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Abstract

Reconstruction of non-axisymmetric, three-dimensional (3D) plasma equilibria is impor-

tant for understanding 3D confinement and stability in stellarators as well as in nominally ax-

isymmetric plasmas in tokamaks and reversed-field pinches (RFP). Tests of non-axisymmetric

free-boundary equilibrium reconstruction are performed on the Compact Toroidal Hybrid (CTH)

experiment, a small torsatron/tokamak hybrid device. The flexible CTH magnetic configuration

allows varying the amount of 3-D shaping by modifying the rotational transform of the mag-

netic field. 3D equilibrium reconstruction on this device is used to determine the effect of the

internal current on the 3D shaping of the MHD equilibrium. The results are used to interpret

the stability, and disruptive characteristics of hybrid stellarator/tokamak plasmas.

These studies were performed using the 3D equilibrium reconstruction code V3FIT with

experimental measurements from external magnetics and soft X-ray (SXR) cameras. It was

verified that external magnetic diagnostics have limited sensitivity to accurately reconstruct the

internal experimental current distribution. Instead the current distribution was reconstructed

by two methods using soft X-ray measurements. The location of the sawtooth inversion radius

can be identified by soft X-ray analysis to infer the radial location of the q = 1 surface, which

is used to fit parameters of plasma current profile with greater precision than with magnetic

signals alone. Secondly, SXR emissivity multi-channel measurements are used to reconstruct

the shape and position of flux surfaces, and infer the current distribution within the plasma. The

reconstruction results are consistent with those using external magnetic data and the constraint

of the location of q = 1 surfaces determined from inversion surface radii extracted from SXR

emission data.

Improved reconstructions of current and q profiles provide insight into understanding the

physics of density limit disruptions observed in current-carrying discharges in CTH. The phe-

nomenology of hybrid discharge terminations is similar to tokamak disruptions. As a result

of the ability to adjust the external vacuum rotational transform in CTH, we have found the
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density limit at a given current increases linearly with the addition of vacuum transform. Con-

sequently, plasmas with densities up to two times the Greenwald limit[1] are attained at the

maximum vacuum transform of 0.22. Equilibrium reconstructions show that addition of 3D

fields effectively moves resonance surfaces towards the edge of the plasma where the current

profile gradient is lower, providing a stabilizing effect to the growth of resistive rearing modes.
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Chapter 1

Introduction

As worldwide consumption of energy and resources steadily increases, it is becoming more

probable that traditional, non-renewable energy resources such as coal, oil and natural gas will

be significantly depleted in the coming century. What is more, these relatively cheap energy

solutions come at a coast of environmental damage via the generation of harmful pollutants,

including greenhouse gases. The last decades have correspondingly seen a serious pursuit of

renewable, cleaner sources of energy. Renewable energy technologies such as wind, solar pho-

tovoltaic and hydroelectric, are considered to be relatively clean sources of energy in that they

produce no harmful by-products. However they have their own weakness. Solar and wind

power are intermittent sources without fully predictable output and are restricted by climate

and other environmental effects. Thus they are considered by many to be still relatively imma-

ture and expensive compared to fossil fuels. While hydropower is a mature technology with

relatively low costs, in some industrial countries, the available sites for hydropower have been

nearly fully exploited, and thus do not offer much possibility of significant expansion. Besides,

dams may have huge influence on local environments and some effects can show up after years.

For either non-renewable fossil fuels or renewable solar, wind and hydropower, their ori-

gin is the fusion reaction in the sun, in which two light nuclei such as hydrogen or its isotopes,

collide with each other, producing a heavier nuclei accompanied by the release of energy. The

thermonuclear fusion reaction has revealed its power with the mighty H-bomb in a uncon-

trolled, destructive way. Accomplishing the fusion reaction in a controlled environment and

collecting released energy during the process will be a more positive outcome, producing abun-

dant and clean energy. While there are many possible fusion reactions, the particular process
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of interest for controlled fusion is the deuterium-tritium reaction:

D + T → He4(3.5 MeV) + n(14.1 MeV) , (1.1)

where high energy neutrons are produced. This process has the highest fusion cross-section at

low incident energies2.

However, great benefits come with enormous challenges. For a sufficient fraction of

charged nuclei to overcome their mutual Coulomb repulsion to allow them to fuse the col-

lection of charged particles, plasma, must have a sizable average kinetic energy, in the range

of 10 − 20 keV. This requires the temperature of the burning plasma to reach 100 − 200 mil-

lion ◦C 3. Because no matter In this extreme condition, any material on the Earth can easily

be destroyed by the hot plasma. Thus advanced confinement techniques are required. Another

challenge comes from how to capture the released thermal energy, transfer it into electrical

energy, and make sure the overall outcome is greater than the input power, i.e. to exceed the

break-even condition

Current research focused on two promising solutions for electric energy productions: In-

ertial Confinement Fusion (ICF) and magnetic confinement fusion. Inertial confinement, which

is outside the scope of this thesis, attempts to obtain fusion by heating and compressing a fuel

target, typically in the form of pellet that would contain a mixture of deuterium and tritium,

using converging high-energy beams of laser light, electrons or ions. In the magnetic confine-

ment approach, strong magnetic fields are used to confine the hot dense plasma for a sufficiently

long period of time while the plasma is heated such that random collisions between deuterium

and tritium nuclei will produce fusion. Major magnetic confinement concepts that have been

explored include axisymmetric (toroidal symmetry) configurations, such as tokamak, reversed

field pinch, spheromak and field reversed configuration, and inherently non-axisymmetric con-

figuration, stellarator.

One of the major challenges of magnetic confinement is not only to sustain continuous

high temperature plasma but also to ensure the hydrodynamic stability of the confined plasma

2



for reactions. The operation of these fusion devices is usually limited by instabilities and dis-

ruptive phenomenon associated with plasma current, pressure gradient and density. Among

them, the density limit describes the maximum density that can be achieved in a magnetic

confined plasma4. In various magnetic confinement experiments, it is found that there are

clear limitations on the density that can be achieved even with advanced heating or fueling

techniques. Attempts to raise the density beyond the limit result in a disruption of the dis-

charge. Since the fusion reaction rate scales with n2, the density limit plays an important role

in achieving practical fusion power. Therefore studies of the physics and mechanism behind

density limit along with its mitigation and avoidance are of great importance to the success of

future fusion plant.

1.1 Magnetically confined plasma

A charged particle within a magnetic Field B is subject to the Lorentz force:

F = qv ×B , (1.2)

where q is the charge of the particle and v is the velocity of the particle. For a particle moving

perpendicularly to a magnetic field line, the Lorentz force produces a force pulling the particle

towards the magnetic filed line. Thus the particle orbits around the magnetic field line with a

characteristic frequency called the gyro frequency,

ω =
|q|B
m

, (1.3)

at a characteristic radius known as the Larmor radius,

rL =
mv⊥
|q|B

. (1.4)

Here m is the mass of the charged particle, and v⊥ refers to the velocity component that is

perpendicular to the magnetic field, B. In conjunction with the parallel component of the

motion, the trajectory of a charged particle in the plasma follows the helical orbit of the field
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Figure 1.1: Toroidal geometry is used in plasma confinement. R is the major radius of the torus,
r is the minor radius, θ is the poloidal angle and φ is the toroidal angle. Z-axis is vertical, and
normal to the horizontal plane of the torus.

line. In the absence of collisions, this orbital motion traps the particle on the magnetic field

lines.

Ideally, a field line confines a charged particle if it can go from x = +∞ to −∞. To

produce an enclosed finite volume of plasma, the magnetic field lines are curved back onto

themselves. A magnetic confinement device is designed to produce magnetic fields to minimize

contact of the hot plasma with the enclosing vessel wall. One natural geometry of magnetic

confinement devices is a torus as shown in Fig. 1.1. Here the increments in toroidal or azimuthal

angle, φ, and poloidal angle, θ, are indicated by arrows. R and r are the major radius and minor

radius of the torus respectively. The Z-direction is along the axis normal to the plane of the

torus. If there was only a toroidal field in the φ-direction within the torus, the plasma would

be convected outward by an E × B drift, leading to the loss of confinement. This E field

arises from the gradient of a B field and centrifugal drifts. To counteract this drift, a poloidal

magnetic field is added to create a helical magnetic field.

In a tokamak, the toroidal magnetic field is provided by the external currents flowing in

planar electromagnetic coils spaced along the φ-direction, while the poloidal magnetic field is

mainly provided by a toroidal current within the plasma. Typically this current is driven by a
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voltage induced by an external circuit called the ohmic heating transformer. Thus the magnetic

configuration in a tokamak exhibits toroidal symmetry. In contrast, in current-free stellara-

tors, both toroidal and poloidal magnetic fields necessary for toroidal plasma confinement are

supplied by currents in external magnetic coils, resulting a non-axisymmetric magnetic con-

figuration. A comparison of the last closed flux surfaces of an axisymmetric tokamak and a

non-axisymmetric stellarator is shown in Fig. 1.21.

Figure 1.2: The last closed flux surfaces of (a) an axisymmetric tokamak with continuous
rotational symmetry in the toroidal direction, and (b) a ten field period stellarator with discrete
symmetry. Colors indicates the strength of magnetic fields.1

The helicity of the curved magnetic field line is characterized by the rotational transform.

Considering the trajectory of a field line, the rotational transform can be defined as the average

change in poloidal angle of the field line location, 〈∆θ〉, normalized to the toroidal circuit of

2π. The average nominally is applied over an infinite number of toroidal transits5:

ῑ = lim
N→∞

1

N

N∑
1

∆θ

2π
(1.5)

Here 2π is the change in toroidal angle, ∆φ = 2π for a single toroidal transit of the field line.

If a field line makes n poloidal transits during m toroidal transits, the rotational transform of

this specific field line is given by:

ῑ =
n

m
. (1.6)

The helical fields of the different rotational transforms form a set of nested flux surfaces.

If n and m in Eq. 1.6 are integers, these magnetic field lines would close on themselves after
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a finite number of toroidal and poloidal circuits of the field line. The flux surface formed by

this group of magnetic field lines is known as rational flux surface. Otherwise, magnetic field

lines never close upon themselves after infinite number of toroidal transits and form so-called

ergodic flux surfaces. In a tokamak, the parameter q is used to characterize the helicity of

field lines. This parameter is the safety factor, and is the reciprocal of the rotational transform:

q = 1
ῑ
.

A fluid model, the magnetohydrodynamic (MHD) model, is used to describe the dynamics

and macroscopic equilibrium and stability of the plasma within these magnetic fields. In the

ideal MHD approach, the plasma is represented by a single fluid with infinite conductivity and

zero ion gyro radius. Details of the ideal MHD theory is given by Freidberg5. In a static ideal

MHD equilibrium, the confined plasma obeys the force balance equation:

∇p = J ×B , (1.7)

where J is the plasma current density and p is the plasma pressure. Taking the dot product of

Eq. 1.7 with field B gives:

B · ∇p = 0 . (1.8)

Therefore the magnetic field must be tangential to the contours of constant pressure, thus mag-

netic flux surfaces are also surfaces of constant pressures. The plasma pressure is typically

maximum at the magnetic axis, where magnetic flux surface approaches single field line in the

center of the poloidal cross-section, and decreases at outward surfaces.

An example of nested flux surfaces for a plasma equilibrium in the Compact Toroidal

Hybrid (CTH) is shown in Fig. 1.3. In contrast with traditional current-free stellarators, CTH is

a tokamak/stellarator hybrid with the ability to drive plasma current within pre-established pure

stellarator plasma. CTH can vary the amount of rotational transform from a near axisymmetric

tokamak-like equilibrium to a fully 3D non-axisymmetric stellarator equilibrium.
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Figure 1.3: Layers of closed nested magnetic flux surfaces in CTH. The coloring represents the
strength of the magnetic field. A few magnetic field lines are plotted in white on flux surfaces.
[Figure provided by M. Cianciosa]

1.2 Goal of this thesis

Fusion science is now moving into the era of controlled burning plasma experiments. As

the largest thermonuclear fusion project, International Thermonuclear Experimental Reactor

(ITER) is under construction in France and will attempt to achieve a fusion power gain of up

to 10 for over five minutes6. As a result, ITER confronts the practical challenges of tokamak

physics and technology at a scale greater than in any previous experiment. Some of the critical

challenges that hinder the tokamak concept are plasma disruptions, operational complexity, and

control of the self-organized burning plasma state. Designed as a tokamak/stellarator hybrid,

CTH has the flexibility to vary externally applied rotational transform, i.e. the amount of three-

dimensional (3D) magnetic field imposed. It targets the challenge of reducing the disruptivity

of toroidal plasmas by passive, 3D shaping of the equilibrium magnetic flux surfaces. Equally

important is to develop a predictive physics basis for disruption modification using 3D shaping

fields. Indeed, experiments on current-carrying stellarators have shown evidences of disruption

avoidance and improved positional stability7–9.
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In principle, the stellarator configuration can avoid the problem of major disruptions by

operating in MHD stable regimes. It can also operate with long pulses without significant

auxiliary current drive. Thus stellarator configuration is inherently a steady-state concept ca-

pable of ignition operation, and the stellarator approach is considered to be a realistic means

of overcome a number of practical challenges to fusion. What is more, the stellarator provides

an example of the benefit that strong 3D shaping field can lead to improved toroidal magnetic

confinement. High performance stellarator such as LHD is exploring confinement regimes in

current-free helical discharges10, in which the average non-axisymmetric magnetic filed com-

ponent B3D is comparable to the main axisymmetric toroidal filed B0, B3D/B0 ∼ 0.3. LHD

has achieved an averaged beta value of 5%11, comparable to that required for stellarator power

plant. There is also evidence that quasi-symmetric field configurations in stellarators improves

the confinement and plasma flow while exploiting the steady-state advantages of the stellara-

tor12,13. On the other hand, modest levels of 3D field structure (B3D/B0 ∼ 10−4 − 10−3) have

been applied to tokamaks to effect control of resistive wall modes (RWM)14,15 and edge lo-

calized modes (ELM)16,17. Relative theoretical work suggests that some form of 3D magnetic

field structure is expected in the design of future steady state reactors1,18,19.

A natural question arises, what are the potential benefits of a larger level of non-axisymmetric

shaping field in nominally axisymmetric tokamaks, or how can the 3D vacuum equilibrium of

helical configurations broadly improve control and maintenance of tokamak discharges. This

could lead to the control and avoidance of disruptions as well as the sustainment of the dis-

charges by means of supplemental rotational transform supplied by external helical or modular

coils with B3D/B0 ∼ 10−2 − 10−1. To answer this equation, a hybrid magnetic configura-

tion such as CTH is proposed , where a toroidal plasma current can be driven on the flux

surface of a pure stellarator equilibrium. The goal of this approach is specifically to reduce

plasma disruptions and their consequences by superimposing closed stellarator flux surfaces on

current-driven toroidal discharges.

The major objectives of this work on CTH focus on understanding the effects of strong 3D

shaping on the equilibrium and stability of hybrid discharges20. Specifically they are:
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• Exploring the magnitude and geometry of non-axisymmetric 3D shaping field that is ef-

fective in instability, disruption mitigation and avoidance in current-carrying discharges.

• Understanding the physics of major disruptions in hybrid discharges as well as the mech-

anism of their mitigation and avoidance with imposed external vacuum rotational trans-

form.

• Validating and improving equilibrium modeling and reconstruction to providing linkage

of experimental observations to computational prediction for large devices.

• Understanding the impact of resonant field errors or magnetic islands in hybrid dis-

charges.

1.3 Thesis overview

This thesis provides equilibrium reconstructions of hybrid discharges in CTH with 3D equi-

librium reconstruction code V3FIT21, and using it as a tool to understand the effect of strong

3D shaping on MHD instability and disruption, specially the density limit disruption. Equi-

librium reconstruction is a process in which the diagnostic signals computed from a model

plasma equilibrium are compared with corresponding data from experimental measurements

to find an accurate model of the actual experimental equilibrium configuration. Reconstruc-

tion of non-axisymmetric, three-dimensional plasma equilibrium is important for understand-

ing intrinsic 3D confinement and stability in stellarators. CTH‘s unique hybrid nature makes

itself a good test-bed to benchmark and validate the V3FIT code. Continuous and consider-

able efforts have been put into the improvements and benchmarking of V3FIT, which not only

impact the scientific merit of experimental explorations on CTH, but also motivate improve-

ments in the code itself. Accordingly equilibrium reconstructions with both external magnetic

measurements and internal soft x-ray emissivity measurements have routinely been performed

for various CTH discharges. This capability enables a more quantitatively evaluation of the

conditions for MHD instability that lead to disruptions. With addition of internal soft-x ray

emissivity measurements, V3FIT gives better reconstruction of the core of the plasma com-

pared to the one using external magnetic diagnostics alone. We have found that density limit
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disruptions in a current-carrying stellarator exhibit similar phenomena as in tokamaks. And

the final scenario of the density limit is consistent with classic observation in tokamaks, in-

volving cooling of edge plasma, current profile shrinkage, growing MHD instabilities (usually

m/n = 1/2 tearing mode) followed by loss of MHD equilibrium, and final disruptions22. What

makes CTH standout is that the disruptive behavior of current-carrying discharges in CTH can

be reproducibly modified by the presence of modest levels of externally generated rotational

transform. CTH plasma can routinely operate beyond the empirical Greenwald density limit23

with addition of 3D magnetic shaping field. As the vacuum rotational transform is raised, nor-

malized density before disruption increases by a factor of nearly 4, although we have not found

a threshold value of vacuum transform that eliminates disruptions. Equilibrium reconstructions

of the these discharges suggest that modified disruption behavior is due to changed interaction

between current profile and safety factor q profile with imposed 3D shaping fields.

The outline of this thesis is as follows: Chapter 2 describes the CTH experiment, espe-

cially its flexible magnetic configuration, along with the diagnostics available in equilibrium

reconstruction on CTH. Chapter 3 gives a brief introduction of the computational tools for

3D equilibrium reconstruction performed on CTH, the VMEC and V3FIT codes. Chapter 4

discusses the design, installation and optimization of various magnetic diagnostics on CTH,

and how they are incorporated in V3FIT to reconstruct CTH plasmas. Chapter 5 highlights

both the indirect and direct application of soft-x ray (SXR) measurements in V3FIT to improve

the reconstruction of current profile on CTH. Chapter 6 contains a complete discussion of the

scaling laws, experimental observations, involved physics and proposed mechanism of density

limit disruptions on toroidal confinement experiments, similarity and uniqueness of density

limit disruptions on CTH, and demonstrates the suppression of density limit disruptions with

increasing amounts of stellarator transform provided by the external coil currents. Chapter 7

summarizes and discusses the major results along with possible future work to extend current

understanding.

10



Chapter 2

Experimental platform for study of 3D equilibrium reconstructions

2.1 Introduction

The experimental toroidal magnetic equilibria studied in this work were obtained on the CTH

hybrid stellarator. A photo of the CTH device is shown in Fig. 2.1. Compared to most stel-

larators, it produces a low aspect ratio plasma with R/aplasma > 3.5. Here, R is the major

plasma radius and aplasma is the toroidally averaged minor radius. Like all stellarators, the mag-

netic configuration of CTH lacks toroidal symmetry (or axisymmetry), but exhibits field-period

symmetry in the toroidal direction, in which the magnetic configuration is repeated on integral

number of times in the full toroidal circuit. The magnetic coil system is designed to create field-

periodic magnetic flux surfaces, in which the set of points defining the magnetic flux surfaces

have the following property24:

[R (Φ, θ, φ) , Z (Φ, θ, φ)] ⇐⇒
[
R

(
Φ, θ,

2πn

N
+ φ

)
, Z

(
Φ, θ,

2πn

N
+ φ

)]
(2.1)

Here the functions R and Z refer to the set of points on a given flux surface labeled by Φ.

