Current sheet dynamics during driven magnetic reconnection

Inauguraldissertation
zur
Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften
der Mathematisch-Naturwissenschaftlichen Fakultät
der
Ernst-Moritz-Arndt-Universität Greifswald

vorgelegt von
Adrian von Stechow
geboren am 27.4.1988
in Bonn

Greifswald, im November 2014

Dekan:

Prof. Dr. K. Fesser

1. Gutachter:

Prof. Dr. T. Klinger

2. Gutachter:

Prof. Dr. T. Carter

Tag der Promotion:

19. März 2015

Abstract
Magnetic reconnection is a ubiquitous phenomenon observed in a wide range of magnetized plasmas from magnetic confinement fusion devices to space plasmas in the magnetotail. The process enables the release of accumulated magnetic energy by rapid
changes in magnetic topology, heating the plasma in the vicinity of the reconnection
site, generating fast particles and allowing a wealth of instabilities to grow. This thesis
reports on the results from a newly constructed linear, cylindrical and modular guide
field reconnection experiment with highly reproducible events, Vineta.II. A detailed
analysis of the reconnecting current sheet properties on a macroscopic and microscopic
scale in time and space is presented. In the experiment, four parallel axial wires create
a figure-eight in-plane magnetic field with an X-line along the central axis, as well as
an axial inductive field that drives magnetic reconnection. Particle-in-cell simulations
show that the axial current is limited by sheaths at the boundaries and that electrostatic
fields along the device axis always set up in response to the induced electric field. Current sheet formation requires an additional electron current source, realized as a plasma
gun, which discharges into a homogeneous background plasma created by a rf antenna.
The evolution of the plasma current is found to be dominantly set by its electrical circuit. The current response to the applied electric field is mainly inductive, which in
turn strongly influences the reconnection rate. The three-dimensional distribution of
the current sheet is determined by the magnetic mapping of the plasma gun along the
sheared magnetic field lines, as well as by radial cross-field expansion. This expansion
is due to a lack of equilibrium in the in-plane force balance. Resistive di↵usion of the
magnetic field by E = ⌘j is found to be by far insufficient to account for the high reconnection rate E = d /dt at the X-line, indicating the presence of large electrostatic
fields which do not contribute to dissipative reconnection. High-frequency magnetic fluctuations are observed throughout the current sheet which are compared to qualitatively
similar observations in the Magnetic Reconnection Experiment (MRX, Princeton). The
turbulent fluctuation spectra in both experiments display a spectral kink near the lower
hybrid frequency, indicating the presence of lower hybrid type instabilities. In contrast
to the expected perpendicular propagation of mainly electrostatic waves, an electromagnetic wave is found in Vineta.II that propagates along the guide field and matches the
whistler wave dispersion. Good correlation is observed between the local axial current
density and the fluctuation amplitude across the azimuthal plane. Instabilities driven
by parallel drifts can be excluded due to the large required drift velocities or low resulting phase velocities that are not observed. It is instead suggested that a perpendicular,
electrostatic lower hybrid mode indeed exists that resonantly excites a parallel, electromagnetic whistler wave through linear mode conversion. The resulting fluctuations are
found to be intrinsic to the localized current sheet and are independent of the slower
reconnection dynamics. Their amplitude is small compared to the in-plane fields, and
have a negligible contribution to anomalous resistivity through momentum transport in
the present parameter regime.
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1 Introduction
Magnetic reconnection is a ubiquitous phenomenon observed in magnetized plasmas. It enables the release of stored magnetic energy by rapid changes in its
topology [1, 2]. As a consequence, the plasma in the vicinity of the reconnection site is heated, fast particles are generated, and a variety of instabilities can
grow [3]. Since the first formulation of a full model description of magnetic reconnection by Sweet and Parker in the late 1950’s [4], many observations of dynamical
phenomena in magnetized plasmas have been associated with this specific process,
for instance in solar physics, the earth’s magnetosphere, distant astrophysical objects, fusion plasmas, and in dedicated laboratory experiments [5]. A positive
identification of a reconnection event requires the direct measurements of a number of parameters, most importantly the local magnetic field structure around the
reconnection site, which is difficult especially in astrophysical systems. This is the
reason why reconnection is often used as “scapegoat” to explain various observations, such as unexpectedly high particle energies measured in the heliosphere [6],
unusual radio spectra in distant galactic nuclei [7] or rapid changes in magnetic
topology at the heliopause as observed by the Voyager satellites [8]. Thousands
of publications graze the subject with a large fraction of these concerning indirect solar flare and deep space object observations. In contrast to that, relatively
few well-diagnosed reference cases are documented of which selected examples are
subsequently reviewed.
A model description of magnetic reconnection was historically first derived to
explain the presence of large currents in astrophysical plasmas, inlcuding the explosive energy release in solar flares [10]. Solar flares are localized events which,
over the period of just several minutes, generate large amounts of hard and soft Xray radiation and launch a large amount of energetic particles from coronal loops
on the surface of the sun [11]. The basic geometry of a solar flare is shown in fig.
1.1 (a). Schematically shown are the magnetic field lines of the flare in blue, the
field line and plasma motion in red, and the actual reconnection region as a dotted
box. The magnetic field lines are moving towards the ideal magnetohydrodynamic
(MHD) reconnection region through slow E ⇥B transport, where they accumulate
and drive a highly localized out-of plane current sheet, and finally reconnect. After
that, the reconnected and stressed field lines relax and create an outflow in which
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(a)
reconnection region

(b)
field line outflow

magnetic field lines
field line inflow

chromosphere

Figure 1.1: (a) Schematic of the solar flare reconnection geometry showing the plasma
flows (red arrows), field lines (blue), and the localized reconnection region
(dotted box). (b) Left: UV image of the solar disk with a protruding coronal
loop. Right: Soft (colors) and hard (white contours) X-ray image of the same
flare, together with supposed magnetic field lines (light blue), taken from [9].

the particles are accelerated away from the reconnection region. This particle
acceleration mechanism is an intriguing property of magnetic reconnection, since
few processes exist in outer space which can account for the pervasive observation
of highly energetic particles. Observations from the Yohkoh mission, a satellite
equipped with soft and hard X-ray telescopes [12], are shown in fig. 1.1 (b). The
left image in the ultraviolet range shows a brightened coronal loop that protrudes
from the sun’s chromosphere. The right image shows the same loop in the soft and
hard X-ray spectrum (colors and white contours, respectively). Localized hard Xray spots (E > 30 keV) are observed at a single location on the loop surface as well
as at the footpoints on the chromosphere. These are interpreted as the impact
points of fast particle flows that have been generated at a reconnection location
(marked “Energy release site” in the figure) further away. Fast particles strike
the loop surface, travel along the magnetic field lines and heat the plasma, finally
ending up in the chromosphere at the loop footpoints. The reorganization process
associated with magnetic reconnection during a flare event can subsequently lead
to a destabilization of magnetic flux ropes that were previously in an equilibrium
state. These flux ropes eventually erupt outwards, expulsing large amounts of
plasma (m  1013 kg) in a violent event called a coronal mass ejection [13]. One of
the key challenges in reconnection research is to explain the short time scales on
which these large-scale magnetic topology changes are observed to unfold. This
is especially puzzling in highly conductive plasmas, in which the magnetic flux is
frozen and should therefore not be able to reconnect.
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(a)
Ti

(c)

Fast
Phase

Ramp Phase
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t

(b)

Figure 1.2: Overview of the tokamak sawtooth crash. (a) Time evolution of the central
ion temperature in JET, taken from [14]. (b) Schematic representation of the
Kadomtsev reconnection model, taken from [5]. (c) Evolution of the poloidal
electron temperature profile during a crash. Picture taken from ref. [15].

Similar explosive events are also found in magnetic confinement fusion research.
An important case is the so-called sawtooth crash observed in tokamaks. Here,
nested magnetic flux surfaces confine the plasma and allow for plasma pressure
profiles with steep edge gradients [16]. The time evolution of a sawooth crash is
shown in fig. 1.2 (a). The core temperature (shown) and density increase slowly
in a ramp phase, before signatures of a helical kink mode are seen during a short
precursor phase of typically several ms duration in large fusion devices [14]. These
are followed by the actual crash in temperature and density on a fast timescale
< 1 ms, associated with a rapid poloidal redistribution of the plasma [17]. Control
of the sawtooth frequency is crucial in fusion devices, since low frequencies have
been shown to trigger secondary instabilities (seed islands for neoclassical tearing
modes) which leads to significant loss of plasma energy confinement [14]. The
simplified standard model by Kadomtsev [18] is schematically shown in fig. 1.2 (b).
The first panel shows the poloidal magnetic field lines during the ramp phase,
where a field reversal occurs at the q = 1 surface. The second panel illustrates the
formation of a kink instability near this surface during the precursor phase, where
the field reversal region is radially compressed, drives a highly localized current
sheet, and finally reconnects. The reconnected field lines then connect the hot,
dense plasma core with the colder edge region, leading to a fast redistribution
of temperature and density. Di↵erent from the solar flare case, a large toroidal
magnetic field perpendicular to the reconnection plane exists here, but only the
poloidal component of the magnetic flux reconnects. This process is called “guide
field” or “component” reconnection. Kadomtsev’s sawtooth reconnection model
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is supported by poloidal electron temperature measurements, shown in fig. 1.2 (c)
at four time points during a sawtooth crash at the TFTR tokamak [15]. The
initially peaked temperature profile crashes asymmetrically from Te,max ⇡ 5 keV,
ending in a flat-top profile inside q = 1 with Te,max ⇡ 3 keV after ⌧ = 500 µs. As
in space observations, however, detailed measurements within the reconnection
current sheet are not possible, which makes modeling of the entire system difficult,
especially with regards to the short timescales involved.
Magnetic reconnection has also been extensively modeled with a large variety of
computer simulation codes, ranging from two-dimensional MHD calculations [19]
to fully kinetic three-dimensional single particles codes [20]. This task is challenging due to the large span of spatial and temporal scales involved. Depending
on the modeled situation, spatial scales starting from the large inflow and outflow
regions down to the electron skin depth or gyration radius need to be resolved [21].
The demands are similar for the resolution of time scales, ranging from the slow
flux transfer times of typically several dozen ion gyration periods down to the
electron gyration time scale [22]. All simulations consistently find the formation
of a small-scale current sheet (compared to the global MHD scales), which is characterized by the length scale of the dominant dissipative term in Ohm’s law. Fast
reconnection which matches the short time scales observed in collisionless plasmas
is found when two-fluid and single particle e↵ects are properly resolved [19]. The
detailed current sheet parameters required for accurate modeling of specific observations are however often not available, and significant discrepancies in length
and time scales are found when comparing to real systems [23].
In view of numerous inconsistencies between observations of magnetic reconnection and theory as well as computer simulations, it is evident that there is a need
for well-diagnosed, dedicated laboratory experiments which enable comprehensive
tests of reconnection models by in-situ measurement of magnetic fields, the reconnecting current sheet, and plasma parameters. These also serve as a testbed for the
validation of computer simulations. Several experiments with di↵erent concepts
regarding the magnetic field geometry and plasma generation have been built [26],
of which selected examples follow. Since the formation of a current sheet is central to the evolution magnetic reconnection, these devices can be classified with
regards to the driving mechanism and boundary conditions which enable this.
Early experiments in a linear geometry were performed at the University of California, Los Angeles (UCLA) [28]. Here, reconnection is driven by two parallel
conductors that push magnetic flux towards the centrally located reconnection region as schematically shown in fig. 1.3 (a). Plasma generation was provided by a
large area hot cathode discharge. In this experiment, many features characteristic
of magnetic reconnection were found, including the expected magnetic field and
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(a)

(c)

(b)

(d)

Figure 1.3: Schematics of several reconnection experiments with out-of-plane conductors
(blue), field line movement (green) and current sheet (magenta). (a) Linear
UCLA reconnection experiment, picture taken from ref. [24]. (b) Versatile
toroidal facility (VTF, MIT), picture taken from ref. [25]. The rotation
axis is along Z at R = 0. (c) Swarthmode Spheromak Experiment (SSX),
picture taken from ref. [26]. (d) Magnetic Reconnection Experiment (MRX,
Princeton), picture taken from ref. [27]. The rotation axis is along Z.
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current sheet topologies [29], plasma heating [30], particle acceleration [31] and
instabilities [32]. The relatively low guide field on the order Bg = 1 mT, however,
means that the ions are unmagnetized, since the gyration radius is larger than the
experiment dimension. This places the experiment in the electron MHD regime,
which is difficult to link to conventional MHD. The device is axially bounded with
open field lines crossing these boundaries, and the current flow is therefore limited
by axial potential gradients.
The Versatile Toroidal Facility (VTF) at the Massachusetts Institute of Technology (MIT) is a magnetized high guide field, periodically driven reconnection
experiment in a low aspect ratio torus [25]. Plasma is generated by electron
cyclotron resonance heating, and magnetic reconnection is driven with periodic
currents in two pairs of toroidal conductors that compress and pull the magnetic
field lines in the poloidal plane, as shown in fig. 1.3 (b). The periodic geometry as well as closed magnetic flux surfaces means that much larger currents can
set up than in bounded experiments that are in equilibrium with the magnetic
fields. The research on the VTF has focussed on kinetic particle orbits in the
particular magnetic field geometry, which directly relates to e↵ects observed in
the earth’s magnetotail [25], the onset of fast, spontaneous reconnection [33], and
kinetic instabilities [34].
The Swarthmore spheromak experiment (SSX) drives reconnection by merging two
toroidal spheromak plasmas that are created at opposite ends of the plasma vessel
by plasma guns [26], as shown in fig. 1.3 (c). This drive concept is di↵erent in
the sense that there is no external current drive but instead two separate plasmas
which merge their magnetic flux through their self-consistent motion in static
magnetic field gradients, forming a toroidal current sheet between them. As an
outcome, a complex three-dimensional magnetic field structure is observed with
intricate flow patterns [35].
Finally, several zero to low guide field compact toroidal experiments exist. TS-3
and TS-4 at the Tokyo University and the magnetic reconnection experiment
(MRX) in Princeton [shown in fig. 1.3 (d)] generate plasmas by inductive discharges within the anti-parallel magnetic fields required for reconnection. These
magnetic fields are merged by the external current drive [36, 37]. While TS-3 and
TS-4 focus more on the actual merging process, in particular during the phase
when the magnetic flux is driven inwards, research on MRX is focussed on the
thin current sheet that forms as the flux is pulled back towards the coils [38]. The
equilibria in these experiments (together with SSX) are highly sensitive to initial
conditions, and the current sheet is not reproducible on a shot-to-shot basis.

6

The goal of the present work is a detailed characterization of the current sheet in
a highly reproducible guide field reconnection device, Vineta.II. It is a modular,
externally driven linear experiment. Di↵erent from the UCLA experiment, the
ions in Vineta.II are magnetized and reconnection is driven on a time scale
shorter than the natural di↵usion time of the plasma. The research subjects are:
(i) What determines the reconnecting current sheet geometry, amplitude and
time evolution in the bounded and driven reconnection setup of Vineta.II?
(ii) How does the current sheet evolution influence the reconnection process?
(iii) What role do magnetic fluctuations play in the reconnection process, and
how do they relate to instabilities observed in other experiments and space?
The present thesis is organized as follows: A general introduction to the model
concepts of magnetic reconnection is given in chapter 2. The experiment is introduced in chapter 3, with a focus on the development of the electron source to
supply the current sheet. The extensive set of diagnostics that was built for the
precise reconstruction of the relevant reconnection parameters are shown in chapter 4. The experimental results are presented in two parts: The slower evolution
of the magnetic fields, plasma currents and plasma parameters on the timescale
of the reconnection drive are presented in chapter 5. Magnetic fluctuations in
the current sheet at high frequencies, associated with plasma instabilities, are discussed in chapter 6. Those fluctuations are compared to measurements performed
on MRX, which show qualitative similarities despite significant di↵erences in the
geometry of the respective setup. The results are discussed and summarized in
chapter 7.

7

2 Models of magnetic reconnection
2.1 Magnetic geometry and current sheets
Fundamental for magnetic reconnection is the specific magnetic field topology,
required for the field lines to be considered as being broken up and rearranged.
In general, the field lines must be separated into topologically distinct regions
between which a boundary exists. Reconnection can then be understood as the
transport of magnetic flux across this boundary, where single field lines lose their
identity as separate entities and reappear as a newly connected field line. A simple
example that is similar to the experimental situation in Vineta.II will be used in
the following to demonstrate the two extreme cases in which reconnection proceeds
at its fastest and slowest possible rate. These simplified models assume a steady
state, i.e. that reconnection proceeds at a constant rate.
Fig. 2.1 shows the setup, in which two parallel wires (indicated by crosses) carry
an equal time-varying current I(t). Representative field lines are shown in black
with their direction denoted by arrows. The colors correspond to the modulus
of the magnetic field, which is largest near the wires and has a magnetic null
point at the center. Three distinct topological regions can be distinguished: two
private flux regions that encircle the respective wires and a public flux region
which surrounds both of them. These three regions are separated by a figure eight
topological boundary, the so-called separatrices, indicated in blue. They meet
at the magnetic null point, which is called the X-point or rather X-line, since it
extends infinitely in ±z direction. Near the X-point, the magnetic field of the
wires can be adequately approximated by a quadrupolar field
Bx (x, y, t) = ↵(t)y,

By (x, y, t) = ↵(t)x,

(2.1)

in which the wire distance and current set the magnetic field gradient ↵(t). In
the absence of a plasma or in the limit case of an infinitely high resistivity,
the magnetic topology remains unchanged since the integration of Ampere’s law
H
Bdl = µ0 I = 0 around the X-point shows that the separatrices must have an
C
angle of 90 at all times. In this simplest case, the velocity vi of field lines moving
towards the X-point from the top and the bottom as the current through the wires
is increased is obviously equal to that of the reconnected field lines vo , fixing the
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|B| [a.u.]
1

0.8

y [a.u.]

private
<
^

v

0.6
public

>
private

0.4

0.2

0
x [a.u.]

Figure 2.1: Modulus of the magnetic field of two parallel wires with sample magnetic
field lines (black) and the separatrices (blue).

normalized reconnection rate to its maximum steady-state value of vi /vo = 1. The
amount of magnetic flux transferred from the private to the public region can be
calculated from
Z 0 Z 1
d pub
dBy (y = 0, t)ey
=
dA,
(2.2)
dt
dt
1
1
where dA is the normal of the plane aligned with By at y = 0. In an infinitely
extended geometry along z, this expression diverges. Normalizing to the axial
length z yields
Z 0
d pub 1 d pub
dBy (y = 0, t)
=
=
dx
(2.3)
dt
z dt
dt
1
dAz (x = y = 0, t)
=
= Ez,ind (x = y = 0),
(2.4)
dt
where the magnetic vector potential B = r ⇥ A has been used in the integration.
This expression states that the amount of flux transfer per unit length is given
by the induced electric field at the X-point. It is the most general formulation
of a reconnection rate. In a vacuum, this electric field is evidently equal to the
externally applied field. In an infinitely conductive plasma, the opposite case is
obtained. Here, the ideal MHD approximation yields
E + v ⇥ B = 0,

(2.5)

which is a special case of Ohm’s law that will be introduced below. From this
equation, the well-known frozen-in flux theorem follows, which states that magnetic flux tubes move with the velocity of the enclosed plasma elements [39]. It
immediately follows that at the X-point where B = 0, E also needs to vanish if
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(a)

(b)

B [a.u.]
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y

2
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0
−1
−2
−6

−4

−2

0
x

2

4

6

−6

−4
−2
0
2
4
x(y=0),y(x=0) and x(y=0+ε) [a.u.]
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Figure 2.2: Solution for a line current embedded in a quadrupolar magnetic field without
singularities. (a) x component of the magnetic field with the current sheet
(magenta) and selected magnetic field lines (black). (b) Cuts of Bx and By
through the origin of (a).

the plasma velocity is required to be finite. The resulting reconnection rate is zero.
In order for Ez to locally vanish, a current needs to establish which is opposed to
that of the external drive wires. Initially, (2.5) requires that a current along z can
only flow exactly along the X-line. This local current will however immediately
generate two further X-points to the left and right, leading to a rapid collapse of
the X-point to a line current.
The final state of this process is shown in fig. 2.2, using the analytical form given
in ref. [40]. It is essentially a superposition of the X-point field of the external
wires and the O-point field of the line current. Fig. 2.2 (a) shows the field lines
of this solution as well as the x component of the corresponding magnetic field in
arbitrary units. Fig. 2.2 (b) shows cuts through this topology of the By component
along the current sheet (red), of the Bx component perpendicular to the current
sheet (blue), and the Bx component along the upper edge of the current sheet
(green). The black line corresponds to the current-free magnetic field gradient.
It turns out that for a given plasma current I and magnetic field gradient of
the external field ↵, only the one solution shown exists which does not exhibit
singularities in the current density [41]. The current sheet features a tangential
discontinuity in the x component of the magnetic field across the sheet and null
points and the sheet ends. Fig. 2.2 (b) demonstrates that the slope of Bx (y)
(blue) has flattened from its linear slope given by eq. (2.1) to the lowest possible
value of dBx /dy = 0 at the current sheet edge. This can be interpreted as a pileup of the non-reconnected flux driven by the external drive towards the X-line.
The edge value in turn sets the tangential field value of Bx (x ± ✏) (green), with
R +L/2
it the total current I = 2/µ0 L/2 Bx (x ✏)dx. As the current in the external
wires is increased, the magnetic field gradient ↵(t) increases, and the solution
matches via a corresponding increase of the plasma current I. It is easy to see
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that a di↵usive process that allows the accumulated magnetic field to reconnect
would allow the configuration to relax into a current-free state, thereby releasing
the magnetic energy as given by the di↵erence between the actual fields and the
vacuum configuration.

2.2 2D fluid reconnection models
The previous section has shown that a di↵usive process in or near the current
sheet is required for magnetic reconnection. Those play a role as the magnetic field
gradients steepen while the current sheet forms. In a steady-state reconnection
situation, a balance between ideal convection and di↵usion of magnetic flux is
reached, where the dominant di↵usion process is that of the largest characteristic
length scale. In the fluid picture, the di↵usive terms are summarized in the general
two-fluid formulation of Ohm’s law [5], given by
E + v ⇥ B = ⌘j +

1
j⇥B
e0 n

1
rPe
e0 n

me dve
.
e0 dt

(2.6)

Here, ⌘ is the resistivity, j = ne0 (vi ve ) is the current density, n is the plasma
density, and Pe is the electron pressure tensor. The terms on the right-hand side
are: A resistive term, where ⌘ is in the simplest case a collisional resistivity, a Hall
term which arises from the presence of in-plane currents perpendicular to B, an
electron pressure term and an electron inertial term. Their relative importance
can be assessed by a simple dimensional analysis which compares the convective
v ⇥ B terms with the respective dissipative terms [1]:
• The current density in the resistive term can be expressed as j = B/(µ0 l)
with a typical current sheet length scale l, yielding a scaling of [⌘B/(µ0 l)]/vB =
R 1 . Here, R = lvµ0 /⌘ is the magnetic Reynolds number, which is much
larger than unity in collisionless plasmas where ideal MHD is applicable.
This first term does not explicitly depend on the length scale but can be
the dominant term within the current sheet when the collisional resistivity
is high.
• Analysis of the Hall term yields the expression (vA /v)(c/!pi )(1/l) with the
Alfvèn velocity vA and the ion plasma frequency !pi . Consequently, Hall
e↵ects (which will be discussed in more detail below) are expected to play a
role when the current sheet size approaches the ion skin depth i = c/!pi ,
where the electron and ion flows begin to decouple.
• The electron pressure term under the assumption of a scalar pressure and
Te = Ti yields (cs /v)(⇢i /l) with the ion sound speed cs and the ion Larmor
radius ⇢i . Consequently, pressure terms should play a role on gyration scales.
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Figure 2.3: Paradigmatic 2D fluid reconnection geometry showing magnetic field lines
(blue) in the ideal region and non-ideal di↵usion region (green).

• The inertial term yields (c/!pe )2 (1/l)2 , which typically acts on the smallest
spatial scale, the electron skin depth e = c/!pe .
Common to all these length scales is that for most reconnection situations (e.g.
in solar physics or fusion plasmas) they are much smaller than the current sheet
length scale l, which demonstrates a fundamental property of magnetic reconnection: Regardless of the specific mechanism, the current sheet physics develop
on a much smaller scale than the global system. The paradigmatic picture that
is invoked to describe this two-scale structure is shown in fig. 2.3. It consists
of an external ideal region in which the ideal Ohm’s law holds, and an inner
di↵usion region that is much smaller than the global length scale and in which
E + v ⇥ B 6= 0 [42]. While in practice, no sharp boundaries between the two
will exist, this picture permits one to derive a normalized reconnection velocity by
which the efficiency of the mechanism can be evaluated [43]. In the ideal region at
the upper edge of the current sheet, the plasma and magnetic flux inflow velocity
towards the sheet center is given by the E ⇥ B velocity and Ez = vi Bx = d /dt.
Assuming that the dissipation process leads to a complete reconnection of the magnetic flux stored in the current sheet with the length 2L, the total increase of flux
per unit length in the public flux region is given by
⇡ LBx . Combining these
two expressions, the total reconnection time is given by ⌧ =
/(d /dt) = L/vi .
In the ideal outflow region, the typical velocity of the plasma outflow is given by
the Alfvèn velocity vA [44]. If we introduce ⌧A = L/vA as the Alfvènic time scale,
the reconnection time can be expressed as ⌧ = ⌧A /MAi , where MAi = vi /vA is
the Alfvènic inflow Mach number. Reconnection processes can be classified with
respect to this number, where MAi ⌧ 1 is termed slow reconnection and MAi ⇡ 1
is considered as fast reconnection [2].
It is now possible to evaluate a specific, simplified reconnection model by applying
appropriate boundary conditions at the edges of the dissipation region. Assuming
a homogeneous, single-fluid, resistive and incompressible plasma in steady-state
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reconnection, Ohm’s law reduces to the simple form
E+v⇥B =

⌘j.

(2.7)

At the center of the di↵usion region of width 2 the electric field is Ez = ⌘jz ,
while at the edge of the ideal region it is balanced by Ez = vi Bx0 . Combining
these equations and using jz ⇡ Bx0 /(µ0 ) yields
vi =
MAi =

⌘
µ0

⌘ L
=S
µ0 LvA

(2.8)
1L

,

(2.9)

where the Lundquist number S is defined analogously to the magnetic Reynolds
number, replacing v by vA . The incompressibility assumption implies that mass
conservation applies at the di↵usion region edges, i.e., lvi = vo and therefore
MAi =

vi
vo
=
= ,
vA
vA l
l

(2.10)

where vo = vA has been used. The aspect ratio of the di↵usion region thus
presents a bottleneck for the plasma flow and the reconnection velocity, which is
the fundamental limitation mechanism in the fluid picture. Combining equations
(2.9) and (2.10) and assuming a constant resistivity within the di↵usion region
(implying l = L) yields
1
MAi = p .
(2.11)
S
This is the result of the Sweet-Parker model, which was the first complete model
that has provided a prediction of the reconnection rate [4, 45]. This behavior has
been observed in computer simulations, e.g. in a resistive MHD calculation which
shows that under the model assumptions made, an arbitrary initial state evolves
into a Sweet-Parker like geometry with the corresponding reconnection rates [46].
Another limiting case is reconnection in a turbulent medium where the turbulence
is switched o↵ [47]. Furthermore, laboratory experiments at MRX have shown
that with only minor modifications to the model, a Sweet-Parker scaling of the
reconnection rate can be recovered as a function of the electron mean free path [48].
Even in the low collisional, high temperature plasmas of the NSTX tokamak,
simulations have predicted transient Sweet-Parker like current sheets [49]. For the
case of a highly conductive plasma, S becomes very large, resulting in a highly
elongated current sheet and a low reconnection rate. As an example, consider
the earth’s magnetotail, where the relevant plasma parameters are: n = 106 m 3 ,
B = 10 8 T, Te < 1 keV and vA = 104 m/s [50]. As a result, S = 108 109 , yielding
a reconnection rate of MAi = 10 5 10 4 and a reconnection timescale of ⌧ = 105 s.
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Figure 2.4: Two-fluid reconnection mechanism showing the dual scale structure of the
dissipation region with the corresponding flows and currents. Figure adapted
from ref. [51].

Typical magnetic substorms (impulsive reconnection events in the magnetospheric
current sheet) however grow on a typical timescale of ⌧ = 600 s [43], several orders
of magnitude faster than the predicted reconnection rates. Similar results are
obtained for reconnection in other low-collisionality plasmas such as solar flares or
fusion devices [3]. This implies that essential dissipation mechanisms are absent
in the Sweet-Parker model.
Within the framework of steady-state MHD, a faster reconnection rate becomes
possible by finding mechanisms which either alter the aspect ratio of the di↵usion
region, thereby removing the bottleneck given by mass conservation, or increase of
the e↵ective resistivity through “anomalous” e↵ects [52]. A rescaling of the di↵usion region (without explicitly stating an enabling mechanism) was first proposed
by Petschek [53]. It was found that a steady state solution with a reduced di↵usion
length scale l < L requires stationary shock fronts which form in the outflow region
across which the inflowing plasma is accelerated. The resulting increased reconnection rate then scales with MAi / 1/ ln(S), which is considerably faster than in
the Sweet-Parker model. Early attempts were made to reproduce this situation in
computer simulations within resistive MHD by artifically imposing a profile of the
resistivity ⌘(x) within the current sheet. This, however, gave ambiguous results.
While shock-like structures were observed in computer simulations, these were
highly dependent on the arbitrarily imposed resistivity profile. More importantly,
space and laboratory observations have failed to provide evidence of shocks, and
consequently interest in Petschek’s model has strongly decreased [5]. However,
Petscheck’s model is still commonly referred to when a wedge-shaped opening of
the outflow region is observed in contrast to the double Y-shaped Sweet-Parker
geometry [44, 54].
A more promising approach to address the issue of fast reconnection is to include
further terms in Ohm’s law, to permit a decoupling of ion and electron flows. As
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discussed above, the Hall term begins to play a role as the gradient scales approach
the ion skin depth, which is evidently the case for high Lundquist number systems,
where the aspect ratio of the current sheet in the Sweet-Parker formalism would
be very large. The general mechanism is shown in fig. 2.4. On the length scale of
the ion skin depth, the ions become unmagnetized and start to di↵use (red arrows)
towards the outflow region in the gray shaded area. The electrons, on the other
hand, are magnetized outside the electron dissipation region, which is smaller by
p
me /mi . It is only within this much smaller region that the out-of-plane current sheet forms. Since the majority of the mass flow is carried by the ions, the
bottleneck in the Sweet-Parker model is strongly reduced, providing a plausible
mechanism for fast reconnection. In order to preserve quasi-neutrality, the electrons (blue arrows) must accelerate, creating net in-plane currents as indicated
by the green arrows. The presence of these Hall currents can be experimentally
verified by the corresponding quadrupolar pattern of the out-of-plane magnetic
field shown in 2.4. Those have been observed in laboratory experiments when the
mean free path of electrons is large compared to the current sheet thickness [55]
and in the earth’s magnetotail by in-situ satellite measurements [56].
Although the Hall term provides a mechanism to open up the outflow region, it
vanishes at the X-point where B = 0. Consequently, a dissipation mechanism is
still required, which (especially in collisionless reconnection) may be provided by
the pressure tensor in Ohm’s law. 2D computer simulations [23,44,57] have shown
that the o↵-diagonal elements of the pressure tensor can contribute significally to
the reconnection electric field [58]
✓
◆
1 @Pxz @Pyz
Ez =
+
.
(2.12)
ne
@x
@y
The o↵-diagonal elements are responsible for momentum transport from the inplane to the z directions and stem from erratic electron orbits near the X-point.
The overall importance of the Hall and pressure tensor term for collisionless reconnection has been highlighted by several computer simulations which demonstrate
the two-scale structure of the di↵usion region and the associated in-plane currents and out-of-plane magnetic fields [22, 44, 59]. In a landmark paper by Birn et
al. [19] which compared several simulation models with equal initial conditions,
it was shown that regardless of the actual dissipation mechanism at the X-line, a
high reconnection velocity of up to MAi ⇡ 0.1 is reached in those models which
include two-fluid e↵ects.
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Figure 2.5: (a) 3D magnetic field lines in a homogeneous guide field reoconnection geometry. (b) Cartoon of the 2D projection of parallel-B pressure gradients.

2.3 Guide field reconnection
Until this point, only purely 2D models with anti-parallel reconnection have been
considered where (except for the Hall magnetic fields) all field lines lie in the
(x, y)-plane. In most naturally occuring reconnection phenomena, e.g., in the
magnetopause or in within solar flares, and in magnetic fusion devices where
reconnection is observed, a medium (Bz ⇡ Bx ) to large (Bz > Bx ) guide field
component along z exists. The general field line topology for a homogeneous guide
field is shown in three dimensions in fig. 2.5 (a), where selected magnetic field lines
above (blue) and below (red) the X-line are shown. The local in-plane magnetic
field component is shown by arrows. As the field lines approach the center and the
in-plane field diminishes, their angle with respect to each other decreases until the
field lines are almost parallel at the X-line. Since in this simple picture the guide
field is constant everywhere, only the in-plane component of the magnetic field
reconnects, motivating the common term “component reconnection” as opposed
to anti-parallel reconnection of the entire flux in the zero guide field case.
Since the in-plane dynamics is largely unchanged, one might naı̈vely assume that
the 2D models presented above apply here as well. There are, however, two
related conceptual problems when trying to derive a steady-state model of guide
field reconnection. Firstly, in the 2D model, it was assumed that in the ideal
region where ⌘ = 0, the field lines move towards the X-point with the E ⇥ B
velocity, which is purely in-plane. With a guide field, however, B has a component
aligned with the electric field everywhere, which enables rapidly diverging out-of
plane currents in the entire reconnection plane. Secondly, assuming a constant
electric field as in the Sweet-Parker model, the velocity of the plasma elements
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vE⇥B = E ⇥ B/B 2 decreases to zero as the X-line is approached due to the
decreasing angle between E and B and a finite B 2 value there. This is in contrast
to the zero guide field situation where vE⇥B has a singularity at the X-point. The
question is if a mechanism can be found which inhibits parallel currents outside
of the di↵usion region and enables efficient flux transport towards the X-line in
order to recover a steady-state situation. This point is addressed in ref. [60]
by the introduction of field-aligned pressure gradients. An overview is shown
in fig. 2.5 (b) where the induced electric and magnetic guide fields point into
the plane. The separatrices are shown in blue and vE⇥B in red. The currentcarrying electrons are accelerated by the electric field component parallel to the
magnetic field, accumulate further downstream in the upper right quadrant and
create a density depletion upstream in the lower right quadrant. The ions follow
via perpendicular polarization drifts to preserve quasineutrality (rj = 0). Along
the magnetic field line, the electric field balance is then given by
Ek = ⌘jk

1
rk p .
ne0

(2.13)

Both troublesome issues addressed above are now resolved: Currents outside of
the resistive di↵usion region are fully inhibited by field-aligned pressure gradients,
which also provide the electric field for the “missing” E⇥B velocity. However, this
mechanism has broken the symmetry of the problem by introducing a quadrupolar
density structure and additionally made the problem three-dimensional by the outof-plane gradients involved. The characteristic perpendicular length scale on which
these density variations are expected to occur is given by the ion sound gyroradius
or drift scale ⇢s = cs /!ci [61]. These asymmetries are often observed in computer
simulations of guide field reconnection, where one pair of separatrices typically
has a higher plasma density, current density and parallel electric field [21, 57, 59].
While the predicted density perturbations are small and have not been observed
experimentally, a current sheet tilt with respect to the flux outflow direction is
often observed in guide field reconnection situations [27, 62]. Though the exact
mechanism by which this occurs is difficult to quantify, it has been suggested that
in-plane j ⇥ B forces which involve the in-plane Hall currents and out-of plane
quadrupolar magnetic fields play an important role [63].
A further e↵ect of sufficiently high guide fields is that electrons are magnetized
up to the X-point, essentially destroying the complex bounce motion observed in
anti-parallel reconnection. This is the case when the guide field exceeds the value
of the in-plane field at the electron bounce width [64], which can be fulfilled even
at fairly low guide field ratios Bz /Bx0 > 0.1 [65]. For collisionless reconnection,
this reduces the length scale on which the o↵-diagonal rP terms play a role
down to the electron gyroradius. While current sheets of this dimension form in
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Figure 2.6: (a) Results from a 3D kinetic computer simulation showing the density isosurfaces together with sample magnetic field lines (yellow) [20].
(b) Satellite measurements of fluctuations in the lower hybrid frequency
range during a current sheet crossing. Top: Reconnecting magnetic field.
Bottom: Spectrograms of magnetic fluctuations with the local lower hybrid
frequency (white line). Adapted from [67].

simulations [66], they are yet to be observed in laboratory experiments or satellite
data [25]. The conserved electron magnetization and reduced ion cyclotron radius,
combined with the asymmetries introduced by pressure gradients also lead to
strongly altered in-plane flow patterns of both species when compared to the zero
guide field case. This is seen in simulations [22, 57] which predict that the altered
flows that rotate and reduce the Hall currents and corresponding quadrupolar outof-plane magnetic fields even at moderate guide fields. This reduced quadrupolar
strucure has indeed been observed experimentally, though the corresponding flow
modifications are not known there [27].
In summary, the addition of a guide field to the standard 2D reconnection picture
introduces a number of complications. There is no clear consensus on the precise
interplay of di↵erent e↵ects which dominantly influence the resulting reconnection
rate. Simulations find a weak reduction by a factor of 0.1-2, even at high guide
field ratios where the in-plane dynamics are dramatically altered [22,57,65]. First
experiments at the MRX [27] find a strong reduction of the normalized reconnection rate together with the reduced Hall currents.

