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Abstract

Magnetic reconnection is an important and basic physical process, which has been widely
found both in space plasma, such as solar flares, coronal mass ejection and interaction of
solar wind with Earth’s magnetosphere, and in laboratory plasmas[1]. During the evolution
of the magnetic reconnection, the magnetic topology is rearranged, resulting in breaking
and reconnecting magnetic field lines. There are several approaches to study the magnetic
reconnection, such as observing space plasma, simulation, and laboratory plasma. Compared
with space plasma observation, laboratory plasmas can be actively controlled and diagnostic
systems are relatively easier to develop. Merging two torus plasmas together is an effective
method for investigating magnetic reconnection, which is carried out since 1980s on TS-
3[2, 3] (Tokyo University Spherical Torus Device No. 3). On the other hand, it is also a
potential technique for fusion plasma heating. As a major upgrade of TS-3, TS-6/TS-3U
device was successfully assembled, and the first plasma was produced in 2018 spring[4, 5].

Magnetic energy would be converted into thermal or kinetic energy by heating or acceler-
ating charged particles, when the magnetic reconnection happens. It indicates that charged
particle (electron and ion) heating and acceleration are key physical processes to study energy
conversion mechanism. The ion heating characteristic during magnetic reconnection has
been sufficiently investigated on TS-4[3], MAST[6], and TS-6[7], while electron heating
and acceleration mechanism is still not well understood. UTST has found that electron
acceleration could be measured not only around the X-point but also in the downstream

region during the magnetic reconnection by soft X-ray (SXR) diagnostic[8, 9].



We developed a multi-filter high-resolution tangential-view SXR tomographic imaging
measurement on TS-6 spherical tokamak (ST) merging device, as a key diagnostic for
investigating high-energy electron characteristics[10]. Multiple micro-channel plates (MCPs)
are respectively installed in individual vacuum chambers. In the front of each chamber,
there is a pinhole covered by a special filter, which constitutes a pinhole camera system. By
installing different filters, we can measure SXR with different energy ranges. Especially
designed lenses and fiber bundles serve as optical system to transfer images from phosphor
plates of MCPs to a high speed imaging system. This design also enables us to simultaneously
measure two images appearing on phosphor plates of MCPs by just one high speed imaging
system. We had prepared more fiber bundles in advance for upgrades, and up to 16 images
can be measured synchronously in the future. On the other hand, it also makes it possible to
install the camera system far from the TS-6 in order to protect the camera system. As the
measured images by camera system are line-integrated, we developed tomographic method
based on the Phillips-Tikhonov regularization[11, 12] to reconstruct the local emissivity of
SXR, which reflects the spatial distribution of high-energy electrons.

Relying on this diagnostic, we successfully measured SXR emitted from the TS-6 plasma
merging experiments for the first time in 2021 spring. The energy range of SXR was
distinguished to be higher than 100 eV but lower than 400 eV by the multi-filter arrangement
of this SXR diagnostic. According to the reconstructed results of local SXR emissivity,
which reflects the spatial distribution of high-energy electrons, electron acceleration in the
X-point and downstream region was successfully measured.

In the downstream regions, the majority of energetic electrons are found distributing in the
direction perpendicular to the magnetic field. With the evolution of magnetic reconnection,
electrons with higher energy are measured in further part of downstream region. During
the magnetic reconnection, electrons leave from X-point region along with the outflow and
most of them would be trapped by the electric potential. These electrons can be accelerated
by the induced electric field in the magnetic pileup areas, and obtain much more energy
along with the movement to further parts of the downstream region. On the other hand,

downstream acceleration can be enhanced with the increase of poloidal magnetic field (PF)/B;.



vi

It means that betatron acceleration plays an important role for the electron acceleration in the
downstream region.

We also found that X-point acceleration can be enhanced with the increase of toroidal
magnetic field (TF)/guide field. On the other hand, the increasing of guide field can also
make the X-ray burst occur earlier. When the electrons enter into the area near the X-point,
they would rotate around the guide field. The guide field confines electrons in the vicinity of
X-point and further accelerate them. With a higher guide field, electrons would be accelerated
and obtain higher kinetic energy, leading to the higher local emissivity of SXR. On the other

hand, the kinetic energy of electrons would reach the peak value earlier and then fall.
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Chapter 1

Introduction

The magnetic reconnection, as a basic physical process[13], has been widely observed
both in space and laboratory plasmas[1, 14]. When the magnetic reconnection happens, the
topology of magnetic field would be changed due to the breaking and reconnection of the
magnetic field lines. On the other hand, the stored energy in the magnetic field would be
converted into thermal and kinetic energy of charged particles. Therefore, the electrons and
ions are to be heated or accelerated, and these physical phenomenons have been reported by
astronomical observations[15, 16], simulations[17, 18] and laboratory plasmas[8, 6, 19-21].

Laboratory plasmas can provide a relatively more active and comprehensive method
to study the magnetic reconnection. With the development of plasma diagnostics, more
plasma parameters can be measured. Since 1980s, merging of two torus plasmas has been
developed as an effective experimental method to investigate the magnetic reconnection in
the TS-3 device[2]. As the huge burst of thermal and kinetic energy of particles happens, this
merging start-up has become a potential heating method for high-temperature plasma devices,
especially for spherical tokamak[6, 4]. On the other hand, there are also phenomenons related
to magnetic reconnection which have been observed in fusion plasmas[22, 23]. Therefore,
research about magnetic reconnection is also necessary for nuclear fusion.

In this chapter, some concepts about nuclear fusion, spherical tokamak and plasma

diagnostics are introduced, which would be used for following chapters.
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1.1 Nuclear Fusion

Energy, which is closely related to various aspects of human life, is the basis for main-
tenance and development of human civilization. With the rapid development of science
and technology, the demand for energy in modern society is also increasing rapidly. One
important and urgent issue, how to meet the increasing demand for energy while the available
amount of fossil fuels such as petroleum, coal, and natural gas is exhaustible, gradually arises
to be focused by the whole society. On the other hand, the accumulating use of fossil fuels
has bringing about environment pollution, due to exhaust of CO; and other harmful gases.
Thus, clean energy sources are necessary for the sustainable existence and development of
human beings. Wind-power, hydro-power, solar-power, geothermal-power and bio-energy, as
mainstream technologies of renewable energy, have been developed and become important
energy sources for human society. However, limited by the low capacity factors, renewable
energy is not able to become main energy sources at present.

In addition to fossil fuels and renewable energy, nuclear power, which can be obtained
from fission, decay and fusion, is another important source of energy, which has already
become the second-largest low-carbon energy source after hydro-power and equivalently
supplied about 10% of global electricity generation in 2019[24]. Without the commercial-
ization of nuclear fission since the 1970s, there would be about more 1.84 million deaths
related to air pollution and the emission of about 64 billion tonnes of carbon dioxide if this
part of energy was obtained from fossil fuels. In contrast to the common perception, nuclear
power releases less radiation into the environment than any other major energy source. On
the other hand, nuclear power has much higher capacity factors than normal fossil fuels and
various renewable energy sources. Nuclear power has become an indispensable part of the
energy solution. Even though the nuclear power obtained from fission is a safe, clean and
sustainable energy source, it also caused some threats to human beings and the environment,
such as Chernobyl accident in 1986.

So, how to solve the energy crisis? Is there one kind of energy source that is safe, clean,

abundant, and environment-friendly? Owing to the less radioactive emission and higher
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Fig. 1.1 Schematic diagram of D-T fusion reaction.[25]

effectiveness than fission, controlled nuclear fusion has been regarded as a potential candidate
to solve the problems mentioned above. Deuterium-Tritium (D-T) nuclear fusion[25], as
shown in the Fig. 1.1, is regarded as the most possible reaction type to realize the controlled
fusion energy, owing to relatively small Coulomb repulsion and large reaction cross-section.

In a high-temperature plasma, particles have high kinetic energy which results to severe
inflation of the plasma. In order to maintain required particle density for nuclear fusion
reaction, the particles have to be confined. Investigation about controlled nuclear fusion has
been theoretically and experimentally carried out since the 1950s, even though there are still
many non-negligible difficulties at present. There are two main technical routes to realize
the controlled utilization of nuclear fusion power, magnetic confinement fusion and inertial
confinement fusion. Compared to inertial confinement fusion, magnetic confinement fusion
is regarded as a more promising technical strategy to reach the commercialization of fusion
power, as it is able to operate under much more easily achievable conditions and in steady

state for a much longer time.
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1.2 Magnetic Confinement Fusion

Magnetic confinement fusion (MCF), just as its name implies, is to employ magnetic
field to confine the high-temperature plasma and maintain the nuclear fusion reaction. Based
on the topology of magnetic filed configuration, MCF can be classified to be open type or
closed type. Magnetic mirror is a typical example of open-type MCF devices, with magnetic
field lines open in both sides, as shown in the Fig. 1.2. As part of particles would escape
from this kind of confinement device along the magnetic field line, there is significant loss.
The closed type MCF devices were proposed to reduce the above disadvantages. Even so,
not all charged particles move along the magnetic field lines, and particle loss would still
happen due to drift movement. Tokamak and stellarator have become two most promising

kinds of MCF devices to solve the drift losses after several decades’ development.

Basic Magnetic Mirror Machine:
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Fig. 1.2 Schematic diagram of a magnetic mirror device[26].

Toroidal field coil is one of the main components of tokamak devices, as shown in the
Fig. 1.3[27], which can generate high magnetic field in the toroidal direction to confine and
stabilize the plasma. Plasma current could be induced in a tokamak plasma and the current is
able to not only further heat the plasma (Ohm heating) but also generate poloidal magnetic
field, which would form the helical field together with the toroidal field. The helical field,
like a net, is able to reduce the losses of particles due to charge separation. Even though

tokamak devices have some certain advantages due to symmetric structure in the toroidal
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Fig. 1.3 Schematic diagram of the JT-60SA tokamak device[27].

direction, there are still some disadvantages. Due to the existence of plasma current in a
tokamak plasma, plasma disruption caused by macro MHD instability could happen, which
would destroy the confinement, end the discharge of plasma and even damage the device.

On the macro level, the research related to tokamak plasmas focuses on various MHD
instabilities, which would determine the operation limitation of a device. The research
purpose is to better control plasmas and break through the operation limitation, in order to
improve the plasma parameter and avoid huge disruption of plasma. Deep understanding
of macroscopic plasma physics is necessary for the research mentioned above, which relies
on the improvement of plasma diagnostics and simulation. Macro instability problems are
relatively easier to be observed, and some successful progress has been achieved. With the
improvement of plasma parameters and proposal of new operation models, there are more
challenges.

Micro instabilities are mainly related to plasma transport. Experimental results reveal
that the plasma transport is much higher than the theoretical value calculated by classical
transportation model and neoclassical transport model, which has considered the dynamic

of particles in cylindrical devices. Therefor, it is called anomalous transport. Recent
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experiments and simulations have confirmed that the anomalous transport could be caused
by micro instabilities, such as drift wave. Research related to the above mentioned problems,
such as neoclassical magnetic island, zonal flow, and non-local effect, has widely drawn
attention. Benefiting from this, new physical images have been proposed, and problems
about plasma turbulence and relationship between macro and micro processes have been
better understood.

Edge plasma is also non-negligible for plasma confinement. The interaction between

edge plasma and wall of the device can cause some negative influence on tokamak operation.

outer vessel ports and domes

plasma

vacuum field
Poincaré sections

Fig. 1.4 Schematic diagram of the Wendelstein 7-X stellarator device[28].

Different from tokamak devices whose poloidal magnetic fields are generated by plasma
current, some certain external coils in a stellarator device can induce magnetic fields in the
poloidal direction, as shown in the Fig. 1.4[28]. Stellarator devices do not rely on plasma
current to generate poloidal fields, and there is no pure toroidal current in a stellarator plasma.
Thus, a lot of MHD instabilities related to plasma current in tokamak devices would not

happen in stellarator devices, which means that it could be easier to achieve higher plasma
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density and f in a stellarator. For stellarator devices, the precision of manufacture and
installation is highly required due to complicated structure of magnet.

The Fig. 1.5 shows the sketch of tokamak geometry. The magnetic flux surface that
intersects with the X-point is called the separatrix. As all flux surfaces external to this surface
are unconfined, the separatrix defines the last closed flux surface (LCFS).

There are some items listed as follows: R, and R,,;, are respectively the maximum
and minimum value of R along the LCFS or separatrix; Z,,, and Z,;, are respectively
the maximum and minimum value of Z along the LCFS or separatrix; Rypper and Rjoyer
are respectively the major radius of the highest and lowest vertical point of the LCFS or
separatrix.

Then, some parameters can be derived from the above items, as shown in the Table. 1.1.
The triangularity and ellipticity (also referred to as elongation) refer to the shape of the

poloidal cross-section of the LCFS or separatrix of a tokamak device.