The radial-like coordinate Φ is typically the toroidal magnetic flux enclosed in a specific flux

surface; Φ =
∫∫

B · φ̂dA. θ and φ are the poloidal and toroidal angles respectively. The

number of field periods of CTH is N = 5. The coil configuration is also designed to enforce

stellarator symmetry, so that the magnetic flux surfaces also exhibit the following property of

vertical symmetry:

[R (Φ, θ, φ) , Z (Φ, θ, φ)] ⇐⇒ [R (Φ, θ,−φ) ,−Z (Φ, θ, φ)] (2.2)
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Figure 2.1: CTH machine area

The maximum toroidal magnetic field produced by the CTH coil set is B0 = 0.6 T.

CTH may operate as a pure stellarator, or as an unusual hybrid of a current-carrying toka-

mak and a stellarator. When CTH operates as a pure stellarator, the magnetic rotational trans-

form, which is required to generate closed, nested flux surfaces for confinement, is provided by

external magnetic field coils alone. In its unique hybrid role, a central ohmic solenoid can drive

a toroidal current, Ip, within a pre-established ECRH (electron cyclotron resonance heating)

stellarator plasma. By varying the currents in the external magnetic coils and the total plasma

current, CTH is capable of investigating the effects of strong 3D shaping on MHD instabilities

and disruptions that are driven by unstable plasma currents. Table. 2.1 shows several major

parameters of the CTH design and plasmas.

A discussion of CTH magnetic coil configuration is presented in sec. 2.2. Numerous

diagnostics available on CTH are described in sec. 2.3.
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R 0.75 m PECRH 6 30 kW
avessel 0.289 m ne 6 4× 1019m−3

aplasma 6 0.2m Te(est.) 6 200 eV
B0 6 0.6 T β 6 0.5%
Ip 6 80 kA Edge ῑvac 0.02− 0.32

Table 2.1: Major parameters of CTH design and operation

2.2 CTH magnetic configuration

The main magnet coils of CTH are shown in Fig. 2.2. They consist of six, independently-

controlled, magnetic coil sets, which allow the vacuum magnetic rotational transform, magnetic

shear, and vertical elongation to be varied. Also shown is the vacuum vessel in gray.

Although the plasmas in CTH are non-axisymmetric, the vacuum vessel was chosen to be

circular in both poloidal and toroidal cross section It has a major radius of R0 = 0.75 m and a

minor radius of avessel = 0.29 m. Unlike strongly-shaped vessels of stellarator configurations

defined by a set of highly-optimized coils25–27, the CTH vessel allows a large variety of plasma

shapes and positions to be accommodated. The choice of a circular vessel was also based on

economy. The wall of the Inconel 625 alloy vessel has an average thickness of 2.5 mm and

toroidal electric resistance of approximately 1 mΩ. As a result, the inductive toroidal loop volt-

age of current-driven plasmas will also induce current within the vacuum vessel itself. The

placement of all ports are designed to maintain the five-field periodicity and reduce the mag-

nitude of symmetry-breaking errors from finite vacuum vessel currents. These finite vacuum

vessel currents are eddy currents induced by changing magnetic fluxes form the coil and plasma

currents. Additional eddy currents are driven in other conducting structures including the he-

lical coil frame, which consists of ten identical interlocking but electrically-isolated cast alu-

minum frame pieces. More details about the description of eddy currents on CTH and proper

modeling in equilibrium reconstruction will be discussed in Sec. 4.3.2.

A single ` = 2, m = 5 helical field coil (HF), consisting of 96 turns, is wound onto

an aluminum frame that encloses the vacuum vessel. The coil makes two toroidal circuits for

every five poloidal circuits as it is wound around the vacuum vessel. The helical path followed

by the center of the HF coil pack is defined by a HF coil winding law28,29 in pseudo-toroidal
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Figure 2.2: Magnet coils of the Compact Toroidal Hybrid: Helical field coil (HF) and main
vertical field coils (OMVF), connected in series, are shown in red. Additional poloidal field
coils for trimming the vertical field (TVF) and radial field (RF) are shown in green and blue
respectively. Auxiliary toroidal field (TF) coils are shown in yellow. The shaping vertical field
coil (SVF) set for elongation and shear is shown in purple. The ohmic transformer solenoid
and dedicated poloidal for ohmic flux expansion (OH) are indicated in green-blue.
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coordinates (r, θ, φ). The winding law was selected by optimization with the IFT code30 to

maximize the volume of the region within the CTH vacuum vessel. Since the current in the HF

coil is unidirectional, the magnetic configuration of CTH is referred to as a torsatron within the

class of stellarators.

The HF coil provides toroidal and poloidal components of the equilibrium helical field.

In most torsatrons and CTH in particular, an additional poloidal/vertical field is required to

produce a closed vacuum equilibrium within the volume of the vacuum vessel. The poloidal

field coil set on CTH consists of four subsets:

1. The main vertical field (MVF) coils, electrically connected in series with the HF coil

(and therefore with the same current as the HF coil), to provide approximately 50% fo

the vertical field required for equilibrium.

2. A pair of trim vertical field (TVF) coils, powered independently to further control the

radial position of the plasma

3. A shaping vertical field (SVF) coil set, providing a quadrupole field, to adjust the vertical

elongation as well as the magnetic shear of the plasma equilibrium.

4. A radial field (RF) coil set for shifting the vertical position of the plasma, or maintain

vertical stability during ohmic operation.

The vacuum rotational transform, ῑvac, can be raised or lowered with the use of ten aux-

iliary toroidal field (TF) coils by adding to or subtracting from the toroidal field component

produced by HF coil. Various vacuum transform radial profiles for different ratios, ITF/IHF,

are plotted in Fig. 2.3. With the independent control presently available, the edge vacuum

rotational transform, ῑvac(a), can be varied from 0.02 to 0.35.

To operate as a hybrid tokamak/stellarator, a toroidal current is driven using the ohmic

heating transformer within the pre-established ECRH plasma. In a typical experiment in CTH, a

vacuum configuration presumably with predictable nested closed magnetic flux surfaces is first

obtained using external coil currents. A plasma is then produced in this magnetic configuration

using ECRH. The plasma working gas is typically hydrogen or deuterium. Next, a large toroidal
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Figure 2.3: Vacuum rotational transform vs. radial-like coordinate Φ for several values of
ITF/IHF. Positive values of ITF/IHF correspond to the toroidal components of the TF and HF
being parallel, negative to anti-parallel. The normalized toroidal flux is 1 at the last closed flux
surface and 0 at the magnetic axis.

loop voltage is induced by the OH coil, leading to a driven toroidal plasma current. The addition

of plasma current substantially changes the transform profiles, as shown in Fig. 2.4. In this

case, the resulting rotational transform has contributions from both the vacuum field and the

poloidal field produced by the driven plasma current. Accordingly, the total rotational transform

is the sum of the vacuum rotational transform and the transform due to the plasma current:

ῑtot = ῑvac + ῑp. In CTH, the driven plasma current can provide up to ∼ 96% of the total

rotational transform in some cases.

The magnetic equilibria of CTH plasmas are predicted to be highly non-axisymmetric

either with or without ohmic plasma current. The shapes of the last closed flux surfaces are

computed with VMEC, and illustrated in Fig. 2.5. One half of a zero-current, ECRH-only

plasma is depicted on the left side of the plot, along with poloidal cross-sections of flux surfaces

at four different toroidal angles. The right side of the figure shows flux surfaces and plasma

shape computed at a plasma current of Ip = 53.6 kA. While the poloidal cross-section of CTH

discharges becomes less elliptical with the addition of driven plasma current, the underlying

toroidal N = 5 stellarator periodicity is enhanced. Thus even in hybrid discharges, the need

for fully 3D computational tools for reconstruction remains clear.
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Figure 2.4: Toroidal plasma current substantially modifies the shape of the rotational trans-
form profile. Bottom trace shows the monotonically increasing vacuum transform of ECRH
only plasma, with vacuum rotational transform ∼ 0.05. The top trace presents the changed
total transform with 50 kA of plasma current and total rotational transform ∼ 0.45, showing a
monotonically decreasing profile.

Figure 2.5: Poloidal cross-sections of magnetic flux surfaces and representations of the last
closed flux surfaces of CTH plasmas without plasma current (Ip = 0)(left) and with Ip =
53.6kA. The color shading refers to magnetic field strength (blue lowest; red highest), and
several field lines are indicated by white lines.
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2.3 CTH diagnostics

Plasma diagnosis is a process that deduces properties of the state of plasma from experimental

observations of physical processes and corresponding effects. Its principles are well discussed

in numerous references31–33, which set the foundation to understand experimental diagnostic

data and to design and build new diagnostics. In this work, the plasma parameters of plasma

shape, position, density, temperature, magnetic fluctuations as well soft-x ray (SXR) emission,

are important in performing redible equilibrium reconstructions. A top view of CTH device

and positions of various diagnostics available on CTH are shown in Fig. 2.6.

Figure 2.6: Top view of CTH device with a map showing various diagnostics available on CTH.

Magnetic diagnostics on CTH include full and segmented Rogowski coils, saddle shape

flux loops, poloidal, toroidal and radial magnetic pick up coils and diamagnetic loops. On CTH,
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magnetic diagnostics are routinely used to determine plasma current, loop voltage, plasma

shape and position34, current distribution as well as magnetic fluctuations35. They are used for

equilibrium reconstructions together with other internal diagnostics such as SXR cameras36.

CTH is also equipped with an extensive collection of emissivity diagnostics consisting of

SXR cameras and bolometer cameras. Three 20-channel two-color SXR cameras are developed

and installed at the toroidal location of φ = 252◦ for electron temperature measurements37 and

soft-x ray fluctuation analysis38. Two additional bolometer-SXR systems are located at φ = 0◦

and 36◦. The emissivity measurements from all SXR cameras are implemented in the V3FIT

code as internal diagnostics primarily for fitting the radial distribution of the plasma current.

The line-integrated electron density is measured with a three-channel 1 mm microwave

interferometer system installed at φ = 108◦ 39. One of the three chords passes through the

horizontal mid-plane, while the other two located above and below the mid-plane.
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Chapter 3

Computational procedures for reconstructions in CTH

3.1 Introduction

Equilibrium reconstruction is an inverse process in which the diagnostic signals computed

from a model plasma equilibrium are compared with corresponding data from experimental

measurements to find an accurate model of the actual experimental equilibrium configuration.

Reconstruction of non-axisymmetric, three-dimensional (3D) plasma equilibria is important

for understanding intrinsic 3D confinement and stability in stellarators as well as in nominally

axisymmetric plasmas in tokamaks and reversed field pinches (RFP). Reconstruction of two-

dimensional (2D) equilibria based upon solving the Grad-Shafranov equation is well under-

stood with reconstruction tools such as EFIT40 and MSTFIT41, and is routinely performed for

tokamak42–45 and RFP41 discharges. The application of fully 3D MHD equilibrium reconstruc-

tion of fusion plasmas is less well developed, but is now being applied to a variety of magnetic

configurations, including tokamaks and RFPs, as well as stellarators, for which it was originally

intended46. For example, 3D equilibrium reconstruction has been applied to HSX stellarator

discharges to interpret Pfirsch-Schluter and bootstrap currents47, quasi-single helicity states in

RFP plasmas48, and error field effects on tokamak devices49. High β stellarator discharges in

the W7-X experiment are likely to benefit from 3D reconstructive capability50. Controlling the

equilibrium and stability properties of current carrying finite-beta stellarators as embodied in

the NCSX design51 may have required some elements of real-time 3D reconstruction.
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The highly 3D shaping of CTH plasmas make it a useful platform to benchmark 3D equi-

librium reconstructions. Unlike most present stellarator plasmas, discharges in CTH are mod-

ified by ohmically driven plasma current and thus are strongly perturbed from their vacuum

configurations. 3D equilibrium reconstruction on this device attempts to determine the effect

of internal current on the 3D shaping on the MHD equilibrium, and ultimately the stability and

disruptive characteristics of these hybrid stellarator/tokamak-like plasmas. Of particular im-

portance is the knowledge of the plasma current profile which in turn determines the rotational

transform profile. With knowledge of the transform profile, the locations of resonant magnetic

surfaces at which the rotational transform is a ratio of two integers may be determined. There

is no diagnostic in CTH that can directly measures the poloidal magnetic field distribution in-

side the plasma. A fully 3D equilibrium reconstruction code, V3FIT21, is used to reconstruct

the stellarator equilibrium state with various sets of external and internal diagnostics that are

available. The details of V3FIT code required to understand the CTH reconstruction work are

presented in this chapter.

3.2 VMEC equilibrium

Models are usually used to simplify and organize knowledge about a system. Typically, a model

represents the family of permissible profile solutions of the system using a limited set of param-

eters. The solution family is thus spanned by a parametric vector space. With given parameters,

the model can predict values of experimental observations for the system. This process is called

the forward problem. Whether the result is a 2D or 3D calculation, the equilibrium model must

be a solution of a plasma-magnetic field MHD equilibrium. Since the non-axisymmetric con-

figuration is considered here, we require a 3D equilibrium solver. In this work, the Variation

Moments Equilibrium Code (VMEC)52,53 is used to provide a 3D equilibrium solution.

Instead of solving the Grad-Shafranov equation as in axisymmetric equilibrium codes, one

computes the fully 3D equilibrium with VMEC by solving the MHD force balance equation

using variational principle to minimize the total energy.

J ×B = ∇p (3.1)
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The existence of closed flux surfaces is assumed, and as a result symmetry breaking magnetic

islands and chaotic regions are not modeled. The flux surfaces are represented by Fourier

modes in poloidal and toroidal coordinates. This greatly reduces the computational complexity

and time of the problem, making robust and real-time equilibrium solutions possible. The

convergence of the VMEC code to an equilibrium solution requires several input parameters

to be set. These are the plasma pressure profile and the current or rotational transform profile.

These profiles are parametrized as flux surface variable profiles. The flux surface variable is

the normalized toroidal flux, s, with s = 0 at the magnetic axis and s = 1 at the last closed

flux surface. Obviously the experimental profiles in flux coordinates are unknown and their

parameterizations must be reconstructed.

VMEC can be operated in fixed or free boundary modes. In the fixed boundary mode, the

equilibrium calculation requires knowledge of the last closed flux surface geometry. The shape

of the last closed flux surface must be specified. While in free boundary mode the external coil

currents and the total toroidal magnetic flux through the last closed flux surface are required.

In CTH, the additional plasma current significantly changes the geometry of flux surfaces of

the equilibrium such that the geometry of the last closed flux surface is unknown. As a result,

VMEC is used in free boundary mode and the boundary of the plasma is limited by limiters.

In the VMEC code, profile models of the current and pressure are implemented as either

parametrized functions of normalized magnetic flux or as discrete interpolated segments in

flux space such as splines or line segments. The equilibrium reconstructions presented in this

thesis make use of two profile parameterizations, both are functions of the normalized toroidal

flux. First is the two-power profile modeling, which uses three parameters, α, β and γ in its

functional form,

f(s) = α(1− sβ)γ . (3.2)

Generally, the α parameter controls the peakedness or breadth of the profile, and β has influence

on the shape of the tail of the profile. [Figures here] But the two-power parameterization

cannot model a hollow profile. Instead splines and line segment profiles are introduced with

the flexibility to model a greater range of profiles. The splines and line segment profiles are
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parameterized by defining nodes with value at multiple s positions.

f(s) = [f0, f1, ..., fn]

s = [s0, s1, ..., sn]

(3.3)

Usually the s and/or f values for one or multiple nodes are reconstructed in a equilibrium

reconstruction.

3.3 V3FIT

While in the inverse problem, values of experimental observations for the system can be pre-

dicted with given parameters in the VMEC model, the inverse problem is solved with fitting

code like V3FIT, in which experimentally observed data is used to infer the parameter of the

model.

For a given equilibrium model characterized by the parameter vector, p, the simulated di-

agnostic signals, SM(M(p)), are calculated and compared with the experimental observations,

SO. The mismatch between the modeled signals and experimental data is quantified by a χ2

defined as:

χ2 (p) = e(p)× e(p) =
∑
i

Wi

(
SOi − SMi (M(p))

σi

)2

. (3.4)

Here, each element ei(p) consists of a signal uncertainty σi and weight Wi, in addition to

the modeled signals and experimental data. Each element is differentiated with respect to the

parameters to compute the Jacobian,

J =
∂ei(p)

∂pj
. (3.5)

The computed Jacobian is employed within V3FIT to determine an optimized path to a mini-

mum value of χ2.

The parameters of VMEC and auxiliary models determine the equilibrium solution and

ultimately determine the computed model signals. Effectively, any parameter that affects the
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equilibrium may be reconstructed to a known upper and lower range. In the V3FIT code param-

eter ranges may be specified as either unconstrained, a particular value, or in terms of another

parameter. The last type could be used for cases where a profile specified by splines is recon-

structed. Sometimes, specifying a parameter range is necessary such as when someone wants

to prevent the reconstructed s position of a node from crossing over the previous or subsequent

node. Specified parameter ranges can also used as a constraint to avoid reconstructions that

result in unphysical models.

3.3.1 Signals in V3FIT

Four classes of general signals are included in V3FIT, including diagnostic signals, geometric

signals, prior constraints, and combinations of signals. All of these signals are implemented

using an object-oriented programming technique that allows for quick implementation of new

signals with minimal code impact.

The diagnostic signals include any signal determined from experimental observations. In

axisymmetric configurations, all diagnostics may be effectively treated as being in the same

toroidal plane. However, in non-axisymmetric 3D equilibrium reconstructions, the 3D position

and orientation of the diagnostics becomes important, thus V3FIT takes into account the fully

3D geometry of a diagnostic. In the V3FIT code, measurements can be specified as point,

line integrated, or volume integrated, depending on the nature of the diagnostics. Currently,

V3FIT implements typical diagnostics found on magnetic confined experiments, including var-

ious types of magnetic diagnostics, soft x-ray cameras, interferometer systems and Thomson

scattering. The implementation of the first two diagnostics will be discussed in detail in this

thesis.

Geometric signals are used to model plasma-wall interactions with limiters and first walls,

and are used to define the boundary of the plasma. Circularly and bar shaped limiters model

the installed limiters at their measured toroidal and poloidal locations.

A prior is a pseudo-signal that fix known values of certain parameters in the reconstruction,

assuming Gaussian distributions. By setting a prior, the χ2 minimization can be biased to

known quantity. The key usage of prior signals in this study is the implementation of prior
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signals is to use the location of the q = 1 surface extracted from analysis of soft x-ray emission

of sawtoothing plasmas in equilibrium reconstructions.

Lastly, combination signals combine any of the various χ2 contributions of other signals

into a single signal subject to a specified operation. For reconstructions performed in CTH,

each of the geometric limiter signals is combined into a single combination signal taking the

maximum value of each signal. This insures that only the first limiter that is encountered is

used to limit the boundary of the plasma.
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Chapter 4

Equilibrium reconstruction with external magnetic diagnostics alone

4.1 Introduction

Magnetic diagnostics external to the plasma can provide measurements of the plasma current

and plasma shape. They are routinely used to determine the shape and position of magne-

tized plasma54,55, to measure the magnitude and distribution of currents within the plasmas31,

and to identify various MHD instabilities56. These measurements are essential for performing

reconstructions in tokamaks40,42,57, and reversed field pinches (RFP)41. The use of magnetic

diagnostics in magnetically confined fusion experiments is reviewed by E. Strait58.

The results in this chapter are obtained from measurements using full and segmented Ro-

gowski coils, flux loops, and poloidal and radial B-dot pick up coils, all of which are used to

measure poloidal and radial magnetic flux at multiple toroidal and poloidal locations. Mea-

surements performed with these external magnetic diagnostics have been implemented in con-

junction with the V3FIT code to determine a model for the magnetic equilibrium of the CTH

plasma.