2.4 Beyond 2D MHD reconnection
In addition to the 2D MHD models addressed in the previous section, the sharp
gradients and small scales involved especially in collisionless reconnection suggest
that kinetic e↵ects play a significant role in determining the particle flows and
may drive various instabilites which modify the reconnecting current sheet.
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The o↵-diagonal rP terms that were treated in the above MHD picture, stem
from complex single-particle trajectories in the vicinity of the X-line, and as such
are only visible in single-particle simulations. More complex large-scale e↵ects
include the formation of tearing modes or plasmoid instabilites which develop in
highly elongated current sheets (at high Lundquist numbers) [68]. Here, multiple
X-points form within the current sheet, creating magnetic islands or flux ropes
which are expulsed towards the outflow region. The newly formed X-points provide
additional reconnection locations, and a substantial burst in the reconnection rate
is observed when these structures form. Results from a fully three-dimensional
kinetic particle simulation are shown in fig. 2.6 (a) for a moderate guide field and
simple, symmetric initial conditions involving a single, connected current sheet
across the domain [20]. In “regular” tearing modes observed in 2D, stable chains of
X and O points are observed that are connected by electron-scale current sheets. In
the 3D simulation shown in fig. 2.6 (a), these structures are observed at early time
points and then interact in the third dimension, where they can drive secondary
instabilities. The result is a highly filamented magnetic field with a complex,
turbulent current sheet structure that only occurs in three dimensions.
Acceleration of single particles and the associated distortions of the velocity distribution functions has been observed in many simulations, laboratory experiments
and space observations. Narrow electron jets have been found by satellite measurements in the outflow region of the earth’s magnetotail [56], and are routinely
observed in simulations [42]. Ions have been experimentally shown to be accelerated by electrostatic potential structures into the outflow direction, where they
are slowed down and thermalized [69]. While these e↵ects are active within the
reconnection plane, complex electron velocity distributions have also been observed along the current sheet. Early experiments at the UCLA reconnection
experiment, for example, found a high-energy tail in the parallel electron velocity
distribution within the reconnecting current sheet [32]. Signatures of high-energy
parallel electron “beamlets” were also observed in the VTF experiment, indicating
the presence of suprathermal electrons in highly localized structures [34]. These
fast particle populations, as well as relative ion-electron drifts are interesting as
they can excite microscopic instabilities within the current sheet. These, in turn,
can cause anomalous resistivity when they grow to large amplitudes, in particular
by scattering of electrons at potential structures [70]. In the macroscopic MHD
picture, enhanced resistivity ⌘ = ⌘coll + ⌘anom decreases the Lundquist number,
providing a “resistive” dissipation mechanism even when the collisional resistivity
is low. Several instabilities have been considered: Instabilities based on parallel
particle drifts such as the ion acoustic [32] and Buneman instabilities [71] and instabilities based on perpendicular particle motions such as the lower hybrid drift
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instability (LHDI) [72]. The (mainly electrostatic) LHDI has received considerable attention, since it has a low excitation threshold and provides a mechanism by
which the ions couple to the electrons. In the fluid picture, the LHDI is excited in
sufficiently small plasma gradients by the coupling of a drift wave (which is characterized by the cross-field ion diamagnetic velocity) to a lower hybrid wave [72].
The latter is a natural plasma resonance that involves both ions and electrons at
p
their mean frequency !lh ⇡ !ci !ce [73]. Fluctuations in this frequency range
have been observed in laboratory plasmas [34, 74] and satellite measurements, as
shown in fig. 2.6 (b). The data taken by the Geotail satellite shows the traversal of
a reconnecting current sheet between 11:07 and 11:08 which leads to a reversal of
the reconnecting magnetic field Bx . At the same time, broadband magnetic fluctuations around the lower hybrid frequency are observed which are associated with
lower hybrid drift turbulence and possibly related to an increase in the anomalous resistivity. A long-standing problem has been the expected stabilization of
the dominant electrostatic component of the LHDI at high values, which is the
case at the X-point in anti-parallel reconnection, and which has been observed in
the earth’s magnetotail and as well as in the MRX device [75]. Simulations have
shown, however, that an electromagnetic component of the LHDI is present in the
current sheet center [76]. These magnetic fluctuations have also been observed in
MRX [77]. In a simple slab model within the current sheet gradients, a dispersion relation was found that provides the required electromagnetic wave as well as
significant anomalous resistivity [78, 79].
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3 Experimental setup of the Vineta.II
device
Figure 3.1 shows a CAD drawing of the entire Vineta.II device, which consists of
several subsystems that are described in detail in the following sections. The most
important component groups are the following: The vacuum system, consisting
of the vessels and pumps (section 3.1), the magnetic field coils used to create the
ambient magnetic guide field (section 3.2), the axial reconnection drive conductors
to create the in-plane reconnection magnetic field (section 3.5), the background
plasma source (section 3.3) and the plasma gun as an electron current source
(section 3.6). A first overview of operational parameters is given in table 3.1.
neutral gas pressure (Argon)
plasma density (current sheet)
plasma density (ambient)
electron temperature (current sheet)
electron temperature (ambient)
ion temperature
magnetic guide field
in-plane reconnection field
Reconnection drive timescale
plasmaLundquist number
electron cyclotron frequency
ion cyclotron frequency
electron plasma frequency
ion plasma frequency
lower hybrid frequency
electron gyroradius
ion gyroradius
debye length
collisionless skin depth
drift scale
electron thermal velocity
ion sound speed
alfven velocity

p
n
n
Te
Te
Ti
Bg
Bxy
⌧rec

fce
fci
fpe
fpi
flh
rce
rci
d
e

⇢s
vth,e
cs
vA

0.05 0.2 Pa
1019 m 3
1016 1018 m 3
6 10 eV
<6 eV
<0.1 eV
5-60 mT
<2 mT
⇡ 10 µs
10 3 0.5
1 7
0.14 1.7 GHz
2 20 kHz
0.9 28 GHz
3 105 MHz
0.5 6 MHz
100 µm 2 mm
2 29 mm
4 200 µm
2 53 mm
18 407 mm
1 2 · 106 m/s
3 5 · 103 m/s
5 207 · 103 m/s

Table 3.1: Operational and plasma parameters in Vineta.II.
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Figure 3.1: The Vineta.II device with selected components: The reconnection module
with the internal reconnection field coils (brown and blue) and sample inplane field lines (black), the external guide field coils (copper), auxillary
modules with further guide field coils (red), the plasma gun (pink) and a
quartz window (far right) to which the rf antenna is attached.

3.1 Vacuum vessel

The actual reconnection module is a cylindrical stainless steel vacuum vessel with
a length of 1.6 m and an inner diameter of 0.97 m. Various ports provide access
from the ends (8x CF63, 1x KF400) and from the sides (CF40 to CF200) in the
three planes that are not blocked by the large coils, providing various lines of
sight. Additionally, a large rectangular port (not shown) provides access to the
midplane and houses the two-dimensional positioning system for measurements in
the azimuthal plane. At the one end of the reconnection module, two auxillary
modules of 0.4 m diameter and 1.12 m length are attached. These connect to the
vacuum pumps (turbo molecular and rotary vane) and increase the homogeneity of
the axial field through their additional, axially positionable coils (see below) [80].
The base pressure attained in the vacuum vessel after a day of pumping is around
5·10 5 Pa. During operation, the working gas for the background plasma (Argon or
Helium) is inserted via a needle valve at the right end of the experiment, near the
rf plasma source. The gas pressure, typically on the order of 0.1 Pa, is monitored
by a full range pressure gauge (combined Pirani and cold cathode gauge) and
cross-checked by a capacitive manometer.
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3.2 Ambient magnetic field
In order to investigate guide field reconnection (cf. sec. 5.8) and to ensure that
the plasma is magnetized, the entire Vineta.II device can be supplied with a
homogenous axial magnetic guide field along the symmetry axis (z-coordinate) of
the experiment. 16 water-cooled coils with a diameter of 0.53 m surround the two
auxillary modules and provide a fairly homogeneous field of up to Bg = 100 mT at
the module center. The reconnection module itself is surrounded by two pairs of
two large water-cooled coils with an inner diameter of 1.1 m, separated by a gap
of 0.52 m in a Helmholtz-like configuration.
Since several magnetic field calculations, such as the reconstruction of the vector
potential Az exclusively using the in-plane field, rely on the assumption that the
guide field is homogeneous along z and has no radial component, this needs to
be verified. The stationary magnetic field was therefore calculated and validated
with Hall probe measurements.
The magnetic field created by a conductor of arbitrary shape in a vacuum can be
calculated by Biot-Savart’s law [81], which is numerically approximated by short
straight wire elements of length s:
Z
µ0 I
ds ⇥ (r r0 )
B(r) =
4⇡
|r r0 |3
µ0 I X s ⇥ (r r0 )
=
4⇡
|r r0 |3

(3.1)
(3.2)

Here, I is the current through the conductor, r is the point of interest in space, ds
and s are the vector line elements along the conductor and r0 is their position
vector. The 2D magnetic field of a radial-axial cut through the center of the
device is calculated for both coil types for a reference current of 1 A. The internal
pancake structure of the coils is taken into account in order to accurately represent
the spatial extent of the coils. The total field of the combined coil systems is then
calculated by simple superposition of the 2D fields, which are individually scaled
by the actually applied current.
To optimize the coil geometry, the current and the axial position of each (small
diameter) coil are varied randomly within the bounds set by technical feasibility
in small steps. The axial ripple along the central axis | Bz (r = 0)/Bz (r = 0)| is
evaluated within the region of interest for a given configuration and compared with
the previous result. This optimiziation process converges within a few hundred
steps and results in an optimum set of coil positions with minimal ripple along the
device axis. Figure 3.2 shows the field in a radial-axial cross-section and a 1D cut
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Figure 3.2: Axial magnetic guide field of the Vineta.II device. (a) radial-axial cut
including sample field lines and coil poisitions (black bars). (b) cut of the
axial magnetic field Bz along z at the device center. The vertical lines mark
the center and edges of the reconnection module.

along the central axis generated by these parameters. The horizontal lines denote
the position and width of each individual coil. The 2D fields are evaluated within
the boundaries of the entire vacuum vessel, including an extended region to the
right, where the stray field outside of the device quickly decays. Several equidistant
sample field lines starting at the left edge are indicated in black. Within the
auxillary modules, the field is seen to be largely homogeneous save for the diverging
field at the edge of the device. Within the reconnection module, the Helmholtz-like
field with its flat top profile is apparent. An inhomogeneity exists in the transition
region between the large and small diameter module, with a maximum ripple
reaching Bz /Bz = 7%. However, within the chosen measurement region (25 cm
to each side from the reconnection module center at z = 3100 mm), the ripple is
merely 2%, and the assumption is well justified that the field is homogeneous and
has a negligible radial component.
The guide field homogeneity is experimentally confirmed by a Hall probe scan
along the axis of the experiment and is seen to be in good agreement with the
calculated values.
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3.3 RF plasma source

An rf plasma source is attached to the right end of the experiment and serves
several purposes. Most importantly, it provides the background plasma in which
magnetic reconnection is driven. The presence of an initial plasma density also
ensures that the current sheet can immediately form, without having to rely on
ionization of the fill gas by accelerated electrons. Further, the localized electron
source (cf. section 3.6) requires a mechanism for space charge neutralization,
which is provided by bulk plasma ions. This electron source consists of an arc
discharge, and reliability and timing of the electrical breakdown is crucial for the
reproducibility of the experiment. Pre-ionization provided by the bulk plasma
facilitates this process.
The rf plasma source is a planar spiral antenna made of water-cooled copper tubes
wound in a four arm and two turn design, similar to the single arm spiral antenna
described in ref. [82]. The four separate arms reduce the voltage between adjacent
windings, which mitigates arcing as observed in the referenced design. Further, the
lower overall antenna inductance allows for a higher current at similar voltages.
The diameter of the antenna is 20 cm with an inter-winding spacing of around
1 cm. Mechanical stability and electrical insulation is provided by an epoxy cast.
The antenna is mounted to a quartz glass window with a diameter of 20.5 cm
within a shielded enclosure to minimize stray rf radiation. Power is provided to
the antenna by a fixed frequency rf amplifier at 13.56 MHz and typical powers of
Prf < 2 kW. A ⇡-type matching network, consisting of two variable capacitors, is
used to match the output impedance of the amplifier to the load consisting of the
antenna inductance coupled to the plasma [83].
The antenna typically operates in the inductively coupled mode, in which a mirror current is inuced by the alternating magnetic field in the plasma behind the
window. A minimum guide field of around Bg = 1 mT is required to sustain the
discharge, presumably because of the reduced particle losses to the walls perpendicular to the magnetic field. The plasma flows along the guide field towards the
grounded grids and end plate on the left end of the experiment. The plasma has
a relatively flat radial temperature and density profile across the width of the antenna. Typical plasma densities in the mid plane of the reconnection module range
from n = (1016 1018 ) m 3 , while the temperatures are generally low (Te < 6 eV)
due to a lack of magnetic confinement in the linear geometry [84]. At high powers
(several kW) and low magnetic guide field strength values, a transition to a helicon
discharge is observed. It provides a radially narrow, high density plasma with densities up to n = 1019 m 3 . While this discharge mode has its merits in exploring
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Figure 3.3: Guillemin type B PFN schematic as used in the plasma gun power supply.

the high collisionality regime of Vineta.II [85], only lower power (Prf < 500 W)
inductively coupled discharges were used in this thesis.

3.4 Pulsed power generation
Reconnection in the Vineta.II experiment is driven on
timescales of tens of µs at a repetition rate of 1 Hz, which means a very low duty
cycle. Several of the high-power systems, namely the current drive power sources
and the plasma gun power supply, have consequently been designed as pulsed
power circuits. These operate by slowly charging capacitor banks at high voltage
but low currents, which discharge on fast timescales by eventually short-circuiting
their outputs with high-power switches. A subset of these circuits are called pulse
forming networks (PFNs), owing to their ability to shape the waveform of the
output current by careful selection of chained capacitor and inductor elements.
Pulse forming networks

The basic theory of PFNs is well-established, and a variety of implementations
with analytical solutions exist. This allows for accurate planning of the pulse
shape and width [86]. The most common design goal is to create a nearly rectangular current pulse with small rise and fall times at a given amplitude and length
in time within a load of known impedance. The flat top ripple and flank overshoot is to be minimized. Generally speaking, this is obtained by designing an
appropriate network of inductors Li and capacitors Ci with a total characteristic
p
output impedance Z0 = L/C that matches the target load impedance ZL . For
a well-matched network, the pulse duration is then
p
⌧ = 2 LC,

(3.3)

and the plateau current is given by
I=
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Figure 3.4: (a) Simulated current at the output of each segment capacitor Ci , i = 1 5
and total output of the plasma gun PFN with U0 = 2 kV and R = 1 ⌦. (b)
Total current as measured and simulated with U0 = 2 kV and di↵erent loads.

where U is the charge voltage of the capacitors. A mismatch in the impedances
leads to power reflection at the load, creating undesired oscillations and overshoots.
Several square wave PFN designs of varying complexity exist, all composed of discrete LC segments in a ladder network [86]. The number of segments N generally
determines the rise time and squareness of the pulse, as well as the number and
severity of the ripples.

Of specific interest is the Guillemin type B network. It is technically
easily implemented since it can be well approximated by inductors and capacitors of equal value [87]. Its design as used in the PFN that supplies the plasma
gun current is shown in fig. 3.3. On the left hand side, the high voltage power
supply charges the capacitors to the required voltage U0 = 2 kV before it is then
remotely disconnected to protect its output during the discharge. The five ladder
elements of equal parallel capacitors Ci and series inductors Li constitute the actual Guillemin type B PFN. The last coil has a reduced inductance in order to
account for the load inductance L1 = Li LL . The total characteristic impedance
of the network can be calculated in analogy to that of a transmission line by the
telegraph equations [88] and turns out to depend only on the ratio of the indip
vidual PFN elements Z0 = Li /Ci = 1 ⌦. The pulse length can therefore be
easily adjusted by simply adding additional LC segments and is given here by
p
⌧ = 2N Li Ci = 60 µs. When the circuit is closed by switching S1, the capacitors
consecutively discharge starting with C1 into the resistive matched load R = 1 ⌦.
PFN design

The PFN designs are simulated before construction, either by a circuit simulator
(qucs) or by a dedicated Matlab PFN design package (Vinpfn [89]). Results
from the qucs simulation of the plasma gun PFN are shown in fig. 3.4. Fig.
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Umax
Imax
⌧
N
Li
Ci
Z0

plasma gun

X-drive

2.2 kV
⇡1 kA
60 µs
5
6 µH
6 µF
1⌦

4 kV
⇡ 7 kA
240 µs
5
4.8 µH
120 µF
0.2 ⌦

Table 3.2: Vineta.II PFN parameters

3.4 (a) shows the current output of each capacitor together with the resulting
total current to the load resistor (black curve). The consecutive discharging of
C1 through C5 is clearly visible, and the total current is seen to have a flat top
shape for the required pulse duration of 60 µs. There is a slight overshoot at the
falling flank, which indicates a mismatch between PFN and load. Tis is due to
the approximation of the slightly di↵ering Guillemin coefficients by using equal
elements.
Fig. 3.4 (b) shows the same simulated total current (blue curve) together with
the measured PFN current during a standard discharge, shown in green. The
measured current is lower than the modeled one by 30%, but the pulse duration fits
well with the design value. This implies that the load resistance is not only given by
the resistor R but also depends on other components, such as cabling, connectors,
and - most importantly - the equivalent series resistance of the capacitors, which
is known to increase with age [90]. Adjusting the simulated load resistance to
R = 1.74 ⌦ results in a good match between simulated and measured data. It even
eliminates the overshoot on the falling flank through the introduced mismatch.
Two square waveform PFNs are routinely used in Vineta.II operation, one which
supplies the plasma gun (see section 3.6) and another one for the current drive
(see section 3.5). Their parameters are listed in tab. 3.2. The upper limits for the
currents and voltages are given by the maximum ratings of the weakest electrical
components.

The switch S1 in fig. 3.3 is idealized as a simple on-o↵
toggle, but it needs to be able to withstand the high charging voltage, the high
flat top current and the transient loads during the switching flanks. A switch with
precise timing, fast switching times as well as robust and predictable switching
characteristics is required. Mechanical contact switches are difficult to time precisely and su↵er from fast deterioration due to arcing erosion. Stationary [87] or
High power switching
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Figure 3.5: Left: High power SCR isolated gate driver schematic. Right: schematic gate
current waveform.

rotary [91] spark gaps are often used due to their simple and reproducible switching mechanism, but need to be mechanically adjusted to the correct gap distance
when the charging voltage is changed. A third class of switches are high power
electronic components that are available as gas filled tubes (thyratrons) or semiconductor elements (thyristors). These can be switched from a high-impedance
to a low-impedance state across their two main terminals by a control current to
a third connector, much like a vacuum tube or transistor but without the possibility of switching o↵ the primary current. A specific type of thyratron called an
ignitron is used in the magnetic reconnection experiment (MRX). It operates by
vaporizing and ionizing a mercury pool within a large sealed tube by means of the
control current. This creates a highly conductive arc discharge between the anode
and cathode, capable of switching tens of kA.
Because of the relaxed current requirements in Vineta.II and recent advancements in high power semiconductor technology, this rather unwieldy setup can be
avoided by using thyristors, also referred to as silicone controlled rectifiers (SCRs).
These elements consist of four doted semiconductor layers (p-n-p-n) in which the
first and last layers are the anode and cathode. The second p layer is the gate.
A schematic of the SCR together with the trigger circuit used in all Vineta.II
PFNs is shown in fig. 3.5 (a). When the gate-cathode current is zero, the SCR is
in its non-conductive state and has a typical resistance of a few hundred k⌦ up
to its breakdown voltage of typically several kV. A positive voltage at the gate
drives a current IG that modifies the SCR characterstic in a way that reduces
the breakdown voltage. Once this current has risen past the latching current of
IL ⇡ 0.5 A, the SCR is in its conducting state with a typical resistance of a few
m⌦. The SCR will remain in this state until the current is lowered to a value lower
than the holding current IH ⇡ 100 mA. For a fast rising flank and minimal power
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dissipation during the switching process, it is important to ensure that the gate
driver circuit provides a current IG that rises to several times IL at a sufficiently
high rate dIG /dt, as shown in fig. 3.5 (b). Failure to do so can lead to incomplete
switching of the large area cathode material and eventual thermal destruction of
the SCR.
The driver circuit itself in the present case consists of a 30 V power supply connected to a fast switching MOSFET that is controlled by a TTL pulse. In the
PFNs used, the SCR anode is connected to the load, which in turn is grounded in
order to ensure operational safety with regards to accidental touch, and to avoid
having components at high voltages with respect to ground in the plasma during
the charging phase. The cathode and gate are on the high voltage side, and electrical isolation of the driver circuit from the SCR is required. This is provided
by a 6:11 winding pulse transformer. The secondary side is fed through a fast
Schottky diode to prevent reverse currents that can damage the gate. Further, a
load resistor Rload is put in series to provide a defined output impedance as well
as a measurement point for IG . The measured gate current pulse parameters are
shown in the inset of fig. 3.5 (b).

3.5 Current drives
Vineta.II has two sets of conductors within the vacuum vessel to create the
X-point topology and to drive magnetic reconnection as described in sec. 5.5.
A first set of parallel conductors, shown in brown in fig. 3.1, creates an in-plane
X-shaped magnetic field of constant amplitude throughout a reconnection cycle as
(field lines in black). The second set of conductors, shown in blue, are driven by
a sinusoidal current to create the time-varying inductive electric field that drives
the magnetic reconnection. The two conductors are referred to as X-drive and
reconnection drive, respectively.
The X-drive wires are separated by d = 30 cm and are tilted by 30 from the
vertical axis, spanning almost the entire length of the reconnection module. They
are connected in series with the PFN described in the previous section. The total
inductance, including the return wires to the PFN, is measured to be L = 7 µH.
There were issues with arcing of the high voltage wires to the grounded vessel walls
at low gas pressures. To prevent this, the current-carrying cable was installed
within vacuum tight steel tubes and is running in atmospheric pressure. The
tubes also provide structural support and electrical shielding to the plasma. The
electrical contact of the shield is interrupted on one end of the vessel by a ceramic
connecting piece in order to prevent mirror currents within the tubes.
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Figure 3.6: In-plane absolute magnetic field created by the X drive wires at I = 2 kA,
sample field lines (black) and vessel wall location (red). (a) Cut through
entire vessel. (b) Zoom to typical measurement plane.

The in-plane magnetic field that is created by the conductors can be calculated
in analogy to the guide field by using Biot-Savart’s law (cf. section 3.2). The
modulus of the magnetic field together with sample field lines (black curves) are
shown in fig. 3.6 for a typical wire current of I = 2 kA. The red circle indicates
the vacuum vessel edge. Fig. 3.6 (b) shows a blow-up 3.6 (a) with the magnetic
field strength in the area accessible by the probe diagnostics. Several characteristic
features can be identified: Near the wires, the field lines circle around a single conductor in two regions, the so-called private flux regions. These zones are separated
from the region of public flux further outwards where the field lines encircle both
conductors. Reconnection can be described by flux transfer from or to these two
distinct areas across the separatrices, which are defined by the figure-eight limit
solution between the private and public field lines. At the X-point, the in-plane
field vanishes and has an equal gradient in all directions of @B/@r = 35 mT/m.
Taking a typical reconnecting current sheet width of cs = 3 cm, the magnetic
field at the sheet edge is Bxy = (1 2) mT. The ratio of guide to in-plane field
ratio can consequently be varied in a wide range of Bg /Bxy = 1 to 100, with the
lower limit given by the minimum field required for igniting the rf discharge. The
present configuration with the wires located within the vacuum vessel has an important benefit: It provides a closed separatrix that does not cross the vessel wall,
in contrast to an open cusp geometry in which the drive wires are outside of a
bounding surface [92, 93]. Electrons that leave the reconnecting current sheet are
expected to primarily travel along these field lines. This leads to significant wall
losses and a greatly reduced current when this is the case.
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field (b) created by the reconnection drive conductors at I = 1 kA and
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The reconnection drive scheme has undergone several iterations since the construction of the Vineta.II experiment [84]. Initially, only the X-drive conductors
were installed, driven by a damped sinusoidal current. This reverses the magnetic field at each zero crossing. In this way, the same setup creates the X-point
magnetic field and drives reconnection, similar in concept to the setup previously
investigated at UCLA in the 80s [28]. Two main drawbacks exist: First of all, the
in-plane magnetic field, which sets the reconnection geometry together with the
guide field, is intrinsically coupled to the amplitude of the reconnection electric
field at a given drive frequency. Further, the zero crossing of the drive current
means that there are time points when the X-point geometry vanishes while an
inductive electric field is still present. Then, the distinction between private and
public flux become meaningless and the analysis of reconnection rates gets complicated [29]. Therefore, the X-point magnetic field generation and the reconnection
drive have been decoupled by adding an additional pair of conductors with the
resulting magnetic field topology similar to the closed cusp setup of the toroidal
VTF experiment [94].
In the setup used for most measurements performed in the present thesis, the
parallel reconnection drive wires are separated by d = 80 cm and mounted at a
120 angle, 90 from the X-drive conductors. The wiring and shielding is similar
to that of the X-drive. The change to the newest setup as shown in fig. 3.1 was
done to increase the inductive electric field by moving the wires closer together
to d = 30 cm at an angle of 35 . Here, the two conductor systems are close to
each other and the diagnostic access from the side becomes better. Tests were
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performed in all setups to ensure that cross-talk between the conductor lines is
small.
The in-plane magnetic field and inductive electric field for the setup mainly used
in the present work are shown in sec. 4.1.2. It is calculated for a driving current
of I = 1 kA at a sinusoidal frequency of f = 60 kHz. The magnetic field is small in
the measurement region compared to that of the X-drive. This creates a maximum
perturbation of less than 10%. The inductive electric field Ev is calculated from
the time derivative of the vector potential. It has a saddle point structure at the
X-point with maxima at the wire locations and a central value at the X-point of
46 V/m.
A caveat is that the calculations are done without taking into account the conducting vessel wall boundary condition. For the fast changing field created by the
reconnection drive, mirror currents driven in the walls are expected to play a significant role in confining the flux within this boundary. The flux that penetrates
to the outside is characterized by the skin depth in the wall, approximated by

=

r

2⇢
2⇡f µr µ0

(3.5)

in a conductor with resistivity ⇢ and permeability µr . At a drive frequency of
f = 60 kHz, the resistivity of austenitic stainless steel of ⇢ = 70 µ⌦ and a worstcase permeability of µr = 1, the skin depth is = 1.7 mm, well below the thickness
of the wall at d = 5 mm. This means that the field lines shown in fig. 3.6 and
fig. 3.7 will in fact be tangentially distorted close to the wall by the induced
mirror currents. While this e↵ect barely influences the local magnetic field in
the measurement region near the X-point, it is important to note, e.g. when
determining the total in-plane magnetic flux with magnetic probes located within
the vessel.
The flux confinement has therefore been verified by large rectangular wire loops
of various sizes, spanning the length of the reconnection module and extending
radially from a fixed location at 3 m from the X-point (far outside of the vessel) to
several locations inside and outside of the vessel. These loops are mounted at a 90
angle from the reconnection drive wires and the induced voltage is proportional
to the amplitude of the enclosed common flux. The largest loop that extends all
the way to the central X-point is calculated to contain over 99% of the total flux
in the worst case of non-conducting walls, and is therefore taken as a reference
measurement. The flux outside of the vessel is measured to be less than 2% of this
total flux, which confirms the good screening properties of the vessel wall. Further,
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the area accessible by the positionable magnetic probes up to a maximum radial
distance rmax = 0.13 m from the X-point is found to contain 33% of the total flux.

3.6 Plasma current source
3.6.1 Necessity of an electron source
In contrast to toroidal experiments, in which the reconnecting current sheet forms
along the closed X-line, easily reaching the high current densities expected from
Ohm’s law, the axial plasma current in a linear experiment is always limited by
the sheath boundaries.
In toroidal devices, two assumptions are commonly made: Firstly, the electric field
Etor responsible for the current sheet formation is assumed to originate exclusively
from the in-plane magnetic field dynamics as given by the vector potential Ator (t),
i.e., the electric field can be calculated exclusively from its inductive components.
Furthermore, it is assumed that Ator (t) is toroidally symmetric, rendering Etor
constant along the X-line. While there is an increasing interest in transient threedimensional e↵ects in these devices which violate this assumption in certain parameter regimes [33, 95], it is still commonly applied for simplicity. In general, a
variation of the local reconnection electric field along the X-line means that the
general reconnection rate for three-dimensional geometries is required:
I
d
= Eind dl,
(3.6)
dt

which gives no information on the distribution of the electric field along the integration path [96]. In a linear experiment, the closed curve line integral runs
through the plasma and its sheath boundaries to the end plates, which makes the
structure of the axial electric field more complicated. While the plasma initially
reacts to the applied inductive field by setting up a current, the charge carriers
are not able to traverse the sheath efficiently, quickly leading to charge separation
which sets up electrostatic fields. The resulting current density at the X-line in
the resistive MHD picture is consequently given by the more complete expression
✓
◆
@Ak @ k
⌘jk =
+
.
(3.7)
@t
@z
A general expression for the sheath limited current density can be found by starting
with the total particle flux to the wall
js = e0 (ne ve

n i vi ) .

(3.8)

The Bohm criterion states that ions enter the sheath with the ion sound velocity,
p
vi = kB Te /mi for cold ions [97]. Assuming a Maxwellian velocity distribution in
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the plasma bulk, the electron flux can be calculated from its first moment, using
p
the normalized velocity u = v/vt,e with vt,e = 2kB Te /me and u2 = u2? + u2k , to
obtain
Z 1
Z 1
1
2
2
2
2⇡vt,e u? exp u? du? p
vt,e
uk exp u2k duk . (3.9)
e = ne 3
3
⇡ 2 vt,e 0
/kB Te
2
The two factors of vt,e
enter through integral substitution and the lower integration
limit in the parallel direction is given by the energy of the electrons that are
reflected from the sheath with a potential drop . The first integral yields a
factor of 1/2, while the second one can be solved by substitution of ✏ = u2k
Z
ne vt,e 1
1
exp ( ✏) d✏
(3.10)
e = p
⇡
/kB Te 2
r
ne cs 2mi
= p
exp ( /kB Te )
(3.11)
2 ⇡ me

= ne cs exp (a
/kB Te ) ,
(3.12)
⇣p
⌘
p
using cs = vt,e me /2Mi and a = ln
mi /2⇡me . In a non-drifting, stationary
plasma, quasi-neutrality requires that the total current js vanishes,
js = ne0 cs [1

exp (a

/kB Te )] = 0,

(3.13)

yelding a sheath potential of a = /Te . If a nonzero current flows through the
entire system, the individual sheath potential drops need to self-consistently adjust to accommodate the electron flux imbalance, creating a potential gradient
d /dz = Es within the bulk plasma. Applying an increasingly high inductive
field consequently increases the potential drop across one of the sheaths, while
the current to that wall is limited to the ion saturation current as the electron
current drops to zero js ( ! 1) = ne0 cs . In order to conserve quasi-neutrality,
the electron current through the opposite sheath must consequently be equal to
twice the ion saturation current.
This is demonstrated in a simplified 1D particle in cell (PIC) simulation and the
results are shown in fig. 3.8. The PIC code [98] is initialized with a uniform
Maxwellian Argon plasma with an electron temperature of Te = 3 eV, ions at
room temperature and a relatively low density of n = 4 · 1013 m 3 (for computational reasons). Particle losses to the walls are counterbalanced by a constant and
homogeneous injection rate across the entire domain. The boundaries are treated
as conducting, grounded walls 0.5 m apart. The code solves the equations of motion using the electric field given by the self-consistent Poisson equation with the
addition of a superimposed constant inductive field of Eind = 10 V/m, pointing in
the positive x direction. Collisions are modeled by a Monte Carlo scheme for all
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Figure 3.8: 1D PIC simulation of an initially uniform density plasma with a superimposed inductive electric field of 10 V/m. (a) Temporal evolution of the space
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relevant collision types (elastic ion and electron, charge exchange, excitation and
ionization), with electron-neutral elastic collisions being the most frequent at the
chosen neutral gas pressure of p0 = 0.1 Pa.
Figure 3.8(a) shows the resulting time evolution of the plasma potential. In the
first few µs, the plasma is seen to reach equilibrium by setting up its sheath with
a potential of around ⇡ 9 V at the left edge, which matches the expected value
of aTe = 10.5 V quite well. Additionally, charge separation is seen to immediately
set up, balancing the applied inductive field and creating a constant potential
gradient of comparable amplitude d /dx ⇡ 10 V/m. As a result, the current is
quickly limited to the ion saturation current, as seen in figures 3.8 (c) and (d). In
fig. 3.8 (c), the current densities of the individual particle species to the respective
edges are calculated from the time derivative of the particle numbers lost from
the simulation domain Qi /(A t). Due to the initially flat plasma potential,
many electrons are seen to hit the walls at t < 1 µs due to their higher mobility,
leading to a charge imbalance and a positive overshoot of the plasma potential
while the sheaths estabilsh. The slower ions respond by a high transient flux to
both walls. After 7µs, a stationary state is reached. The ion current density is
reduced to ji = 10.0 mA/m2 at both walls and corresponds well to the expected
ion saturation current of ji,sat (ns = 4 · 1013 m 3 , Te = 2.3 eV) = 9.1 mA, where
ns is the sheath edge density. The electron current, on the other hand, is highly
asymmetric. The current density to the right edge has been reduced to the low
value of je,r < 1 mA/m2 by reflection of most low energy electrons at the sheath
potential. Consequently, to conserve quasi-neutrality, the electron current to left
edge je,l = 18.9 mA/m2 is about twice the ion saturation current and determines
the total current through the system. Figure 3.8 (d) shows the spatial distribution
of the individual species’ fluxes i = ni vi at t = 20 µs. The ion flux is seen to
be almost completely symmetric, with a negligible total drift in positive direction
and the clearly visible ion acceleration regions in both sheaths. The current in
the plasma bulk is therefore dominated by the lighter electrons with a mean drift
velocity of vd = e /ne = 880 m/s = 0.4 cs ⌧ vt,e . The absolute value of the
electron flux relative to the central value | e (x)
e (0.25 m)| increases in direction
of the walls due to the increasing ratio of impinging to reflected particles, which
leads to a distortion of the bulk electron energy distribution function f (E). The
asymmetric edge values can easily be understood by considering that the fraction
of bulk electrons that reach the respective walls is given by f (E > |e0 i |)/f (E),
as indicated in the integration in equation (3.9).
The time evolution of the plasma density is displayed in fig. 3.8(b) for four di↵erent
time points. The initially flat profile arches upwards while the sheath edge moves
inwards and the particle balance between sources in the volume and losses at the
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edges establishes. Since the rate of inserted particles is not quite balanced by
the losses, a slow increase of the total amount of particles is observed which does
not significantly alter the edge currents. While the observed constant gradient
in the bulk plasma potential might suggest a similar tendency in the density via
the Boltzmann relation, the density profile is seen to be fully symmetrical. This
can be understood by deriving the Boltzmann relation including the total electric
field. Equating the fluid pressure force of an electron density gradient with the
balancing electric force for the simple resistive MHD case yields
kB Te rne = qne ( r + Eind ⌘j),
rne
e0 ( r + Eind ⌘j)
=
.
ne
kB T e

(3.14)
(3.15)

Integration results in
ne = n0 exp

✓

R
◆
e( + (Eind ⌘j)ds)
,
kB T e

(3.16)