Table 1.1 Some parameters of tokamak geometry

Parameter Expression
Geometric Major Radius Rg, (Rinax+Rmin)/2
Minor Radius a (Rmax-Rmin)/2
Upper Triangularity Spper (Rgeo-Rupper)la
Lower Triangularity &;,,er (Rgeo-Riower)a
Ellipticity k (Zmax~Zmin)2a

The field line pitch or rotational transform is defined as the number of poloidal transits
per single toroidal transit of a field line on a toroidal flux surface, expressed as t/2x. For a
toroidally helical magnetic flux surfaces, the field line pitch on such a surface can be defined

as:
1 dy
—=— 1.1
2r 4P’ (1.1)
where v is the poloidal magnetic flux, and @ is the toroidal magnetic flux.
The safety factor can be defined as ¢ = 27/1. Assuming that ¢, 6, and Bg represent the

toroidal angle, poloidal angle, and poloidal magnetic field respectively. In a tokamak, there
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Fig. 1.5 Sketch of tokamak geometry, including separatrix[29].

is an approximation for a field line on the flux surface, expressed as follows:

rd  Rd¢

L . 1.2
By = B, (1.2)
Thus, the safety factor can be expressed as:
m do rBy
= — = _— ~ —. 1.3
=% <d6> RBg (13)

As mentioned above, the poloidal magnetic field is mostly produced by the toroidal
plasma current in a tokamak device. If the safety factor g < 2 at the LCFS, the plasma is

magnetohydrodynamically unstable.
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1.3 Spherical Tokamak

Spherical tokamak is a new type of tokamak with low aspect ratio, which develops from
1980s. The aspect ratio A is defined as the ratio of major radius R and minor radius a,
expressed as A = R/a. For normal tokamak devices, the aspect ratio is larger than 3. If the
aspect ratio is smaller than 1.5, then this device can be called as spherical tokamak. The
Fig. 1.6 shows the comparison of conventional tokamak and spherical one. With the decrease
of aspect ratio, the shape of plasma tends to be spherical, and the cross-section of plasma is
elongated in the vertical direction. In a spherical tokamak device, magnetic field lines much
more concentrate on the inner side of the torus where the magnetic field is much higher,
which is beneficial for MHD stability. Even though the spherical tokamak have the same
topology to conventional tokamalk, it is able to generate higher plasma current by using lower
magnetic field due to much better utilization of magnetic field, which would reduce the cost
of magnets. Furthermore, because of the great utilization of magnetic field, superconducting

magnets may not be required, which would reduce the engineering difficulty.

Spherical Tokamak
Tokamak A=13
A=3

——

Fig. 1.6 Schematic diagram of a spherical tokamak and a conventional tokamak[30].
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Beta f3, the ratio of plasma pressure to magnetic pressure, is an important plasma

parameter for MCF devices, which can be expressed as[31]:

B= %. (1.4)
The ratio B is able to show the confinement performance of MCF devices, and also plays a
decisive role on determining macro balance and magneto-hydrodynamics (MHD) instability
of plasma.With higher 8 , relatively less energy would be used to generate the magnetic
fields for given plasma pressure or density. In practice, most tokamaks operate at 3 of order
0.01, while spherical tokamaks typically operate at  values an order of magnitude higher.
Even though, it is possible to build a conventional tokamak that operates at higher 8 by use
of more powerful magnets, such as superconducting ones, the current in the plasma must be
increased in order to generate the toroidal magnetic field of the suitable magnitude, which
would cause much more instability for the plasma. Due to special characteristic in design of
spherical tokamak, much better safety factor g can be achieved, and thus it allows for much

more magnetic power before the instabilities appear.
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1.4 Plasma Diagnostics

High temperature plasmas are complex systems, which can not be simply described by
some physical parameters, and the measurement for these parameters is also complicate.
There are many kinds of physical processes, which can occur in a high temperature plasma,
including elastic collisions between charged particles (Coulomb collisions), elastic collisions
of electrons or ions with neutral particles, charge exchange between an ion and a neutral
particle, inelastic collisions between electrons and neutral particles or ions, and interaction
of photons and charged particles. The energy magnitude of particles during the physical
processes mentioned above ranges from eV to 10 KeV, and the density magnitude ranges
from 107 m—3 to 10>! m—3. In order to understand such plasmas, which sometimes can not
be measured directly, plasma diagnostics has been developed to quantitatively reveal detailed
characteristics. On the other hand, plasma diagnostics can also provide necessary data to
ensure the normal operation of plasma devices.

Passively measuring various electromagnetic fields (including frequency regions range
from microwaves to X-rays) emitted from plasmas, as well as magnetic fields generated
by plasmas. The main passive diagnostic methods and their measured parameters are
shown in the Tab. 1.2, including Includes: Mirnov, pickup coils for measuring magnetic
fields, flux loops, electron cyclotron diagnostics for measuring electron temperature and its
fluctuation, soft X-ray diagnostics for measuring electron temperature, density and effective
charge number Z, s, Hy /D¢ diagnostics, spectral diagnostics for measuring various impurity
radiations.

Active probes are inserted into the plasma, including: physical probes such as electrostatic
and magnetic probes, microwave probes, laser probes, particle probes. These probes enter
the plasma and interact with the plasma and diagnose the plasma based on the properties of
the interaction. The main active diagnostic methods and the parameters they measure are
shown in Tab. 1.3, including: Thomson laser scattering diagnostics for measuring electron
temperature and density, charge exchange compound spectroscopy diagnostics for measuring

ion temperature, plasma rotation velocity and impurity density, kinematic Stark effect for
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Table 1.2 Passive plasma diagnostics and its measured parameters.

Name Measurement Parameters

Mirnov Coils, Pickup Coils Magnetic field components and fluctuations (out-
side plasma)

Flux Loops Magnetic field (outside plasma)

Electron Cyclotron Emission  Electron temperature 7,, electron temperature
fluctuations (turbulence) YA; (local)

Soft X-Ray Emission A combination of electron temperature 7, elec-
tron density n,, and effective charge Z, s (line
integral)

Bolometry Broad spectrum emission (line integral)

Hy Monitors Emission of specific Hy, radiation

Spectroscopy Monitoring of impurities, etc. (line integral)

measuring magnetic pitch angle, heavy ion beam probes for measuring electron density and
plasma potential, electron density interferometry, polarimetry for measuring magnetic pitch,
reflectometry for measuring electron density, Langmuir probes for measuring ion saturation

current, plasma potential and Mach number, beam emission spectroscopy diagnostics.

Table 1.3 Active plasma diagnostics and its measured parameters.

Name Measurement Parameters

Thomson Scattering Electron temperature 7, electron density n, (lo-
cal)

Charge Exchange Recombina- Ion temperature 7;, toroidal and poloidal plasma

tion Spectroscopy rotation velocity vy, vg, impurity density nz

Motional Stark Effect Magnetic pitch angle tan(y) = Bg /B

Heavy Ion Beam Probe Electron density n,, plasma potential ¢ (local)

Interferometry Electron density n, (line integral)

Polarimetry Magnetic field pitch (line integral)

Reflectometry Electron density n, (local, fluctuations)

Langmuir probes Ion saturation current, plasma potential, Mach
number, etc. (local, fluctuations)

Diagnostic beams Injection of Helium, Lithium, etc., and observa-

tion of emitted radiation (local, fluctuations)

At the same time, the high temperature environment also limits the design of diagnostic

system. For example, diagnostic systems which would contact the plasma directly are
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generally limited to boundary probes. On the other hand, diagnostic systems should avoid
interfering the plasma as much as possible during the measurement of plasma parameters.
The following factors should be considered for the choice and design of plasma diagnostic
system.

Temporal and spacial resolution

High temporal resolution is necessary for micro problems and some rapid macro problems
such as plasma disruption and magnetic reconnection. High spacial resolution is usually
required for measuring some fine structure such as electron temperature gradient (ETG)
mode. Besides, for some diagnostics whose measured results are line-integrated, tomographic
reconstruction is necessary. The active spectroscopy diagnostic can usually achieve high
spacial resolution.

Signal-to-noise ratio (SNR)

Shielding, isolation and filtering are the most commonly used methods for reducing the
noise and improving the reliability of plasma diagnostic system.

Measurement precision

In general, the precision of plasma diagnostic system is not so high. It is necessary to
improve the precision as much as possible.

Objective energy range and spacial coverage

The energy magnitude of particles is wide. Due to the limitation of plasma device
and other systems, the position, observing direction, and spacial coverage should also be

considered.
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1.5 Outline

The multi-filter high-resolution soft X-ray imaging diagnostic developed on TS-6 plasma
merging experiments in order to investigate the high-energy electrons accelerated during
the evolution of magnetic reconnection is in detailed introduced in this thesis, as well as
the tomographic method. The experimental results measured by this diagnostic are also
discussed.

The structure of this thesis is as follows:

Chapter 1 introduces some basic concept about nuclear fusion, spherical tokamak which
the TS-6 device belongs to, and plasma diagnostic.

Chapter 2 explains the principle and models of magnetic reconnection, which helps to
understand its physical image.

Chapter 3 introduces the plasma merging experiment method, the arrangement of TS-6,
and main diagnostics, which can provide well understanding of experimental facilities in this
thesis.

Chapter 4 in detail shows the design and arrangement of soft X-ray diagnostic on TS-6
merging device. The principle and algorithm of tomographic method are also introduced.

Chapter 5 presents the experiment results obtained by this soft X-ray diagnostic. These
experimental results are compared with some simulations which have already been reported.

Chapter 6 summarizes this thesis, and gives some discussions.



Chapter 2

Magnetic Reconnection

There are many burst phenomena, which can be observed in space and laboratory plasmas,
such as solar flares and magnetosphere sub-storms, as well as saw-tooth crash[22] and rupture
instabilities in tokamak devices, resulting in release of huge energy in short time and rapid
change of plasma state[16, 1]. The source of energy leading to such phenomena comes from
the magnetic field. Magnetic energy can be effectively and rapidly transformed to thermal
and kinetic energy of particles during the magnetic reconnection in the plasma. At the same
time, the topology of magnetic field is also changed.

The concept of magnetic reconnection was first introduced by Ronald Gordon Giovanelli[32],
who suggested that discharges occur near the neutral point or neutral line where the magnetic
field strength is zero, and may play an important role in the occurrence of solar flares. The
term reconnection was first introduced by James Dungey in 1958[33] and was then applied to
the Earth’s magnetosphere, creating the first open magnetosphere model. The first magnetic
reconnection model was proposed by Sweet and Parker[34, 13], in which the plasma carries
the magnetic field from both sides to the centre of the current sheet, where the magnetic lines
of force are cut and reconnected, and the magnetic field energy is converted into kinetic and
thermal energy of the plasma before flowing out at both ends of the current sheet. However,
the magnetic reconnection rate predicted by the Sweet-Parker model is too slow to explain

the outbursts that occur in real space plasmas. Petschek improved on the Sweet-Parker model
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by suggesting that magnetic reconnection occurs in a system consisting of two pairs of slow
excitation and an X-shaped diffusion zone[35]. Although the speed of reconnection in the
Petschek model is much improved over that of the Sweet-Parker model, it is still too slow
to explain the observed outbursts in space plasmas. It is important to note that these early
magneto-reconnection models were based on the magneto-hydrodynamic equations, where

energy dissipation was achieved through electrical resistance.

2.1 Basic Process

The Fig. 2.1 schematically shows the magnetic reconnection process[36]. The shaded
blue box in the Fig. 2.1 denotes the boundary layer between two magnetically disconnected
regions. Above and below the box, called the diffusion region, the ambient plasma (sketched
as blue circles) is threaded by a magnetic field (thin blue curves). The key aspect of magnetic
reconnection is that the magnetic fields above and below have a component that reverses at
the boundary layer. This implies there is an out-of plane current through the diffusion region,
given as the background image in the Fig. 2.1. When magnetic reconnection occurs, the
topology of the magnetic field changes. This process can be regarded as a magnetic field line
from above converting into the diffusion region and effectively breaking and reconnecting
with a similar magnetic field line converting up from below.

The diffusion region is where charged particles become decoupled from the magnetic
field, either through complex orbits in geometries with steep spatial gradients, or through
interactions with the electromagnetic fields in turbulent waves. Intense energy conversion
from the magnetic energy occurs in the diffusion region, and the charged particles there would
be heated or accelerated. Therefore, the plasma to the left and right is hotter than the ambient
plasma. The boundary layer to the left and right of the diffusion region bifurcates into two
layers bounding the magnetic field lines that have already undergone magnetic reconnection.
This boundary layer is also a location of heating and acceleration of the ambient plasma.

This whole set of physical phenomena are collectively referred to as magnetic reconnection.
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One special characteristic of magnetic reconnection is that the process can be typically
self-driven. The ejection of plasma jets to the sides brings in more plasmas from above and
below. Therefore, it can bring in more magnetic fields where magnetic reconnection occurs.
This process can self-sufficiently sustain until its energy source is exhausted. So, there is
considerably large amount of energy would be released during the evolution of magnetic

reconnection.