This chapter is organized as follows. The design and installation of the external magnetic

diagnostics that are used for equilibrium reconstruction are described in Sec. 4.2. The method

to incorporate magnetic diagnostic measurements in the V3FIT code is discussed in Sec. 4.3,

including optimization of the model positions and orientations of the various probes (Sec. 4.3.1)

and eddy current compensation (Sec. 4.3.2). Examples of 3D equilibrium reconstruction using

magnetic diagnostics are then given in Sec. 4.4. Finally, limitations of equilibrium reconstruc-

tions using only external magnetic diagnostics are discussed in Sec. 4.5.
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Figure 4.1: Magnetic coil with multiple turns

4.2 Magnetic diagnostics on CTH

Local and average magnetic flux is typically measured with passive wire loops or coils. The

inductive voltage, V, produced by a loop with surface S and contour C in a magnetic field B

is

V = −
∫
S

Ḃ · dS = − d

dt

∫
S

B · dS = −dΦ

dt
, (4.1)

which gives the time derivative of the total induced magnetic flux, Φ, through the area S of the

loop. To determine Φ, the signal from the loop is electronically integrated:

Vmeas =

t∫
t0

V dt = −
∫
S

B · dS = −Φ . (4.2)

To increase the level of the signal and accuracy of the measurement, one typically winds

a diagnostic coil with multiple turns as in Fig. 4.1 to increase the induced voltage for a given

local field. The magnetic flux through a solenoidal coil with cross section area ,A, number of

turns per unit length of n and length l, is:

Φ = n

∫
l

∫
A

dAB · dl = nA

∫
l

B · dl = Vmeas . (4.3)
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Figure 4.2: Top view of CTH vessel showing locations of the magnetic diagnostics used for
reconstruction. The saddle coils have a matching set on the bottom of the vessel.

Here
∫
l
B · dl is the line integral of magnetic field B averaged over the cross-section of the

coil. For coils with smaller dimensions than the scale length of variation of the magnetic field,

the measured voltage may provide a direct measure of the local magnetic field.

Vmeas = NAB . (4.4)

Here N = nl is total turns of wire. Based on Eq. 4.4, we can use small Ḃ coils to measure local

magnetic fields.

The location of the magnetic diagnostics that are used for equilibrium reconstruction is

shown in Fig. 4.2. They include full and segmented Rogowski coils, saddle coils or flux loops

and magnetic Ḃ pickup coils. A total of over 50 magnetic diagnostics are routinely used to pro-

vide data for reconstructing CTH plasmas. Details of the construction, calibration and position

measurement of these magnetic diagnostics are given in the following sections.
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Figure 4.3: Full Rogowski coil encloses the current to be measured. The coils are wound over
a return lead and the leads are twisted to minimize measurement of flux.

4.2.1 Rogowski coils

A Rogowski coil consists of a solenoid coil or set of solenoid coils connected in series that

closes on itself or not. An illustration of a full Rogowski coil is shown in Fig. 4.3. It is used to

measure the total current I that flows through the area created by the closed solenoidal loop.

Φ

nA
=

∮
l

B · dl = µ0I (4.5)

On CTH and other current-carrying plasma experiments, full Rogowski coils are used to mea-

sure the total toroidal plasma current.

Information of the spatial variation of the current or distribution may be obtained using

separate partial solenoid coils, which measure the distribution of the poloidal magnetic flux.

A segmented Rogowski coil is constructed as a set of partial coils connected in series. An

example of 14-segment Rogowski coil is shown in Fig. 4.4.

All Rogowski coils on CTH are fabricated by winding polyimide-coated (Kapton) 30

gauge copper magnet wires onto a solid 6.35 mm diameter Teflon R© core. To minimize pick

up of the toroidal flux in uncompensated leads, the solenoidal coils are wound in two layers.
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Figure 4.4: 14-segment Rogowski coil is vertically symmetric with each segment spanning a
fixed 20◦ poloidal angle. All leads are twisted to avoid unwanted pick-ups.

The return wire is wound back as the second layer of coil on top of the first so that the effective

closed toroidal flux loop is eliminated. The pair of leads from each coil are twisted to reduce

the additional flux pickup.

All internal coils are mounted on the interior wall of the vacuum vessel. Fig. 4.5 shows

one full and one segmented Rogowski coils inside the vacuum vessel. Rogowski coils are

covered by thin Teflon R© sheet for electrical isolation. Strips made of 316 stainless steel with

thickness of 0.08 mm are used to install coils in the desired poloidal cross-section. Each of the

full Rogowski coils was calibrated prior to installation by measuring the output voltage while

enclosing an AC current, measured using a 0.1 Ω resistor with a resistance tolerance of 0.1%.

A full Rogowski coil inside the vacuum vessel installed at a toroidal angle of φ = 264◦ is

used to measure the total plasma current, and a separate full Rogowski coil exterior to the vac-

uum vessel at φ = 342◦ is used to determine the vacuum vessel current as being the difference

between it and the interior coil. Signals from segmented, or partial poloidal Rogowski coils

allow for some reconstructions of the plasma current profile. A 16-segment Rogowski coil is

located at φ = 96◦, and a 14-segment coil is at φ = 324◦.
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Figure 4.5: One full and one segmented Rogowski coils mounted on the interior vacuum vessel
wall. Rogowski coils are covered by thin Teflon R© sheet for electrical isolation. Stainless steel
strips are used to fix coils in desired position.

After installation, the position and orientation of the coils are measured with a coordinate

measuring machine (CMM). Considering the 3D shape of Rogowski coils, simple point mea-

surements along the loop are not accurate enough to describe the actual position of the coil loop.

Instead, each segmented coil is geometrically represented by the coordinates of the center of 8

evenly divided cross-sections, as shown in Fig. 4.6. The coordinates of 5 points on the outer

layer of each cross-section are measured using the CMM. The average of their coordinates is

taken to model the position of the center of the cross-section. After position measurements,

all coils and cables are covered by stainless steel sheet to provide electrostatic shielding, as

well as protection from erosion and metal deposition during plasma discharges, glow discharge

cleaning, and titanium gettering.

4.2.2 Saddle coils

Radial magnetic fluxes are measured with a set of saddle coils (flux loops). They are installed

at φ = 288◦, with one section installed at 90◦ above the mid-plane and a matching set installed

at 90◦ below the midplane.
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Figure 4.6: Sketch of partial Rogowski coil. CMM measurements are made at 8 evenly divided
cross-sections.

The location of these saddle coils are optimized through the calculation of the so-called

signal effectiveness. As discussed in Appendix C, the signal effectiveness of a diagnostic is

calculated by determining the sensitivity of the diagnostic’s quantitative response to a recon-

struction model parameter. The intent is to ascertain, prior to construction, which diagnostics

will be most effective in reconstructing a particular parameter. Here, we use the capability of

V3FIT to calculate the signal effectiveness of simulated saddle coils to the current profile width

parameter α. The current profile is parameterized as

I ′(s) = I0(1− sα)6 . (4.6)

A smaller value α represents a more peaked profile while a profile with larger α is broader.

For this calculation, a full field period with poloidal extent from 0◦ to 180◦ and toroidal

extend from 0◦ to 72◦ is populated with 120 flux loops on a 12 × 10 grid. For a given VMEC

equilibrium, the signal effectivenesses of each of the 120 simulated loops is calculated with

respect to parameter α. The calculation is repeated using 20 different model plasmas with dif-

ferent plasma currents, densities and external coil currents. A contour plot of the average signal

effectiveness is shown in Fig.4.7. The color represents the strength of the signal effectiveness.
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Figure 4.7: Contours of predicted signal effectiveness of small saddle coils as a function of
their position within a field period. The red color denotes the highest effectiveness, and blue
the lowest. The values at the toroidal location 0◦ and 72◦ match because CTH system has a
five-fold field periodicity.

These simulations indicate that a small set of saddle flux loops mounted on the inboard side of

the vacuum vessel near φ = 0◦ (close to the top or bottom vertical port) would be most effective

in reconstructing the current profile parameter α. The actual saddle coils were placed in these

areas, as shown in Fig. 4.2.

Fig. 4.8 shows one frame of the saddle coils before installation on the inner wall of the

vacuum vessel. The frame of the saddle coil is made of stainless steel tubes and bars. The latter

are bent to fit to the curved wall of the vacuum vessel. Each frame consists of four flux loops,

each of which contains three turns of Teflon R© coated cooper wire with a diameter of 0.5 mmm,

wound within the stainless steel tubes. The leads of each loop are tightly twisted to reduce flux

pick-up. The two frames are fastened to the marked position of the interior vacuum vessel wall

with strips of shim stock. After installation, the coordinates of multiple points along each flux

loop are measured with the CMM.

4.2.3 Magnetic pickup coils

Local measurements of poloidal and toroidal magnetic field, Bθ and Bφ, are made with a set

of 6 small coils wound onto cubical Teflon R© forms. Kapton-coated 30 AWG copper wire is

wound on the form, in two perpendicular directions to measure time derivative of the radial and
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Figure 4.8: One frame of the saddle coils on the bench. Each frame consists of 4 loops.
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Figure 4.9: Cube coils are wound on cubic Teflon R© forms, 13.5 mm on a side. Polyimide-
coated (Kapton) 30 AWG copper magnet wire is wound on the form, in two perpendicular
directions to measure Ḃθ and Ḃφ

poloidal components of the magnetic field, Ḃθ and Ḃφ. They are distributed along a poloidal

cross-section at φ = 108◦. One set of 3 cube coils is installed at θ = 60◦, 90◦ and 120◦.

Another matching set is installed at vertically symmetric positions about the mid-plane. In

addition to their use in reconstruction, these coils are also used to measure the vertical drift of

ohmic plasmas34. These coils are wound on cubic Teflon R© forms with 13.5 mm edges as show

in Fig. 4.9. As with the Rogowski coils developed for this thesis, these coils are wound with

double layers to minimize stray pickup.

From Eq. 4.1, we get the voltage response of the coil to be:

V = −dΦ

dt

= −NAdB
dt

.

(4.7)

Here we assume that the magnetic field does not change much over the volume of the coil. The

product NA measures the response of the coil to the varying magnetic field. The NA value of
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Figure 4.10: Calibration of the Helmholtz coil is done with a Hall probe and varying DC
currents. The vale of parameter α is given by the slope of the fitted line.

each coil is calibrated using the uniform magnetic field generated by a Helmholtz coil. To do

this, the Helmholtz coil is first calibrated with different DC currents and a Hall probe with a

nominal accuracy of 0.2 G to determine the parameter α in Eq. 4.8.

Bh = αIh (4.8)

Here, Ih is the DC current that goes through the Helmholtz coil. The Hall probe measures the

corresponding magnetic field, Bh, in the center of the Helmholtz coil. The calibration data and

fitted value of α are shown in Fig. 4.10.

To calibrate the Ḃ coil, it is suspended in the center of the Helmholtz coil. The orientation

of the coil is adjusted so that its axis lies collinear with the axis of the Helmholtz coil and the

its cross-section is perpendicular to the magnetic field in the center of the Helmholtz coil. The

Helmholtz coil is powered by a function generator with sinusoidal voltage output. The current

through the Helmholtz coil is determined by measuring the voltage drop, Vr, across an high

accuracy resistor R (0.1Ω, 0.1%) in series with the Helmholtz coil The response of the Ḃ coil,
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Vc, is measured across the leads of the coil. For a given sinusoidal magnetic field ,B, with

frequency ,f , B = B0 sin(2πft+ δ), and the response Vc is:

Vc = −NAdB
dt

= −2πfNAB0 cos(2πft+ δ) .

(4.9)

Here we measure the peak value of Vr and Vc using an oscilloscope. Using the relation, B0 =

αI0 = αVr
R

, Eq. 4.9 turns to:

Vc = 2πfNAα
Vr
R
. (4.10)

Then we can solve for NA as :

NA =
R

2πα
×

Vc
Vr

f

=
R

2πα
× β .

(4.11)

Experimentally, the frequency f of the power supply was scanned from 200 Hz to 2000 Hz.

The slope, β =
Vc
Vr

f
, is obtained with a linear fit of the calibration data. An example of the

calibration result of one of the pick-up coils is shown in Fig. 4.11. Then with Eq. 4.11 and the

calibrated α value, NA is calculated. In this case, NA = 81.46± 0.91 cm2.

After the calibration, the six cube coils were installed in position with one face against

the inner wall of the vacuum vessel. They were carefully aligned to make sure that for each

cube coil the poloidal coil only measures the poloidal flux and the radial coil only measures

the radial flux. After installation, the position and orientation of all coils was measured with a

CMM. Specifically, the coordinates of the 8 vertices of each cube form were measured, from

which we can calculate the center of the cube as well as the radial and poloidal vectors.

All twisted pair conductors from magnetic diagnostics are fed through the nearest vacuum

vessel ports with a bayonet type multiple-pin connector, which brings the measured signals

to the analog integrator boards. The integration circuit design was provided by John Sarff of

the University of Wisconsin in Madison and Sterling Scientific. Then integrated signals are

amplified with specified gains and directed to the data acquisition system.

37



Figure 4.11: The ratio of the voltage output from the pick-up coil, Vc, and the voltage drop
across the current resistor, Vr, is plotted against the frequency, f , of the magnetic field. A
linear fit of the calibration data gives the value of slope with uncertainty.

4.3 Implementation of magnetic diagnostics in V3FIT

Experimentally, the signal from a particular magnetic diagnostic results from a combination of

the magnetic flux due to the plasma current, and that from the external magnetic coil currents

and eddy currents in the vacuum vessel and other conducting structures. Extracting the actual

plasma contribution, Splasma, from the net signal, S total, is important for V3FIT to optimize the

simulated plasma equilibrium.

Splasma = S total − Sext − Seddy (4.12)

Here Sext represents the signal due to external coil currents, and Seddy is the signal contribution

from eddy currents. As a result, great efforts have been taken to account for magnetic flux from

external currents and eddy currents. Sec. 4.3.1 describes how the geometry of the magnetic

diagnostics was optimized in order to correctly subtract signal contributions due to external
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coil currents. The details of eddy current modeling and signal compensation are discussed in

Sec. 4.3.2.

4.3.1 Optimization of geometry of magnetic diagnostics in V3FIT

The magnetic signal measured by a magnetic diagnostic due to the external coil currents de-

pends on the amplitude of the currents in the external coils and the response functions of the

diagnostic to the external coils (i.e. the mutual inductance between the diagnostic coil and the

external coils).

Sext =
∑
i

M ext
i Iext

i (4.13)

HereM ext
i is the mutual inductance, between the diagnostic coil and the ith external coil current,

Iext
i . The external coil currents are measured using shunts which have a specified accuracy

of 0.5%. M ext completely depends on the relative geometry between the diagnostic and the

external coil. Thus accurate position and orientation of the diagnostic is required to calculate

correct responses due to external currents.

With the exception of several full Rogowski coils, all magnetic diagnostics used for re-

constructions are installed inside the vacuum vessel. As described in the details above, the

positions and orientations of the diagnostics were measured with the CMM during their instal-

lation to a nominal accuracy of 0.25 mm. However, due to the finite size and three-dimensional

shape of the diagnostics, the CMM measurements often appear to be insufficient to model the

position and orientation of a diagnostic with the requisite accuracy. Accordingly, the mutual

inductances of the magnetic diagnostics to the external coils are further refined by experimental

calibration.

This is accomplished by discharging each of the external coils separately (with all other

coils open-circuited) and measuring the responses of the diagnostics when the coil current is

ramped to a steady value. Once the exciting current has reached its constant programmed value,

all eddy current can be expected to have died away. The mutual inductance of the ith diagnostic
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to the jth external current is calculated as:

Mij =
Sij
Ij

(4.14)

Experimentally, the external current and corresponding diagnostic signal are averaged over a

time window of 100 ms. For each external coil, mutual inductances are calculated using a

set of testing currents with different amplitudes. The difference between measured mutual

inductances are within 0.5%. The average is used as the final calibration data.

Fig. 4.12 shows an example of the calibrations when only the HF coil is powered to a de-

sired current around 4.5 KA. Also plotted in the graph is the response signal from one segment

of the 14-segment Rogowski coil. The HF coil current rises to a steady value near t = 1.6 s.

Figure 4.12: The HF current (black) and corresponding response from one channel of the 14-
segment Rogowski coil (red). The average mutual inductance between this diagnostic and the
HF coil is calculated during the 100 ms time window (gray stripe).

An averaging window from t = 1.75 s to t = 1.85 s is chosen to calculate the mutual induc-

tance between this diagnostic and the HF coil. The same process is performed for all diagnostic

channels and external current (HF, TF, TVF, SVF, OH and RF) coils.
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For the purpose of reconstruction, the location of the diagnostics are then optimized by

minimizing the mismatch between the mutual inductances from experimental calibration and

the ones from the simulated geometry model in V3FIT. The quantified difference is defined as:

δ2 =
∑
i,j

(
MModel

ij −MExp
ij

∆MExp
ij

)2

, (4.15)

where MExp
ij represents the experimental calibrated mutual inductance of the ith magnetic di-

agnostic to the j th external current source, and MModel
ij is the modeled mutual inductance cal-

culated using the positional measurements from a CMM. The model locations may be adjusted

by as much as 1 mm from the measurements given by the CMM in order to minimize the δ2 in

Eq. 4.15. This model is assumed to give the most reliable description of the installed magnetic

diagnostics.

Fig. 4.13 shows an example of optimized results of the mutual inductances of a segment

of the 14-segment Rogowski coil to the HF coil current. It is clear that most of the blue squares

Figure 4.13: Comparison of mutual inductances of one segment of the 14-segment Rogowski
coil to the HF coil. The mutual inductances from experimental calibration are shown with black
dots. Calculated mutual inductances from initial CMM measured positions are shown in red
circles. The optimized results are plotted in blue squares.
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are closer to the black dots, which indicates that the mutual inductances from optimized model

are a better representation of the experimental calibrated values. However, even after the opti-

mization, the mutual inductance from one segment of the Rogowski coil close to θ = −100◦

is still far from the experimental calibration. This diagnostic might already be damaged, and is

neglected in the equilibrium reconstruction.

4.3.2 Eddy current compensation

In addition to the desired diagnostic signals from external coil currents and plasma current,

eddy currents within conducting structures surrounding the plasma may also lead to magnetic

signals that must be compensated for. Two types of eddy currents on CTH are investigated:

eddy currents in the electrically continuous vacuum vessel, and in the aluminum helical coil

frame. The distribution of these currents depends on the source of magnetic flux that drives

them. Also, the magnitudes of these eddy currents are time-dependent with differing decay

rates.

Although each of the magnet coils drives eddy currents in the vacuum vessel and coil

frame, the OH current is the only external coil current that varies significantly during the time

when the plasma is generated. The equilibrium currents of the HF, TF, and VF coils are es-

sentially constant during the plasma discharges. The current driven in the vacuum vessel dur-

ing the OH discharge has been modeled by James Bialek of Columbia University using his

VALEN code59. The vacuum vessel current distribution is modeled as a toroidal grid as shown

in Fig. 4.14. This grid model computes the currents driven within the toroidal shell, and around

and within the various ports.

The results of the VALEN code serve as a basis for a simpler filament model of the vacuum

vessel currents to be used in the V3FIT code. In this model the induced current distribution is

modeled as a set of 24 circular toroidal filaments that lie within the vacuum vessel, poloidally

separated by 15◦ as shown in Fig. 4.15. The vacuum vessel wall thickness is known to be a

function of poloidal angle and varies as much as 1.2 mm because of the method of fabricating

the vacuum vessel. This thickness variation is used to vary the relative electrical resistances

of the filaments. The ratios of the currents in the individual filaments are modeled from a
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Figure 4.14: Mesh model of eddy current distribution using VALEN code

Figure 4.15: The eddy current driven in the vacuum vessel are modeled as a set of 24 toroidal
filaments that lie on the vacuum vessel, equally spaced in poloidal angle, shown in red circles.
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Figure 4.16: A rendering of a helical coil frame section showing the location of the saddle
coil (purple) used to model the eddy current in the frame and the Rogowski coil (red) used to
measure the eddy current in one portion of the frame.

calculation based on the resistivity of the Iconel625 R© vacuum vessel. The sum of the currents

is set to the total measured vacuum vessel current.

Additional eddy currents are driven in the helical coil frame, which consists of ten iden-

tical interlocking but electrically-isolated cast aluminum frame pieces as shown in Fig. 4.16.

