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A linear experiment dedicated to the study of driven magnetic reconnection is pre-
sented. The new device (VINETA II) is suitable for investigating both collisional
and near collisionless reconnection. Reconnection is achieved by externally driving
magnetic field lines towards an X-point, inducing a current in the background plasma
which consequently modifies the magnetic field topology. Owing to the open field line
configuration of the experiment, the current is limited by the axial sheath boundary
conditions. A plasma gun is used as an additional electron source in order to coun-
terbalance the charge separation effects and supply the required current. Two drive
methods are used in the device. First, an oscillating current through two parallel
conductors drive the reconnection. Second, a stationary X-point topology is formed
by the parallel conductors, and the drive is achieved by an oscillating current through
a third conductor. In the first setup, the magnetic field of the axial plasma current
dominates the field topology near the X-point throughout most of the drive. The
second setup allows for the amplitude of the plasma current as well as the motion of

the flux to be set independently of the X-point topology of the parallel conductors.

2)hannes.bohlin@ipp.mpg.de



I. INTRODUCTION

Magnetic reconnection is a topological rearrangement of magnetic fields resulting in a con-
version of magnetic energy into kinetic and thermal energy!™. This process takes place in the
current sheet formed at the boundary between opposed magnetic fields and is thought to play
an important role in space phenomena, such as solar flares* and at Earth’s magnetosphere®,
as well as in fusion experiments®”. Despite intense research on the topic over the last

9

decades and a vast quantity of information obtained through space observations®?, numerical

10,11

simulations and experiments'?™'Y the underlying processes of magnetic reconnection are

still not fully understood. For plasmas with high resistivity and small length scales, simple
magneto-hydrondynamic (MHD) models give an adequate description of reconnection®20:2L,
However, these models are insufficient when describing reconnection in nearly collisionless
plasmas and it has been found that the reconnection proceeds much faster than predicted in
these cases!. It is widely believed that fast collisionless reconnection is facilitated through
two-fluid Hall processes?? as well as through anomalous resistivity due to fluctuations in the

t23

current sheet?®. The relative importance of the two processes is however under debate?.

One of the major unresolved issues of reconnection is exactly how the magnetic energy is
converted to kinetic energy of the electrons and ions, a process which has, for example, been
indirectly observed through X-ray images of solar flares?*. The description of reconnection
is often simplified by using two-dimensional geometry, however, a magnetic field component
perpendicular to the reconnection field (guide field) has been found to play an important
role in the dynamics of reconnection?>26. Both the reconnection rate'? as well as the shape
of the current sheet?”?® has been observed to be affected by the guide field component.
Other unresolved issues include how global boundary conditions influence reconnection and

the cause for impulsive reconnection! 3.

The observation of reconnection in space and fusion plasmas is often hampered by tech-
nical limitations and harsh environments. Dedicated experiments provide a wide range of
plasma parameters and enable a controllable environment which allows for a detailed study
of the mechanisms involved in reconnection. There are a number of past and present day
devices devoted to the study of magnetic reconnection, with one of the earliest experi-
ments carried out by Stenzel and Gekelmann on a linear device at UCLA'2. Other major

experiments include T'S-3/4 at the University of Tokyo!'3, the Magnetic Reconnection Exper-

2



iment (MRX) at the Princeton Plasma Physics Lab'* the Versatile Toroidal Facility (VTF)
at the Massachusetts Institute of Technology!®, 3D-CS at the General Physics Institute
Russian Academy of Sciences!®, the Swarthmore Spheromak Experiment (SSX) at Swarth-
more College!”, the Reconnection Scaling Experiment (RSX) at the Los Alamos National
Laboratory'® and the Rotating Wall Machine (RWM) at the University of Wisconsin'®. For
an overview of reconnection devices and the progress made through experiments and nu-
merical simulations in the field of reconnection comprehensive reviews were published by
Yamada et al®> and E. Zweibel et al®.