Magnetic Reconnection

Leftward magnetic field

Ambient plasma moves inward
/ Heated plasma
/ejected outward

Heated I I |||a agnetc fie
eyl rd— i \ M ic field
] warda —_ moves in rd % o e
wa \ tOpOl *)) ct \anges,

—— plasma heated

Rightward magnetic field— _ . . clerated

Fig. 2.1 Schematic diagram of magnetic reconnection processes[36].
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2.2 Basic Models of Magnetic Reconnection

The description of magnetic reconnection is based on MHD theory, and began with rela-
tively simple steady-state physical image. In 1950s, various models of magnetic reconnection

had been proposed to describe it. Here, two important models are to be introduced.

2.2.1 Sweet-Parker Model

The Sweet-Parker model is the first one to quantitatively describe the magnetic recon-
nection based on MHD theory, and it was individually proposed by Parker in 1957 and
Sweet in 1958. The schematic diagram of Sweet-Parker model is shown in the Fig. 2.2. The
current sheet is assumed to locate in the diffusion region with a length of 2/ and a width
of 26. The inflow of plasma is in the z-direction, while the outflow is in the x-direction.
The plasma enters into the diffusion region, and particles can be accelerated or heated by
magnetic reconnection.

For the steady-state magnetic reconnection, the shape of current sheet and the distribution
of plasma flow will not change during the evolution magnetic reconnection. According to
conservation of mass, the mass of plasma entering into the diffusion region is equal to the

one leaving from this region, which can be expressed as following:

pinVinl - poutvoutaa (21)

where p represents the mass densities of plasma, and V represents the velocity.

The pressure in the center of diffusion region can be obtained from Bernoulli equation:

B2 puV2
Pz =Pin+ ZLIZ) + Pin¥in (2.2)

2

2 2
B()ut + Pout Vout

2.3
o > (2.3)

DPx = Pour +
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Fig. 2.2 Schematic diagram of Sweet-Parker model[1].

where p, and p, respectively represent pressures along the z-direction and x-direction in the
center of diffusion region, p;, and p,,; respectively represent pressures of inflow and outflow
plasma.

In the Sweet-Parker model, the outflow velocity is much larger than the inflow velocity
Vour > Vin and the magnetic field in the inflow region is much larger than that in the outflow
region B;, > B,,;. For a steady-state magnetic reconnection, there is a relationship for
pressure in the center of current sheet: p, = py. According to Parker’s further assumption:

Pin = Pout> Pin = Pout> the derived outflow velocity is Alfven velocity:

Bin

Voyr=V4=—o—.
AT lioPowt

2.4)

In the diffusion region, the electric field can be obtained by Ohm law:

E=nJ 2.5)
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where 1) is the electrical resistivity of diffusion region, and J is the current density of diffusion
region. The relationship among the current density, inflow magnetic field, and width of

current sheet can be derived:
. Bin
Hod

J (2.6)

According to the above relationship, the inflow velocity then can be obtained as following:

(2.7)

where S = pov4L/n is the Lundquist number. The dimensionless Mach number is defined

as reconnection ratio of magnetic reconnection,

My= 2= L (2.8)

For the solar corona, the Lundquist number is usually very large, with a magnitude of
10'2, which means that the reconnection ratio derived from the Sweet-Parker model is very

small. So, this model is hard to explain the fast burst of solar flare.

2.2.2 Petschek Model

As mentioned above, the reconnection ratio of Sweet-Parker model is too small and it can
only explain some slow processed of magnetic reconnection. In order to solve this problem,
Petschek modified the Sweet-Parker model. The diffusion region is shortened (L* < L) and
the shock wave is introduced into the separatrix between the inflow and outflow regions.
The reconnection ratio obtained by Petschek model is 7 /8/nS, much larger than the value
obtained by Sweet-Parker model.

According to the above modification, magnetic reconnection can only occur in very small
region, and a mass of particles in inflow region would be accelerated by not diffusion but
shock wave and enter into outflow region. Thus, the magnetic energy can be converted into

thermal and kinetic energy of particles by not only Jole heating but also shock wave.
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Fig. 2.3 Schematic diagram of Petschek model[1].

However, magnetic reconnection in Petschek model was found to be unstable according
to numerical simulation, as the diffusion region would be rapidly elongated like the shape in
Sweet-Parker model. Besides, there is some conflict between the generation of shock wave
and assumption of small diffusion region, which is found by Biskamp in 1986. It means that

there are still some imperfections in these magnetic reconnection models.
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2.3 Collision-less Magnetic Reconnection Model

Inside the ion inertial region of collision-less magnetic reconnection, while ions are
decoupled from the magnetic field lines, electrons are still frozen-in along these lines. The
current in the reconnection plane is dominated by electron motion. In anti-parallel magnetic
reconnection, electrons stream along the separatrix from the strong magnetic field region
into the X-line region where electrons are accelerated by the reconnection electric field. The
accelerated electrons flow out along the magnetic field lines on the inside of the separatrix.
Thus, a current system is formed that streams out along the separatrix and flows into the
X-line along these magnetic field lines inside the separatrix. The out-of-plane magnetic field
created by the current system will be canceled, while a quadrupolar structure is formed inside
the ion diffusion region.

The reconnection electric field, a quantity characterizing the reconnection rate, exists in
the electron diffusion and magnetic pileup regions; the field center is situated at the X-point.
According to the two-fluid model, the generalized Ohm’s law can be deduced directly from

the particle momentum equation,

1
E4+VixB=—jxB——~—f—_V.P, (2.9)
ne

Different from the classical Ohm’s law, the classical resistance term 1J is replaced by
the sum of three terms: the Hall term % J X B, the electron inertia term —’"7“%, and the
electron pressure tensor gradient term —%V - P

In the collision-less model, two-liquid equation and generalized Ohm’s law are employed,
which means that the dynamic of ions and electrons should be taken into consideration. The
Fig. 2.4 shows the schematic diagram of diffusion region after magnetic reconnection for the
collision-less magnetic reconnection model. In the ion diffusion region, as shown in gray
color, Hall effect term dominates among the generalized Ohm’s law, and ions decoupling

with the magnetic field can be treated as background with positive charge. The red dotted

lines shows the electron flow. Electrons enter into the electron diffusion region along the



2.4 Means for Investigating Magnetic Reconnection 23

Out-of-plane
Magnetic Field

Ion Flow
Electron Flow

Separatrix

Magnetic Field
Line

Electron
Diffusion Region

Ion Diffusion
Region

Fig. 2.4 Schematic diagram of collision-less magnetic reconnection model[1].

magnetic field, which is shown as the orange rectangular box in the Fig. 2.4, and then are
accelerated by electrical field near the X-point. Finally, the accelerated electrons leave the
diffusion region along the magnetic field. In the ion diffusion region, the dynamic movement
of ions and electrons forms the Hall current, which would correspondingly generate Hall
magnetic field perpendicular to the reconnection plate, as shown by the green marks. It is
obvious that the Hall magnetic field has a quadrupolar structure according to the electron
flow.

Hall effect is highly related to fast magnetic reconnection, as the reconnection ratio is

obviously low when the Hall effect is not taken into consideration.

2.4 Means for Investigating Magnetic Reconnection

Numerical simulation can try different boundary conditions to investigate magnetic
reconnection and it is relatively easier to perform. However, the results of simulation are
limited by computational capability and algorithm, and it can not study the whole processes
of magnetic reconnection, including macro and micro physics. There are some differences

existing between simulation and real physics.
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Magnetic reconnection occurs during solar flares, coronal mass ejections, and many
other events in the solar atmosphere. The observational evidence for solar flares includes
observations of inflow/outflow, down-flowing loops, and changes in the magnetic topology. In
the past, observations of the solar atmosphere were done using remote imaging; consequently,
the magnetic fields were inferred or extrapolated rather than observed directly. However, the
first direct observations of solar magnetic reconnection were gathered in 2012 (and released
in 2013) by the High-Resolution Coronal Imager.

Magnetic reconnection events that occur in the Earth’s magnetosphere (in the day-side
magneto-pause and in the magneto-tail) were observed by spacecrafts such as Cluster II and
the Magnetosphere Multi-scale Mission. Cluster II is a four-spacecraft mission, with the
four-spacecraft arranged in a tetrahedron to separate the spatial and temporal changes as the
suite flies through space. It has observed numerous reconnection events in which the Earth’s
magnetic field reconnects with that of the Sun.

Magnetic reconnection has also been observed in numerous laboratory experiments. For
example, studies on the LAPD at UCLA have observed and mapped quasi-separatrix layers
near the magnetic reconnection region of a two flux rope system, while experiments on the
Magnetic Reconnection Experiment (MRX) at the Princeton Plasma Physics Laboratory
(PPPL) have confirmed many aspects of magnetic reconnection, including the Sweet—Parker
model in regimes where the model is applicable.

The following Tab. 2.1 shows the advantages and disadvantages of different means for
investigating magnetic reconnection. Even though the astronomical observation can provide
data from the real magnetic reconnection in space plasmas, the information is not complete
due to insufficiency of measurement points. The huge cost, passivity of measurement and
uncontrolled experimental parameters make this method full of challenge.

For laboratory plasmas, the experimental devices can be especially designed, the plasma
diagnostics are much easier installed, and the experimental conditions can also be relatively
controlled. These advantages allow us to study the magnetic reconnection much more

detailed.
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Chapter 3

Magnetic Reconnection Research in TS-6

Merging Experiments

3.1 Plasma Merging Experiments

For early research on magnetic reconnection before 1980, laboratory experiments were
carried out in short-pulse plasmas or fast high-density pulsed plasma discharges of a few
micro-seconds’ duration. Even though the plasma diagnostics were not significantly devel-
oped, impressive and interesting results had been successively found. The reconnection rate
was measured by Bratenahl and Yeates to be larger than the theoretical value calculated from
classical model, resulting from micro-instabilities driven by electron drift against ions. Frank
measured the current density profiles of the neutral sheet by magnetic probes.

Magnetic reconnection was also investigated in LCD, a linear plasma device in UCLA,
and strong guide field was employed. The rapid formation of long thin current sheet was
studied, and its thickness is inversely proportional to the magnitude of axial magnetic field.
Further experiments also reveal that the current sheet is torn into multiple magnetic islands
during magnetic reconnection with guided field. Electron heating is observed around the

current sheet boundaries, and fluctuations in the plasma are found to have a significant effect
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on the acceleration of ions. In addition, other issues such as resistivity, energy conversion,
and current distribution in reconnection have also been investigated in detail.

With the development of plasma diagnostics and experimental methods, problem about
magnetic reconnection, such as MHD instabilities, energy conversion, has been significantly
studied. Merging of two torus plasmas was found to an effective experimental method to
investigate magnetic reconnection. Two spherical tokamaks (STs) with opposing B; are
merged, forming X-point structures at their contacting points, as shown in the Fig. 3.1.
Then, a new high-beta ST is formed by the use of high-power heating effect of magnetic
reconnection (or two spheromaks are merged to form an FRC). The advantages of this method
are as follows: (1) the merging/magnetic reconnection of two torus plasmas converts a part
of the reconnecting magnetic energy into ion thermal energy, providing MW ~ GW class ion
heating power, (2) its heating time, almost equal to the Sweet—Parker time calculated from
the anomalous resistivity at the reconnection X-point, is shorter than its energy confinement
time, enabling us to form high 7; and high 8 torus plasmas, (3) its heating time is also shorter
than the growth time of MHD instabilities, enabling us to test the stability of a variety of

high 3 configurations formed by the reconnection heating.

"

Fig. 3.1 Schematic diagram of tokamak plasma merging experiments.|[3]

Merging of two torus plasmas is an effective method to investigate magnetic reconnection,
which has been carried out on TS-3 (Tokyo University Spherical Torus Device No. 3)
device[2] since 1986, and then this experimental method spreads to other devices all over the
world, such as MRX[37], VTF[38], TS-4[39], MAST[40], and UTST[41]. The main devices

for reconnection experiments are summarized in the Tab. 3.1.
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3.2

Table 3.1 Main devices for reconnection experiments.

Device Location When Geometry  Main features
3D-CS Russia 1970 Linear 3D, heating
LPD, LAPD UCLA 1980 Linear Heating, waves
TS-3 U-Tokyo 1985 Merging 3D, Rate, heating
TS-4 U-Tokyo 1995 Merging 3D, Rate, heating
MRX Princeton 1995 Merging 3D, heating, scaling
SSX Swarthmore 1996  Merging Heating

VTF MIT 1998  Toroidal Trigger

RSX Los Alamos 2002  Linear Boundary

RWX Wisconsin 2002  Linear Boundary

UTST U-Tokyo 2008  Merging Heating

TS-6 U-Tokyo 2017  Merging 3D, Rate, heating

Overview of TS-6 Merging Experiments

TS-3 had been upgraded to TS-6/TS-3U (Tokyo University Spherical Torus Device No.

6) in 2017[4, 5], with vacuum vessel of ¢0.75 m x 1.44 m, as shown in the Fig. 3.2. Unlike

general arrangements of other tokamak devices, TS-6 is transversely installed with the Z-axis

parallel to the horizontal direction. The vacuum vessel is mainly made of stainless steel

SUS-304, except for some glass windows, and there is no coating on the first wall. The

TF coils can provide toroidal magnetic field up to 0.2 T. Plasma was first produced in

2018 spring, and various diagnostics have been or are being developed on TS-6. The main

parameters of TS-6 are listed in the Tab. 3.2.

