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Abstract

The spherical tokamak (ST) is an evolutionary extension of the conventional

tokamak concept where the aspect ratio is less than 2. These devices may possess significant
advantages over standard tokamaks—they are capable of achieving higher values of B, seem

to be more resilient to disruptions, and are significantly smaller than conventional tokamaks.
Two important questions for the next generation of spherical tokamaks concern startup and
internal reconnection events (IREs). Understanding startup is crucial due to the limited
amount of ohmic flux in an ST. The IREs are disruption-like events observed on ST that do
not result in termination of the current channel.

Experiments have been conducted on the Madison EDUcational Small Aspect-ratio
(MEDUSA) tokamak to answer some of the questions about startup and IREs in STs.
MEDUSA is a small ohmic tokamak with an insulating vacuum vessel. Major parameters are

R=12 cm, a=8 cm, [,=10-40 kA, B1=0.2-0.45 T, Atp,i5.=1-2 ms, <n.>=5x101? m-3, and

T.0 =100 eV. The experiments in this work were aided by an internal magnetic probe array

that constrained the reconstruction of MHD equilibria.

It was found that startup efficiency, measured by the Ejima coefficient Cg, improved

with increasing loop voltage and toroidal field. Double tearing modes were found to be an
important mechanism for current penetration in MEDUSA,; their presence early in the
discharge can improve the magnetic flux consumption. The lowest achieved value of the
Ejima coefficient was 0.61 (0.13 for “OH only™) for a discharge with 0.375 T toroidal field
and 9.4 V startup loop voltage.

The study of internal reconnection events revealed the presence of a heretofore

undiscovered precursor, which in MEDUSA was manifested as coherent oscillations in the



vii
internal poloidal field at 65-75 kHz for 100 ps prior to the IRE. These events were found to

result in decreased ¢; and f, inward movement of the magnetic axis, dramatically increased

qo, and slightly decreased qgs. The magnetic helicity was found to change between -15%

and +28% over an IRE.



1. Introduction

1.1 Energy and Society

The civilization of the industrialized world depends on the ready availability of large
amounts of energy. There is scarcely an area of modern life that energy does not affect. This
energy consumption is obviously apparent in scme of its forms, such as personal
transportation and space heating. However, many of the effects of energy consumption are
secondary in nature. Food production is greatly increased by mechanized harvesting.
Communication relies on electrically-powered systems. Many medical diagnostics and
treatments require eiectrical power in order to function. Energy is so much a part of life that

it is essentially taken for granted.

The United States alone used 90.62 Q (2.66x1013 kW-hr) in 1995, split roughly
equally between residential / commercial, industrial, and transportation uses [1]. (A Quad,
abbreviated Q, is a quadrillion BTUs of energy, which is approximately 2.9%1011 kW-hr.)
This is roughly equal to 105 kW-hr per person. The U.S. energy consumption has increased

dramatically over the past two centuries, and it can be argued that the increasing use of

energy correlates strongly with the rise of the American standard of living. In 1850, for

example, total U.S. energy consumption was 2.4 Q (or 3.1x104 kW-hr per person), while

in 1920 the total was 21.4 Q (or 5.9x104 kW-hr per person) [2,3]. Even these figures are

understated, though, because improvements in technology have increased the efficiency of
energy use. For example, gas and electric heating are much more efficient than a fireplace.
The developing nations of the world will require similar quantities of energy if they

are to improve their material well-being. This is indeed what forecasters believe will happen.



The world consumption of energy in 1995 was approximately 360 Q. By 2015, the U S.
Department of Energy predicts an increase in world consumption of over 50%, to 562 Q.
This growth will be especially concentrated in Asia, where a number of developing nations
(India and China are examples) are expanding their energy base [4].

But herein lies a problem—the world’s most commonly-used energy resources,
fossil fuels, are in limited supply. Fossil fuels comprise 84% of the energy consumption in
the U.S. [1], the balance being composed of nuclear power and renewables, primarily
hydroelectricity. Crude oil is the fossil fuel with the smallest estimated world supply. In
1995, world consumption of crude oil was roughly 25 billion barrels (bbl) per year. In the
year 2015, this consumption is expected to grow to 38 billion bbl/year [4]. The U.S.
Geological Survey estimates that the total amount of recoverable crude oil in the world is
between 2.1 trillion and 2.8 trillion bbl [5]. These statistics imply that the supply of crude oil
will run out in 70 to 90 years from now.

The picture is somewhat brighter for coal, at least in the U.S. Here the total
estimated reserve is 4 trillion short tons (3.6 trillion tonnes) [6], which is enough to last for
several thousand years at current levels of consumption. These levels will likely increase
dramatically in the next century, however, when supplies of crude oil run out. Most of the
nations of the earth do not have reserves as plentiful as the U.S., and it is outside the U.S.
where energy demand is most likely to grow.

Another difficulty with fossil fuels is environmental effects. Fossil fuels must be
mined, transported, burned, and disposed. The current consumption of coal in the U.S.[6],
for example, results in approximately 1 billion short tons of waste (solid, as ash, and

gaseous, as COy, SOy, etc.) that must be disposed of each year. The burning of crude oil

products (e.g. diesel fuel and gasoline) as motor vehicle fuel is a major source of air

pollution in urban areas. The ocean transport of oil can result in oil spills, with all of the



associated environmental damage.

Because of these and other limitations of fossil fuels, it is desirable to find new
energy sources for the future. This search has concentrated primarily on sources of
electricity, since electricity is one of the most versatile forms of energy. It has delivered a
few marketable technologies, most notably nuclear fission power. Nuclear power provides
about 10% of U.S. electrical energy, and significantly greater percentages in some other
countries such as France and Japan. Other technologies, such as geothermal and wind
power, have been employed in locations where they are feasible. Still others, such as

photovoltaic panels, are not currently employable but might be after further development.

1.2 Nuclear Fusion and Tokamaks

Perhaps the most promising of these new technologies, and the basic impetus for
this thesis, is nuclear fusion power. Fusion is the process that powers the stars, and hence is
the starting point for most of the energy on the earth. It is conceivable that a power reactor
which used this process could be constructed. Such a reactor would have many advantages,
as will be discussed.

It has been known for decades that the binary nuclear reactions of several different

light atoms are exothermic. Among the most common of these reactions are [7]:

D+D-T+H + 4.04MeV

D+ D~ *He + n + 3.27MeV
D+ T~ He+n+ 17.58MeV

D+ *He - He + H + 17.34MeV

(1-D

where D is deuterium (2H) and T is tritium (3H). (The reaction energies are divided among

the products according to conservation of momentum.) Deuterium is available naturally as a



small fraction (0.015 atom percent) of hydrogen, and can be extracted from any water
source. Tritium can be bred by n-Li reactions. These substances are widely spread
throughout the world in large quantities.

The advantages of using fusion to provide electricity are manifold. The fuel for
fusion reactors is widespread and abundant. It would require little or no mining, and its
acquisition and transport would cause essentially no safety or environmental problems.
There is little waste produced by fusion reactions; the “spent fuel” is mostly hydrogen and
helium. The most hazardous waste would be irradiated reactor components, which would
have short half-lives and pose no threat to public safety. If the D-3He fuel cycle is eventually
employed, it will significantly reduce the irradiation of reactor components. In currently-
envisioned concepts, fusion reactors would be inherently fail-safe; no runaway reaction
would be possible.

But the reactions in equation 1-1 are not easy to precipitate. The electrostatic
repulsion of atomic nuclei keeps them relatively far apart, unless they have enough kinetic
energy to overcome this potential barrier and fuse. This means that fusion reactions require
high temperatures in order to occur in substantial numbers. The D-T reaction, for example,
has a negligible cross-section below 7 keV of center-of-mass energy; the cross-section for

this reaction peaks at 5 barns (1 barn = 10-24 cm?) at an energy near 100 keV.The cross-

sections for the D-D and D-3He reaction peak at even higher energies. These high
temperatures require the fusion fuels to exist in the plasma state. Many difficult steps must
be taken to produce and confine a fusion-grade plasma.

So far two different families of concepts have evolved to do this. The first, inertial
confinement fusion (ICF), also known as inertial fusion energy (IFE), makes fusion occur
in a series of what are essentially tiny hydrogen bombs. These bombs, more properly

known as targets, are imploded by some outside driver such as lasers or ion beams. ICF is
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outside the scope of this thesis and will not be addressed further. The other major concept is
magnetic confinement fusion. This concept relies on the fact that charged particles can be
confined in a magnetic field according to the Lorentz force equation. There are many
different types of devices that take advantage of this principle. Among them are tandem
mirrors, stellarators, reversed-field pinches, and tokamaks.

The tokamak has emerged as the leading candidate of these devices (although the
race is far from over). A tokamak consists of a toroidal vacuum chamber which houses the
plasma, several sets of external magnets to confine the plasma in this geometry, and large
amounts of auxiliary hardware to create, fuel, heat, and diagnose the plasma. The largest
magnetic field component in a tokamak is directed in the toroidal direction. The plasma itself
carries a toroidal current which generates a magnetic field in the poloidal direction. This
current is usually driven by transformer action via an “ohmic solenoid” in the central bore of
the torus. Chapter 2 contains a thorough discussion of tokamaks and tokamak physics.

Tokamaks have proven to be quite good at confining fusion-grade plasmas, but they
still need significant improvements before the tokamak concept leads to a fusion reactor. One
attempt to improve the tokamak is known as the spherical tokamak (ST), also known as the
low-aspect-ratio tokamak. The ST is identical to conventional tokamaks except for one
feature: the radius of the center hole of the torus is relatively small compared to the major
radius of the plasma. The aspect ratio (A) is often used to characterize spherical tokamaks.
The aspect ratio is the ratio of the plasma major radius (distance from the center of the torus
to the center of the plasma cross-section) to the minor radius (distance from the plasma
center to the plasma edge). For conventional tokamaks, A is typically around 3 to §.
Spherical tokamaks are defined as tokamaks having A<2, although the aspect ratio in STs is
generally significantly lower than that (1.2-1.5). The primary advantage of the spherical

tokamak is that it can confine plasmas of significantly higher beta () than conventional



tokamaks. Beta is the ratio of plasma pressure (nkT) to magnetic field pressure (B2/2p,),

and is a figure of merit for a magnetic fusion confinement scheme. It can be demonstrated

that the fusion power density is proportional to 2 (8], so any confinement scheme that

results in increased beta, such as the spherical tokamak, should be examined closely.

1.3 Motivation

This thesis is the result of studies of the performance of one particular spherical
tokamak, the Madison EDUcational Small Aspect-ratio tokamak (MEDUSA). MEDUSA is
described in detail in Chapter 4. The purpose of the research was twofold. The first purpose
was to understand the consumption of ohmic flux by the plasma during startup and to
identify the mechanisms responsible for current penetration during the startup phase of the
tokamak discharge. The second was to gain an understanding of the process(es) responsible
for internal reconnection events (IREs) in spherical tokamaks.

Startup is an important phase in any tokamak discharge. This is especially true for
spherical tokamaks due to the geometry-imposed shortage of magnetic flux (volt-seconds)
from the ohmic solenoid. This shortage makes crucial the understanding of the plasma’s
consumption of this flux if the tokamak is to reach its best performance in terms of ohmic
current drive and heating. To this end, a study was undertaken on MEDUSA to understand
the flux consumption, particularly the partition of input ohmic flux into dissipative and
inductive components in the plasma. This flux consumption is closely related to the plasma
current profile evolution, and hence the mechanisms responsible for current penetration are
important here. This issue is particularly important with the imminent operation of the
Pegasus toroidal experiment [9], which is to operate initially as an extremely low aspect-

ratio tokamak (ELART) with a severely restricted amount of volt-seconds available for



startup.

Internal reconnection events seem to be quasi-disruptions that occur in STs. These
events do not necessarily lead to premature termination of the discharge, as disruptions
normally do. For a few years, evidence from the Small Tight Aspect Ratio Tokamak
(START) (see numerous references in Chapter 2) suggested that spherical tokamaks might
be immune to the hard disruptions which plague conventional tokamak operations. Although
START has now been observed to disrupt, it does so infrequently; IREs are observed much
more often. IREs are observed on other operating ST experiments; MEDUSA was the first
experiment to confirm this phenomenon. Concurrent with the study of flux consumption, an
effort was made to study IREs on MEDUSA. In particular, the evolution of the plasma
equilibrium state across IREs was desired, as well as the evolution of the internal magnetic
fields. Any precursors to these events were sought.

The studies of both startup and internal reconnection events rely on good equilibrium
reconstructions of the plasma throughout the discharge. The magnetic diagnostics on
MEDUSA were used as input to TokaMac 2.0, a fitting code that uses the well-known
Grad-Shafranov equilibrium equation. Especially important was the use of an internal
magnetic probe array, which returned the value of the major-radial magnetic field (B*R) at
five points in the plasma throughout the discharge. This probe allowed routine determination
of the plasma current profile, which was found to change dramatically during startup, and

violently during an IRE.



1.4 Objectives and Organization

The objectives of this thesis research were:

1. Design, construct and operate a small spherical tokamak with interesting

physical parameters.

2. Characterize the plasma equilibrium state (via a Grad-Shafranov code)
throughout the discharge by direct measurements of plasma parameters,
including current, flux, magnetic field, and temperature and density

measurements.

3. Use these equilibria to analyze the magnetic flux consumption of different
startup scenarios to objectively determine which startup technique results in
the best use of limited ohmic volt-seconds, and identify the mechanisms

responsible for the differences between shots.

4. Characterize plasma behavior before and during internal reconnection events,

and attempt to find evidence of any precursors to these events.

This thesis is organized as follows. Chapter 2 contains a discussion of the physics of
tokamaks, with an emphasis on spherical tokamaks. There is also a description of operating
ST experiments and a discussion of the reactor-relevance of spherical tokamaks. Chapter 3
deals with plasma current distribution phenomena in tokamaks, treating specifically current
diffusion, single and double tearing modes, disruptions, sawteeth, and IREs. MEDUSA is

the subject of Chapter 4, where the various subsystems and experimental operation of the



tokamak are described. Chapter 5 discusses the equilibrium and flux consumption results
from MEDUSA. Chapter 6 is concerned with the mechanics of current penetration during
startup, and the results from studies of internal reconnection events. Chapter 7 then

summarizes the thesis.
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2. Spherical Tokamaks

2.1 Introduction

Spherical tokamaks, also known as low-aspect-ratio or small-aspect-ratio tokamaks,
have become a very active area of fusion research in the past few years. The spherical

tokamak (ST) has exhibited a number of advantages over the “conventional” tokamak that:

allow ready access to interesting high-f plasmas; could help lead to near-term

commercialization of fusion technology; and may make it a more promising fusion reactor
concept. Among these advantages are very high values of achievable beta, resilience to hard
disruptions, and small reactor volume. These advantages must be contrasted with the
difficulties of building and operating an ST, which stem primarily from the small area of the
central bore.

The ST [1-3] is an evolutionary modification of the standard tokamak. In fact, it is
conceptually identical to a conventional tokamak, with the aspect ratio (and the associated
limits on coils, vacuum vessel, etc. naturally included) being the only difference between the
two. The strong effects of toroidicity in a ST, however, lead to many significant differences
from “conventional” tokamaks.

This chapter discusses the physics of spherical tokamaks. Section 2.2 provides a
physics overview of standard and spherical tokamaks, including equilibrium, stability, and
confinement. Section 2.3 contains a summary of past and current ST research, including
presently operating and under-construction experiments. Section 2.4 is a discussion of

engineering issues relevant to STs.
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2.2 Physics of Conventional and Spherical Tokamaks

This section contains an overview of the physics of conventional and spherical
tokamaks. It is intended primarily to be an introduction to the subject of spherical tokamaks,
and to provide a physics background for this thesis. More information on the topics

discussed in this section can be found in the references.