The rigid frame system provides accurate positioning of the helical coil during the fabrication

of the CTH device and adequate support during operation. Due to the complex shape of helical

coil frame, modeling of the eddy currents within these frames is challenging60. As an approx-

imation, the eddy current flowing though each helical coil frame is geometrically modeled as

a saddle coil, as illustrated in Fig. 4.16. A physical opening in each coil frame allows a major

portion of the eddy current in each frame piece to be measured by Rogowski coils threaded

through these openings.

The relative contributions of the eddy currents to the magnetic diagnostic signals are as-

sessed with magnet current pulses used in CTH discharges, both with and without induced

plasma current. The signal from one segment of the 14-segment Rogowski coil is shown in

Fig. 4.17. The response of the diagnostic coil to vacuum fields alone are shown in Fig. 4.17(a).

It should be noted that the fluxes from the main field coils (HF, TF, TVF) have been set to zero

44



Figure 4.17: (a) Time evolution of the computed ohmically-induced eddy current contribution
of the helical coil frame (red) and vacuum vessel (blue) currents, and measured magnetic sig-
nal from one of the 14-segment Rogowski coil channels (black) with vacuum fields only. (b)
Corresponding time evolution when plasma current is present. Note the change in time and
amplitude scales between panels (a) and (b).
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just prior to the ohmic current pulse that starts at t = 1.62 s, so the diagnostic response dis-

played in the figure mainly reflects the flux from the ohmic transformer, the eddy currents, and

small time-dependent changes in the equilibrium vertical field. The calculated contributions to

this signal from the eddy currents in the vacuum vessel and helical coil frames, computed from

the measured currents and their modeled mutual inductances to the diagnostic, are also plotted.

The relative contributions from the vacuum vessel and helical coil frame to the net diagnostic

signal of the vacuum-only signal (after excluding the signals from the main magnet coils) are

on the order of 10%. The same diagnostic response is shown in Fig. 4.17(b) for a discharge with

plasma current Ip = 62.3 kA. In this case, the computed eddy current contributions reduce to

as low as 1% of the total signal during the plasma current peak. While accounted for in V3FIT

modeling, the signals resulting from eddy currents nonetheless represent only relatively minor

corrections to the diagnostic signals.

Besides external current contributions and eddy current compensation, drifts and offsets

induced by the analog integrator and amplifier are also subtracted from the raw measurements

Sraw:

S total = Sraw − (Soffset +Rdriftt) . (4.16)

Here the offset, Soffset, and drift rate, Rdrift, are obtained by computing a linear fit of the inte-

grated signal prior to the time when the external magnetic coils are triggered.

After all these corrections to the raw signals, the final resulting plasma responses Splasma

are accounted for in V3FIT to reconstruct the plasma equilibrium.

Fig. 4.18 shows comparisons between simulated signals from reconstructed equilibrium

and experimental measurements from the 16-segment Rogowski coils and saddle coils. The

observed and model signals match well.

4.4 Reconstructions with external magnetics

To achieve convergence, the free-boundary VMEC equilibrium solver must be provided with

a boundary condition of the total toroidal flux enclosed in the plasma. The equilibrium solver

also requires the plasma pressure profile, and either the current density profile or the rotational
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(a) 16-segment Rogowski coils (b) Saddle coils

Figure 4.18: Comparison of experimental measurements and simulated signals from recon-
structed plasma equilibrium for 16-segment Rogowski coils and saddle coils.

transform profile as functions of the normalized toroidal flux. The known external currents and

modeled eddy current distributions complete the required specific data. The three-dimensional

locations of the actual limiters in CTH are modeled in V3FIT to act as a signal to fit the max-

imum toroidal flux within the plasma under the assumption that the last closed flux surface

cannot extend past any limiter surface. The reconstruction process returns the toroidal mag-

netic flux enclosed by the plasma, the edge safety factor q(a), and the plasma current profile,

subject to the parametrization allowed by the model.

4.4.1 Profile parameterization

A two-power model is employed for the current density and pressure profiles in the reconstruc-

tions presented here. It has the general form:

A(s) = A0(1− sα)β , (4.17)

where A0 is a scaled amplitude; α and β determine the shape of the profile; s is the normalized

toroidal flux used in VMEC, a radial-like coordinate with s = 0 at the magnetic axis and s = 1

representing the last closed flux surface. In this thesis, the current profile is reconstructed while

the pressure profile is held fixed because it is not yet measured in CTH.
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Figure 4.19: Current density profiles determined by the parameter α. Smaller values of α
correspond to narrower profiles.

The current profile parametrization is based on a single fitting parameter α, as shown in

Eq. 4.18.

I ′(s) = I0(1− sα)6 (4.18)

Reconstructions performed to fit both α and β yielded uncertainties two or three times larger

than the reconstructed values. Thus, a median value of β = 6 was chosen for the current profile

parameterization. Examples of current density profiles are illustrated in Fig. 4.19 for several

values of α and show that the current profile becomes more peaked as the value of α decreases.

The well-known quantity of internal inductance ,li, that characterizes the width of the

current profile in tokamaks is not as useful for hybrid stellarator devices since much of the

confining poloidal field in the latter is provided by the current in the external coils. Indeed,

because hybrid stellarators typically exhibit a larger vertical field index relative to tokamaks61,

the sensitivity of the requisite equilibrium vertical field to the poloidal β and internal inductance

is lower than in a tokamak.
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While the plasma pressure profile is not yet measured with precision in CTH, its overall

effect on the equilibrium is low compared to that of the plasma current in these low β plas-

mas. The plasma density is measured with a three-chord interferometer39, and measurements

of central electron temperature are obtained with soft X-ray bremsstrahlung spectroscopy, with

Te0 < 150 eV. Chordal measurements of the soft X-ray emission using filters of different thick-

ness also provide estimates of the electron temperature profile37. These measurements indicate

profiles that are not strongly peaked. A Thomson scattering diagnostic now under construc-

tion62 is expected to provide more accurate temperature measurements in the near future, and

will serve to calibrate the soft X-ray profile measurements, thus giving a better measurement

of the pressure profile. Until then, the fixed pressure profiles used in reconstructions are taken

to have a broad radial profile parameterized as:

P (s) = P0(1− s10)2 , (4.19)

with the central pressure P0 estimated from the central density and temperature. Because the

pressure of CTH ohmic plasmas is low, with typical values of the poloidal beta, βθ < 0.1%,

the effect of the uncertainty in the plasma pressure on the reconstructed equilibrium is limited,

although certainly not inconsequential.

4.4.2 Equilibrium reconstruction of CTH plasma with magnetic diagnostics only

The following example of equilibrium reconstruction considers a case for which the external

coil currents were configured to produce a low vacuum transform, ῑvac(a) ∼ 0.04, with the

electron density held constant at ne ∼ 0.4 × 1019m−3. The left side of Fig. 4.20 shows time

evolution of the plasma current, loop voltage, and Ḃθ signal from one of the poloidal magnetic

field probes. The plasma current shows a series of hesitations or plateaus prior to t = 1.65 s

which are characteristic of many current driven plasma discharges in CTH as in tokamak dis-

charges. At the times of these current hesitations, positive loop voltage spikes and increasing

magnetic fluctuating signals are observed, which are usually indications of current redistribu-

tion (peaking) and enhanced MHD activities. The amplitude of the magnetic signal begins to
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Figure 4.20: Left: (a) plasma current, (b) line-average density, (c) loop voltage, and (d) Bθ-
dot signal from one of 32 poloidal magnetic pickup coils. Right: reconstructed parameters (e)
edge safety factor qedge, (f) current density profile parameter α, (g) total enclosed toroidal flux
Φe, (h) fitting error (χ2). Colored regions highlight time intervals when current hesitations and
increasing Bθ-dot signals are present.

grow around t = 1.665 s until the plasma disrupts at t = 1.678 s, marked by a drop in plasma

current and a loop voltage spike.

A series of reconstructions were performed for the same discharge using the total enclosed

toroidal flux, Φe, and the current density parameter α as reconstruction parameters. The results

of these reconstructions are shown in the right side of Fig. 4.20 along with the evolution of

edge safety factor value, qedge, and the χ2 values from each reconstruction. Each hesitation seen

during the plasma current ramp in Fig. 4.20(e) corresponds to the edge safety factor crossing

a rational value, e.g. qedge = 2, 3, 4, as are highlighted by the blue, green, and red bars, which

are indications of the presence of internal MHD modes3.

Multiple sets of toroidal and poloidal magnetic pick up coil arrays are installed on CTH

to measure MHD fluctuations35. The dominant mode structures resulting from a bi-orthogonal

decomposition (BD)63 technique of the measured magnetic signals at the times shown by green

and red bars in Fig. 4.20 are shown in Fig. 4.21. These structures indicate the presence of
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Figure 4.21: MHD fluctuation calculated by Bi-orthogonal decomposition (BD) of magnetic
signals from poloidal and toroidal magnetic pick up coils. (a) and (b) shows resulting 3 : 1
mode. (c) and (D) shows a 2 : 1 mode.

m/n = 3/1 and m/n = 2/1 modes in agreement with the growing MHD activity measured

from magnetic pick-up coils at these times.

The reconstructed parameter, α, specifies the peakedness of the current density profile. Its

temporal trend shows it to suddenly decrease (corresponding to a radial narrowing of the current

profile) as the edge safety factor crosses through integer values during the current rise prior to

t = 1.65 s. Similar narrowing behavior observed during the current rise in tokamaks associated

with resonant MHD activity may be more variable with regard to the value of qedge due to the

evolution of the internal current profile64, while the non-disruptive current narrowing on CTH

during the current rise may be more related to the plasma edge effectively being defined by a

static magnetic island when ῑ(a) takes on low order rational values, leading to rapid transport

at the edge.

The second reconstructed parameter, Φe, is the toroidal flux enclosed by the last closed flux

surface. It is constrained in part by the locations of the physical limiters inside the CTH vacuum

vessel. The trace in Fig. 4.20(h) is the standard reconstruction error, χ2,. The reconstruction
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Figure 4.22: The poloidal cross-sections of flux surfaces at the toroidal angles,φ = 0◦, 12◦,24◦

and 36◦, when t = 1.61s,t = 1.62s,t = 1.63s,t = 1.4s and t = 1.65s.

error follows the trend of plasma current. Most likely this is because there are significant resid-

ual signals due to the eddy currents driven by the plasma current that are not well compensated.

That speaks to the need for more accurate modeling of eddy currents especially from the helical

coil frame.

These equilibrium reconstructions also provide shaping evolution of our hybrid plasmas.

The poloidal cross-sections of flux surfaces at four different toroidal angles for different time

slices are shown in Fig. 4.22. When the plasma current increases, the shape of the plasma

at φ = 36◦ or the half period of CTH changes to a greater extent compared to the plasma at

φ = 0◦ or the full period of CTH. The geometry of the plasma at the full period appears to be

more rigid under the influence of the plasma current. To quantify the change of the geometry

of the plasma, the time evolution of the major radius and the ellipticity of the plasma at both
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Figure 4.23: Time evolution of the major radius and the ellipticity of the plasma at φ = 0◦ and
36◦.

φ = 0◦ and φ = 36◦ are plotted in Fig. 4.23. With addition of plasma current, the plasma moves

outward due to the change of toroidal force balance. The plasma also becomes more circular,

or more like a tokamak. The change of the ellipticity of the plasma at φ = 36◦ is more dramatic

compared to the plasma at φ = 0◦. This is due to the nature of helical coil winding. At the half

period of CTH, the helical coils are wound above and under the plasma and produce helical

fields to deform the plasma to be more circular. While the winding direction of the helical

coils is at the horizontal mid-plane at the full period of CTH, where the helical fields cause less

deformation of the plasma.

Operation with different external current configurations, allows CTH to vary the vacuum

rotational transform ῑvac, which is an indication of amount of 3D field applied. An ensemble

of plasma shots with low density (∼ 0.6 × 1019m−3) and varying ῑvac(0.02 → 0.14) are re-

constructed at the time when the plasma current reaches maximum value. The scatter plot of

the toroidal averaged elongation, κ, are show in Fig. 4.24 Plasmas are more elongated with

increasing ῑvac, i.e. increasing amount of 3D stellarator field.
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Figure 4.24: Scatter plot of κ vs. vacuum transform

4.5 Discussion

Equilibrium reconstructions with external magnetics have been useful to provide good esti-

mates of edge or last closed flux surface properties of the plasma, including plasma position,

shape, and edge rotational transform. However, it is well known that external magnetic diag-

nostics in axisymmetric plasmas have limited sensitivity to variation of internal current distri-

bution, and yield only global current and pressure profile parameters such as poloidal plasma

beta ,βp, and internal plasma inductance, li 57,65–67. Even in stellarator plasmas with typical ge-

ometries characterized by high elongation and non-axisymmetric 3D shaping, the variation of

the magnetic field outside the plasma is predicted to yield little on the details of the internal

current profile68. This fact will become clear when we perform equilibrium reconstruction of

sawtoothing plasmas observed in CTH.

In tokamaks, sawtooth activity appears as a relaxation of the temperature in the center of

plasma and is associated with the final state of a growing m = 1, n = 1 MHD fluctuation.

Characteristic sawtooth relaxation can also been observed with sufficiently dense plasma in

CTH and exhibit behavior similar to that of axisymmetric tokamaks. Under the assumption

that the radius of the inversion of the sawtooth signals corresponds to the magnetic surface at

which q = 1 as in tokamaks, the presence of a q = 1 surface near the core is expected for

sawtoothing plasma in CTH also.
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Figure 4.25: Signals from an example sawtoothing plasma. (a) plasma current, (b) electron den-
sity, (c) two SXR signals from the central camera of the two-color SXR system, (d) expanded
view of (c) over time span of the gray bar.

An example of sawtoothing plasma with time trace of plasma current, density and two

SXR signals from the central SXR camera is shown in Fig. 4.25. This plasma has a peak

plasma current of Ip = 35 kA and an electron density of ne ∼ 2.0 × 1019 m−3. The higher

signal is from a channel viewing the plasma core, while the lower signal is from a channel

viewing the plasma near the edge. The sawtooth signal in the core and inverted sawtooth signal

near the edge are clearly seen in Fig. 4.25(d), which shows the SXR signals expanded at the

time highlighted by the gray box in Fig. 4.25(c). The q = 1 surface must be between the two

flux surfaces defined by the tangency radii of the two channels.

An equilibrium reconstruction has been performed at t = 1.651 s at which time sawteeth

are observed. The reconstructed current and safety factor profiles with uncertainties are shown

in Fig. 4.26. In this reconstruction, the central safety factor is found to be q ≈ 2, which

is inconsistent with the well accepted premise that the central safety factor of sawtoothing

discharges should be q ≈ 1. Also, the large fitting uncertainties present in both the current

profile and central q values highlight the limitation of using external magnetics to determine the
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Figure 4.26: Reconstructed current and safety factor q profile at t = 1.653 s when sawteeth are
observed. The gray shadow marks the uncertainty in the current profile from reconstruction.
The q profile is plotted with gray error bars.

current distribution in the plasma core. The unsymmetrical limits in the fitted current profile

is an artifact of the two power model, in which the physical breadth of the profile increases

nonlinearly as the value of α increases.

This result indicates that, accurate reconstructions of current and transform profiles, even

in stellarator hybrids, require internal measurements of plasma parameters. And this has been

achieved by including internal measurements from soft X-ray (SXR) emissions. Details of in-

cluding SXR measurements in equilibrium reconstruction are described in the fellowing chap-

ter.
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Chapter 5

Improved equilibrium reconstructions with SXR measurements

5.1 Introduction

Knowledge of the internal plasma current and rotational transform profiles is required for an

understanding of magnetohydrodynamic (MHD) stability of toroidal plasma and reliable oper-

ation of toroidal confinement devices. However, as demonstrated in Ch. 4, the experimental de-

termination of the plasma current profile from external magnetics alone is inaccurate, and fails

for sawtoothing plasmas. The resulting current profiles are much more broader than expected,

and the reconstructed central safety factors are away from one. These results contradict the

well accepted sawtooth theory, in which the sawtooth oscillation is driven by ohmic heating of

the core plasma until the safety factor drops below one triggering the growth of an m = n = 1

kink-tearing mode. Additional internal measurements are required for better knowledge of the

plasma current distribution, especially near the core of the plasma.

As in tokamaks, the plasma current profile and thus the q profile in a stellarator discharge

could be determined from measurements of the internal poloidal magnetic field from motional

Stark effect(MSE)69–71 or Faraday rotation72–74. These diagnostics of course require a substan-

tial investment of time and money, and often require specialized conditions. For example, MSE

requires a neutral beam and toroidal field typically 2 T or greater, which is restrictive for small

devices with low toroidal fields. As a result, it is of interest to develop and test alternative

means of diagnosing the current profile suitable for smaller, lower-field experiments.
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Currently in CTH, there is no direct method to determine the internal magnetic field dis-

tribution in plasmas from vector magnetic field measurements. Instead, we have used mea-

surements from multiple SXR cameras in conjunction with external magnetic diagnostic data

to reconstruct the current profiles from the equilibrium solution from the V3FIT code. We

demonstrate that improved knowledge of the internal current distribution compared to using

magnetic diagnostics only. Two implementations have been developed to incorporate SXR

measurements in the V3FIT code. In the first approach, a single SXR camera array, at the

mid plane of the vacuum vessel, is used to characterize the inversion radius of a sawtoothing

plasma and locate the position of the q = 1 surface. Then the plasma equilibrium is recon-

structed again using the extracted constraint of the location of the q = 1 surface along with

magnetic diagnostic measurements. The second application is more straightforward, in which

all SXR emissivity measurements are incorporated in the V3FIT fitting process to reconstruct

the shape of magnetic flux surfaces and infer the internal current distribution. In both cases, we

have obtained improved knowledge of the internal plasma current profile.

This chapter is organized as follows: the SXR camera system are described in Sec. 5.2.

Sec. 5.3 and Sec. 5.4 describe in detail how we incorporate information of sawtooth inversion

and SXR emissivity data in V3FIT to better fit the current profile in both cases. The results of

reconstruction of an ensemble of sawtoothing plasma are also presented. Signal sensitivity of

SXR cameras as well as validation of the implementation are discussed in Sec. 5.6

5.2 Soft X-ray camera system on CTH

Ten pinhole-type SXR/bolometer cameras have been installed on CTH at different toroidal and

poloidal locations. All of them utilize photo-diode arrays with twenty detection elements each,

separated by a distance of 0.114 mm, giving a total of 200 channels. A 1 mm-wide slit acts as a

collimator such that only the radiation from one line-of-sight is incident on a particular photo-

diode. The photo-diode array is located 3 cm behind the slits, though the separation between the

slits and the the diode array is adjustable to provide wider or narrower fields of view depending

on the application or location of the camera. Filters with different materials and thicknesses

are placed in front of the detection diodes to block low energy photons. The SXR camera suite
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Figure 5.1: A rendering of the last closed flux surface of a CTH plasma with poloidal cross-
sections (highlighted in grey) showing the toroidal angles where SXR cameras are installed,
and used for 3D equilibrium reconstructions.

on CTH consists of three two-color cameras37 and two bolometer-SXR systems38. Fig. 5.1

is a rendering of the last closed flux surface of a CTH plasma with poloidal cross-sections

highlighted in grey, indicating the three toroidal locations where the SXR cameras are installed.

A two-color SXR camera system is mounted in a toroidal symmetry plane at φ = 252◦.