R
where the term (Eind ⌘j)ds is an acceleration “potential” which depends on the
trajectory of the electrons along the inductive field and is limited by the plasma
resistivity ⌘. Since in the present situation the resulting current density j is small
compared to E/⌘ and thus Eind ⇡ d /dx, the remaining terms cancel out and no
significant asymmetry in the density profile is expected.
Considering these simulations results in the context of reconnection, the externally induced electric field can be expected to be not significantly altered by the
presence of the limited plasma current j, especially at low plasma densities and
resistivies where ji,sat ⌧ Eind /⌘. Despite the high conductivity, the reconnection
rate is thus predominantly set by sheath e↵ects rather than the local plasma parameters. This situation can be alleviated by the use of an additional electron
source on the high potential side. The excess electrons contribute to the total
current without being limited to the ion saturation current since they are in violation of quasi-neutrality, in the ideal case producing a current high enough to
balance the inductive electric field via collisional (or anomalous) resistivity. In
practice, the supplied electrons enter the reconnection system through the conducting boundary from some external source, where they will be accelerated by
the sheath potential and travel towards the low potential side. Since the sheath
is intrinsic to a bounded plasma, there is always a separation between the sheath
acceleration region where d /dx
Eind and the main reconnection volume in
which d /dx  Eind , regardless of the resulting potential structure (x) [96].
If the inserted electrons can be considered as a monoenergetic beam or a drifting thermalized distribution depends on the type of electron source as well the
collisionality within and beyond the sheath acceleration region, as shown below.
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Figure 3.9: 1D PIC simulation with base parameters similar to fig. 3.8 and with an
added electron source. (a) Final plasma potential for di↵erent applied inductive fields (green curve at higher electron source current), (b) zoomed
in temporal evolution of the plasma potential, (c) total current densities to
the conducting walls for di↵erent parameters (the current to the right wall
in green is out of bounds near the total value of j = 160 A/m2 ), (d) spatiotemporal evolution of the plasma density. (b) and (d) at Eind = 100 V/m
and Isource = 32 A. Time points marked in (c) and (d) denote electron source
activation and electric field ramp-up.
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The simulation of such an electron source in a PIC code is not straightforward,
since simply creating stationary electrons at a fixed location leads to numerical
issues, such as extreme potential gradients which accelerate the electrons to high
energies in both directions on very short timescales. Furthermore, the injection
position needs to be carefully considered: Since the boundary condition is set to
be at a fixed potential, electron injection in the cell right in front of the wall
leads to a discontinuity in the potential. The electron source is therefore modeled
by injecting electrons at random locations in the last 10 cells of the 5000 cell
wide simulation with an isotropic and Gaussian velocity distribution that has the
temperature of the background plasma. Using this method, all particles have a
well defined starting velocity and the resulting plasma potential connects smoothly
to the initial background profile.
Fig. 3.9 shows results from a simulation with initial parameters equal to those in
fig. 3.8, i.e. at a relatively low collisionality. The mean free path of the electrons
mfp,e = 0.8 m exceeds the system size. The localized electron source is turned
on after a delay (t = 1 µs) in order to allow the background plasma to establish
its sheaths. The inductive electric field is turned on only after the plasma has
reached a stationary state at t = 10 µs and is ramped up to a maximum value
of Eind = 100 V/m over the time span of 1 µs in order to avoid abrupt particle
acceleration. It is important to note that ionization collisions have been turned o↵
in these runs, since the rapid acceleration of the injected electrons in the sheath
would lead to a large number of ionization collisions and a fast initial increase of
the number of particles, which considerably slows down the simulation speed.
Fig. 3.9 (a) shows the final states of the plasma potential profiles at t = 30µs.
The black curve shows the baseline case in which the electron source is switched
on and before an inductive electric field is applied. This will be discussed first.
Electrons are inserted at x > 0.499 m at a rate of 2 · 1020 s 1 , corresponding to a
total current density of jsource = 32 A/m2 . The entire plasma volume quickly fills
with electrons, leading to a sharp decrease of the overall plasma potential until
ne ⇡ ni and (x) ⇡ 0 across the entire domain. The time evolution of the current
densities to the respective boundaries is shown in fig. 3.9 (c). Here, the time points
at which the electron source sets in and the inductive electric field is ramped up
are marked by dashed vertical lines. When the electron source is activated at
t = 1 µs, the total current density leaving the system is seen to reach the insertion
rate within only 0.2 µs, since the electrons cannot significantly accumulate within
the system. The plasma potential reacts to the oversupply of electrons by setting
up a distinct minimum in front of the insertion region. This is visible in more
detail in the zoomed time evolution of the plasma potential, shown in fig. 3.9 (b)
for time instants t = (5 10) µs. The dip reflects a large portion of the electrons
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incident from the right, and is responsible for the so-called space charge limitation
of the current.
This phenomenon was first described by Langmuir for the case of a thermionic
electron source emitting into a vacuum [99]. The plasma potential was analytically
calculated by evaluating Poisson’s equation using the appropriate initial electron
velocity distribution. The integration results in a negative potential structure
that reflects a large fraction of the emitted electrons. The electrons which are
energetic enough to overcome this barrier are apparently emitted and accelerated
from this point into the plasma, which is therefore called a virtual cathode [100].
The analysis was later extended to include the e↵ect of a background plasma
providing ions to (partially) neutralize the negative space potential of the virtual
cathode [101]. The electron emission current is strongly increased, but still largely
determined by the value of the remaining potential minimum vc via a Boltzmanntype relation
✓
◆
e0 vc
je = je0 exp
,
(3.17)
kB T e
with je0 being the current density of the electron emitter. The virtual cathode that
forms in the simulation has a potential of vc ⇡ 4V , reflecting most electrons
back to the right wall, reasonably consistent with (3.17): je (Te = 3 eV) = 0.26je0 =
4.2 A/m2 . Note that je0 = jsource /2 since the half of the electrons with an initially
positive velocity along x never encounter the virtual cathode. Increasing the
electron injection rate (by a factor of five in the case of the green curve) does not
substantially increase the total current flow through the discharge. In this case,
the virtual cathode has self-consistently adjusted to a higher absolute potential
value. The limitation factor of the current is given by the neutralization parameter
r
ji m i
↵=
,
(3.18)
je m e
which describes to what extent the virtual cathode is eliminated by an ion current
ji drawn from the bulk plasma [102]. Above a critical value of ↵ = 0.81, no
monotonous solution for the potential profile exists, which marks the point where
ions start to go into space charge limitation. ↵ ⇡ 0.7 0.8 in the simulated cases,
indicating that the current is in fact near its limit value.
Fig. 3.9 (d) shows the density evolution in space and time with the time points
marked as in (c). As in the case without the electron source, the density profile
within the first 10 µs is flat in the main volume, except for a narrow region where
the electrons are generated. Further inwards, past the potential minimum, there
is a slight density depletion which is caused by bulk plasma electrons repelled from
the virtual cathode, much as in the regular Bohm-type sheath at the left hand
side edge.
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When the inductive electric field is ramped up, the bulk plasma immediately reacts
by setting up an electrostatic field due to charge separation. This leads to a fast
increase of the plasma potential at the right hand side edge, following the departure
of the slow bulk electrons from this region. The time evolution of the potential
in fig. 3.9(b) for E = 100 V/m shows how the virtual cathode shrinks in its spatial
extent and depth (to a minimum value of vc = -0.4 V). This enables a much larger
number of electrons to flow from the current source, reflected in the total current
to the left wall which shows a steep increase for all displayed cases. Due to the
long mean free path, the injected electrons are accelerated to high energies by the
potential drop and form a largely collisionless and monoenergetic beam traveling
to the left wall while barely interacting with the bulk plasma. The only interaction
is due to the beam-plasma instability that mixes the beam with the bulk plasma in
phase space. This is especially pronounced in the high electron current case (green
curve in fig. 3.9 (c)), in which the number of beam particles is considerable in
relation to the bulk plasma population. The current trace shows strong oscillations
stemming from large amplitude phase space holes that travel towards the left
boundary. The slower ions react to the initial charge separation on a time scale
of several µs, after which the virtual cathode once again reaches its equilibrium
state. This is seen in fig. 3.9(b), in which the virtual cathode is first reduced
to vc = -0.4 V, right after the source has been activated at t = 12 µs, and settles
to vc = -2 V by the end of the simulation. Together with the virtual cathode
potential, the initially overshooting electron current reduces to a stationary value,
again consistent in all displayed cases with eq. (3.17). The potential runs shown
in fig. 3.9 (a) after an equilibrium state has been reached show that the bulk
plasma is still dominated by an electrostatic field. Due to the low electron-neutral
collisionality and the absence of coulomb collisions in the simulation, even the
much higher current density provided by the electron source is insufficient to
balance the applied induced electric field, and again d /dx ⇡ Eind , regardless of
the applied field and supplied electron current. Increasing the induced electric field
does little to alleviate the situation, as seen from a comparion of the 50 V/m (red)
and the 100 V/m (blue) case in fig. 3.9 (b) and (d), respectively. In the high field
case, the larger potential drop from the bulk plasma to the virtual cathode leads to
a stronger depletion of bulk plasma electrons in this region, resulting in a smaller
| vc | and thus in a significantly larger electron current. Since the current scales
roughly linearly with the applied field for constant resistivity, nothing has been
gained in terms of balancing the applied inductive field by resistive e↵ects. As a
further e↵ect, the sheath at the left edge is seen to have a much higher potential,
while also extending further into the bulk plasma. This is a consequence of a high
number of energetic electrons contributing to the ambipolar flux to the walls, which
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Figure 3.10: 1D PIC simulation with base parameters similar to fig. 3.9, but at high
collisionality. (a) Final plasma potential and (b) total current densities to
the conducting walls for di↵erent applied inductive fields.

require a high sheath potential in order to preserve quasi-neutrality. This e↵ect is
also visible in the density profile shown in (d), which is observed to deplete at the
edges while accumulating particles in the center. In front of the virtual cathode,
the narrow high potential sheath causes a pronounced density void, as most bulk
electrons are repelled. Apart from this point, the density profile is again seen to
be symmetric, as in the case without an additional electron source. Finally, the
high electron current case (green curves in fig. 3.9 (a) and (c)) demonstrates that
an electron source of much higher yield does not significantly increase the current
to the left wall. As found above, large phase space instabilities rather drive the
system unstable, an e↵ect which is visible in temporal oscillations in the current
density and spatial oscillations of the plasma potential. In summary, the initial
parameters of the bulk plasma for the simulated collisionless cases are such that
the current reaches a limit value set by the neutralization parameter of the virtual
cathode before it reaches a value which is high enough to e↵ectively counteract
the electric field created by space charge separation.
Simulation runs were performed at a higher collisionality by increasing the neutral
pressure to p = 0.5 Pa, corresponding to a mean free path of mfp,e = 0.16 m. Results are shown in fig. 3.10, again showing the potential runs and current densities
at the left and right boundaries for di↵erent applied inductive fields. For the case
of an electron source without applied fields as displayed in black in 3.10 (a), the
potential now decreases along x instead of staying flat in the plasma bulk. The
electrostatic field of d /dx = 14 V/m establishes and ensures current continuity,
as electron-neutral collisions along the way would otherwise lead to an accumulation of electrons in the volume. A virtual cathode of similar amplitude as in
the low collisionality case forms in front of the electron source, resulting in a cur-
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rent density comparable to the previous simulations. Applying an high inductive
field of Eind = 100 V/m results in a situation similar to the collisionless high field
case, still exhibiting strong charge separation despite a reduced electrostatic field
of d /dx = 70 V/m. Reducing the applied field to 60 V/m results in an almost
flat potential, with d /dx ⇡ 0 and Eind = ⌘j. This is actually the desired case
but turns out to be a very specific solution, since further reducing the applied
field yields a negative gradient in the potential as the solution approaches that
of Eind = 0. All potential values here are much lower than in the previous case,
since collisions lead to an e↵ective dissipation of the energetic electrons accelerated in the sheath within the bulk. Concerning the current density that flows to
the left hand side boundary (fig. 3.10 (b)), an increase with the applied field is
observed, for the same reasons as in the collisionless case. The overshoot in the
collisionless case is not present up to Eind = 60 V/m. At the highest applied field,
a slight overshoot is still present but decreases as soon as a significant number
of ions reach the right boundary (black line). The ion current is very low and
more importantly constant in the other cases. This indicates that the extracted
current has not reached its limit value and the virtual cathode does not need to
self-consistently readjust.
In conclusion, the presented simulation results give valuable insight into the expected axial potential profile and thus the electric field balance, however under
simplified assumptions. Most importantly, an electron source is essential in order
to supply a current high enough to significantly compete with the externally applied fields. As a consequence, a virtual cathode consistently forms when electrons
are injected into the volume, limiting the electron current flow. The current that
can be extracted with an applied inductive field results from an interplay of the
virtual cathode with the bulk plasma, up to an upper limit set by the critical
value of the neutralization parameter. Regardless of collisionality, the electrons
are accelerated by the sheath that forms in front of the virtual cathode, leading
to a spatial separation of the regions in which the electrons are accelerated and
where reconnection takes place [96]. At low collisionality, the accelerated electrons
form a monoenergetic beam which does not reduce the electrostatic field created
by space charge separation. At high collisionality, this beam is dissipated to lower
energies and there exists one value of the inductive field at which the resistive
term in Ohm’s law exactly balances the space charge separation field. In all other
cases, a detailed analysis of the terms within Ohm’s law must take into account
the resulting electrostatic field as a current limiting factor.
A few final remarks concerning the applied simplifications should be made: The
omission of Coulomb collisions is well justified at the simulated parameters due
to the low collision frequency compared to electron-neutral collisions. For the

46

3.6 Plasma current source
50

(a)

I
E

(b)
I [A] or E [V/m]

40

30

20

10

0

5

10

15

20

25

30

35

40

t [s]

Figure 3.11: (a) Photograph of the hot cathode in DC bias operation. (b) Total extracted plasma current.

experimental plasma parameters, both collision types are equally important. Since
the actual mechanism providing collisional resistivity is not essential to the results
presented, this is of secondary importance. A bigger concern is the omission of
ionization processes by electron energies up to 100 eV, which would lead to an
increase in the current that can be extracted via a temporal increase of the bulk
plasma density. While this does not change the overall picture regarding the
experimental situation (the plasma density quickly saturates during Vineta.II
operation), the initial temporal evolution of the simulated device should not be
overinterpreted. Finally, the 1D model does not address how the 2D magnetic
field structure is modified during reconnection in the presence of a current sheet,
which would feed back on the inductive field at the X-line when the currents are
large enough.

3.6.2 Hot cathode
Early design considerations for the electron source included the use of a hot
cathode, similar to earlier reconnection and sound turbulence experiments at
UCLA [28, 103]. These emitters, typically machined from sintered BaO or LaB6 ,
are regularly used for high current plasma sources, e.g. in the ETPD device [104]
where a total current of up to Ic = 2.2 kA is drawn (jc = 6.8 · 104 A/m2 ) from a
large area cathode. These cathodes operate by heating the surface to high temperatures, until the electrons are released by thermionic electron emission as given
by Richardson’s law

Ie = AAr T 2 exp

W e0
.
kB T

(3.19)
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Here A is the cathode area, Ar = 29 · 104 (mK) 1 is the Richardson constant,
W = 2.7 eV the work function (for LaB6 ) and T the cathode temperature [105].
The cathode used in Vineta.II is a commercial product used in the Advanced
Plasma Source provided courtesy of the Leibniz Institute for Plasma Science and
Technology [106]. It is a hollow cylinder with a radius of r = 2 cm and a height of
h = 5 cm which is radiatively heated by an internal graphite heater. Simple power
estimates show that for a target emission current of Ic = 100 A a temperature of
T = 1800 K is required, resulting in a required heating power of approximately
P = 4 kW. The resulting high radiative heat flux to the experiment chamber
requires adequate shielding in order to protect surrounding elements.
Test runs were performed in a simple setup in which the cathode was mounted at
the experiment end plate [see fig. 3.11 (a)] and a biased plate was inserted at a
distance of z = 75 cm. The photograph shows the hot cathode in operation in a
high ambient magnetic field (Bz = 60 mT). The emitted electrons are accelerated
towards the positively biased plate and ionize the neutral gas along the way,
creating a localized plasma column. Fig. 3.11 (b) shows the result of a bias
ramp which emulates the reconnection electric field. As the voltage (and e↵ective
electric field E = U/ z) is increased, the extracted current rises roughly linearly.
At its maximum value, a total current of I = 25 A is extracted from the cathode.
An estimate of the current required in the reconnection setup can be obtained
from I = AE/⌘ yielding a current of several hundred amps required to balance
the externally induced field at the X-line. Tests using the induced electric field of
the reconnection drive have shown an inductively driven current of up to I = 7 A
only. Therefore, it was concluded that a much larger cathode area is required
to provide a sufficient number of electrons for the reconnecting current sheet.
The engineering e↵ort required to fabricate such an emitter, complete with the
necessary water cooling and extensive thermal shielding [104,107] was found to be
unfeasible within the scope of this thesis. Most importantly, the emitted electrons
are only required over the time period of the reconnection drive with a time scale
⌧ ⇡ 50 µs. It therefore seems more reasonable to use an electron source which
operates on similar timescales, mainly to reduce the thermal load.
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3.6.3 Arc discharges
Due to the above limitations regarding the hot cathode operation, an alternative
electron source has been constructed on the basis of an arc discharge. Following
a short overview over this kind of discharge, the design, implementation and performance of the so-called plasma gun will be presented in the subsequent sections.
The basic principle of arc discharges relies on the electrical breakdown of a gas
between two high voltage electrodes, followed by the formation of a high current
channel which is supplied by thermionic emission of electrons from the cathode
surface. The required voltage for electrical breakdown is given by Paschen’s law
[108], which can be calculated from a simple analysis of the ionization processes
between the two electrodes. In short, emitted electrons are accelerated away
from the negatively biased cathode and ionize neutrals on their path towards
the positive anode, as soon as they have reached the required ionization energy
threshold. The created ions travel towards the negative cathode. Their impact on
the cathode leads to secondary electron emission, given by their specific secondary
electron emission coefficient se . Above a specific electric field between cathode
and anode, the discharge becomes self-sustaining, which means that the number
of secondary electrons leaving the cathode is sufficient to maintain the discharge
current. The main difficulty in the model lies in the unknown Townsend coefficient
↵, which describes the increase of electron flux per unit length due to ionization.
A semi-empirical expression yields
↵ = Ap exp ( Bp/E) ,

(3.20)
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where A and B are gas-dependent constants and p and E are the neutral gas
pressure and electric field, respectively. With this, the breakdown voltage can be
expressed as
✓
◆
Bpd
UB =
.
(3.21)
ln Apd ln (ln (1 + 1/ se ))
For Argon, A = 8.65 (Pa·m) 1 and B = 132 V/(Pa·m) [108] and d is the distance
between anode and cathode. Eq. 3.21 is plotted in fig. 3.12 as a function of the
so-called similarity product pd for a secondary emission coefficient of se = 0.11. A
minimum value of UB = 95 V is found at pd = 0.73 Pa·m, below which an electric
breakdown does not occur. When pd is reduced, the electrons perform too few
ionizing collisions to sustain the discharge, while at higher values the energy gain
between each two collisions is reduced. In both cases, an increase of the voltage
between anode and cathode is required. An arc discharge should be designed in a
way that, at a given electrode distance d, the neutral gas pressure p is sufficiently
high before the discharge voltage Ud > UB is applied between the electrodes. In
the case plotted in fig. 3.12, the secondary emission coefficient was estimated from
the ionization potential of Argon (Ei = 15.8 eV) and the work function of stainless
steel (EW = 4.4 V) via se ⇡ 0.016(Ei 2EW ) [109]. The Paschen curve minimum
is fairly sensitive to this value, but the secondary electron emission process is
unfortunately strongly dependent on the surface properties (and possible coatings)
of the emitting cathode. Thus, the resulting minimum values should be considered
as rough estimates when designing the discharge.
When the discharge becomes self-sustaining, its axial potential distribution dramatically changes, as shown on the right of fig. 3.12. The initially present currentlimiting virtual cathode, observed in the low current discharge modes (b) and (c)
is reduced, leading to increased volume ionization and a negative slope in the
voltage-current characteristic. This negative di↵erential resistance dU/dI results
in an ever increasing current as the discharge forms an electric arc. This is understood as follows: At a sufficiently high pressure, the resulting high ion flux to
the cathode leads to the formation of a cathode spot, which is a small surface
area at which the temperature of the cathode material becomes high enough to
thermionically emit a significant amount of electrons. As for the hot cathode
described in the previous section, the emitted electron current is given by the
Richardson-Dushman law (eq. 3.19), modified by the presence of the high electric
field which acts to reduce the potential barrier by the so-called Schottky e↵ect.
The combined e↵ect is called thermo-field or Schottky emission [110]. The resulting potential profile in the absence of collisions is shown in 3.12 (d), where
the virtual cathode has vanished. The resulting current channel pinches which
leads to further localized ion bombardment, a higher electron emission and finally
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Figure 3.13: (a) Schematic of the plasma gun with its stainless steel (gray) and Teflon
(red) components. (b) Photograph of the plasma gun firing into an rf
plasma. Also visible: Magnetic and Langmuir probes and a Rogowski coil
surrounding the plasma gun.

thermal runaway of the cathode spot if the discharge current is not limited. In
practice, a current-limiting resistor is inserted in the external circuit which defines
an operating point on the discharge characteristic.
In summary, the requirements for the design of this type of high current discharge,
able to provide a large number of emitted electrons, are the following: A relatively
high local gas pressure (compared to the target background pressure in Vineta.II)
to achieve a pd near the Paschen minimum, an high ignition voltage Ud to reliably
overcome the electrical breakdown voltage UB , a current limiting resistive load R
and a current source capable of supplying the required current on the fast time
scale of the arc ignition.
3.6.4 Design of the plasma gun
The plasma gun is a miniature cylindrical arc discharge with a circular opening in
the anode. Originally developed for the Madison symmetric torus [111], it has been
used in several linear [112,113] and toroidal [114] experiments. The design has been
adapted to fit the requirements of the Vineta.II device: The plasma gun should
be able to supply an electron current of I = 1 kA for a duration of ⌧rec ⇡ 20 µs.
Further, it should not significantly influence the background gas pressure, which
requires a fast gas puffing system in order to reach the high local pressures required
for electrical breakdown. Since measurements are typically performed by spatial
scanning and averaging over a large number of discharge shots, a high repetition
rate is also favorable. The design of the plasma gun is schematically shown in
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fig. 3.13 (a). Parts in gray are made of stainless steel, whereas the insulating parts,
shown in red, are made of PTFE (polytetrafluoroethylene). The main housing has
two threads for easy attachment of the cathode and anode. The cathode has a
small, centered gas inlet through which a high pressure argon gas pu↵ is injected
before high voltage is applied between the two electrodes. The inlet consists of
an M4 thread connected via a short length of standard PVC gas tubing to a
fast valve (described below). Between the anode and the cathode, a channel is
formed by five M10 steel washers, insulated from each other by PTFE rings. These
electrically isolated washers prevent the arc from forming along a random path
within the plasma gun volume by quickly charging to the local floating potential.
This type of discharge is called a wall stabilized arc and has the benefit of high
reproducibility and homogeneity of the created arc plasma [115]. Finally, the
ring anode, separated at d = 24.5 mm from the plane cathode surface, is screwed
on to the front end of the gun. It provides an opening of 12 mm diameter for
electron extraction. The cathode-anode separation sets the Paschen minimum to
p ⇡ 30 Pa.
The current source that drives the gun is provided by a PFN as described in
section 3.4. Before the electric breakdown is reached in the plasma gun volume,
the discharge can be considered as a near-infinite resistance. A high power resistor
with a relatively high resistance of Rp = 22 ⌦ is connected in parallel to the
arc. It serves several purposes: In order to reliably switch the thyristor into its
conducting state, a substantial current (the latching current) must flow through
its cathode and anode, requiring a finite load resistance. Furthermore, in case
of a failed discharge of the plasma gun (e.g. if the gas pressure is insufficient
for breakthrough) the resistor safely discharges the capacitors to ground. Finally,
when the thyristor starts to conduct, the initial high PFN voltage drops across
this resistor, providing the full PFN charging voltage to the plasma gun electrodes
to enable an electric breakdown. The current then starts to flow mainly through
the arc discharge, which is connected in series with a 1 ⌦ load resistor. The
discharge itself can be seen as a short circuit, since its voltage drop is typically
small compared to that across the load resistor. During the arc discharge, the total
load is close to Z ⇡ 1 ⌦, since Rp is much larger than the e↵ective arc resistance.
Comparing the measured PFN currents using a either a short circuit or the plasma
gun shows that the di↵erence in the current waveforms is indeed negligible.
As outlined above, the high gas pressure required for electric breakdown is achieved
by puffing the working gas into the gun volume. This is done with a Veeco PV-10
piezo gas valve which requires a voltage of 250 V to fully open. The preferred
operation is to have a pressure rise as fast as possible in order to avoid excessive
amounts of neutrals in the reconnection chamber. This requires fast opening of
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the valve as well as the smallest possible gas expansion from the valve to the
plasma gun gas inlet. A fast MOSFET driver for the valve has been designed
which supplies the required voltage within ⇡ 1µs and is controlled via a TTL
pulse. In an earlier setup, the gas valve was attached to the vessel wall which
required a 1.3 m long PVC gas tube. A gas pu↵ of 15-20 ms length was then
required for reliable discharges, leading to a mean pressure increase of 1.3·10 1 Pa
in the chamber volume at a gas pu↵ repetition rate of 1 Hz. A modified design
enables the valve to be located within the reconnection module, close to the gun,
connected by a much shorter tube of 10 cm length. This reduces the puffing time
to 5 ms at an input pressure of 3 bar. The tube cannot be completely eliminated,
since there needs to be a sufficiently large and insulated separation between the
negatively biased gun cathode and the grounded valve in order to prevent backfiring of the arc through the tube. The optimum setup is to bend the valve 90
downwards and to insulate its surface with PTFE plates, which avoids any direct
magnetic field line connection between the two metal surfaces. The total pressure
increase in the chamber volume for this setup is negligible ( p ⌧ 0.1 Pa).
The sequence of operation is as follows: First, the PFN is charged to the desired
voltage (UC = (1.2 2.2) kV) by a GPIB-controlled HV power supply. This takes
about 1 s, after which the power supply output is remotely disconnected. The
piezo valve then fully opens for 5 ms, leading to an increase of the gas pressure in
the plasma gun volume up to (or slightly above) the Paschen minimum. At the
end of the gas pu↵, the thyristor is triggered and the arc forms almost immediately
(within ⇡ 1 µs), visible by a bright blue flash [cf. fig. 3.13 (b)].
In order to reduce electrical noise originating from the switching thyristor and the
large transient currents, special care has been taken to realize a proper grounding
scheme. The complete setup consisting of PFN, high voltage power supply, and
plasma gun is designed without any ground connections: The mains voltage to all
components is galvanically decoupled via an isolation transformer. An optocoupler
isolates the trigger, also protecting the control computer outputs in case of failure.
Digital communication with the high voltage supply interface is done via optical
network converters. Finally, outside the vessel the leads to the plasma gun consist
of shielded N-type cables connected to isolated current feedthroughs. This setup
allows one to keep the entire plasma gun circuit either floating or biased against
the vessel wall. Measurements in the present thesis were performed with a singlepoint grounded plasma gun, i.e., with a single wire connection from the anode side
of the PFN to the main laboratory grounding block.

53

3 Experimental setup of the Vineta.II device

IC

800

800

(b)

700

RS
IA

700

600

600

500

500

400

400

300

300

200

200

100

100

0
−100

U [V]

PFN RP
+

UD

I [A]

(a)

0
0

50

100

−100
150

t [µs]

Figure 3.14: (a) Parallel and load resistor setup with Rogowski coils (green) to measure
the anode and cathode currents and the discharge voltage. (b) Cathode
current (red) and discharge voltage (blue).

3.6.5 Plasma gun performance
The extraction of a strong electron current from the plasma gun has been analyzed
and optimized in several steps: Firstly, the internal arc current and voltage were
measured and optimized. Due to the large current densities involved they are
largely una↵ected by external factors such as filling gas pressure, ambient magnetic
and external electric field. The highest electron current to be drawn through the
ring anode is determined by applying DC electrostatic fields via biased plates and
grids as described in section 3.6.5. Sec. 3.6.5 addresses how the total extracted
current evolves in the full reconnection setup including inductive fields.
Internal plasma gun currents

Figure 3.14 (a) shows the electric circuit of the gun together with the load resistors
and Rogowski coils used to routinely measure the gun cathode and anode currents
as well as the voltage across the arc. Figure 3.14 (b) shows the cathode current
(blue) and discharge voltage (red) for five consecutive shots. The cathode current
can be calculated from the direct integration of the Rogoswki coil pickup voltage.
The calculation of the voltage drop across Rp must take the resistor inductance
into account as U = IRp LRp dI/dt. The black bar marks the time point at which
the thyristor is switched, after which the voltage across Rp quickly rises. In the
present case, there is a pre-existing background plasma supplied by the rf antenna,
which facilitates arc breakdown by providing charge carriers. Following the time
evolution of the discharge voltage and current in fig. 3.14, the voltage across the
two electrodes is seen to increase to U = 750 V before the discharge begins and
the cathode current quickly rises to the value fixed by the PFN (IC = 700 A).
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The arc voltage simultaneously decreases to U = 500 V for the duration of the
pulse before both the arc current and voltage rapidly diminish when the PFN
energy is depleted. At t = 75 µs, the arc is extinguished as the cathode current
vanishes, with the remaining PFN energy dissipating via Rp . Since reconnection
is driven for around 20 µs after the gun discharge has reached a steady state (at
around t = 30 µs), the details of the voltage reversals and PFN overshoot while
the current decays are of no importance.
Regarding the operation of the gun in the reconnection setup, several important
observations can be made: First of all, the current provided by the PFN passes
entirely through the cathode, and is composed of a combination of thermionic electrons that leave the cathode spot as well as impinging ions and released secondary
electrons, which have been created by ionization in the high pressure gas pu↵.
At the anode, the current consists entirely of electrons, which can in principle be
extracted from the plasma gun into the reconnection chamber via an electric field.
It has been demonstrated that, by biasing the plasma gun with respect to an external electrode, an extraction current IE approaching or even slightly exceeding
the internal arc current IC can be drawn [116]. However, as the extracted current
approaches this value, the current path becomes irregular and impurities consisting of vaporized electrode material begin to contaminate the plasma [117]. It is
not entirely clear by which mechanism the electrons precisely leave the plasma
gun, but it has been suggested [114, 117] that the gun plasma acts as a virtual
electrode from which the electrons are e↵ectively emitted, an assumption which
is further corroborated below. In this light, the extraction limit of IE = IC can
be understood as the limiting case in which the entire electron current is diverted
past the anode and the virtual cathode vanishes.
A further point to be considered is the discharge voltage, which gives information
on the internal potential structure of the discharge. Previous studies [116] have
shown that the discharge voltage depends on the discharge current as well as the
gas pressure at the valve, as displayed in fig. 3.15 (a). Below a certain threshold,
the plasma gun voltage is around U = (100 150) V, as also observed in Vineta.II
at lower discharge currents and long pu↵ times. Above a certain discharge current
at a given pressure, there is a sharp increase in the voltage. Since the discharge
current is externally set by the PFN and the potential profile must be consistent
with the boundary condition, the following discharge scenario seems plausible:
Below a certain threshold, the current flow within the arc volume is given by
ionizing neutrals, which increases the ion flux to the cathode and in turn provides
more thermionic and secondary electrons. When the ionization degree rises and
the neutrals begin to be depleted, the ionization rate correspondingly drops. The
current continuity must then be balanced by further acceleration of the cathode-

55

3 Experimental setup of the Vineta.II device
1

(b)

(a)
0.8

ni [m−3]
1⋅1020

0

0.6
n/n

1⋅1021
5⋅1021

0.4

0.2

0

0

5

10

15

20

25

x [mm]

Figure 3.15: (a) Plasma flow ion current density (ji ) and the discharge voltage (Ud )
versus discharge current at di↵erent valve pressures (1 psig ⇡ 6895 P a above
atmospheric pressure), taken from ref. [116]. (b) Density reduction of a
monoenergetic electron beam through combined collision processes over
the length of the plasma gun discharge channel.

emitted electrons in the sheath. The potential profile across the arc consequently
consists of a steep but spatially narrow cathode drop and the adjacent positive
R
column, over which the potential drop is given by U = ⌘jdx. While the high
potential drop may seem to be undesirable due to the energetic electrons created
in the sheath, low neutral collisionality is one of the primary design goals for
collisionless reconnection in Vineta.II. Therefore, the neutral gas pressure in the
reconnection chamber is kept as low as possible by keeping the gas pu↵ short. Due
to the high collisionality in the plasma gun volume, only a small fraction of the
electrons actually leave through the anode ring. This fraction can be estimated by
assuming that the electrons form a monoenergetic beam leaving the thin cathode
sheath (d = O( d ) < 1 mm) with the energy of the cathode potential drop. The
spatial distribution of the number of beam electrons Nb (x) is then described by
the rate equation
dNb
=
dx

Nb (x) [ng (

ion (E)

+

exc (E)

+

el (E))

+ ni c (E)] ,

(3.22)

where i , ex and eel are the ionization, excitation and elastic collision cross
sections respectively, which are loss channels that scale with the neutral gas density
ng , and c is the Coulomb cross section depending on the charge carrier density ni .
The energy is given by E = e0 (U ⌘jd) = 350 eV, where ⌘ is the combined Spitzer
and neutral resistivity and j is calculated from the total current and discharge
channel area. The normalized beam densities are falling o↵ exponentially as shown
in fig. 3.15 (b). The total density is assumed to be slightly above the breakdown
value at n = 40 Pa/kTe and a free parameter is the ionization degree of ni /(ni +
ng ) = 0.01, 0.1 and 0.5, respectively. The beam loses more than 98% of its initial
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Figure 3.16: (a) Schematic of the electrical components within the vacuum vessel. Electrostatically driven current without (b) and with (c) background plasma.

electrons to the various collision processes by the time it reaches the anode in all
cases. Electrons leaving the gun can be considered as a low-energy population
which has been accelerated only within the weaker electric field of the positive
column.
A final remark: it is important to note that the picture of the plasma gun being a
high pressure discharge fully separated from the reconnection volume is highly idealized. Already the visible light during discharges into vacuum without applying a
bias suggests that a bright plasma plume of several cm length is expelled from the
anode. The term plasma gun is actually an accurate notion, since charge carriers
are transported along with the streaming gas, making the transition between the
arc plasma and the adjacent volume gradual.
Extracted plasma currents

The plasma gun is commissioned in several steps: First, a DC current is drawn
from the discharge into the reconnection volume by an electrostatic field without
and with an ambient plasma to find the limit of the total attainable current.
Then, the plasma current drawn by a time-varying, induced electric field of the
reconnection drive is shortly investigated.
The setup of the plasma gun and the other components is schematically shown
in fig. 3.16. As already mentioned above, the plasma gun is connected to the
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experiment ground via its anode connection of the PFN. Two stainless steel grids,
one close to the plasma gun anode and the other near the rf plasma source form
boundaries to the reconnection volume and provide the current return paths for
the plasma current. Both grids are connected to the experiment ground, but have
a finite cable inductance and resistance, which entails that the grid potentials are
not necessarily at ground potential during transient current phases. This aspect is
addressed in more detail in sec. 5.4. The grids can be biased with respect to each
other by a power supply with a large capacitor (C = 47 mF) in parallel, which
bu↵ers fast current changes. During regular operation in the full reconnection
setup, the two grid are directly connected.
Fig. 3.16 (b) shows the result of a bias scan where the
plasma gun discharges into a volume with low background gas pressure, but no
plasma. The maximum current that reaches the second grid and returns to ground
rises nonlinearly with the applied voltage, which is rescaled to the (vacuum) elec3/2
tric field Ebias = Ubias / z. The red line is a fit to the scaling law Imax / Ebias ,
expected for the space charge limited current as described by the Child-Langmuir
law [99]. Since the plasma gun partly ionizes the neutral gas in the reconnection
volume, the Child-Langmuir law is not fully applicable, but nevertheless fits well
to the data. Most importantly, a finite current flows when no bias is applied, which
is consistent with the behavior observed in the PIC simulation (cf. sec. 3.6.1).
The maximum current at the highest applied fields is I = 120 A, albeit at electric
fields far greater than those created by the reconnection drive. At more realistic
fields, not much has been gained in comparison to the hot cathode, obtained in a
similar setup. Only a small fraction of the arc current is extracted, indicating that
a virtual cathode in front of the plasma gun inhibits strong electron emission.
Space charge limited mode

Operation of the plasma gun embedded into
an ambient plasma requires that the high PFN charge voltage is disconnected from
the gun components prior to the actual discharge. This prevents unwanted arcing
and avoids a significant ion current drawn from the ambient plasma. Therefore,
the plasma gun PFN is designed to keep the anode grounded and the cathode
floating during the phase where the high voltage power supply charges the PFN
capacitors. Fig. 3.16 (c) shows results of a bias voltage (second grid) scan up
the maximum possible field Ebias = 68 V /m. The bias voltage range is limited by
arcing to various in-vessel components. As expected, the virtual cathode has been
(at least partially) neutralized, and the current to the second grid is much higher
than in the previous case. A maximum value of I = 180 A is attained at electric
fields that are in the range of the induced electric field of the reconnection drive.
Operation in an ambient rf plasma
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Figure 3.17: (a) Reconnection drive current at di↵erent resonant frequencies. (b) Plasma
current collected at grid 2.

The plasma gun here delivers a current which is comparable to that required by
Ohm’s law I = AEind /⌘ ⇡ 250 A, which shows that the plasma gun is basically
capable of supplying the necessary current.

The plasma gun is finally tested in the alternating induced electric field provided by the reconnection drive (within an ambient plasma).
In contrast to the previous setups, in which the current was drawn by a potential di↵erence between the two bounding grids, the mechanism which provides
the spatial potential structure necessary to draw a significant electron current is
more complex (cf. PIC simulations discussed in sec. 3.6.1). Fig. 3.17 (a) shows
the reconnection drive current for several resonant frequencies (by modifying the
capacitance C). Fig. 3.17 (b) shows the corresponding plasma current collected
by the second grid. The induced electric field points towards the plasma gun
(and extracts electrons) when dIrec /dt > 0. This is seen in the time evolution
of the current response, which peaks near the maximum of the electric field in
all three cases. The current flow is limited by the impedance of the reconnection
p
p
drive Z = L/C, and the frequency scales as f = 1/ LC. The induced electric
field scales as Eind / If and is thus largely independent of the drive frequency
at a fixed voltage. The maximum plasma current, on the other hand, scales as
I / 1/f . This gives a first indication that the plasma current is not only limited
by the plasma gun and its virtual cathode but also by the frequency-dependent
impedance of the external circuit. This fact is discussed in more detail in sec.
5.4. The maximum attained current here is I = 42 A, which is around 1/4 of
the electrostatically driven current at similar electric fields. The impact of this
additional current limitation on the reconnection dynamics is discussed in later
sections.
Inductively driven current
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Figure 3.18: Timing of the trigger signals.

Several di↵erent mesh grid configurations were tested in order to optimize the current flow through the reconnection volume. It is possible to leave out the first grid
entirely. This results in much higher currents (I ⇡ 100 A) before the reconnection drive is switched on, the precise value depending on the plasma parameters.
The modulation of the current by the induced electric fields, however, remains
unchanged. Since the modification of the current sheet due to the reconnection
electric fields is of fundamental interest in the discussion of the magnetic reconnection mechanism, the dual grid setup is chosen in which the boundary potentials
are well defined and in which the current is “reset” to zero during the first phase
of the induced electric field.