Tokamak Configuration

The tokamak is certainly the most thoroughly studied magnetic-confinement-fusion
configuration. In its simplest form, a tokamak consists of a toroidal plasma resident in a
confining and stabilizing magnetic field. The toroidal geometry used to describe tokamaks is
illustrated in Figure 2-1. A simplified schematic of a tokamak is shown in Figure 2-2. The
magnetic field is generated by three sources. The primary magnetic field component in a
conventional tokamak is known as the “toroidal field;” this field is generated by coils that

encircle the plasma at regular intervals. As the name indicates, this field is directed in the
toroidal (¢) direction, and has a magnitude that is proportional to I/R, where R is the major
radius of the tokamak. The second field is known as the “poloidal field” and is generated
primarily by toroidal current flowing in the plasma. This field has no toroidal component;

for a perfectly circular plasma this field is directed purely in the poloidal (6) direction, i.e. it
is in the R, Z plane at fixed ¢. For a noncircular plasma this field has components in both the

R and Z directions. The magnitudes of these components are a result of the complex details
of the plasma equilibrium. A part of the poloidal field is known the “equilibrium field” or the
“vertical field.” This field is also poloidal in nature, but is provided by coils external to the
plasma. These coils are toroidally axisymmetric and carry toroidal current. This field is

required to maintain the equilibrium state of the plasma. It does so by providing the main



Figure 2-1. Toroidal geometry.
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restoring force against radial expansion of the plasma current loop. It is also used to provide
shaping for non-circular plasmas.

The plasma current is usually driven by magnetic induction; this is provided by
another set of magnetic coils. This set, often called the “Ohmic Heating” or “OH” coil set,
usually consists of a solenoid through the bore of the torus and a few other “trim” coils to
keep this magnetic field away from the plasma. In order to drive a steady-state current in the
plasma, a constant inductive voltage (loop voltage) must be applied. This requires that the
current in the OH coils must be continually increased in accordance with Faraday’s Law:

JB

- s—a't—'dA 2-1)

Vi, = $cE-dl =

loop
where C is a contour around the solenoid and S is the area encompassed by that contour.
There are obviously physical limits on the amount of current that can be driven in the OH
system; these limits generally force tokamaks to be pulsed devices. Much research is
underway to drive plasma current by alternate means. Examples include coaxial helicity
injection [4,5] and RF current drive by techniques such as lower hybrid waves [6-8], Alfven
waves [9], and high-harmonic fast waves [10].

A spherical tokamak is merely a tokamak operating at an extreme of one of its
parameters, the aspect ratio. One would expect, therefore, to be able to describe a ST in the
same ways as one would a conventional tokamak. In many cases this is true—spherical
tokamaks obey the Grad-Shafranov magnetic equilibrium equation, experience MHD
instabilities, have trapped particles, and operate much the same way as other tokamaks.

In many of the particulars, though, STs behave quite differently than conventional
tokamak wisdom would predict. Most of these differences are attributable to the large
toroidal field gradient across an ST plasma [11]. The vacuum toroidal field of a tokamak is
proportional to I/R; the ratio of the inboard magnetic field to the outboard field is then a
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function of aspect ratio and can be written as

B.(R"’a) _ A+1

g(A) = B.(R_a) = A-1 (2'2)

where g is the ratio of the fields and A is the aspect-ratio. Thus a tokamak with an aspect
ratio of 5 will have g =1.5, A=2 gives g=3, A=1.5 gives g=5, and A=1.1 gives g=21. This
large gradient of the toroidal field gives rise to a host of effects not generally noticeable in
standard tokamaks: high edge magnetic shear, a large trapped particle fraction, values of g,
significantly different from g», and many others. The low aspect ratio geometry also has
implications from the engineering standpoint too; most of these stem from the smalil size of

the central bore of an ST. These issues will be discussed at the end of this section.

Tokamak Equilibrium

The equations of ideal magnetohydrodynamics (MHD) can be used to describe the
equilibrium state of a plasma [12,13]. The ideal MHD description treats the plasma as a
conducting fluid. For plasma equilibrium, three equations are of particular importance. The
first is the condition on the divergence of the magnetic field:

V-B=0 (2-3)
where B is the magnetic induction, commonly known in plasma physics simply as the
magnetic field. The second equation of importance is Ampere’s Law:

1 0E

PFTY @4

VxB = p,J +

where J is the current density in the plasma. The third equation is the relation governing

conservation of plasma momentum:
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p[%% + (v-V)v| =JxB - Vp (2-5)

where p is the plasma pressure nkT, v is the flow velocity, and p is the total mass density

mn. Eliminating the time-varying terms from equations 2-4 and 2-5 and removing the small

convective term from equation 2-5 gives the following set of equations useful for describing

plasma equilibrium:
V:-B =0,
VxB = p,l, (2-6)
JxB = Vp.

These equations are then solved in cylindrical-toroidal geometry (R, ¢,Z), where 6/0¢=0 is

used to guarantee toroidal axisymmetry. To simplify the solution, a stream function Y(R,Z)

is introduced [12]:
B=B¢, +B,

1
B = —Vyxé
i 2R VxS Q-7

where &y is the unit vector in the toroidal direction. This stream function can be shown to be

equivalent to the plasma poloidal flux:

y= [B,-dA. 2-8)

The equilibrium solution then becomes a matter of solving for YWR,Z). After some

manipulations, the following relation may be derived:
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A'y = -p,R
dy 2-9)

where

F(y) = RB,

and

. _ d (1 0 32
A —RaR(RaR]+ 3z

The functions p(y) and F(y) are free functions and must be specified. Equation 2-9 is

generally known as the Grad-Shafranov equation; it is the standard relation for determining

the plasma equilibrium state, specified by y(R,Z). The solution to this equation is the value

of the flux in the space of interest. The flux is naturally arranged into iso-flux contours
which are known as flux surfaces. In discussions of plasma equilibria, the flux surfaces are
often displayed in a 2D contour plot. Figure 2-3 is an example of a flux surface plot for the

MEDUSA tokamak. Many important plasma quantities (n, T, g ) are constant on a given

flux surface and hence are functions of the flux y.

Solving the Grad-Shafranov equation, however, is not a trivial task. It is a second
order non-linear partial differential equation. There are only a few simple c!osed-form
analytic solutions to equation 2-9. The equation is solved numerically in almost all cases of
interest. There are many different techniques for solving this equation. The primary method
used to reconstruct the equilibria of real plasmas is the technique used in the EFIT code
[14,15] (which is also the method employed by the TokaMac 2.0 code used for this thesis.)
This method solves the Grad-Shafranov equation subject to the constraints of experimental

data (e.g. flux loops, magnetic field measurements, etc.). The technique involves
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Figure 2-3. Flux surface plot for MEDUSA.
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transforming the original problem into a set linearized optimization problems which are then
solved with a Picard iteration approach. References 14 and 15 provide more detail on this
solution technique.

Once the plasma flux surfaces are determined, many other quantities of interest can

be calculated. Some quantities of interest here are the safety factor g, the elongation x; the

ratio of plasma pressure to magnetic field pressure g, the magnetic shear S, the magnetic
well W, and the normalized internal inductance &.

The safety factor is a function of flux; in fact, flux surfaces are often “named” by
their values of q . The value of g is the number of toroidal transits per poloidal transit made
by a magnetic field line. It is given by [12]:

do/dv _ F(y) £ d,
dy[av  2n 7 R’B, (2-10)

q(y) =

where V is the volume of a flux surface, ® is the toroidal flux, and the integration is around

one poloidal transit. A few particular values of the safety factor are of special interest. The

value of ¢ at the magnetic axis (the point where Vy = 0) is known as g . The safety factor
at the plasma edge is called g, or g,. In tokamaks with complex magnetic geometries, the

safety factor is often calculated at the 95th or 98th percent flux surface (i.e., the flux surface

that contains 95% or 98% of the plasma flux) and is rather obviously named ggs or ggg .
The parameter g+, known as the “kink safety factor,” is the value of g that would be
calculated without the effects of toroidicity. It is given as

2
2ma’xBy @2-11)

q. =
HoR,I,

where a is the midplane half-width of the plasma, By is the toroidal field on axis, and Kxis
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the elongation, which is discussed below. The kink safety factor is the value of g used when
determining plasma stability to edge kink modes, discussed in the next section. The axial
safety factor generally has a value near unity for fully formed plasmas; edge values of g are
much more variable depending on the particular tokamak, but usually vary between 2 to 20.

Each flux surface also has an elongation k. In practice, however, usually only the

elongation of the last closed flux surface is reported. This value is given by [12,13]:

(2-12)

where q is the plasma half-width on the midplane and y, is the last closed flux surface.

Practically, the elongation is the ratio of the total height of the plasma divided by the width at
the midplane (b/a). Values of the elongation typically vary between 0.7 (oblate) to around 3
(highly elongated).

An important figure of merit for tokamaks is known as the plasma beta, or . The

value of beta is an indication of the “efficiency” of the confinement by the magnetic field
[12]. There are many different values of beta each with a different purpose. In general, beta
can be defined as

- <2nlelo>

~ (2-13)

B

where < > represents a volume average. Beta-toroidal is defined with respect to the toroidal

field, while beta-poloidal (B, ) is defined with respect to the poloidal field. For some

definitions of beta the magnetic field is taken as an average, while in others it is not. For this

thesis, the definition given in equation 2-13 will be considered appropriate for the total beta.
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Often in practice, however, the value of beta is calculated using the vacuum magnetic field,
since the real value of the magnetic field may not be known. In some cases, such as strongly
paramagnetic spherical tokamaks, this practice can seriously overstate (by 40% or more) the

“true” value of beta as given in Equation 2-13. A variation of beta that is important for

stability analysis is the normalized beta (or “beta-normal,” By ), which is given as:

aBp
I

By = (2-14)

P

where a is in meters, B is in Tesla, B is the total beta in percent, and I, is in MA. The

normalized beta is used in conjunction with the Troyon stability limit [12,16], which places

an empirical limit of 3.5 to 4 on By due to ideal MHD modes.

The magnetic shear, S, is an indication of the change of the pitch angle of the
magnetic field lines between adjacent flux surfaces. The shear is defined as [12,13]:

_2Vdq
SV = gy (2-15)

where V is the volume of a flux surface. Since Vis a function of flux, S can also be
expressed as a function of y.

The magnetic well is a flux-surface function that is useful in discussions of pressure-
gradient driven instabilities. It is closely related to the average curvature of a magnetic field

line. A large, positive well is favorable for stability. It is defined as [13]:

2
L 2 {uep + %—) 2-16)

where the average is taken over a field line.

The final quantity to be discussed here is Z , the normalized internal inductance of
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the plasma. It is defined as [17]:

1 [Blv @-17)
Bp VV

G =
where V is the plasma volume, V” is the volume of a flux surface, and the average poloidal
field is taken at the plasma edge. The internal inductance is a global value for the
equilibrium, and is primarily a function of the shape of the current density profile J(R,Z). In

general terms, 4 is a measure of the “peakedaess” of the current density profile. For a
circular large-aspect-ratio tokamak, a flat current density profile has 4= 0.5; a strongly

peaked profile might have 4 = 2, and a very hollow profile might have 4= 0.2.

ST Equilibrium

ST plasmas are accurately described by the Grad-Shafranov equation. Most of the
differences between ST equilibria and those of conventional tokamaks are matters of degree.
Nevertheless, some of these degrees have implications for stability, confinement, and other
matters, and are therefore important to understand.

One of the more important features of ST equilibria is the large magnetic shear

typically present. Plots of g(y), V(y), and S(y) for a MEDUSA plasma and a comparable

conventional tokamak (infinite aspect-ratio) are given in Figure 2-4. Two features in this
figure are of particular note. The first is the large gradient of the safety factor in the outer
portion of the MEDUSA plasma. This is discussed below. The second is the magnitude of
the MEDUSA shear as compared to the conventional tokamak — it is significantly larger
throughout the entire plasma. This increased shear plays an important role in many stability

issues, to be discussed in the next section. The shear in the center of a high-beta ST will not
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be large, however, especially if the internal inductance is low. However, the edge shear will
still be much larger than that seen in conventional tokamaks.

As alluded to in the previous paragraph, STs feature relatively large values of the
edge safety factor, relative to conventional tokamaks operating at the same toroidal field. An

approximate value for gy, calculated from a database of free-boundary equilibria, is given

by Peng and Strickler [1]:

6 2
qv _ 2.5x10 aB’ (l+|(z)f(e) _ q‘(l'f'l(

f 2-18
AIP 2K (e) ( )

where A is the aspect ratio, € is the inverse aspect ratio, and

1.22-0.68
f(e) = ——_(l-ez)ze.

The function f{€) is a strong function of aspect ratio; it is plotted as f{A) in Figure 2-5.

A very large edge safety factor (g=30, for example) is of little use in tokamaks. In
most cases, STs are run with a combination of lower toroidal field and higher plasma current
than would be possible in a conventional tokamak. The high plasma current relative to the
toroidal field “rod” current is referred to as “good toroidal field utilization,” and is one of the
primary advantages of the ST.

The relatively large edge q in spherical tokamaks is a direct consequence of the steep
toroidal field gradient. The safety factor quantifies the “twistedess” of field lines within a
flux surface; q is the number of toroidal transits a field line makes for each poloidal transit.
Since the toroidal field on the inboard of a ST plasma is large compared to other fields in the
system, the field line makes a large number of toroidal transits on the inboard (where there is

“good curvature,” which is stabilizing to ballooning modes) as compared to the outboard



f(e) (Log Scale)

100+
6.
5
4
34
24
10
64
s
4
3
2
1 T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Aspect Ratio

Figure 2-5. The function f{€) used in approximating values of ¢, in STs.

26



27

where the curvature is “bad.”) This can be seen graphically in Figure 2-6, a plot of a field
line in a g = 6 surface in a Pegasus plasma with A=1.14.

An interesting effect of lcw aspect-ratio is an increase of the required vertical field
over that needed for a conventional tokamak equilibrium. The vertical field (crossing the
plasma current) is required to counteract the major radial expansion force of the plasma. This
force is due in large degree to the poloidal field crossing the plasma current; the force is
outward since the poloidal field is larger on the plasma inboard than the outboard. The
required vertical field for a conventional large-aspect-ratio tokamak is given approximately

as [18]:

(A 3
[ln(SA) + B, t5 -3

u'o Ip
4nR,

B L3

) (2-19)
This equation is inaccurate for low-A tokamaks; it is usually at least a factor of 2 too low.
This effect can be attributed to the high toroidicity of the ST; opposite sides of the torus are
linked magnetically and increase the poloidal field on the high-field-side above what would
be seen in a standard tokamak. A good operational rule of thumb is that spherical tokamaks
require approximately the same amount of VF-system cuirent (ampere-turns) as plasma
current.

A property of spherical tokamaks is plasma paramagnetism [1,19]. Typically, low-
beta tokamaks are slightly paramagnetic, meaning that the plasma toroidal field is greater

than the vacuum field. As f3, increases to above 1 (approximately), the plasma becomes
diamagnetic. The natural paramagnetism is a result of the poloidal component of the plasma

current, which is carried by electrons tied to the field lines. As the rotational transform of the

field lines increases (i.e. the safety factor decreases), this effect is magnified. The end result
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is that STs tend to be more paramagnetic than conventional tokamaks, although this effect is
mitigated somewhat by the high betas expected in STs.

A novel feature of ST equilibria is that they are naturally elongated in a straight
vertical field [1,20,21]. This is advantageous in that elongation tends to increase the Troyon
beta limit, which is discussed in the next section. Conventional tokamaks require shaping
coils to achieve this elongation, which make them unstable to n=0 vertical displacement
instabilities. Unshaped ST plasmas held in a straight or dipole equilibrium field are stable to
these displacements [22].

Another interesting feature of STs is the so-called “natural divertor” (ND) [23,24].
This is a feature of the field lines immediately outside the last closed flux surface. These
field lines topologically connect the outboard of the plasma with the center column and the
top and bottom inside regions of the vacuum vessel. This connection length can be quite
short for low-field STs with tight-fitting vacuum vessels. The natural divertor was originally
touted as an advantage of ST plasmas, since it effectively removed much of the scrape-off
plasma in the START tokamak [24], where the connection lengths are quite long. It has
more recently become clear, however, that the ND can hurt the performance of larger ST
plasmas by reducing the plasma edge temperature; this occurs because the divertor strongly

couples the plasma edge to the vessel wall [25].