Table 3.2 Main parameters of TS-6 merging experiments.

Parameter Value
Chamber diameter 0.75m
Chamber height 1.44 m
Toroidal field (Guide field) Upto0.2T
Ion temperature ~30—-350eV
Electron temperature ~10—-40eV

Electron density

~1x1020m3
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Fig. 3.2 Photograph of TS-6 merging device.

The cross-section of the TS-6 merging device is shown in the Fig. 3.3. Besides the main
chamber, coil system is an important component for TS-6 merging device, whose detailed
parameters and characteristics are listed in the Tab. 3.3.

Two ring-type poloidal field (PF) coils with a diameter of 0.44 m and a distance of 0.70 m
are symmetrically installed on both sides of the middle plane inside the main chamber. The
PF coils are designed to generate poloidal magnetic field, which would further generate
parallel toroidal plasma currents of two spherical tokamak (ST) plasmas.

For experiments from 2019 to 2021, there is some malfunction with the PF coils, so the
separation coils are employed to generate poloidal field instead. The separation coils with
a diameter of 0.62 m and a distance of 0.60 m were designed to accelerate the merging of
two ST plasmas. Since the malfunction of PF coils, the capacitance bank which should be
used for PF coils is connected to the separation coils. For present experiments, the maximum
charging voltage of PF is 39KV, and it would usually take about 160 seconds.

The toroidal field (TF) coils with 12 turns are installed outside and surrounding the

main chamber of TS-6 device. In general, the maximum charging voltage of TF is 3.4 KV.
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TF:12turns PF: ® 044m SF: ® 062m EF:® 10m
4 turns 3 turns 234 turns

Fig. 3.3 Cross-section TS-6 merging device. The PF, TF, EF, CS, and separation coils are
also shown in this figure.[42]

Recently, we had tried to charge the TF with a maximum voltage of 4 KV, and no accident
happened.

The equilibrium field (EF) coils with a diameter of 1.00 m are employed to generate
equilibrium field, which can better confine and maintain the plasmas inside the main chamber
of TS-6. The EF coils are charged by a direct current (DC) power source with a maximum
current of 150 A.

Even though the center solenoid (CS) coils have been installed in the center of the main
chamber, they are only used for some special situation and CS-less merging experiments are
the main operation mode in our laboratory.

Before the experiments, vacuum pressure and gas supply system should be checked to be
in normal operation. The start time when the discharge button should be pushed is assumed
to be t = 0 s.The Fig. 3.4 shows the current waveform of PF coils, TF coils, and plasma[43].
The discharge of TF coils starts from # = 50 us and reach the peak at about r = 500 us. As

mentioned above, the TF coils would generate toroidal magnetic field for the two ST plasmas.
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Table 3.3 Main parameters and characteristics of TS-6 coil system.

Coils Diameter Capacitance Rated Maximum Charg-
Bank Voltage  ing Energy

Poloidal Field Coils 0.44 m 18.75 uF 40 KV 15 KJ

Separation Coils' 0.62 m 18.75 uF 40 KV 15KJ

Toroidal field Coils 12 turns 8.3 mF 8 KV 266 KJ

Equilibrium field Coils  1.00 m DC - -

! The capacitance bank which should be used for PF coils is connected to the separation coils

The discharge of PF coils starts from t = 400 us and its change would induce a toroidal

plasma current as shown in the Fig. 3.4.
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Fig. 3.4 The current waveform of PF coils, TF coils, and the plasma[43].
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3.3 Plasma Diagnostics on TS-6 Merging Experiments

Some plasma diagnostic systems have already been developed on TS-6, such as Rogowski
coil for measuring alternating current (AC), electrostatic probe for measuring electron
temperature, density and electric potential. Here, the 2D magnetic probe system and ion
Doppler spectroscopy are briefly introduced, as they are most frequently used on TS-6

merging experiments.

3.3.1 Magnetic Probe System

O: B; or B, pickup coil X: B, pickup coil
EF
. Magnetic probe array .
coil ] N | coil
ot — 1] : L —
RA PF coil ~ | . | ~ PF coil
£ : S — e S el
S| | SV———————— e TF coil
n — S
~
m
1k A
4
Plasma current | 6
Rogowski coil
"""""" T — | H ]'—1
: lon temperature / ‘*~midplane (Z=0cm) :

Doppler tomography

D 144cm

Fig. 3.5 Schematic drawing of the 2D magnetic probe system of the TS-6 device[43].

Magnetic probe system is an important diagnostic to reveal the magnetic filed flux, which
is indispensable for investigating magnetic reconnection on TS-6[42]. 2D high-resolution
magnetic probe array has been arranged in the R — Z cross-section of TS-6 device to measure

the B, and B, (or B;) as shown in the Fig. 3.5. The magnetic probes are made of pickup
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coils. The Tab. 3.4 shows the detailed parameters of the pickup coils. These pickup coils
are tightly fixed on several holders, which are made a 3D printer with a high-resolution of
16 um. Relying on the precision structure of both the pickup coils and holders, the spatial

resolution of magnetic probe system is significantly improved.

Table 3.4 Detailed parameters of the pickup coils.

Pickup Coil  Structure Number Inner Outer Length
of Turns Diameter  Diameter

B, Hollow cylinder 300 I mm 1.9 mm S mm

B! Hollow ellipse 200 I mm 2 mm S mm

! The width of the B, pickup coil is 1.5 mm

3.3.2 Ion Doppler Tomographic Spectroscopy

The ion Doppler tomographic spectroscopy has already been developed on TS-6 device to
measure the 2D profile of ion temperature and flow velocity, which would provide necessary
information to study the ion heating and transport process during magnetic reconnection.

The Fig. 3.6.(a) schematically shows the arrangement of the present ion Doppler tomo-
graphic spectroscopy system with 288 channels. The 288-channel optical fibers (16CH radi-
ally, 18CH axially) are orderly arranged behind optical lens system (focal length: f = 30 mm,
width: 7.5 mm, diameter: 25 25) to transmit visible light emitted from the plasma on the
TS-6 device. Each optical fiber has a core diameter of 485 pm, total diameter of 500 um
(including the coating), and numerical aperture (NA) of 0.5. The other glass fibers (core
diameter is 200 pum, total diameter including the coating is 240 um, NA = 0.2) behind
the former ones are used to relay the transmitted visible light signal. The spectrometer
(f = 1000 mm, NA = 0.06, F = 8.3,g = 1800 L /mm) is employed to disperse the observed
visible light, with a multi-slit (64 x 5, slit width=50 pm) system as shown in the Fig. 3.6.(b),
which is able to rearrange and fix the relaying optical fibers. After the correction of the
astigmatism through magnifying optics (meridional (1) : x 2, sagittal: x0.68), the dispersed
visible light is recorded by a ICCD camera with a resolution of 1024 x 1024. The Fig. 3.6.(a)
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also shows measured 288-channel line-integrated spectra of the Hy, which serves as an exam-
ple of this diagnostic. The Fig. 3.6.(c) shows the lines of sight of the ion Doppler diagnostic

system. The tangential view covers a cross-section from R,,;;, = 0.076 m to R, = 0.27 m.
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Fig. 3.6 (a) Schematic drawing of ion Doppler tomography spectroscopic system on TS-6
device. (b) Detailed structure of the multi-slit system. (c) Line-of-Sight (LOS) of ion Doppler
spectroscopy in the cross-section of TS-6. LOS has tangential view from R,,;, = 0.076 m to

Ryax = 0.27 m.[44]



Chapter 4

Soft X-ray Tomographic Diagnostic in
TS-6 Merging Experiments

Soft X-ray (SXR) diagnostic is an important non-invasive measurement technique,
and it has been widely developed on most high-temperature plasma devices for investi-
gating sawtooth instability[45], major and minor disruptions[46], MHD modes[47], impurity
transport[48, 49] and so on. Many groups, such as LHD[50], TEXTOR[51], NSTX[52],
RELAX][53] and QUEST([54], chose the tangential-view SXR imaging diagnostic for their
fusion research. The basic concepts of SXR diagnostic are introduced first.

The design of SXR diagnostic which we developed in TS-6 merging experiments is
introduced in detailed, including vacuum system, pinhole camera with MCP as detector, high-
voltage pulse circuit, optical system, and high-speed imaging system. The above especially
designed systems ensure the precision and reliability of the SXR diagnostic.

Tomography is an effective method for reconstruction, and it can mathematically reveal
the local emissivity from line-integrated data for many kinds of plasma diagnostics, including
SXR imaging measurement[11]. We developed a kind of tomographic method to obtain the
local emissivity of SXR in TS-6 merging experiments to reveal the spacial distribution of

high-energy electrons.
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4.1 Soft X-ray Diagnostic in TS-6 Merging Experiments

4.1.1 Introduction to Soft X-ray Diagnostic

Soft X-rays are usually detected by silicon diodes which have an extremely fast time
response, typically a fraction of a microsecond, and measure the integrated X-ray power
above a threshold energy determined by a thin metallic foil, usually beryllium, placed in
front of the detectors. The detectors receive most of their power from the hot dense plasma
core and have proved invaluable in the study of MHD phenomena and impurity transport
effects. The main advantage of this diagnostic is its excellent spatial and temporal resolution.
Many detailed studies of tokamak plasmas have been made particularly of the sawtooth
in-stability, major and minor disruptions, MHD modes, high-B MHD effects, impurity
transports, the snake and pellet injection. Heavy impurities will radiate significantly in the
soft X-ray range, through line radiation, recombination radiation, and the Z, s dependence
in the bremsstrahlung. Soft X-ray diagnostic is therefore suitable for localizing the radiation
of heavy impurities and in case of impurity injection can also be used for particle transport
analysis, given the dependence of the emission profile on particle transport parameters.

Surface barrier detector (SBD) is widely employed to observe soft X-ray. Silicon diode
solid-state detectors have been the first choice for Soft X-ray detector arrays for several
years primarily because of their low cost and simplicity of operation. Unless the detectors
are to be placed in the primary machine vacuum, an X-ray filter has to combine its role
with that of a vacuum interface. For example, beryllium is particularly suitable, combining
strength with good X-ray transmission, free from any absorption edges above a few hundred
eV . The electronics associated with soft X-ray diode arrays often represents a major, if not
dominant, component of the total system cost. The simultaneous requirements of low noise,
high gain, high linearity, and high time resolution place strong demands on system design.
The Fig. 4.1 shows the schematic diagram of SXR diagnostic in the toroidal pinch experiment

RX (TPE-RX)[55]. It is a typical SXR imaging system with array detectors.
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Fig. 4.1 Experimental setup for SXR imaging system in the toroidal pinch experiment RX
(TPE-RX). Thirteen and eleven SBDs are respectively installed on the vertical port and
horizontal port[55].
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Fig. 4.2 Schematic diagram of tangential SXR imaging system in the RELAX device[56].
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Tangential-view SXR diagnostic is another typical SXR imaging system. This kind
of SXR diagnostic usually occupies less space of flange or port and has more lines of
sight. The Fig. 4.2 shows the schematic diagram of tangential SXR imaging system in the
RELAX device[56]. The micro-channel plate serves as the detector and one whole poloidal

cross-section can be observed.

4.1.2 Design of Soft X-ray Diagnostic in TS-6 Merging Experiments
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Fig. 4.3 Assembly drawing of TS-6 merging device with two MCP chambers and magnetic
field lines of two merging ST plasmas. The red solid line box shows the position of MCP
chambers; The purple solid lines represent magnetic field lines of two merging ST plasmas;
The green solid line box shows the measurement region of this SXR diagnostic; The gray
shades show downstream regions.

In TS-6 spherical tokamak (ST) merging experiments, SXR are to be emitted from high-
energy electrons, which are accelerated during the evolution of magnetic reconnection. An

innovative tangential-view SXR diagnostic to measure SXR with different energy ranges
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has been developed as a key diagnostic in order to more accurately understand high-electron
issues such as acceleration mechanism. Multiple micro-channel plates (MCPs) equipped
with different filters are installed on TS-6 device, to focus on a whole cross-section of plasma.
Using this diagnostic, distribution of accelerated electrons with different energy ranges can
be distinguished. The assembly drawing of TS-6 merging device with the SXR diagnostic
and magnetic field lines of two merging ST plasmas is shown in the Fig. 4.3. The green solid
line box shows the measurement region of this SXR diagnostic, which covers the objective
region where magnetic reconnection would occur.

First, the design of this multi-filter SXR diagnostic is introduced in detailed, including
pinhole camera with MCPs as detectors, vacuum system, high-voltage pulse circuit, high-
speed imaging system, and characteristics of filters. For the imaging system, the obtained raw
images are line integrals of local emissivity of SXR along each line of sight. Tomography
method based on the Phillips-Tikhonov regularization[12] is employed in order to obtain
local emissivity of SXR, which reflects the spatial distribution of high-energy electrons.
Pinhole Camera

Soft X-ray emitted from the merging ST plasmas can enter into the MCP chamber through
the pinhole in front of the chamber, as shown in the Fig. 4.4. The orange dash lines represent
the lines of sight, and red dash line shows the position of focused cross-section. This SXR
diagnostic is able to observe a whole cross-section due to special arrangement of location
and viewing angle.