3.7 Reconnection control system
The experiment is controlled by a suite of modular LabViewTM programs developed for the present work. They run on a central computer and are responsible
for high voltage charging, triggering, positioning system control and data acquisition. The computer controls via GPIB or USB the high voltage power supplies that
charge the various PFNs and the positioning systems prior to a reconnection cycle.
All time critical triggers are designed to be TTL-compliant and can be generated
with high accuracy (1 MS/s) by the digitial outputs of a National InstrumentsTM
data acquisition card. The data acquisition is distributed across two systems:
Current traces of the major subsystems are routinely recorded by a set of standard Rogowski coil diagnostics (see sec. 4.2) via a National InstrumentsTM data
acquisition PCI card at a rate of 1 MS/s. Depending on the specific measurements
performed, a 20-channel, 10 MS/s di↵erential transient recorder (Nicolet MultiPro) and a 4-channel, 4 GS/s oscilloscope (LeCroyTM WavePro 950) are added to
the setup via GPIB and directly integrated into the data acquisition infrastructure. A typical measurement consists of a spatial scan over an azimuthal plane

60

3.7 Reconnection control system

consisting of several hundreds to thousands of single reconnection cycles, depending on the spatial resolution and repetitions required at each spatial point. During
a single reconnection cycle, the following tasks are performed: During initialization, the plasma gun, X-drive and reconnection drive PFN charging voltages are
set and the outputs of the power supplies are activated. Simultaneously, the positioning system is driven to the next coordinate. Once the PFNs are fully charged
and the probe has reached its position, the measurement devices are armed and
the trigger pulse train is generated. The triggers control the following functions
as shown in fig. 3.18:
t

event

-200 ms
-5 ms
-220 µs
-220 µs
0
20 µs
30 µs
300 µs

RF power on: The background plasma is generated.
Piezo gas valve opens: The plasma gun gas feed line begins to fill.
Begin of transient recorder data acquisition.
X-drive PFN fires.
Piezo gas valve closes and plasma gun PFN fires.
RF power o↵: The plasma gun has reached a steady-state discharge.
Reconnection drive PFN fires.
End of data acquisition.

Between each two cycles, the acquired data from all instruments is saved to a hard
disk while the initialization restarts asynchronously. The integrated Rogowski coil
signals are directly monitored to catch inconsistencies and failure modes during
operation. In total, this optimized procedure enables the reconnection cycle to
complete within less than two seconds, of which 1 second is spent recharging
the PFNs. Consequently, a scan of the full azimuthal plane with a resolution of
x = y = 10 mm completes within 10 minutes.
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4.1 Fluctuation probes
Magnetic field fluctuations in plasmas are commonly recorded with the help of
simple enclosed induction loops referred to as Ḃ probes [118]. The timescales
vary according to the observed phenomena and type of discharge from seconds in
satellites studying magnetic substorms [119] down to ns for the study of wave phenomena, e.g. whistler waves [120]. At low frequencies where non-ideal properties
of the probe and measurement circuit can be neglected, the voltage response of
the induction coil to a time-varying magnetic field Ḃ is adequately described by
the induction equation
Z
(r ⇥ E + Ḃ) = 0
(4.1)
A

Up =

N AḂ,

(4.2)

where N is the number of coil windings, A is the enclosed area of the coil and
the magnetic field B is assumed to be parallel to the normal of A. Inserting a
harmonic oscillation of the magnetic field, B = B̂ sin(!t), the amplitude of the
obtained voltage becomes
Up = N AB̂! cos(!t),

(4.3)

which scales linearly with the frequency ! and has a constant phase shift of ⇡/2
with regard to the applied field. Depending on the application range and precision
requirements, several corrections have to be made to compensate for deviations
from the ideal behavior. This will be discussed in section 4.1.3. The performance
of a magnetic probe is typically expressed by its sensitivity at a given frequency
S(!) = Up (!)/B(!), which needs to be carefully selected and measured across the
frequency range of interest.
4.1.1 Low-frequency magnetic probes
In the Vineta.II experiment, two di↵erent Ḃ probe types are used: To resolve
the low-frequency and large amplitude changes of the global magnetic field created
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Figure 4.1: Probes mounted on the 2D positioning system within the vacuum vessel.
From top to bottom: High-frequency Ḃ probe (single coil version), triple
Langmuir probe, low-frequency triple axis Ḃ probe. In the background, the
stationary voltage loop can be seen.

by the external driver coils and the (high) local plasma current, a three-axis Ḃ
probe with N = 20 windings and a large area of A = 1 ⇥ 2 cm2 is used [85].
The probe is shown in 4.1 (bottom) together with other diagnostic probes. The
signal leads are routed out of the plasma vessel as a twisted pair to minimize field
pickup along the probe shaft as well as parasitic capacitances. They are connected
directly to a high-impedance di↵erential analog-to-digital converter (ADC). At the
typical frequency f = 100 kHz and field B = 1 mT, the resulting signal voltage
is about 1 V. The relatively low sensitivity makes the calibration over a large
frequency range difficult, in particular at low frequencies due to the high currents
required in a test field setup. However, since the frequency range of interest is
low enough compared to the resonance frequency of the coil at around 4 MHz,
the probe sensitivity S(!) can be assumed to be linear with ! over the range of
interest. The sensitivity is thus determined in a test field of known magnetic field
amplitude at a single frequency of 1 MHz.
As a result of the linear frequency dependence of S(!) = i!N A, an arbitrary magnetic field B(t) can be reconstructed from the probe signal by simply integrating
over time, with the limitation that its main spectral components are at sufficiently
low frequencies. This is easily seen in Fourier space:
Z t
Z t Z
d
B(t) =
Ḃ(t)dt =
B(!)ei!t d! dt
(4.4)
dt
0
0
Z tZ
Z tZ
Up (!) i!t
i!t
=
i!B(!)e d! dt =
i!
e d! dt
(4.5)
S(!)
0
0
Z t
1
=
Up (t)dt
(4.6)
NA 0
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In addition to the movable magnetic probe, a further single-turn loop is installed in
order to accurately reconstruct the field quantities as described in the next section.
This loop is essentially a large-area Ḃ probe which extends radially inwards from
the vessel wall by 35 cm and axially by 30 cm. It measures the in-plane field created
by the reconnection drive wires from the experiment wall up to the edge of the
area scannable by the movable probe. A linear frequency response is assumed for
the single-turn loop as well.
4.1.2 Calculation of reconnection parameters
In chapter 5, various reconnection parameters, namely the magnetic fields, current densities, and the induced electric field calculated from the magnetic vector
potential are shown. These are derived from the Ḃ probe measurements as follows.
The time trace of the magnetic field is calculated by simple time integration of
the raw probe signals from
Bn (tm ) = Cn

m
X

Un (ti ) t,

(4.7)

i=0

where n 2 (x, y, z) the Cn are integration constants which are known for each
coil. Here, it is assumed that the majority of the spectrum is within the linear
frequency response of the probe. The current density along the z direction can
then be calculated from Ampère’s law assuming jz
"0 @E/@t, which is satisfied
in our experiment:
jz (x, y, t) =

1
r ⇥ (Bx (t), By (t), 0).
µ0

(4.8)

Despite the high common mode rejection ratio of the data acquisition system, a
finite electrostatic pickup is measured when the Ḃ probes approach the reconnection drive wires. These are responsible for axial phantom currents at the edges of
the measurement region that are visible even when operating the experiment in
vacuum. The error in the total magnetic field is small, but the contribution to the
axial current density can be substantial. Therefore, two azimuthal scans are done
at each parameter set, one in vacuum and one in the complete setup. In both
cases, the electrostatic pickup is comparable, and the corrected current density is
found by subtracting both measurements from each other.
The axial magnetic vector potential Az is also calculated from the in-plane magnetic field by inversion of r ⇥ Az = Bxy
Az (x, y, t) = A0 (x0 , y0 , t)

x
X

x0 =x0

0

0

By (x , y0 , t) x +

y
X

Bx (x0 , y 0 , t) y 0 .

(4.9)

y 0 =y0
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Figure 4.2: Schematic of the full electrical network of the magnetic probe consisting of
the pickup coil, its transmission line and the measurement system.

The value at the edge of the measurement region A0 (x0 , y0 , t) is gained from integration of the loop probe signal:
A0 (x0 , y0 , tm ) =

m
X

Ul (ti )1/L,

(4.10)

i=0

where L is the axial length of the loop. Note that eq. (4.9) is only correct if
there are no significant asymmetries of the current in the third dimension [61]. In
general, the axial vector potential is given by
Z
µ0
jz (x, y, z)dr
Az =
.
(4.11)
4⇡
|r 0 r|
It can, however, be shown that the error is small as long as the magnetic field
variation along the third dimension is small compared to the in-plane fields [178].
This is indeed the case for the moderate current sheet distortion present in this
work ( z Bxy < 0.01 xy Bxy ), but should be kept in mind when performing a detailed three-dimensional analysis of the current sheet. Finally, the axial inductive
electric field (reconnection rate) is calculated simply from the time derivative of
the total vector potential
Eind =

Az (x, y, t)
.
t

(4.12)

4.1.3 High-frequency magnetic probes
Nonideal e↵ects

When designing magnetic probes of high sensitivity operating in the high-frequency
range, several non-ideal e↵ects need to be taken into account concerning their construction and calibration [121].
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The full system consisting of the probe and measurement circuit is shown as an
electrical network in figure 4.2. On the left hand side, the pickup coil with its
inductance L, its wire resistance R and its stray capacitance CS , which arises from
the proximity of the individual windings, is depicted. Together, these components
p
form an RLC resonant circuit with its resonance frequency f0 = ( LC) 1 [122].
The resulting high voltages at the probe output may then lead to saturation of the
measurement device or of further components in the circuit such as amplifiers or
transformers. The pickup coil can also be understood as a voltage source which is
shorted at high frequencies by the stray capacitance, changing the measurement
setup from a high impedance, low current system to a high current, low impedance
system.
The subsequent element in this circuit is the transmission line to the measurement
device. It is seen to have a characteristic impedance defined mainly by its series
resistance RL and stray capacitance CS,L which are determined by the type of
wiring. In the worst case, e.g. when two parallel conductors are used, the area
enclosed by the wires can pick up spurious magnetic fields along the probe shaft,
which further complicates the picture. Finally, the recording device on the right
hand side of the diagram has an input impedance (RI and CI ) which defines the
load of the circuit. Following these considerations, several basic design goals become apparent: First of all, the number of coil windings should be chosen to be
as low as possible in order to keep L and CS low and thus f0 high compared to
the frequencies of interest. This constraint must be balanced with the requirements for the probe sensitivity and size, since a large coil can perturb the plasma
significantly and has a limited spatial resolution. A quantitative justification of
the chosen coil design parameters follows below in section 4.1.3. Further, the
cables leading to the measurement device should be kept as short as possible in
order to reduce transmission line e↵ects. Finally, the cable termination should
be chosen properly to avoid signal reflection, while still staying in the regime of
high-impedance voltage measurements.
A further issue when using Ḃ probes in a plasma arises from their capacitive coupling to electrostatic potential fluctuations [123]. If not properly handled, this
electrostatic pickup, which is unrelated to changes of the magnetic field, contributes to recorded signal. Several approaches exist to mitigate this e↵ect. The
most e↵ective one is to physically separate the common mode voltage of the unwanted pickup from the di↵erential voltage provided by the induction coil before
recording the signal [124].
In the present thesis, the early probe designs were based on coil leads connected to
a center-tapped transformer as shown in fig. 4.3(a). The primary coil has a central tap through which currents originating from a common mode signal (red) flow
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to probe

to DAQ

Figure 4.3: Capacitive pickup rejection by the use of a center-tapped transfomer. The
arrows indicate the common mode signal (red) and the di↵erential signal
(blue).

symmetrically to ground, thus not inducing a current in the secondary coil. The
di↵erential signal (blue) originating from the actual magnetic fluctuations passes
through the entire primary coil and induces a secondary current that yields the
correct measurement signal. Disadvantages of this rejection method are two-fold:
(i) possible saturation of the transformer coil which can lead to undesired harmonics and (ii) band-pass behavior, which is often limited to rather high frequencies
for sufficiently small transformer dimensions [121].
Another approach is the use of an active di↵erential amplifier, which complicates
the probe design due to the required circuitry but provides several crucial benefits:
Firstly, these devices can provide a high electrostatic noise immunity, expressed
by the common mode rejection ratio [125]:
✓
◆
|Vdi↵ |
CMRR = 20 log10
(4.13)
|Vcomm |
This ratio describes the amplifier’s suppression of the common mode signal Vcomm
with regard to an equally large di↵erential signal Vdi↵ in decibel units (dB). High
quality amplifiers can reach a CMRR of 100 dB or more for DC signals, while
at higher frequencies small mismatches in the amplifier components degrade the
CMRR by up to 20dB/decade [126].
Secondly, the use of an active amplifier reduces the number of turns required in
the induction coil by producing an adequately high voltage output, thus increasing
the resonance frequency and providing a larger frequency range of linear response.
The amplification A / 1/!c needs to be chosen in agreement with the bandwidth
limit ! < !c of the amplifier in mind, which behaves as .
Thirdly, the amplifier acts as a line driver, converting the low power signal from
the induction coil to a high power output signal which is less susceptible to noise
pickup along the wires to the measurement device. Therefore, it is desirable to
place the amplifier as close as possible to the probe tip.
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Figure 4.4: Triple axis Ḃ probe tip and ceramic shaft before coating. The 80 turn coils
measure fluctuations in all 3 spatial directions and can aditionally detect
propagation along the experiment axis via the 2 parallel coils on the left.

In addition to the described pickup rejection methods, all probe components, such
as the leads and circuitry, should be electrostatically shielded from the plasma by
highly conducting materials wherever possible.
Probe design

The high-frequency Ḃ probes used for the present thesis have pickup coils with
N = 80 turns of 0.1 mm enameled copper wire wound around a 3 by 3 mm square
PVC spindle. Calculation yields a sensitivity of S = 4.52 · 103 V/T at 1 MHz.
The 25 cm long current leads are fed through a steel tube as a twisted pair to a
shielded aluminum box. The probe is electrically insulated from the plasma by a
ceramic tube for the shaft and ceramic glue at the probe tip.
The square design of the coil spindles allows for easy construction of a three-axis
probe as depicted without its ceramic coating in fig. 4.4. The three coils in the
front measure the magnetic field component parallel to the axis of the device
Ḃz1 as well as the in-plane components, Ḃx and Ḃy , respectively. The additional
coil in the background measures Ḃz2 and can be used for phase velocity measurements. Inside the shielded box, the wires are fed into a di↵erential amplifier
(THAT corporation 1512) with a high input impedance of 32 M⌦, a common
mode rejection of 100 dB and a bandwidth of 7 MHz at the selected amplification
of A = 40 dB (= 100). It is powered by a constant-voltage circuit supplied by 9V
batteries located outside of the vacuum vessel, which enable the entire setup to be
ground-free, save for the connection to the oscilloscope. The amplifier supplies a
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Uind
induction coil

R

Figure 4.5: Induction coil lumped component model schematic including damping resistors.

high-power low-impedance signal to a relatively long coaxial cable (2-3 m including a vacuum feedthrough) which then connects to an oscilloscope with an input
impedance of 50 Ohm.
To suppress the high-amplitude magnetic field fluctuations of the low-frequency
reconnection drive (see sec. 3.5), a LRC second order high pass filter with a cuto↵
frequency of f = 100 kHz can be inserted at the oscilloscope input. This suppresses
the reconnection drive signal to a level comparable to that of the fluctuations,
which helps to eliminate dynamic range issues with the relatively low vertical
resolution (8 bit) of the oscilloscope.
First tests with the described coil attached directly to the amplifier (fig. 4.5) were
performed using arbitrarily chosen resistors R = 1 k⌦. These provide a reference
potential, preventing the otherwise arbitrary common mode voltage from exceeding amplifier input limits. These proved to be inadequate due to a pronounced
resonance peak in the probe sensitivity: The broadband noise from the various
high-voltage switching components (see sec. 3.5) excites the circuit at the resonance, creating high-amplitude fluctuations which dominate the recorded signal
and can drive the amplifier into saturation.
As a countermeasure, the coil is modeled as a lumped component equivalent circuit
in order to shape the output S(!) as desired. The inductance of the coil can be
calculated to be in the range L = (15 20) µH [127] and the resistance is estimated
from the properties of the wire obtaining R = 15 ⌦ The calculation of the stray
capacitance is difficult and limited to ballpark estimates, especially when including
the wire leads and further electronic components. Therefore, the coil sensitivity
is recorded for the setup described above and compared to a model calculation
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Figure 4.6: Simulated (a) and measured (b) integrated sensitivity runs for di↵erent
damping resistors R.

using the measured inductance L and resistance RC of the coil (see sec. 4.1.3).
The circuit is simulated using the program package qucs over the relevant range of
frequencies. It contains the lumped components shown in fig. 4.5 as well as an AC
source which represents the induced voltage. The normalized voltage di↵erence at
the outputs (U1 U2 )/Uind is then plotted over the frequency, which corresponds to
the integrated and normalized probe sensitivity Sint = S(!)/(!S(!0 )). Next, the
stray capacitance CS , which is too small to be easily measured, is adjusted in the
model until simulated sensitivity best matches the measured data (CS = 46 pF).
The result is shown in fig. 4.6 (red curves for R = 2 k⌦), which shows the simulated
(a) and measured (b) normalized (and integrated) sensitivity runs. The runs are
seen to be constant over a wide range of frequencies up to about 1 MHz, where
they begin to increase as they approach the resonance. The resonant peak itself
p
is at the natural frequency f0 = 1/ LC = 5.1 MHz. Above the resonance, the
sensitivity falls o↵ slower in the simulated than in the measured data, which is
caused by the low pass behavior of the di↵erential amplifier beginning at 1 MHz.
The two resistors R, which are installed symmetrically in order to provide a signal
of equal amplitude to the amplifier inputs, can now be easily adjusted in the
simulation to form an appropriate RC low pass together with the stray capacitance
of the probe, CS [128]. The optimum value was found to be at R = 200 ⌦, at
which the normalized sensitivity shows no peaking while the cuto↵ frequency of
the low pass is still as high as possible. The simulation and measurement results
are shown in fig. 4.6 (blue curves), where the desired behavior is apparent in
both plots. Again, the low pass behavior of the amplifier leads to an decrease in
sensitivity at lower frequencies.
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Figure 4.7: Schematic of the calibration setup. A signal generator creates a harmonic
magnetic field (10 kHz-20 MHz) within the Helmholtz coils which is picked
up by the Ḃ probe and fed into the oscilloscope. The driver signal current
is monitored across a shunt.

Probe calibration

To record the frequency response of the probe, a test field must be set up which delivers a known magnetic field B(t) [129]. For frequencies f < 1 MHz, a Helmholtzlike coil setup is used with 2 coils of 4 turns each with a diameter of 78 mm and
separated by 35 mm. The exact magnetic field value in the center is measured with
a calibrated Hall teslameter at a DC current of 1 A. It is found to be B = 97.8 µT.
The calibration setup is schematically shown in fig. 4.7. On the left hand side,
a broadband frequency generator supplies a driving frequency of 10 kHz-10 MHz
into a short length of coaxial cable. Its inner conductor is then fed through the
driver coil, while the return current passes as close to the inner conductor as
possible to minimize stray fields. Via a further short length of coaxial cable, the
current continues to flow through a 50 ⌦ shunt resistor at the first oscilloscope
input to match the frequency generator output impedance. This setup was found
to minimize undesired signal reflection that is present when the current returns
directly from the coil and the voltage across a shunt near the signal source is
measured via high-impedance voltage probes. During calibration, the Ḃ probe is
positioned in the center of the driver coil, including amplifiers and the complete
wiring as exactly used in the experiment. The Ḃ probe is then connected to the
oscilloscope’s second channel. A computer controls the frequency and amplitude
settings of the signal generator as well as the optimal range adjustment and data
acquisition of the oscilloscope.

72

4.1 Fluctuation probes
6

(a)

10

(b)

150
100

5

phase [deg]

S [V/T]

10

4

10

3

w/ high pass
w/o high pass
theoretical value

10

4

10

5

10

6

10
f [Hz]

7

10

50
w/ HP
w/o HP

0
−50
−100
−150
4

10

5

10

6

10
f [Hz]

7

10

Figure 4.8: Probe sensitivity (a) and phase run (b) for a sample probe. Green: calculated
sensitivity, blue: without high pass filtering, red: with high pass filtering.
Dashed lines: Helmholtz coil calibration. Full line: Single loop calibration.

As with the probe itself, the inductance of the test field coils together with their
inter-coil capacitance leads to non-ideal behavior at high frequencies, in the worst
case leading to a reduction of the coil current and magnetic field while still supplying the same voltage across the shunt resistor. Further, when the wavelength of
the driver signal = c0 /f becomes comparable to the wire length of the coil setup,
the field in the Helmholtz coil becomes spatially distorted. Even at frequencies
as low as 2 MHz, these e↵ects become significant in the recorded sensitivity runs.
Consequently, a field source with a lower inductance and shorter wire length, such
as a straight wire or a small, single turn coil should be used here [118]. For the
present thesis, a 20 mm single turn loop was used for calibration in the frequency
range of 100 kHz-30 MHz. Since the absolute value of B in this setup is highly
sensitive to the position of the probe, only the unnormalized sensitivity is recorded
and later scaled to fit the absolute calibration obtained from the Helmholtz coil
setup at lower frequencies.
Figure 4.8 shows a sample result of the calibration procedure used for one of the
coils of the multidirectional fluctuation probe. Fig. 4.8 (a) shows the sensitivity
run in the frequency range from 10 kHz to 25 MHz. The green curve shows the
calculated probe sensitivity from (4.3), with the gain of the amplifier taken into
account. The two other curves show the measured sensitivities with and without
the insertion of the high pass filter. The dashed lines represent the absolute
calibration performed with the Helmholtz coil setup, whereas the full lines are
the scaled values recorded with the single loop at higher frequencies. Over a
wide range of frequencies (f  1 MHz) the probe sensitivity without filtering
(blue curve) corresponds well to the calculated linear response and reaches a peak
value of S=1.1 · 106 V/T near its resonance frequency at 3.8 MHz. As described
73

4 Diagnostics

above, the low pass damping circuit in combination with the limited bandwidth
of the amplifier leads to a rapid decrease in sensitivity above 10 MHz with a
roll-o↵ of 54 dB/decade. When the second-order high pass filter is included in
the measurement setup (red curve), the amplitude at frequencies below 100 kHz
are efficiently reduced with a roll-o↵ of 48 dB/decade. At very low frequencies
(f < 15 kHz), the output signal can be seen to reach the noise level of the recording
oscilloscope at the chosen magnetic field amplitude. The run shown in fig. 4.8 is
for one of the z-components of the multidirectional Ḃ probe.
Fig. fig. 4.8 (b) shows the phase between the driving magnetic field and the
recorded signal with and without the inserted high pass. An ideal probe without
a resonance should have a constant phase of 90 , as marked by the dashed line. For
the unfiltered probe (blue curve), this is approximately the case for up to around
100 kHz, where the presence of the coil resonance peak together with the low
pass properties of the entire probe circuit cause a steep phase run with increasing
frequency. When the high pass filter is added, the high frequency characteristics
are very similar, whereas there is an increasing deviation at low frequencies due
to the expected phase run of the filter. Between equally built probes, the phase
agrees within 4 . It is important to note that the non-ideal amplitude and phase
run, especially in the case of the filtered signal, makes the reconstruction of the
time-dependent field B(t) from equation (4.6) difficult, since the full integration
over the complex functions U (!) and S(!) has to be performed.

4.2 Rogowski coils
A set of small Rogowski coils are installed at various locations throughout the
experiment for routine monitoring of external currents. They consist of 30 turns
of 5 mm diameter around a PVC ring of 15 mm diameter. Their inductance is small
enough to register the fast changes in the PFN and drive currents. The signals
from these coils are fed directly to the reconnection control computer via twisted
pair cables and later integrated o↵-line. Their individual integration constants are
found through cross-calibration with precision resistors.
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4.3 Electrostatic probes
The large amount of noise stemming from various high-voltage switching processes
during a shot, described in detail in section 3.5, create the necessity for a robust
and fast local plasma density and temperature measurement technique.
Concerning the robustness of the setup, it should preferably be fully di↵erential, e.g. without using the vessel potential as a reference, in order to avoid
ground loops and pickup of electrostatic noise. Several possibilities exist within
the field of modified electrostatic Langmuir probes, such as the voltage-swept floating double probe [130], triple probe, or rather exotic geometries such as quadruple
probes [131] or strongly asymmetric multi-tip setups [132]. All these methods
rely on interpretation of the plasma’s local electrical properties as given by the
characteristic of the current impinging on biased electrodes I(Ub , t).
Regarding the speed of the measurement, the probe setup should respond quickly
to changes in plasma parameters and should preferably allow for direct determination of the desired values ne (t) and Te (t) from the recorded signals. While
DC or stationary rf discharges permit the use of simple voltage swept Langmuir
probes [133] as described below, a pulsed discharge requires that the probe voltage
be kept at a constant value in order to properly resolve transients.
The setup chosen for Vineta.II is therefore a modified floating triple probe which
allows for direct measurements of density and temperature from two voltage signals
[134]. The following sections present the derivation of the triple probe equations,
starting from the interpretation of the single-tip Langmuir probe characterstic
(section 4.3.1), the modifications which apply when using a floating setup and
finally the assumptions made which enable the plasma parameters to be deduced
from only three fixed points on the probe characteristic (4.3.2).
4.3.1 Langmuir probe characterstic
A Langmuir probe consists of single electrode, biased at a variable voltage U
against the conducting plasma vessel, which collects a current I(U ) [99]. Figure
4.9 shows an idealized characteristic within an unmagnetized, non-drifting plasma
with its typical features. For a large negative bias, all electrons are repelled from
the probe, thus only collecting the ion saturation current Ii,sat . An increasing
bias leads to an exponential increase in collected electrons as a growing number of
less energetic electrons can reach the probe. At some point, the ion and electron
current are equal, characterized by the floating potential Uf . When the bias
reaches the plasma potential, a distinctive bend in the characteristic is observed
as the transition into the electron saturation regime begins. Depending on the
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Figure 4.9: Idealized Langmuir probe characteristic with its distinctive features.

probe geometry, the current in some cases continues to rise above the electron
saturation current Ie,sat due to the expansion of the electrostatic sheath which
defines the e↵ective electron collection surface [135]. Starting from the assumption
of a Maxwellian velocity distribution of the electrons,
✓
◆3/2
✓
◆
me
me v 2
f (v) =
exp
(4.14)
2⇡kB Te
2kB Te
the density ne and temperature Te can now be derived from the following considerations. Integration over velocity space yields the total electron current:
r
Z
A
A
kB T e
Ie,sat = ene v̄ = ene vf (v)dv = Aene
,
(4.15)
4
4
2⇡me
where A is the probe area and the factor 1/4 is derived from integration over
half of the Maxwellian. At a given bias voltage U < Up , the fraction of electrons
repelled by the probe is given by the Boltzmann relation, resulting in
✓
◆
e(Up U )
Ie (U ) = Ie,sat exp
.
(4.16)
kB T e
Analysis of the sheath region (which is absent when the probe is positively biased
with regard to Up ) shows that ions enter the sheath at the sound speed cs and are
subsequently thinned by acceleration within sheath, yielding
r
kB T e
Ii,sat = exp( 1/2)Aeni cs = exp( 1/2)Ane e
.
(4.17)
mi
The plasma temperature can now be determined from an exponential fit to the
electron current. The plasma density in the quasineutral bulk plasma, ne = ni =
n, can then be determined from equation 4.17:
r
Ii,sat
mi
n=
.
(4.18)
Ae exp( 1/2) kB Te
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Figure 4.10: Left: Double probe measurement principle. Top: Schematic potential
structure between the probe tips for several bias voltages U . Bottom: Idealized characteristic with its distinctive features.

Interpretation of a real probe characteristic is often far from straightforward and
complicated by many di↵erent factors present in our experiment such as plasma
magnetization, rf oscillations of the plasma potential and parasitic influences of
the measurement circuit. In magnetized plasmas, determination of the plasma
potential can become difficult due to increased smearing of the knee in the charactersitic [136]. Further, in an rf plasma, the plasma potential oscillates with the
antenna frequency, Up = UDC + URF (t). This leads to flattening of the exponential
region, resulting in a seemingly higher electron temperature [137]. Most of these
error sources can be eliminated by either adapting the evaluation of the characteristic to the specific situation or by modifying the probe design. If the value of the
plasma potential is not necessarily required, the two issues described above can
be mitigated by the use of a floating setup in which potentials are not measured
against a common ground.
4.3.2 Triple probe
One of these setups is the floating triple probe, in which two probe tips are biased
against each other and supplemented by a third, unbiased tip. In theory, floating
probe setups have several advantages over the single tip Langmuir probe. First of
all, a strongly positively biased Langmuir probe may draw a fairly large current in
a high density plasma, possibly creating a significant perturbation and heating the
probe tip to temperatures where it may start emitting electrons or be damaged.
Floating probe setups, however, can never draw a current above the much lower
ion saturation current, as the electrons collected by the positively biased tip must
be balanced by the ion current to the other tip. Further, the probe is fairly immune
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to ground loops, as no reference potential is required and the current leads can
thus be kept close to each other. This is especially important in our experiment,
where there is significant electrical noise on the wall potential and large, transient
stray magnetic field.
The triple probe is best understood as a special case of the voltage swept double
probe, which is briefly introduced in the following. Figure 4.10 (left) shows the
basic measurement principle of the double probe, in which two probe tips are
variably biased against each other and the current through a shunt resistor R is
measured. On the right, the potential structure between the two probe tips is
schematically displayed, ranging from the unbiased case (a) to the strongly biased
case (c), as adapted from [130]. Below, half of the corresponding symmetrical
probe characteristic I(U ) is shown. When unbiased, both probe tips are at floating
potential Uf , and no current flows. As the bias is increased, the probe potentials
asymmetrically separate from the floating potential, drawing a total current which
is approximately linear with the applied voltage. When the positive tip approaches
the plasma potential, further biasing will not increase the current significantly
and the probe reaches saturation, drawing the ion saturation current Ii,sat . This
happens at a voltage of several times kB Te /e. The ideal characteristic can be
shown to be described by [130]
✓
◆
eU
I = Ii,sat tanh
,
(4.19)
2kB Te
where density and temperature can then be calculated analogous to the procedure
for single langmuir probes from the slope and saturation values of the characteristic
[138].
There are a few drawbacks to the double probe setup. For one, the measurement
and bias electronics need to be fully decoupled from ground potential, requiring
specialized electronics setups [139]. Further, parasitic capacitances, e.g. in the
voltage source and cables, combined with a possibly high shunt resistor over which
the small current is measured, may lead to long RC dwell times, reducing the time
response of the probe setup. Finally, the characteristic still needs to be swept
across a voltage range, which strongly reduces the temporal resolution.
These issues are alleviated in the triple probe setup, which is essentially a double
probe at a constant bias voltage with an additional third, unbiased probe [134].
The general setup is shown in figure 4.11. Probe tip 3 is biased negatively against
1, while probe tip 2 is not actively biased against the other two. The voltage
across two resistors, Rf and Rs are measured by a di↵erential ADC. The potentials
between the three probes are again schematically shown on the right, where the
Ui denote potentials relative to the plasma potential Up . While the potentials of
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Figure 4.11: Left: Triple probe measurement principle. Right: Schematic potential
structure between the probe tips for a given bias voltage Ud3 .

probe 1 and 3 are similar to the double probe setup, probe 2 is at a potential
between Uf and U1 , depending on the choice of the resistor Rf (see below). Note
that the currents to probe 1 and 2 are negative (drawing a net electron current),
whereas probe 3 draws a positive current.
Knowledge of the three probe currents I1 , I2 and I3 allows for reconstruction of
the probe characteristic under the assumptions that: (a) the plasma has a single
Maxwellian velocity distribution and (b) the ion current density doesn’t change
significantly over the three probe voltages, e.g. ji (U1 ) = ji (U2 ) = ji (U3 ) = ji .
Under these assumptions, the currents to the three probe tips can be described
by the following set of equations:


✓

◆
eU1
je,sat exp
k T
✓ B e◆
eU2
je,sat exp
k T
✓ B e◆
eU3
je,sat exp
kB T e

I1 (U1 ) = A1 ji (U1 )

I2 (U2 ) = A2 ji (U2 )

I3 (U3 ) = A3 ji (U3 )

(4.20)
(4.21)
(4.22)

with Ai as the respective probe surfaces. In the following, it will be assumed that
probes 1 and 2 are of equal size, whereas probe 3 may be larger, with the ratio of
areas defined as A3 = RA2 and A1 = A2 = A. Combining these equations results
in the following expression:
I2
I3

I1
=
I1

1
ji (R ⇣ 1)

je,sat exp

eU1
k B Te

exp
⌘

⇣

+1

eUd2
kB T e

⌘

R exp

⇣

eUd3
kB T e

⌘,

(4.23)

where Ud2 = U2 U1 and Ud3 = U3 U1 . From here, one of two further assumptions
have to be made to resolve the first term in the denominator.
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Figure 4.12: Left: Electron temperature sensitivity to measured probe voltage for different probe area ratios R. Right: Electron temperature vs. current ratio
Ir at di↵erent probe voltages Ud2 .

Assuming the probe tips are of equal length, R becomes 1 and the equation reduces
to the following simple form [134]:
⇣
⌘
eUd2
1 exp kB Te
I2 I1
2I2 + I3
⇣
⌘
Ir =
=
=
(4.24)
I3 I1
2I3 + I2
1 exp eUd3
kB T e

which is a transcendent equation for Te that is easily solved numerically. Since
experimentally, only I2 and I3 are measured, I1 has been eliminated by using
P
i Ii = 0.

Alternatively, it can be assumed that the resistor Rf connected to tip 2 is large
enough that the current flowing through it is negligible and I2 (U2 ) = 0. It immediately follows that I3 = I1 , resulting in a constant value of 1/2 on the LHS of
equation 4.23, finally yielding
⇣
⌘
eUd2
exp
1
kB T e
1
⇣
⌘
=
.
(4.25)
1 + R1
exp eUd3
1
kB T e

An asymmetrical probe (R > 1) has the advantage of a reduced sensitivity of the
electron temperature Te to the measured voltage Ud2 . This is shown on the left of
fig. 4.12, where the solution to (4.25) is shown for di↵erent probe area ratios R at
a bias voltage of 28 V. At high values of R, the slope is reduced and the solution
is approximately linear, resulting in a more robust measurement with regard to
noise a↵ecting Ud2 [140]. First tests with this approach, however, showed that the
high value for the resistor Rf (1 M⌦) required to make I2 negligible with respect
to I3 make the entire setup highly susceptible to large voltage spikes which slowly
decay on the time scale of 10µs [141]. This is assumed to be the case due to the
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presence of fast electrons and electrostatic noise initially charging the probe tips
negatively in combination with a finite stray cable capacitance CS , leading to a
long decay time ⌧ = Rf CS of these disturbances.
Therefore, the chosen setup consists of equally sized probe tips with a finite resistor
Rf , allowing a current to flow to probe tip 2. This mode of triple probe operation
is often referred to as current mode (as opposed to the previously described voltage
mode) [131]. Solutions to equation (4.24) as a function of the current ratio Ir for
di↵erent values of the measured probe voltage Ud2 are plotted on the right side of
fig. 4.12. As noted, in the upper limit of Rf
Rs , Ir is close to 0.5 and U2 = Uf ,
whereas for a finite (negative) current I2 this ratio is reduced. In the lower limit of
Rf = 0, U2 = U1 , I2 = I1 and Ir = 0. When Rf is small, Ir is too and the resulting
temperature is seen to become very sensitive to small variations of Ud2 . Therefore,
a sensible value for Rf must be chosen according to the plasma parameters and
noise environment, ensuring a sufficiently high current from probe tip 2 to keep the
decay time of disturbances ⌧ short without increasing the temperature sensitivity
too much.
The electron density ne can be calculated similarly to the single and double probe
from equation 4.18, however with an adapted expression for the ion saturation
current. Eqn. (4.20) yields
✓
◆
eU1
Aji I1
exp
=
.
(4.26)
kB T e
Aje,sat
Inserting this into (4.22) by using U3 = U1 + Ud3 , solving for the ion saturation
current Aji and plugging the result into (4.18) results in the following expression
for the electron density:
⇣
⇣
⌘
⌘
eUd3
r
exp(1/2)
mi I3 exp kB Te + 1 + I2
⇣
⌘
n=
.
(4.27)
eUd3
Ae
kB T e
1 exp
kB T e

This equation depends on the previously determined electron temperature Te and
the two measured probe currents I2 and I3 , as well as the bias voltage Ud3 .