MHD Stability

Magnetohydrodynamic (MHD) stability in tokamaks is a rich and complex subject. A
thorough review of this material is far beyond the scope of this thesis. This section, then,
will contain a quick overview of the most common kinds of ideal and resistive MHD
instabilities seen in tokamaks. -

MHD instabilities (in contrast to instabilities arising from plasma kinetic effects) can
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be subdivided into two general subcategories: ideal and resistive. (Sometimes neoclassical
MHD instabilities are included as a third class; here they will be a “subclass” of resistive
instabilities.) Ideal MHD instabilities tend to be better understood since the removal of the
plasma resistivity makes the MHD equations much simpler to analyze. However, resistive
instabilities are important in many tokamak phenomena such as current transport (see
Chapter 3), magnetic islands, and disruptions. Ideal MHD stability will be discussed first;
resistivity will be added afterwards.

The first issue to be addressed is the nature of an instability. Many quantities of
interest in a tokamak plasma can be linearized about the equilibrium solution into a large

steady-state part and a smaller time-dependent part [12]:
Er.t) = E,() + E,(x,0). (2-20)
The perturbation &; can be further decomposed into a spatial part and a time-dependent part

at a given frequency (or spectrum of frequencies):

E,(r) = E (e (2-21)

The real part of @ leads to a stable oscillatory solution. The imaginary part of @ gives either

exponential growth or decay. If Im(w ) > O, the perturbation grows and the system is

unstable. Instability can also be ascertained through an energy principle [26]: if the potential
energy associated with a perturbation decreases, then the system is unstable.

A second issue to address is the effect of instabilities on the plasma. Some
instabilities, for example, the external kink, can lead to disruptions that terminate the plasma.
Not all instabilities lead to disruptions, but most degrade the plasma in some way. Magnetic
islands, which are usually created by neoclassical tearing modes, tend to hurt plasma

confinement by providing a conduit for transport along the separatrices [27]. Double tearing
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modes (discussed in detail in Chapter 3) can redistribute the plasma current density where a
double-valued g-profile exists. Sawteeth in the plasma core inside the g=1 surface
redistribute the plasma pressure [26]. In general, MHD instabilities are harmful to the
plasma, particularly the confinement, though they are not always disastrous.

There are three types of ideal MHD instabilities that are of concemn for tokamaks:
interchange, ballooning, and kink instabilities. The first two derive free energy from the
plasma pressure gradient, while the third is driven by the tension of the magnetic field lines.
It can be shown that ideal MHD instabilities must preserve the topology of the flux surfaces.
Since the resistivity is zero, the plasma is treated as a superconductor. The magnetic field
lines move with the plasma fluid and cannot reconnect.

The ideal kink instability is driven by the energy in the plasma current. It represents a
resonant distortion on a rational flux surface (i.e., g = m/n) where the field lines twist or
kink helically on themselves much like a tightly-wound rubber band. For most tokamaks
this instability is negligible except for low values of m and n (e.g. 1/1, 3/2, 2/1, 3/1). The
external kink, which distorts the entire plasma column, can be quite virulent. It is usually

avoided by operating the tokamak such that gy, > 3. The internal kink occurs on flux

surfaces internal to the plasma and generally leads to small distortions of the field lines. The
1/1 internal kink can be suppressed by operating with gp > 1, although this condition is
often violated.

The interchange instability is directly analogous to the Rayleigh-Taylor instability of
fluid mechanics [28], where a heavy fluid is supported in an unstable equilibrium by a light
fluid. In a tokamak, the heavy fluid and light fluid are replaced by the plasma and the
magnetic field, respectively. This mode is generally stable in tokamaks due to the effects of
the average “good” field line curvature (i.e., VB-Vp <0). The ballooning instability is

another pressure-driven mode. It can lead to localized bending and expansion of the field
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lines [18,26], much like a weak spot on a balloon or inner tube distorts under pressure.
These pressure-driven instabilities are generally controlled by limiting the plasma
beta. It has been found [12,16,29] that tokamaks are stable to essentially all ideal MHD
instabilities (including internal and external kinks) if the total beta is limited by

L0175 - (2-22)
aB, ~ Aq,

B <0.035

where A is the aspect-ratio and I, is in MA. Equation 2-22 is known as the Troyon beta

limit. The second equality is derived from the large-aspect-ratio expansion for g; the primary
form of the Troyon limit is the first inequality.

If resistivity is introduced back into the MHD equations, a new set of MHD
instabilities results. These resistive instabilities can change the topology of the flux surfaces
by reconnecting field lines. Although there are many kinds of resistive instabilities, the only
type of interest here is the tearing mode, which is driven by gradients in the current density
across rational magnetic surfaces [26,30]. Tearing modes are discussed in more detail below
and in Chapter 3.

The primary effect of tearing modes is the production of magnetic islands about
rational flux surfaces. (When the effects of parallel viscous stress, i.e. viscosity along field
lines, are included, the resultant modes are known as “neoclassical tearing modes” [26].)
These islands have several implications for tokamak operation. As mentioned earlier, they
tend to short-circuit plasma transport and reduce the confinement, at least locally [27].
Sawteeth are believed to be caused by the 1/1 mode. Tearing modes are likely responsible
for various kinds of disruptions [31], locked modes, and the rapid current penetration
observed during startup [31-33 and others], all of which are discussed in greater detail in the

next chapter.
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Stability of ST Plasmas

Perhaps the single greatest advantage of the spherical tokamak over more
conventional tokamaks is the improved stability to many MHD modes. The Troyon beta
scaling, equation 2-22, implies that decreasing the aspect ratio should increase the ideal beta
limit. The second equality in equation 2-22 indicates that elongated, low-aspect-ratio
tokamaks should experience elevated beta limits. The Troyon beta limit relation was not
derived specifically for low aspect ratio. However, theoretical studies [22,34-36] indicate
that the limit should hold for spherical tokamaks. There are also indications that the beta limit
actually increases over the Troyon limit for low A [37]. These predictions have now
received an experimental verification. The START tokamak [2,24] recently achieved an
average toroidal beta of 30% [38], which is almost a factor of three above the previous

record. The corresponding value of By was approximately 3.9; the beta at the magnetic axis

was greater than 60%. These records were achieved transiently using neutral beam heating
and fast ramp-down of the toroidal field. Despite their transient nature, though, these
plasmas showed no sign of fast-growing ideal instabilities that might have been expected. (It
should be noted that these quoted values of beta use the vacuum toroidal field as the
reference; this is done primarily for the ease of calculation, in that the plasma paramagnetism
is often not readily deduced. The actual values of beta are likely to be somewhat lower due
to the plasma paramagnetism.) Finally, it is believed that STs provide a natural path to the
region of second stability, where the Troyon beta limit does not apply. This has received no
experimental test yet, however.

The lower limit on g, for conventional tokamaks with conducting walls is typically 2

or 3; this limit is set to avoid large ideal kinks. This limit becomes more restrictive at lower

aspect ratio, generally requiring qy> 4 [16,34]. Since STs naturally tend to produce high
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edge safety factors, this condition is generally not much of a limitation. An adjacent stability
issue of possible concem for very low-aspect-ratio tokamaks (ULARTSs and ELARTS)
concerns the n=1 tilt and shift modes often observed on spheromaks. It has been
demonstrated that these modes are well stabilized by toroidal fields significantly smaller than
that required for stability to edge kinks [19,39,40] and should therefore not be a problem for
STs, except possibly at extremely low A (approaching unity).

The stability of tearing modes and neoclassical tearing modes in spherical tokamaks
is not very well determined at this point. There are several effects that could come into play
in higher-beta spherical tokamaks.

The starting point for the analysis of stability to tearing modes in a ST plasma is the

magnetic island evolution equation [41]:

aw o m .. Aol w 2-23
d - 1.2 i, A(W)— W3 + (Aneo—AGGJ)W2+ W: ( )

where W is the island width, 4’ is the classical tearing mode drive term, 4y, is 2

polarization-current-driven term, and Wy is a threshold island width for the neoclassical

driving term and all terms are evaluated at the resistive layer about the rational flux surface.

The other terms in equation 2-23 are 4,,,, a bootstrap-current-driven term given roughly by

Aneo = = k"/—e-_t_l,
q

where k is a constant on the order of 1, anc L is the derivative scale length (i.e. Ly = x'/x),

and Aggy , a finite-beta stabilization term given roughly by

L {q*-1)
.

p
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The last term is known as the Glasser-Greene-Johnson term after its originators [42,43].
The GGJ term is relatively large for low aspect-ratio, high-q plasmas. However, it still may
not be large enough to dominate neoclassical effects in STs, which are very profile sensitive
[41].

There are further effects of toroidicity on tearing modes in spherical tokamaks. One
of these is the coupling of unstable modes due to the effects of toroidicity [44]. For finite
values of beta and finite aspect ratios, unstable modes with poloidal number m and toroidal
number n can couple to other modes with the same value of » and adjacent values of m (e.g.
3/1 coupling to 2/1 and 4/1.) This coupling complicates the discussion of tearing modes in
spherical tokamaks, since single unstable modes may be impossible to identify. There are
also indications that the saturated islands widths in spherical tokamaks will be significantly
smaller (in terms of W/a ) than in conventional tokamaks, even with the presence of
coupling-induced “satellite modes” [45].

The discussion of tearing modes in STs is enhanced by an interesting note from
some operating experiments—the plasmas are seen to be “resilient” to current terminating
disruptions. START and MEDUSA in particular have seen a surprising absence of
disruptions in most cases. (These plasmas do see disruptions, however, which is why the
term “resilience” is employed over the stronger phrase “disruption immunity” originally used
[46.47].) This disruption resilience leads to plasmas which are typically disruption-free,
except when mistreated (strongly compressed into the inner wall, limiting against an internal
coil). The shortage of disruptions is intriguing given the possibility of small saturated island
widths in STs and the presumption that disruptions can be caused by overlapping islands
with “incommensurate helicities” [26]. These experiments do see a phenomeunoz that has
been dubbed an internal reconnection event, or IRE. An IRE is similar to a soft disruption in

that it results in a current spike and a negative loop-voltage spike. However, IREs do not



36

necessarily lead to termination of the plasma current. IREs are believed to be a result of
resistive MHD activity. Internal reconnection events will be discussed in more detail in

Chapters 3 and 6.

Tokamak Confinement Scaling

The ultimate purpose of a tokamak, by most measures, is to confine a thermonuclear
plasma that would be the heart of a fusion power station. In the early days of fusion
research, it became apparent that the plasma was not confined nearly as well as expected by
classical (coulomb-collision-induced) diffusion arguments. Much research has been directed
toward understanding the processes that actually cause this anomalous transport.

To help achieve a basic understanding of tokamak confinement, zero-dimensional
scaling relations have been derived from experimental data. There are many such relations,
each derived for different sorts of plasma conditions (collisionality, L- or H-mode, auxiliary
heated, etc.) and machine classes. All of these relations relate various plasma and device

parameters, such as I, and R, to the plasma energy confinement time, given as:

(2-24)

Tg = P.

where 7 is the energy confinement time, W is the plasma stored energy, and P, is the input

power to the plasma. These relations presuppose a macroscopic steady-state in the plasma.

Following are a few of the many scaling relations that are used. In the following,

Tg is the energy confinement time in seconds, R and a are the major and minor radii in
meters, 7 is the plasma density divided by 1019 m-3, I, is the plasma current in MA, M is the

average mass number of the plasma ions (AMU), K is the elongation, B is the toroidal field
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at the magnetic axis in Tesla, P is the input power in MW, Z is the average number of
electrons per plasma ion, ¢y is the cylindrical value of the safety factor, and € is the inverse
aspect-ratio.

Neo-Alcator scaling is a conventional relation for ohmically heated tokamaks [48]:

Tenoa = 1.92x107% 'n R%a. (2-25)

One of the most-used scaling laws in recent years has been one derived for L-mode
confinement in the International Thermonuclear Experimental Reactor (ITER); it is known as
ITER-89P [49]:

tgm_ggp = 0.05 lMO.S I:.BSRl.z a0.3 KO.S ll0.l BO.Z P-O.S . (2'26)

A scaling relation which attempts to take plasma turbulence into account (through a “critical

electron-temperature-gradient”” model) is that of Rebut, Lallia, and Watkins [S0]:

—0.75

Terw = 36.8M°[° n 7 BZ*¥ P! + 17.0M™°1,¢'°Z"*

(2-27)
where ¢=(Ra’c) .
As a final example, the Lackner-Gottardi scaling relation is based on transport in the
“plateau” region of collisionality [S1]:
M ; 06 o4 K
Terg = 0.03,/5 I:'“R"“a“( 2 ) a. = (2-28)
f® (1+x)
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ST Confinement

Most of the empirical data on confinement in spherical tokamaks comes from the
START experiment. This is obviously a limited data set. These results show, though, that
ST confinement should be quite good compared to conventional tokamaks. Early resuits
from START (52] indicated that the Rebut-Lallia and Lackner-Gottardi scalings represented
the confinement data well, while the neo-Alcator scaling underpredicted the START results.
Some more recent results [53] have confirmed that the Rebut-Lallia-Watkins and Lackner-
Gottardi scalings accurately predict START electron temperature data. The START group
has also invented a modified neo-Alcator scaling that takes aspect-ratio explicitly into
account, and that seems to explain the ohmically heated START discharges fairly well:

— KA
Tenas = 6.0 1077 n _R%aq, ﬁ] (2-29)

where the conventions on units are the same as before. This expression is essentially the
same as the regular neo-Alcator scaling (equation 2-25) with the addition of factors for
elongation, safety factor, and aspect ratio. These terms will generally be small for
conventional tokamaks, but they indicate increased confinement for elongated, low-A
tokamaks.

One of the possible reasons for this decrease in transport in ST is the predicted
reduction in width of saturated magnetic islands [45], which could reduce streaming
transport losses along the island separatrices. There are also theoretical predictions of
improved stability properties against high-n microinstabilities in ST plasmas. These

microinstabilities include high-mode-number ballooning modes [54,55] and drift waves

(trapped electron 7); modes) [55]. Since these types of microinstabilities are believed to be

responsible for anomalous transport, their reduction in STs would seem to indicate an
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improvement in confinement.

Other Physics Issues

In addition to the equilibrium, stability, and confinement issues already discussed,
there are a few other physics properties that distinguish spherical tokamaks from the
conventional variety. These include resistivity enhancement at low-A, increased bootstrap
current, and single particle orbits. These topics will be briefly addressed in this section.

It is generally inappropriate to analyze the resistivity of a hot tokamak plasma with
the simple Spitzer model. There are many phenomena that force the tokamak away from
simple, collisional Spitzer resistivity. These processes are driven by neoclassical effects,
which for the most part are caused by particles trapped by the gradient of the toroidal field.
For a collisionless, cylindrical tokamak plasma, Ohm’s law may be approximated on each
flux surface by [26]:

q, Je

1 d Pi
J = E - —_——[Pe"‘ —] (2-30)
' 1+1/; ! 1+1/; B, dr Za

where Ej is the inductive electric field, o is the classical conductivity, and all relevant

quantities are evaluated on each flux surface. The first term on the right-hand side represents
a trapped-particle correction to the classical conductivity. The second term represents a self-

current, or bootstrap current, term.