In order to explain the internal structure and operation principle of this pinhole camera,
the magnified schematic diagram of MCP chamber is shown in the Fig. 4.5. The diameter of
each pinhole is 1 mm, and a filter is used to cover and seal the pinhole. The filter can keep
out photons with low energy, to avoid unexpected noise caused by light of other wavelengths,
such as visible light, infrared light. The characteristics of filter will be discussed hereinafter.
The SXR can motivate the MCP to generate photo-electrons, which would be accelerated by
high-voltage electrical field. Finally, the photo-electrons strike the phosphor plate and then
visible light is emitted. The SXR signal is amplified by the MCP and converted to visible

light, which is observed by a small S-mount lens (focal length f = 2.5 mm) at the end of the



4.1 Soft X-ray Diagnostic in TS-6 Merging Experiments 40

Magnetic Probes
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Fig. 4.4 Schematic drawing of TS-6 merging experiments from Z-direction and field of
viewing of the SXR diagnostic on TS-6. The orange dash lines represent the lines of sight,
and red dash line shows the position of focused cross-section.

phosphor plate. Images appearing on the phosphor plate are to be miniaturized by this lens
and transferred to a high speed imaging system through long optical fiber bundles (numerical
aperture NA = 0.45). Each fiber bundle consists of 6000 fibers.

Fig. 4.6 shows a photograph of one MCP vacuum chamber, MCP, S-mount lens, and
fiber bundle. An especially designed connector is employed to connect a fiber bundle and a
S-mount lens, and it can also serve as a support to fix the lens behind the glass window of the
MCP chamber.

High-Voltage Pulse Circuit
As the electron temperature of plasma in our test discharges is relatively low, only about

10 eV, the SXR signal emitted from plasma during magnetic reconnection is not strong
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Fig. 4.5 Schematic diagram of pinhole camera and imaging system. The blue dash line box
shows the magnified MCP chambers in the Fig. 4.4.

enough to be detected directly. In this diagnostic, we had employed two MCPs (model
number: HAMAMATSU F2222-21P-Y010) to amplify the SXR signal by applying high bias
voltage to MCP electrodes. The type of MCP in this diagnostic is 2 stage, and the MCP has a
phosphor plate with a diameter of 17 mm. The phosphor type is P46, of which the 10% delay
time is 0.2 ~ 0.4 us. On the other hand, the MCP equipped with phosphor plate is also able
to convert SXR signal to visible light, whose images transferred by optical fiber bundles are
observed and recorded by a high speed imaging system.

In this diagnostic, MCPs are driven by a high-voltage pulse circuit, as shown in the

Fig. 4.7. High-voltage DC power supplies provide +3 ~ 44 kV for MCP-phosphor electrode
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Fig. 4.6 Photograph of one vacuum chamber, MCP, S-mount lens, and fiber bundle.

and —1.5 ~ —2 kV for MCP-in electrode, which makes the gain of MCPs large enough. As
unexpected currents inducted by the rapid change of TS-6 magnetic field at the beginning and
end of experiments will cause noise and damage to the MCPs, the circuit is only switched on
when safe, which is achieved and controlled by a pulse generator (model number: Princeton
Instruments PG-10), gate drivers (series number: PS9531), and MOSFETsS (series number:
IXTTO2N450HV). Test discharges with different magnetic fields had been carried out to
check if the MCPs would be negatively influenced by magnetic fields, and neither obvious
problem nor extra noise was found, which further verifies that this circuit can meet the
requirements for experiments on TS-6.
Vacuum System

As the first stage of SXR diagnostic on TS-6, we had installed two MCPs on the same
toroidal position to focus on one same cross-section of plasma, as shown in the red solid line
box of Fig. 4.4. The MCPs should work in high vacuum condition, with vacuum pressure
less than 1.3 x 10~* Pa. In order to satisfy the operation requirement of MCPs, we designed
separate vacuum chambers to isolate the MCPs with main chamber of TS-6, and an extra
turbo molecular pump (TMP) is employed to maintain high vacuum condition, as shown in

the Fig. 4.8. On the other hand, the thick (~5 mm) SUS-304 vacuum chambers can also keep
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Fig. 4.7 Schematic diagram of high-voltage pulse circuit for driving MCPs. (a) The high-
voltage power supply circuit. (b) The pulse generation circuit to control the MOSFET in the
(a) (Provided by Mr. Takeda).

the MCPs fully shielded from the magnetic field whose frequency is about 10~100 kHz. The
field of view (FOV) of this SXR diagnostic is shown in the Fig. 4.4, and the orange dash lines
represent the lines of sight. The FOV is able to cover one whole cross-section of plasma,
and avoids areas where there are magnetic probes. The blue dash line box in the Fig. 4.4
also shows the position of MCP chambers. The two MCPs are installed on the two MCP
chambers respectively, and the KF/NW-type flanges are used for pumping and high-voltage
feed-through. Detailed structure of the MCP chamber and imaging process are shown in the

Fig. 4.5.
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Fig. 4.8 Schematic diagram of the vacuum system.

Before experiments, we pump these MCP chambers and plasma main chamber simulta-
neously by a rotary and turbo molecular pump (TMP) to avoid destroying the filter, and the
vacuum pressure can reach about 2 x 107> Torr. Then, we use an extra TMP to pump the
MCP chambers individually until its vacuum pressure can reach about 1 x 1076 Torr. During
plasma discharges, the gas pressure in TS-6 plasma chamber is not more than 10~ Torr. So,
the pressure difference between the two sides of the thin filter is maintained quite small (no
more than 1073 Torr) throughout the whole process to ensure not to destroy the filters.
High Speed Imaging System

The high speed imaging system mainly consists of a framing camera (model number:
HAMAMATSU C4187) and a CMOS camera (model number: HAMAMATSU C11440-
36U). The frame interval of the framing camera can be 300 ns to 10 ms, which makes it
possible to measure the evolution of SXR during magnetic reconnection in TS-6 ST merging
experiments. As shown in the Fig. 4.5, images transferred from fiber bundles are gathered
together on the end-interface of fiber bundles. These miniaturized images are to be observed
by the ultra-macro lens (LAOWA, AF-S, 60mm, /2.8, 2 x Ultra-Macro), mounted in front
of the framing camera. Fig. 4.9 is the photograph of the high speed imaging system. The
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Fig. 4.9 Photograph of the high speed imaging system, including a framing camera, a CMOS
camera, and lenses.

magnification ratio of the ultra-macro lens can be up to 2, so this lens is able to sufficiently
magnify observed images. The framing camera acquires incident images and outputs up to
8-frame images with a certain frame interval on its fluorescent screen. As the framing camera
is much more like an optical system without CMOS/CCD sensor, its output images are to be
recorded by the CMOS camera through a camera lens (NIKON, AF-S, 35 mm, f/1.4), and
stored in a controlling computer. In our merging experiments, frame intervals of 5 s and 10
us are most often used, and pixel number of each image is 230 x 230. The Fig. 4.3(e) shows
an example of raw image of SXR recorded by the CMOS camera.
Characteristics of Filters

At first, the energy dependence of MCP detectors should be discussed, as we use MCPs
to measure SXR signal with different energy range. Fig. 4.10 shows the relative MCP
response as measured in two separate detector systems. The MCP response for SXR basically
decreases with the photon energy increases. It means that the MCP is relatively more sensitive

to SXR with lower photon energy.
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Fig. 4.10 Energy dependence of MCP. Dots in red and blue color show the relative MCP
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Fig. 4.11 Transmissions of 2.5 um Al filter and 1 um Mylar filter as a function of photon
energy.



4.1 Soft X-ray Diagnostic in TS-6 Merging Experiments 47

As mentioned above, 1 um Mylar filter and 2.5 ym Aluminum (Al) filter are employed
in this diagnostic, in order to filter out SXR with different energy ranges. The transmission
characteristics[58] are shown in the Fig. 4.11. The 1 um Mylar filter is able to resist photons
with energy lower than 100 eV, to make sure that the measured signal is SXR, rather than
other kind of light. As for the 2.5 um Al filter, it can be used to measure SXR with energy
higher than 400 eV. On the other hand, the MCP response for SXR generally decreases with
the photon energy increases[57]. Therefore, if the photon energy of SXR is much higher than
400 eV, then the intensity of signal from the Al-filter MCP chamber should be weaker than
the Mylar-filter one, and the extreme ultraviolet (EUV) signal emitted from plasma can be
negligible. In TS-6 merging experiments, we found that the intensity of signal from Al-filter
MCP chamber is relatively stronger than the Mylar-filter one. This result means that the
energy of SXR emitted from plasma during magnetic reconnection is just a little higher than
100 eV, and the energy of signal from Al-filter MCP chamber is mainly in the range between
20 eV and 100 eV, belonging to EUV, as shown in the dark circle in the Fig. 4.11. Owing to
the use of different filters, the energy range of SXR on TS-6 is successfully determined to be
higher than 100 eV but lower than 400 eV.

4.1.3 Calibration of Imaging System

As for the high-speed camera system in the present SXR diagnostic, 8-frames mode is
most usually employed in the plasma merging experiments on TS-6. So, there are eight
sub-images in one whole image which is recorded by the CMOS camera. For the double
MCP measurement system, two phosphor plates are focused and there should be two sub-
sub-images for each sub-image. Therefore, there would be 16 sub-images recorded in one
whole image at one timing, as shown in the Fig. 4.12. The original object of these images are
just a light source, and they shows the position of fiber bundles in the whole image. We use
these images which are presented in complete circle shape to calibrate the position of each

fiber bundle.
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Fig. 4.12 Calibration of positions of 16 images shown on the MCP phosphor plates at different
timings.

There is always distortion for each fiber bundle, as it is too long. So, the images which
are transmitted to the end surface of fiber bundle would be upside down or askew, compared
with the images in the front surface. It is necessary to calibrate the direction of the fiber
bundles. Otherwise, we can not determine the correct direction of images, compared with
the real observation object. On the other hand, the direction of images would also change
because of the imaging principle of other optical system, including the pinhole camera.

In order to solve the above problem, we use a screen to calibrate the direction of images.
As shown in the Fig. 4.13.(a), the picture on the right side is the recorded image of the
original observation object, an icon. The above method helps us find a general direction
relationship between the images and observation object. Then, we use black and white stripes

to further determine and calibrate the exact direction of images, as shown in the Fig. 4.13.
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Fig. 4.13 Calibration of image direction. The pictures on the left side are original objects,
while the ones on the right side are recorded images.

4.2 Determination of SXR Energy

According to the results measured by other diagnostics such as Langmuir probe and ion
Doppler spectroscopy, the initial ST plasmas of present test discharges has the bulk plasma
parameters: T, ~ 10 eV,T; =~ 30eV, n, ~ 1 x 1029 m—3. As the bulk electron temperature is
much lower than the energy range of SXR, SXR is therefore considered to be emitted from
bremsstrahlung of electrons with high kinetic energy accelerated by reconnection electric
field during magnetic reconnection.

As mentioned above, a 1 um Mylar filter and a 2.5 ym aluminum (Al) filter are employed
in this diagnostic in order to filter out SXR with different energy ranges. The transmission
characteristics are shown in Fig. 4.11. The 1 um Mylar filter can resist photons with energy
lower than 100 eV to make sure that the measured signal is only SXR, rather than other
kind of light. As for the 2.5 um Al filter, it can be used to measure SXR with energy higher
than 400 eV. Therefore, if the photon energy of SXR is much higher than 400 eV, then the
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intensity of the signal from the Al-filter MCP chamber should be weaker than the Mylar-filter

one, and the extreme ultraviolet (EUV) signal emitted from the plasma can be negligible.
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Fig. 4.14 Time evolutions of peak intensities of SXR (Photon Energy > 100 eV) measured
through 1.0 um Mylar filter in downstream regions and EUV light (20 eV < Photon Energy
< 100 eV) measured through 2.5 um Al filter.

As the SXR emission is overall not high and concentrates on particular regions, peak
intensities at different moments are employed to relatively reflect the evolution of emission
intensity, which are obtained by calculating average value of some brightest points in
measured images. Fig. 4.14 shows the peak intensity of photons in downstream regions with
different energy ranges, which is measured by this SXR diagnostic in the two ST plasma
merging experiments. Photons with energy from 20 eV to 100 eV (EUV light) are detected
and reach the maximum amount during magnetic reconnection, as shown in the dark region
of Fig. 4.14, while photons with energy higher than 100 eV (SXR) reach the maximum
amount a little later than the end of reconnection. This measured result indicates that some

electrons would be accelerated by magnetic reconnection, and EUV light is emitted from
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these energetic electrons. Because of further acceleration, a part of these electrons obtain
higher kinetic energy, resulting in the decrease of EUV light intensity and increase of SXR
intensity.