It consists of three sets of two-color SXR cameras, with one set viewing from the outer mid-

plane and another two sets at 60◦ above and below the mid-plane. At each poloidal location,

two parallel 20-channel diode arrays view the plasma through collimators and compound filters

with a 0.5µm carbon layer and either a 1.0µm or 3.0µm aluminum layer. Fig. 5.2 shows

the lines-of-sight of the three cameras with respect to the last closed flux surface of a typical

plasma equilibrium and the position of the CTH vacuum vessel. Since CTH is highly non-

axisymmetric, the shape of the plasma at different field-periods of the device is significantly

different. It is desirable to have soft x-ray measurements not only at different poloidal locations

but also at different toroidal locations. The bolometer-SXR camera shares a similar design

as the two-color cameras but one of the photo-diode arrays has no light filter thus acting as

a bolometer, while the other photo-diode array does view the plasma through a filter. One
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Figure 5.2: Position and chords view of the two-color SXR cameras at φ = 252◦. The last
closed flux surface of a typical plasma is shown in red. The CTH vacuum vessel is represented
by a black circle.
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Figure 5.3: Position and chords view of two SXR-bolometer cameras at φ = 0◦ and φ = 36◦.

bolometer-SXR diode array, is installed at φ = 0◦ and θ = 270◦ to have a vertical view of the

plasma in its most elongated cross-section, and uses the same thin aluminum/carbon filters as

in the two-color system. An additional camera, is mounted at φ = 36◦ and θ = 60◦. Beryllium

filters with thickness of 1.8µm are used for the SXR camera. Their chordal sight lines are

shown in Figs. 5.3.

5.3 Use of sawtooth inversion for current profile determination

In current-driven discharges that are sufficiently dense (nominally above 1.5 × 1019 m−3), the

soft X-ray emission often exhibits characteristic sawtooth oscillations with an inversion of the

phase of the sawtooth evident in the radial profile of the emission. Under the assumption that

the radius of the inversion of the sawtooth signals corresponds to the magnetic surface at which

q = 1, as in tokamaks, the values of the parameters used to fit the plasma current profile can be

known with far greater precision than with magnetics alone. In V3FIT, this is performed as a

secondary optimization step in which the inversion radius is identified with a flux surface found

from the reconstruction performed with magnetics alone, and the current profile is then recon-

structed again with the prior knowledge of q = 1 corresponding to a particular reconstructed
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flux surface. The details of this implementation are described below by taking the sawtoothing

discharge at the end of Ch. 4 as an example.

To quantify the inversion radius of the sawtoothing, a singular value decomposition (SVD)

is performed with the 20 chordal signals from the central camera in the two-color SXR system.

The central camera is chosen for the calculation due to the vertical symmetry of the magnetic

flux surfaces at φ = 252◦. SVD separates a spatio-temporal signal into orthogonal temporal

modes and orthogonal spatial modes75. Each spatial mode corresponds to a unique tempo-

ral mode so that coherent structures and their associated phenomena can be identified. If a

SXR signal is described as a function, f(x, t), it can be expanded as a combination of spatial

components, vn(x), and temporal components, un(t), as shown in Eq. 5.176.

f(x, t) =
∑

Wnvn(x)un(t) (5.1)

The spatial and temporal components vn(x) and un(t) have the property:

vi(x) · vj(x) = δij

ui(t) · uj(t) = δij .

(5.2)

Here δij is the Kronecker delta function. The weight, Wn, is a measure of the total contribution

of each spatial and temporal function relative to the overall signal. The modes that are associ-

ated with larger value of Wn are better correlated in time while random patterns in the signals

will have smaller Wn
77. As a result, SVD allows real physical phenomena to be discovered by

filtering uncorrelated noise within the data.

To perform SVD on multiple SXR signals, a matrix consisting of 20 SXR chordal mea-

surements, Fij = f(xi, tj), is constructed with f(xi, tj) representing the signal from specific

channels. From Eq. 5.1, Fij can be expanded as:

Fij = VWU∗ , (5.3)
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Figure 5.4: SVD analysis of a sawtoothing plasma segment in CTH (Shot:16033023, time
window: 1.6494 s to 1.6519 s). The largest three spatial modes are plotted on the left. The
corresponding temporal modes are plotted on the right.

where V = [v1(x), v2(x), ...] and U = [u1(t), u2(t), ...] are vectors of spacial and temporal

modes respectively, and U∗ is the complex conjugate of the temporal mode vector.

The SVD analysis of the sawtoothing plasma (Shot:16033023) presented at the end of

Ch.4 is shown in Fig. 5.4. The figure shows the analysis for the time segment between 1.6494 s

and 1.6519 s. The largest three spatial and temporal modes are plotted on the left and right

respectively with subscripts referring to the mode number. The first spatial and temporal modes

have the largest weight W1 = 373, and demonstrate the time evolution of the sawtooth rise and

crash. The second spatial profile, v2, changes sign at channels 8 and 13, relative to the central

channels. The sawtooth behavior in the second temporal mode is inverted relative to that of the

first temporal channel. The inversion radius can be interpolated from the second spatial mode,

i.e. where the second spatial mode crosses zero. The third spatial mode shows the m = 1

oscillation that is correlated with the sawtooth instability.

The location of the phase inversion of the sawtooth oscillations may be identified using a

sum of the first two dominant spatial and temporal modes obtained by SVD. Fig. 5.5 shows a
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Figure 5.5: Contour plot of reconstructed SXR signals using the two dominant spatial and
temporal modes obtained by SVD. The channel number of the SXR chords is plotted on the
y-axis, and time on x-axis. The inversion radius is marked on the plot by white dashed lines.

contour plot of reconstructed SXR signals. To emphasize the sawtooth oscillation, the back-

ground equilibrium signal has been subtracted from each channel to suppress the SXR emission

increase during the time duration of the figure. The contour plot shows several sawtooth cycles.

The SXR emission of the core increases until the sawtooth crash, expelling thermal energy from

the core region inside the inversion radius, and increasing the signal level from the SXR diag-

nostic channels outside the inversion radius. Using SVD, the inversion radii of the sawtooth

are identifiable, and effectively correspond to channels 7.8 and 13.2, i.e. around channels 8 and

13.

The next step is to project the SXR sight lines associated with the inversion surface onto

the flux surfaces calculated from an equilibrium reconstruction using external magnetics. The

surface on which q = 1 is taken to be the reconstructed surface that is tangent to the sight lines

identified with the sawtooth inversion radii. Here reconstruction is performed with a resolution

of 30 surfaces in the normalized flux variable. As shown in Fig. 5.6, the inversion occurs near

the second flux surface for this plasma.
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Figure 5.6: SXR viewing chords identified with the sawtooth inversion mapped onto the recon-
structed flux surfaces.

We then set q to be 1± δ at a specific value of s (here at s = 2/29). Because the resolution

is limited by the number of SXR camera channels (20) and flux surfaces (30), an uncertainty δ

of 0.02 is chosen, so that q value can be allowed to vary by a finite amount at s = 2/29. This so-

called prior setting, while not treated as an independent signal in V3FIT, nonetheless acts as an

internal diagnostic, and therefore contributes to the overall value of χ2 from the reconstruction

fitting.

The reconstructed current and safety factor profiles making use of the prior knowledge of

the position of the q = 1 surface are plotted in red in Figs. 5.7(a) and (b), and are significantly

different from the results of the reconstruction using external magnetics alone. Inclusion of

the information of the inversion surface in the reconstruction results in a substantially more

peaked current profile with the reconstructed α value changed from 7.5 ± 4.6 to 1.7 ± 0.14,

thus decreasing the fitted central q towards unity, consistent with the sawtoothing nature of the

discharge. The fitted profiles shown in Figs. 5.7(a) and (b) exhibit lower uncertainties than in

the previous case, demonstrating the effectiveness of the prior constraint in changing the shape
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Figure 5.7: A comparison between reconstructed current and safety factor profiles from recon-
structions done with magnetic data only and with the prior constraint of the location of the q = 1
surface. The reconstruction with magnetics only are shown in gray, and the reconstruction that
utilized both magnetics and SXR signals is shown in red.
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of the current profile by channeling more plasma current into the discharge center. With the

inclusion of the SXR inversion analysis, the χ2 is also reduced from 46.3 with magnetics alone

to 35.9, indicating a better overall fit.

A subset of the reconstructed flux surfaces with and without the prior constraint of in-

version radii are shown in Fig. 5.8. Since the reconstruction using the inversion information

Figure 5.8: Comparison of reconstructed magnetic flux surfaces with and without the prior
constraint.

channels more current into the core of the plasma, the flux surfaces near the center become

more circular . Because the resolution of flux surfaces in the center of the plasma is lower than

in the edge, and the resolution of the chords of SXR cameras is also limited, the index of the

q = 1 surface does not change.

To check the influence of plasma pressure on reconstructions, we perform a series of

reconstructions assuming electron temperatures of 0, 50, 100, 150 and 200 eV. The approximate
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Figure 5.9: Resulting q-profiles as the pressure is scanned show the pressure has a limited effect
on the reconstructed q-profile for a low-beta plasma configuration. Note that the quoted values
of βθ are in terms of percent.

central electron temperature is around 100 eV according to two-color SXR measurements. The

resulting q-profiles from this set of reconstructions are shown in Fig. 5.9. Under low poloidal

β, we obtain similar q-profile while the edge q diverges considerably with increasing βθ.

The corresponding reconstructed current profile parameter α and final χ2 are listed in

Table. 5.1. As in tokamaks, we expect the Shafranov shift to depend nearly linearly on the

βθ 0 0.035 0.068 0.100 0.132
α 1.6 1.7 1.7 2.0 2.4
χ2 30.6 32.8 34.5 87.1 121.0

Table 5.1: Reconstructions with assumptions of different values of the pressure variable βθ

parameter βθ + li/2. If the pressure is taken to be larger, then the fitting procedure would

naturally lower the fitted value of li/2, or more specifically the peakedness of the plasma current

profile. Larger βθ thus leads to the broadening of the current profile, but since we have set a

strong constraint on the location of the q = 1 surface, the broader profiles result in poorer

equilibrium fits in V3FIT, and correspondingly larger values of χ2.
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Prior knowledge of the location of the q = 1 surface involves a specific physical interpre-

tation of sawtooth activity and is a strong constraint on the safety factor profile. It limits the

variation in the value of the central safety factor q0, while external magnetic diagnostics predict

the edge safety factor qedge. Therefore, the implementation of sawtooth inversion information in

V3FIT has provided precise information of the current distribution near the core of the plasma,

acting like a single-point ’MSE-like’ diagnostic. However, this procedure has several disad-

vantages. The biggest limitation is that this implementation is only usable for discharges with

identifiable sawteeth in the x-ray emission, since the method is based on sawtooth inversion cal-

culation. There remains a lack of reliable diagnostics to directly determine the current profile in

all CTH plasmas regardless of sawtooth activity or not. The method also introduces errors due

to the limitation of physical resolution of the SXR camera system and computational resolution

of equilibrium code near the magnetic axis. It should also be pointed out that the application of

this particular constraint on the location of the q = 1 surface is also not straightforward in the

V3FIT fitting procedure. The inversion surface must first be identified before its location can

be used as a prior constraint as discussed above. Furthermore, the prior method only uses SXR

emissivity measurements from one diode array out of the eight available on the CTH system.

Given the availability of the other internal SXR measurements, it is desirable to develop a more

straightforward way to incorporate all SXR measurements in V3FIT, and reconstruct current

profiles for either sawtoothing or non-sawtoothing discharges. This has been accomplished by

reconstructing the shape of magnetic flux surfaces and thus inferring the plasma current distri-

bution using diagnostic measurements from all SXR diode arrays, considered as flux surface

functions in V3FIT.

5.4 Implementation of SXR emissivity measurements in V3FIT

5.4.1 Using flux surface geometry to determine the current distribution

The Shafranov shift, which describes the displacement of the centers of the magnetic flux sur-

faces with respect to the center of the bounding surface, nearly linearly depends on the param-

eter βθ + li/2. Thus changes of the geometry of magnetic flux surfaces will affect the value of
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the internal inductance, li, i.e. the current distribution within the plasma. Christiansen and Tay-

lor demonstrated that the current distribution in an axisymmetric discharge with non-circular

cross-section, in principle, can be completely determined from purely geometric information

about the shape of the magnetic flux surfaces78. It was proved that if the magnetic flux surfaces

were represented by a certain constant function F (R,Z), then the current distribution could be

a function λ(F ), which was determined from the gradient and Laplacian of F on each surface.

Because the function λ(F ) depends on the change in ∇(F ) on the flux surface, this calcula-

tion fails in the limit of large aspect-ratio and circular flux surfaces, but works well in highly

non-circular plasmas. If the plasma temperature, density and impurity concentration may be

assumed to be constant on a flux surface, the SXR volume emissivity should also be constant on

that flux surface. Hence surfaces of constant emissivity can be interpreted to be magnetic flux

surfaces. The plasma current distribution can then be determined via tomographic inversions

of x-ray intensities from crossed one-dimensional imaging cameras.

The theory was first experimental tested in JET, where tomographic inversion of soft x-

ray intensity measurements were used to determine the geometric shift and ellipticity of the

flux surfaces, and to infer the current distribution79. The results were checked with that from

equilibrium reconstruction using external magnetic diagnostic measurements. The comparison

showed good agreement within the region where 0.2 < r/a < 0.8 of the plasma, but equi-

librium reconstruction with magnetic measurements was not sensitive enough to determine the

central safety factor q0 to within 20%. However, sensitivity to noise, which is inherent in any

direct inversion process, introduced significant uncertainty in the calculated q0.

A forward modeling approach using tangential soft x-ray pinhole camera (SXR PHC)

measurements was developed on the Princeton Beta Experiment (PBX) to avoid the disadvan-

tages of the direct inversion process80,81. Instead of using a tomographic inversion, the mea-

sured two-dimensional (2D) tangential SXR image of the plasma was projected toroidally and

compared against the results from an equilibrium reconstruction using external magnetic diag-

nostics. The value of q0 was iteratively adjusted in the reconstruction until the projection of the

equilibrium reconstruction and SXR image had the best match. Although this implementation

involved a manual iterative feedback loop, it demonstrated that the application of flux surface

70



geometry from SXR emission measurements coupled with external magnetic diagnostics could

successfully determine the plasma current distribution from equilibrium reconstruction.

The Pegasus Toroidal Experiment (PEGASUS) also used the tangential SXR image as

a constraint in the equilibrium reconstruction code, along with other external magnetic diag-

nostic measurements, to determine the plasma current and safety factor q profiles82,83. The

implementation included several steps. First the SXR intensity on the horizontal mid-plane of

the pinhole camera is Abel-inverted84 to get an SXR emissivity profile across the mid-plane of

the plasma cross section. The obtained SXR emissivity profile is then mapped to a flux surface

profile generated from a reconstructed plasma equilibrium using external magnetic diagnostics.

Based on this mapping, a SXR emissivity image is calculated over the entire cross section of

the plasma. This emissivity image is then projected toroidally to create a SXR intensity image.

The resulting SXR intensity image is checked against the original CCD image to calculate the

associated χ2, which quantifies how well the two images match to each other. The current

profile is reconstructed using a least squares linear fitting routine in the equilibrium code.

The above applications of SXR emissivity measurements are all indirect in that they as-

sume iso-emissivity of SXR on a flux surface, and make use of multiple-step algorithms. More

recently, a comprehensive method to self-consistently reconstruct the equilibrium current pro-

files with magnetic and SXR data using the equilibrium fitting code EFIT40,42 was developed

on DIII-D85. In conjunction with external magnetic data, this method provides accurate cur-

rent and q profiles in reasonable agreement with those obtained using the MSE diagnostic. In

this thesis, we experimentally extend this approach in which geometry of the flux surfaces is

used to determine the plasma current distribution to a fully three-dimensional nonaxisymmetric

configuration. A method has been developed to reconstruct magnetic flux surfaces and current

profiles using a combination of 160 SXR emissivity signals and 51 external magnetic signals

in the 3D equilibrium reconstruction code, V3FIT.

5.4.2 Implementation of SXR emissivity measurements in V3FIT

The SXR chordal model used in V3FIT is a one-dimensional line integration through the cen-

ter of the solid angle observed by a particular photo-diode detector. To utilize SXR emissivity
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measurements, both geometric information (geometric input) and experimental measurements

(data input) of all SXR channels are required in V3FIT. The position and orientation of each

SXR camera diode are measured with a Coordinate-Measuring Machine to a nominal accuracy

of 0.25 mm with respect to the CTH magnet coil system. Based on those measurements, coor-

dinates of all the chordal sight lines with respect to the magnetic geometry are calculated and

formatted as geometric inputs to V3FIT. Due to the flat geometry of the diode array and the

placement of the viewing slit in the center of the diode array, the angular extent of the poloidal

view is different for each diode within each SXR camera. Because the edge channels are fur-

ther away from the slit than the central channels, there results an effective decrease in the slit

width. This so-called geometric factor is accounted for when comparing integrated emissivity

measurements in V3FIT38 and is included in the geometric input file.

The data input contains processed SXR measurements from all chords of the cameras. A

dedicated IDL program has been developed to process the raw SXR signals after each plasma

discharge, and save the results to a separate node in the MDSplus86 data tree. First, SXR signals

from the data acquisition system are deconvoluted to correct for phase shifts and account for

the gains from electronic amplifiers. The signals are then passed through a digital Butterworth

filter with a cutoff frequency of 10 kHz in order to eliminate high frequency noise and increase

the signal to noise ratio. Lastly, signals are further smoothed by averaging over a time window

of 1 ms.

With the known geometry of SXR chordal sight lines, parametrized emissivity profiles

are specified in flux geometry to calculate the simulated SXR emission from a given VMEC

equilibrium. Because the SXR cameras record emission above a certain energy threshold that

is filter dependent, each set of SXR diodes with filters of the same thickness is used to create a

filter-specific line segment emissivity profile. The large number of chords available expands the

number of parameterizations that can be used. Each line-segment emissivity profile consists of

ten line segments, the height of each segment representing the emission intensity at a specific

flux surface. Line segments of length 0.1 (in normalized flux units) are reconstructed from the

axis at s = 0 to the plasma boundary at s = 1, where the emission intensity is set to be zero.

For each emissivity profile, there are 10 reconstructed parameters.
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Using specified emissivity profiles and plasma equilibrium provided by VMEC, modeled

SXR signals are calculated using line integration. With processed experimental inputs and

modeled responses calculated by V3FIT, the corresponding value of χ2 is calculated. The

emissivity profiles along with other plasma parameters are optimized/reconstructed iteratively

within V3FIT until a minimum value of χ2 is obtained.

In order to deconvolve the flux surface geometry from the SXR emission, we make the

reasonable assumption that X-ray emissivity is taken to be constant on a magnetic flux sur-

face in non-pathological discharges. However, experimental indications of X-ray emission not

being constant in a flux surface have been reported in larger experiments87,88. For example,

a discrepancy between the X-ray contours and magnetic flux surfaces has been observed in

Alcator C-Mod tokamak plasmas with MARFEs, leading to the conclusion that X-ray emissiv-

ity is not always constant on a flux surface, particularly in plasmas evidencing local thermal

instability. Nonetheless, we will make the assumption that at least within the plasma core,

the iso-emissivity contours may be aligned with the magnetic flux surfaces. SXR emission is

a function of electron temperature, density and impurity concentrations. Since electron ther-

mal transport parallel to the magnetic field is strong, considering electron temperature to be

a good flux quantity is a reasonable approximation. Also, because there is no symmetry or

quasi-symmetry in the magnetic field other than the usual stellarator field-period symmetry, we

expect flows to be significantly damped, and hence centrifugal effects that might lead to density

not being a good flux surface function should be small. The assumption of impurity concen-

tration as a flux function is the one most difficult to justify. Without further measurements to

independently quantify this assumption, we simply assume it and investigate the ability to fit

the profiles.

5.4.3 Reconstruction results

As a comparison, the same plasma in Sec. 5.3 is reconstructed again using the 160 SXR chordal

measurements in V3FIT instead of using the sawtooth inversion location. Reconstructed pa-

rameters include the total enclosed toroidal flux, current density profile parameter α, and three

emissivity profiles consisting of 30 parameters to be determined. The final fitting between
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experimental measurements and modeled signals derived from reconstructed equilibrium are

shown in Fig. 5.10. Here experimental inputs are plotted in red with gray error bars, while

Figure 5.10: A comparison between experimental SXR measurements (red dots) and modeled
signals (blue curve) derived from reconstructed equilibrium for select SXR cameras. The black
symbols in the upper right portion of each graph (circles, triangles and square) are used to
identify cameras with filters made of 1.8µm, 1.8µm Aluminum-Carbon, 3µm Aluminum-
Carbon, and 1.8µm Beryllium respectively. Cameras with similar filters only contribute to
those individual emissivity profiles as experimental data.

the simulated signals are shown in blue. SXR cameras that use the same filters and the same

emissivity profile are identified with similar markings in the upper right corner of the figures

(circles, triangles, and a square). Here, three emissivity profiles are introduced. The two sets

of signals match well for cameras in different poloidal and toroidal positions. The reasonable

profile fit results support the assumption that SXR emissivity may be taken to be a constant on

a flux surface for CTH plasmas.