The trapped particle fraction on a tokamak flux surface is

[ B . , 2¢
f=_[l-—a— =« |— (2-31)
‘ Bw 1+¢

where the second equality is true for low-beta plasmas, and the entire expression is only




meaningful for collisionless plasmas. Here € applies to each flux surface rather than the
entire plasma. The second expression on the right-hand side is on the order of €//2 . For the

outer flux surfaces in a ST, where € s large, the trapped particle fraction can approach

unity.Since trapped particles cannot carry plasma current, the resistivity increases with
increasing trapped particle fraction. This phenomenon is known as “resistivity
enhancement,” where the enhancement is relative to Spitzer resistivity. The evaluation of the
resistivity enhancement for an entire plasma is of course more complex than this; it requires
knowledge of the current density, loop voltage, collisionality, and aspect ratio for each flux
surface. Sample calculations of this enhancement for a parabolic temperature profile [56]
indicate an enhancement of 1.5 for A=6, 2.5 for A=3, 4.5 for A=1.5, and 7 for A=1.1. This
increased resistivity makes ohmic current drive more difficult at low A, but makes ohmic
heating more effective.

If the outer regions of a ST plasma are collisional, i.e., in the Pfirsch-Schliiter
regime of collisionality, then an additional effect may contribute to the toroidal current. The
diffusive flux of particles in the Pfirsch-Schiiiter regime leads to a pressure-gradient-driven
current parallel to the magnetic field [26,57]. This current averages to zero over each flux
surface. However, it can contribute locally to the current density profile which and thereby

affect the stability of kink and tearing modes. In spherical tokamaks there may be some net

positive contribution to the total toroidal current from this Vp driven term.

The second term on the right-side of equation 2-31 represents the bootstrap current.
This bootstrap current provides a large fraction of the plasma current in most reactor designs
(including “fully bootstrapped” plasmas with 98-99% of the total current being self-driven.)
This bootstrap current is brought about by toroidal momentum exchange between trapped

particles (which carry a small diamagnetic current due to the finite width of the banana
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orbits) and the passing particles [58]. The ratio of bootstrap current to driven current is

proportional to €//2f, [26], which is somewhat favorable to spherical tokamaks because of

the weak inverse aspect-ratio scaling and the high beta. The bootstrap current fraction also

scales with ¢2 if Bris held constant; this suggests that operation at low g is not the best
option for a reactor, especially a high-beta ST [35]. There is also some indication [35] that

the bootstrap current may scale more favorably than £//2f3, at low aspect-ratio. In fact,

recent results have indicated that, as the aspect-ratio approaches unity, the bootstrap current
does not vanish if the plasma is collisional; this is due to the large parallel viscosities along
field lines at low A [59].

There are several intriguing possible single-particle effects in spherical tokamaks. At
the outboard of an ST plasma, the mod-B surfaces are nearly parallel to the flux surfaces (a
condition known an “omnigeneity”). In this region, particle drift orbits will nearly coincide
with flux surfaces. It is predicted that the resultant narrow banana orbits will lead to reduced
neoclassical transport [1]. In addition to this effect, a high-beta ST will have strongly
modified mod-B surfaces such that the minimum-B location is not on the outboard midplane
[60]; the effect of this field shaping will be trapped particle orbits located entirely above or
below the midplane. It has been suggested that these orbits may have an effect on trapped-
particle instabilities and hence plasma transport. However, the effects of these orbits are far
from clear; it has been suggested that ST trapped-particle orbits are both stabilizing [61] and
destabilizing [60]. A final issue worth noting is the size of the neutral beam particle orbits.
Since in general the total ficld in a ST is small compared to a conventional tokamak, yet
comparable beam energies are required for heating, large ion gyroradii will be produced. For
example, a 50 keV deuterium ion in a 0.2 Tesla field has a gyroradius of 18.8 cm, which

can be a substantial fraction of the plasma radius. This issue must be taken into account
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when designing heating and diagnostic systems for ST plasmas.

2.3 Spherical Tokamak Experiments

There are currently five operating spherical tokamak experiments in the world, and at
least six others currently under construction. This section reviews these experiments and
their results. Although MEDUSA is included in the group of operating experiments, it will
not be discussed explicitly in this section. Also, there are a few spheromak/tokamak hybrid
experiments (notably TS-3 [19,39] and SPHEX) that will not be discussed here. Table 2-1
contains a summary of the major parameters of these devices. The values given in this table
are taken from various references which are not necessarily all consistent. Some parameters
may represent maximum achievable values, while others are meant to be “typical” values.
The listings should only be taken as a guide. Figure 2-7 shows the relative sizes of many of

these ST experiments.

Operating Experiments

The premier spherical tokamak operating today is the Small Tight-Aspect-Ratio
Tokamak (START) located at the Culham Laboratory in Abingdon, U.K. [2,3,24,46,
47,52,56,62]. START is in many respects a very conventional tokamak; it relies on ohmic
induction for startup and current drive, and has recently begun using a neutral beam [63] to
heat the plasma. START was the first experiment (1991) to produce significant tokamak
plasmas in a low-aspect-ratio geometry. The primary mission for START has been to
demonstrate the supposed advantages of spherical tokamaks. It has demonstrated good
toroidal field utilization, natural elongation, the “natural divertor,” and high energy



Operating

Experiments

CDX-U [39,65]

MEDUSA

START [56]

TST (70,71]

Under

Construction

ETE [72]

| GLOBUS-M [73]

HIT-11 [74]

MAST [75]

NSTX {76}

PEGASUS (78]

Table 2-1. Major parameters of several spherical tokamak experiments.
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MEDUSA (19%4)

CDX-U (19%¢0)

NSTX, PPPL

MAST, CULHAM

Figure 2-7. Relative sizes of several ST experiments.
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confinement. One of the more interesting results from START is the near-disruption free
operation it has experienced, which could be a great boon to STs if this behavior
extrapolates to larger devices. The observation of IREs on START was duplicated first by
MEDUSA and then by CDX-U. Finally, START has dramatically demonstrated the high-
beta potential of spherical tokamaks. Recent experiments have transiently achieved values of

Bras high as 30% [38], shattering START s previous record of approximately 13%, which

exceeded the 12.6% previously achieved in DIII-D [64]. START will be shut down in 1997
at about the time when MAST is to begin operating.

The Current Drive eXperiment-Upgrade (CDX-U) [39,65] is a low-aspect-ratio
tokamak located at the Princeton Plasma Physics Laboratory near Princeton New Jersey.
The mission of CDX-U was originally to investigate non-inductive current drive techniques
such as DC helicity injection [66]. CDX-U has recently begun to investigate more general
aspects of ST physics. Examples include analysis of resistive MHD modes [67], halo
currents caused by “artificial” disruptions and IREs, edge ¢q limits, and fast wave heating.
There are also plans to implement high-harmonic fast wave (HHFW) current drive
experiments in the near future.

The Helicity Injected Tokamak (HIT) [5,68,69] is located at the University of
Washington in Seattle, Washington. As its name suggests, HIT is dedicated to studying

coaxial helicity injection (CHI) [4], which is essentially a method of steady-state current

drive in tokamaks. Helicity is equal to the volume integral of A-B over the plasma, and is

roughly proportional to the plasma current. It dissipates on the resistive diffusion time scale.
Helicity is “injected” into the tokamak inductively, via ohmic heating; it can also be injected
by applying a bias voltage to an external flux surface that links the plasma. This method,

with coaxial, axisymmetric electrodes, is the method used to operate HIT. Most of the
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research on this experiment has been dedicated to characterizing the plasma parameters,
including density, temperature, and current profiles, and examining MHD behavior. HIT is
currently being upgraded to HIT-IL

The Tokyo Spherical Tokamak (TST) [70,71] is an extremely low-aspect-ratio
(ELART; A<1.2) tokamak located at the University of Tokyo in Japan. It is a relatively
modest experiment designed to investigate some of the physics phenomena in ELARTs. The
topics for study include startup with very limited flux, stability to ideal MHD limits, and

magnetic fluctuations.

Experiments Under Construction

Both the Experimento Toroidal Esférico (ETE) [72] and GLOBUS-M [73] are
START-sized spherical tokamaks currently under construction, although both are delayed
indefinitely due to budget limitations. ETE (the name translates to “Spherical Torus
Experiment”) is an experiment planned to be built at the Instituto Nacional de Pesquisas
Espaciais (National Institute of Space Research) in Sdo José dos Campos, Brazil. The
proposed mission of ETE (1986) was to study spherical tokamak physics in general, and to
examine steady-state current drive techniques. GLOBUS-M is to be built at the Ioffe
Institute in Saint Petersburg, Russia. The research on GLOBUS-M will focus on scaling
studies, divertor studies, configuration optimization, ion cyclotron and lower hybrid
heating, and fast wave and lower hybrid current drive.

The HIT-II upgrade to the Helicity Injected Tokamak [74] involves replacing the
thick-walled copper flux conserver of HIT with a thin-walled vacuum vessel. The poloidal
field will be provided by sets of active-feedback coils. HIT-II will feature a SO mV-s ohmic
solenoid for direct comparisons of the effects of CHI and OH. It will have an increased

pulse length of up to 20 ms. HIT-II also will have an improved diagnostic set and better
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vacuum conditioning than HIT. It begins operation in 1997.

The Mega-Amp Spherical Tokamak (MAST) [75] is the successor experiment to
START at Culham. MAST is significantly larger that START, although its physical design
is quite similar. It will be primarily an ohmic, neutral-beam-heated tokamak. The primary
purposes of MAST are to create ST plasmas comparable to other large tokamaks to allow a
fair cross-concept comparison, obtain data for the design of a volumetric neutron source,
and to extend the tokamak database to include larger STs. The physics topics to be studied
include confinement and transport, MHD stability, current drive techniques, and divertor
physics. MAST is expected to begin operation in mid-1998.

The National Spherical Tokamak eXperiment (NSTX) [76] is a large ST at the
Princeton Plasma Physics Laboratory. It is similar in size to MAST. Its primary mission is
to prove the important principles of a collisionless spherical tokamak: non-inductive startup,
good confinement, ideal and resistive stability, attainment of high beta, and power and
particle handling [77]. One of the features distinguishing NSTX from MAST is a heavy
reliance on coaxial helicity injection for current drive. This will also allow a much more
significant test of CHI than has been previously available. NSTX should begin operation in
1999.

The Pegasus Toroidal Experiment [78] is an extremely-low-aspect-ratio tokamak
approximately the same size as TST. It is under construction at the University of Wisconsin
in Madison. The central feature of Pegasus is a unique high-stress solenoid core which
provides a large (120 mV-s) amount of ohmic induction in the ELART geometry. Pegasus
will use this ohmic heating and fast wave heating to achieve very high toroidal beta (40% or
higher.) The goals of the Pegasus program are to extend ST operation to the extreme limit of
high toroidal field utilization and to explore the limitations of this region of parameter space.
Pegasus is expected to begin operation in early 1998.
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2.4 Spherical Tokamak Engineering Issues

The primary goal of fusion research is to develop a working fusion power reactor.
With this in mind, there are many motivations to study spherical tokamaks: high beta, low
toroidal field, disruption resilience, and (possibly) high confinement are chief among them.
These issues mark the ST as a promising technology for a fusion-based power plant
[3,16,79-81] or volumetric neutron source [3,79,82]. Yet there are practical matters that
must also be considered if the ST is to be developed into a feasible commercial endeavor.
These issues will be discussed in this section. The engineering problems of tokamaks in
general, such as non-inductive current drive, tritium breeding, and superconducting
magnets, will not be discussed in this section. It should be remembered, however, that the

solution to these problems is crucial to the development of tokamak fusion reactors.

Advantages

Perhaps the greatest advantage of the ST as a reactor is the small physical size of the
nuclear island, which is the energy-producing part of the plant. Current fusion reactor
concepts compare rather unfavorably with the present generation of light water reactors,
which should be expected to improve further. The ARIES-IV fusion power plant concept
has a mass-power density (MPD) of 11 kWe per tonne of nuclear island mass, and an
electric energy gain (Qf ) of 5.2; a typical PWR, by contrast, has a MPD of 800-1,000
kWe/tonne and Qg = 20-30 [83]. Since the cost of a power plant tends to scale with
the mass of the nuclear island, it is immediately obvious that, even if an “advanced physics”
tokamak reactor such as ARIES-IV were built, it would likely be uncompetitive in the
market. The good news for spherical tokamaks is that, if they can produce levels of electrical
output similar to ARIES-IV, they will result in significantly smaller reactors and higher
MPDs, in the range of 200-600 kWe/tonne [16].
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Another advantage of low-aspect-ratio tokamak reactors is the increased Troyon beta
limit. Spherical tokamaks will allow hotter, denser plasmas than the current first-stability
limit for conventional tokamaks, and may provide a simple means to access the region of
second stability. This high beta may in turn provide a path to advanced fuels cycles such as
the neutron-lean (D,3He) cycle. This cycle allows another significant advantage: because the
products are charged particles (a proton and an alpha particle), direct energy conversion
techniques could conceivably be used to generate electricity. These techniques give net
efficiencies much greater than those allowed by the standard Rankine cycle. This efficiency
increase would lead to a significant decrease in the cost of electricity produced by these
reactors.

Another possible advantage of ST reactors is improved stability to hard disruptions.
If the dearth of disruptions observed on START and MEDUSA is reproduced on larger ST
experiments, it would represent a major advantage for the ST reactor concept. Disruptions
are a major constraint on the operation of large tokamaks. Much effort is made to avoid
them. When they do occur, they can often stop experimental runs for hours or days. A
disruption creates large, non-axisymmetric electromechanical forces in and around the
vacuum chamber; these are particularly bad when they are caused by halo currents flowing
in the vessel itself. Meanwhile, the disrupted plasma can sputter large quantities of the
limiting surfaces into the vacuum vessel. A tokamak power reactor would have to be
designed to withstand such forces and impurities, which would add greatly to its cost. It
would also have to be operated conservatively to avoid causing many disruptions.
Moreover, any disruptions in a tokamak reactor would lead to an interruption of electricity
generation. A disruption-stable ST could significantly reduce the costs associated with these
problems and result in a much more attractive reactor. If the disruption “immunity” of STs is

not demonstrated in the next generation of larger experiments, these devices may still posses
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an advantage over conventional tokamaks with regard to disruption behavior. Recent results
[84] from CDX-U indicate that disruption-induced halo currents in forced ST disruptions
may be significantly smaller than those in conventional tokamaks, greatly reducing the
asymmetric forces on the vacuum vessel associated with these currents.

There are several other possible advantages to ST reactors. The predicted large
bootstrap fraction could result in reduced current drive requirements. Smaller banana orbits
and magnetic islands could reduce transport. Stabilized microturbulence could do the same.
Good toroidal field utilization would reduce the toroidal field requirements, although there
are complications with the toroidal field magnets in a ST reactor which are discussed in the

next section. All of these phenomena represent potential gains over conventional tokamaks.

Problems

Balancing the potential advantages of ST reactors discussed above are a number of
problems. These problems are all essentially caused by the relatively small radius of the bore
of the torus (b = R-a ). The small size of this region limits the amount of equipment that may
be placed there, and has effects on startup, current drive, diagnostics, and the toroidal field
system.

The toroidal field system of a ST reactor will likely have to contain a normally
conducting, resistive inner leg. A superconducting TF center column is generally considered
to be out of the question [16,80,81,83] due to the large heat load from fusion neutrons. The
TF rod poses several difficulties from an engineering standpoint. First, a resistive rod
requires some fraction of the recirculating power for coil current drive. Estimates of the total
fraction of recirculating power are typically around 20%, while the fraction required for the
TF rod are around 8% [79,80]. Second, the rod will require cooling. The TF leg for a ST

power plant will likely dissipate tens to hundreds of megawatts of resistive heat, in addition
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to neutron heating of about the same magnitude [16,79]. Cooling will be required to
maintain the conductivity of the rod, minimize creep, and prevent melting. Third, since the
rod cannot be shielded from fusion neutrons, radiation damage is a major concern [85].
Among the effects will be radiation hardening, embrittlement, radiation-assisted creep, and a
reduction in the ultimate strain. Additionally, neutron absorption reactions will produce
hydrogen and helium gas in the matrix. Radiation damage will likely limit the lifetime of the
rod to one year [16]. Finally, the power supplies for such a coil would be nontrivial,
requiring a DC current supply at high currents (MA) and low voltages, or lower currents and
higher voltages.