The utilized probe design consists of three 5 mm long, 0.2 mm diameter tungsten
probe tips which are oriented perpendicular to the magnetic guide field and aligned
along the field with a separation of 1 mm. This ensures that all probe tips are
in the same flux tube with equal plasma parameters. Early designs had shown
that a triangular alignment was strongly susceptible to the small-scale density and
temperature gradients present in the reconnecting current sheet.
In order to reduce electrostatic pickup by the probe leads, the tungsten wires are
connected to coaxial wiring as close as possible to the probe tip (5 mm away). The
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Figure 4.13: Triple probe data in the reconnection current sheet center (without reconnection drive) recoreded with di↵erent resistors Rf . (a) Resulting electron
temperature and (b) plasma density.

coax shield is isolated from the vacuum vessel wall and fed into a shielded aluminium box containing the resistors Rs and Rf as well as the bias voltage source.
The latter is provided by batteries which ensure a floating setup and is chosen in
amplitude to be well into the saturation regime of the probe characteristic. It can
be shown that this is the case when the linear run of Te (Ud2 ) for small Ud2 visible
in fig. 4.12 is preserved, which holds when Ud3 2Te [142]. With expected temperatures of Te < 10 eV, a voltage of typically 29 V is chosen. In order to prevent
voltage droop during operation, capacitors (C=300 µF) are connected in parallel
to the batteries. The required measurement quantities are the two voltages across
the resistors, which are recorded by a high input impedance (1 M⌦) di↵erential
transient recorder.
As addressed above, the resistor Rf which connects the unbiased probe (which is
close to floating potential) with the positively biased probe must be carefully selected. Low values lead to a high sensitivity of the calculated electron temperature
to small voltage changes across the resistor, whereas high values limit the time
response to large voltage swings through stray capacitances in the measurement
system ⌧ = Cp Rf . A range of resistors (Rf = 100 ⌦ to 1 M⌦) was tested with
the probe located near the center of a plasma gun discharge. Fig. 4.13 shows
the resulting electron temperature (a) and density (b) for selected cases. At low
resistances (Rf < 1 k⌦, not shown), the signal across Rf is generally noisy and
quite small compared to background noise (rf remnants, high voltage switching,
etc.). Above this value, the resulting electron temperature value shown in 4.13
(a) only weakly depends of the selected resistor, especially during the steady state
phase. The temperatue di↵ers by typically Te = 0.5 eV across the considered
resistor range. During transient phases (e.g. at t = 140 µs), the RC low pass

82

4.3 Electrostatic probes

behavior becomes apparent at high resistances (Rf > 100 k⌦) and is prohibitively
large for Rf = 1 M⌦ (not shown). Additionally, a sharp voltage spike is observed
high resistances when the gun ignites, which is believed to be due to charge accumulation of fast electrons at the probe tip. As a compromise between signal
strength and time response at all spatial locations, a resistor of Rf = 99.3 k⌦ was
chosen.
The plasma density shown in 4.13 (b) has only a weak dependence on the chosen
resistor, as it mainly depends on the current through the second resistor. In this
test case, it is observed that temperature and density remain roughly constant
at values of Te = 5 eV and ne = 4 · 1018 m 3 , which corresponds to the flat
current waveform shown in fig. 5.1 (c). This data is comparable to the electron
temperature values obtained in a similar plasma gun discharges [113], however
with large deviations in the plasma density (n = 5 · 1019 m 3 ) attributed to the
array of guns and higher neutral gas densities used in the cited reference.
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This chapter discusses the spatial and temporal dynamics of the reconnecting current sheet on the timescale of the reconnection drive (f ⇡ 100 kHz). The time
evolution of the externally applied drive, the plasma gun currents and the corresponding return currents are addressed in section 5.1. The spatial and temporal
structure of the internal fields, currents and plasma parameters are presented as
follows: In section 5.3, the time evolution of one-dimensional cuts of the relevant
fields and currents are explored, in particular with respect to the phase relationship between the externally applied inductive field, the plasma current response,
and the resulting inductive field. It turns out that the fast reconnection drive
results in an almost purely inductive plasma current response, a point which is
discussed in section 5.4. The two-dimensional current sheet structure is analyzed
at characteristic time instants in section 5.5, addressing the resulting shape and
orientation of the largely field-aligned sheet structure as well as its relationship to
the localized inductive field modification. Triple probe measurements of the density and temperature complete the picture of the in-plane dynamics (section 5.5.3),
together with the corresponding in-plane currents, which allow for an analysis of
the in-plane pressure balance (section 5.5.4). The three-dimensional current sheet
structure, based on measurements in three axially separated planes, is presented
in section 5.6. With this detailed information on the overall reconnection plasma
dynamics, a comment on the resulting reconnection rates and their interpretation
is given in section 5.7. Finally, a short overview over the guide field dependency
of the reconnecting current sheet is given in section 5.8, since these results are
required in the later analysis of the magnetic fluctuations.

5.1 Time evolution of reconnection currents
Figure 5.1 shows the time traces of the currents that are measured by means of
the various Rogowski coils as introduced in section 4.2. The measurements are
averaged over several hundred highly reproducible shots that form a full scan of
the in-plane plasma parameters. Fig. 5.1 (a) depicts the reconnection drive and
X-drive currents, respectively. The nearly flat top current provided by the X-drive
PFN is apparent, here at an average maximum value of IX = 2 kA, as well as the
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Figure 5.1: Time traces of the reconnection currents. (a) X-drive and reconnection drive.
(b) Plasma gun cathode and anode currents and their di↵erence, with (blue)
and without (red) reconnection drive. (c) Current returning from the second
grid to ground (same color scheme).
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sinusoidal current provided by the reconnection drive with IR,max = 0.79 kA. At
t = 252 µs the cycle ends by abruptly returning the drive current to zero which
introduces large amounts of noise in all measurement systems. These late time
periods are omitted in the further discussion. The proximity of both wire systems
in the displayed measurement (i.e. when using the conductor geometry described
in 3.5) results in a small amount of cross-talk, which is visible in the X-drive
trace. This e↵ect reduces the total inductive field at the X-point by approximately
3%. Fig. 5.1 (b) shows the currents flowing to the gun cathode and returning
from the anode to the gun PFN, respectively. The red lines correspond to the
case during which the reconnection drive is turned o↵, whereas the blue lines
correspond to the on-case. Additionally, the di↵erence between the two traces
is plotted, i.e. the total current leaving the gun towards the first grid and the
reconnection volume. This plot is similar to the one presented in section 3.6.5 but
is reproduced here for the specific parameters used in the present measurement.
As previously discussed in the introduction of the plasma gun (section 3.6.5), the
cathode current is externally set by the PFN and is unchanged for all experimental
situations. The anode current is given by the properties of the virtual cathode in
front of the gun. It is significantly smaller than the cathode current with a total
current of Idi↵ = 140 220 A leaving the gun towards the first grid. The total
current that flows to the reconnection volume (fig. 5.1 (c)) is returned through
the second grid to the vessel wall. Without the drive, only a small current of
Ibg ⇡ 4 A is observed. When the reconnection drive is powered and the inductive
field points towards the gun, fewer electrons are reflected to the gun anode by the
diminished virtual cathode. This reduces the anode return current. The excess
electron current that leaves the gun is, when comparing to the undriven case,
consequently roughly equal in amplitude and phase to the current observed at the
second grid. The current to the grid is observed to be completely suppressed if
the inductive field drives the electrons back towards the gun. It is enhanced to a
maximum value of Ip = 43 A in the opposite case.
In summary, the current closure in the system is accomplished as follows: Without
the application of an inductive field, approximately 70% of the gun current returns
directly through its anode to the PFN, while most of the remaining current returns
through the first grid to the experiment-ground connection. In this case, the
resulting current to the second grid is only 0.5% of the cathode current. If the
reconnection drive is switched on at the point in time of maximum current to the
second grid, this ratio increases to 6% of the cathode current, with the additional
current now missing in the return paths from the anode and the first grid.
While 6% is already a significant fraction of the emitted cathode current, the
question remains why the extracted current is still significantly lower than the
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current drawn by an electrostatic bias of the gun with respect to the second
grid. In part this has been answered by taking note of the principal di↵erences
between an inductively and electrostatically driven and axially bounded system
(cf. section 3.6). There is another, possibly far more important e↵ect to be taken
into account: The time point of the current peak relative to the maximum of
the inductive electric field is phase shifted by a significant amount. As discussed
in more detail in section 5.4, the response of the entire electrical circuit at the
relatively high drive frequencies is limited by its inductance, which is the main
contributor to the total impedance. In order to understand this e↵ect in more
detail, the evolution of the actual current sheet and the corresponding magnetic
and electric fields need to be examined first.

5.2 Flux transport and field line velocities
Since the motion of magnetic field lines and the transfer of magnetic flux across
the separatrices is an essential property of reconnection, a few comments on the
interpretation and visualization of this process are due. Beginning with a periodic
2D and zero guide field situation, the time evolution of the magnetic field in an
ideal MHD plasma can be found from ideal Ohm’s law and Maxwell’s equations,
resulting in the induction equation:
@B
@t

r ⇥ v ⇥ B = 0.

(5.1)

In this simple situation, the field lines at any given moment can be found from the
contours of the vector potential A, which only has an Az component. Since the
magnetic flux is frozen into the plasma, the time evolution of the flux-conserving
contours with Az = const. correctly represent both the field line and plasma
motion. In the special case in which the non-ideal terms in Ohm’s law can be
written in the general form of
E + v ⇥ B = r + u ⇥ B,

(5.2)

it is easy to see that equation (5.1) can be rewritten as
@B
@t

r ⇥ w ⇥ B = 0,

(5.3)

where w = v u [143]. We see that a velocity field w exists that still conserves the
magnetic flux but does not coincide with the plasma velocity v. In the reconnection geometry, flux transport is possible across the X-point, not because it di↵uses
through the plasma by a dissipative term but rather because of a “slipping” of the
field lines across the plasma. While eq. (2.4) states that reconnection is occurring
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in the strict sense that magnetic flux is being transported, this process is entirely
reversible and is therefore better described as “field line slippage”. An example
of a non-ideal term which satisfies eq. (5.2) is an axial (scalar) pressure term
where r = rz p/(ne0 ) and w = v. Here, no current flows in the z direction
while a finite reconnection rate is found at the X-line. This corresponds to the
plasma-free case discussed at the beginning of this chapter where the reconnection
rate is just the externally induced electric field. It turns out that “true” magnetic
reconnection in the sense that no flux transport velocity w can be found which
satisfies eq. (5.3) requires that the non-ideal term cannot be expressed in the form
of eq. (5.2), for example by introducing a resistive di↵usion term ⌘j [1]. In a 2D
situation without a guide field, it can be shown that the flux transport velocity in
resistive MHD is given by
⌘j ⇥ B
w=v+
,
(5.4)
B2
regardless of additional terms of the form (5.2). This expression demonstrates
acceleration of magnetic flux towards the X-line by the second term despite the
stagnation of the plasma fluid elements as they converge towards the X-line. It
is shown in chapter 5 that substantial axial electrostatic fields are present in
Vineta.II which satisfy E = r and therefore do not contribute to disspiative reconnection. An appropriate measure of magnetic reconnection has been
found to be E = Ev,X Ep,X , where the subscripts indicate the electric field
at the X-point in the current-free (vacuum) case and the plasma case in which
a dissipative current sheet is present, respectively. These values are recorded in
two separate measurements, thereby ideally eliminating the electrostatic potential
gradient term.
In the general three-dimensional case including a guide field, the situation is much
more complicated. First of all, the contours of Az (x, y) now correspond to the
projection of the field lines into the xy-plane, only if there is no variation along
z. In a bounded system, the field lines will generally vary in all three dimensions
and a cut of Az (x, y) will be more akin to a Poincaré plot which only shows the
local projection of all field lines crossing the plane. The inductive electric field
at the X-line is a local quantity, for which a generalized reconnection rate can be
formulated as [144]
Z
@
= Ek ds,
(5.5)
@t
where the integration needs to be performed along the path of the X-line. A
further problem arises when trying to define a flux transfer velocity w when the
di↵usion region is spatially bounded in all three dimensions as is the case in a
finite-length axial experiment. This becomes clear if one pictures field lines going
through a region D and examines the flux transfer velocities at its boundaries as

89

5 Reconnection drive timescale dynamics
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Figure 5.2: Schematic of field line motion around a di↵usion region D which is localized
in three dimensions. Adapted from [1].

shown in fig. 5.2. This sketch can be understood as a side view of the previous
representations with the z-axis from left to right. Within the ideal region, the field
lines move with w = v up to the boundaries of D and are in general not equal
on the left and right side. Within D, a flux transfer velocity can be constructed
matching to either boundary solution, shown as win/out . While in 2D, the periodicity of the problem dictates that these solutions are necessarily equal, there
is a mismatch in the entire di↵usion region between the solutions in the general
3D case. In other words, unique three-dimensional field lines can be calculated at
any given time point, but there is no unambiguous solution to their motion within
the di↵usion region which fits to all boundary conditions. In 2D, magnetic reconnection can be understood as a topological singularity which is confined to the
X-point, whereas in the general three-dimensional case, continuous reconnection
of all mismatched field lines within the non-ideal region takes place. The local
electric field Ek in this case is a measure of mismatch velocity w = win wout .
In conclusion, great care has to be taken when interpreting flux contour movement
from experimental data. In general, it is as a visualization of the local electric
field strength perpendicular to the viewing plane. However, the composition of
this field in electrostatic and dissipative terms is crucial in order to evaluate if this
motion is equivalent to a plasma velocity and if it contributes to reconnection in
an irreversible, dissipative sense.

5.3 1D spatio-temporal evolution
Fig. 5.3 shows the time evolution of one-dimensional cuts of the plasma current
densities and electric fields, reconstructed from the slow magnetic probe signals
as discussed in sec. 4.1.2. The time axis is the same as in fig. 5.1 and has been
zoomed in to the period that ranges from just before the gun discharges up to the
point where the reconnection drive stops. The data was recorded in the z plane
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Figure 5.3: Time-resolved cuts of measured currents and electric fields. (a) Integrated
current density with characteristic time points marked. Current density
across (b) and along (c) the current sheet in the rotated coordinate system
(x0 , y 0 ). (d) Total inductive electric field together with contours of Az (red
lines) along the laboratory coordinate x. (e) Inductive electric field di↵erence
betwen the plasma and vacuum case along x.
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at the center of the reconnection module, i.e. half way between the first and
R
second grid. Fig. 5.3 (a) shows the integrated axial current density Ip = jz dA,
with several characteristic time points marked (A-E) for reference in the following
sections. The signs of all axial vector quantities are defined as positive when
pointing away from the gun, such that the electron current from the gun is a net
negative electrical current. At tA , the plasma gun is on and emits a steady-state
constant background current into the reconnection volume. At tB and tE the
total plasma current has its minimum, as the inductive electric field points away
from the gun. tC marks the point of maximum current, and at tD the electric field
di↵erence (fig. 5.3 e) between the plasma and vacuum case has its peak value. Fig.
5.3 (b) and (c) show cuts of the axial current density jz in the rotated coordinate
system of the current sheet (x0 , y 0 ). The correct angle for the transformation is
determined as described in section 5.5.1. Fig. 5.3 (d) shows the total inductive
electric field Ep = @Az /@t for the plasma case, including contours of Az (x, t) which
2
correspond to the movement of the field lines with v = (Ez ⇥ Bxy ) /Bxy
. Fig. 5.3
(e) shows the inductive electric field di↵erence between the plasma and vacuum
case E = Ep Ev . This quantity is well suited to evaluate the influence of the
reconnecting current sheet on the externally imposed X-point geometry, especially
in an electrostatically limited situation (cf. chapter 2). Note that the cuts fig. 5.3
(d) and (e) are taken along the laboratory coordinate x, and not along the current
sheet as in fig. 5.3 (c).
It is helpful to view the total system consisting of the drive currents, the resulting
inductive field and the plasma current response as a simple feedback loop as suggested in ref. [145]: The drive currents create time-varying magnetic fields that
are associated with the induced vacuum field Ev . This field drives a local plasma
current Ip (t) at the device center that in turn dynamically modifies the magnetic
field, particularly outside the current sheet. The resulting field Ep is shown in fig.
5.3 (d), a superposition of the externally inductived electric field and the internal
plasma-generated inductive field E. As a result, the reduced Ep drives a smaller
current, and here the feedback mechanism comes into play that determines the
resulting temporal and spatial evolution of Ip (t) and Ep (t).
Looking at the current density evolution in fig. 5.3 (b), several phases can be identified: After a small initial peak, when the gun discharge starts at t = 206 µs, the
current sheet is observed to remain constant in amplitude jz (r = 0) = 7.5 kA/m2
and width until the reconnection drive starts at t = 233 µs. As the electric field
then rapidly increases, the current density decreases until the total current vanishes. Note that the local current density at the X-point does not return to zero
but rather remains at jmin = 4 kA/m2 . This issue is discussed in more detail in
section 5.5. When the electric field reverses, the current density rises to its maxi-
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mum value of jmax = 40 kA/m2 at t = 245.5 µs, considerably later than the electric
field maximum (at t = 241.7 µs). Note that the integrated current displayed in
fig. 5.3 (a) peaks at t = 244.7 µs, slightly before the central current density. This
stems from a slight phase delay of the central current density if compared to the
o↵-axis components. The current sheet width (along y 0 ) does not significantly
change over the reconnection drive cycle, while its length (along x0 ) is observed
to increase together with the total current. After the electric field reverses for the
last time at t = 247 µs, the current sheet is once again reduced in amplitude until
the total current vanishes, approximately returning to the initial value at tB .
The electric field di↵erence in fig. 5.3 (e) shows how much the vacuum electric
field has been modified by the presence of the current sheet, or in other words
how much the reconnection rate @Az /@t in the plasma deviates from the vacuum case. While the vacuum field typically reaches peak values of E = 70
and +62 V/m, respectively, the field di↵erence ranges from E = 10 V/m to
+12 V/m. This corresponds to an instantaneous field reduction of up to 20%.
The field line velocity as calculated exclusively from the in-plane field towards
(and away) from the X-point in the displayed cut is indicated by red contour
lines in fig. 5.3 (d): The modulus of the velocity of these lines is given by the
z
z
angle of the contours u = @A
/ @A
. A horizontal contour corresponds to a ve@t
@x
locity of zero and the velocity increases up to infinity at a 90 angle. New field
lines appear with near infinite velocity at x = 0 at t = 235 µs. This is because
the displayed cut along x is within the public flux region into which flux is being pushed from the private region. These field lines come to rest at E = 0 and
return to the X-point, being pulled back to disappear into the private flux region at t = 242 µs. This cycle repeats periodically. Since the resulting inductive
field in the plasma case is not much di↵erent from the vacuum field, the overall
structure of the contours of A are similar in both cases and mainly determined by
the externally imposed field geometry. Typical Ez ⇥ Bxy velocities at x = 10 mm
are vE⇥B ⇡ 3 · 105 m/s in the vacuum case, and reduced by a factor of 2-3 when
the current sheet is present. As discussed in section 5.2, this velocity reduction
should be interpreted as the reduced motion of the flux contours responsible for
the generation of the inductive field. The actual velocity of a plasma element vfl
only corresponds to this velocity in ideal MHD and in the absence of electrostatic
fields. In our case, the flux contour velocity rather provides an upper limit to the
plasma velocity. Nevertheless, these projected field lines are commonly used to
illustrate the flux transfer process (ref. [25]) and, when appropriate, as a measure
of the actual plasma velocity (ref. [48]). The ordering with typical plasma velocities is vA = O(104 )m/s ⌧ vFL = O(105 ) ⌧ vt,e = O(106 ) m/s, with the Alfvén
velocity vA and the thermal velocity vt,e . The large di↵erence between vA and the
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unrealistically high vFL indicates that as expected, significant field line slippage is
present in our experiments.
Several observations can be made with regard to the temporal behavior of E.
At t = 205 µs, the quickly rising current temporarily creates a negative inductive
electric field that decreases as the background current reaches its steady-state
value. At the start of the reconnection drive, E immediately rises as the plasma
reacts to the flux being driven towards the X-point by reducing its current. At the
time point when the total current reaches zero, E immediately collapses since the
diode-like character of the current-carrying system prevents a significant electron
current towards the gun. This increases the reconnection rate to its maximum
vacuum value Ep = Ev . As the inductive field drops, the background current
gradually begins to flow again, permitting a small decrease in E similar to the
gun ignition phase. When the external field reverses, the rising current slows down
the transfer of magnetic flux back into the private region, which gives rise to an
increase of E that peaks at t = 240 µs. This peak occurs when the derivative of
the plasma current dIp /dt has a maximum, indicating a phase shift of ⇡/2 between
E and Ip and consequently an inductive plasma response. This is di↵erent from
what one would usually expect from a steady-state reconnection case in which
E is expected to be in phase with Ip . The exact ratio of in-phase to out-ofphase components of E will be discussed in the next section. Finally, there is a
considerable phase di↵erence between the externally induced field and the electric
field di↵erence generated by the plasma itself. While the abrupt decrease of E
at t = 233.2 µs and t = 249.5 µs can be understood from the diode-like properties
of the plasma gun, the reason for the slow decay of E after t = 240 µs is not
obvious. The feedback loop picture considered above introduces a causality which
gives the problem a certain ordering: The reconnection drive conductors create
a magnetic field proportional to their current Iw , which is seen to hold without
a phase delay (within the time precision t = 0.1 µs of the recording system).
The induced electric field Ev and, to a certain extent, also Ep are observed to
be in phase with dIw /dt. Up to t = 239 µs, the total current increases with
dIp /dt / Ep with the inductive response discussed above. In turn, E matches
Ep up to a proportionality constant. It seems plausible that the current response
to the further increasing applied field then begins to taper o↵ because the electric
field Ep , related to the current via Ep = ⌘j, becomes significant, thereby reducing
E = Ev
Ep . If this term is evaluated using the neutral gas and Spitzer
resistivities as obtained from the plasma density temperature (as measured by the
triple probe), a maximum field of Ep = (⌘sp + ⌘n )j < 3 V/m is obtained. The
large discrepancy between this value and the measured inductive field strongly
suggests that there must be another dominant component that balances Ev . As
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discussed in section 3.6, large electrostatic fields are expected to form in the plasma
column bounded by the mesh grids, which can greatly reduce the e↵ective electric
field Ee↵ = @Az /@t + @ /@z that balances ⌘j at the X-point. Severe noise
issues unfortunately make the direct measurements of the axial electrostatic field
r z impossible, and one can only speculate about its amplitude and spatial
distribution. It seems plausible, however, that a considerable contribution from
this field is made, largely in phase with the applied inductive field. If this is the
case, the electric field balance at the X-point is given by Ev = ⌘j + E @ /@z,
where the three terms on the R.H.S. are a dissipative term, an inductive term
and an electrostatic term. E must therefore taper o↵ because the combination
of @ /@z and ⌘j increase faster than Ev does. A more detailed analysis of
these terms is made below after the plasma density and temperature evolution are
presented.
As a final remark, a di↵erence between E and E in their length scales is clearly
visible: While the total inductive field is roughly constant across the entire current
sheet, E is seen to be localized near the current sheet, smoothly diminishing
outwards. The two-dimensional in-plane distribution of E can be recovered
from Poisson’s equation for the vector potential, as explained in more detail in
section 5.5.2.
In summary, already these fundamental one-dimensional parameter cuts measured
by a single diagnostic provide a wealth of information concerning the reconnection dynamics. It has been demonstrated that the bounded plasma with a current
source behaves like a plasma diode which implies complex temporal dynamics.
The localized, elongated current sheet at the X-point exhibits a largely inductive response to the induced electric fields and is limited in its amplitude by the
presence of significant electrostatic fields.

5.4 Inductive nature of reconnection in Vineta.II
As outlined above, the electric field associated with the time-varying integrated
current is largely inductive dIp /dt / E. It is instructive to recover the plasma
current from the measured electric field response E by applying an appropriate
equivalent circuit model. This provides information on the total inductance, responsible for the out-of-phase behavior as well as the relative magnitude of the
e↵ects which cause an in-phase component.
As has been argued in ref. [146], an inductive plasma response is not surprising
for the following reasons: The total axial current change over a time interval t
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Figure 5.4: Inductive electric field response of the plasma current E = Ev Ep vs. the
rate of change of the plasma current dIp /dt for three di↵erent measurements
in the time range t = 200 to 250 µs (see fig. 5.3). The lines are linear fits to
later time points starting from t = 235 µs.

is given by
Ip =

Z

jz dA.

(5.6)

cs

The vector potential in Ez =
Az / t is related to the current density via the
2
solution of Poisson’s equation r Az = µ0 jz given by Green’s formalism [147]
Z +1
Az (r) =
G(r, r0 )jz (r0 )dr0 .
(5.7)
1

Consequently, the change in total current Ip / t should be proportional to the
change in vector potential
Az / t and one obtains
Z
Z +1
jz dA /
G(r, r0 )( jz (r0 ))dr0 .
(5.8)
cs

1

Since the Green’s function G(r, r0 ) only spatially smears out
be related via some proportionality constant.

j, both sides should

Fig. 5.4 shows E vs. dIp /dt plotted against each other for three di↵erent
measurements at several magnetic guide and in-plane field values and time points
ranging across the entire time domain covered in fig. 5.3 (t = 200 250 µs). Despite
the di↵erences in discharge parameters, all three measurements are seen to have
very similar proportionality constants. A condition for this relation to hold is
that the entire current sheet is captured by the magnetic diagnostics, which is
not the case for low guide fields where the length of the sheet can become quite
large. The stray values in the upper right quadrant originate from the remnants
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of the first “crash” of E at t = 233 235µs. The signals of both dI/dt and E
are quite noisy, as seen in fig. 5.3. These values are omitted in the linear fits to
all three measurements which are displayed as solid lines. If the entire currentcarrying system is viewed as being driven by a voltage source U = El (where l
is the length over which the induced electric field acts on the current sheet) which
drives a current limited by an inductance L of the entire circuit via U = LdI/dt,
then the proportionality constant between E and dI/dt can be interpreted as
an inductance per unit length
L dI
E=
.
(5.9)
l dt
The fit yields L/l = (0.48 ± 0.01) µH/m. Since this value is equal for all shown
measurements, it seems plausible that the inductance is given by the geometry
of the current path which is in turn determined by the layout of the experiment.
The inductively driven current within the device proceeds in a square loop of
dimensions w · h from the virtual cathode in front the first grid, through the
plasma column to the second grid over a distance of w = 1.4 m along which the
inductive field acts, before it returns radially outwards along a wire of h = 0.5 m
length, passes through either a wire along the vessel wall or through the wall itself
and closes to the first grid. The self inductance L of a single-turn rectangular wire
loop with the dimensions w · h can be approximated by the expression
"
!
p
2 + w2
p
h
+
h
L ⇡µ0 /pi
2(w + h) + 2 h2 + w2 h ln
w
!
#
p
w + h2 + w 2
w ln
+ h ln(2h/a) + w ln(2w/a) ,
(5.10)
h
where a is the wire radius [148]. It is not obvious what the appropriate value for a
should be, but using the current sheet width in the center plane with a = 15 mm as
an upper bound and the radius of the grid connection wires a = 1 mm as a lower
limit, the resulting inductance ranges from L = 2.4 to 4.4 µH. The measured
total inductance using the full wire length of l = 3.8 m is L = 1.8 µH, which is
smaller than the calculated square loop value but reasonably close considering the
strongly simplified assumptions made. It may also well be that there is a small
but finite capacitance present in the electric circuit and that the observed e↵ect
is owing to a reactance composed of both components, implying a slightly higher
value of L. Additionally, the inductance of the wire loop can be expected to be
reduced due to the shielding surrounding the external return wires. In conclusion,
the rate of change of the total current driven by the reconnecting magnetic fields
turns out to be limited by the inductance of the externally imposed geometry of
the current path, a relation which has been shown to hold in the toroidal VTF
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Figure 5.5: Total plasma current as measured (black) and as reconstructed from an
equivalent circuit model containing an only inductance L/l (green) or an
additional resistance R/l (red). The inductive field response of the current
E is shown in blue.

experiment [146]. It should be generally applicable to any reconnection system
that is driven by a time-varying inductive field.
Using this inductance, it is now possible to reconstruct the plasma current time
trace from the measured electric field response, if the model assumption of a simple, fixed value, lumped component equivalent circuit holds. The circuit consists
of an inductance L and resistance R driven by a voltage U (t). While L corresponds
to the dominant out-of-phase inductive component of the E plasma response,
R should capture the additional in-phase component, which does not necessarily
correspond to an actual resistance in the real system. Using an arbitrary length
of l = 1 m, the governing di↵erential equation for I is given by
E(t)l = U (t) = LdI/dt + RI.

(5.11)

This equation is solved using the measured (interpolated) E(t) as an input to
an ODE solver. It is optimized with regards to the values of L and R to fit to
the measured current I(t) best. The result is shown in fig. 5.5, where the driving
term U = El is plotted in blue together with the measured current I(t) in
black, the current calculated from the model for the case of R = 0 in red and
the case including a non-zero R in green. The boundary condition is fixed at
I0 (t = 235 µs) = Imeas ⇡ 0 and the solution is calculated forward and backward in
time from this point. The model containing L alone produces adequate results for
one flank of the current pulse only. The best match for the first, negative slope
is found for L = 0.555 µH (as shown) whereas the second, positive slope is best
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described by L = 0.48 µH (not shown), in accordance with the value found for the
normalized inductance L/l above. A further discrepancy is seen at t = 242 and
247 µs in a mismatch of the curvatures, suggesting that the model containing only
an out-of-phase component is insufficient to describe the full system. Additionally,
the sharp current drop at t = 233 µs is not well reproduced by the model. This
is presumably due to changes in Ep and Ev on timescales shorter than the data
acquisition system can properly resolve, resulting in a smaller measured value of
E than present in the system.
Adding a finite resistance R to the equivalent circuit leads to far better results that
match both flanks of the current pulse and even capture the current crash from
t = 250 to 252 µs. The values for the elements used in this case are L = 0.52 µH
and R = 7.28 m⌦. The resulting equivalent circuit can be characterized in terms
of its impedance Z = R + i!L, which yields the relative importance of the
in- and out-of phase components R and !L. With the frequency of the driving voltage f = 64 kHz as determined from its zero crossings !L = 0.21 ⌦, and
R/(!L) = 0.035. Not surprisingly, the current response is dominated by the out-of
phase component, but the in-phase component is not negligible, especially if one
compares the equivalent circuit resistance R = 27.6 m⌦ with a simple estimate
of the total Spitzer resistance of the current sheet Rs = ⌘s l/A = 31 m⌦ (with a
mean value of ⌘s = 4 · 10 5 ⌦m, a current sheet area of A = 3 ⇥ 6 cm2 and a
plasma column length of l = 1.4 m, section 5.5.3). The remaining question is how
this equivalent resistance can be interpreted in terms of magnetic reconnection.
As discussed in section 2.2, the 2D Sweet-Parker model assumes an incompressible plasma as well as a homogenous background magnetic field which requires
a constant electric field Ep everywhere. With these limitations, a steady-state
local depression of Ep is not possible and no in-phase E / I term is expected.
This would, however, mean that the reconnection rate always equals that set by
the boundary condition given by the external drive, an e↵ect which is not observed, e.g., in the quasi-steady-state current sheet of the MRX device [149]. If
the incompressibility assumption is relaxed, a velocity gradient may result which
enables a matching of the solution Ep = ⌘j < Ev at the current sheet center
with Ep = Ev further outwards. In three dimensions and including electrostatic
fields, the situation is generally much more complex and a precise discussion of
the electric field structure requires knowledge of the plasma potential and drift
velocities in all three dimensions, which are not available in the present setup. The
basic argumentation, however, remains the same: Far from the current sheet, the
in-plane field line velocity should match that of the plasma-free case, while at the
current sheet center Ep = ⌘j r < Ev , requiring an e↵ect which allows the field
di↵erence to be maintained. A simple explanation can be provided by consider-
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ing R to be a real current-limiting resistance that consists of the internal plasma
resistance Rs and the external resistance of the wires and boundaries Rext . The
voltage drop across Rext is responsible for a potential di↵erence between the two
bounding grids
= Rext I, which provides the necessary electric field reduction.
With Rext estimated to be between 5 and 10 m⌦, depending on the current path
taken through the vessel wall, E = Imax Rext /lext = 0.32 to 0.64 V/m. This is
reasonably consistent with the measured E = 0.48 V/m when dI/dt = 0. If this
simple picture provides a sufficient model or requires a more involved investigation
of in-plane plasma parameters is being actively investigated. Most importantly,
an optimization of the external circuit may enable much higher currents, which
not only relaxes the sensitivity requirements of the diagnostics but also should
provide a larger dissipative reconnection term ⌘j.
In summary, the results from this section have shown that, given an externally
generated inductive field, the total current and electric field response of the reconnecting current sheet is limited mainly by external constraints. The inductance
of the current path, including the return wires, limits the rate of change of the
current, whereas the resistance of the total circuit, again including the return
wires, sets an upper bound to the reconnection rate Ep . This setup may at first
sight seem highly restrictive and largely independent of the current sheet structure when considering the reconnection rate, except for the resistance provided by
the current sheet. However, the flux transfer velocity w, which is related to the
measured reconnection rate Ep = @A/@t, can significantly deviate from the actual plasma velocity v, especially in the presence of electrostatic fields. Since this
slippage process is not associated with a topology change, a large part of the measured inductive field may not contribute to the dissipative reconnection process
in the strict sense. Accordingly, a detailed analysis of the internal current sheet
regarding the composition of Ep , be it through electrostatic, dissipative, or other
non-ideal terms (such as fluctuations) is required to evaluate the full reconnection
dynamics.

5.5 2D current sheet structure
5.5.1 Current sheet characterization
Figure 5.6 shows the in-plane distribution of the axial current density jz (x, y),
measured in the same plane as in fig. 5.3 at the 4 time points t = tA – tD .
Additionally, contours of Az (x, y), i.e. the projection of the three-dimensional
field lines when assuming symmetry along z, are shown in black. The x and y
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Figure 5.6: 2D current sheet profiles at the time points marked in 5.3 (A,B,C and E)
together with the corresponding contours of Az .

axes are centered around the X-point of the vacuum X-drive field as determined
from the saddle point of Az .
At t = tA , the plasma gun has fired into the stationary field provided by the
superposition of guide and X-drive field. It provides an exclusively negative current
density (electron current). In this measurement, the plasma gun axis is slightly
misaligned with respect to the X-point by x = 2.5 and y = +5 mm. The electrons
emitted by the gun primarily follow the sheared magnetic field lines, mapping the
circular current that leaves the gun into the observed elongated structure. A more
detailed visualization of this mapping is presented in section 5.6 and in ref. [85].
Most importantly, the field lines close to the horizontal pair of separatrices diverge
from the X-point in direction of +z, whereas they converge along the vertical pair.
If the resulting current sheet were strictly following the field lines, one would expect
a compression of the current sheet from the 12 mm diameter of the plasma gun
anode ring along the field lines. The observed current sheet is, however, wider,
which is believed to be determined by a balance between the outward cross-field
di↵usion and the inwards transport by the field lines [85]. Along the outward
pointing separatrix, these two processes act in the same direction, resulting in a
good agreement between the sheet length expected from the magnetic mapping
and the observation.
R
At t = tB and tE , the integrated current jz dA has dropped to zero while in the
center at the X-point a current density is still present. The current balance is
provided by a return current above and below the current sheet, especially ap-
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parent at tE . A cross-check with the current measured externally in the return
wire, which is connected to the second grid, shows that there is indeed a vanishing
net collected current at this time point. This suggests that the current-carrying
electrons, which are emitted from the gun or created by volume ionization, are
reflected near the second grid. They then return through the plasma volume on a
di↵erent path to the first grid, thereby creating a closed current structure. Three
questions arise from this consideration: Why is the gun still emitting electrons despite the strong opposite induced electric field? Which kind of potential structures
must be formed to reflect these electrons from the second grid? Finally, what is
the mechanism that redistributes the electrons to the observed spatial pattern?
The first two questions can be answered by considering the plasma potential run
along the X-line as shown and discussed in section 3.6. While the following reasoning assumes a collisionless plasma, adding a finite resistivity does not change
the basic mechanism. When the electric field is negative, i.e. when drawing an
electron current from the gun, the potential run is as follows: On the first grid the
plasma potential is (z = 0) = 0, followed by the virtual cathode with =
vc .
The electrons that overcome this potential well are then accelerated by the steep
Rl
potential step which is given by
⇡ 0 Eind dz+ p (Te ), i.e. the potential which
arises from the charge separation fields together with the plasma potential drop
across the regular sheath. The potential then falls o↵ linearly along z, satisfying
Ee↵ = Eind @ /@z ⇡ 0 everywhere but in the edge regions. When the induced
electric field is reversed, the virtual cathode is still present, but the adjacent potential run is modified: There is now a strongly diminished accelerating potential
step which is followed by a linear increase of along z with @ /@z ⇡ Eind . In
front of the second grid, there is a sharp drop as the potential returns to zero at
the grid surface. Consequently, electrons with a sufficiently high energy to cross
the virtual cathode and traverse the reconnection volume in which Ee↵ ⇡ 0, are
reflected in front of the second grid and return to the first.
The general situation is similar to that described in ref. [103], where an electron
beam injected along a homogeneous magnetic field is forced to be returned to the
emitter along the same path by a floating boundary on the opposite side. In the
cited reference, it is argued that the beam interacts with the bulk plasma creating
electrostatic waves that scatter the beam electrons in velocity space. Current
closure is then given by a resulting drift of the background plasma back towards
the cathode. While this mechanism may also hold in Vineta.II, its verification
requires a more detailed analysis of the current sheet and the velocity distribution
of the electrons in three dimensions.
The spatial distribution of the return currents can only be understood by examining the three-dimensional structure of the magnetic field lines. While this will be

102

5.5 2D current sheet structure

addressed in more detail in section 5.6, the general mechanism can be outlined as
follows: A fraction of the current sheet electrons di↵uses outwards across the field
lines converging towards the X-point along z. These electrons are on field lines
which no longer connect the ring anode opening of the gun with the second grid,
but end up further outwards. Electrons which have di↵used outside of their initial
flux surface and are reflected back at the second grid are consequently expected
to return along a new flux tube. These are located along the vertical separatrices above and below the regular current sheet, which are the locations where the
reverse currents are indeed observed.
At t = tC , the total current peaks and the current sheet has its longest extension,
even extending slightly past the edges of the measurement region. A clear elongation along the horizontal separatrices is visible as well with a high aspect ratio
of approximately 3:1. A systematic characterization of the current sheet requires
a robust method of defining its properties, especially concerning its width and
orientation relative to the magnetic geometry.
Fig. 5.7 (a) shows cuts through the two-dimensional current density profile at
several characteristic angles together with the interpolation points which are used
for the 1D profiles shown in fig. 5.7 (e). The positions of these cuts are constructed
as follows: Firstly, the center point is chosen at the point of maximum current
density, which - as discussed above - usually does not coincide with the magnetic
null owing to slight misalignment of the gun. The angle of the red and the green
cuts are identified by means of a principal component analysis (PCA) [150]: A
point cloud of (x, y) values corresponding to the current sheet shape is generated
by locating all spatial points above a threshold value j0 . The covariance matrix of
this data set is then calculated, from which the eigenvectors and eigenvalues are
determined. The two resulting (orthogonal) eigenvectors point in the direction
of largest and smallest variance, which in the case of an approximately elliptical
current sheet corresponds to the major and minor axis. The benefit of this method
compared to a simple fit of an ellipse to the current sheet contour is its robustness
even at extreme distortions of the sheet at low guide field values (see section 5.8).
In the example shown in fig. 5.7 (a), the resulting (clockwise) angle of the major
and minor eigenvectors with respect to the x-axis is ↵maj = 25.2 and ↵min =
64.8 , respectively.
The second set of cuts, shown in purple and blue, is aligned with the directions
of the steepest vector potential ascent (or descent). In other words, these cuts
are locally perpendicular to the magnetic field lines at the chosen point. These
lines are found by calculating the eigenvectors of the Hessian matrix of the vector
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Figure 5.7: (a) Cuts throught the 2D current density profile with interpolation points.
(b) Vector potential Az with the separatrices (black) and the directions of
steepest ascent and descent from the X-point. (c) Angles determined from
the current sheet and vector potential. Black: current sheet major and minor
axis, solid: steepest vector potential increase (blue: vacuum, red: plasma),
dashed: separatrix angle. (e) 1D cuts of the current density using the same
color scheme as in (a) with Harris sheet fits (sech2 (r/ )).
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potential Az at (x0 , y0 ) as given by
H(A)|x0 ,y0 =

Axx Axy
Ayx Ayy

!