The reconstruction result is checked against the one using the sawtooth inversion informa-

tion discussed in Sec. 5.3. Fig. 5.11 presents a comparison of the resulting current and safety

factor profiles in two cases. Both current and q profiles of the two cases match well with each

other. It is important to note that the reconstruction directly using SXR data predicts the central

safety factor q0 to be close to unity even without applying the prior knowledge of the inversion

radius. This provides some support of the model despite the uncertainty of the assumption of
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Figure 5.11: Comparison of the reconstructed current density and safety factor profiles from
two cases of reconstructions. The results from reconstruction directly using SXR emissivity
measurements are shown in red, while the ones from reconstruction using the prior constraint
of the inversion radius are shown in blue.

iso-emissivity contours corresponding to magnetic flux surfaces. Provided no physical interpre-

tation of the sawtooth, V3FIT is still able to channel sufficient current in the core of the plasma

to drop the central q0 around one by reconstructing the emissivity profiles and the geometry of

magnetic flux surfaces.

A quantitative measure of the effectiveness of the diagnostic in determining current den-

sity profile is given by the so-called signal effectiveness calculated in V3FIT21. The detailed

definition of the signal effectiveness is given in Appendix, C. It is a dimensionless, normal-

ized ratio of the fractional reduction in the reconstructed parameter variance to the fractional

reduction in the signal variance. It essentially tells how effective one particular diagnostic is

in determining one specific plasma parameter. To test the sensitivity of different diagnostics

to the change of current profile, a set of 140 discharges with different plasma parameters are

picked and reconstructed with all magnetic and SXR diagnostics. The averaged values of the

signal effectiveness for reconstructing the current profile width, or α parameter, for all of the

magnetic and SXR diagnostics are shown in Fig. 5.12. The signal effectiveness values indicate
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Figure 5.12: The signal effectiveness in reconstructing the α parameter which determines the
broadness of the plasma current profile. Those from the magnetic diagnostics are shown in blue
and those due to the SXR diagnostics are shown in red.

that the SXR measurements are generally much more effective in determining the current pro-

file parameter α compared to magnetic measurements. The most effective magnetic diagnostic

appears to be the full Rogowski coil which measures the total toroidal plasma current.

The details of the signal effectiveness of each SXR camera are shown in Fig. 5.13. There

are a few highlights to point out. First, the material or thickness of the filters appears to have

no effect on the strength of the signal effectiveness. Generally, the SXR chords at positions

with higher gradients of signal strength are found to be more effective. SXR chords that view

the very edge of the plasma are not as effective because there the signal values are too low. A

few SXR channels from the two central SXR cameras have the strongest signal effectiveness.

The SXR channels from the bottom SXR camera at the full period of CTH (φ = 0◦) are less

effective compared to other SXR cameras at the half period (φ = 36◦ and φ = 252◦), except

the very central channels that are sensitive to the shift of the magnetic axis. This is due to the

fact that the geometry of flux surfaces at the full period of CTH is more rigid compared to that

at the half period as discussed in Chap. 4.
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Figure 5.13: Signal effectiveness of all SXR cameras. The black symbols in the upper right
portion of each graph (circles, triangles and square) are used to identify cameras with filters
made of thin and thick aluminum/carbon foils, and thin beryllium foils respectively.

Similar reconstructions incorporating the SXR emissivity profiles are performed for a set

of sixty-nine current-driven plasmas that all exhibit sawtoothing behavior. These discharges

are very different in terms of plasma current, density, and external rotational transform settings

(imposed stellarator transform). Reconstructions of each discharge are performed in three dif-

ferent ways: using external magnetic diagnostics only; using magnetic diagnostics along with a

prior constraint of the location of the q = 1 surface; directly using all SXR and magnetic data.

The reconstructed edge safety factor values, qedge, are similar for the three methods of re-

construction, showing good agreement with less than 5% difference between methods. That the

all three reconstruction methods give similar values for the edge safety factor again highlights

the fact that external magnetic diagnostics are effective in determining global characteristics

of the magnetic equilibrium only close to the last closed flux surface. The resulting central

safety factor q0 for the same set of sawtoothing shots using the three methods are plotted in

Fig. 5.14 against the edge safety factor. It is seen that the central safety factors, q0, obtained

from reconstructions by directly using magnetic and SXR data are consistent with results using

the prior constraint of the location of q = 1 surface to a percentage difference within 15%. Also

from Fig. 5.14 it is seen that the q0 values obtained from reconstructions using only magnetic
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Figure 5.14: Reconstructed central safety factor q0 values using three different methods.

diagnostics increases with the edge safety factor, and are far from unity for these sawtoothing

discharges. This is a clear indication that external magnetics are incapable of correctly diag-

nosing the changes of the q profile, i.e. the internal current distribution in 3D plasmas as in

axisymmetric plasmas.

5.5 Effects of the external vacuum rotational transform on CTH plasmas

Improved equilibrium reconstruction provides an important tool to study the effects of 3D shap-

ing fields on the equilibria of CTH discharges. In this section, a set of plasmas are reconstructed

using both SXR and magnetic data. These reconstructions are performed at the time when

the plasma current reaches its maximum value, where the time derivative of the value of the

plasma current is zero. Different rotational transforms are applied to these discharges. The

reconstructed current profiles are compared in several conditions to explore the effects of the

vacuum 3D magnetic fields on the current distribution within the plasma.
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Figure 5.15: Group of discharges with similar current, density, and varying vacuum transforms

First, a group of discharges are chosen to have nearly the same plasma current (50 kA -

52 kA), but increasing vacuum rotational transform, varying from 0.02 to 0.09. The variance of

the density is small as shown in Fig. 5.15.

The internal inductance li, familiar from the specification of tokamak equilibria, is defined

as

li =
〈B2

θ〉V
B2
θ (a)

. (5.4)

It is the volume averaged square of the poloidal field, B2
θ , normalized to the square of the

poloidal field at the edge of the plasma, B2
θ (a), where a is the minor radius of the plasma. The

parameter li characterizes the breadth of the current profile in tokamaks. However, since much

of the confining poloidal magnetic field in a hybrid stellarator is provided by the current in

the external coils, li is relatively insensitive to the current profile in hybrid stellarator plasmas,

and thus is not particularly useful for distinguishing between different current profiles in CTH

plasmas. Instead, we use the full width at half maximum, FWHM, of the current profile in the

normalized flux surface parameter s as a measure of the breadth of the current profile.
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Figure 5.16: The FWHM of reconstructed current profiles and internal inductances are plotted
versus the vacuum rotational transform.

The FWHMs of reconstructed current profiles and internal inductances are shown in Fig. 5.16.

We find that the current profile becomes significantly broader with addition of vacuum rota-

tional transform, i.e. increasing level of stellarator fields. By comparison, the internal in-

ductance, li decreases only slightly as the current profile broadens. That the FWHM and li

approach the similar magnitude at low values of vacuum transform is just a coincidence.

With the increase in vacuum rotational transform, the portion of the central transform from

the central plasma current density must necessarily decrease to keep the net central transform

near or below unity, thus leading to a broader current profile for a given value of plasma current.

The variation of neoclassical resistivity may also play an important role here. The resistivity

depends on the trapped electron fraction, which is strongly affected by the level of toroidal field

ripple. These toroidal ripples in a stellarator will be the effective sum of several spectral terms

of non-zero toroidal periodicity. The profile of the toroidal magnetic ripples may be different

when the magnetic field configuration changes.

80



Figure 5.17: Group of discharges with similar densities but varying current

The effect of the value of total plasma current on the current profile is also investigated.

A group of plasmas with similar density but different current as shown in Fig. 5.17 are recon-

structed. The FWHMs of the reconstructed current profiles are shown in Fig. 5.18. With similar

density and vacuum transform, the current profile naturally becomes broader with increasing

plasma current. This is due to the fact that the vertical field needed to maintain the plasma in

equilibrium depends on both plasma current and the internal inductance. If the external applied

vertical field does not change when the total plasma current increases, the internal inductance

decreases, resulting a broader current profile.

5.6 Discussion and conclusion

Determination of the plasma current and rotational transform profiles is important for under-

standing the thresholds for MHD instability and disruption. Previous work has shown that

external magnetic diagnostics by themselves are not sufficient to accurately describe the in-

ternal state of hybrid discharges in CTH. Because direct measurement of the internal poloidal

magnetic field is not available in CTH, we have developed two methods to incorporate SXR
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Figure 5.18: FWHM of reconstructed current profiles vs. amplitude of plasma current

measurements in the V3FIT code to improve the reconstruction of the internal plasma current

distribution.

In current-driven discharges that are sufficiently dense, the soft X-ray emission often ex-

hibits characteristic sawteeth with an inversion of the phase of the sawtooth evident in the radial

profile of the emission. Under the assumption that the radius of the inversion of the sawtooth

signals corresponds to the magnetic surface at which q = 1 as in tokamaks, the values of the

parameters used to fit the plasma current profile can be known with far greater precision that

with magnetics alone. In V3FIT, this is performed as a secondary optimization step in which

the inversion radius is identified as a flux surface found from the reconstruction performed with

magnetics alone, and the current profile is then reconstructed again with the prior knowledge

of q = 1 corresponding to a particular reconstructed flux surface.

In the second more straightforward approach, measurements from eight SXR camera ar-

rays at different toroidal and poloidal locations are used to reconstruct the geometry of flux

surfaces and thus infer the current distribution within the plasma. The original approach of de-

riving the plasma current distribution from the geometric shape of the flux surfaces through con-

sideration of the MHD equilibrium requirement is based on toroidally symmetric, non-circular
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cross-section configurations. We have shown that the concept remains valid and practical in a

non-axisymmetric stellarator with significant plasma current.

Equilibrium reconstructions of sawtoothing plasmas using SXR and magnetic data predict

the central safety factors to be around unity, in agreement with reconstruction results where

external magnetic data was used in conjunction with the prior constraint of the location of the

q = 1 surfaces extracted from SXR emissivity data. Many small-scale or low-field shaped

plasmas do not have the ability to directly measure the internal magnetic field, but are equipped

with x-ray diagnostic systems that have good temporal and spatial resolution. The technique

described in this thesis provides an alternative method that can be used to measure the current

distribution, 3D in our case, with reasonable accuracy as demonstrated.
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Chapter 6

Density limit disruptions in CTH

The manifestation of a disruption of a magnetically-confined current-carrying toroidal plasma

is a sudden loss of confinement immediately followed by a rapid drop of the plasma current

and temperature. The disruption expels heat and particles to the edge of the plasma at a rate

higher than in a normal discharge, leading to large, outward particle and heat flows to the vessel

walls and, if present, divertor. The collapse of the plasma current produces larger than normal

eddy currents in conducting plasma facing components and the structure of the confinement

device, leading to potentially excessive force-loading, which may exceed material limits in

large plasmas. In large tokamaks, the rapid loss of plasma and magnetic energy may thus cause

damage. As a result, the avoidance and mitigation of disruptions is considered essential for

future tokamak devices such as ITER.

Prior to some disruptions, plasmas often exhibit growing MHD activity that can drive the

plasma equilibrium to an unstable disruptive state. Known causes of disruptions include opera-

tional limits on density (density limit), pressure (β limit) and current (low-q driven disruption),

unstable vertical drifts, and operator or mechanical failure. Disruptions, however, do not rou-

tinely occur in current-free stellarators, in which the required rotational transform is produced

by external currents. While the lack of plasma current should reduce the drive of current-driven

MHD instabilities, it has also been suggested that the inherent 3D magnetic field structure may

also play a role in the relative immunity of stellarator to disruption. In tokamak configurations

with no vacuum transform, small levels of 3D fields are applied for resistive wall mode89 and

edge local mode16 suppression, and error field correction90, effectively controlling the growth

84



of deleterious MHD instabilities. What is then the effect of higher levels of 3D magnetic shap-

ing field, like B3D/B0 ∼ 0.1, on tokamak instabilities and disruptions?

In the stellarator/tokamak hybrid CTH device, the rotational transform from both external

coil currents and ohmic driven toroidal plasma current may be applied simultaneously. Earlier

hybrid devices have shown evidence of disruption avoidance and improved positional stabil-

ity7,8. In this work, studies of disruptive behavior of current-carrying discharges show that

disruptions in CTH hybrid discharges can be reproducibly modified by applying modest levels

of externally generated rotational transform from the stellarator coils.

This chapter is organized as follows. First, the density limits of toroidal plasmas in differ-

ent magnetic confined experiments are discussed in Sec. 6.1, including empirical scaling laws,

disruptive phenomenology and underlying physics. Next, the density limiting behavior of CTH

plasmas is described in Sec. 6.2. The effect of 3D shaping magnetic fields on the density limit is

discussed in Sec. 6.3 An analytical approach of stabilization of MHD instabilities in a current-

carrying stellarator is shown in Sec. 6.4. Finally, the conclusion and proposed future work are

given in Sec. 6.5.

6.1 Density limits in toroidal plasmas

In various magnetic confinement experiments (tokamaks, reversed field pinches (RFP), stellara-

tors, spheromaks and field-reversed configurations), it is found that there are limiting values of

the density that can be achieved even with advanced heating or fueling techniques. Apparently,

there is an independent limit on plasma density in addition to the operational limits imposed

by MHD stability on plasma current and pressure. Attempts to raise the density beyond the

limit result in a termination of the discharge either by disruption or slow collapse. Since the

fusion reaction rate scales with n2, the density limit plays an important role in contracting the

parameters of plasmas intended to produce practical fusion power, including ITER.

6.1.1 Scaling law

Since the mid 1960s, many experiments on the density limit have been carried out on numerous

tokamak devices operating over a wide range of parameters91–93. The data compiled from these
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experiments have enabled the formulation of scaling law for this phenomenon. Initially, a

scaling law, known as ”Murakami limit”, was found where the maximum achievable density is

given by nM < BT/R
93. HereBT is the toroidal field andR is the major radius. The Murakami

limit was thought to represent as global power balance between radiation losses and ohmic

heating, the latter being roughly proportional to the central current density, jo ∼ BT/R. A

subsequent scaling, the ”Hugill limit” with the form nH = B/qR, was proposed making use of

additional data from devices with gas puffing and auxiliary heating94. It revealed an important

relationship between the maximum attainable plasma density and the current density, since for

circular, high aspect ratio limit, BT/qR ∼ Ip/a
2. A similar expression for the density limit had

also been found in RFP devices95,96. In RFPs, the operating range was usually parameterized as

I/N , where I is the plasma current and N represents the number of particles per unit toroidal

length. The I/N scaling is equivalent to the Hugill limit B/qR or Ip/a2.

With data from shaped plasmas, it was found that the coefficient in front of the Hugill

limit B/qR could vary significantly from device to device. For strongly shaped plasmas, the

difference could be a factor of 2 or more. With more data from an array of devices, a new

scaling law was proposed by Greenwald23 in which the maximum density limit is given by the

equality:

nG =
Ip
πa2

(6.1)

It is assumed that the plasma has a roughly elliptical cross-section in the poloidal plane, with a

horizontal width of 2a and the vertical height of 2κa (κ ≥ 1). Ip is the plasma current in MA,

and a is the semi-minor radius of the plasma in units of m, and nG is the maximum attainable

line-averaged density expressed in units of 1020m−3. The Greenwald limit in Eq. 6.1 is equal

to the Hugill limit for circular cross-section plasmas, but is significantly higher for experiments

with vertically-elongated plasmas. The empirical Greenwald density limit is currently the most

common figure of merit to predetermine the maximum operating density of tokamak plasmas.

Fig. 6.1 shows the Greenwald limit versus the measured densities of a set of discharges from

three tokamak devices4. The empirical limit appears to define the operational limit well in both

circular (Alcator C) and highly shaped plasmas (DIII and PBX).
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Figure 6.1: Measured densities are plotted against the Greenwald limit for a set of experiments.
Figure from Ref [93].

The scaling of maximum operating density in current-free stellarators is different, par-

ticularly as there is little to no plasma current. The density limit observed in stellarators is

not associated with disruptions, but correlates with the heating power. A scaling law was first

reported from Heliotron E with scaling formula97:

nlimit = 0.25

(
PinB

a2R

)0.5

. (6.2)

Here nlimit is the line average electron density (1020m−3), Pin is the absorbed power ( MW), B

is the magnetic filed strength on the plasma axis ( T), a is the average minor radius ( m) and R

is the major radius m. With more data from other experiments, a general power law has been

formed to fit with exponents varying from P 0.5→1.0
in B0.5→1.0/R0→1.5 97–99.

The stellarator density limit takes the form of a quenching of the stored plasma energy

on the confinement time, suggestive of a mechanism driven by slow scale radiative collapse,

independent of MHD stability issues. Accordingly, the densities achieved in stellarators may

be significantly higher than in tokamaks of comparable dimensions if sufficient heating power

is available.
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6.1.2 Observations and underlying physics

Most extensive studies of density limit disruptions have been conducted in tokamak devices.

They typically link the limit to physics near the boundary of the plasma. Several phenomena

may be observed as the density is raised toward the density limit. They include the appearance

of MARFEs100,101, divertor detachment102,103, a drop in H-mode confinement104–106, changes

in ELM activity107, a transition from H-mode to L-mode105,108,109, poloidal detachment110,111,

increase of coherent MHD oscillations concurrent with a peaking of the current profile112,113,

and finally major disruptions. The first four, MARFEs, divertor detachment, H-mode degrada-

tion and the changes in ELM activity can happen over a wide range of densities, varying from

0.3− 0.9 nG. The other phenomena, the H/L mode transaction, poloidal detachment, shrinkage

of current density profile, growing MHD activity and the disruptions, occur at or near the limit

density nG.

Cooling of the edge is a key element in all observations, suggesting that radiation may

play an important role in density limit driven disruptions4. Observations of discharges with

peaked density profiles that exceed the Greenwald density limit supports the hypothesis that

the physics underlying the density limit is to be found in the edge of plasmas. Neutron beam

injection (NBI)114,115, pellet injection116–118 and transport modification119,120 have been used to

obtain peaked density profiles with line-averaged densities in excess of Greenwald limit. In

these experiments, the edge density remained below the limit to trigger disruptions while the

increase in the line-averaged density came from particles in the core of the plasma. This finding

is consistent with proposed mechanisms that attribute the density limit to physics in the edge

of plasma.

The manifestation of the density limit is quite different in stellarators. A soft limit or ther-

mal quench may be encountered in stellarator plasmas with sufficient high density97. If the

density is reduced by lowering the gas puffing, a stellarator may recover from the quench99.

Alternatively, thermal collapse could be triggered by strong gas fueling or by lowered heat-

ing power in an established high-density discharge. During the collapse, a large increase in
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radiation from low Z impurities is observed similar to MARFEs and poloidal detachments phe-

nomena in tomakaks, suggesting an important role of radiation in the limit. But it is still not

clear that the collapse is due to the same edge physics as in tokamaks.

6.1.3 Physical mechanisms

Although density limit disruptions have been observed for several decades, there is not a

first-principles theory available that is universally accepted, or even agreement on the essen-

tial mechanisms. However, there is a general agreement on the final scenario of the density

limit, in which edge plasma cools, current profile narrows, growing MHD instabilities (usually

m/n = 1/2 tearing mode) occur followed by a loss of MHD equilibrium, and final disrup-

tion22. All phenomena of the density limit in tokamaks are associated with the cooling of edge

plasma, suggesting a unifying mechanism. Several theories and models have been proposed to

explain the cause of the edge cooling.