The limited space available in the inner bore of a ST reactor also places a severe
restriction on the use of an ohmic solenoid to start up the plasma, and almost completely
rules out the use of a solenoid to drive current. Most designs for ST reactors eliminate the
ohmic solenoid altogether [16,80,81,83]. There are of course various means for non-
inductively driving current in a tokamak, including coaxial helicity injection, Alfvén waves,
high harmonic fast waves, and neutral beams. It may still be advantageous to rely on
external magnetic flux to start up a tokamak reactor when it is necessary. Ohmic induction is
a well-understood and highly efficient method for starting tokamak discharges. Possibilities
for a ST reactor include the induction-compression method employed on START initially,
and a very small startup solenoid in the central bore.

The small central bore of a ST reactor would also limit the use of various kinds of
auxiliary equipment on the inner wall. A breeding blanket, for example, could not be used
on the center post without compromising the aspect ratio. Similarly, articles such as
antennas, beam dumps, and lasers will not be available on the inner wall. Very small
diagnostics, such as magnetics, could conceivably still be used on the center post, although
their utility would be limited in a steady-state tokamak.
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3. Current Penetration in Tokamaks

3.1 Introduction

One of the fundamental issues of tokamak operations concems the processes that
distribute current density inside the plasma. This problem is especially important for the
start-up phase, when current is rapidly being introduced into the plasma. Understanding the
mechanisms that determine the startup distribution of the plasma current allows better
operating techniques, which can result in better plasma performance in terms of ultimate
plasma current, stability, energy confinement, and operational efficiency. Plasma current is
also redistributed during disruptions and internal reconnection events (IREs). Of course, the
same phenomena that distribute current in tokamaks can also move particles and energy
around. Examples include the interaction between Joule heating and plasma resistivity, and
the wholesale redistribution of plasma energy that occurs during a disruption.

The same mechanisms drive the current penetration in these different stages of
tokamak operation; two of these mechanisms are usually important. The first is classical
current diffusion, which is the same process that transports current into resistive conductors.
The second is tearing modes, which appear in two different flavors. During startup, when a
non-monotonic q profile may exist, double tearing modes can play a large role in current
transport. At other times, when the ¢ profile is monotonically increasing, single tearing
modes can lead to disruptions, sawteeth, and internal reconnection events.

This chapter contains a discussion of the physics relevant to current penetration and
redistribution in tokamaks. Section 3.2 discusses current diffusion in tokamaks. Section 3.3
deals with tearing modes. It contains an introduction to tearing modes, and discusses the
roles of magnetic islands in disruptions (and IREs) and current penetration during startup.

Section 3.4 outlines the formal flux consumption method for characterizing the efficiency of
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the ohmic startup of tokamaks.

3.2 Current Diffusion

The first mechanism that allows current to penetrate into a tokamak plasma is current
diffusion. This is the same means that allows the penetration of currents and magnetic fields
in solid-state conductors. In a metal, where the resistance is assumed to be isotropic and
independent of temperature and current density, the diffusion equation for the magnetic field

can be written as [1]

9B _ M o2 G-1)

at Ko
where 1) is the resistivity in ohm-meters. This equation can be simply derived from
Faraday’s Law and Ohm’s Law. The current density J can be found from
VxB = y,J. (3-2)
Often the exact solution of equation 3-1 is not necessary. In these cases, an estimate of scale

lengths is generally sufficient. If some scale length L for diffusion is known, for exampie

the thickness of a wire, and the magnetic field is assumed to vary exponentially in space, the

characteristic time for diffusion 7 can be expressed as

(3-3)

This result is similar to the one obtained for the skin depthé (=L) of a conductor with a

sinusoidally-varying electric field [2]:

(34
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where @ (=1/7) is the angular frequency.

These equations are of limited validity in tokamak plasmas. This is due primarily to
the temperature dependence of the plasma resistivity. For classical current diffusion (i.e., no

field-line curvature effects) the resistivity is well-represented by the Spitzer relation [1]:

2
e 'mZ_.InA Z.InA
e = 52x10 —— (3-5)

17 e, T @)

where Z¢ is the number of plasma electrons per ion, and

A = 12rn A}

where Ap is the Debye length. Usually InA is between 10 and 20 for laboratory plasmas,

and is often set equal to a value independent of density (for example, 15). Thus the plasma
resistivity is mainly a function of the electron temperature. Since the temperature profile in a
tokamak can vary quite dramatically during startup or over a disruptive MHD event, this
effect is significant. This functional dependence on temperature can be expressed instead as
a dependence on space and time. If the diffusion equation (3-1) is re-derived for a tokamak
plasma to include spatial and temporal variations of the resistivity, the result is

keZr = (1) V2B ~[Va(rt)]x[VxB] (3-6)

where the functional dependence of the resistivity has been specified.

If a self-consistent solution to this equation is desired, then the equations for the
evolution of electron temperature must be included. This coupling is brought about by the
local heating of the plasma by the current, and the thermal diffusion of the electron heat.
Many different models can of course be implemented. A relatively simple one for cylindrical

geometry uses four equations: heat conduction for electrons, for ions, the magnetic diffusion
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equation, and Spitzer resistivity. The density profile is held constant. This is as given in [3]:

3 T, 14 (_0T.) 3m g N (19(B,) Y’
275t _r-ar(m° ar J- m, t—(T°-T‘) + o (? ar ]
3 0T, 1 o oT,; 3m,
Flar T —r'ar[m‘ or ) M t—(T°-T‘) ©-7)

dBy, o (la(rB,)
Ho=3t = 3rilT  or

where K, and x; are the electron and ion therial conductivities, . is the electron collision

time, and Spitzer resistivity is implicitly assumed. Sometimes current diffusion in tokamaks
is modelled with extensive codes such as the Tokamak Simulation Code (TSC) [4]. The
situation can be further complicated by the introduction of effects such as radiation and
sputtering, and by the addition of other heating or current drive mechanisms. Yet another
complication arises from neoclassical effects brought about by toroidicity.

In practice, the rate of current diffusion can be calculated by measuring time-
dependent temperature and density profiles, and taking neoclassical effects into account. The
associated diffusion of the magnetic field can be found directly from equilibrium

reconstructions, soft X-ray emission surfaces, magnetic probes, or other methods.

3.3 Tearing Modes

The presence of magnetic islands generated by tearing modes can have a strong
influence on the current density distribution in a tokamak. This section examines the basic
theory behind the growth of tearing modes, and the role of magnetic islands in current

penetration during startup and disruptive MHD events.
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Tearing Mode Theory

The primary features of tearing modes can be identified by examining a simple
model. This model begins with Maxwell’s equations and a set of resistive MHD equations.
In this model, pressure gradients, temperature gradients, and large-scale flows are
neglected, and the plasma is considered to be incompressible. A cylindrical tokamak
approximation will be used where appropriate. The resistive MHD equations used are [5]:

p d_v =JXB,

m dt (3-8)
E + vxB =1,
where pj is the charge density, p,, is the mass density, and v is the flow velocity. From

these equations the following simplified set may be derived [6]:

%—B = Vx(vxB) - -—I—Vxn(VxB),
t Ko
vx(pm‘;—‘t’) = L Ux[(VxB)xB], -9)
Ho
V-v =0,

where the incompressibility has been explicitly noted. These equations would be quite
difficult to solve analytically, except for a convenient fact: for values of the Lundquist
number S much greater than 1, the stability is not affected by the resistivity except at narrow
singular layers.

The Lundquist number, also known as the magnetic Reynolds number, is the ratio of

the magnetic diffusion time to the poloidal Alfvén time and is given as [6]

T _ ko’ /

- Ta - R(,/vA

(3-10)

where v, is the Alfvén velocity. The Lundquist number typically varies between 100 for

small plasma experiments to 1010 for future reactors. For illustrative purposes, at the half-
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radius of the MEDUSA tokamak S=1000 - 2000, while on the TFTR experiment S=107 at

the corresponding location.

In the singular layer, it is found that k-B=0; this means that the instability only has

components perpendicular to the magnetic field. In a tokamak, this is essentially the radial
direction. This result implies that the singular layers must lie around rational surfaces where
g=m/n. This is similar to the ideal kink mode, which requires rational flux surfaces for the
instability to “bite its own tail.” The tearing mode is often known as the “resistive kink .”
The growth rate of the mode is determined by matching the solutions of the MHD
equations inside and outside the singular layer. It is found that there is a discontinuity in the

logarithmic derivative of the perturbed magnetic field across the resistive layer [6,7]. (This is
also true for the vector potential and the magnetic flux.) This discontinuity is known as A’

and it is quantified variously for a cylindrical tokamak as [5,6,8,9,10]:

] [mn] [
dr - dr

A () - Bw) w(r,) (3-11)

[ew] =tim (gx+e - &x-e)),

where A is the vector potential, yis the poloidal flux, r; is the radius of the resistive layer,

and the tildes refer to perturbed quantities. The growth rate is given approximately by [5,10]

2 d 2
(r) = (o) S (&) (3-12)

where m is the poloidal mode number and ¥ is the inverse growth rate. The tearing mode is

unstable if A’ >0; otherwise it is stable. The stability criterion is closely related to the slope
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of the J(r) profile and, by extension, the q(r) profile around the resistive layer. Steeper
gradients are destabilizing to tearing modes.

The “result” of a destabilized tearing mode is magnetic islands. A magnetic island is
a non-axisymmetric region of closed flux within a tokamak volume. Figure 3-1 is an
illustration of an m/n = 2/1 magnetic island. The island is created when the radial magnetic
fields around the rational flux surface become large enough to reconnect and change the
magnetic topology. Figure 3-2 is a schematic illustration of the production and early stage of
growth of a magnetic island. The island structure typically grows linearly from a size much
smaller than the resistive layer to an intermediate size (which is still, however, significantly
smaller than the minor radius.) Feedback mechanisms then begin to limit the island growth;
this region of nonlinear growth is called the “Rutherford regime” [11]. The main feedback
mechanism is the flattening of the q profile about the island structure. This flattening
decreases dg/dr, decreasing the growth rate [6]. The final island size is generally
significantly larger than the resistive layer, and can be a good fraction of the minor radius.

Magnetic islands have a number of effects on plasma behavior. One of the first
effects to be observed in tokamak experiments was poloidal field oscillations at the plasma
edge. These fluctuations, called “Mirmov oscillations”, are caused by the perturbation of the
field by rotating magnetic islands. As mentioned in Chapter 2, magnetic islands can “short-
circuit” transport by providing a short path around the island width via the separatrix.
Different sets of magnetic islands can interfere to cause other effects. The m/n = 1/1 island is
believed to be responsible for sawteeth. Double tearing modes can lead to rapid current
penetration during startup. Major disruptions and IREs are believed to be caused by
interfering chains of magnetic islands. These last effects are discussed later in this section.

The previous discussion treated magnetic islands in an extremely simple model. The

effects of toroidicity and finite beta can change the stability criteria for these modes.



Figure 3-1. Illustration of a 2/1 magnetic island (from Furth [6]).



-0

Figure 3-2. Illustration of production and early growth of a large-m magnetic island
structure. The arrows show the orientation in toroidal geometry. Top shows
perturbed field. Middle shows fields just prior to reconnection. Bottom shows
reconnected field lines and resultant islands.
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However, the qualitative process of island formation and the effects of these islands are
unchanged with these additions.

When toroidicity (but not finite pressure) is included in the tearing mode
formulation, some new phenomena are observed. Perhaps primary among these is the
destabilization of “satellite” modes by an island structure [10,12]. This is a process whereby
a growing island perturbs the current density gradient and destabilizes a nearby mode of
different helicity (e.g. a 2/1 island may destabilize a 3/2 or 5/3 mode.) This phenomenon
may be important in disruption phenomenology. The addition of toroidicity can also affect
the saturated sizes of the evolved magnetic islands. As mentioned in Chapter 2, toroidal
calculations show greatly diminished island widths at low aspect ratios [13].

When the effects of finite pressure gradients are added, an additional driving term
becomes important and the destabilized modes are then known as “neoclassical tearing
modes™ [14,15]. This driving term arises from perturbations in the bootstrap current caused
by small magnetic islands [16,17]. The bootstrap current is caused by viscous damping of
the poloidal electron flow [16]; the details of the distribution of this current depend on the
local pressure gradients in the plasma (see Chapter 2.) The presence of islands locally
deforms the pressure contours and perturbs the bootstrap current profile. This perturbed
current profile can cause small island structures to become unstable to further growth,
although it cannot generate magnetic islands from an axisymmetric geometry.

In addition to the neoclassical term, there are other terms contributing to island
growth that are not included in the classical tearing mode analysis. Two of these are the so-
called “Glasser-Greene-Johnson” term and another term arising from ﬁolarization drift
effects. The latter effect is not well characterized at this time [18] and will not be discussed
here. The former term is a stabilizing term arising from good-average-curvature effects in

toroidal plasmas with finite beta [19,20]. It is usually small, but can be significant for
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spherical tokamaks.
All of these effects can be combined into an island growth equation like that given in
Chapter 2. A slightly different version of equation 2-23 is given here [16-18,21]:

dw n|.. w A
< -1.2uo A'(W) + (A,,,,,-AGG,)W2+ W oW (3-13)

The terms in equation 3-13 are as follows: 77 is the resistivity, W is the island width, A’ is the
classical tearing mode figure of merit (equation 3-11), A,,, is the neoclassical term, Wy is
the critical island width for growth of the neoclassical mode, Agg; is the Glasser-Greene-

Johnson term, and 4, is the polarization drift term. The middle two terms can be further

specified as follows:
0.5 Boq:[‘q os Lq
A, =-926ep,| — =-e2 [16,21]
[ep] eplL, L,
0.25
W, -5.1["*] [epL 0] 21] (3-14)

X
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Agey = -54B° (' zq) -6.OB' "r(f ) [17,21]
p(q)L, P

where p=r/a is the normalized minor radius, L is a scale length given as Lg =&/&’, x is the

pressure diffusivity, n is the toroidal mode number, and the subscript “s” refers to the
resistive layer.

Neoclassical effects tend to destabilize tearing modes in most tokamak
configurations. In practice these modes tend to develop quite frequently [18], and must be
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dealt with (and minimized if possible.)

Double Tearing Modes

A phenomenon that is often observed in tokamak experiments is a series of “minor
disruptions” during the current ramp phase. These events are characterized by periodic
positive loop voltage spikes, and a temporary slowing of the current ramp. The external
poloidal field measurements show that these perturbations have successively lower mode
numbers. This behavior has been reported on a number of experiments including LT-3 [22],
Alcator A [23], PDX [24], TEXT [25], JET [26,27], T-7 [28], and HT-6M [29].

It has become evident that this phenomenon is caused by double tearing modes. A
double tearing mode [8,30,31] results from the interaction of a pair of magnetic islands with
the same value of m/n centered at two different resistive layers. This can obviously only
occur when the safety factor profile is double-valued. The usual phase in normal tokamak
operation where this condition is reached is during the initial current ramp, where the skin
effect limits current diffusion in from the edge. If the current is ramped at a fast enough rate,
the condition for a double-valued g profile can be met. If the plasma is also unstable to
tearing modes at the appropriate flux surfaces (which is often the case), then a pair of islands
can form and initiate the double tearing mode.

Figure 3-3 gives a schematic illustration of the double tearing mode after the manner
of Stix [30]. The top part of the illustration shows two islands with the same helicity; these
islands have a 180° shift in spatial phase due to the opposite signs of the magnetic shear
[30]. A clear magnetic separatrix divides the islands. As the islands grow in the Rutherford
regime, they approach the geometry shown in the middle part of this drawing, where the
separatrix approaches a reconnection. Finally, the reconnection occurs, and the new

magnetic topology of the bottom part of the figure is realized. As the plasma current
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¢

Figure 3-3. Illustration of the growth of a large-m double-tearing mode. The arrows show
the orientation in toroidal geometry. The dashed line represents the g=m/n surface. Top
shows the islands growing together with a clear separatrix. Middle shows fields just prior to
double-tearing reconnection. Bottom shows topology after reconnection. (After Stix [30].)
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continues to increase, other island structures may be destabilized, starting the process over
again.