The Fig. 4.14 also indicates that the intensity of the signal from the Al-filter MCP chamber
is relatively stronger than the Mylar-filter one. This result means that the energy of SXR
emitted from the plasma during magnetic reconnection is just a little higher than 100 eV, and
the energy of the signal from the Al-filter MCP chamber is mainly in the range between 20
and 100 eV, belonging to EUV, as shown in the dark circle in the Fig. 4.11. Owing to the use
of different filters, the energy range of SXR on TS-6 is successfully determined to be higher
than 100 eV but lower than 400 eV.
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4.3 Tomography

Computed tomography (CT), as an effective reconstruction method, was first applied in
the field of medical imaging diagnostics. With the rapid development of this technique, it has
been spread to many more other fields, such as nondestructive materials testing, geophysics,
atmospheric research, and plasma diagnostics[59]. The main purpose of tomography is to
mathematically process many non-local measured data, such as line-integrated images, to
reproduce local physical quantities, such as emissivity.

For a high-temperature plasma device, tomography is usually applied to reconstruct im-
ages for imaging diagnostics, such as bolometer, soft/hard X-ray, visible light, vacuum/extreme-
ultraviolet light. As mentioned in the Abstract, we use tomography method based on Phillips-
Tikhonov regularization to reconstruct the line-integrated images, in order to obtain local
emissivity of soft X-ray (SXR), which reflects the distribution of high-energy electrons gen-
erated during magnetic reconnection on TS-6 merging spherical tokamak (ST) experiments.

In this section, the tomography method is in detail introduced, including the principle
and algorithm. The Radon transform and its inverse-transform are the mathematical bases
of tomography, which describe the relationship between line-integral and local emissivity.
Solving such an inversion problem is usually regarded to be ill-posed. There are some
mathematical method to deal with ill-posed problems, such as Cormack method, maximum
entropy method, algebraic reconstruction technique, and Phillips-Tikhonov regularization.

We employ the Phillips-Tikhonov regularization to optimum the solution, and min-
imize the instability and non-uniqueness caused by this inverse problem. Besides, the
effectiveness and accuracy of this reconstruction method is also quantitatively evaluated by

phantom/assumed image test.



4.3 Tomography 53

4.3.1 Introduction to Tomography

In 1885, Wilhelm Conrad Rontgen, a German scientist, discovered that the X-ray was
emitted from cathode-ray tube (CRT) on his experiments for the first time. Since then,
X-ray attracted a lot of research interests, and was rapidly developed. This kind of radiation
has a strong ability to penetrate human body, and can be recorded by photographic films.
This characteristic of X-ray gave birth to the X-ray photography technology, which is able
to be applied for detection and diagnostics, especially for medical diagnostics. However,
the image obtained by X-ray photography is two-dimensional and cannot fully reflect the
information of three-dimensional objects. Especially in the depth direction, the information
is highly overlapped and is hard to be clearly recognized. Besides, the contrast of images is
also reduced. Therefore, with the development of mathematics and physics, reconstruction
technology that inverts the cross-sectional information based on projection images of the
object from different angles has emerged, that is, tomographic reconstruction.

During 1820s, Norwegian mathematician Niels Henrik Abel proposed a theory, which
was named as Abel’s integral equation later, to solve a mechanical problem. The purpose of
Abel’s integral equation is to find how long it will take a bead to slide down a wire or to find
the shape of the curve into which the wire is bent. This theory has been widely used in many
fields such as mechanics, spectroscopy, seismology, plasma physics.

In 1917, Austrian mathematician Johann Karl August Radon developed and proposed
a two-dimensional image reconstruction theory based on Abel’s idea. Radon’s theory is
the mathematical basis of tomographic reconstruction technology: Radon transform. The
Radon transform mathematically proves that the two-dimensional distribution function of a
physical parameter can be determined by all the line integrals of this function in its domain.
For image reconstruction of various radiation including X-ray, this physical parameter
refers to the emissivity of radiation, and the line integral is the measured value/image
obtained by the radiometric/imaging system. According to Radon’s theory, the emissivity
The two-dimensional spatial distribution can be determined by the experimental data of the

measurement/imaging system.
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The tomographic reconstruction algorithms can be mainly classified into two categories:
iterative reconstruction algorithms and analytical reconstruction algorithms, as shown on the
Fig. 4.15

(1) The iterative reconstruction algorithm takes solving equations as the main idea.
Linear algebraic equations are constructed based on measured experimental data at first,
and then the purpose of image reconstruction can be achieved by solving the equations.
Iterative reconstruction algorithms can be divided into algebraic iterative reconstruction
algorithms and statistical iterative reconstruction algorithms. The basis of statistical iterative
reconstruction algorithms is optimization theory. The image reconstruction problem can
be regarded as a parameter estimation problem. By selecting or constructing a reasonable
objective function, solving/finding the parameter that makes the objective function reach the
maximum value under some certain constraints. The main algorithms include the maximum
entropy method, the minimum norm method, and Phillips-Tikhonov regularization.

(2) Analytical reconstruction algorithms can be further divided into two-dimensional
image reconstruction and three-dimensional image reconstruction, according to different
scanning forms. The two-dimensional image reconstruction algorithm is based on the Fourier
central slice theorem, and mainly includes the direct Fourier reconstruction algorithm and
the filtered back projection algorithm. The filtered back projection algorithm is widely used
in medical image reconstruction. Three-dimensional image reconstruction algorithms can be
divided into approximate image reconstruction algorithms and precise image reconstruction
algorithms. The iterative reconstruction algorithm has the advantages of strong anti-noise
and low requirements on the completeness of the data. However, at the same time, the
disadvantages such as large amount of calculation and slow reconstruction speed also have a
negative impact in practical applications. In contrast, analytical reconstruction algorithms
have fast reconstruction speed, but have poor anti-noise performance and high data integrity
requirements, and are widely used in the field of medical diagnostics.

In the research field of fusion plasma, due to the limitation of experimental conditions, the
number of detectors is not enough and the measurement angle is also limited, which results in

that the experimental data obtained is usually not complete, and the noise can not be ignored.
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Fig. 4.15 Classification of major tomographic reconstruction algorithms

So, iterative reconstruction algorithm has been widely used in fusion research. Especially with
the upgrading of computer technology, the application of iterative reconstruction algorithms
including maximum entropy method and Phillips-Tikhonov regularization in fusion research

has also received more and more attention.

4.3.2 Tomography for Plasma Diagnostics

For a fusion plasma, the experimental data measured by some diagnostic systems are line-
integral, such as bolometer, soft/hard X-ray, visible light, vacuum ultraviolet light (VUV),
neutron. Obtaining the plasma emissivity through the inversion of the line-integral measured
values has always become an important task in the data processing of the plasma experiment.
When the emissivity is fixed on the same magnetic surface, one-dimensional inversion is
sufficient to deal with such problems. However, in the case of polar asymmetry, such as MHD
(Magneto-hydro-dynamic) phenomenon, impurity transport, fast trapping particles and other
situations, in order to obtain the emissivity on the polar cross-section, the two-dimensional

inversion is necessary.
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The tomographic reconstruction is based on the Radon transformation, which can be used
in the study of plasma diagnostic to reconstruct the spatial distribution of radiation emissivity
on a two-dimensional polar cross-section. The intensity of plasma radiation is determined
by factors such as plasma density, temperature, and finite number of charges. Therefore,
according to the reconstructed plasma emissivity, information such as impurity transport,
MHD instability, and plasma location can be obtained. Plasma radiation in the wavelength
range of vacuum ultraviolet light, visible light and infrared light usually occurs at the plasma
boundary position, and the structural information on the plasma boundary can be obtained
based on the spectrum in these ranges.

In many fusion devices, such as JET, TCV, AUG, LHD, EAST, KSTAR, tomography of
soft X-ray has already become a basic reconstruction technology, which is widely used to
study various instability problems in plasma, such as saw-tooth, magnetic island structure,
etc. In addition, in the plasma core, since the plasma balance reconstruction in this region is
highly uncertain, independent plasma profile information is very valuable. Besides, X-ray is
mainly generated from the plasma core, which shows the importance of X-ray diagnosis. The
key to these problems is how to reconstruct the spatial distribution of the X-ray emissivity
on the poloidal cross-section through the line-integrated value measured by the diagnostic

system.

4.3.3 Algorithm of Tomography

Ill-posed Problem

The well-posed problem refers to a type of mathematical issue whose solution exists,
is stable, unique and continuously dependents on the input data, and vice versa. For the
reconstruction problem mentioned in the previous section, the inverse solution of the spatial
distribution of particles by the measured line-integral images is an inverse solution to some
structural features in the system from the partially known information of the output results.
It is obviously an inverse problem in mathematics, and the vast majority of inverse problems

are ill-posed.
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The tangential-view tomographic reconstruction problem is limited by objective condi-

tions:
* (1) There are unavoidable errors in the measured experimental data as well as noise;

* (2) The experimental data are often under-determined or over-determined when used
as input data in the solution of mathematical problems, which can lead to solutions

that may not be unique, stable or even non-existent;

* (3) Inverse problems in which the solution is often not continuously dependent on the

input data (experimental data).

Therefore, the reconstruction problem here is an ill-posed problem, and the reconstruction
results obtained from it are unstable and not unique. This problem cannot be solved directly
by inverse equations. The instability of the reconstruction problem is further aggravated by
the fact that in practice the measurement points (i.e. the detector locations) are discrete.

When using classical methods for ill-posed problems, the known information does not
necessarily guarantee the existence or uniqueness of the solution, and in addition, small
changes in the known information can have a serious impact on the solution. So, the results
obtained using classical methods become meaningless and unreliable. The reconstruction
problem in this thesis, as discussed above, has been shown to be unsuitable. So, in order
to solve this problem, it needs to be regularized to obtain an optimal approximate solu-
tion, involving mainly the singular value decomposition method, and the Phillips-Tikhonov
regularization method.

Singular value decomposition

The singular value decomposition is an important matrix decomposition in linear algebra,
which is mainly used in fusion plasma physics for: computing the inverse of matrices in
uncomfortable qualitative problems; decomposing experimental data into different parts
according to temporal or spatial properties, which in turn can be studied separately for the

desired part, or used to filter noise.
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For an arbitrary matrix X of order M x N, this can be decomposed into

XprxN = Uit Zprx v Vi v 4.1)

where the matrices U and V are both You matrices, and the matrices U’ and V7 are conjugate

matrices of the matrices U and V respectively, and satisfy

UnvistUbpsor = Insem »— VnsnViby = Inxv- (4.2)

The matrix X is a diagonal matrix of order M x N whose non-zero diagonal elements are the
singular values of the matrix X and are arranged in descending order, i.e. 01; > 02 > --- > 0.
Since the matrix X is often of unsatisfied rank, there is no inverse matrix of it, and its

generalized inverse matrix (X ) can be found according to the above definition:

Xy = Vv Ex s Untar- (4.3)

where the matrix " is a diagonal matrix of order N x M and satisfies oj; - G;“ =1.

The geometric matrix is often of insufficient rank, and when the discomfort problem is
not very serious, the generalized inverse matrix can be solved according to the procedure
described above to invert the equation to obtain the distribution of the emissivity £. However,
for practical experimental results, which are severe discomfort problems for the reasons
described above, the accuracy of the solution results needs to be further improved, and so
the truncated singular value decomposition method, equivalent to the Phillips-Tikhonov
regularisation method for discrete discomfort problems, is required.

For the imaging system, the obtained raw images are line integrals of local emissivity
of SXR along each line of sight. Tomography method based on the Phillips-Tikhonov

regularization is employed in order to obtain local emissivity of SXR, which reflects the

spatial distribution of high-energy electrons.
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The line-integral relationship between the images and the local emissivity can be ex-
pressed as:

P =GE +¢, (4.4)

where vector P represents measured values of the imaging system, E represents local
emissivity of SXR emitted from plasma, € is a residual vector, and matrix G represents the
geometric relationship between lines of sight and observed plasma.

For a tokamak plasma, SXR emissivity can be assumed to be symmetric in toroidal
direction. Based on this assumption, lines of sight can be projected onto just one cross-
section, as shown in the Fig. 4.16. Therefore, the relationship between lines of sight and
observed plasma in this tangential-view system can be simplified to be a 2-D plane problem.
The colorful curved lines represents projected lines of sight, and the blue solid circles
represent the cross-section of two merging ST plasmas. The projection plane can be divided
into computational grids, and then the geometric matrix G is calculated in advance by
accounting the length of each line of sight inside each node of grids, which represents the
corresponding weight of each emission cell to each detector/pixel.

In this diagnostic, we reduce the resolution of images from 230 x 230 to 100 x 100 and
set the computational grid of 100 x 100 for the tomographic reconstruction, considering the
balance between spatial resolution and computational efficiency. Under this condition, the
spatial resolution can be up to 4 mm.