The study of the detailed physical processes involved in reconnection necessitates an
experimental device with plasma parameters which allow for the study of kinetic effects
as well as the formation of current sheets large enough to be spatially resolved with the
available diagnostics. The new linear device VINETA II has been designed for the study of
driven magnetic reconnection. The experiment utilizes two parallel conductors for creating
an X-point topology. The drive of the field lines is achieved by an oscillating current through
either the two conductors or through an additional third coil. The main aims and issues to
be addressed are the following: 1. Transition from resistive to collisionless reconnection. 2.
Reconnection in partially ionized plasmas. 3. The influence of global boundary conditions. 4.
Reconnection with a significant guide field component and three-dimensional reconnection.
5. Particle kinetics in the current sheet. 6. Study of electromagnetic fluctuations in the
current sheet and coupling of externally driven fluctuations to the reconnection event.

The paper is organized as follows: In section ITA, the experimental device VINETA II
is presented. In IIB, two methods for driving the reconnection are described. In addition
limitations given by the open field line configuration are discussed and the need for a plasma
gun as an electron source is justified. In IIC the achievable reconnection regimes are de-
scribed and the major diagnostics used in the experiment are outlined in IID. In section III,
initial results for the two driving methods are presented. Section IV gives a summary and

conclusions.
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FIG. 1. (a) Schematic drawing of the VINETA II device. (b) Guide field along the device axis at
the center. The dashed lines indicate the large module. (c¢) Radial profiles of density (solid line)

and electron temperature (dotted line).

II. EXPERIMENTAL SETUP

A. VINETA II

A schematics of VINETA TII, the new experimental setup, is shown in figure 1(a). The
device consists of a stainless steel vacuum chamber with a diameter of 1m and a length

30 The two sets of magnetic field coils

of 1.6m, in combination with two smaller modules
generate a homogeneous axial guide field of B < 100mT along the device. The calculated
guide field at the device axis is shown in figure 1(b). There is a gradient of the magnetic
field at the end of the large module on the plasma source side. If needed, the fringing
field effect of the guide field can be eliminated by rearranging the experiment to have a
small module on each side of the large one. Three conductors within the vacuum chamber
create the reconnection magnetic field and drive the reconnection. A detailed description of
the reconnection drive is given in the subsequent section. The two flat conductors have a

width of 10cm and are positioned close to the plasma at » =15cm. The calculated magnetic

field and X-point field line topology produced by the two parallel conductors are shown in

4



figure 2(a). It is clearly possible to establish a closed field line configuration which largely
avoids parallel plasma transport to the walls along the reconnecting field lines. A third
smaller cylindrical conductor is placed at a ninety degree angle to the flat conductors at a
radial position of 0.4m.

A background plasma is generated using either a half-turn double helicon antenna?' or

32 This allows for plasma densities spanning over n = 10'% — 10m?

a spiral antenna
and electron temperatures of up to 6eV. The radial profiles of the electron temperature
and density for a helicon discharge are shown in figure 1(c). The dip in temperature and
flattening of the density profile at the center is owing to the plasma gun being placed at the

axis.

B. Reconnection drive

Reconnection in VINETA 1I is achieved by externally driving the magnetic field lines to-
wards the X-point, thereby inducing a current in the background plasma which consequently
modifies the magnetic field topology. The oscillating current for the drive is produced via a
resonant L.C circuit. The inductance of the reconnection wire in combination with a variable
capacitance allows for a frequency range of the drive of between 60 and 100kHz. The fre-
quency dependence of the maximum absolute value of the current through the conductors is
shown in figure 2(b). Due to the increasing impedance, the current amplitude decreases with
increasing drive frequency. The choice of the frequency is based on a compromise between
the time resolution of the available diagnostics and making the resistive layer width small

enough for kinetic effects to be important®. The resistive layer width is given by !