The double tearing mode allows the current that has built up on the outside of the
island structure to be rapidly transported inward along the newly reconnected field line; this
results in a more peaked current profile, leading to a higher internal inductance. The negative
loop voltage spike and decreased current ramp rate may be understood in this context. An
increase in the inductance naturally leads to an increased inductive voltage, and a reduced
value of dl/dt.

In general, double tearing modes degrade the plasma. The reconnection requires
significantly more magnetic energy than do the saturated but un-reconnected islands [32].
This energy must be taken from the total magnetic energy of the plasma. Double tearing
modes can be avoided in some cases by lowering the current ramp rate, thereby avoiding a

double-valued g-profile.

Tearing Modes, Disruptions, and Internal Reconnection Events

In addition to the “soft disruptions” brought about by the double tearing mode,
magnetic islands are believed to be responsible for other kinds of abrupt disruptive events.
Three of these types of events will be briefly discussed here: sawteeth, hard disruptions, and
internal reconnection events.

Sawteeth result from the instability of the m/m=1/1 tearing mode [33,34]. This
phenomenon can only occur, for obvious reasons, when a g=1 surface exists inside the
plasma. In effect, the sawtooth instability creates a new magnetic axis that “crowds out” the
original one. An illustration of the sawtooth instability is shown in Figure 3-4. The typical
behavior of sawteeth (called the “Kadomtsev picture” [5]) is as follows. The ohmic heating

at the core of a tokamak reduces the resistivity and increases the plasma current. This



Figure 3-4. Illustration of sawtooth instability (from Sykes & Wesson [34]). Time
increases from frame “a” to frame “i”.

71
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reduces gy to less than 1, destabilizing the tearing mode and allowing the 1/1 island to
grow. This island (which has g=1 [6]) continues to grow, crowding out the original
magnetic axis. Finally, this original axis collapses, leading to the appropriately-named
“sawtooth crash.” This process then repeats itself, the entire cycle taking significantly less
time than the resistive time scale [6,33]. During most of the growth of the island, the central
electron temperature increases almost linearly with time. However, when the crash occurs,
the temperature profile in the core is flattened as the plasma pressure is rapidly redistributed.
The temporal shape of the electron temperature leads to the term “sawteeth” to describe this
phenomenon. The main effect of sawteeth is to enhance transport out of the tokamak core.
The region outside the g=1 surface is essentially unaffected. This enhanced transport is
certainly not desirable, but it is not usually catastrophic.

The same cannot be said for tile “hard disruption,” the most fearsome of the three
events in this section. A hard disruption abruptly terminates the tokamak discharge, which
creates large electromechanical stresses on the vacuum vessel and support structures and
sputters large amounts of impurities into the vacuum. Almost all tokamaks occasionally see
large, current-terminating disruptions {27]. Although disruptions are not completely
understood, one well-known contributing factor is the overlap of magnetic islands with
“incommensurate helicities” [5,35,36]. This overlap can be understood in the context of
satellite island growth. The growth and overlap of the 2/1 and 3/2 island structures is
particularly important, as these have been identified as primary actors in many disruptions.
Once the 2/1 and 3/2 islands begin to overlap, their field lines interfere and become
stochastic. This leads to a rapid broadening of the current profile, which causes a negative
perturbation to the loop voltage and a positive spike in the plasma current [35]. Usually the
rapid transport of pressure and current are enough to completely destabilize the current

channel, and a major disruption results.
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Recently, several spherical tokamak experiments have begun to challenge the
inevitability of disruptions. These results, most notably from START [37,38,39] but also
from MEDUSA [40] and CDX-U [41], indicate a resilience to hard disruptions unlike
conventional tokamaks. These devices instead experience a disruption-like phenomenon
known as an “internal reconnection event,” or IRE. An internal reconnection event is
characterized by an abrupt increase in the plasma current followed by a slower decay back to
the original current, a sharply negative spike on the loop voltage, and an increase in impurity
radiation. The soft X-ray emission grows before an IRE. During an IRE, the plasma is seen

to elongate, and the magnetic axis moves inward. Recent results from START show a
marked drop in 4 and Bp after an IRE [42].

These characteristics are quite similar to those discussed for a hard disruption, except
that an IRE does not result in a termination of the plasma. In fact, plasmas that experience
IREs often seem to recover completely afterwards. Chapter 6 of this thesis contains a
detailed analysis of measurements made on IREs in the MEDUSA tokamak which give
further evidence of the kinship between IREs and disruptions.

3.4 Flux Consumption Formalism

There is a limited amount of ohmic magnetic flux (volt-seconds) available to create
and drive any tokamak plasma. This limit is especially severe in spherical tokamaks, since
the flux from a cylindrical tokamak solenoid is roughly proportional to (A-1)2.
Understanding the use of startup flux by the tokamak is important if these limited volt-
seconds are to be used to best effect.

A thorough understanding of the mechanisms that govern the startup in a given
tokamak discharge is nearly impossible, however. Current density can penetrate by

diffusion or by double tearing modes. Both of these phenomena are affected by a nearly
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innumerable set of factors, including impurity levels, radiation, temperature and density
profiles and fluctuations, non-equilibrium magnetic conditions, and edge conditions. Many
of these factors are unreproducible, and the effects of some are not easily quantified.

To combat this difficulty, a method of “flux consumption analysis” is employed
which uses real measurements to come up with an overall figure of merit for the efficiency
of the startup scenario. This method can then be used to compare different startup scenarios
in order to determine which uses the flux most efficiently.

This analysis centers on a flux balance equation, which asserts that all of the poloidal

flux that links the torus must appear in a plasma term. It is given as [43-45]:

ind o pdis A (3-15)

(pin = (b = d)ext + (Dmt int

tot

where the in subscript refers to flux from external coils, tot refers to the total internal flux,
ext refers to poloidal flux generated by the plasma but external to its boundary, int refers to
plasma flux internal to the boundary, ind refers to flux used in magnetic fields, and dis
refers to flux used by dissipative processes such as resistive losses, radiation, and
ionization. Equation 3-15 is essentially a restatement of Faraday’s Law. There are two
primary means for assigning values to the right-hand side of this equation [46]. The first

technique, the “axial method” [47], measures the plasma flux as the difference between the

axial flux, y), and the edge flux, y,. The other technique, the “Poynting method” [45], uses

energy conservation to define the flux terms. This second method is widely used in practice
since it involves experimentally measurable quantities. The Poynting technique will be used
in this thesis, following the general convention.

This technique is derived from Poynting’s theorem of energy conservation, as its
name suggests. Much of the derivation presented here is taken from Lloyd et al. [44]. The

electromagnetic energy balance over a toroidal plasma with volume V is given by [2]:
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I(J ‘E)dV = f{z 5:(E-D+ B-H) + V- (ExH)}dV, (3-16)
v

where J is the current density, E is the electric field, D is the electric displacement, B is the
magnetic induction (commonly known as the magnetic field), and H is the magnetic field.

Assuming vacuum values of the permeability and permittivity and applying the divergence

theorem gives:
¢, E’ 2
L [(ExB)aas= [{2]|2E + By yela, @3-17)
0 s v 0

where S is the plasma surface and Ai is the unit vector normal to . In the above equation,

the toroidal component of B does not enter since it is constant in time and parallel to the
applied electric field. The left-hand side of equation 3-17 is identified as the power input to
the plasma, which is simply the product of the plasma current and the surface loop voltage,

I, V. Further terms may be identified on the right-hand side by defining the internal

inductance L; and resistance R by:

Iw

T
i = 17
"V

(3-18)

1
2
L

f J-E)dv.
v

The electric field energy density term (&E?) is not as easily identified. Fortunately for this

analysis, it is small compared to the magnetic energy term, and can be dropped from the
derivation.

Re-writing equation 3-17 with these new definitions and simplifying gives:
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\Y LdI" L dL. R 3-19
s-idt+5—(rl’+l" (3-19)

The first two terms on the RHS are identified as the internal inductive flux, while the third
term is of course the resistive term. The plasma surface voltage is often not a measured
quantity. If there is some flux between the measuring loop and the plasma surface, equation

3-19 may be modified to take this “annular flux” into account:

dI, 1 dL,
=V + L’Tt- + = I (3-20)

v 2 ar e

loop

where V), is the measured loop voltage and L, is the inductance of the annular flux. This

treatment can be extended to include the entire amount of open plasma flux. In this case, the

annular inductance is replaced by the external inductance L.

Equation 3-20 may be related back to equation 3-15, the tnitial relation for poloidal

flux conservation. This is done by integrating equation 3-20 with respect to time. This gives

o, =P +O + O (3-21)

tot int int

where
t

1 1 (] de '
O, = 3L, + 3 [ AL ) FE @),
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. dI
o = LI, + 3 [arL@)ZF @), (3-22)
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t
o = _[dt' L, (t)R(t') + other dissipation,
0

mnt

and the total flux is the flux input from external coils. In principle, all of these terms except

the dissipative flux can be evaluated. Usually the dissipative term is the quantity for which
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equation 3-21 is solved.

All of the terms on the right-hand-side of the first part of equation 3-21 are magnetic
fluxes, and as such can be assigned appropriate “inductances”. The internal inductance was
defined previously in equation 3-18. It can also be re-cast in terms of the normalized internal
inductance &;:

Ho VE;

iz—cz_"

(3-23)

where V is the plasma volume and C is the circumference of the plasma cross-section. The
external inductance is not as easily evaluated. A calculated approximation of the external
inductance for elongated, finite-aspect-ratio plasmas was given by Hirshman and Neilson

[48]. It is as follows [43,48]:

_ ¢
L =L, —-p,R, (_h'%l[m&] +B, + 5 - %J (3-24)

where € is the inverse aspect ratio,

£, (1-¢)
L, = g,R , 3.25
= ° 1-e+xf,(€) -2)
(1-¢)
M= , (3-26)
(l -e)zf,(e)-l-ﬁ f,(€)
and
£, = (1+1.81/e +2.05¢)in] 8/¢] - (2+49.25e -1.21¢)
= 4_ (o6 6
£,(e) = 0.734/e (1426~ 6e°+3.7¢°) 527

f,(€) = 1+0.98e%+0.49¢* + 1.47¢°
f,(e) = 0.25¢ (1 +0.84e— 1.44¢?).
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As mentioned above, the resistive term in equations 3-21 and 3-22 is not easy to evaluate.
There are several dissipative processes at work; energy is lost through resistive heating,
breakdown, current channel formation, vacuum vessel currents, MHD activity, radiation,
and transport. Luckily, there is no need to evaluate all of these terms in practice, since all of
the other terms in equation 3-21 can be readily found for a properly diagnosed plasma. In

order to complete the flux consumption analysis, a “resistive inductance” L is assigned to
the resistive term. This “inductance” is given as

@)y = LI, = CeoR, L (3-28)

int
where Cg is a dimensionless quantity known as the “Ejima coefficient.” Substituting
equation 3-28 into equation 3-21, one can obtain a direct expression for Cg:
1

Ce = (@, - @, - @), (3-29)
© uoROIp t )

where the inductive fluxes are as given in equation 3-22:
‘ dI
Qex( = %Lextlp + -% J'dt'Lex((t')—d?cp-(t')’
0

(3-30)
t

o™= ;LI + 5 dt'Li(t')%It—.’ ().
0
The Ejima coefficient is the figure of merit for the flux consumption analysis of a
given tokamak startup scenario. It can be determined at any time in the discharge, but is
usually only meaningful during a specified startup interval. Once the plasma has become
steady-state, all of the input flux becomes dissipative, and Cg increases accordingly. The
quoted value of the Ejima coefficient for a given shot is typically given at a specified point in

the discharge. One such reference point is the time when the internal inductance reaches a
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specified value at a specified plasma current [46]. This method is particularly useful for large
tokamaks with significant steady-state discharges. For this thesis, the Ejima coefficient will
be quoted at the point when the plasma current reaches its maximum value. Typical values of

Cg range from 0.4 (minimum on large tokamaks) to 1 or 2 for less efficient startup

techniques and smaller tokamaks.
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4. The MEDUSA Tokamak

4.1 Introduction

The experiments described in this work were conducted on the Madison
EDUcational Small-Aspect-ratio (MEDUSA) tokamak. MEDUSA is a small-scale spherical
tokamak designed and built to allow the observation of ohmically produced spherical
tokamak plasmas on a laboratory scale. It has also served as a test-bed for and lead-in to the
Pegasus ultra-low-aspect-ratio toroidal experiment currently under construction.

The accessible size and relative flexibility of MEDUSA, coupled with its set of
magnetic diagnostics (discussed later), make it an excellent tool for the analysis of MHD
phenomena in STs. The insulating vacuum vessel produces no eddy currents to complicate
the analysis. The power supplies and coils may be modified to change the operational
scenario. The relatively short pulse length and cold (by fusion standards) temperatures allow
plasma diagnosis by electrostatic and magnetic probes.

MEDUSA was first conceived as an undergraduate student project in early 1992.
The original design of the “Minimac™ was a conventional tokamak with R=25cm,a=17

cm, Br<0.5 T, and I, < 15 KA. Construction began in the summer of 1992. Later that year,

early results from the START experiment [1,2] hinted at interesting research possibilities for
spherical tokamaks. This provided an impetus to convert the nascent Minimac into
MEDUSA, which was done before much construction had been completed. The
construction of MEDUSA was completed in the spring of 1994, and the first plasma was
achieved in October of that year.

This chapter will describe the MEDUSA tokamak and the associated experimental
facility. It includes information on the machine structure, vacuum and power systems,

control, data acquisition, and diagnostics. Table 4-1 contains a summary of MEDUSA



Parameter | Typical Value

Major Radius 0.09m-0.14m

Minor Radius 004m-0.10m

Aspect Ratio 1.5 (1.35 min)

Plasma Current 20 kA (40 kA max)

Toroidal Field 03T (0.5 T max)

Pulse Length 1 ms (3 ms max)

OH Flux Swing 10 mV-s (single swing)

| Available Capacitive Energy:

Toroidal Field

Ohmic Heating

Vertical Field

Table 4-1. Design and Operating Parameters for the MEDUSA tokamak.

design and operating parameters. Figure 4-1 is a photograph of MEDUSA, and Figure 4-2

is a cross-sectional drawing of the experiment.

4.2 Vacuum Vessel and Pumping System

The MEDUSA vacuum vessel is constructed entirely out of insulating materials,

primarily glass. See Figure 4-2. The vessel cross-section is rectangular. The top and bottom
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Figure 4-1. Photograph of the MEDUSA tokamak.
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walls are cylindrical plates, 30.5 cm in radius, of 2 cm thick glass. This thickness is
required to handle the large shearing load applied to these surfaces by 3 tonnes of
atmospheric pressure. The outer wall is a thin-wall borosilicate glass cylinder originally used
on the High-Beta Tokamak (HBT) experiment. This cylinder is 30 cm tall, with an outer
radius of 30.5 cm and a wall thickness of 0.6 cm. The inner wall is a 24 cm tall cylinder of
alumina ceramic (Al;03), with a 3.6 cm radius and 0.3 cm wall thickness. The inner
cylinder is mated to the top and bottom plates by macor transition pieces that are epoxied to
the alumina. The transition pieces on the inside, and the glass cylinder on the outside, butt
against the top and bottom plates through viton pads, which are the major vacuum seals for
the vessel.

Glass was chosen for the outer surfaces of the vacuum vessel for several reasons.
First, glass is relatively inexpensive to produce and machine. Since MEDUSA was built
with essentially no budget, this was a tremendous cost saving over metal. Second, glass
allows direct optical diagnosis of the plasma, which makes visible light and camera
measurements quite simple. Third, glass is an insulator, so it cannot carry induced and/or
eddy currents that would distort the plasma equilibrium measurements and perturb the
startup. The inner wall was manufactured from alumina since the inner wall need not be
transparent, and alumina is significantly stronger than glass in compression and tension (the
modulus of rupture of alumina is 210-340 MPa, while that of glass is 69-107 MPa [3]).