Due to instability and non-uniqueness of solving inverse problem, obtaining local emis-
sivity directly based on Eq. (4.4) or the ordinary least squares linear regression is highly
ill-posed. Phillips-Tikhonov regularization is used in this paper to optimize the solution,
namely to minimize the residual term € = P — GE. The above problem can be transformed

to solve E when the following quantity x? takes the minimum value,
x* = al|LE|*+ P~ GE|, (4.5)

where L = V? is the Laplacian matrix, and ¢ is the regularization factor, which can determine

the optimum degree of solution. In general, the regularization factor « is selected by some
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MCP Interface Pinhole

Lines of Sight (Projected) Cross Section of two Merging ST Plasmas

Fig. 4.16 Schematic diagram of line of sight on TS-6 with cross-section of two merging ST
plasmas.The colorful curved lines represent projected lines of sight.

methods such as generalized cross validation (GCV) and L-curve, of which appropriate
choice would be more effective for specific cases[60]. For this diagnostic, both methods can
be applicable and no obvious superiority is found. We employ the GCV method, as expressed

in the following:
|P—GE(a)|”
[Trace|l - GG(@)]]?’

GCV () = (4.6)

where G(o) = (GTG+aL"L)~'G”, and E(«) can be obtained from the following regular-
ized normal equation:

(GTG+aL’L)E(a) = G"P. (4.7)
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4.3.4 Validation of Effectiveness and Accuracy
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Fig. 4.17 Phantom image test for validation by using an assumed peak distribution. (a)
Assumed distribution. (b) Projection image of the assumed distribution. (c) Image of the
projection with 20% Gaussian noise. (d) Tomographic reconstruction result.

To verify the effectiveness and accuracy of the Phillips-Tikhonov regularization method
in solving the tangential reconstruction problem, an assumed distribution serving as the

original object is employed to test if it can be reproduced by this tomographic method, as
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shown in the Fig. 4.17.(a). This distribution can be expressed as:
| (p—u)°

E= s 202 | (4.8)

where the ¢ = 0.5 and the u = 0.

The Fig. 4.17.(b) is the projection image of the assumed distribution. The projection
image is line-integrated and calculated by the original distribution and geometric matrix.
The projection represents the measured image for a imaging system. As there is always
inevitable noise for the measured images, a certain amount of Gaussian noise is added to the
projection image. The Fig. 4.17.(c) shows the image of the projection with 20% Gaussian
noise, which becomes blurry and unclear. The Fig. 4.17.(d) is the reconstructed result by
Phillips-Tikhonov regularization method. By comparing Fig. 4.17.(d) and Fig. 4.17.(a), we
can see that the Phillips-Tikhonov regularization method is able to reconstruct the original
assumed distribution very well, even when there is strong noise. The reliability of the method
in solving the ill-posed problem is also verified by the effective reconstruction. Therefore,
it has been demonstrated that the tomographic reconstruction method can be applied to the
image inversion problem of the tangential imaging diagnostic system on the TS-6 device.

Because the SXR diagnostic is developed on TS-6 device for the first time, the structure
of images which would be measured is unpredictable. So, another two common kinds of
assumed profiles are employed to further validate the effectiveness and accuracy of this
tomographic method. This validation processes are similar to the above ones. The Fig. 4.18
shows the phantom image test by using an assumed hollow distribution for validation, where
the 0 = 0.05 and the u = 0.7. The Fig. 4.19 shows the phantom image test by using an
assumed high-mode distribution for validation. This distribution can be expressed as:

(p—n)?

1 —

E = e 202 .con(m#), (4.9)

2no

where the 6 = 0.1, the u = 0.85 and the m = 20. The high-mode structure is usually observed

in instability problem.
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Phantom image tests by using these three kinds of assumed distributions (peak, hollow,
and high-mode) show that the reconstructed profiles can well reproduce the original infor-
mation. So, this kind of tomographic method is able to be employed to reconstruct general

line-integrated images in TS-6 merging experiments.
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Fig. 4.18 Phantom image test for validation by using an assumed hollow distribution. (a)
Assumed distribution. (b) Projection image of the assumed distribution. (c) Image of the
projection with 20% Gaussian noise. (d) Tomographic reconstruction result.
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Fig. 4.19 Phantom image test for validation by using an assumed high-mode distribution. (a)
Assumed distribution. (b) Projection image of the assumed distribution. (c) Image of the
projection with 20% Gaussian noise. (d) Tomographic reconstruction result.



Chapter 5

Electron Acceleration in Magnetic

Reconnection

5.1 Review of Electron Acceleration Mechanism

The mechanism of electron acceleration is kept to be concerned, as it is important and
indispensable to reveal the physics of magnetic reconnection. Cluster observations and
particle-in-cell (PIC) simulations have been trying to figure out this problem, and there are
some possible explanations to make it clear.

In the anti-parallel magnetic reconnection, the meandering motion of electrons near the
X-point is considered to be the main mechanism of electron acceleration[61]. The Fig. 5.1
shows the process of electron acceleration during the evolution of anti-parallel magnetic
reconnection. Electrons in inflow are to be accelerated by the reconnection electric field near
the X-point.

If a guide field is employed in addition, electrons would be accelerated in advance by
parallel electric field along the separatrix. When these electrons enter into the region near the
X-point, they would do gyratory movement around the guide field, which confines them in

the vicinity of X-point and further accelerate them[62].
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Fig. 5.1 Positions of electrons traced backward in time from the black area at /74 = 48.8.[61]

For the downstream region, electrons can be accelerated in the magnetic field pileup
region, as the electric field can accelerate electrons in their drift direction (gradient drift and
curving drift of magnetic field).[61]

The movement of electrons would be coupled with magnetic field again after they leave
from the electron diffusion region. When the electrons arrive the region where the magnetic
field is relatively high, the kinetic energy of electrons in the direction perpendicular to
magnetic field would increase. The betatron acceleration mechanism plays an important role
in accelerating electrons in the magnetic field pileup region. If there is a parallel electric
field in the magnetic field pileup region, electrons would be confined here, and the betatron
acceleration would last longer[63].

According to the description above, the electron acceleration during magnetic reconnec-
tion is not a simple acceleration process near the X-point, but a process of multiple steps.

Prof. Hoshino divided the acceleration process into 3 steps[61, 64, 65]:

* (1) preliminary acceleration before the electrons enter into the region near the X-point,

which is also known as surfing acceleration;

* (2) acceleration near the X-point, which can be enhanced by guide fields;
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* (3) acceleration in the downstream region where the magnetic field piled up and

betatron acceleration plays an important role.

Betatron and Fermi acceleration were found to contribute to electron acceleration in
the downstream regions during unsteady magnetic reconnection by cluster observation[66].
Among them, the localized betatron acceleration plays an important role in the downstream
acceleration and is responsible for more than half of the energy gain for the peak observed
fluxes. The acceleration mechanism is quasi-adiabatic, and the highest electron fluxes
distribute in the direction perpendicular to the magnetic field in the rising speed portion of

the jets.
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5.2 Electron Acceleration in the Downstream Region

There have already been some efforts that attempt to understand the mechanism of
electron acceleration in the downstream region, especially near the dipolarization front (DF),
by PIC simulation. At first, some PIC simulation results are to be introduced, which can
help to easier understand the physical image and mechanism of electron acceleration in the
downstream region. On the other hand, it can also serve as a reference for the experimental
results.

Fig. 5.2 shows the positions of high-energy electrons accelerated in the pileup regions,
which is calculated by tracing the energetic electrons. The colors of the figure on the right
side denote the mean kinetic energies of these electrons at different times[63]. This method
can directly explain the formation of electron energy fluxes. Electrons are accelerated in
the pileup regions and obtain much more energy with the process of acceleration. At the
meanwhile, these accelerated electrons would move to further downstream regions.

The Fig. 5.3 shows the trajectories of some typical electrons at different timings. The
figures on the left side show the trajectories of electron which is not sufficiently accelerated
near the in the DF region. This kind of electron has a large velocity parallel to the magnetic
lines, so it will pass through the DF region in a short time without sufficient acceleration.The
figures on the right side show the trajectories of electron which has very small parallel
velocity. Therefore, it will be trapped in DF region and obtain huge acceleration here by
the induced electric field. The electric field is induced because of the increase of B,. The
movement direction is perpendicular to the magnetic field, which agrees with with the cluster
observation as mentioned above[66]. The betatron acceleration plays an important role
during this electron acceleration process.

The trajectories of some typical electrons can explain the mechanism of electron acceler-
ation more detailed, and the formation of electron energy fluxes also becomes easier to be
understood.

As mentioned before, the SXR tomographic diagnostic is developed to reveal the local

emissivity of SXR, which reflects the distribution of accelerated electrons in TS-6 plasma
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Fig. 5.2 The position of the electrons accelerated near the pileup region at (a) Q;r = 15, (b)
Qit =20, (c) Q;t =25, and (d) ;t = 30. The colors of the dots present the kinetic energy for
each electron, and the colors of the figures on the right side denote the mean kinetic energies
of these electrons at different times. The silver contours represent the in-plane magnetic field
lines. [63]

merging experiments. Reconstructed results of SXR intensity are shown in the Fig. 5.4. The
white curved lines represent magnetic filed lines. SXR can be evidently observed at ¢t = 470
us, while the SXR signal is very weak at t = 460 us.

For this experiment, we chose Argon as the discharge gas, as it is much easier to be
ionized, compared with Hydrogen. In our test experiments, we tried to use the Hydrogen as
the discharge gas, but the measured SXR signal is very weak, due to the low electron bulk
temperature in the present TS-6 plasma.The exposure time of high-speed framing camera is

usually chosen to be 5 us or 2 us. The charging voltages for toroidal and poloidal field coils



5.2 Electron Acceleration in the Downstream Region 70

114 116 118 120 122 124 126 10 112 114 116 118 120 122 124

<<<<<< 3 (=

N

Z(clw,)
2l(cla,)

————
S 21
L o

o
&

ed/m,
G

Zl(clo,)

zl(clw,)

-
o
o
<
Qt

-
Qt
o]

2l(clo,)

£
//‘ L0.022 d]

g( Lo.01 28

I 0.00

Zl(clw,)

r'\)lxo—‘ml'\)lno—-mr'\:l-o—\r\:r'\:l-o—-m

zl(clo,)
Zl(cloy)

Fig. 5.3 The trajectories of the most accelerated electron during (a) 20.1 < Q;t <22, (b)
22 < Qit <24, (c) 24 < Q;t <26, (d) 26 < Q;r < 27.8. The colors of the trajectory indicate
the kinetic energies, while the background images are the parallel electric potential. [63]

are generally chosen to be as high as possible, in order to make sure that the SXR signal is
strong enough.

On the other hand, the reconstructed SXR emissivity also indicates that electrons can
be accelerated in the downstream regions, both in the inboard-side and outboard-side. The
SXR emissivity is much stronger in the inboard-side, which means that electrons are more
likely to be accelerated to higher energy in this side where the toroidal magnetic field is much
higher. This experimental result first indicated the downstream acceleration in TS-6 merging
experiments. In the follow-up experiments, related issues are investigated in depth.

As shown in the Fig. 5.5, the left-column figures show local emissivity with energy range
more than 100 eV, while the right-column ones show local emissivity with energy range from
20 eV to 100 eV. The local emissivity reflects the distribution of high-energy electrons, and
the majority of them are found distributing in the direction perpendicular to the magnetic
field, which agrees with PIC simulation[63, 67]. Accelerated electrons with different energy
range can be found in the downstream regions during the magnetic reconnection. Only
accelerated electrons with lower energy (20 eV ~ 100 eV) can be obviously measured in
relatively earlier stage at = 475 us. With the evolution of magnetic reconnection, electrons

with higher energy (> 100 eV) are found distributing in further part of downstream region as
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Fig. 5.4 Reconstructed results of SXR images measured by 1.0 um Mylar-filter pinhole
camera at t = 460us and r = 470us respectively. The white curved lines represent magnetic
field lines of two merging ST plasmas.
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Fig. 5.5 Local emissivity of accelerated electrons with different energy ranges during the
evolution of magnetic reconnection in TS-6 plasma merging experiments. The figures in left
column show local emissivity with energy range more than 100 eV, while the right-column
ones show local emissivity with energy range from 20 eV to 100 eV. The white curved lines
represent magnetic field lines of two merging ST plasmas.
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shown in the red dotted circle on the left side at r = 480 us, compared with electrons with
lower energy on the right side. After the magnetic reconnection, the energy of electrons
decays at t =485 us.

After acceleration in the X-point region, electrons leave from electron diffusion region
along with the outflow and most of them would be trapped by the electric potential. These
electrons can be accelerated by the induced electric field in the magnetic pileup areas, and
obtain much more energy along with the movement to further parts of the downstream region,
which can explain the above experimental results as shown in the Fig. 5.5. The localized
beratron acceleration plays an important role for the electron acceleration in the downstream

region.
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5.3 Effects of B, on Electron Acceleration

Poloidal field (PF) coils are employed to induce two ST plasmas in TS-6 merging
experiments. Higher swinging down of PF voltage can produce plasma with higher plasma
current, which increases the B; in the following process. Plasma merging experiments were
carried out on TS-6 device with different charging voltages for PF coils to investigate the
effects of B, on electron acceleration. The voltage of toroidal field (TF) was kept in the same
value (4 KV) in order to control variable. The discharge gas is argon (Ar).