2 rive
A7’65 = T . ( ]‘)
Ho

Here 744, is the timescale of the reconnection (set by the reconnection drive) and 7 is the
resistivity. For the study of kinetic effects A,., must be smaller than the kinetic spatial

plasma scales!, i.e. the collisionless skin depth ¢ and and the ion sound gyroradius p,,

defined as
c Cs
0= y Ps = —-
wpe Wei

(2)
Here c denotes the speed of light, w,. the electron plasma frequency, ¢, the ion sound speed,

and w,; the ion gyro frequency.
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FIG. 2. (a) Frequency dependence of reconnection drive current. (b) Azimuthal cut of calculated
absolute magnetic field for a current of 1kA/m, with contours of constant vector potential rep-
resenting magnetic field lines. The black box indicates the measurement region and the blow-up
shows a measurement with induction coils in vacuum. (c) One-dimensional cuts of the measured

(dotted) and calculated (solid) magnetic field.

Due to the open field line configuration of the experiment, the plasma current generated
in response to the drive is not free to flow, but is limited by the axial sheath boundary
conditions. This results in the build-up of an electrostatic electric field along the guide field,
which counterbalances the inductive electric field to provide ambipolarity of the fluxes to
the walls. Assuming a collisionless sheath boundary condition and using the Bohm sheath

criterion, the Debye flux yields a current density of 33
Jjp = necs (1 - eA"}/Te) : (3)

Here, ¢, is the ion sound speed and A =In/M;/27m,. with M; the ion mass m, the electron
mass. Taking the central temperature and density values shown in figure 1(c) and making

the assumption that & is approximately 2-3 times the electron temperature, this sets an



upper limit of the current density at the X-point of Jp ~ 2kA/m?. In comparison, assuming
Spitzer resistivity, an inductive electric field generated by the reconnection drive of F;,q ~
150V /m requires a current density of j &~ 500kA /m?. Thus, an additional electron source is
needed to counterbalance the charge separation effect and to provide the current in response
to the inductive field. In VINETA II this is achieved using a plasma gun, which produces
electrons through an arc discharge®*.

Two approaches are utilized for driving the reconnection. The first, called setup A, drives
the oscillating current through the two parallel conductors, thus compressing the magnetic
field towards the X-point. For the second approach, called setup B, a nearly constant current
of I. < 1kA, produced by a pulse forming network (PFN)?°  through the conductor pair
produces a stationary X-point magnetic field topology as shown in figure 2a. The oscillating
current produced by the drive circuit through a third conductor generates an inductive field
E;,q which drives the magnetic field towards the X-point by the E x B drift. For both
setups, the drive of the reconnection is independent of the plasma generation, i.e. plasma
parameters such as density and temperature can be varied without affecting the drive. For
setup B the inductive field can also be set independently of the amplitude of the in-plane

magnetic field.

C. Reconnection regimes

Based on the commonly accepted models!, magnetic reconnection in space and laboratory
devices is subdivided in different regimes such as collisional/collisionless, single/multiple X-
line reconnection and hybrid branches®3%. The typical plasma and reconnection parameters
for two operation regimes are given in table I. The operation regime of typical Argon
discharges in VINETA II is spanned by the dimensionless Lundquist number S

g ,UOLCS'UA' (4)
TIsp
as a function of the effective plasma size A
A= o (5)
Here ng, is the Spitzer resistivity and vq = Bye./ Vionm; is the Alfvén speed based on

the in-plane reconnection magnetic field component B,... Lcs = €L is the length of the
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TABLE I. Typical plasma and reconnection parameters for two operation regimes