,
x0 ,y0

where Aii denote the respective second derivatives. Similar to the PCA described
above, the eigenvectors e+ , e of H are aligned with the directions of greatest
(positive and negative) change and provide the desired angles. This is shown in
fig. 5.7 (b), where the vector potential is plotted together with the separatrices
(black) and the respective eigenvectors of H. In the displayed case, the resulting
angles relative to the x-axis are ↵ = 54 for the direction of greatest vector
potential increase and ↵+ = 43 for the complementary case. Without a plasma,
↵+ should correspond to the angle in which the X-drive wires are mounted. For
this case, ↵+ = 57 is in good agreement with the design value of ↵ = 60 .
Additionally, the eigenvalues of H(A) provide information on the angle of the
separatrix with respect to ↵+/ . Assuming the point A(x0 , y0 ) = A0 is a saddle point with Ax (x0 , y0 ) = Ay (x0 , y0 ) = 0, the separatrices can be found from
A(x, y) A0 = 0. Since the eigenvalues + ,
of the Hessian matrix correspond to the curvatures of A along the eigenvectors e+ and e , integration yields
A = 12 ( + x02
y 02 )+A0 in the vicinity of the X-point, where x0 and y 0 are the coordinates aligned with the eigenvectors. Consequently, the angle of the
separatrix
⇣p
⌘
1
in the eigenvector coordinate system can be expressed by ↵sep = tan
.
+/
In fig. 5.7, this angle is ↵sep = 31.8 , whereas its corresponding value without a
plasma is ↵sep = 42.7 . The latter value is in good agreement with the expected
value of 45 .
All calculated angles are shown in fig. 5.7 (c) for direct comparison. The black
lines are the major and minor axis of the current sheet, the solid colored lines are
the directions of steepest ascent of the vector potential and the dashed lines are
aligned with the separatrices. Comparing the current sheet measurement (red)
to the case without a plasma (blue), ↵+/ is barely influenced, indicating that
the orientation of the in-plane flux contour velocities is largely unmodified. The
separatrix angle, however, has been strongly reduced from its vacuum value of
nearly 45 by the presence of a local current density at the X-point, as expected
from Ampère’s law. Consequently, the neutral sheet of the magnetic field (shown
later in fig. 5.9) is well aligned with ↵+ , as expected from a Sweet-Parker-like
situation without a guide field, while the current sheet is not. The latter is found
to be aligned with the separatrix within ±3 . This is in agreement with the
intuitive picture of electrons emitted from the plasma gun primarily following the
sheared magnetic field lines that converge towards this boundary. In simulations
of guide field reconnection (e.g. refs. [22, 57, 59]), albeit usually being collisionless
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and periodic in the third dimension, this overall current sheet geometry is observed
as well.
This alignment holds throughout the reconnection cycle as seen in fig. 5.7 (d).
Here, the separatrix angle ↵sep is plotted in blue together with the current sheet
angle ↵cs = ↵maj ↵+ in red for a full drive current cycle. During the plasma
current minima, the current sheet angle, together with the separatrix, is nearly
45 , consistent with the low current densities observed near the X-point. As the
plasma current rises, the separatrix tilts jointly with the current sheet until it
reaches the aforementioned minimum angles ↵sep = 31.8 and ↵cs = 29.1 during
the current maximum. This dynamical behavior of the magnetic field distortion
and current sheet tilt is a generic feature of guide field reconnection in which
the X-point current varies with time. Since the topology of the magnetic field is
constantly changing, it is difficult to describe the entire system in terms of the
classical steady-state reconnection models that require constant key parameters,
such as the current sheet width and flow velocities.
Fig. 5.7 (e) shows the 1D cuts of the current density that are finally obtained by
interpolation along the calculated characteristic angles. Two questions arise when
defining the current sheet width: Firstly, which is the correct cut to use in terms
of the reconnection geometry? Secondly, which function provides a good fit to the
current and corresponding magnetic field while also being physically meaningful?
In the case shown in fig. 5.7 (e), the di↵erence between the two cuts perpendicular to the current sheet is negligible, with the cut shown in green being slightly
narrower. When the total current is low, however, and the di↵erence between the
separatrix angle and the angle of the steepest vector potential descent deviate considerably, there is a di↵erence of up to 20% in the observed current sheet widths.
In terms of the basic reconnection mechanism, the natural coordinate system is
the one aligned with the direction of magnetic flux inflow, i.e., along ↵ in the
present case. A point along a given magnetic flux surface which ends up at the
X-point will travel through the current sheet along this cut, and consequently any
argumentation regarding the traversal of magnetic flux or plasma flows through
the current sheet should refer to this cut (and not along the minor axis of the
current sheet). While not explicitly discussed, this cut is also commonly used in
guide field reconnection simulations [57, 59, 151]. As a caveat, depending on the
specific initial conditions used in those periodic calculations, the large amplitude
of the central X-point current density typically results in a very shallow separatrix
angle, automatically making the current sheet almost perpendicular to the flux
inflow direction. This introduces little error when using a current sheet aligned
cut.
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Concerning the question which fit function is the best to describe the current
sheet, several possibilities exist: An intuitive choice is a Gaussian distribution,
which generally provides an adequate fit along both axes of the current sheet but
is not based on any particular physical mechanism to provide these profiles. A
common choice in reconnection studies is the so-called Harris sheet, which was
originally derived as a solution to the kinetic Vlasov equation of a current sheet
embedded between opposed magnetic fields (without a guide field) [152]. The
resulting one-dimensional expressions for the magnetic field, current and plasma
density are as follows:
Bx (y) = B0 tanh (x/ ) ,
n(y) = n0 sech(x/ ),
B0
jz (y) =
sech2 (x/ ),
µ0

(5.12)
(5.13)
(5.14)

where y is the coordinate across the current sheet, n0 is the plasma density in
the current sheet center and is the current sheet thickness. This set of profiles
is commonly used in reconnection simulations (e.g. in refs. [19, 153]), since it is
associated with a fundamental force-free initial condition in which the complex
details of current sheet formation do not need to be addressed. This solution
provides a pressure equilibrium across the sheet, in which the magnetic pressure is
balanced by the kinetic ion and electron pressure for all x. As shown below, this
is not the case for the current sheets in Vineta.II. If, however, this condition is
satisfied together with Te = Ti and vi = ve = v, an analytical expression can be
given for the current sheet thickness:
s
c ✏ 0 kB T
,
(5.15)
H = c d /v =
v
ne20
where d is the Debye length. Minor corrections can be applied in order to incorporate unequal species velocities vi ve = vd and temperatures, which results
in [154]
s
c ✏0 kB 2(Te + Ti )
.
(5.16)
H =
vd
ne20
Remarkably, the Harris sheet solution does not take into account any details regarding the reconnection process but still provides a solution for an intrinsic length
scale of the sheet width. It has been argued that reconnection can be seen as a
series of static equilibria [154], and that the Harris solution should thus be applicable under the condition that the plasma inflow velocity is small compared to
the Alfvén velocity. This is generally the case in laboratory experiments.
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Figure 5.8: 1D cut of the magnetic field perpendicular to the green line in fig. 5.7 (red
dots) and current density along the same cut (blue dots). Solid red line:
Harris-type tanh(r/ ) + r fit to the magnetic field. Dash-dotted blue line:
sech2 (r/ ) fit to the current density. Solid line: Current density reconstructed from the Harris fit. Vertical line: Current sheet widths resulting
from the respective fits. Green dots: Vacuum magnetic field for reference.

The Harris sheet fit applied to the Vineta.II current sheet is shown in fig. 5.8.
The blue dots are taken from the cut of jz along ↵ (purple) in fig. 5.7, while
the red dots belong to the corresponding magnetic field perpendicular to the cut.
The magnetic field in the absence of a plasma is shown as green dots for reference.
The solid red line is a best fit to the function
B(r) = B0 tanh ((r

r0 )/ ) + ar + b.

(5.17)

Here, a linear term ar has been added which takes into account the (locally)
quadrupolar vacuum magnetic field. This term cancels out when di↵erentiating
B(r) to recover j(r) together with the boundary condition that j(r = 1) = 0. The
fit is evaluated only in the region in which this field component is approximately
linear, which is the case for r = ( 40, +40) mm. The quality of the fit is excellent
in this region and deviates from the measured data where the vacuum field needs
to be described by higher order terms in r. The recovered fit parameters for the
displayed case are B0 = 0.78 mT for the edge magnetic field and = 15.6 mm
for the current sheet width. From the fit, the current density can be calculated
according to eqn. (5.14) as shown by the solid blue line, which is in good agreement
with a sech2 (r) fit applied directly to the current density (dashed line). The
calculated peak current density jmax = B0 /( µ0 ) = 3.95 · 104 kA/m2 corresponds
to the measured value within 1%, while the current sheet widths agree within 2%.
Comparison to other suggested possible fit functions such as the error function or
arctangent [155] shows that the chosen Harris fit results in slightly smaller errors,
especially at the current sheet edges.
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At the chosen time point of maximum central current density, the predicted Harris
sheet width from eqn. (5.16) is H (n = 1019 m 3 , Te = 10 eV) = 126 mm, using
the central plasma density and temperature as obtained from the triple probe
measurements (section 5.5.3) and the mean drift velocity vd = jz /(ne0 ). The
strong discrepancy of H / = 8 can be understood by taking into account the
electrostatic current limitation along the X-line: Since the central plasma density
and temperature are largely determined by the external plasma gun discharge
(see below) the scaling H / 1/vd holds. vd is limited by the sheath boundaries
which results in a rather high value for H . The discrepancy between H and
therefore indicates that an equilibrium across the current sheet, assumed in
the Harris model, is not present, a point which will be further discussed below
(section 5.5.4). Remarkably, though, the Harris solution still provides a robust and
accurate measure of the current sheet properties. In order to reach an equilibrium,
either a wider current sheet would be required, or a reduction of the plasma
pressure, or a reduction of the electrostatic fields. All three options are not within
the current parameter range of the experiment: The current sheet width is limited
by the opening of the gun anode, the plasma density has a lower limit due to the
strong ionization by the energetic gun electrons, and the electrostatic fields are
inherent to the bounded setup. Future upgrades to the experiment are planned
in which an array of guns will be installed in order to provide a wider current
channel, similar to the setup in ref. [156]. Further upcoming experiments with
a plasma gun perpendicular to the guide field will also clarify if a low-density
operation mode is possible in which the internal plasma gun electric field is not
aligned with the X-line.
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Figure 5.9: (a) Modulus of the in-plane magnetic field together with contours of Az when
the plama current is maximum (t = tC ). (b) Di↵erence |B| = |Bp | |Bv |
between the vacuum and the plasma case.

5.5.2 Resulting in-plane field structure
Magnetic fields

Figure 5.9 shows the modulus of the in-plane magnetic field at the time point
of largest total current (t = tC in the previous section). Fig. 5.9 (a) shows the
modulus of the total field together with the projection of the magnetic field lines in
black. Fig. 5.9 (b) shows the di↵erence B = |Bp | |Bv | between the vacuum and
the plasma measurement. In the magnetic field, fig. 5.9 (a), an elongated neutral
sheet is clearly visible around the X-point. As discussed above, its orientation is
aligned with the flux outflow direction and not with the current sheet. These do
not necessarily need to coincide in guide field reconnection, since the presence of
an out-of-plane magnetic field enables finite out-of-plane currents even in regions
where Bxy 6= 0. In fig. 5.9 (b), the modification of the vacuum in-plane field by
the current sheet becomes apparent. In the public flux region, the modulus of the
field is increased, while it is decreased in the private flux region. The separatrices
approximately coincide with the lines along which |B| = 0.
A significantly higher, localized plasma current in which |B| is locally larger
than |Bv | would lead to the formation of an O-point (surrounded by two X-points
in the direction of the drive conductors). This has been observed in the low inplane field situations of the original two-wire reconnection setup [84]. While such
a field structure is reminiscent of a tearing mode [157], the O-point in this case
does not form because of a filamentation of the current sheet itself but rather as a
superposition of the low in-plane field with the high, localized field of the current
channel. Furthermore, the X-points form above and below and not within the
current sheet, as expected in a tearing sheet. Since a real tearing mode provides
an efficient means of reconnection [68] and vastly complicates the measurement and
discussion of the current sheet properties, a short comment on its (non-)existence
is due: Basic theory of this instability, as discussed e.g. in ref. [157], shows
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Figure 5.10: Axial inductive electric fields in the (a) vacuum and (b) plasma case at
t = tD . (d)-(f) Field di↵erence E = EV
EP at three time points
centered around tD and contours of Az,P . Green: selected contour Az,P ,
blue: contour of Az,V . (c) Time traces of EP , EV and E = EV EP at
the X-point. Time markers are the same as in fig. 5.3.

that its existence and growth rate is defined by a discontinuity in the magnetic
field and its derivative across the current sheet is denoted by a parameter 0 .
Assuming a simple current sheet model, the discontinuity can be expressed in
terms of the sheet width , resulting in a marginal stability condition ( 0 = 0) of
k = 1. Consequently, current sheets with k > 1 are not tearing unstable, which
translates to a minimum sheet aspect ratio of 2⇡ for this instability to appear. The
sheet aspect ratio observed in our experiment, however, is more than a factor of
two below this threshold, which means that current sheet tearing does not happen
in the present configuration. A previous experiment with parameters similar to
Vineta.II with the explicit goal of driving an (electron) tearing mode [158, 159]
has shown that tearing indeed only sets in when the sheet aspect ratio exceeds 30,
in agreement with the appropriate model from ref. [160].
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Inductive electric fields

Fig. 5.10 shows the in-plane distribution of the axial inductive fields in vacuum EV
(a) and in the plasma EP (b) at the time point t = tD , calculated from @Az /@t. For
reference, the time traces of these fields at the X-point as well as their di↵erence
E = EV EP are shown in fig. 5.10 (c) together with the previously used time
markers. Figs. 5.10 (d) to (f) show the spatial profiles of E at three time points
around t = tD , separated by t = 0.5 µs. Contours of constant Az,P are plotted in
black, with one specific value in green which visualizes the transport of magnetic
flux through the X-point. A contour of Az,V which approximately matches the
blue contour in (d) is shown in blue.
Figure 5.10 (a) is seen to match the calculated vacuum inductive field very well (cf.
section 3.5). In fig. 5.10 (b), the reduction of the applied field by the current sheet
is clearly seen. The vector potential Az (not shown) still retains its characteristic
saddle point structure, and it is only the time derivative that introduces a clear
depression of the field around the center. The strong localization of the current
sheet results in an EP which now has a local minimum at the current sheet center
as well as two saddle points in the public flux region. As previously discussed,
a key parameter during reconnection is the electric field di↵erence E which is
determined by the resistive and inductive properties of the current sheet together
with its external circuit. While the time dependence of its central value has been
discussed above, the spatial structure was only shortly addressed. Figs. 5.10 (d)
through (f) show that E has a smooth, broad profile when compared to the
narrow current sheet, with its maximum modulus at the current sheet center. At
the edge of the measurement region, E has only fallen o↵ by 70%. This demonstrates that the reconnection electric field is modified on a length scale which is
far larger than what is expected from a purely resistive, steady-state reconnection
situation in which EP = ⌘j. In terms of flux transport from the private to the
public flux region, the velocity of the contours of Az,P are increasingly slowed down
compared to their velocity in vacuum across the entire measurement domain as
they approach the X-line. Comparing the blue and green contours in fig. 5.10 (d)
through (f) shows how the selected contour of AP increasingly falls behind. As
they leave the region of highest E towards the public flux region, the velocities
of these contours begin to match up again, with the green contour considerably
lagging behind. There is considerable difficulty in associating the countours of Az
and their velocities with a meaningful measure of the actual magnetic flux and
its transport (cf. sec. 5.2). It is clear, however, that the discussed mismatch of
the in-plane field line velocities v? , which represents continuous reconnection of
field lines in the entire non-ideal volume, must arise from the axial localization
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Figure 5.11: Axial electric field di↵erence (a) as measured from @(Az,V
(b) as reconstructed from j via Poisson’s equation.

Az,P )/@t and

of the plasma current between the grounded grids. In this context, and with the
(weak) assumption of infinitely extended drive conductors that drive a homogeneous vacuum induced field along z, the contour velocities of Az can be understood
as follows: The magnetic flux in planes outside of the current sheet, i.e., axially
behind the plasma gun and after the second grid, moves with a flux transfer velocity given by Ev /Bxy . Field lines radially outside of the current sheet’s region
are unambiguously connected and also move with the same velocity in all axial
planes until they reach the vicinity of the X-line. Here, the field line structure at
any given moment must be consistent with the corresponding current sheet. This,
however, contradicts the interpretation of Ep /Bxy as a local flux transfer velocity
within the current sheet, which is slower at z-positions within the current sheet.
Consider a single field line over time which enters the nonideal region axially from
behind the gun and exits through the second grid: As time progresses, it would
bulge outwards (away from the X-line) as the field line moves faster outside than
inside the nonideal region. This increasing field line curvature, however, does not
match the observed axial current. This finding is equivalent to the statement
in section 2.3 that a unique flux transport velocity does not exist in a general
three-dimensional reconnection geometry. As discussed above, a more adequate
picture is that within the nonideal region, all field lines are constantly reconnecting while preserving the total magnetic topology. The di↵erence velocity given
by v = E/Bxy therefore represents the rate of mismatch between the solution
at the edge of the nonideal region (i.e. behind the plasma gun) and at the axial
position where EP is measured. As addressed later, an axial gradient of EP exists
along the X-line, which further complicates the presented picture, but the general
idea remains the same: In each azimuthal plane along z, there is a mismatch of the
field line velocities when comparing to the edge solution characterized spatially by
E(x, y, z).
It is consequently interesting to examine if the spatial structure of E can be
reconstructed from the current sheet structure. With the knowledge that E is
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Figure 5.12: Electron temperature and plasma density from triple probe data. (a) and
(b) Time evolution of the parameters at the current sheet center together
with the total plasma current. (c) and (d) Azimuthal profile in the central
plane at the time point denoted by the vertical line in (a) and (b), together
with contours of Az (black) and of the current density jz (blue).

mainly an inductive response to the time varying current, it seems reasonable that
E(x, y) should be given by @Aj (x, y)/@t, where Aj is the vector potential of the
current sheet (cf. section 5.4) given by r2 Az = µ0 jz . In fig. 5.11, E is plotted
(a) as measured in the experiment and (b) as calculated by the following procedure:
Firstly, Poisson’s equation is solved over a large domain with j = 0 outside of the
measured area which justifies the use of the boundary condition A = 0. This is
done for two adjacent time steps from which subsequently E = Aj / t can be
calculated. The resulting field is seen to match the measured data quite well in
amplitude and spatial structure. This again demonstrates the inductive nature of
magnetic reconnection in Vineta.II, which not only determines the time evolution
of the total currents and the reconnection rate at the X-line but also the spatial
behavior of the magnetic flux evolution away from it.
5.5.3 Electron temperature and density evolution
Aside from the magnetic data that provides information on currents and fields,
triple probe measurements enable an analysis of the plasma density and elec-
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tron temperature in the current sheet. Knowledge of these parameters allows one
to determine the plasma pressure and resulting diamagnetic currents, which in
turn provide information on the force balance governing the current sheet plasma.
Figure 5.12 shows the results from these measurements. (a) and (b) show the
temporal evolution of the electron temperature and plasma density at the current
sheet center and same axial position as the previous plots. As a reference, the
integrated plasma current density is shown in arbitrary units in blue. The black
vertical line marks the time point at which the azimuthal 2D profiles in 5.12 (c)
and (d) are recorded, i.e., where the central density is maximum. Additionally,
selected contours of Az and of the axial current density jz are shown for spatial
reference.
The time traces demonstrate the limitations of the measurement: In the phase
before the gun discharges into the background rf plasma, the signals are low in
amplitude and a strong rf pickup is present. Remnants of the decaying rf power
are still observed when the gun fires at t = 202 µs, which - combined with the first
burst of electrons leaving the gun - yields unreliable results. Once these e↵ects
diminish, the electron temperature and plasma density readings settle to their
steady state value as shown above for as long as the total current remains constant.
The values at the current sheet center are Te = 6.7 eV and n = 3.0 · 1018 m 3 .
As the reconnection drive sets in at t = 233 µs, the temperature readings are
again spurious as the total density drops together with the plasma current to
n < 1 · 1018 m 3 . At the instant of peak total current, the electron temperature
and plasma density peak at Te = 10.1 eV and n = 1.1 · 1019 m 3 , respectively. Low
pass filtering (fc = 800 kHz) of the raw signals is required to reduce noise, limiting
the time response. As a general tendency, however, the electron temperature is
observed to be much less sensitive to current sheet changes during the reconnection
cycle, and varies only by a factor of two. The density, on the other hand, increases
by an order of magnitude between the time instants of minimum and maximum
total current. Both quantities, and consequently also the plasma pressure p =
nkB Te , are largely in phase with the plasma current. Since the plasma density
quickly decreases outside of the current sheet, it seems unlikely that this rise is
provided by radial plasma flows from these regions, but instead must stem from
ionization. This situation is similar to the one presented by Gekelman et al.
in ref. [24], where ioniziation occurs in the early onset of the applied inductive
electric field. In the cited reference, ionization was speculated to originate mainly
from heating of the bulk electron distribution rather than from increased cathode
emission. In the present case, however, the key parameter governing ionization
seems to be the total current emitted from the virtual cathode in front of the first
grid. Both the streaming electrons and the hot bulk thermal electrons (which are
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linked through Ohmic heating) can contribute to the total ionization. Comparing
the plasma density with the neutral gas pressure of p = 0.1 Pa, the ionization
degree at the observed axial position reaches a maximum value of ↵ =0.45. This
is in contrast to experiments with longer reconnection drive time scales [24, 146],
in which the neutral gas is considered to be nearly exhausted by the time the
reconnection dynamics take place.
The spatial distribution of the plasma parameters are shown in fig. 5.12 (c)
and (d). The electron temperature peaks at Te = 10.1 eV at the current sheet
center and falls o↵ on a length scale comparable to that of the current sheet
width to a value around Te ⇡ 4 eV within the background plasma in the public
flux region. Patches of high temperature readings further outwards along the
outflow separatrices are due to noisy signals near the X-drive conductors and the
possible presence of fast electrons. The resulting plasma density, on the other
hand, is generally less susceptible to noise issues. At the current sheet center, the
plasma density peaks at n = 1.1 · 1019 m 3 and then rapidly falls o↵ to n = 2.5
to 3.5 · 1018 m 3 at the sheet edge. Up to the boundary of the background rf
plasma, the density then falls o↵ with a smaller slope to a minimum value of
n = 5 · 1017 m 3 . The high-density component matches the shape of the elongated
current sheet well and is consistent at least in its shape with the pressure profile
expected from the radial j ⇥ B forces (see below). The low-density component
further outwards seems to be aligned with the projection of the magnetic field lines,
with a slightly higher density along the separatrices. Furthermore, the density at
the sheet edge along the sheet-aligned separatrices is higher by a factor of 1.6
compared to the perpendicular ones. While the data at these locations far from
the X-line is not of very good quality, this behavior is nonetheless reminiscent of the
quadrupolar density profile predicted in periodic guide field reconnection ref. [60]
and observed in computer simulations [22, 59]. This structure originates from
electron drifts along the separatrices which accumulate further downstream, and
are expected to be associated with field-aligned electrostatic fields that maintain
the density gradient. The current set of mechanical positioning systems does not
permit fully three-dimensional measurements, but currently pending upgrades will
do so and will thus provide further insight into the full three-dimensional density
evolution. As a separate e↵ect, axial density and temperature gradients are also
expected along the X-line due to a higher ionization rate close to the plasma gun
and radial di↵usion of the current sheet along the experiment axis as observed in
refs. [24, 113]. These gradients are also associated with an axial electrostatic field
along the X-line, in addition to the inductive and charge separation fields that
govern the reconnection rate.
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5.5.4 In-plane currents and pressure balance
As mentioned above, the plasma pressure profile is partly balanced by the radial
j ⇥ B forces which can be split into two components: (I) the in-plane currents
interacting with the guide field jxy ⇥ Bz and (II) the axial currents interacting
with the in-plane reconnection field jz ⇥ Bxy . Concerning the first component,
the in-plane current is expected to be composed of a diamagnetic component,
associated with the steep pressure gradients of the plasma column, and a Hall
current component. The latter, however, have not been observed in Vineta.II.
This in-plane current can be reconstructed from the axial magnetic field via jxy =
1/µ0 r⇥Bz . Fig. 5.13 shows the axial magnetic field profile together with resulting
currents and pressure gradients. The displayed data is recorded at the same
time point and axial location as in the previous figures. Fig. 5.13 (a) shows
the deviation of the axial magnetic field from the externally applied guide field
together with selected contours of the axial current density jz . The signals of
B̃z are smaller than B̃x and B̃y by more than an order of magnitude, and a small
angular probe misalignment quickly creates spurious signals. In the displayed data
there is minor pickup of the By component, as visible in the lobes to the left and
right of the current sheet. Nevertheless, a localized depression of the axial field by
Bz = 60 µT from its vacuum value of Bg = 15 mT is observed. The modulus
of the resulting in-plane current is shown in fig. 5.13 (b) together with its local
direction and contours of jz for reference. Compared to the axial current density,
this in-plane current is an order of magnitude smaller. The current is highest in
the steepest gradients of jz (as well as n and Te ) and circulates around the current
sheet. This is the expected behavior for a diamagnetic current which is mainly
carried by the electrons drifting with vd = rp ⇥ B/B 2 . Since Bxy ⌧ Bz , the
diamagnetic current is to first order purely azimuthal. Fig.5.13 (c) and (d) shows
the resulting j ⇥ B force components, together with the corresponding contours of
Az . The in-plane currents, together with the axial magnetic field in fig. 5.13 (c),
generate an inwards pointing radial force which acts along the long edges of the
current sheet. The axial current together with the in-plane magnetic field shown
in fig. 5.13 (d) provides a similar force, more towards the ends of the current
sheet. Both components together fully enclose the current sheet, as seen in the
spatial integration that yields the pressure profile shown in fig. 5.13 (e). The
arrows indicate the magnitude and direction of the (total) pressure gradient rp.
The integration over all components of rp has been performed from the left and
bottom edges with the boundary condition of p = 0. It does not properly return
to zero at the opposite edge due to the asymmetry introduced by the alignment
error of the probe. It is clear, however, that the resulting pressure profile strongly
resembles the axial current density as well as the plasma density and electron
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Figure 5.13: In-plane currents and resulting MHD pressure gradients. (a) Deviation
of the axial magnetic field from the guide field with contours of the axial
current density jz . (b) Modulus of the resulting in-plane current density
with its local direction (arrows) and contours of jz . (c) and (d) Modulus
of the j ⇥ B components using the in-plane current and guide field or the
axial current and in-plane field, respectively. Additionally, contours of jz
(black) and of Az (red). (e) Resulting pressure from integration of j ⇥ B
together with arrows pointing in direction of rp. (f) radial profile of (e)
and the plasma pressure p = nkB Te from triple probe data.
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temperature profiles. Therefore, the pressure created by these MHD forces can
be compared to the plasma pressure to check if the force balance rp = j ⇥ B
acutally holds. This is done in fig. 5.13 (f), where a cut of fig. 5.13 (e) across
the current sheet is shown together with a cut of p = nkB Te along the same
line. While the profile shapes roughly match, the pressure is larger by an order
of magnitude (note the amplification factor in the red curve). The simple MHD
force balance is clearly violated, with a net force acting radially outwards. This
can have two reasons: Either the interpretation of the triple probe data results
in values of n and Te which are far too high, or the plasma is far away from
equilibrium. The electron temperature calculated from the triple probe might
in fact be an overestimation, as the basic assumption for the data analysis is a
Maxwellian velocity distribution. In the presence of high energy electrons, the
unbiased probe tip may take on a more negative potential, skewing the results
towards higher temperatures. It is however unlikely that the temperature data
should be o↵ by an order of magnitude, so that a combination of both e↵ects can
be expected to be present. In the latter case, the resulting outwards-pointing net
force should cause a radial expansion of the current sheet as it travels along the
X-line. This e↵ect is in fact observed in the experiment, as will be addressed in
the following section.
In summary, the current sheet and magnetic field structure observed in the azimuthal
measurement plane results from a complex interplay of e↵ects: The current sheet
establishes along the separatrices expanding from the localized current source, to
first order following the sheared magnetic field lines. The spatial electric field response to the time-varying current is mainly inductive and as such is spread over a
region much larger than the current sheet. Strong ionization by the streaming hot
electrons results in a peaked density and temperature profile which coincides with
the current density. The resulting diamagnetic currents which encircle the current sheet are the dominant in-plane currents. Together with the axial currents,
they are responsible for a radial j ⇥ B force which is much smaller than required
to balance the plasma pressure. This indicates a non-equilibrium force balance
situation, in which the current sheet is expected to expand in radial direction.
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Figure 5.14: Three-dimensional visualization of the current density measured in three
axial planes. Black surface: Isocontour of jz enclosing an equal total current
in each plane. White lines: Contours of Az in back plane. Red lines:
Selected interpolated magnetic field lines.

5.6 3D current sheet structure
As previously noted, the sheared magnetic field together with the localized current
source is responsible for a three-dimensional current sheet geometry, of which only
a single slice at an arbitrary axial position has been discussed. Figure 5.14 shows
the current density in three axial planes as recorded by a trident-like arrangement
of magnetic probes separated axially by z = 14 cm (raw data courtesy of H.
Bohlin [161]). At the displayed time point, the total plasma current is maximum.
The z-coordinates are relative to the axial position of the plasma gun anode, and
the central plane corresponds to the previous figures. The color map represents the
current density in each plane, and the black surface corresponds to the isocontour
R
of jz in each plane which encloses the same integrated current A jz dA = 22 A.
This corresponds to 70% of the total current in the central plane. In the back
plane, the contours of Az (z = 670 mm) as calculated from the in-plane field at
this location are shown in white for reference. Selected magnetic field lines (red),
interpolated from the measured local three-dimensional magnetic field components
are shown together with the ambient guide field (Bz = 12 mT in this case). The
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Figure 5.15: Red lines: Three-dimensional magnetic field lines as calculated from BiotSavart’s law, starting from a circle at z = 0. Blue lines: Area enclosed by
the intersections between the field lines and the planes in fig. 5.14

starting points of three of these field lines are chosen to be on the isosurface in
the front plane at the points nearest and furthest from the X-point. Additionally,
a single field line starts at the current sheet center.
A radial expansion of the current sheet is clearly visible. Comparing the enclosed
current isosurface to the interpolated magnetic field lines, the two trends addressed
earlier are apparent: The current sheet length is observed to approximately match
the diverging magnetic field lines along the separatrices, whereas its width increasingly deviates from the field lines converging towards the X-line. Instead of being
compressed, the current sheet is instead expanding by radial transport of the
current-carrying electrons across the magnetic field. This is consistent with the
net radial force discussed in the previous section, suggesting that the current sheet
continues to expand as the electrons travel along +z, striving towards a pressure
equilibrium with the externally applied magnetic field.
These results can be compared to the simple assumption that the current sheet
electrons merely follow the magnetic field created by the external conductors. In
order to accomplish this, a calculation of the magnetic mapping of the current
sheet along the axis of the experiment has been performed. At a chosen point
r0 , this is done by calculating the three magnetic field components from BiotSavart’s law using the corresponding guide field coil, X-drive and reconnection
drive conductor geometries and currents. The next point along the field line is
calculated by r0 +B/|B| s, where s is the selected step size (here, s = 5 mm).
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Figure 5.15 shows the result of such a calculation, where the viewing angle and
axis limits are equal to the previous figure. At z = 0, the location of the gun
anode, a circular current channel is assumed. 16 field lines (shown in red) are
tracked up to the axial positions of the three planes shown in fig. 5.14. Their
intersection points with these planes are connected by the blue lines. Using a
starting radius of r = 18 mm at z = 0, the resulting magnetic mapping fits the
length of the current sheet well (within 3 mm) in all three planes, whereas the
width is underestimated by a factor of three in the front plane up to a factor of
10 in the back plane. Note that the initial radius required in the calculation for
the lengths to match is larger than the opening of the ring anode of the plasma
gun (r = 6 mm). Visual observation of the gun discharge shows that the plasma
column in front of the gun rapidly expands within the first few centimeters, which
justifies this choice. Upcoming measurements with the new three-dimensional
probe positioning system will give further insight into the full axial evolution of
the current sheet shape from the gun up to the collecting grid. The magnetic
mapping results show that the current sheet primarily follows the magnetic field
lines set by the external conductor geometry, with the exception of areas where
strong gradients in the radial plasma pressure oppose the field lines which are
directed inwards.
This cross-field di↵usive behavior of the current sheet has interesting consequences
for the local reconnection rate along the X-line. In ref. [85], the axial inductive
field Ep at the X-line is measured at the same three axial locations of the above
figures. A gradient in the reconnection rate is observed regardless of the strength
of the applied guide field, where E is largest in the plane near the gun. Since
it has been shown above that E is predominantly set by the inductive response
E / L dI/dt, this gradient is not expected to originate from the axial variation
of E = ⌘j but rather from a local change in the time behavior of the axial plasma
current. Two e↵ects can therefore contribute to this gradient: Firstly, a change
in the in-plane current distribution can influence the central value of Az and thus
Ez = @Az /@t, though this e↵ect is small due to the weak dependence of the shape
and amplitude of Az on jz in the solution of Poisson’s equation. Secondly, the
R
amplitude of the total axial current Ip,z = jz dA may be axially decreasing. It
is in fact observed that this value is reduced by a total of 10% from the first to
the last plane, making it the dominant contribution to the observed reconnection
rate gradient. Note that in the case of an electron current that perfectly follows
the magnetic mapping, the total axial current jz should remain unchanged. This
can be seen by considering that the ratio of the current density modulus between
two points A and B along a field line is proportional to the change in modulus of
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the magnetic field:

jA
BA
=
.
(5.18)
jB
BB
The axial component of a field-aligned current at any given time point can be
expressed by
Bz
Bz
jz = j cos (arctan(Bxy /Bz )) = j p 2
=
j
.
B
Bxy + Bz2

(5.19)

Combining these expressions, the ratio of axial currents between A and B is
jz,A
Bz,A
=
= 1,
jz,B
Bz,B

(5.20)

where a homogeneous guide field has been assumed in the last step. In the MHD
picture, this means that a fluid element traveling along a sheared magnetic field
line while picking up an increasing in-plane component as it bends away from
the X-line is always compressed in such a way that its axial component remains
the same while the total current density increases. Consequently, the observed
gradient in the axial current and in the reconnection rate become possible only by
violating the assumption of a “perfect” magnetic mapping by cross-field transport.

