148 MHz. This is not proof that the
instability has been directly observed, although it can be generated in a
magnetized plasma when there is a relative drift between ions and elec-
trons of order of the sound speed.”” Such an instability was postulated
to create large induced electric fields that resulted in anomalously high
AC Kubo resistivity.”’ Waves created by the instability could also be
superimposed to form localized potential spikes which could explain
the large, negative electric potential structures that appeared previously
under similar flux rope conditions.”

Opverall, the observation of an ion beam that is field-aligned to
the background guide field contrasts with previous observations of
ions that were locally field-aligned without the presence of a strong
guide field,'*”* or did not appear beam-like despite moving in the out-
of-plane direction.”” The ion beams in this experiment are correlated
with the collision of the ropes, do not appear to be heated, and have
sub-Alfvénic velocities. They are most likely accelerated by the out-of-
plane electric fields. An important observation from both experiment
and simulation is that both the inductive and space charge electric
fields play an important role, and the latter cannot be ignored. The for-
mation of the beam is a non-local process involving both inductive
and space charge electric fields which are dominant at different loca-
tions. Incidentally, previous experiments discovered that the fluid
form of Ohm’s law is non-local and cannot be used to calculate the
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resistivity.”’ These observations provide a basis for the study of ion

dynamics in systems that are inherently described by three-
dimensional models of reconnection.
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