High density Low density

Plasma density n 10 m=3 106 m=3
Electron temperature T, 2eV 6eV
Magnetic guide field Byuide 100mT 5mT
Ton temperature T; 0.2eV 0.2eV
Reconnection field Biec < 5mT <5mT
Lundquist number S 4 450
Drive time Tdrive 10us 10us
Diffusion time Tdif f 10pus 30us
Resistive layer width Ay Tcm 4em
Collisionless skin depth ¢ 2mm 5cm
Ton sound gyroradius  ps lem 16cm

current sheet for the plasma size L, where ¢ is typically chosen between®® 0 < ¢ < 0.5.
Finally, ps = \/m /(@i Biotar) is the ion sound gyro radius with By, being the total
magnetic field including both reconnection and guide field components. The broad range
of plasma parameters achievable in VINETA II allows for the investigation of both single
X-line collisional and collisionless reconnection as shown in figure 3. The two regimes are
divided by a dashed line which is given by S = A\?/4. Also indicated in the figure are the
changes (increase/decrease) in quantities such as temperature, density and magnetic field

required to transition between the collisional and collisionless branch.

D. Diagnostics

In order to study reconnection it is essential to obtain a detailed description of the elec-
tromagnetic fields and currents that, along with the evolution of plasma parameters such
as temperature and density, characterize the system. The plasma parameters are obtained
using Langmuir probe measurements and the magnetic reconnection field is measured us-
ing induction coils®”3® that are scanned on a shot-to-shot basis through the entire poloidal

plasma cross section using a high precision positioning system. This allows for the determina-
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FIG. 3. VINETA II operation regime for Argon. Indicated are the changes for specific quantities
to switch between the collisional and collisionless branch divided by the dashed line, which is given

by S = \%/4.

tion of the well reproducible spatiotemporal evolution of the magnetic field. The magnitude
of the field in vacuum as measured with this setup is shown in the blow-up in figure 2(a).
A comparison between the measured and the calculated magnetic field (figure 2(c)) shows
good agreement. The measurements of the magnetic field enables the determination of the
time-evolution of the magnetic field lines, which are represented by contours of constant
vector potential. Assuming the frozen-in flux condition this also yields the motion of the
plasma!. The induced axial electric field can be calculated from the probe measurement
using E = —0A /0t, where A is the vector potential. The maximum induced electric field
is shown in figure 4(a)-(b) for setup A and 4c-d for setup B. The solid line represents a
one-dimensional cut through the center in direction towards the parallel conductors and the
dotted line a cut perpendicular to the solid line. For setup A, the inductive field has a sad-
dle point at the X-point, with increasing amplitude towards the conductors and decreasing

towards zero at the wall of the vacuum chamber. For setup B, the inductive field increases



220

(b) 200

200
E 180 'g

180 = o £
160 1160 W
140 140

-0.1 0 0.05

I/m

30 = 24
25 (d)

0 g ST 120 ¢
£ £ £
> = 16 <

15 WL L
0.06 | ‘ 10 12
-0.1 0.1 -0.1 0 -0.06
I/m

FIG. 4. (a) Amplitude of the axial inductive electric field E, in the azimuthal plane for setup A.
(b) One-dimensional cuts through the center in direction towards the conductors (solid line) and

perpendicular to the conductors as indicated in a. (c)-(d) are the same as for (a)-(b) but for setup

B.

towards the third conductor.

III. EXPERIMENTAL RESULTS

First results for the two methods of driving magnetic reconnection in VINETA II are
presented subsequently. The experiments are carried out with a relatively strong guide field
of 30mT for setup A and 6mT for setup B. This gives a ratio of the in-plane to guide magnetic
field of, Bgyyide/Brec = 21 for setup A and Byyige/Brec = 6 for setup B. B, is taken as the
maximum of the in-plane reconnecting field at a position well outside the current sheet
(5cm radially towards the parallel conductors). The absolute magnetic field and current
density measurements for reconnection with Setup A and B are given in figures 5 and 6
respectively. Figure 5(a) shows the oscillating current through the two conductors (solid line)
and the current extracted from the gun (dash-dotted line) via the inducted electric field. The

extracted current is obtained by spatial integration of the two-dimensional current density.