5.7 Reconnection rates
As repeatedly argued in the previous sections, the reconnection rate as measured
by the inductive field Ep = @Az /@t is mainly balanced by electrostatic fields
and modified by the plasma predominantly via time-dependent inductive e↵ects.
In this context, applying a steady-state MHD model to recover reconnection rates
seems highly questionable since many of the necessary prerequisites are lacking.
Most importantly, a high Lundquist number (S
1) is required in order for
advection terms to be dominant compared to di↵usive terms. If this is not the
case, the magnetic field lines will not be advected together with the plasma flow,
but rather show di↵usive behavior across the field lines, breaking the frozen flux
assumption. In our experiment, a Lundquist number of S = 2.5 7 is calculated
using the triple probe data for the electron temperature and plasma density at
the current sheet center, the edge magnetic field from the Harris sheet fit and a
characteristic length scale given by the current sheet length. The magnetic field
evolution is thus expected to have a significant di↵usive component, which is not
accounted for in the Sweet-Parker model.
Instead, in the present highly dynamical reconnection configuration, it is more
instructive to argue directly in terms of measured electric fields along the X-line.
Figure 5.16 shows the time evolution of all the electric field terms which can be
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Figure 5.16: Measured axial electric field components at the X-line. Blue: externally
induced @Az,v /@t. Red: resulting reconnection rate @Az,p /@t. Green and
purple: Spitzer and neutral resistivity terms. Orange: Remaining electric
field, unaccounted for by direct measurements. Black: Local current density
for reference.

deduced from the results of the previous sections. The blue trace corresponds
to the induced electric field in vacuum, i.e., the total applied electric field which
needs to be balanced by the various terms in Ohm’s law. The red trace is the
measured inductive field in the plasma case, which is reduced by E mainly due
to the inductive response of the current sheet as discussed in section 5.3. The
green and purple traces (scaled by a factor x10) are the dissipative terms given
by the Spitzer and neutral resistivity, respectively. The latter is calculated by a
simple estimate given in [61] by
⌘en =

me ⌫en
,
ne20

(5.21)

where ⌫en is the electron-neutral collision frequency. The two terms are roughly
equal in amplitude and time evolution, and are in phase with the plasma current
shown in black for reference. Both quantities reach peak values of ⌘j ⇡ 1.5 V/m,
far smaller than the previous terms. The remaining electric field, i.e. Erem =
@Ap /@t ⌘en j ⌘sp j, shown in orange, is unaccounted for by the available set of
measurements. Unknown parallel components of the electric field include anomalous resistivity (later shown to be negligibly small), parallel pressure gradients,
and electrostatic fields. Pressure gradients along the X-line are expected to be
present due to the radial expansion of the current sheet along z, but have not
yet been measured. The sign of the resulting contribution, however, is positive,
i.e., pointing away from the gun and opposed to the resistive dissipation terms.
It is then obvious that the dominant contribution to the remaining field must be
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the electrostatic term @ /@z. In accordance with the simulation results from
section 3.6, this field is equal to the induced electric field from t = 232 to 237 µs,
where the total current is zero and only the background plasma is present between the boundary grids. When the applied inductive field is negative and the
current rises from t = 237 to 246 µs, the resistive terms increase and result in
a slight reduction of the electrostatic field, again consistent with the simulation
results for a weakly collisional case. When the inductive field reverses again, the
inductance of the plasma current return circuit prevents the current from immediately returning to zero. As a result, the electrostatic field now has the same
sign as the resistive terms. This situation has not been simulated, but could in
principle be reproduced by correctly setting the (dynamic) boundary potentials:
While a time-varying current flows through the external return wire, there is a
potential drop between its two connection points with the grids due to its inductance. During the phase where dI/dt > 0 (t = 246 to 250 µs), the collecting grid
should therefore charge positively against the grounded first grid, drawing a net
electron current. As with all ground-referenced electrostatic measurements in the
experiment, directly recording the grid potentials is unfortunately impossible in
the current setup, which makes this model picture difficult to verify.
In terms of magnetic reconnection mechanisms, the total rate of reconnected flux
R
is always given by the total inductive field along the X-line, d /dt = X Ek dl =
R
@Ap /@t, regardless of the reconnection geometry [162]. However, since the
X
biggest fraction of the electric field is given by an electrostatic potential gradient,
the dissipative nonideal term which has the form of N 6= r +u⇥B is small [143].
As a consequence, the flux transport velocity w = v u is dominated by the flux
slippage velocity which is given by u = r ⇥ B/B 2 . This means that most of
the magnetic flux is transported across the X-line without changing the magnetic
topology and does not contribute to reconnection in the strict sense of magnetic
energy dissipation. The slippage velocity field is deceivingly similar to what one
would expect for the actual plasma flow in a 2D reconnection geometry with
frozen flux outside of the nonideal region. Contrary to experiments in which this
is largely the case, e.g., in the zero guide field configuration of the periodic MRX
device [155], special care needs to be taken when interpreting the flux contour
movement as anything else than a visualization of the local induced electric field.
The actual dissipative term which does contribute to “real” reconnection can be
estimated from the known resistivity terms and the current density. Figure 5.17
(a) shows the dissipation measure D at the current sheet center and (b) an azimuthal cut at the time of highest current density. This measure has been suggested in ref. [163] as a robust quantity for localizing and quantifying the energy
transfer region. In the present case (without knowledge of the exact pressure
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Figure 5.17: Dissipative measure Dmhd in the reconnecting current sheet. (a) Time evolution at current sheet center, compared to other characteristic quantities
from previous figures. (b) Azimuthal cut at time point of maximum current
density with contours of jz .

gradients, velocity fields, and possible space charges), it reduces to the simple
Dmhd = jE = (⌘sp + ⌘en )j 2 . In fig. 5.17 (a), the time evolution of the dissipation measure at the X-line is shown together with a few characteristic values from
the previous sections. It is negligible before the reconnection drive begins with
Dmhd = 3 kW/m3 , and reaches its peak value when the current density is maximum with Dmhd = 127 kW/m3 . This value can be interpreted as the power density
drawn from the external reconnection drive’s energy reservoir and then converted
into thermal energy by Ohmic heating. Figure 5.17 (b) shows the spatial distribution of Dmhd together with contours of jz . Not surprisingly, the dominant
j 2 term means that the two quantities have matching shapes. Integrating over
the plane gives a total dissipation power per unit length of P/l = 159 W/m. If
we assume a straight current sheet of 1 m length and a total dissipation time of
5 µs over the reconnection drive cycle, the total energy dissipated is E = 0.8 mJ.
This value is very small compared to the total energy stored in the reconnection
drive capacitor bank E = 2.9 J, which makes a direct measurement of the energy
transfer practically impossible.
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Figure 5.18: Azimuthal profiles of the axial current density for several magnetic field
configurations together with contours of Az . (a) and (b): equal guide to
in-plane field ratio, di↵ering total magnetic field strength. (a) and (c):
di↵ering ratios, equal guide field.

5.8 Guide field dependency
While not in the focus of the present thesis, a short overview over the guide field
dependency of the reconnection parameters is given here. Up to this point, a
single ratio of the in-plane X-point magnetic field to the axial guide field has
been considered. Two interesting configuration changes can be made: Either the
ratio can be kept constant while varying both components in the same manner,
or one value can be fixed while varying the ratio between the two. Figure 5.18
compares azimuthal cuts of the axial current density together with contours of
the corresponding vector potential. Fig. 5.18 (a) shows results from the same
parameter set used in the previous sections, where the guide field is set to Bz =
15 mT and the current through the X-drive conductors is IX = 1.8 kA. In fig.
5.18 (b), both values are doubled, which preserves the magnetic mapping of the
current sheet but increases the modulus of the magnetic field by a factor of two.
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The total current is equal in both cases, whereas the current density is higher
and the sheet width and length are reduced in the high-field case. This is in
line with a diminshed radial expansion of the current sheet due to the reduced
cross-field di↵usion at higher magnetic fields. Figure 5.18 (c) shows the current
sheet for the same guide field as (a) but with a doubled in-plane field. Due to
the modified magnetic mapping, the current sheet is now highly elongated along
the separatrices, even following their curvature past the measurement domain
edges. The current sheet width, on the other hand, is barely influenced. As a
consequence, the central current density is decreased by a factor of about two.
These results underline what has been established in the previous sections: The
magnetic mapping of the plasma gun current channel along the experiment axis
plays a dominant role in setting the current sheet length and overall shape. Its
width, on the other hand, is set mainly by the radial cross-field expansion driven
by the large pressure gradients.
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In the following chapter, the high frequency (f > 1/⌧rec ) magnetic fluctuations
as observed in the reconnecting current sheet of the Vineta.II experiment are
discussed. Firstly, the time evolution of the raw signals as well as their spectral
properties at the current sheet center are presented (section 6.1). The 2D spatial amplitude profiles of the fluctuations are investigated in relation to the local
current sheet density (sec. 6.2). More detailed fluctuation properties are further explored in sec. 6.4 and 6.5, in which the spatial correlation and dispersion
properties are discussed. The dependency of the fluctuations on various plasma
parameters during reconnection, such as the applied guide field, the neutral gas
pressure, and the ion mass is explored in sec. 6.6. Finally, in section 6.7.2, the
results are compared to the qualitatively surprisingly similar magnetic fluctuations observed in the toroidal MRX experiment, despite the strong di↵erences in
geometry and plasma paremeters.

6.1 Time traces and spectrum analysis
Figure 6.1 shows measurements of the magnetic fluctuations at the X-point, with
the experimental parameters (guide field, reconnection drive current, rf power
etc.) as in the default case of the previous section. Fig. 6.1 (a) shows the
total current collected at the second grid (blue), together with the local current
density at the fluctuation probe location (red) for reference. In fig. 6.1 (b), the
induction voltages of the Ḃ probes after high pass filtering (fc = 100 kHz) are
shown. The blue and red traces correspond to the di↵erent probe orientations (B̃z
is parallel to the guide field). The perpendicular components (B̃x , B̃y , the latter
not shown) are of equal amplitude and stronger than the parallel fluctuations.
Several features can already be identified in the time traces: Firstly, the decreasing
rf antenna power which is switched o↵ at t = 0 is visible at early time points
(t = 0. . . 15 µs). Despite the low probe sensitivity at high frequencies, the full
power rf antenna signal drives the probe amplifiers into saturation, which gives
inaccurate results even at frequencies far below frf =13.56 MHz. It is therefore
important that the rf power is fully switched o↵ during the time interval of the
reconnection cycle (between t = 20 and 39 µs). Further, significant switching
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Figure 6.1: Sample fluctuations near the current sheet center. (a) Collected grid current
and local current density at the fluctuation probe location. (b) Raw fluctuation probe signal perpendicular (Bx ) and parallel (Bz ) to the guide field.
(c) and (d) Frequency-calibrated wavelet spectra of Bx at di↵erent upper
frequency limits.
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noise from the high voltage reconnection drive components is visible at t = 15
and 37 µs. The time evolution after the second switching process is ignored in the
following consideration, but the first time interval has to be carefully discussed.
The noise source has a dominant component around 1 Mhz, which decays within
5 µs, overshadowing all current sheet fluctuations that might be present at these
times. The actual magnetic fluctuations of relevance are observed between t = 20
and 37 µs. They are of turbulent nature and strongest in both probe orientations
when the plasma current peaks.
Fig. 6.1 (c) and (d) show wavelet transforms of B̃x over the full time range and
with di↵erent frequency scales. The spectra have been calculated using the complex Morlet wavelet with a normalized center frequency parameter of 1 and a
bandwidth parameter of 1.5, values which have been found to be a good compromise between frequency and time resolution [164]. The Morlet wavelet is chosen
for its conceptual similarity to the Fourier transform and gives an intuitive visualization of the power distribution in the time-frequency domain [165]. The resulting
wavelet coefficients have been amplitude-scaled using the probe calibration data
and normalized to the maximum coefficient value. In Fig. 6.1 (c), the features
identified above are again clearly seen: The rf power at 13.56 Mhz (and above
due to nonlinearities) that rapidly decreases just before t = 20 µs, the broadband
noise generated by the switching processes, and the magnetic fluctuations of interest which are marked by a red box. The spectra do not exhibit any clear frequency
peaks or other indications of coherent modes. Fig. 6.1 (d) shows the spectrum
spanning the significant frequency range of the fluctuations. Here, the broadband
nature of the fluctuations becomes apparent, with an overall increase of the fluctuation power when the current peaks but an otherwise smoothly decaying spectrum
peaking at a few 100 kHz.
Fig. 6.2 (a) shows the sensitivity-calibrated magnetic fluctuation spectra B! (!)
for a number of shots at the same position. These are obtained by correctly
scaling the spectra of the raw signals by the recorded probe and filter sensitivity
characteristics in the frequency domain. The chosen time window of ⌧ = 12 µs,
centered around t = 10 and 30 µs, respectively, allows for a lower frequency limit
of 170 kHz. At t = 10 µs, a small plasma current flows without an externally
applied electric field (due to the virtual cathode emission as described in sec. 3.6).
At t = 30 µs, the plasma current density peaks [cf. fig. 6.1 (a)]. The black lines
correspond to the mean spectra averaged over 40 reconnection cycles. Contrary
to the slow magnetic signals, which are generally highly reproducible from shot
to shot, the high frequency fluctuations observed here vary substantially, with a
standard deviation of around 50% of the mean value throughout the spectrum.
Averaging over a sufficient number of spectra yields a mean spectrum with a
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mean fluctuation amplitude over di↵erent frequency ranges. (d) Fluctuation
amplitude vs. local current density for early (red) and late (green) time
points and a linear fit (blue) to all points.
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monotonously decreasing spectral power. This is clearly seen in fig. 6.2 (b), where
the mean spectra are plotted in red and blue together with B / f ↵ fits. A kink
in the spectrum is clearly visible. The resulting scaling exponents are ↵ = 1.8
and ↵ = 1.4 below the kink, and increase to ↵ = 2.4 at higher frequencies.
Above 5 MHz, the signals are in the nT range and the noise background is reached,
rendering the resulting spectrum inaccurate. The kink in the spectra occurs at
fb = 1.4 MHz in both cases. This value is close to the lower hybrid frequency
1
flh = q
[fce (B)fci (B)]

1

+ fpi 2 (n)

= 1.55 MHz,

(6.1)

where fce and fci are the cyclotron frequencies, fpi is the ion plasma frequency, B is
the total magnetic field including the guide field, and n is the plasma density. Note
that this spectral behavior is similar to that observed in the magnetic fluctuations
of the toroidal MRX experiment [77, 166], as will be addressed in more detail
below.
Fig. 6.2 (c) shows the time evolution of the frequency-integrated mean fluctuation
amplitude of B̃x , averaged over 100 shots. These values are obtained from short
time series FFTs with a moving window of t = 1 µs width, yielding B! (!, t),
and subsequent integration (with the correct FFT window normalization factor)
over fmin < f < fmax = 4 MHz. The lowest accessible frequency of fmin = 500 kHz
is set by the selected time window. The time range of interest, where the noise has
vanished and the magnetic fluctuations of the current sheet are dominant is marked
by vertical bars. In all three considered frequency ranges, the fluctuation power is
seen to closely follow the time evolution of the local current density at the X-line,
except for a single spike at t = 32 µs. This spike can be understood as follows:
As discussed in the previous chapter, there is a discrepancy between the temporal
evolution of the total and the local axial plasma current density, owing to the
presence of localized return currents. At the time point at which the total current
reaches zero, i.e. when all electrons are reflected from the second grid, dj/dt at the
X-line exhibits an abrupt change and causes the spike in the fluctuation amplitude,
which is especially apparent in the lower frequency range (f < 1 Mhz). Apart
from this spike, the total amplitude of fluctuations with a frequency f > 500 kHz
typically reaches peak values of B̃ ⇡ 1 µT in the perpendicular direction and half
the value in the axial direction (for this particular guide field ratio, see sec. 6.6.1
for more details). This corresponds to 0.1% of the current sheet edge magnetic
field, which is an order of magnitude smaller than the typical fluctuation levels
observed in other reconnection experiments (typically a few percent [32, 77]).
In fig. 6.2 (d), the good connection between the local X-line current density and
the fluctuation amplitude (for B̃x with f > 500 kHz) is demonstrated. The two
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Figure 6.3: Azimuthal profile of the mean fluctuation amplitude with f > 400 kHz.
Black lines: contours of jz . (a) Transverse Bx and (b) longitudinal Bz
component.

quantities are plotted against each other for time instants before the reconnection
drive starts (t < 14 µs, red points) and after the switching noise has vanished
(excluding the isolated peak, green points). A linear fit through all data points is
shown in blue. Despite the erratic raw signal seen in fig. 6.1 (c), averaging over
many shots results in a good correlation of the two quantities across all frequency
ranges and both probe orientations. The fluctuations observed in the current
sheet before an inductive field is applied obey the same scaling as those during
the drive cycle, which suggests that the driving instability mechanism does not
depend on the reconnection process itself, but rather on the presence of a localized
current sheet with its associated gradients within the externally imposed magnetic
configuration.

6.2 Spatial amplitude profiles
Figure 6.3 shows the azimuthal profile of the fluctuation amplitude averaged over a
10 µs window centered around the instant of maximum plasma current. Contours
of the axial current density jz are plotted for reference. Fig. 6.3 (a) shows the
fluctuating (mostly) transverse B̃x component, while fig. 6.3 (b) shows the longitudinal B̃z component along the guide field. The angle between B? and Bz is at
most 6 at the current sheet ends, introducing only a small alignment error. The
B̃x and B̃y components are comparable in amplitude and profile, except for noise
pickup in the edge regions (discussed below). The data was recorded by averaging
over 40 reconnection cycles at each spatial point and scanning over a plane of
14⇥11 points with a step size of 10 mm. These signals are processed as described
above, and the resulting mean spectra are integrated over the frequency range of
400 kHz < f < 4 MHz. The lower bound was chosen to exclude the low-frequency
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Figure 6.4: (a) Profiles across the current sheet of the fluctuation amplitude (blue),
the plasma density (red), the current density (green) and the drift velocity
(purple). (b) Correlation of the local fluctuation amplitude and current
density across the azimuthal plane.

response of the entire current sheet on the reconnection drive time scale as well
as the direct dB/dt signals of the reconnection drive conductors. The displayed
fluctuation profiles show a clear match with the current sheet profile, with their
maximum amplitude located at the current sheet center and values approaching the diagnostic noise level at the edges. As previously noted, the transverse
components of the fluctuation amplitude is approximately twice as high as the
parallel component, indicating that the observed fluctuations are associated with
electromagnetic plasma waves with k k B0 and B̃ ? k. The transverse component increases towards the edge of the measurement region. This is attributed
to pickup of medium to high frequency noise present in the reconnection drive
wire current due to the high-voltage switching components. It is consequently
absent in the B̃z component and at times before the reconnection drive starts. It
is therefore convenient for the further discussion of the amplitude profiles to use
early time points or to leave out the reconnection drive altogether.
As already noted above, the fluctuation amplitude profile matches the current
density profile. This is more clearly demonstrated in fig. 6.4 (a). The plot shows
cuts through the current sheet (perpendicular to the guide field) of several plasma
quantities, normalized to their peak value: the fluctuation amplitude B̃x (blue),
the plasma density n (red), the axial current density jz (green) and the mean axial
electron drift velocity resulting from vd = j/(ne0 ). Near the X-line, the peaked
profiles of j, n and vd have the same shape. Further outwards, the fluctuation
amplitude falls of much faster than the density profile discussed in sec. 5.5.3.
The Harris-type current density profile generally gives a much better match at
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r > 10 mm. In conclusion, the local axial current density seems to be the best
predictor for the resulting fluctuation amplitude across the entire azimuthal plane.
The scaling of B̃x (jz ), observed in the previous section, should hold in time and
space. This is demonstrated in fig. 6.4 using data from an early and late time
points, respectively. Each data point corresponds to a measurement at spatial
locations across the domain shown in fig. 6.3. At late time points (red), the
switching noise introduced by the reconnection drive is visible as a noise ground
at B̃x = 0.08 µT. In both cases, however, a linear scaling of B̃x (jz ) is observed,
consistent with the time behavior in fig. 6.2 (d). In the selected frequency range of
400 kHz < f < 4 MHz, the scaling is found to be dB̃? /djz ⇡ 0.038 ± 0.003 µT/kA.
Note that this linear relationship also holds for B̃z with its slope reduced by half.
This scaling is quite robust across many di↵erent experimental situations (see
below).

6.3 Fluctuations in electrostatically driven current sheets
The strong similarity between the low-current electrostatic case, in which the gun
fires into the volume between the two grounded grids, and the high-current inductively driven case raises the question whether the observed fluctuations depend
on the reconnection process at all, or if they are generic to the current sheet.
Previous experiments which have investigated magnetic fluctuations in reconnecting current sheets [34, 77] rely on the externally induced electric fields to drive
the plasma current, and a disentanglement of the small-scale fluctuations from
the global reconnection geometry was not possible there. The unique modularity
of the Vineta.II device, however, allows for plasma currents to be driven not
only by the induced electric fields but also electrostatically by biasing the end
grids. This has been done by biasing the second grid to DC voltages of up to 40 V
with respect to the first grid as described in 3.6.5. Above this value, arcing occurs
and the entire discharge becomes irreproducible. A large capacitor (C = 47 mF) is
added in parallel to the voltage source to provide the large transient currents. The
discharge parameters (X-drive current, magnetic guide field, rf power, pressure,
etc.) are kept the same as in the previous measurements.
The results from these measurements are shown in fig. 6.5, where radial profiles as
recorded by the slow and fast magnetic diagnostics at five di↵erent bias voltages
are displayed. Fig. 6.5 (a) shows the profiles of the resulting axial current density
for these biases at six di↵erent time points. The biased capacitor introduces a
time dependence of the total current, di↵erent from the unbiased case, in which
the virtual cathode emission remains constant. The local current densities exceed
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those of the inductively driven case (jz,max ⇡ 40 kA/m2 ) by almost factor of two for
the highest bias, while the overall profile is approximately conserved in all cases.
Fig. 6.5 (b) shows the frequency-calibrated fluctuation spectra at the X-line, calculated as discussed above. A power law fit to the low-frequency part is shown,
and the lower hybrid frequency is indicated by the solid line. The amplitudes and
spectral shape is observed to be consistent with the low and high current cases
in fig. 6.2 (b) at comparable current densities. The spectral indices are similar
(within error bars) and the kink in the spectrum near flh remains. In fig. 6.5 (c),
the correlation between the mean local fluctuation amplitude and current density
is displayed for data points at all biases and for several points in space and time.
The values are calculated in the same manner and for the same frequency range
as before. Again, a clear correlation between j and the root mean square B̃ is observed, and the scaling consistently remains at dB̃? /djz ⇡ 0.036 ± 0.002 µT/kA.
These results show that the observed fluctuations can be assumed to be generic
to the specific current sheet geometry and plasma parameters used in our experiment. The external reconnection topology only defines the global reconnection
parameters (current densities, electric and magnetic fields, plasma density and
temperature, and their respective gradients). Reconnection does not drive the
observed high frequency fluctuations per se, but rather sets the stage for the underlying instabilities to occur in the same manner as the electrostatically driven
current does.
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6.4 Correlation properties
Further useful information on the dispersive properties of the wave can be gained
from a multi-probe correlation analysis. Before addressing the reconstruction of
the dispersion relation (cf. section 6.5), basic correlation properties between two
probes are discussed here. The cross-correlation between two discretized signals
U1 and U2 of signal length N is given by
R12 (⌧ = n t) =

1
N

n

N
Xn

U1 (ti )U2 (ti + ⌧ )

(6.2)

i=1

For convenience, it is often normalized to the mean autocorrelation:
r12 (⌧ ) = p

R12
R11 R22

(6.3)

This measure between with 1 < r12 < 1 yields the level of information shared
between both probes. The cross-correlation of a wave traveling in the direction of
the probe displacement without any damping would alternate between 1 and -1
with its peak value at a delay ⌧ = x/v, where x is the probe separation and v
its phase velocity.
Fig. 6.6 (a) shows the cross-correlation for two probes recording B̃x , positioned
at the X-line and separated by z = 5 mm. At the X-line, the magnetic field
geometry is purely axial, and the two probe tips are consequently connected by a
field line. It is assumed that the probe orientations match within 5 and therefore
pick up the same field component. The colored lines are the cross-correlation
functions of 20 individual fluctuation time series, while the black line is the mean
cross correlation function over an ensemble of N = 100 reconnection cycles. The
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highest normalized cross-correlation is observed for ⌧ ⇡ 0 in all cases, and becomes
erratic at larger delays where it seldom reaches values above 0.4. This high noise
level is given by the short available time period which does not permit averaging
within one reconnection cycle. The mean correlation amplitude quickly decreases
within ⌧ = 0.5 µs and does not show any wave-like behavior. This is a consequence
of the broadband spectrum and indicates that highly incoherent and irreproducible
waves dominate.
Fig. 6.6 (b) shows the maximum of the mean normalized cross-correlation for
various axial probe separations z. The blue and red points correspond to the
fluctuations recorded in an electrostatically and inductively driven current sheet,
respectively. The error bars correspond to the standard deviations of the maximum values. In both cases, r12 rapidly deteriorates within the first few centimeters
to the noise level. Defining ⇢ = 0.3 as essentially decorrelated, a 1/e correlation
length of about lcorr = 20 mm can be identified. All further dispersion measurements need to be made within this correlation length, in order for both probes to
observe the same wave packet.

6.5 Dispersive properties
A statistical method is used to reconstruct the dispersion relation from the signals
of two probes which are separated by less than the correlation length [167]. The
goal is to recover the (local) wavenumber estimate S(k, !) from the two probe
signals U1/2 (x1/2 , t). In continuous variables and under the assumption of periodic
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probe signals, it can easily be seen that
S(k, !) = S(!) (k

k(!)),

(6.4)

which states that the spectral density is recovered from the fluctuation spectrum
S(!) when a deterministic dispersion relation k(!) is present and known. This
wave number can be estimated from the phase angle ⇥ between the two probes
by
@
⇥(x, !)
@x
⇥(x2 , !) ⇥(x1 , !)
K(x, !) ⇡
,
x2 x1
K(x, !) =

(6.5)
(6.6)

where the phase angle itself is given by
⇥(xi , !) = tan

1

(Im U (xi , !)/ Re U (xi , !)) .

(6.7)

Here U (xi , !) is the Fourier transformation of the respective probe signal. Note
that as long as both probes have the same sensitivity characteristics, their raw
signals can be used in place of the frequency-calibrated B̃(!) for phase determination.
In the more general case of a broadband wave bath, the probe signal can be
understood as a superposition of wave packets, each having a wave number k0 at
a given frequency !0 . In this case, a useful quantity is the cross power spectrum
of the two signals:
Hi ( x, !) = S1i⇤ (x1 , !)S2i (x2 , !)
(6.8)
Here, i is the sample index of a single time series, x is the probe separation,
and the star denotes complex conjugation. Note that by extension of the WienerKhinchin theorem, this quantity is closely related to the cross-correlation function
via its Fourier transformation, Hi (!) = F [(U1i ? U2i )(⌧ )] [167]. The modulus of
the cross-spectrum, the cross-power, is often normalized by the power spectral
density of the individual probes to obtain the coherency spectrum
c( x, !) =

hHi2 ( x, !)i
.
hS1 (!)2 ihS2 (!)2 i

(6.9)

This function can be understood as the mean normalized signal cross-correlation
in Fourier space. The time delay ⌧ from the cross-correlation is also spectrally
resolved and contained in the cross-phase ⇥i ( x, !) = tan 1 [Im(Hi )/ Re(Hi )].
The local wave number is found as above from Ki (!) = ⇥i / x. Note that the detectable wave numbers are limited to the interval ] ⇡/ x, ⇡/ x[ in order to avoid
aliasing issues when the wavelength becomes shorter than the probe separation.
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Figure 6.8: Statistically reconstructed spectral density estimate S(k, !) at low current
densities in an electrostatically driven current sheet (a) and high current
densities in an inductively driven current sheet (b). Black dots mark the
maxima at each frequency.

The spectral density S(k, !) can now be estimated statistically by calculating the
local wave number for each sample and sorting the corresponding cross-power into
discrete bins of ! and k, much in the way a histogram is constructed. The
frequency binning is automatically given by the fast fourier transform, while the
wave number resolution needs to be set manually. The formal expression for the
spectral density estimate is given by
S(k, !) =

1 X
I(k
N i

1
Ki (!)) (S1i (!) + S2i (!))
2

I(x) = 1 8 0 < x  x k.

(6.10)
(6.11)

The whole process is illustrated in fig. 6.7 for a set of surrogate data. The two
P
P
probe signals are generated as U1i = U0 j sin(!j t) and U2i = U0 j sin(!j (t +
t)), with a set of 20 randomly selected frequencies !j and a simple dispersion
relation ! = kv which results in t = x/v. The cross-power density of one
of these samples is shown in 6.7 (a). Though the raw signal (not shown) looks
incoherent, the random frequencies are visible as peaks. In fig. 6.7 (b), the
cross-phase is shown over the same frequency range. The phase alone shows no
clear structure with values scattered across the entire interval. Values with a
cross-power exceeding a threshold [marked in fig. 6.7 (a)] are connected by a
red line. This line correctly shows the increasing phase run as expected from
the monotonically increasing dispersion relation. Processing a sufficiently large
number of samples (N = 100) yields the spectral density estimate shown in fig.
6.7 (c). The phase velocity v is shown as a black line; it matches the processed
data well.
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velocity
ion sound
Alfvèn
electron drift
electron thermal

cs
vA
vd
vt,e

v [m/s]
4.9· 103
1.6· 104
3.7· 104
1.8· 106

Table 6.1: Characterstic current sheet plasma velocities

Spectral analysis results of the measurements in our experiment are shown in fig.
6.8. The probe alignment is the same as before. The data is recorded over a
total of 100 shots. Before processing, the mean is subtracted from each individual
sample so that only the fluctuations remain. The two cases correspond to the
electrostatically driven (unbiased) current sheet with a relatively low local current
density of jz = 8 kA/m2 fig. 6.8 (a) as well as the inductively driven case with
jz = 40 kA/m2 fig. 6.8 (b). The small available time window of regular fluctuations
( t = 9 µs) fixes the frequency bins to f ⇡ 100 kHz. The probe separation
z = 5 mm limits the maximum detectable wave number to kmax = 524 m 1 ,
which corresponds to a minimum wavelength of min = 1.2 cm. The k-binning is
done over 41 bins with k = 17.5 m 1 .
In fig. 6.8 (a), the spectral power density is highest near kz = 0 at almost all
frequencies except for a small forwards propagating component at low frequencies. The maximum value in each frequency bin is marked by a black dot. This
result shows that the signals are dominated by a zero-phase component which
corresponds to a very small kz and long parallel wavelengths which are difficult
to resolve with the present probe spacing. At larger probe separations, the probe
correlation quickly drops and the spectral density estimate begins to randomly
scatter. While a preference for kz = 0 is still visible in these cases, the signal
is mostly noise. In the high-current case of fig. 6.8 (b), a clear tendency of the
spectral density towards positive kz values (which corresponds to the electron drift
direction) is observed. Up to a frequency of f = 1.5 flh , an approximately linear
dispersion is visible. Above this frequency, the dominant kz is scattered around
zero, which corresponds to the high-frequency results from the low-current case.
Note that the largest detected kz is 150 m 1 , which corresponds to a wavelength
of z = 4 cm, longer than the axial correlation length of lcorr = 2 cm obtained in
the previous section. This indicates that the waves have a large growth rate. A
fit through the maximum points up to f = 1.5 flh is shown as a dashed black line.
As a comparison, the mean electron drift velocity vd = j/(ne0 ) is shown as solid
line. The phase velocity is vph = 1.4 · 105 m/s ⇡ 3.8 vd in the laboratory frame.
The drift velocity has been chosen for comparison for two reasons. Firstly, it is
closest to the obtained phase velocity vph of several characteristic plasma veloc-
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ities shown in table 6.1 and is thus most likely to provide a resonant instability
mechanism. Secondly, it has been identified as the phase velocity of waves in
previous experiments on the toroidal MRX device [77, 145], which was found to
be consistent with electromagnetic lower hybrid waves [76]. If vd is assumed to
determine the phase velocity, the results in fig. 6.8 (a) can be understood in light
of a strongly reduced drift velocity in that case. Here, the phase changes rapidly
over the lowest frequency bins and is thus expected to be scattered over the kbins. Therefore, the spectral density of this rather slow wave may be hidden in the
noise of the long wavelength fluctuations with kz ⇡ 0. This is further exacerbated
by the lower amplitude of the magnetic fluctuations observed in this low current
density regime.
Measurements were further performed with two probes in the same z-plane, separated by x = 5 mm (not shown). Here, the results are comparable to the previous
uncorrelated case at large z: The spectral density is randomly scattered at all
frequencies, with only a small preference for kx = 0. Note that this result is similar
to phase measurements of electrostatic fluctuations performed at the high guide
field, toroidal VTF device [168]. There, it was observed that the phase between
the probes quickly becomes random when they are no longer aligned along a magnetic field line, which was interpreted as a large k? value as compared to the small
measured kk .

6.6 Parameter dependency
The modular design of the Vineta.II experiment allows for independent changes
of the discharge parameters and resulting modifications to the observed magnetic
fluctuations can be investigated. Subsequently, the dependency of the fluctuation
amplitudes and spectra on of the guide to in-plane magnetic field ratio, the neutral
gas pressure and the gas type are studied.
6.6.1 Guide field
As discussed in sec. 5.8, changing the guide field ratio substantially modifies the
current sheet structure by changing the magnetic mapping of the electron source
region. Fig. 6.9 shows results from fluctuation measurements where the guide field
was varied from Bg = (9 30) mT, while keeping all other discharge parameters
constant. In fig. 6.9 (a), the X-point fluctuation amplitude for the perpendicular
B̃x and parallel B̃z magnetic fluctuation component are shown. The perpendicular
component increases with Bg until it saturates at high guide fields, whereas the
parallel component remains roughly constant. This behavior can be understood

144

6.6 Parameter dependency

0.5

15

0.4
10

⊥ Bg

0.3

j [kA/m2]

rms amplitude [µT]

(b)

(a)

|| Bg

0.2

30

0.1
0

0

20

−100

0

5

10

15
20
Bguide [mT]

25

30

0

50

100

10
Bg [mT]

x [mm]

−1

10

rms B [µT]

0.4
0.3

(d)

flh

−2

10

Bguide

0.2
−3

10

0.1
0

−50

35

(c)

0.5

rms B [µT]

5

0

5

10
j [kA/m2]

15

9mT
12mT
15mT
6

10
f [Hz]
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when considering the local current density as a function of Bg as shown in fig.
6.9 (b), where one-dimensional cuts of the current density along the laboratory
x-coordinate are shown: With decreasing guide field, the magnetic shear increases
together with the cross-field transport of the current sheet electrons. The consequence is a broadened current density profile with a decreasing peak amplitude.
This follows the same trend as the perpendicular magnetic fluctuation amplitude
and supports the proposed picture in which a transverse wave with k k Bg is
mainly responsible for the observed fluctuations, with an amplitude that is governed by the axial current density. Fig. 6.9 (c) further exemplifies this result
by correlating the local (perpendicular) fluctuation amplitude B̃x across the current sheet with the local axial current density jz for all considered guide fields.
The previously obtained scaling law is preserved across all guide fields and spatial
points. The modification of the fluctuation spectra is shown in fig. 6.9 (d). The
overall broadband spectral shape remains similar for all guide field values. An
increase in the lower frequency (f < flh ) components is mainly responsible for the
observed change in the integrated fluctuation amplitude. Additionally, the change
in the guide field leads to a shift in the lower hybrid frequency (eq. 6.1), which in
the present regime of fce fci ⌧ fpi2 scales approximately linearly with the magnetic
field and has a negligible density dependence. The kinks in the frequency spectra
closely track flh . This result highlights the importance of the lower hybrid frequency as a key instability parameter, indicating that the ion dynamics plays an
important role in the instability mechanism.
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Figure 6.10: Neutral gas pressure dependence of the magnetic fluctuations. (a) X-line
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6.6.2 Gas pressure
Fig. 6.10 shows the dependence of the magnetic fluctuations on the neutral gas
pressure in the reconnection volume. The main e↵ect of increasing the pressure
is to reduce the total and local plasma current through increased electron-ion
collision frequencies. Without going into detail concerning the current density
profiles and plasma parameters, the result can be summarized as follows: When
the pressure is increased from p = 0.1 to 0.36 Pa, the maximum current density at
the X-line rapidly decreases by a factor of 1.8. The plasma density as measured
by the triple probe, on the other hand, only decreases by 20%. Fig. 6.10 (a) shows
the corresponding reduction in the X-line fluctuation amplitude as the neutral gas
pressure is increased. Again, the fluctuations are found to scale with the local
current density, and are largely insensitive to the plasma density. This is shown in
fig. 6.10 (b) in a similar representation as before. The larger scatter here is due to
noisy current density profiles at higher pressures where the total plasma current
is small. A linear fit again results in the same scaling @ B̃x /@jz = 0.04 µT/kA as
in the previous plots.
6.6.3 Ion mass
Finally, the ion mass of the reconnecting current sheet can be varied by changing
the neutral gas from Argon to Helium within the reconnection volume. A few
notes regarding this operation regime are appropriate. First of all, the plasma gun
operates unreliably if operated with Helium due to the modified Paschen curve.
The breakdown voltage minimum is shifted to a higher voltage and pressure, for
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Figure 6.11: Magnetic fluctuation parameters under variation of the ion mass. (a) Xline fluctuation spectra for Argon and Helium. (b) Correlation of the local
fluctuation amplitude and current density for both gases.

which the present configuration is not designed. Therefore, the plasma gun is
supplied with Argon and fires into a Helium background plasma. Since the gas
pressure increase by the gas pu↵ is small (see sec. 3.6.5), the dominant ions in the
reconnection volume are Helium. The overall current density evolution is similar
to the Argon case, with comparable spatial profiles and time evolution. Due to
the higher neutral gas pressure required for reliable operation of the rf discharge
in Helium, the current densities are generally reduced.
The fluctuation observations in this regime are summarized in fig. 6.11. Fig.
6.11 (a) shows the fluctuation spectra at the X-line for Argon (blue) and Helium
(red) while the current density has its maximum value. Despite the lower current densities, the overall amplitude of the fluctuations is larger in Helium at all
frequencies. Further, the spectral index is greatly reduced, from f 1.5 in Argon
to f 1 in Helium. The kink in the spectrum again shifts with the lower hybrid
p
p
frequency, which is increased by a factor of mAr /mHe = 10 as the ion mass
is reduced. These results provide further evidence towards the importance of the
ion dynamics, as the saturation amplitude of the underlying instability clearly
scales with the reduced ion mass. The overall increase in the fluctuation amplitude across the entire current sheet means that the slope of the linear correlation
between B̃ over jz has changed. This is shown in fig. 6.11 (b), which shows the
dependency of the fluctuation amplitude on the current density for Argon (blue)
and Helium (red), respectively. The relation is linear in both cases, but di↵ers in
scaling between the gas types by a factor of two in the selected frequency range
of 400 kHz < f < 4 MHz.
In summary, further important details regarding the fluctuation properties were
obtained by variation of accessible discharge parameters.
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(i) The scaling of the perpendicular fluctuation amplitude B̃? with jz holds independently of variations in plasma density and applied guide field. The axial
current density is therefore a robust parameter for the saturated fluctuation
amplitude at fixed ion mass.
(ii) Reducing the ion mass increases the fluctuation amplitude, which indicates
the significant involvement of ions in the underlying instability mechanism.
(iii) The kink in the fluctuation spectrum shifts with the lower hybrid frequency
when varying the guide field and ion mass. This highlights the importance
of this frequency for the (turbulent) broadband spectrum and further emphasizes the role of ion dynamics.
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Figure 6.12: Schematic cross section of the MRX device (from [27]). Currents through
the toroidal (blue, PF) and helical (red, TF) coils.