The limiting surfaces of the vacuum vessel are all stainless steel. The inner surface,
which is almost always the only limiter the plasma contacts, is a thin (50 micron) sheet of
stainless steel wrapped around the alumina cylinder. This wall was installed early in the
program after it was determined that sputtered impurities from the alumina cylinder were
seriously degrading the performance of the plasma. The plasma is limited top and bottom at

one toroidal location by movable stainless rail limiters. The limiter assemblies consist of two
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cylindrical rods of stainless steel; the end of a 0.6 cm rod is welded into a 1.2 cm rod. The
thinner rod passes through a vacuum port and allows the thicker rod, which limits the
plasma, to move up and down. In practice, these limiters are almost always used in the fully
retracted position. The outer wall is not covered with any stainless steel; this is a deliberate
omission, since the plasma rarely, if ever, contacts this wall.

Access to the plasma is provided by seven 5.1 cm diameter holes cut in the top and
bottom plates. The holes are located at two major radii, 12 and 25 centimeters. These ports
are sealed by circular aluminum flanges that are 10 cm in diameter. Viton O-rings are used
for the vacuum seal. These flanges are held in place by atmospheric pressure (approximately
200 N per flange.) The positions of the ports are illustrated in Figure 4-3. Two of the ports
connect directly to the vacuum pumping stack and are not used with flanges. The rail limiters
take up one port each, one on the top and one on the bottom. A titanium gettering assembly
(discussed later in this section) uses a port on the bottom plate. Another port is used for a
combined assembly for gas puffing and preionization filaments (also discussed later). The
final port is used for diagnostics, and has housed magnetic and electrostatic probes.
Additional port access is provided by two small ports (1 cm diameter) on the outer wall at
the plasma midplane. These ports have been used to house probes (the most notable of
which was an “IRE making” probe, a steel rod inserted deep into the plasma specifically to
spew impurities) and a quartz window to provide access to plasma O VI (381 and 383 nm)
radiation. These ports are also sealed with viton O-rings and held in place by atmospheric
pressure.

The working gas for plasma discharges is usually hydrogen or deuterium.
Approximately once each run day, this gas is transported from the cylinder into a storage
tank at an intermediate pressure, typically 1 torr. This tank is then valved off from the
cylinder. The gas for a shot is introduced into the vacuum chamber by a computer-controlled
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solenoid valve. A needle valve in series with this control valve is used to adjust the flow
rate, and hence the pressure, of the working gas. Gas is puffed 1.9 seconds before the
discharge is initiated in order for the pressure to equilibrate. This method has proven to be
an extremely stable and repeatable method of gas puffing.

Titanium gettering is used to control low-Z impurities. A tungsten filament wrapped
with titanium wire is electrically heated. This sublimates titanium into the vessel and onto the
walls. The filament is partially surrounded by a cooled copper shell which acts as a heat
shield, protecting the glass of the nearby vessel walls from direct radiation. The present
system coats approximately 30% of the vessel surface with titanium; getter runs are usually
ten minutes long, and are performed once or twice per run day.

The vacuum pump system is mounted in a stand separate from the tokamak. It is
illustrated in Figure 4-4. The pump manifold is connected to the tokamak by a pair of
bellows epoxied into two ports on the bottom of the vessel (see Figure 4-3.) The connection
is made by a quick-connect fitting on each bellows, which allows the vacuum system to be
completely disconnected from the vessel. The pump manifold is connected by an L-shaped
section of 15 cm diameter pipe to the high-speed vacuum pump, a Leybold-Heraus 300 liter
per second turbomolecular pump (TMP). The TMP is backed by a standard mechanical
pump. All of the vacuum gauges are located in this pump stack. An unshielded ionization
gauge and a thermocouple gauge are located in a Conflat tee near the pump manifold.
Another thermocouple gauge is located between the TMP and the roughing pump to give the
fore-line pressure. Two hydraulic gate valves are incorporated into the pump stand; these are
used to isolate various parts of the vacuum system for safety or maintenance purposes. A
15 cm VAT gate valve is installed between the pump manifold and the TMP; this valve
isolates the vacuum vessel from the TMP in case the pump stops for any reason (e.g.,

power or mechanical failures), and protects the TMP from an accidental vent of the vessel to
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the atmosphere. A smaller VAT gate valve between the TMP and the roughing pump
protects the TMP from overpressure in the fore line. The various pumps, valves, and gauges
are all connected through a relay interlock system, which has a logic flow that protects the
pump and/or vessel under any number of failures. This system will automatically shut
valves and turn off pumps if certain criteria (such as overpressures, or a weak flow of
cooling water to the TMP) are met. It also allows these systems to be reset once the adverse
conditions are eliminated. Finally, a Balzers QMG 064 residual gas analyzer (RGA) is also
located in the pump stand. The RGA is used for helium leak checking and for determining
what gases are present in the vacuum system. The entire vacuum system ductwork (apart
from the bellows) is made of stainless steel. )

The combination of strong pumping, titanium geitering, plasma scrubbing,

laboratory climate control, and careful vacuum procedures gives a typical base pressure of

the MEDUSA vacuum of around 2x10-7 torr, which is approximately 2.7x10-5 Pa. After a

ten minute getter cycle, the base pressure is usually on the order of 5x10-8 torr.

4.3 Magnet Coils

There are four independently-driven magnet coil sets on MEDUSA: the toroidal field
(TF) set, the ohmic induction set (OH), the vertical or equilibrium set (VF), and a radial
error field correction set. These coils are shown in Figure 4-2. All of these coils are made of
copper.

The toroidal field system is comprised of nine three-turn coils. The coils are
essentially square in shape, with an outer dimension of 37 cm. The three non-core (i.e., top,
bottom, and outer) legs of each coil are constructed of rectangular copper bar stock with

sides of 2.5 cm and 0.625 cm. The narrow sides face the vacuum vessel; this arrangement
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makes the coils much stronger against expansion stresses. The coils are held in place by the
garolite plates and tokamak torque frame that are discussed in the next section. The three
turns that comprise each coil are electrically insulated from each other by thin sheets of “blue
paper” mylar insulation inserted into all the coils.The twenty-seven inner legs are distributed
uniformly and sequentially around the induction solenoid. These inner legs are 32.7
centimeters long and have a 6 mm by 25 mm rectangular cross-section. The inner legs are
epoxied together with 3M Scotch-Weld™ EC-2216 epoxy, and are electrically insulated
from the induction solenoid.

The TF coils are demountable from the tokamak. The outer and upper legs of each
turn are soldered together into an “L.” The inner legs are bent and twisted 90° at their bottom
ends so that they can be soldered to the bottom legs. The bottom leg of each coil is
connected to the outer leg by a removable, insulated 1/4”-20 bolt. The upper leg meets the
inner leg by means of two mating pads. A length of 6 mm by 25 mm copper stock is
soldered to the inner end of the top leg; a small copper block is soldered to the other end of
each of these strips. This pad is mated to a similar pad soldered to each of the inner legs;
these two pads are held together by two 6-32 bolts. By removing the large bolt at the lower
outer corner and the two small bolts at the upper inner corner of each coil, the top halves of
all of the TF coils can be removed for access to the vacuum vessel.

The jump from one turn to the next, and from one coil to the next, is made at the
outer lower corner. Current is carried between the coils by 13 mm x 1.5 mm copper straps.
These straps are soldered to 2.5 cm square copper plates, which are held together with the
bolt assembly at these corners. The return for the entire system is made of the same strap
and runs anti-parallel to these strips. The return travels completely around the TF cage in
order to minimize field errors associated with the coil feeds.

The maximum toroidal field achievable on MEDUSA is 0.45 Tesla at a major radius
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of 0.12 m (1.8 Tesla at the inner coil), which corresponds to a coil current of 10 kA. This
limit is set by resistive heating of the thin inner legs. Typically the toroidal field is set to 0.25
or 0.3 Tesla for operation. This coil system has a resistance of 29 milliohms and an

inductance of 2.9x10—4 H.

Ohmic induction for startup and current drive is provided by the ohmic heating
system. This system consists of two sets of coils connected in series. The primary coil in
this system is the induction solenoid. The solenoid is constructed of 3 mm by 6.5 mm
copper strip wound in two layers around a hollow G-10 cylinder with a 1.9 cm radius. The
solenoid has a 2.7 cm radius and is 68 cm tall; there are 188 total turns. The solenoid is
strengthened with fiberglass tape and sheets, and is held together with 3M 2216 epoxy. The
central tube of the solenoid is fitted for water cooling, but this has not been implemented.
The second component in the OH system is the trim coil set. This is a pair of circular coils,
three turns each, wound of 1.5 mm by 13 mm copper strip. These coils have a mean radius
of 16 cm, and are located 41.5 cm above and below the vessel midplane.

These two coil sets combine to produce an ohmic startup null, illustrated in Figure 4-
5. This null arrangement keeps the OH poloidal field on the plasma midplane to below 5
Gauss at 10 kA of coil current. The current limit of the OH system is set by the stress limit
on the copper in the induction solenoid. This stress exceeds one-quarter of the yield stress of
copper at 16 kA (which is one-half the current required to reach this stress.) Therefore, the
OH system is limited to 16 kA to maintain the life of the core. This produces a maximum

field of 5.6 Tesla in the magnet, which gives 10 mV-s of poloidal flux with a single swing.
This coil set has a resistance of 35 milliohms and an inductance of 9.7x10-5 H.
The third coil system to discuss is the vertical field (VF) system. This system is

composed of a pair of seven-turn coils located at a height of 0.20 m and radii between 0.30

and 0.35 m. These coils are potted in 3M 2216 epoxy. The pair is run in series. The VF coil
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system has a resistance of 15 milliohms and an inductance of 1.8x10-4 H. The vacuum flux

contours of the VF system are illustrated in Figure 4-6.
Since the OH and VF systems both produce poloidal flux, they are linked
magnetically. The mutual inductance between two coils, 1 and 2, that intercept flux from

each other, is

M,, = A, -d @-1)

@,
I,

where M|; is the mutual inductance of circuit 2 with respect to circuit 1, @, is the flux from

circuit 1 intercepted by circuit 2, and A is the vector potential of circuit 1 [6]. The equation

for an un-driven circuit containing a mutual inductance is

1 t dI, dl,
oA ofl,(t)dt # R + L+ My —2=0 4-2)

where the subscripts refer to circuit numbers. The meaning of these equations for MEDUSA
is that changing current in either the OH or VF coils causes a back-voltage on the other. This
effect is counteracted by introducing an additional mutual inductance into the system. This
additional inductance has a magnitude equal to the mutual inductance due to the coils, but
has opposite sign. This additional mutual inductance is added in the form of a decoupling
transformer in the transmission lines for the OH and VF systems, where the handedness of
one of the coils is reversed with regard to their relationship on the tokamak. With this
addition, the control of these two coil systems are essentially independent.

The fourth coil system on MEDUSA is the error field correction set. These coils are
similar in construction to the VF coils. They are located at a height of 0.20 m above and

below the midplane and a radius of 0.16 m. Each coil has 5 turns in series. These coils are
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operated with opposing helicities in order to generate a small inward radial field to correct
errors in the OH system. Typically this coil system operated at currents of less than 100 A.
This system has not been used since the new OH system was installed, as this upgrade

eliminated the major field error that was present previously.

4.4 Mechanical Assembly

The MEDUSA vacuum vessel and magnet coils are held together by a mechanical
superstructure. The primary features of this superstructure are two garolite (phenolic) plates
above and below the vacuum vessel. These plates are circular, with a radius of 0.33 m and a
thickness of 2.5 cm. All of the coils discussed in Section 4.3 are mounted directly to these
plates. The support structure is designed so that there is a minimum clearance of 0.6 cm
between the vacuum vessel and any magnet coil. The toroidal field coils are held in radial
grooves cut in the in-sides of the plates; cap screws through the plates thread into these coils
to hold them tightly. The vertical field and error correction coils are fit into annular grooves
cut into the out-sides of the plates, and are clamped down. The solenoid is anchored to the
plates by hold-down assemblies on the top and bottom of the central rod. The trim coils are
attached by threaded rods that screw into the plates and into the coil forms. The vacuum
vessel is supported by three aluminum blocks attached to the top side of the lower plate;
viton pads between the blocks and the bottom glass plate act as shock absorbers. Other than
this, the vessel has no connection to the support structure. Circular holes cut in the plates
correspond to the port locations in the vacuum vessel and allow diagnostics to pass through.
However, none of the equipment passing through these holes is connected to the support
plates; the impulse caused by the plasma discharge could otherwise force them loose from
the vacuum seals and vent the tokamak. The lower support plate attaches to an aluminum

stand (designed to minimize eddy currents) which is anchored to the floor; the stand holds



the tokamak approximately 1 meter above the floor.

Another feature of the superstructure is the torque frame. In any tokamak, the current
in the toroidal field coils crossed with the magnetic field of the equilibrium system leads to
an overturning moment. In MEDUSA, the resultant torque is on the order of 4 kN-m for a
typical 0.3 T shot. This moment tends to collapse the TF cage by counter-rotating the top
and bottom legs of the coils. To prevent this, the torque frame holds the TF coils stiffly
together. In MEDUSA, the torque frame consists of lengths of angle aluminum, 2.5 cm per
side, which are clamped tightly near the top and bottom of each TF coil. The resultant box
structure is quite strong. The torque frame, coupled with the stiff support plates, effectively
counteracts the overturning moment.

In general, the magnet coils and current feeds on the tokamak are strongly clamped.
The MEDUSA coils are high current / low voltage coils; they must therefore be strongly
clamped. Most current feed straps are secured by simple bar clamps every few centimeters.
For example, the current straps for the TF feed and return, which see a repulsive force of
approximately 5 kN/m, are clamped every 6 cm. The OH feeds are clamped at about the
same interval, while the other systems are not as heavily restrained.

A final component of the mechanical structure is the shrapnel shield. The glass
vessel demands a large degree of caution while under vacuum. In case of a catastrophic
failure of the chamber, lexan sheets are attached between ali of the outside legs of the
toroidal field cage. These sheets of bulletproof plastic would contain any shrapnel travelling
radially outward from such a failure. The support plates would of course contain upward
and downward moving shrapnel. The lexan sheets and support plates also protect the vessel

from inadvertent damage from tools and other hazards in the laboratory.
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4.5 Power Supplies

Electrical power for the various MEDUSA coil sets is supplied by banks of
capacitors. The majority of these capacitors are 450 V, 1.5 mF electrolytics, although a few
banks for the OH system are composed of oil-based capacitors. Table 4-2 lists all of the
capacitor banks on MEDUSA. Each capacitor bank is grouped with other banks to form the
power supply for one individual coil set. Current to the coil sets is measured by Rogowski
coils on the transmission lines. Each bank can be charged to a voltage independent of the
other banks, and can be fired independently at an arbitrary time. These voltages and firing
times are set in the control system, discussed in Section 4.6.

Each bank is fired through a silicon controlled-rectifier (SCR), which acts essentially
as a triggerable diode. Several different models of SCR are used, but the most commonly
used ones are Power Semiconductors Inc. part Z1200 38 and International Rectifier part
ST1200C22K0. Each SCR is fired by a 30 volt, 20 microsecond pulse provided by the
control system. An SCR may be turned off by forcing the anode to a higher voltage than the
cathode; the resulting negative current will commutate the SCR out of the circuit.

The entire power supply system shares a common ground plane at the tokamak. This
plane is connected by 4/0 welding cable to a hard ground outside the building. No other
grounds exist on the capacitor banks; the capacitor terminals are not grounded during a shot,
and usually sit several tens of volts below ground due to resistive losses in the transmission
lines. Transmission lines for all the banks are 4/0 or 1/0 stranded welding cable, fastened
tightly together to minimize stray magnetic fields and counteract the repulsive JxB forces
generated during a shot.