10



11 v

x/cm x/cm

FIG. 5. Setup A. (a) Current traces of reconnection drive (solid line) and extracted current
from gun (dash-dotted line), as well as the time-derivative of the reconnection drive current as
an approximation of the inductive field (dotted line). Indicated are four time points, I-IV, for
which the absolute magnetic field (b)-(e) and current density (f)-(i) are plotted. Superimposed are

contours of constant vector potential which represent magnetic field lines.

The time-derivative of the drive current is taken as an approximation of the inductive field
(dotted line in figure 5(a)). An initially high electric field is induced as the drive turns on
and then follows the current with a —m/2 phase shift. The maximum inductive field at the

center was approximately 150V /m for this measurement. A small bump in the electric field
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can be seen as the current through the conductors changes direction, which is related to the
switching of the insulated-gate bipolar transistors (IGBT) of the reconnection drive circuit.
The current from the gun has an initial peak then decreases within a few microseconds to
a small, relatively constant current of a few Ampere. This current is most likely due to an
electrostatic field in the system. As the reconnection drive sets in, the inductive field initially
acts to inhibit this background current, and a current is only inductively extracted from the
gun when the inductive field becomes positive i.e. points towards the gun. Comparing the
inductive field and the extracted current it is clear that the latter does not follow the former
perfectly in time. The current starts to flow as soon as the inductive field points in the
right direction but does not reach its maximum of 65A until 0.5us after the inductive field
does and a current continues to flow 3us after the inductive field has changed direction. As
with the background current, it is not clear what the cause of this discrepancy is, but one
possible explanation could be that the inductance of the gun setup and the plasma acts to

inhibit the rise/fall time of the current.

The absolute magnetic field and current density at four time instants (indicated by I-IV
in 5(a)) are shown in 5(b)-(e) and (f)-(i) respectively. Field lines are given by the contours
of constant vector potential. The contour levels are plotted for the same values for all
time points. Depending on whether the current through the conductors is rising or falling,
the field lines are either pushed away from the conductors (IV) or pulled towards them
(I-IT). When the reconnecting magnetic field is high, but the gun current still relatively
low, a neutral sheet is formed (I). However, as the extracted current increases, it becomes
the dominant contribution to the in-plane magnetic field topology at the center and the
sheet evolves into three minima of the absolute magnetic field at (x,y) = (-2.4,2.5)cm, (1,-
1.9)cm and (2.7,-5.1)cm (II). As the reconnecting magnetic field approaches zero, the only
contribution comes from the extracted current, and the resulting topology is an O-point
(IIT). As the drive current reverses direction the three null points are again formed at (x,y)
= (-4.5,-5)cm, (0.9,1.4)cm and (6,2.3)cm, but in the push reconnection phase (IV). When
no current is flowing, the X-point and the minimum of the absolute magnetic field is located
at (x,y)=(0,0)cm, but as a result of the gun not being placed precisely at the X-point it
gets shifted by the gun current. This shift can be seen in all plots of the magnetic field
(b)-(e) and it is also the reason for the asymmetry of the three minima in figure 5(c). From

figures 5(f)-(i) it can be seen that the extracted current maximum is at (x,y) = (0.9,-1.3)cm.
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FIG. 6. Setup B. (a) Current traces of reconnection drive (solid line) and extracted current from
gun (dash-dotted line), as well as the time-derivative of the reconnection drive current as an
approximation of the inductive field (dotted line). I-III indicates three time points for which the
two-dimensional absolute magnetic field and current density has been plotted ((b)-(d) and (e)-(g)

respectively)

It is also clear that the in-plane magnetic field barely modifies the shape of the current sheet.
The position and shape of sheet is mainly determined by the position and aperture of the
plasma gun. This is due to the guide field being much higher in comparison to the in-plane

reconnection field for the latter to be able to significantly influence the shape.