6.7 Comparison to MRX results
This section presents fluctuation measurements performed at the Magnetic Reconnection Experiment (MRX) at the Princeton Plasma Physics Laboratory (PPPL).
The experimental setup and overall current sheet evolution is introduced in sec.
6.7.1, and previous magnetic measurements from anti-parallel (zero guide field) reconnection are summarized. Afterwards, new magnetic fluctuation measurements
performed at moderate guide fields are presented in sec. 6.7.2.
6.7.1 The Magnetic Reconnection Experiment (MRX)
The Magnetic Reconnection Experiment (MRX) is a toroidal, driven reconnection
experiment which has been in operation for almost two decades. The overall setup
within the cylindrical plasma vessel is shown in fig. 6.12 (a) and explained in more
detail in ref. [37]. The reconnection magnetic fields as well as the plasma itself is
generated by two so-called flux cores which each contain two sets of conductors.
The toroidal windings create a figure-eight poloidal field (PF) which is similar to
the reconnection drive of the Vineta.II experiment. Helical windings (which are
mainly poloidal, creating a toroidal field, TF) are used to generate a plasma by
means of an inductive discharge. During operation, capacitor banks supply both
coil systems with a shaped pulse shown in fig. 6.12 (b). Firstly, the poloidal
field is ramped up to its maximum value, after which the helical coils are powered
and a plasma is created throughout the volume. The subsequent decrease in
the PF coil current pulls magnetic flux towards the flux cores as schematically
shown in fig. 6.12 (a). The result is the formation of a Harris-type current
sheet which forms between the flux cores during the nearly linear PF coil current
decrease phase, elongated along the connecting line between the flux cores [48].
The coordinate system used in the experiment is shown in the figure, where ⇥
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Figure 6.13: Current sheet in the MRX experiment for two guide to in-plane field ratios,
Bg /Brec = 0.1 (a) and Bg /Brec = 1.4 (b). Black lines: contours of the
toroidal vector potential A✓ . Dashed line: flux core position.

is the toroidal coordinate aligned with the X-line and current sheet, r points
radially outwards and z is along the rotational symmetry axis. A set of additional
so-called equilibrium field (EF) coils outside of the vessel create a steady-state
magnetic mirror field which counteracts the radial expansion of the current sheet,
stabilizing its radial position near the flux core center at r = 375 mm. Finally, the
more recent addition of guide field conductors at the device center along z enables
the transition from (approximately) anti-parallel reconnection to a medium guide
field regime in which Bg ⇡ 2Brec , where the latter is the edge magnetic field of
the current sheet [27, 169].
The discharge and current sheet parameters in MRX are generally sensitive to the
inhomogeneous and irreproducible initial inductive plasma breakdown. Additionally, the current densities of the order j⇥ = O(MA/m2 ) are much higher than in
Vineta.II. They are reached due to the absence of any electrostatic current limitation in the toroidal geometry, which significantly modifies the externally applied
magnetic field geometry [48]. A consequence is that a shot-to shot reproducibility
is generally not given. Therefore, measurements are done by simultaneous probe
array measurements within the r z plane at a fixed toroidal angle [170]. The
current sheet and toroidal vector potential contours are shown in fig. 6.13 for
two guide fields at the time instant when it crosses the flux core center line at
r = 375 mm (dashed line). Fig. 6.13 (a) shows the zero guide field case, where
a straight current sheet is observed with a peak amplitude of j⇥ = 1.6 MA/m2 ,
an edge magnetic field of Brec = 18 mT and a guide field ratio of Bg /Brec = 0.1
(there is always a residual guide field present through asymmetries in the initial
conditions). The current sheet thickness of = 0.8 cm is approximately consistent
with the expected value of the generalized Harris sheet width which accounts for
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(a)

(b)

Figure 6.14: (a) Top: Radial current sheet position (solid black line) and width (dotted
black line) and fluctuation probe position (red line). Below: Fluctuation
spectrograms across all three spatial directions with the lower hybrid frequency marked (black line). (b) Statistical dispersion relation for propagation along the toroidal direction (taken from ref. [77]).

di↵erences in ion and electron temperatures [154]. In the high guide field case
shown in 6.13 (b), a vacuum guide field of Bg = 6 mT is applied. During current
sheet formation, the guide field is amplified to Bg = 19 mT, which is associated with toroidal flux pile-up at the X-point [169]. The resulting current sheet
has a reduced peak current density of j⇥ = 1.1 MA/m with an edge magnetic
field of Brec = 14 mT, setting the guide field ratio at Bg /Brec = 1.4. The entire
current sheet now has a slight clockwise tilt, which has been argued to be associated with j ⇥ B forces involving the in-plane Hall currents and guide field [27].
This tilt bears a resemblance to the separatrix-aligned current sheet observed in
Vineta.II, which can be understood as a limit case at high guide fields and low
current densities.
6.7.2 Magnetic fluctuation measurements
Magnetic fluctuation measurements have been previously performed at the MRX
device in absence of a guide field [77]. The results from these measurements
are briefly summarized as follows: These measurements were originally motivated
by previous observations of plasma potential fluctuations in the current sheet
edge [74] which were identified as the lower hybrid drift instability (LHDI) [75].
This instability is stabilized in the current sheet center where is low. In contrast,
magnetic fluctuations in MRX are observed throughout the current sheet as shown
in fig. 6.14 (a). Here, a high-frequency Ḃ probe is positioned at the flux core radius
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while the current sheet travels radially inwards. The amplitude of the fluctuations
is relatively high, reaching |B̃|/Brec of up to 5%, and generally correlates well with
the local current density. Despite the di↵erences in the experiment geometry, the
fluctuations are similar in their properties to those observed in the Vineta.II
experiment:
• Broadband, featureless frequency spectra with the majority of the spectral
power concentrated below the lower hybrid frequency.
• Short coherence lengths of the order of centimeters.
• Dipersion properties suggesting propagation along the electron flow direction ( ⇥) with a phase velocity comparable to the electron drift velocity
vd = j⇥ /(ne0 ), as shown in fig. 6.14 (b).
Subsequent investigations of possible instability mechanisms in a local two-fluid
description using the MRX equilibrium have suggested that a mechanism similar
to the perpendicular, electrostatic LHDI might play a role [78]. This instability
arises at large relative electron-ion drifts across the magnetic field lines via reactive
coupling of whistler modes with an ion acoustic mode. At oblique propagation angles to the magnetic field, it is partly electromagnetic, qualitatively consistent with
the observed magnetic fluctuations. The instability is accordingly referred to as
the oblique LHDI. Quasilinear calculations have shown (with large uncertainties)
that these waves may be supplying a significant toroidal resistivity component,
thereby at least partly balancing the applied inductive field at the X-line [79].
The overall similarity of the observed fluctuations to those observed in Vineta.II
have motivated further measurements in MRX with non-zero guide fields in an
attempt to reconcile both parameter regimes. This was done by choosing a
parameter regime in which strong fluctuations are known to be present and in
which the current sheet was found to be adequately reproducible at all externally applied guide fields, ranging from Bg = 6 mT to 6 mT. Fluctuations are
recorded by three-axis, high-frequency Ḃ probes at the X-point location (z = 0
and 40 mm) and slightly downstream at the radial location between the flux cores
(r = 375 mm). As pointed out earlier, large shot-to-shot variations exist, which
complicates the data analysis. Most importantly, strong magnetic fluctuations are
not visible in every shot, even when conditions are generally favorable (i.e. a clear
and stable current sheet forms which travels past the probe location). The reason
for this is not clear and seems to depend on a number of discharge parameters.
These are difficult to explore in detail due to the slow repetition time (⇡ 60 s)
and the shot-to-shot variations which require a large number of discharges at a
given parameter set to evaluate the frequency of favorable fluctuations signals. To
circumvent these obstacles, it is necessary to make a qualitative preselection of
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Figure 6.15: (a) Averaged fluctuation spectra for various guide fields. (b) The same
spectra multiplied by their low frequency spectral index.

“good” shots in which strong fluctuations are observed that also match the dynamic range of the recording oscilloscopes. Further complications are introduced
by the shot-to-shot and time-dependent variation of the actual, piled up guide
field value during a discharge, considerable variations in the current sheet crossing
time and radial velocity as well as changes in the local current density at the probe
location.
Nevertheless, careful selection of the 930 total recorded shots results in 300 shots
with large magnetic fluctuations. Here, the current sheet crossing time and time
instant of maximum fluctuations are calculated. These shots are sorted according
to their net guide field value at the time point of current sheet crossing, finally
resulting in 20-40 shots per guide field. The fluctuations are further evaluated by
FFTs over a time window of ⌧ = 4 µs, which corresponds to the shortest fluctuation
bursts observed in cases when the current sheet passes the probe quickly. The
spectral data is integrated to yield spectra of Bf (f ) and scaled according to the
probe sensitivity, which is reported in ref. [77] to be linear up to fmax = 10 MHz.
Fig. 6.15 (a) shows the fluctuation spectra of Bz for three di↵erent (measured)
guide field values, each averaged over 30 similar shots. As for the zero guide
field configuration, the spectra are broadband and largely featureless, falling o↵
with f 1.4±0.1 . As the guide field is increased, the total fluctuation amplitude
is reduced. A small kink is present in the fluctuation spectra but is difficult to
discern. The same spectra, multiplied by their low frequency spectral index are
shown in fig. 6.15 (b) to emphasize the kink. For reference, the lower hybrid
frequency using the current sheet center density (n ⇡ 1020 m 3 ) and the magnetic
guide field is shown for all cases. Note that the previous fluctuation investigations
at MRX use the current sheet edge magnetic field to calculate the lower hybrid
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guide field for two di↵erent discharge modes. (b) Local toroidal current
density at the fluctuation probe location over the guide field.

frequency, which is typically around flh = (6 ± 1) MHz regardless of the applied
guide field. In the present data, the weakly pronounced kinks in the spectra are
observed to shift with the displayed frequencies, similar to the behavior observed
in Vineta.II.
Contrary to the results in Vineta.II, the fluctuation amplitude in MRX is roughly
equal across all spatial directions, regardless of the applied guide field. It is not
obvious why this should be the case for the obliquely propagating whistler waves
suggested in refs. [77, 78]. Assuming that a parallel instability mechanism should
begin to be more pronounced at higher guide fields, one would expect the perpendicular magnetic fluctuations to become more pronounced, as has been shown in
the previous section for Vineta.II. It is however quite possible that the guide to
in-plane field ratio is not high enough for this e↵ect to occur, related to the fact
that the local magnetic field vector B0 rotates as the current sheet passes through
the probe plane which destroys any directional preference through averaging. Part
of the measurement campaign was originally planned to include dispersion relation measurements by means of a newly constructed multi-coil Ḃ probe which
can measure correlations in all three spatial directions. For technical reasons, this
setup was unavailable during the short time available for the campaign. Future
measurements are planned which should elucidate the change in propagation as
the guide field is increased.
Apart from the spectral properties of the observed fluctuations, the modification
of their overall amplitude as a function of the magnetic guide field can be analyzed and compared to the results from Vineta.II. This is shown in fig. 6.16
(a), which is generated analogous to the previous figures for Vineta.II. Here, the
integrated mean fluctuation amplitude for frequencies f > 240 kHz is plotted over
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the measured magnetic guide field. Although a large spread of the fluctuation amplitudes is observed, an overall trend can be identified: At the lowest guide fields,
the highest fluctuation amplitudes are observed and there is a steep decline as the
guide field is increased. The two colors correspond to di↵erent PF coil discharge
modes. When the currents through the helical coils are opposed (counterhelicity
mode), the toroidal field components roughly cancel at the device center, setting
the guide field close to zero when no external field is applied. In cohelicity mode,
the coil currents flow in the same direction, and a finite guide field is present without driving an additional current in the guide field coils. This allows for guide
fields up to Bg = 35 mT. The magnetic fluctuations are largely una↵ected by this
change and the two regimes overlap quite well. Note that the observed scaling is
opposite to the one found in Vineta.II, where the fluctuations increase with the
guide field. These opposite trends can be reconciled by examining the toroidal
current density as a function of the guide field as shown in fig. 6.16 (b), where
the current density at the fluctuation probe location at the time instant of maximum fluctuations is shown. Contrary to the results from Vineta.II, where the
total current drawn from the plasma gun is comparable across all guide field ratios
and the local current density is given by the extent of the magnetic mapping, the
toroidal current in MRX behaves di↵erently. Here, at higher guide fields the local
current density is diminished, which was earlier reported to be accompanied by
a strong decrease in the (normalized) reconnection rate [27]. The reason for this
decrease is not entirely clear but is speculated to stem from an interaction of the
in-plane Hall currents with the guide field, resulting in a net jip ⇥ B force that
opposes the reconnection inflow velocity. Nevertheless, it can be concluded that a
positive correlation is again found between the guide field aligned current density
and the fluctuation amplitude, as shown in fig. 6.17. The colors of the data points
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correspond to the measured guide field for each measurement. The variance is by
far larger than the excellent correlation observed in Vineta.II, which is mainly
due to the large spread in fluctuation amplitudes especially at low guide fields.
As noted above, fluctuations do not appear in every discharge and the selection
of shots in which they are deemed sufficiently large for further processing is a
subjective one. Therefore, only a weaker correlation is found in which 90% of the
data points are found to be bounded by the slopes @ B̃z /djt = 0.5 3.5µT/kA.
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Figure 6.18: Oblique lower hybrid drift instability dispersion showing real frequencies
(red) and growth rates (blue). (a) Low guide field, high drift case. (b)
Moderate guide field, low drift case.

6.8 Discussion
This chapter has addressed the presence of incoherent, broadband magnetic fluctuations in both the high guide field, linear Vineta.II experiment as well as the
zero to medium guide field, toroidal MRX. There are many features in common
in both devices: (I) localization within the current sheet, (II) a kink in the spectra around the lower hybrid frequency, (III) a scaling of the amplitude with the
parallel current density, (IV) short coherence lengths and (V) propagation along
the current sheet.

As pointed out above, the candidate considered as
a viable instability mechanism in MRX is the lower hybrid drift instability [75].
The geometry in the zero guide field case is the following: The density gradient
is mainly along the radial direction r, while the in-plane magnetic field lines are
along z, i.e. perpendicular to both the density gradient and the current sheet
(which is along ⇥). The LHDI is basically a drift wave, driven by the cross-field
diamagnetic drift with frequency !d = k? r(nkB T )/(ne0 B), coupled to a lower
hybrid wave with frequency !lh . In the standard derivation of the LHDI [72], the
temperatures Ti/e are assumed to be constant and gradients exist in the density
only, with a length scale Ln = n(dn/dx) 1 . Resonance occurs at k? ⇢e ⇡ 1 and the
density gradient length scale approches the ion Larmor radius. In the zero guide
field MRX geometry, the diamagnetic drift is parallel to the current sheet, i.e. in
toroidal direction. Solving the kinetic dispersion relation reveals an electrostatic
instability with kk ⌧ k? and a peak growth rate at k? ⇢e ⇡ 1 and ! ⇡ !lh , as
expected [75].
Lower hybrid drift instability
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In order to account for the magnetic fluctuations observed throughout the MRX
current sheet, a local two-fluid model in slab geometry was considered [78]. It
was found that the interaction of a backwards propagating whistler wave with a
forwards propagating ion sound wave leads to a partly electromagnetic instability
which is termed the “oblique” LHDI. The resulting dispersion relation using eq.
(19) from ref. [78] is shown in fig. 6.18 for the plasma parameters in the low
and high guide field cases, as presented in the previous section. The (normalized)
cross-field diamagnetic drift is V = vd /vA = j✓ /(ne0 vA ) = 4.3, the plasma beta is
e = i ⇡ 1, and the wave propagation angle between the ambient magnetic field
B0 and the drift direction in ⇥ is chosen to be = 60 . Four waves (two whistler
and two ion sound waves) are found in the real part solutions (red) in the low and
high wave number limits. Considering the imaginary part (blue), one mode has a
positive growth rate at intermediate k. The corresponding frequencies are similar
to those found experimentally in MRX [77].
The possibility to add a guide field in MRX has been discussed in the previous
section. It reduces the parallel currents and thus the cross-field drifts, and changes
the diamagnetic drift direction with respect to the ambient magnetic field, in
the limit of a high guide field to be perpendicular to the current sheet. In the
field-aligned coordinate system in which the dispersion relation is formulated, the
cross-field drift velocity V that drives the instability is smaller, resulting in a
normalized velocity of V ⇡ 1. This case (using the plasma parameters in the high
guide-field regime) is shown in fig. 6.18 (b), where all solutions are real valued and
no instability growth is found. It therefore seems unlikely that the oblique LHDI
explains the observed fluctuations even at moderate guide fields. In Vineta.II,
the conditions are even less favorable: The cross-field, in-plane diamagnetic drift
(shown in sec. 5.5.4) is an order of magnitude smaller than along the magnetic
field, resulting in a normalized drift of V < 0.4. Additionally, the oblique LHDI
is found to be stable for e
i . While the ion temperature in the present
reconnection setup is not known, measurements in a similar setup have shown
that Ti ⇡ 0.2 eV [171], which implies Ti ⌧ Te = (4 10) eV. Therefore, the
observed electromagnetic fluctuations cannot be attributed to an oblique LHDI.
The properties of the observed fluctuations, namely the drive by a parallel current,
propagation along the current sheet with vph = O(vd ) and an anisotropy in the
magnetic fluctuations, point to a current driven instability in presence of high
guide fields. It remains a challenge to clearly identify a fitting instability in the
Vineta.II parameter regime which operates in the frequency regime ! < !lh . An
overview of several candidates is subsequently made:
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This instability is driven by the relative drift between ion
and electron populations. In the ion rest frame, the shifted electron distribution
function has a positive slope @fe (v)/@v > 0. In the limit of Ti ⌧ Te (which is given
in our experiment), the instability threshold for the mean relative drift velocity
is given by the ion sound speed [172]. While this condition is easily satisfied
under the assumption that the entire electron population drifts (vd,e = jk /(ne0 ) =
2 5 · 104 m/s and cs = 2.4 · 103 m/s), the resulting instability is electrostatic and
has a very small phase velocity of !/k = cs . Fluctuations of this kind have been
previously detected in a reconnecting current sheet by Gekelman and Stenzel [32].
These signatures are, however, not found in Vineta.II.
Ion acoustic instability

This instability again assumes a relative species drift and
can be excited at all ion to electron temperature ratios [173]. Compared to the
ion acoustic instability, a stricter condition vd > vt,e applies, which is not given
in Vineta.II, since vt,e = (1 2) · 106 m/s for the measured temperature range
of Te = (4 10) eV. The Buneman instability excites waves at high frequencies
! ⇡ (me /mi )1/3 !pe , where !pe is the electron plasma frequency. For the present
Argon plasma !/(2⇡) > 300 MHz, which is far outside the observed range.
Buneman instability

If one assumes that the electron population is split into
a bulk population and a higher energy (but lower density) beam, the bump-ontail or gentle beam instability emerges [172]. This would be the case if electrons
entering the reconnection volume from the gun are accelerated by high sheath
potentials and are subsequently not slowed down by collisions. The derivation
is similar to the Buneman instabiltiy and again has a high threshold velocity
for the beam vb > vt,e . However, only a relatively low sheath potential drop of
2
= me vt,e
/(2e0 ) = (5 10) V is required to accelerate electrons to the thermal
velocity of the bulk, which may well be the case in Vineta.II. Again, the highest
growth rate is found at too high frequencies ! = !pe .
Bump-on-tail instability

Discarding these possibilities, the question remains how the observed fluctuations
are to be interpreted. Previous investigations at the high guide field, toroidal VTF
experiment have reported the presence of electrostatic fluctuations in the lower hybrid range [34]. Correlation measurements with a probe separation of k ⇡ 1 cm
have revealed that kk has very little phase spread across a wide frequency range,
and that the probe signals quickly decorrelate in the perpendicular cross field drift
direction on the length scale of ? = 1 mm. The perpendicular loss of correlation
was interpreted as a wave bath with a large k-space spread over the entire signal
phase k? ? ⇡ ⇡. From this relation, the perpendicular wave number was estimated to be k? ⇢e ⇡ 0.5, which is typical of a lower hybrid mode, together with the
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observation that k? ⌧ kk . Several drive mechanisms have been considered [146]:
In the derivation of the kinetic dispersion relation for the instability, the dielectric
constants for the electrons can be chosen to include gradients in either density or
temperature or no gradients at all. The first two choices drive self-consistent diamagnetic cross-field drifts. The density gradient driven drift results in the LHDI
(see above), the temperature gradient driven drift results in the lower hybrid temperature gradient instability (LHTI). Without any gradients, the drift velocity is
a free parameter which can stem from any non-equilibrium cross-field currents,
resulting in the mean two-stream instability (MTSI). All mechanisms yield in
similar results, in particular that instability growth is observed near k? ⇢e ⇡ 1 and
! ⇡ !lh . The key di↵erences are that the LHTI modes exist only for ! > !lh ,
and that both the LHTI and MTSI have higher growth rates as Te /Ti increases,
whereas the LHDI is stabilized.
In the Vineta.II experiment, the gradient length scales and cross-field drifts
are generally favorable for this set of instabilities to occur. At the maximum
growth where k? ⇢e ⇡ 1, k? ⇡ 1400 2200 m 1 ( ? = 3 5 mm) and vd,? =
j? /(ne0 ) ⇡ 6.2 km/s, setting the drift frequency to !d = k? vd,? = 0.9 1.4 !lh .
These cross-field drifts were shown in sec. 5.5.4 to arise from a partial balance
of rp, arising from gradients in both electron temperature and plasma density.
It is therefore impossible to identify a single cross-field current source but as a
general conclusion, the instability threshold is crossed for all three possibilities:
Ln ⇡ LT ⇡ 0.5 ⇢i for the LHDI and LHTI, as well as vd ⇡ 1.5 cs for the MTSI.
Applying to Vineta.II the same reasoning as on VTF that correlation is lost at
small perpendicular probe separations ( ? < 5 mm) due to the large spread in
k? , one obtains a lower bound for this value: k? ? > ⇡ gives k? > 629 m 1
and k? ⇢e > 0.4, which is again in a regime favorable for lower hybrid modes.
In addition, the correct magnetic field value for the determination of the lower
hybrid frequency in the case of propagation perpendicular to the current sheet is
the guide field, as opposed to the in-plane field at the current sheet edge which is
typically used in the zero guide field case [75,78]. This is in line with the observed
kink in the frequency spectra for both the MRX and Vineta.II measurements
presented above, which is always near flh (Bg ).
For the measurements of kk in Vineta.II, the question remains why a finite
propagation velocity along the current sheet is observed. Lower hybrid modes
typically have k?
kk , where the LHDI is a flute mode with k · B = 0 [72] and
p
the MTSI has kk /k? = me /mi [146]. Even under optimistic assumptions for
k? , kk is not expected to be much higher than of order unity, which is in strong
contrast to the observed values kk < 150 m 1 . This could be argued to be due to
projection e↵ects, in which a small perpendicular misalignment of the probe leads
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Figure 6.19: (a) Measured statistical dispersion with analytical cold plasma solutions
for the whistler, Alfvèn and ion sound waves. (b) Solutions of !(kk , k? ) for
the homogeneous cold plasma approximation.

to a partial pickup of k? . However, the strong anisotropy of magnetic fluctuations
B̃x = B̃y
B̃z which is observed throughout the reconnection plane suggests
that this propagating wave has a dominant k along the guide field. If we interpret
the observed magnetic fluctuations as a first-order correction to the electrostatic
fluctuations E1 of the lower hybrid mode [174], the resulting fluctuating (electron)
currents should be aligned E1 ⇥ Bg k rn, which by Ampères law results in first
order magnetic corrections B1 that lie in the (z, rn) plane. Since fluctuations
along z were found to play a minor role, the observed in-plane fluctuations can
be excluded to be a direct signature of perpendicular propagating lower hybrid
waves.
Instead, the observed wave dispersion is found to fit that of a whistler wave well.
The linear dispersion of whistler waves in a cold plasma in the limit ! ⌧ !ce is
given by ! = k 2 2e !ce cos(⇥) with the electron skin depth e and ✓ = \(k, B) [73].
Fig. 6.19 (a) shows the same statistical dispersion relation as in sec. 6.5, now together with the whistler dispersion for cos(⇥) = 1 and, for reference, the MHD
Alfvèn and ion acoustic wave phase velocity ! = kvA and ! = kcs . The dashed line
marks the lower hybrid frequency. The whistler wave is interesting here since it is
electromagnetic and belongs to the same R-wave branch of the cold plasma dispersion relation as the electrostatic lower hybrid wave. Fig. 6.19 (b) shows dispersion
relations (contours of constant !) in the (kk , k? ) plane for a range of frequencies,
calculated from the homogeneous cold plasma approximation [175]. Along the
horizontal axis, the mainly electromagnetic, parallel propagating long-wavelength
whistler waves are found. They transition to the much shorter wavelength, largely
electrostatic perpendicular lower hybrid waves along the vertical axis. While there
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is no sharp distinction between the two wave types, a common choice for their distinction is the group velocity reversal near k? = 500 m 1 [176]. This reversal has
the e↵ect that it is possible for the lower hybrid wave to resonantly excite an
Alfvèn wave at much smaller k? at the same frequency and parallel wavelength
by linear mode conversion, as exemplified by the black circles. This process has
been suggested to play in important role in the magnetosphere where both wave
types are observed [175] and has also been investigated in laboratory experiments
with strong density inhomogeneities [177]. For the whistlers waves observed in
our experiment, parallel wavelengths of kz = (20 50) m 1 at the lower hybrid
frequency correspond to lower hybrid waves at k? = (500 1400) m 1 , which is in
reasonable agreement with the previously estimated wave numbers. It therefore
seems plausible that the observed magnetic fluctuations are a “byproduct” of a
perpendicular, electrostatic lower hybrid instability which then partially converts
into electromagnetic whistler waves. The process of linear mode conversion works
in both directions, so it is possible that the parallel whistler wave is excited first,
e.g. by parallel fluctuations of the entire current sheet, and then converts to a
perpendicular lower hybrid mode. In this case, however, it is unclear why the
lower hybrid frequency should stand out as a characteristic frequency where the
turbulent spectrum kinks and where the dispersion relation loses coherency.

Regarding the correlation of the local parallel current density with magnetic fluctuation amplitude, the picture lacks clarity. Previous calculations of the linear growth rate of the electrostatic fluctuations in MRX included the radial current density and magnetic field profiles. A match was found
between the calculated and observed stabilization in the high- current sheet center [75]. From the local slab model for electromagnetic flucuations, however, it
is unclear why the fluctuations should persist in the current sheet center where
the density gradients and cross-field current vanish. A global linear eigenmode
analysis accompanied by 2D particle-in-cell (PIC) simulations has shown that in
addition to the short wavelength k? ⇢e ⇡ 1 modes, a partly electromagnetic mode
p
with k? ⇢e ⇢i exists [76]. The eigenfunctions in the zero guide field case show a
significant magnetic component at the current sheet center accompanied by an
electrostatic component at the edge. In the PIC simulations, the electrostatic
modes are observed to modify the initial current sheet and are subsequently suppressed, enabling the longer wavelength modes to grow at the current sheet center.
The addition of a weak (Bg /B0 = 0.1) guide field, however, strongly distorts the
symmetry of the eigenfunctions, which then favor fluctuations at one edge of the
current sheet. The full nonlinear evolution of the PIC simulations initially reproduce this profile, but then (again by modification of the initial equilibrium)
Amplitude localization
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settle to a state in which magnetic fluctuations are observed at the current sheet
center. These results show that predictions of the fluctuation amplitude based on
linear growth rates only are of limited use, especially when including the increased
complexity of a fully three-dimensional geometry. Ongoing and planned dedicated
simulation e↵orts are expected to provide more insight into the nonlinear evolution of the current sheet. An interesting point to consider in this context is that
the magnetic fluctuations are in phase with time evolution of the current density,
and must therefore stem from an instability with a growth rate much higher than
those found in the cited reference where = O(!ci ).
Finally, an estimate of the anomalous resistivity based on
the observed magnetic fluctuations in Vineta.II can be made. Previous estimates of the anomalous resistivity caused by electrostatic fluctuations in MRX
were based on quasilinear theory of the LHDI [75] and came to the conclusion
that its localization in the current sheet edge and overall amplitude is by far too
low to account for the observed e↵ective resistivity ⌘anom + ⌘coll = E/j. Without
knowledge of the exact model responsible for the generation of the magnetic fluctuations, simple estimates were also made for the mean electric field generated by
energy transfer from the current-carrying electrons to the wave [77,145]. Here, the
out-of-plane force balance is calculated with the wave energy density " ⇡ |B̃|2 /µ0
and the momentum carried by the wave p = k"V /! is given by [77]
Anomalous resistivity

ne0 Ewave = 2k(|B̃|2 /µ0 )( /!).

(6.12)

Depending on the plasma parameters, a mean electric field Ewave ⇡ 100 V/m [77]
or Ewave ⇡ 4 V/m [145] was found. The first case is indeed comparable to the
reconnection rate. Following the same approach for the present experimental
situation with n = 5 · 1018 m 3 , w/k = vph = 1.4 · 105 m/s, fluctuations of
|B̃| = 3µT and a strong growth of ⇡ ! yields only a very small contribution of
Ewave ⇡ 1 mV. This is not only negligibly small compared to the externally applied field of Eind = 70 V/m but is also much smaller than the collisional resistive
term ⌘j ⇡ 1 V/m. Hence, the observed magnetic fluctuations are not expected to
substantially modify the reconnection dynamics.
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The present thesis reports on the results from a newly constructed guide field
reconnection experiment, Vineta.II, focusing on the detailed analysis of the reconnecting current sheet properties on a macroscopic and microscopic scale in
time and space.
In the linear, modular Vineta.II device, magnetic reconnection is driven on time
scales faster than the resistive di↵usion time, which forces fast reconnection to
occur. Its modular design allows for the systematic separation of the key ingredients in guide field magnetic reconnection, namely the magnetic field topology,
the ambient plasma parameters, and the electron current supply of the reconnection current sheet. The magnetic field is created by variable guide field coils
with Bz < 100 mT, a first pair of parallel conductors which generates the in-plane
X-point magnetic field Bxy < 10 mT, and a second pair that drives the reconnection electric field with Ez < 70 V/m on a timescale of f = 60 kHz. The resulting
magnetic field line topology is fully three-dimensional, in contrast to periodic zero
guide field experiments where the fields are largely in-plane. Within this topology, a three-dimensional and highly reproducible current sheet forms between the
axial boundaries. The high reproducibility enables precise measurements of the
magnetic and electric fields as well as plasma parameters within the sheet at high
spatial resolution.
Particle-in-cell simulations have shown that the axial boundary conditions in an
open field line reconnection geometry play a central role determining the currents
and electric fields along the X-line. An additional electron source is required to
overcome the Bohm current limitation set by the plasma sheaths. Regardless of
the current provided by this source, an electrostatic field is found along the X-line
that only vanishes in the very specific case where the interplay of virtual cathode
emission in front of the source exactly balances with the potential profile generated
by collisional resistivity. In the experiment, resisitive magnetic field di↵usion
d r /dt = ⌘j is found to be far smaller than the reconnection rate Eind = d /dt.
This implies that large electrostatic fields exist that contribute significantly to
Ohm’s law at the X-line, Eind +r = ⌘j. Those do not contribute to reconnection
in the strict sense that they irreversibly dissipate magnetic energy. The actual
energy dissipation rate, though locally large at the current sheet center, is small
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compared to the energy stored in the magnetic field. As a consequence, the flux
transport velocity, given by the local parallel inductive electric field, can be very
misleading in evaluating the actual in-plane evolution of the plasma. This is
not only true in current-limited bounded reconnection systems, but also in more
general periodic guide field geometries where parallel pressure gradients can form.
The evolution of the total plasma current in the experiment has been shown to be
largely set by its electrical circuit which consists of the current sheet, axial boundaries and external return wires. For the high frequency at which reconnection
is driven, the current response to the induced electric fields is mainly inductive.
The time-varying current in turn sets the instantaneous reconnection rate E at
the X-line, rather than the collisional resistivity as often assumed in reconnection
models. Since all reconnection systems require current closure and are thereby
associated with an inductance, this implies that any reconnection system which is
either periodically driven with a sufficiently high drive frequency or exhibits spontaneous reconnection events on sufficiently small time scales should be limited in
its current response and reconnection rate by its total inductance.
In contrast to two-dimensional systems with antiparallel field lines in which the
current sheet forms perpendicular to the flux inflow direction, the spatial distribution of the current sheet in Vineta.II has been found to be largely defined by the
geometry of the three-dimensional, sheared magnetic field lines. In the azimuthal
plane, the current sheet extends along two of the four separatrices that extend radially outwards in the electron flow direction. As the total plasma current evolves,
the current sheet tilts together with the separatrices, yielding complex temporal
dynamics that is not compatible with steady-state reconnection models. The azimuthal distribution of E, which can be interpreted as the local modification of
the flux transfer velocity, can be precisely reconstructed from the time-dependent
current density profile alone, showing that the inductive current response not only
governs the total plasma current evolution, but also that of the spatial flux distribution. At any given time instant, the current sheet is found to match the Harris
profile, although there is a large discrepancy between the observed profile width
and that expected from the Harris model H = 8 . This is due to the presence of
a non-equilibrium situation: The in-plane forces have been demonstrated to have
a complex structure with two components, jxy ⇥ Bz and jz ⇥ Bxy , that enclose
the current sheet along its respective axes. These forces are not in balance with
the much stronger pressure gradient rp, which arises from the localized plasma
density and electron temperature profiles created by the plasma gun. The MHD
equilibrium conditions are not fulfilled, resulting in a net radial force that drives
cross-field di↵usion. In three dimensions, the current sheet shape is indeed observed to evolve by a combination of the magnetic mapping of the circular plasma
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gun anode and a radial expansion which is largest where the pressure gradients
are high. This behavior is in strong contrast to toroidal experiments in which
the current sheet closes on itself and can therefore easily reach equilibrium. A
three-dimensional current sheet structure can therefore be concluded to naturally
arise in a bounded guide field reconnection situation. The resulting gradients of
plasma parameters along the X-line cause axial gradients of the reconnection rate,
which in turn implies that a, three-dimensional redistribution of magnetic flux
takes place in this type of system.
On a microscopic scale, high-frequency magnetic fluctuations are observed throughout the current sheet of our experiment. These are qualitatively similar to those
previously measured in the zero guide field MRX setup [23, 77] and to new measurements in a medium guide field regime, despite large di↵erences in geometry.
In both devices, turbulent fluctuation spectra are observed that feature a spectral
kink near the lower hybrid frequency. The kink is found to closely track the lower
hybrid frequency if changed by parameter modifications, such as the guide field
and ion mass. This indicates the presence of lower hybrid-type instabilities which
are driven by large cross-field drifts. It is found that the current sheets in both
MRX and Vineta.II are in a favorable regime for these. An important di↵erence
between the two experiments is that in the low guide field situation of MRX, the
lower hybrid modes propagate perpendicular to the in-plane field in the toroidal
direction along the current sheet [75], whereas in the high guide field Vineta.II,
the dominant k is perpendicular to the guide field and propagates around the
current sheet. While previous investigations on MRX have found electromagnetic
wave propagation along the current sheet consistent with this model [77], propagation along the guide field and perpendicular to the current sheet gradients is
found in Vineta.II. This is seen in the statistical dispersion relation recorded
along the X-line, revealing a high phase velocity on the order of the electron drift
speed vd = jk /(ne0 ) in the laboratory frame. A strong anisotropy of the magnetic
fluctuations with B̃? > B̃k further corroborates an electromagnetic wave with
k k Bz . While this result might suggest that a parallel excitation mechanism is
responsible for the observed fluctuations, these either require high electron drift
velocities with vd > vth which are unlikely in our experiment, or, in the case of
the ion acoustic instability, propagate far too slowly. The proposed picture is
rather that a nearly perpendicular, electrostatic lower hybrid mode exists which
resonantly excites a nearly parallel, electromagnetic whistler wave through linear
mode conversion. This is possible because both waves belong to the same cold
plasma dispersion branch. The measured parallel dispersion relation is found to
fit the whistler wave dispersion well up to the lower hybrid frequency. This picture
is further supported by two-probe correlation measurements, which show decor-
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relation on perpendicular length scales much shorter than along the guide field
l? ⌧ lk . The small l? < 5 mm ⇡ c/!pe makes perpendicular phase measurements
practically impossible, but delivers an estimate for the length scale of the perpendicular turbulent structures. This value is reasonably consistent not only with the
k? values expected for the perpendicular lower hybrid modes, but also with the
associated parallel whistler wave lengths at equal frequencies. For the moderate
guide field fluctuation measurements in MRX, the observed kink in the spectra
scales with the lower hybrid frequency calculated using the guide field value and
not the in-plane current sheet edge magnetic field as is customary in the zero
guide field case [77]. It thus seems plausible that a transition from the parallel
to perpendicular direction with respect to the current sheet takes place, though
additional dispersion measurements are required to confirm this hypothesis.
The high reproducibility of the Vineta.II reconnection cycles allows for accurate
measurements of spatial profiles and averaged spectra. A good correlation has been
found between the parallel current density and the local fluctuation amplitude
in the azimuthal plane, with a constant scaling of dB˜? /djk over a large range
of experimental conditions. The only deviation from this behavior occurs when
modifying the ion mass. This behavior is not consistent with the local linear model
of the lower hybrid instabilities, which are driven by gradients or cross-field drifts
that are not present at the current sheet center. Previous nonlinear simulations at
low guide fields suggest that early, short wavelength electrostatic fluctuations in
the edge modify the current sheet to allow for a longer wavelength electromagnetic
mode at the sheet center [76]. Even a small guide field, however, complicates the
picture. It is unclear how these modes develop in the high guide field case without
accompanying nonlinear simulations.
The observed instability is found to be independent of the mechanism that drives
the current sheet. The spectra and amplitude dependence are preserved when
the current sheet is driven electrostatically by biasing the axial boundaries, when
compared to the inductive drive during reconnection. The fluctuations are hence
a generic feature of a localized current sheet with its associated gradients and
cross-field drifts. If these fluctuations can significantly modify the current sheet
properties and contribute to the reconnection rate depends on the amplitude of
the magnetic fluctuations in relation to the in-plane magnetic fields and on the
anomalous resistivity provided through momentum transport. In Vineta.II, the
fluctuation amplitude is small (< 0.1 % of the in-plane field) and the resulting
anomalous resistivity contribution is negligible. The fluctuations in the Vineta.II
parameter regime can therefore interpreted as a “byproduct” of the current sheet
formation during reconnection.
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