Because the radiated power form a plasma increases with density121 and plasmas with

high levels of impurities tend to be thermally unstable and cannot achieve high densities92, sev-

eral radiation models have been considered, including core radiation from high Z impurities93,

formation of thermal condensation or MARFEs122, radial detachment123,124, and divertor de-

tachment125,126. These models were able to reproduce some features of disruptions in certain

cases with good quantitative agreement. However, they are not entirely satisfactory as they re-

quire assumptions about edge transport, which is not well understood yet, and make predictions

about power and impurity scaling that is not consistent with experimental observations4.

Another approach focuses on the enhanced turbulent transport. There is evidence that in-

creased edge transport at high densities is responsible for the edge cooling127–131. Accordingly,

several models have been developed to explain the increase of transport at high densities and

its relation to the density limit132–135. Simulation work has successfully discovered regimes of

extremely large turbulent transport, which, to a certain extent, is consistent with experimen-

tal observations. However, further investigation is needed to find a comprehensive and well-

characterized edge turbulence model. Present transport-based models are not able to make

89



quantitative predictions. Both radiation and transport models have experimental ramifications

that need to be pursued.

More recently, the thermo-resistive effect, is being reconsidered to explain the physics

behind the tokamak density limit. It combines several important effects with regard to tearing

stability, including thermal effects on the 3D resistivity distribution136–140. Specifically, it is a

combination of nonlinearly-growing tearing modes leading to current profile narrowing and a

model of radiation driven islands. Some new features are included: island asymmetry due to

finite island width; a radiation model based on local coronal equilibrium; current perturbations

due to perturbed resistivity; numerical solution of the cylindrical eigenfunctions and tearing

mode driven instability parameter ∆′. The thermal-resistive formalism is found to be able

to quantitatively reproduce the Greenwald density limit. To justify this mechanism, further

investigation with experimental data of high spatial resolution is needed, which can be quite

challenging.

6.2 Density limit disruptions observed in CTH

Studies of density limit disruptions are carried out in CTH in discharges with the rotational

transform produced by both the toroidal plasma current and current in the coils. The density

limit manifests itself as a major disruption in CTH despite some transform being provided by

external coils. The density limit is reached by ramping the density using strong fueling from

the edge.

Fig. 6.2 shows two discharges with similar vacuum transform of of ῑvac = 0.05. The den-

sity signals are line-averaged densities from the central channel of the interferometer system.

In one discharge (12090650), the density was kept constant at a low value, and the discharge

did not disrupt. In the other discharge (12092048), strong gas puffing caused the density to

ramp up until a disruption occurred. The phenomenology of these terminations are similar to

tokamak disruptions. There is a negative loop voltage spike coincident with a positive current

spike followed by a sharp collapse of plasma current. In addition, there is a growing coherent

MHD precursor to the disruption detected with poloidal magnetic pick-up coils.
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Figure 6.2: Two discharges with different density but similar vacuum transform of ῑvac = 0.05.
From top to bottom are plasma current Ip, line-averaged density ne, loop voltage and poloidal
magnetic coils Bθ.
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Another disrupting plasma 14092626 is shown in Fig.6.3, displaying the evolution of

plasma current, density, loop voltage, and magnetic fluctuation measured by one of the poloidal

magnetic pick-up coils. A expanded view of the magnetic pick-up signals (precursors to the

disruption) is shown on the right. Before the disruption occurring, during the time interval

Figure 6.3: A disrupting plasma showing the time evolution of plasma current, density, loop
voltage and magnetic fluctuations measured by one of the magnetic pick-up coils. Disruption
occurs during the time interval highlighted in red; the expanded view of the red box is shown
at the right.

within the red box in the left-hand figure, the same precursors as in a tokamak are observed:

strong MHD fluctuations growing early, a positive current spike followed by sudden current

quench, sharp termination of density at sufficient level, negative loop voltage spike. The nega-

tive voltage spike is believed to result from a sharp drop of plasma inductance.

CTH is equipped with several sets of toroidal and poloidal magnetic pickup coils, which

are used to measure MHD fluctuations. The pick-up signals are used to analyze the magnetic

fluctuations of the discharge in Fig.6.3 before disruption. A contour plot of the result is shown

in Fig.6.4. The data shows a mode structure, with poloidal mode number m = 2 and toroidal

mode number n = 1, consistent of tearing mode at the flux surface with rotational transform

ῑ = 1/2. The mode rotates and locks approximately 1 ms before disruption. To evaluate the

time evolution of the 2/1 mode, singular value decomposition (SVD) is applied to the data.
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Figure 6.4: Contour plot of the magnetic fluctuations prior to the disruption (Shot:14092626).
Time is plotted on the x-axis. Measurements from a poloidal array of 16 pickup coils and a
toroidal array of 10 coils are shown on the top and bottom panel respectively. The black band
near the left y-axis shows the poloidal and toroidal position of these coils. The color represents
the amplitude (positive and negative) of the magnetic fluctuation δB.
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The extracted amplitude of the 2/1 mode is shown in Fig. 6.5. It is clear that the 2/1 tearing

mode grows until the discharge terminates.

Figure 6.5: Time evolution of the amplitude of m/n = 2/1 tearing mode extracted from the
magnetic fluctuations using singular value decomposition (Shot:14092626)

A growing oscillation in the plasma density trace occurs, as shown in the upper plot of

Fig.6.6, indicating strong poloidal perturbation of the magnetic flux surface by the MHD in-

stability. Sawtooth relaxations are frequently observed in these high-density CTH plasmas.

Sawtooth activity shown in this figure turns into sinusoidal oscillations prior to disruption.

Fig.6.7 shows the result of SVD analysis of the SXR signals within the time window between

1.6634 s and 1.6644 s. As a comparison, the magnetic perturbation in the same time interval

measured by one of the poloidal pick-up coils is shown in Fig.6.8. The largest temporal modes

from the SXR signals are oscillating with the same frequency as the magnetic perturbation sig-

nals. Fig.6.9 shows the reconstructed SXR signals using the first three dominant modes. The

contour plot shows a clear m = 1 structure. Prior to the disruption, as the m/n = 2/1 MHD

fluctuation grows and destroy flux surfaces in the edge of the plasma , it naturally drives the

m/n = 1/1 mode at the q = 1 surface near the core of the plasma. The m = 0 sawtooth
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Figure 6.6: Strong oscillations grow up in the plasma density (Shot:14092626). The sawtooth
relaxations in the SXR signal turn into sinusoidal oscillations prior to disruption.

relaxations turn into sinusoidal oscillations with the same frequency as the magnetic perturba-

tions. The m/n = 2/1 mode near the edge of the plasma and the m/n = 1/1 mode in the

center are coupled and eventually terminate the magnetic confinement through fast magnetic

reconnection.

Reconstructions are performed with both SXR and magnetic data for the discharge in

Fig.6.3, to determine the evolution of the current profile. The values of the reconstructed edge

safety factor qedge and the FWHM of reconstructed current profile are shown in Fig. 6.10. Before

the disruption, a sudden radial narrowing of the current profile is observed, resulting a steeper

current gradient. The growing m/n = 2/1 tearing mode is recorded by magnetic pickup

probes, as shown in Fig. 6.5. This is consistent with classic picture of density limit disrup-

tions in tokamaks, in which the density limit is preceded by the appearance of tearing modes,

frequently with poloidal mode number m = 2 and toroidal mode number n = 1, growing

exponentially on a resistive growth timescale141. The standard hypothesis suggests the peaking

of current profile leads to the growth of tearing modes142–144, i.e. steep current gradient at a

low-order rational surface.
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Figure 6.7: SVD analysis of the SXR signals within a time window between 1.6634 s and
1.6644 s. The largest three spatial and temporal modes are plotted on the left and right respec-
tively.
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Figure 6.8: Magnetic perturbation signal in the time window between 1.6634 s and 1.6644 s.

Figure 6.9: Contour plot of reconstructed SXR signals using the three dominant spatial and
temporal modes obtained by SVD. The channel number of the SXR chords is plotted on the
y-axis, and the time on the x-axis.
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Figure 6.10: Time evolution of the plasma current, reconstructed edge safety factor qedge and
FWHM of reconstructed current profile for discharge 14092626
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What is more, we also find that the density at disruption is observed to be independent of

plasma current evolution. Fig. 6.11 shows two discharges with similar vacuum transform of of

Figure 6.11: Two discharges with different programmed loop voltage but similar vacuum trans-
form of ῑvac = 0.07. From top to bottom are plasma current Ip, line-averaged density ne, loop
voltage and Mirnov loop signals.

ῑvac = 0.07. They have different programmed loop voltage, and consequently exhibit different

evolution of the plasma current. But they both disrupted at similar plasma current and density.

The disruption occurrence correlates with plasma current and density as in tokamaks.
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6.3 Modified behavior of density limit disruption in CTH

The phenomenology of density limit disruptions in current-carrying discharges of CTH is seen

to be similar to tokamak terminations. What makes CTH special is that it has the flexibility

to change the amount of 3D fields applied to the plasma independent of plasma current. The

following analysis includes experimental data from three groups of density limit disrupting

plasmas (506 discharges) taken between 2012 and 2016 with different levels of imposed vac-

uum transform, plotted in Fig. 6.12. They are categorized with low (0.02 − 0.04), medium

Figure 6.12: Line-average densities and currents just prior to disruption for three groups of
plasmas with different levels of imposed vacuum transform. The blue, green, and red symbols
represent discharges with vacuum transform ranges of 0.02−0.04, 0.07−0.09, and 0.12−0.15
respectively.

(0.07 − 0.09) and high (0.12 − 0.15) vacuum transforms. The density is the maximum at-

tainable one in a discharge. The default density reading calculated from the interferometer

measurements uses a fixed plasma width of 0.25 m. A correction is made by including the

actual width of the plasma at where the interferometer is located using reconstructed plasma

equilibrium. The recorded density at disruption follows the trend of Greenwald limiting be-

havior in that it increases with the plasma current. However, there is an additional dependence
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on the level of imposed vacuum transform evident from the slope of the trend lines. As the

level of vacuum transform increases, the slope of the relationship also increases, i.e. for a given

current, higher density is achieved with the addition of vacuum transform in a discharge that

would have otherwise disrupted at lower imposed vacuum transform.

A contour plot that includes all discharges with density limit disruptions during the same

time is shown in Fig. 6.13. The x and y-axes represent the plasma currents and densities prior

to disruptions. The color bar identifies the level of vacuum transform applied. Fig. 6.13 shows

Figure 6.13: Contour plot showing currents and densities prior to disruption for over 800 den-
sity limit disrupting discharges with different levels of imposed vacuum transform.

clear boundaries between different groups of discharges with different levels of imposed vac-

uum transform. As noted before, the density achieved prior to the disruption scales with the

current and the density at which disruption occurs rises for given current with addition of vac-

uum transform.

For the same set of discharges, the values of the density before disruption are normalized

to the empirical Greenwald limit and plotted versus the vacuum transform. The result is shown

in Fig. 6.14. The original form of the Greenwald limit, Ip/πa
2, is generalized for magnetic

configurations with toroidal symmetry and is essentially the averaged toroidal current density.

Since plasmas in CTH are three-dimensional and highly non-axisymmetric and the shape of the
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Figure 6.14: Densities before disruption, normalized to the empirical Greenwald density limit,
versus the level of vacuum transform.

poloidal cross-section varies in the toroidal location, the expression of the Greenwald limit in

CTH is calculated using toroidal averaged poloidal cross-sectional area AAVG from equilibrium

reconstructions as nG = Ip/AAVG. At the lowest value of vacuum transform close to the toka-

mak limit of CTH, disruptions happened with density near 0.5 nG. As the vacuum transform is

increased, the normalized density limit increases by a factor of nearly 4, where some discharges

disrupted with density at around 2.0 nG. Attempt to use the semi-minor radius at the half period

of the plasma (where the interferometer is located) as the a in the expression results in similar

patterns. However, in contrast to earlier work on W7-A8 and JIPPT-II147, we have not found a

threshold value of vacuum transform that eliminates disruptions. Experimentally, we find that

we can achieve similar densities without disruption at lower plasma current when the vacuum

transform is raised. Operationally, discharges with higher vacuum transform tend to have lower

current for a given ohmic drive. We believe that the confinement is lower in hybrid discharges

with increasing vacuum transform.

102



Continued effort to improve the reconstruction of current profiles in CTH serves the pur-

pose of a better understanding of the effects of strong 3D shaping on MHD induced instabil-

ities and disruptions. With improved equilibrium reconstruction capability using soft X-ray

measurements, a sub set of discharges are reconstructed when both SXR and magnetic data are

available. For each discharge, equilibrium reconstruction is performed just before disruption.

The reconstructed parameters include the total toroidal flux, SXR emissivity profiles, and the

current profile parameter α. The FWMH of the reconstructed current profile is used as a mea-

sure of the current profile peakedness. Fig. 6.15 shows the FWHM of th current profile versus

the vacuum transform, ῑvac. Assuming that the current profile narrows prior to a disruption

Figure 6.15: FWHM of reconstructed current profiles before disruption plotted versus the vac-
uum transform ῑvac

as indicated in Fig. 6.10, Fig. 6.15 reveals a trend that the current profiles narrow to a greater

extent before disruption as the external transform is raised. In other words, disruptions at high

vacuum transform take place with very peaked current profiles, despite that higher vacuum

transforms typically are associated with broader equilibrium current profiles in plasmas with

moderate density (see Fig. 5.16).
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The level of imposed vacuum transform or 3D magnetic fields has substantial effects on the

density limit behavior of CTH plasmas. Equilibrium reconstruction is helpful to provide time

evolution of the current density profile in order to investigate the effect of 3D shaping fields.

Two disrupting plasmas with different levels of vacuum transform are shown in Fig. 6.16. They

Figure 6.16: Two discharges with low (blue, shot:14092626) and high (red, shot:14110713)
levels of vacuum transforms ending in density limit disruptions. both discharges have similar
currents and densities until the blue discharge with lower vacuum transform disrupts earlier.
The red discharge with higher vacuum transform disrupted later at a similar density but lower
current.

both ended in density limit disruptions. The discharge shown in blue has a lower vacuum

transform of 0.02, while the discharge shown in red has a higher vacuum transform of 0.11.

Both discharges have similar current and density traces up to the time when the shot with lower

vacuum transform disrupts earlier. The discharge with higher vacuum transform disrupted later

at a similar density but lower current. To investigate the time evolution of current profiles,

reconstructions are performed for two discharges at the same time slice when the low vacuum

transform discharge disrupted. The reconstructed safety factor q and current profiles at that
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Figure 6.17: Comparison of reconstructed current (bottom) and safety factor q (top) profiles
at the moment when the low vacuum transform discharge disrupted while the discharge with
higher vacuum transform did not. The intersection of the black dashed lines indicate where the
rational surface ῑ = 1/2 (q = 2) is radially located in each discharge.

moment for the two discharges are shown in Fig. 6.17. The addition of vacuum transform

broadens both current and transform profiles, effectively moving the q = 2 surface towards the

edge of the plasma, and thus reducing the current profile gradient at this rational surface where

tearing modes may be driven. It therefore allows for a more peaked current profile before the

plasma becomes MHD unstable to the m/n = 2/1 mode.

6.4 Stabilization of MHD instabilities

It has been demonstrated both theoretically and experimentally that resistive tearing and kink

modes can be stabilized by interaction between current and safety factor q profiles142,143,145.

A characteristic stability parameter for tearing modes, ∆′, is derived from a finite-resistivity

approach. It has been shown that the condition for tearing-mode instability is ∆′ > 0. Stability

diagrams for tearing modes with different mode numbers m have been calculated using a series
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of plasma current models corresponding to increasingly flattened current distributions, to find

the stable regimes. Based on the analysis, in terms of the possibility of operating at low qedge

values without encountering instability, the flatter profile is preferable to the peaked one.

Stabilization of MHD instabilities in a current-carrying stellarator has been analytically

investigated146,147. The computation of stability diagrams in a cylindrical current-carrying stel-

larator with circular cross section is presented in Appendix. D. Based on the theoretical cal-

culation, for the l = 2 stellarator with ῑvac > 0.5, the magnetohydrodynamic stability against

kink and tearing modes is improved compared to that in tokamaks.

Comparisons of theoretical calculation and experimental observation are reported in the

Wendelstein VII-A8 and Wendelstein VII-AS stellarators148. On WVII-A, the ∆′-analysis was

applied to calculate the dependence of saturated amplitude of tearing modes on the current den-

sity profile. It was found that the addition of external rotational transform shifts the resonant

q = 2 surface towards the edge of plasma, where the current density gradient is smaller, and

stabilizes the m/n = 2/1 tearing mode, as observed experimentally. What is more, the cur-

rent disruption is suppressed in ohmically heated discharges with external transform larger than

0.15. A similar code is used on WVII-AS to numerically calculate the stability of the current

density radial profiles against tearing modes, and the predictions are compared with experi-

mental observations. Again, the ∆′-analysis is in quantitative agreement with the experimental

data, which are obtained over a wide range of current density profiles at different heating sce-

narios. In the later experiment, no threshold behavior of disruption free hybrid operation was

identified. To some extent, control of the instabilities may be achieved by adjusting the external

rotational transform, and hence the location of the relevant rational surface with respect to the

current density profile.

These studies shed lights on the investigation of the effect of strong 3D shaping on density

limit disruptions in CTH plasmas. With improved equilibrium reconstruction, better knowledge

of the current density and safety factor q profiles is attainable, based on which we have applied

similar 1-D ∆′ calculation to CTH plasmas. A Fortran code is developed to solve the Euler

equation (Eq. D.5) with current density and safety factor q profiles obtained from equilibrium
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Figure 6.18: A comparison of the time evolution of the tearing mode stability parameter ∆′ for
two cases in Fig. 6.16. The blue and red dashed lines mark the timing when the two discharges
disrupt. The black dotted line indicates the predicted stabilization boundary for ∆′.

reconstructions using both SXR and magnetic data. The value of ∆′ is calculated for a given

tearing mode, which is the m/n = 2/1 tearing mode in this case.

Taking the two discharges shown in Fig. 6.16 as examples, the time evolution of the ∆′

before disruption is calculated and compared in Fig. 6.18. As mentioned before, the two dis-

charges shown in blue and red have vacuum transform values at 0.02 and 0.11 respectively. The

evolution of plasma current and density is similar up to the point where the blue shot (lower

vacuum transform) disrupted early. The high vacuum transform discharge continued to evolve

and disrupted later with a similar density but lower current. In Fig. 6.18, the blue and red

dashed lines indicate when the two discharges disrupt, and the black dotted line indicates the

predicted stabilization boundary for ∆′ = 0. For both of the two discharges, the value of ∆′

decreases continuously as the current profile narrows approaching the disruption and crosses

zero before disruption. Simultaneously, the m/n = 2/1 tearing mode grows, and plasma be-

comes more unstable until disruption occurs. At the time when the stability parameter ∆′ of

the low vacuum transform discharge goes negative, ∆′ of the high vacuum transform plasma
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remains above zero. Stabilization provided by addition of external applied vacuum transform

suppresses growth of tearing modes and the subsequent disruption. The discharge shown in red

survived at similar current and density.

This calculation somehow provides qualitative analysis of the stability of 2/1 tearing mode

in CTH plasmas, giving that it represents a 1-D model of a 3-D plasma equilibrium. It supports

the statement that interactions between the current profile shrinkage and internal tearing mode

lead to density limits in CTH. While the cause of the current profile peaking, whether it is due

to the cooling of the edge of the plasma, and/or increased turbulent transport, has not been

investigated in this work. It also suggests that the suppression of density limit disruptions with

additional vacuum transform is through profile control of the current density and safety factor.

That said, the ∆′ calculation does not always successfully correlate with disruptions. For

some cases, it was not able to predict the unstable regime when discharges approached dis-

ruptions. Two factors may affect the validate of the calculation. First, the whole derivation

is based on a simple cylindrical geometric approach that neglects toroidal curvature and the

elliptical plasma cross-section. However, CTHplasmas are not only toroidal, but fully 3D and

highly non-axisymmetric. The simplified model might naturally not be able to capture the 3D

physics inherent to CTH plasmas. Secondly, the current profile parametrization applied to re-

constructions analysis in this thesis only depends on a single fitting parameter α, and may not

be sufficient to describe the actual shape of the profile in some cases. Thus, the current distribu-

tion within the plasma may not be modeled with sufficient accuracy for all discharges. Further

studies are needed to characterize the nature of the disruption onset relative to the current profile

width.