The Fig. 5.6 shows the detailed reconstructed results with different PF charging voltages
from 30 KV to 39 KV at different times. The corresponding B, can be found in the Fig. 5.7.
The peak value of reconstructed local emissivity is employed to quantitatively compare the
relative intensity of SXR emission.

The reconstructed local emissivity reflects the distribution of accelerated electrons. The
peak value of local emissivity in X-point and downstream region of the Fig. 5.6 with different
charging PF voltage/B; at t = 480us is shown in the Fig. 5.7. It can help to quantitatively
compare the effects of B, on electron acceleration. Thus, electron acceleration in the
downstream region is obviously enhanced along with the increase of PF voltage, while
near the X-point the electron acceleration is not obviously enhanced. The reason is that
the increase of PF makes the B, stronger, which enhances the electron acceleration in the
downstream region. But, the electron acceleration in the X-point region is mainly dominated
by guide field, and it will be discussed in the next subsection.

As introduced before, electron can be accelerated in the downstream region where the
magnetic field piles up, as the electric field can accelerate electrons in their drift direction
(gradient drift and curving drift of magnetic field)[61]. The increase of PF enhances the
above effect by increasing the induced electric field, which lead to the increase of downstream
acceleration. This phenomenon also indicates that the betatron acceleration is an important
mechanism for explaining the generation of high-energy electrons in the downstream regions

during the magnetic reconnection.
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Fig. 5.6 Reconstructed results of SXR images measured by 1.0 um Mylar-filter pinhole
camera with different PF voltage. The white curved lines represent magnetic field lines of
two merging ST plasmas.

o



5.4 Effects of Guide Field on Electron Acceleration 76

:;{] I ! I T I
| —=— X-point Region
, s || —®— Downstream Region 1
)
=
— 20} 4
:Ea
£ 15} .
=
=
o
=
- 1.0 -
=
=
]
-
0.5 F -
— o —i& —.
0.0 | i | L l L |
0.056 0.063 0.070 0.077
B, |T]

Fig. 5.7 Peak value of local emissivity in X-point and downstream region of the Fig. 5.6 with
different B, at t = 480us.

5.4 Effects of Guide Field on Electron Acceleration

Fig. 5.8 shows the positions of test electrons, which is obtained by tracing typical electron
trajectories by PIC simulation. For the Fig. 5.8.(a), at the beginning, the test electrons are
located in the region of 0 < x < 0.8¢/@pe, 2.9¢/ Wy; < x < 3.1c¢/ wp;, outside the separatrix.
The different color of the dots represents the positions of test electrons at different times.
Black, blue, green, and red dots describe the positions of the test electrons at further late
timing, respectively. For the Fig. 5.8.(b), at the beginning, the test electrons are located in the

region of 0 < x < 0.8¢/Wpe, 2.7¢/ Wy < x < 2.9¢/w,;, inside the separatrix. The different
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Fig. 5.8 The positions of test electrons at different times. The figures on the left side show
the anti-parallel reconnection without guide field, while the ones on the right side show the
guide field reconnection. [67]

color of the dots represents the positions of test electrons at different times. By the way,
particles with kinetic energy £ < 0.3m,c? are not plotted, in order to avoid confusion with
low-energy particles in the initial time.

The above comparison between reconnection without and with guide field points out that
(1) electrons from the outside of separatrix tend to be accelerated in the vicinity of X line,
while electrons from the inside tend to be accelerated in the pileup region; (2) the efficiency
of electron acceleration is higher in the vicinity of the X line than in the pileup region: (3)
electron acceleration can be enhanced by guide field through parallel electric field near the X
line.

Fig. 5.9 shows the reconstructed local emissivity of SXR. As the local emissivity reflects
the distribution of accelerated electrons, the X-point acceleration is obviously measured. The
electrons in the downstream region have much more energy as they can be further accelerated
after leaving the X-point by parallel electric field. The peak values of local emissivity in the

downstream region are 0.75 att =475 us, and 1.5 at t = 480 us. The peak values of local
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emissivity in the region near X-point are 0.32 at t =475 us, and 0.37 at t = 480 us. The
above values, which have no other physical meanings, are only used to reflect the relative
intensity of local SXR emissivity.

By comparing the above peak values of local SXR emissivity, we can find that both down-
stream acceleration and X-point acceleration are enhanced with the evolution of magnetic
reconnection. The peak values of local SXR emissivity in the downstream region is 2 — 3
times stronger than that in the region near the X-point, because electrons are to be further

accelerated after leaving from the X-point and obtain much more kinetic energy.
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Fig. 5.9 Reconstructed results of SXR images measured by 1.0 um Mylar-filter pinhole
camera. The white curved lines represent magnetic field lines of two merging ST plasmas.
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Fig. 5.10 Reconstructed results of SXR images measured by 1.0 um Mylar-filter pinhole
camera with different TF voltage. The white curved lines represent magnetic field lines of
two merging ST plasmas.

Similar to the above procedure, plasma merging experiments were carried out on TS-6
device with different charging voltages for TF coils to investigate the effects of guide field on
electron acceleration. The voltage of PF was kept in the same value in order to control other
variables as the same. The discharge gas is argon (Ar), and the exposure time of framing
camera is 2 Us.

The Fig. 5.10 shows the detailed reconstructed results with different charging TF voltage
at different times. The toroidal magnetic fields corresponding to charging TF voltages are
0.310 T (3.6 KV), 0.327 T (3.8 KV) and 0.344 T (4.0 KV) respectively.

The peak value of local emissivity in the region near the X-point is employed to quantita-

tively compare the intensity of SXR emission of the Fig. 5.10 at t = 480us. As shown in
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Fig. 5.11 Peak value of local emissivity in the region near the X-point of the Fig. 5.10 at
t =480us.

the Fig. 5.11, the local emissivity becomes stronger with a higher toroidal magnetic field By,
indicating the electron acceleration near the X-point is obviously enhanced along with the
increase of B;. As the peak value of local emissivity in the downstream region with different
TF/B; changes a little and appears at different times, we do not compare it but related issues
would be discussed later.

After the electrons enter into the region near the X-point, they would rotate around the
guide field. The guide field confines electrons in the vicinity of X-point and further accelerate
them[62]. Thus, when higher guide field is employed, the X-point acceleration would be
enhanced. So, the local emissivity of SXR would be much stronger, which agree with the

experimental results
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On the other hand, it can also be found that higher guide field makes the X-ray burst
occur earlier and high-energy electrons cool down quickly by comparing the local emissivity
of SXR. As shown in the Fig. 5.10, the local emissivity reaches the maximum value at
t =485 us when the TF= 3.6 KV, while it reaches the maximum value at t = 480 us when
the TF= 3.8 KV or TF=4.0 KV. Besides, at t = 485 us, the local emissivity decrease with
the increase of TF voltage.

The above experimental results further agree with the mechanism of electron acceleration
near the X-point. The PIC simulation figures out that the guide field is able to enhance the
electron acceleration through parallel electric field near the X-point, a much more effective
acceleration channel than acceleration in the pileup region. So, when a higher guide field is
employed, electrons should be accelerated much faster and obtain much more kinetic energy.
Therefore, the experimental results are reasonable and agree with the simulation results.

Even-though we had found that the guide field can enhance the electron acceleration near
the X-point, but the acceleration in the downstream region is not obviously enhanced with the
increase of guide field. It means that the guide field mainly effects the electron acceleration
in the region near the X-point. Some research found that a strong guild field would suppress
the generation of non-thermal electrons by weakening the Fermi drive mechanism[68]. So, it
is necessary to perform high-field and high-energy merging experiences after the upgrade
of TS-6 in the future. There could be a threshold for the guide field to enhance the electron

acceleration.
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5.5 Comparison with Ion Heating

As mentioned in the abstract, the ion heating has been sufficiently investigated in the
TS-4[3], MAST[6] and TS-6[5, 7] devices. The global ion heating/transport characteristics
of magnetic reconnection during spherical tokamak merging experiments was studied in the
TS-6 device[7].

The Fig. 5.12 shows the time evolution of full-2D ion temperature profile during magnetic
reconnection with B, ~0.02 T and B; ~ 0.1 T. Before the magnetic reconnection (t = 65 LLs),
the ion temperature initially peaks on the magnetic axes of two upstream plasma rings at
r ~ 0.2 m. With the evolution of plasma merging, the ion temperature profile is converted
to a hollow one who has high temperature region around r ~ 0.12 m and r ~ 0.27 m by
downstream heating mechanism of magnetic reconnection. The impulsively formed localized
hot spots in the downstream region is then transported mostly on the field line direction
to equilibrate the profile on the flux surface as shown in the 1D time evolution of 7; at

r~0.12m=0.02 m.
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Fig. 5.12 Time evolution of full-2D ion temperature profile during magnetic reconnection.
(Left) The reconnection heating/transport model; (Middle) The measured 2D ion temperature
profile 7; in three major time frames at t = 65 s, 75 ws and 85 us (before, during and after
merging) with poloidal flux contour lines; (Right) The 1D vertical profile of radially averaged
T; at r ~ 0.12 m+0.02 m of each z position.[7]
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In the downstream region, the ion thermal energy was found to transport mostly in the
field line direction. The previous section has shown our experimental results about electron
acceleration. The electrons would be much more accelerated in the direction perpendicular to
the field lines, and high-energy electrons are found mainly distributing in the similar position
(as shown in the Fig. 5.5) to the hot spots of ion temperature at = 75 us. The acceleration
of electrons can affect the ion heating/transport by the interaction between electrons and ions.

Based on the PIC simulation results, there are also electrons accelerated along the
field lines, but they get less kinetic energy. With the upgrade of the TS-6 and the SXR
diagnostic, much finer structure should be observed and this kind of electrons are expected to
be detected. The electrons accelerated along the field lines would be helpful to explain the

ion heating/transport in the field line direction.



Chapter 6

Summary and Conclusions

In order to investigate the electron acceleration mechanism during the evolution of
magnetic reconnection, we developed a multi-filter high-resolution soft X-ray imaging
diagnostic in TS-6 plasma merging experiments.

The advantages of this diagnostic are listed as follows.

* Stereo soft X-ray images can be simultaneously measured by only one same high-speed

camera system.
* The evolution of soft X-ray emission can be recorded.

* Energy analyses can be performed by using two different filters on the stereo pin-hole

cameras.

* The MCP chambers are especially designed. It is easy to upgrade the present diagnostic

to 16-camera system for 3D tomography and detailed energy analyses.

Detailed design of this SXR diagnostic is introduced in this thesis, including vacuum
system, pinhole camera with MCP as detector, high-voltage pulse circuit, optical system, and
high-speed imaging system. The above especially designed systems ensure the precision and

reliability of the SXR diagnostic.
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The tomographic method based on the Phillips-Tikhonov regularization is developed to
reconstruct line-integrated images into local emissivity of SXR, which reflects the spatial
distribution of high-energy electrons.

Relying on the SXR diagnostic developed on TS-6 plasma merging experiments, the

following achievements have been successfully accomplished.

* The SXR has been detected for the first time in the TS-6 plasma merging experiments;

* The photon energy of SXR has been determined to be higher than 100 eV but lower
than 400 eV by the use of multiple filters.

* Both downstream acceleration and X-point acceleration have been measured by recon-

structing the SXR images into local emissivity.

* The local emissivity in the downstream region is several times stronger than that in
the X-point region, indicating that electrons are to be further accelerated after leaving

from the X-point and obtain much more kinetic energy.

* Accelerated electrons with higher energy are observed to distribute in further down-
stream regions of magnetic reconnection, which means that they obtain much more

kinetic energy along with the outflow.

* Electrons can be accelerated in the downstream region where the magnetic field piles
up, as the electric field can accelerate electrons in their drift direction (gradient drift
and curving drift of magnetic field)[61]. We found that electron acceleration in the

downstream region could be enhanced with the increase of PF/B,.

 After the electrons enter into the region near the X-point, they would rotate around the
guide field. The guide field confines electrons in the vicinity of X-point and further
accelerate them[62]. We also found that the process of electron acceleration could be
faster with the increase of guide field. The possible mechanism is that the guide field
enhanced the X-point acceleration through parallel electric field, and it is a much more

effective channel to accelerate electrons, compared with downstream acceleration. So,
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the electron acceleration near the X-point would become stronger and faster. Our
experimental results show that the burst of SXR is much earlier and the intensity is

much stronger with a higher guide field, which agrees with the mechanism.

Increasing the intensity of SXR signal and improving the accuracy of this SXR diagnostic
are necessary for further research on electron acceleration. With higher SXR emission energy,
more clear and precise structure can be observed and more physical issues can be studied.

At present, our diagnostic just focuses on SXR with energy a little higher than 100 eV, as
the bulk electron temperature is so low. So, it is also a reason to increase the magnetic field
to get higher-energy SXR. On the other hand, higher SXR energy can allow us to observe
it in more different energy ranges by different filters. There would be more detectors with
different filters in our SXR diagnostic in the future.

Of course, the presence of magnetic probes is non-negligible, which obviously influences
the motion of high-energy electrons, resulting in the difficulty of increasing electron kinetic
energy. In the future, magnetic field measurement without inserting probes into plasma such

as EFIT would help solve this problem.
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