Reconnection measurements using setup B are shown in Figure 6. Figure 6(a) shows

again the oscillating current through the third conductor (solid line), the current extracted
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from the plasma gun (dash-dotted line), and the inductive electric field as approximated
by time-derivative of the drive current (dotted line). The current through the parallel
conductors creating the X-point topology was approximately 1kA. Since the inductive field
is much lower than for setup A (maximum of approximately 17 V/m at center), the current
extracted from the gun is, as expected, also lower with a peak value of 9A. Furthermore, the
inductive field is not high enough to completely inhibit the background current but merely
acts to modulate it. The absolute magnetic field and current density are plotted for three
time points, indicated by roman numerals I-III in figure 6(a). The motion of a field line is
highlighted in 6(b)-(d) with a dotted line. At time instant I the plasma gun discharge has
not yet started and there is no current flowing (c.f. figure 6(e)). Hence, the field topology is
defined by the two parallel conductors only. The field line remains stationary at this position
until the gun starts discharging and the background current initially pushes the field line
outwards. As the drive sets in, the field line is pushed further outwards until the current
though the conductors reaches its maximum and the inductive field changes direction (time
instant II). At this point in time, the current in figure 6(f) mainly consists of the background
current. The inductive field then starts to extract an additional current as the field line starts
to be pulled back. At time instant IV, the extracted current has reached its maximum of 9A.
In figure 6(f), the current density can clearly be seen to have increased due to the inductive
field. Shortly afterwards, the drive current reaches its maximum and the inductive field
changes direction again, and as a result the field line is once more pushed away. From
figure 6(b)-(e) it is clear that the neutral sheet remains throughout the reconnection event
and does not evolve into three minima as in the case of setup A. This is due to the current
being much lower and not as highly concentrated at the X-point. The X-point is also initially
at (x,y) = (0,0)cm but can be seen to move slightly due to the asymmetry of the third coil,
to (x,y) = (0,0.5)cm at time instant II and to (x,y) = (-1,0.5)cm at time instant III, but the
motion is much smaller than the current sheet width.

Since this measurement was made using a much smaller guide field than in the mea-
surement with setup A the current sheet is no longer determined solely by the aperture of
the plasma gun but is instead modified by the X-point topology and elongated along the

separatrix.
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IV. SUMMARY AND CONCLUSION

A new experiment, VINETA II, dedicated to the study of driven magnetic reconnection
was presented. The main research goals of the device are to study the fluctuations associated
with reconnection, the effect of boundary conditions, three dimensional reconnection and
the influence of the guide field. The setup of the experiment is highly versatile and allows
for a number of important parameters influencing the reconnection event to be changed
independently. The range of plasma parameters achievable in the device, along with the
timescale of the drive, also allows for the study of reconnection in both collisional and near

collisionless reconnection.

The driving of the field lines is achieved either by an oscillating current through two
parallel conductors (setup A), or by having a stationary X-point topology and driving the
reconnection by an oscillating current through a third conductor (setup B). For setup A
the current drawn from the gun was found to dominate the magnetic field topology at
the X-point, tearing the neutral sheet apart and forming three minima. This result was
similar to what Stenzel and Gekelmann found in their experiment at UCLA'2. There are
also periods of time when an inductively driven current is flowing but no X-point topology
is present. Furthermore, the driving of the flux is done by the same coils generating it,
which complicates the interpretation of the data. Setup B was found to be a more suitable
approach to drive the reconnection since the the inductive field can be set independently
of the X-point topology and hence the current can be varied. Additionally, the X-point
topology is always present and the flux is simply moved in and out of the X-point. However,
due to the asymmetry introduced by the third coil, the X-point moves slightly due to the
oscillating current. If needed this could be circumvented by using four conductors instead
of three. It was found that the shape of the current sheet was mainly determined by the
aperture of the gun for high Byyige/Brec. A planned upgrade of the PFN will allow for an
increase of the in-plane field, and hence for the X-point topology to have a significant effect

on the current sheet geometry also at high Biqe.
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