6.5 Discussion and future work

Because the existence of density limits in toroidally confined plasmas has significant impacts

on fusion programs around the world, extensive understanding of the physics behind the Green-

wald limit, in particular, is of great importance. We have shown that the density-limiting be-

havior of CTH plasmas is qualitatively similar to that seen in tokamaks, and is consistent with

the classic final scenario of the density limit: current profile shrinkage leads to growing MHD
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instabilities (usually m/n = 1/2 tearing mode) followed by loss of MHD equilibrium, and fi-

nal disruptions. The hybrid plasmas of CTH also show a unique feature that increased external

rotational transform leads to stable operation at densities above the Greenwald limit. While

we do not yet have a full understanding of the increased density limit with increasing external

transform, evidence provided by improved reconstructions of the plasma current profile by in-

cluding SXR emissivity measurements in V3FIT suggest that the externally-applied transform

largely has the effect of raising the net transform across the whole profile, and thus shifting

the q = 2 surface outward relative to its position in tokamak discharges, reducing the current

density gradient, resulting in a MHD stable regime.

Further investigation to utilize the ∆′ calculation with improved knowledge of current

density and safety factor q profiles confirms that density limit disruptions are associated with

interactions between current profile peaking and growing internal tearing mode. It also suggests

that the suppression of density limit disruptions with additional vacuum transform is through

profile control of the current density and safety factor. However, the calculation fails to predict

the unstable regimes in some of the disrupting discharges. We need either an advanced three-

dimensional model to calculate the stability parameter ∆′ or a better measure of the current

density profile. Most likely the combination of the two is preferred.

In tokamaks, the Greenwald limit can be exceeded by imposing peaked density profiles

with additional fueling in the core. There is evidence that the separation between densities

from the central channel and the edge channel of the interferometer system increases with

increasing external transform. To determine whether the increase in the density limit with

vacuum transform is related to changes in the equilibrium plasma density profile as well as the

underlying vacuum transform profile, better resolution in the density diagnostic is needed to

resolve density profiles. As a result, the current three-channel interferometer is been upgrading

with additional channels to give improved profile measurements.

The physics underlying the density limit in CTH plasmas may be ascribed to a global

radiative instability, radiative instability localized to a specific rational surface, or enhanced

transport near the plasma edge. With regard to the investigation of radiative behavior prior to a

density limit disruption, two new bolometer cameras have been installed on CTH to measure the
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total radiated power. Initial line-integrated data from the multi-chorded bolometric arrays show

evidence of coherent modulation of the radiated power prior to disruption. Further analysis

such as tomographic reconstruction and calibrated data are needed before ascribing radiation to

localized features. A new single point Thomson scattering system is under construction, which

can be used to calibrate the two-color SXR camera system. Coupled with improved bolometric

analysis, better knowledge of the evolution of radiation and temperature profile is attainable.

Measurements of radiated power will also contribute to accession of radiative island instability

criterion. A new Langmuir triple probe will be developed for the proposed island divertor to

measure edge fluctuation spectra and levels of turbulence as the discharge approaches disrup-

tion. These measurements are supposed to give an indication of any systematic change in edge

turbulence prior to disruption with changing external vacuum transform.

A better scientific understanding of the ubiquitous tokamak density limit would greatly

benefit worldwide fusion programs. CTH is a unique platform which can vary the disruption

criterion with its flexibility of vacuum field configurations. The studies of effects on MHD sta-

bility and disruption behavior of strong 3D shaping could facilitate future stellarators, specifi-

cally the quasi-axisymmetric stellarator. What is more, these studies provide an unusual linkage

between 3D toroidal confinement physics and 3D helical geometric physics. Understanding the

density limiting disrupting behavior of a hybrid stellarator would finally reduce scientific and

operational uncertainties in a proposal for a future quasi-axisymmetric stellarator.
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Chapter 7

Summary and future work

7.1 Summary

A key finding of this work is that diagnosing the internal magnetic structure of the hybrid

plasma solely with measurements of the magnetic field external to the plasma is not useful as

is generally fond in axisymmetric toroidal plasmas. Even in stellarator plasmas with typical

geometries characterized by high elongation and non-axisymmetric 3D shaping, the variation

of the magnetic field outside the plasma yields little of the details of the internal current pro-

file. This finding is made particularly clear when we perform equilibrium reconstruction of

sawtoothing plasmas in CTH using external magnetic diagnostics alone. The resulting recon-

structed current profiles are broad, and the reconstructed central safety factors are away from

one. These results contradict well accepted sawtooth theory, in which the sawtooth oscillation

is driven by ohmic heating of the core plasma until the safety factor drops below one triggering

the growth of an m/n = 1/1 kink-tearing mode.

Because there is no diagnostic tool to directly measure the internal poloidal magnetic

field, we have developed two methods to incorporate multi-channel SXR measurements into

the V3FIT code to improve the reconstruction of the internal plasma current distribution. Re-

construction of the current profile from knowledge of the inversion location of sawteeth in the

radial brightness profile of the SXR emission is performed as a secondary optimization step in

V3FIT, in which the inversion radius is identified as a flux surface found from the reconstruc-

tion performed with magnetics alone, and the current profile is then reconstructed again with

the prior knowledge of q = 1 corresponding to a particular reconstructed flux surface.
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In the second approach, measurements from eight SXR camera arrays at different toroidal

and poloidal locations are used to reconstruct the geometry of flux surfaces (shape and cen-

troids) and thus infer the current distribution within the plasma. The original approach of

deriving the plasma current distribution from the geometric shape of the flux surfaces through

consideration of the MHD equilibrium requirement was based on toroidally symmetric, non-

circular cross-section configurations. We have shown that the concept remains valid and prac-

tical in a non-axisymmetric stellarator with significant plasma current.

Equilibrium reconstructions of sawtoothing plasmas using SXR and magnetic data predict

the central safety factors to be around unity in agreement with reconstruction results in which

external magnetic data was used in conjunction with the prior constraint of the location of the

q = 1 surfaces extracted from SXR emissivity data. The technique described in this thesis

provides an alternative method that can be used to measure the current distribution, 3D in our

case, with reasonable accuracy as demonstrated.

Regarding the Greenwald density limit, we have shown that the density-limiting behavior

of CTH plasmas is qualitatively similar to that seen in tokamaks, and is consistent with the

current accepted scenario of the density limit: current profile shrinkage leads to growing MHD

instabilities (usually m/n = 2/1 tearing mode), leading to destruction of nested magnetic flux

surface, loss of plasma confinement, and final disruptions. Our investigation of the hybrid

plasmas on CTH also show a unique feature that increased external rotational transform leads

to stable operation at densities above the Greenwald limit. While we do not yet have a full

understanding of the increase of the density limit with increasing external transform, evidence

provided by improved reconstructions of the plasma current profile suggest that the externally-

applied transform largely has the effect of raising the net transform across the whole profile,

and thus shifting the q = 2 surface outward relative to its position in tokamak discharges,

reducing the current density gradient, resulting a MHD stable regime. Further investigation to

utilize ∆′ calculation with improved knowledge of current density and safety factor q profiles

confirms that density limit disruptions are associated with interactions between current profile

peaking and growing internal tearing mode. It also suggests that the suppression of density

limit disruptions with additional vacuum transform is through profile control of the current
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density and safety factor. However, the calculation fails to predict the unstable regimes in some

of the disrupting discharges. We need either a more advanced three-dimensional tearing mode

model to calculate the stability parameter ∆′ or a better measure of the current density profile.

Most likely, the combination of the two is necessary.

7.2 Future work

A better scientific understanding of the ubiquitous tokamak density limit would greatly benefit

worldwide fusion programs. CTH is a unique platform which can vary the disruption criterion

with its flexibility of vacuum field configurations. The studies of effects on MHD stability

and disruption behavior of strong 3D shaping could facilitate future stellarators, specifically

the quasi-axisymmetric stellarator. What is more, these studies provide an unusual linkage

between 3D toroidal confinement physics and 3D helical geometric physics.

Further investigation of the stability criteria of the density limit discharges in CTH requires

reliable and accurate knowledge of the internal current density profile. The SXR camera suit

has been proven to be the most powerful diagnostic tool in determine the current distribution

within the plasma. Since currently there is only one SXR camera in the full period of CTH, we

would like to install more to extend the 3D equilibrium reconstruction of CTH plasmas. An

increase of the resolution of the current SXR cameras is also preferred.

The physics underlying the density limit in CTH plasmas may be ascribed to a global radia-

tive instability, radiative instability localized to specific rational surface, or enhanced transport

near the plasma edge. With regard to the investigation of radiative behavior prior to a density

limit disruption, two new bolometer cameras have been installed on CTH to measure the to-

tal radiated power. Initial line-integrated data from the multi-chorded bolometric arrays show

evidence of coherent modulation of the radiated power prior to disruption. Further analysis

such as tomographic reconstruction and calibrated data are needed before ascribing radiation to

localized features. A new single point Thomson scattering system is under construction, which

can be used to calibrate the two-color SXR camera system. Coupled with improved bolometric

analysis, better knowledge of the evolution of radiation and temperature profile is attainable.

Measurements of radiated power will also contribute to accession of radiative island instability
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criterion. A new Langmuir triple probe will be developed for the proposed island divertor to

measure edge fluctuation spectra and levels of turbulence as the the discharge approaches dis-

ruption. These measurements are supposed to give an indication of any systematic change in

edge turbulence prior to disruption with changing external vacuum transform.

In tokamaks, the Greenwald limit can be exceeded by imposing peaked density profile

with additional fueling in the core. There is evidence that the separation between densities

from the central channel and the edge channel of the interferometer system increases with

increasing external transform. To determine whether the increase in the density limit with

vacuum transform is related to changes in the equilibrium plasma density profile as well as the

underlying vacuum transform profile, better resolution in the density diagnostic is needed to

resolve density profiles. As a result, the current three-channel interferometer is been upgrading

with additional channels to give improved profile measurements.
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Appendix A

V3FIT data and configuration files

To perform a equilibrium reconstruction, V3FIT requires various inputs, including profile mod-

eling in the VMEC equilibrium, VMEC and V3FIT execution inputs, geometric information

and experimental data of all diagnostics, etc. There inputs are stored in formatted text files,

which are called by reconstruction execution programs, such as the Reconstruction Shot Run-

ner and Batch Runner in Appendix. B. The major two input files is the V3FIT data file that

contains all diagnostic information, and the V3FIT configuration file that contains VMEC and

V3FIT execution settings. This appendix gives a brief description of these input files and their

stored places.

V3FIT data file This input file defines all variables used in VMEC and V3FIT and loads

corresponding values from the tree. These variables include various cur-

rents from extern coils, vacuum vessel, helical coil frames and plasma,

and all diagnostic channels including magnetic diagnostics, interferometer

system and soft-x ray cameras. It loads both geometric information and

experimental data from all diagnostics in order.

Path: Z:\_Users\Ma\Public\V3FIT_data_config_files\ALL_

Mag_SXR_Bol_decon.v3Data
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V3FIT configuration file

This input file contains all configuration settings for VMEC and V3FIT

code. VMEC configurations include initialization of the current and pres-

sure profiles and VMEC execution parameters. V3FIT configurations in-

clude V3FIT execution parameters, diagnostic signal setting, reconstructed

signal setting, etc. A LabVIEW program, ’Reconstruction Config.vi’ at Z:

\LabView\UserPrograms\ReconstructionShotRunner\v3fit,

is written to create and edit the V3FIT configuration file.

Path: Z:\_Users\Ma\Public\V3FIT_data_config_files\all_

mag_sxr_bol_decon.v3config

LIST file for all magnetic diagnostics

This file is called by the V3FIT data file. It is a list of all magnetic diagnos-

tic ’.nc’ files in the same folder. These formatted files contain geometric

information of magnetic diagnostics and response functions between mag-

netic diagnostics and various current sources.

Path: /home/inst/xzm0005/recon/diagnostics/All/V3/diagnostic.

all_mdsig.LIST

CTH diagnostic file

This file contains the geometric information of all magnetic diagnostics in

Cartesian coordinates.

Path: /home/inst/xzm0005/recon/diagnostics/All/V3/diagnostic.

all

SXR chord file This file is called by the V3FIT data file. It contain the geometric informa-

tion of all SXR camera chords in cylindrical coordinates.

Path: /home/inst/jlh0029/pub/SC_ALL_July_2016_decon.

txt
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Interferometer chord file

This file is called by the V3FIT data file. It contain the geometric informa-

tion of three channels of the interferometer system.

Path: /home/hartwgj/pub/ipch.cth_3ch

Coils dot file for CTH magnetic coils

This file contains the Cartesian coordinates for all the magnet coils on

CTH, including HF coil, TVF coil, SVF coil, TF coil, RF coil and OH

coil. It also contains the geometric model for the vacuum vessel and he-

lical coil frames. This file along with the CTJ diagnostics file mentioned

above is used to compute the mutual inductances or response functions be-

tween magnetic diagnostics and the CTH magnet coils.

Path: /home/v3fit/public/input_files/mgrid/mgrid_cth.

18b.mo.f5sa_ec6a.nc
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Appendix B

Reconstruction shot runner and batch runner

VMEC and V3FIT code execution environment is installed in a remote server with Linux sys-

tem. Two user-friendly, LabVIEW based graphical user interfaces are developed to communi-

cate with the remote server and perform equilibrium reconstructions. The two programs can run

on different platforms including PCs and Macs. A brief description of the two programs, ’Re-

construction Shot Runner’ and ’Reconstruction Batch Runner’, and related input file is given

in this appendix.

Reconstruction Shot Runner

This program is designed to perform serious reconstructions of a single

discharge. The user interface is shown in Fig. B.1 To perform equilib-

rium reconstructions, the shot runner requires the shot number, time range

and time interval. Then using V3FIT data file and configuration file, the

shot runner loads all related plasma parameters and models, all diagnostic

measurements and geometric models, and all VMEC and V3FIT execution

parameters.

Path: Z:\LabView\UserPrograms\ReconstructionShotRunner\

Windows\ReconstructionShotRunner

Reconstruction Batch Runner

The Reconstruction Batch Runner is a separate program that enable recon-

structing a list of discharges at specific time slices. The user interface is

shown in Fig. B. The batch Runner utilizes a shot list file to perform equi-
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Figure B.1: User interface of Reconstruction Shot Runner
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Figure B.2: User interface of Reconstruction Shot Runner
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librium reconstructions of any number of discharges at any number of time

slices.

Path: Z:\LabView\UserPrograms\ReconstructionShotRunner\

v3fit\ReconstructionBatchRunner

CTH shot list file

The shot list file is called by the batch runner to perform serious recon-

structions of a list of discharges at specific time slices. It also includes the

paths of the V3FIT data file and configuration file.

Path: Z:\_Users\Ma\Public\CTH_shot_list_file\example.

cthsl
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Appendix C

Parameter uncertainty and signal effectiveness

C.1 Parameter uncertainty

Knowing the uncertainties in the reconstructed parameters is important to evaluate how ef-

fective the reconstruction is in determining these parameters with the given set of diagnostic

signals. In other words, the uncertainties in the reconstructed parameters provide an addi-

tional indication of the confidence of the reconstructed parameters, along with the minimized

χ2 value.

In V3FIT, observed signals are assumed to be uncorrelated and have a Gaussian noise

distribution. A signal covariance matrix, CSignal, is defined as:

CSignal = σiσjδij . (C.1)

The Jacobian in Eq.3.1 maps the signal space to parameter space, thus the uncertainties in

parameter space can be calculated from the uncertainties in signal space as:

(
CParam)−1 = JT (CSignal)−1 J . (C.2)

Since the signal covariance matrix is diagonal its inverse is merely the reciprocal of the di-

agonal elements. Then the parameter uncertainties are obtained from the square root of the

diagonal elements of the inverted parameter covariance matrix. Using these uncertainties, the

off-diagonal terms of the parameter covariance matrix may be normalized into a correlation

matrix.
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With the parameter covariance matrix known, the uncertainty and correlations of parame-

ters can be propagated to the modeled signals. If we define another Jacobian of the mode,

K =
∂M(p)

∂pi
, (C.3)

then the model covariance matrix can be calculated as:

(
CModel)−1 = K

(
CParam)KT . (C.4)

Similarly, the uncertainties of modeled signals are taken from the square root of the diagonal

of the model covariance matrix.

C.2 Signal effectiveness

In order to make effective use of equilibrium reconstruction, it is important to understand the

sensitivity of parameters to the diagnostic signals. To quantify this, V3FIT defines the signal

effectiveness as:

Rij =
σi
σPj

∂σPj
∂σi

(C.5)

where σPj is taken from the diagonal of the parameter covariance matrix CParam. Rij is a dimen-

sionless, normalized ratio of the fractional reduction in the reconstructed parameter variance

to the fractional reduction in the signal variance. It essentially tells how effective a specific

diagnostic is in determining a particular plasma parameter.

Signal effectiveness defined in this way can be useful in deciding the optimized posi-

tions to install diagnostics, or what diagnostics are needed and in what locations are best to

improve the measurement of a certain plasma parameter. Signal effectiveness calculation has

been applied to the design and installation of new saddle coils in CTH, details of which will

be discussed in the following chapter. It has also been used to explain why SXR emissivity

measurements can more effectively reconstruct the current density profile than measurements

from external magnetic diagnostics.
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Appendix D

Stabilization of MHD instabilities

The computation of stability diagrams is carried out in a cylindrical current-carrying stellarator

with circular cross section. By using stellarator expansion and low-β ordering, the free energy

integral of the system149 is given by:

W =
4π2

k

∫ b

0

rdr

[(
dψ

dr

)2

+
α

r2
ψ2

]
, (D.1)

where
ψ =

krB0

2π
υξ

υ = − n
m

+ ῑp(r) + ῑvac(r) = − n
m

+ ῑ(r)

α = m2 +
1

rυ

d

dr

(
r3
dῑσ

dr

)
.

(D.2)

Here, b and a is the wall radius and the plasma radius respectively. ψ represents the potential

of magnetic field with ξ denoting a small perturbation of the plasma. The total rotational

transform, ῑ, is a sum of the rotational transform due to the plasma current, ῑp, and the rotational

transform due to the vacuum external helical field, ῑvac. In a tokamak, the later term vanishes.

m and n are poloidal and toroidal mode number respectively. It is assumed that the current

density vanishes at the plasma surfaces and the region from r = a to r = b is vacuum.

From Eq. D.1, the perturbation δW resulting from small perturbed δυ is given by

δW = −4π2

k

∫ b

0

rdr

[(
dψ

dr

)2

+
m2

r2
ψ2

(
m/r

mῑ(r)− n

)
a

B0

dj

dr
ψ2

]
δ(υ2) . (D.3)
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Here we use the approximation:

ῑσ(r) =
aBθ

rB0

=
4πa

kr2B0

∫
Jrdr . (D.4)

Then the Euler equation of free energy integral is:

1

r

d

dr

(
r
dψ

dr

)
− m2

r2
ψ −

(
m/r

mῑ(r)− n

)
a

B0

dj

dr
ψ = 0 . (D.5)

The stability parameter, ∆′, is calculated using the solution of ψ(r) from Eq. D.5 as:

∆′(w) =
1

ψ(rs)

[
dψ(rs + ε)

dr
− dψ(rs − ε)

dr

]
ε→0

. (D.6)

Here rs is the radius of the resonant magnetic surface where ῑ(rs) = n/m. It can been seen that

∆′ depends on the external rotational transform ῑvac and rotational transform ῑp due to plasma

current, or equivalently the current density profile. By integrating Eq. D.5, it can be shown that

∆′ is proportional to δW of Eq. D.3. This means that the mode is unstable as long as ∆′ < 0

or δW > 0.
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