The capacitor banks are charged by several DC power supplies. The 450 V banks
share one 450 V power supply; the control system sets the voltage of each bank. The higher
voltage banks each have their own supply, although the charging is still monitored by
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TF-1*

TF-23,45*

OH

OH-0 *

OH-BB *

OH-1

OH-2,34

Table 4-2. List of all MEDUSA capacitor banks. Starred (*) banks are those used routinely.
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the control system. See Section 4.6 for more detail.

The operation of each capacitor bank set can be illustrated by examining the toroidal
field system. The electrical circuit for the TF power supply is illustrated in Figure 4-7. A
typical TF current waveform is illustrated in Figure 4-8. There are five banks, each with its
own charging line and SCR. Each SCR is “snubbed” with a resistor and capacitor in parallel
with the switch. This snubber circuit filters out high-frequency voltage spikes that can
damage the SCR. The banks are brought to the preprogrammed voltages and held there until
a shot is initiated. When the discharge is initiated, the first bank (TF-1) is fired, ramping the
current up to the target value in about 3 ms. At this point the voltage on the first bank has
fallen from the initial setting of S00-900 V to near zero. Now the succeeding bank is fired to
maintain the flat-top. Since this bank is at a higher voltage than TF-1, the reverse current
commutates the first bank out of the <.:ircuit, leaving the second bank driving the coil. This
bank maintains the flat-top for 1 ms, when another bank is used to continue the flat-top. In
typical operation, TF-1, TF-3 and TF-4 are used. After the final bank has fired, its voltage
drops below zero as the current peaks. Since these banks are composed of electrolytic
capacitors, which cannot stand a reverse polarity condition, a diode is installed in parallel to
the bank and capacitor leg of the circuit. The diode closes, effectively removing the capacitor
bank from the circuit and allowing the current in the coil to decay with its L/R time.

The other coil systems function similarly, albeit with different waveforms. The OH
system typically uses one or two banks, and the VF system is almost always operated with
one bank, relying on the long L/R time of this coil (12 ms) to maintain the plasma
equilibrium after the bank has discharged.

In the interest of safety, emergency dump relays are incorporated into each individual
bank. These switches connect the active terminals of the banks, through bleed resistors,
directly to ground. (The common terminals are grounded through the transmission lines.)
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Figure 4-7. Schematic of the toroidal field power supply system.
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When the relays close, they effectively discharge the banks over a few seconds. The relays
are normally closed, and can only be opened when energized by the operator. They naturally
close during power outages, providing a fail-safe condition. The relays are always closed

when any work is performed on the tokamak, power supplies, or control electronics.

4.6 Control System
Control and data acquisition for MEDUSA are performed by desktop computers

working with interface electronics. Figure 4-9 provides a schematic overview of the control
and data acquisition systems. This section will discuss the control system, while Section 4.7
describes the data acquisition system.

Control for MEDUSA is provided by a Gateway 486/66 MHz PC. The control
software is written using National Instruments’ LabView for Windows package; LabView is
a graphical programming language. The control program offers the operator a graphical
interface, which is used to set parameters for the tokamak operation. The operator is able to
set individual capacitor bank voltages and discharge times, timings for the gas puff and ECR
systems, and various other trigger times for diagnostics and data acquisition; he or she can
control whether each individual timing pulse is sent. The operator also determines the state
of the power supply safety relays and the state of capacitor bank charging (on or off). The
operator can, of course, initiate the discharge. The user interface provides the operator with
real-time information on the capacitor bank voltages, base vacuum pressure, and the state of
the safety relays and charging system. It keeps track of the shot number, and provides the
time elapsed since the latest shot.

The capacitor bank charge control and monitor system is illustrated in Figure 4-10.
The control computer houses two National Instruments LabPC I/O boards. One of these
boards (the digital control board) controls TTL-level signals sent to interface electronics.
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Each capacitor bank has its own “channel.” Each interface channel consists primarily of an
optical break and a switch, either a MOSFET for the 450 V banks (as illustrated) or a relay
for the higher voltage banks. The switches allow current from the charging power supplies
to pass to the capacitor banks; the state of the switches is set by the control levels sent by the
digital board. Meanwhile, the bank voltages are monitored (through another set of interface
electronics) by the second control board (A/D). This board reports these voltages to the
LabView control program. LabView compares the reported voltages to the setpoint voltages
entered by the operator. The state of each control line is then set based on the comparison of
the two voltages. This bang-bang control system can simultaneously charge and monitor 16
separate capacitor banks.

Timing pulses are provided by two National Instruments Lab PC TIO-10 timing
boards that reside in the control computer. Each of these boards can supply eight
independently timed TTL-level pulses with 1 microsecond precision. One of these sixteen
signals is used as a data acquisition trigger. Another signal is used to control the fill gas
puff, and a third is used to trigger the ECR system. Yet another timing signal triggers the
fast LCD shutter for the CCD camera, if it is in use. The remainder of the pulses can be used
to fire the capacitor bank SCRs. A single channel of the SCR firing control circuitry is
illustrated in Figure 4-11. The timing pulse for a particular channel is first passed through an
opto-isolator. The resulting signal is used to trigger a very small SCR, discharging a small
capacitor, which is charged to 30 V, through a pulse transformer. The secondary of the
transformer carries the signal to the bank SCR, which is floating with regard to ground. The

signal is terminated and snubbed (to protect against high-voltage transients) at the SCR.
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Figure 4-11. SCR firing circuit.
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4.7 Data Acquisition System

The MEDUSA data acquisition system (DAS) is CAMAC based, with a desktop
computer to provide the data download, analysis, and storage functions. The DAS is
illustrated schematically in Figure 4-12..

The actual diagnostic waveform recording is provided by a CAMAC system. Two
CAMAC crates house three different types of waveform digitizers. The “primary” digitizers
are two Joerger Instruments’ 612/3 (6 channels each, 1 MHz, 12 bit, £10 V). The 612s are
usually used to record coil currents, loop voltage, plasma current, and magnetic and
electrostatic probe data. The second set of digitizers are four LeCroy 6810 modules (4
channels each, 12 bit, 1 MHz, £100 V). The 6810s are used primarily for flux loops and
Mimov coils. The final set of digitizers are LeCroy 8212 waveform recorders (4 channels
each, 12 bit, 40 KHz, + 10 V). The 8212s are not routinely used because of their slow
sampling rate.

The control modules for the CAMAC crates are designed for use with the GPIB
(General Purpose Interface Bus) data transfer protocol. These modules are connected via
GPIB data highway to the acquisition computer. The highway contains an optical break that
protects the operator from voltage surges on the diagnostics or crate power supplies. The
data highway terminates at a GPIB interface board housed in the DAS computer.

An Apple Power Macintosh 8100/100 MHz computer controls the DAS.
Wavemetrics’ Igor Pro software package (essentially a high-level data manipulation
language) is used to handle the data and communicate with the hardware. The computer
configures the digitizers (sample rate and size, number of channels, voltage range, etc.) The
computer also arms the digitizers before each shot. Data is retrieved from the digitizers
following each discharge, and is automatically displayed by the computer. Certain

waveforms are processed before display, such as coil and plasma currents.
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Figure 4-12. MEDUSA data acquisition system.
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All of the data is immediately archived upon retrieval. Data is archived on three
different storage systems. After a shot, all of the raw data is read into the computer memory.
It is then written to a local 700 MB archive disk and an identical archive mirror. Each data
wave is stored in its own file which is named by shot number and diagnostic (e.g.
“13563_PL_Rogow”). At intervals (as the disks fill up), this data is transferred to compact
disk by a CDR recordable CD-ROM drive. This data can then be read from the CDs by a
standard CD-ROM drive in the control computer.

4.8 Diagnostics

The primary diagnostics on MEDUSA are external magnetics. These include coil
current Rogowski coils, the plasma Rogowski coil, flux loops, and Mimov coils. The coil
current Rogowski coils are located 01; the capacitor bank transmission lines. The positions
of the other external magnetic diagnostics are shown in Figure 4-13.

A flux loop is, in its simplest form, a wire located at a single poloidal location but
making a complete toroidal rotation around a tokamak. (Some of this discussion of flux
loops and Rogowski coils is from [7].) The leads from this loop are twisted together so that
the only field it measures is in the loop itself. Faraday’s law relates the magnetic field within

this loop to the integrated electric field (the loop voltage) along the contour:

dB do
s 0A = —— 4-3)

Vloop = fCE'dl == dt

where the contour integral is taken around the loop and the area integral is taken over the
surface enclosed by C. Thus the integral of the measured voltage with respect to time gives a
direct measurement of the magnetic flux passing through such a loop. The measurement of
these fluxes is extremely useful in reconstructing the plasma equilibrium, which is

essentially the determination of the flux at points inside and about the plasma.
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A Rogowski coil is a solenoid that has been wrapped onto a closed contour around
some current-carrying element. The coil is either back-wound, with two layers of windings,
or else one lead of the coil follows the contour of the coil back to the other lead. This is done
so that the coil measures only the poloidal field of the current-carrying element. Generalizing
equation 4-3 for a solenoid with n turns per unit length arranged around a contour gives, for

1/n much larger than the scale length of the magnetic field:

® = nAf B-dl (4-4)

where A is the area of the loop and B is near constant over A.

Finally, Ampere’s law states:

$Bdl = p I @-5)

where the integral is taken over a contour around a conductor and [ is the current in the
conductor. Combining equations 4-4 and 4-5 and taking the derivative with respect to time
gives:

do

dl
V= —a? = nAuo-& (4-6)

where V is the measured voltage out of the Rogowski coil. Thus the measured voltage out of
such a coil is a direct measurement of the dI/df; integrating this voltage gives the total current
in the current-carrying element.

Mimov, or pickup, coils are simply small coils located in a single toroidal plane that
measure the poloidal field of the plasma. Since these coils are located in poloidal space, they
see spatial and temporal variations in the field that a Rogowski coil would integrate out.
Thus Mimov coils are well-suited to measuring perturbations associated with MHD

instabilities such as magnetic islands.
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MEDUSA has fourteen flux loops, fourteen Mirnov coils, and one plasma
Rogowski coil. The Mimov and Rogowski coils consist of insulated magnet wire wound
tightly around a rectangular garolite form, 2.5 mm by 5 mm in cross-section. Each
individual coil is coated with a thin layer of household epoxy to maintain its shape. The
Rogowski coil consists of four straight, independent legs in a single toroidal plane. The legs
are placed flush against the outer surfaces of the vacuum vessel, and the ends of each leg are
butted against the adjacent legs. The legs are connected electrically (in series) away from the
tokamak. The Mirmov coils are also located in a single toroidal plane, and are similar in
construction to the Rogowski coils. The Mimov coils are approximately 2 cm long. Since
the Mimov coils are laid flush against the vessel wall and the MEDUSA vacuum vessel has a
rectangular cross-section, the Mirnov coils do not in fact measure the poloidal field strictly.
Rather, they measure either the Z component of the field (inner and outer coils) or the R
component (top and bottom coils). The flux loops are single turns of magnet wire located at
various poloidal positions. Two loops inside the inner wall are arranged concentrically so
that the plasma surface loop voltage may be extrapolated.

MEDUSA is equipped with a fast-framing CCD camera that can take one exposure
of the plasma each shot. The camera is a Cohu video CCD camera that is fitted with a
Displaytech VS2200 fast liquid-crystal shutter. This shutter allows exposures as short as 50
microseconds. The camera has been used mostly in the early stages of the MEDUSA
program, and provided much useful macroscopic information on plasma shape, motion
during the shot, and discharge initiation and termination locations. A photograph taken with
the camera is shown in Figure 4-14.

Visible light (radiation) monitors are also in place on MEDUSA. These consist
simply of a lens that focuses plasma light onto a fiber optic bundle, bandpass filters, and a

photomultiplier for each filter. The radiation monitors are used to give estimates of plasma
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Figure 4-14. Photograph of a MEDUSA plasma. The dark vertical bar to the left is a TF

coil; the disc next to it is a side port. The thin dark bar is a part of the

support structure. The large central bar is the inner wall. The horizontal
lines are flux loops.
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temperature. Each bandpass filter passes radiation from certain atomic transitions. In
ionization equilibrium, the prevalent ionization state of each atomic species is a very strong
function of electron temperature [7]. By observing the radiance of various spectral lines,

therefore, a crude estimate of the electron temperature may be made. The filters available on
MEDUSA are Ha (656 nm, IP = 13 eV), OII (442 nm, IP = 35 eV), CIII (466 nm, IP = 50

eV), OVI (381 & 383 nm, IP = 140 eV), and a visible bremsstrahlung filter (525 nm).
Electrostatic probes have been used to a limited extent in MEDUSA. A triple probe
[8,9] was the primary diagnostic of this type. This type of probe works by inserting three
probe tips into the plasma. One tip rests at the floating potential. The other two tips are
biased differentially by a known voltage, which should be greater than 3 or 4 times the

electron temperature. The negatively biased probe is assumed to be in ion saturation, and

f eT,
I, = neA 4-7)
m;

where Ij; is the ion saturation current and A is the effective area of the probe. The voltage

draws the ion saturation current

difference between the “high” tip and the floating tip is approximately T./n2, which is
approximately the slope of the plasma I-V characteristic at that point. Once the electron
temperature is known, the ion density can then be inferred from equation 4-7. There are
severe limitations to using this method in tokamaks, however. If the probe bias is not large
enough, then it is likely that the estimate for T, will be low and that the probe will not be in
ion saturation. In MEDUSA it was found that electron temperatures up to about 30 eV could
be measured, but that the probe could not reach a higher value of T. This is believed to be
due to the limited bias available (120 V). After this bias was exceeded, the tips appeared to

become emissive, rendering those measurements useless. However, the MEDUSA triple



118

probe did collect some useful information on edge conditions, and provided some idea of the
qualitative behavior of the density in the core.

One of the key diagnostic instruments in the present work is the MEDUSA internal
magnetic probe array. Figure 4-15 shows a schematic illustration of this diagnostic. The
probe measures the major radial component of the plasma poloidal field (i.e., B-eg ) at five
separate spatial locations along a vertical chord at a major radius of 12 cm. The pickup coils
themselves are manufactured by Microwave Components, Inc. (part number 15-30-40-CA);
they consist of 15 turns of 40 AWG copper wire wound around a 0.76 mm diameter form.
One of the leads is pulled through the center of the coil, and both leads are soldered to 32
AWG magnet wire. This pair of conductors is twisted (3 turns/cm) to minimize magnetic
pickup. The coils are inserted into holes in a specially machined rectangular form, 2.5 mm
by 2.1 mm by 16.1 cm long, made ot: delrin plastic. This form aligns the coils and
guarantees precise positioning. The twisted pair signal cables are positioned in shallow
grooves cut in two of the four sides of the form. The entire assembly is wrapped tightly in
teflon tape to hold all of the parts in place. This piece is housed by a stainless steel tube
sheath ( 304 SS, 37.5 cm long, 3.0 mm ID, 3.2 mm OD). The tube has one end silver-
soldered shut and is a vacuum wall; the probe coil/delrin assembly itself is open to the
atmosphere. The sheath is held in place by a Cajon vacuum fitting in the standard MEDUSA
probe port (see Section 4.2). The signal cables are brought out of the sheath as twisted
pairs, which run to the instrumentation rack. There the signal is amplified (by differential
amps) by 100 times and then passed to the digitizers.

The probe array was calibrated with a small Helmholtz coil assembly, and later
recalibrated by rotating the probe in the vacuum vessel while pulsing the toroidal field. The
effective areas and poloidal angles (that is, deviation from purely major radial field,

measured from the probe axis) are given in Table 4-3. The variations shown in Table 4-3,
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Table 4-3. Effective areas and cylindrical poloidal angles of the magnetic probe coils.

particularly those of angle, are due to four identifiable causes. First, the process of pulling
leads through the coils often would remove some number of weakly bonded turns, from
zero to 1-1/2 turns. Second, the pulled-through lead may not be symmetric in the center of
the coil, contributing another effective area to the coil parallel to the toroidal field. This effect
alone can change the effective area by 0.8 square mm and the effective angle by 7 degrees.
The third cause of these variations are open areas in the twisted pairs; these are made
inevitable by the solder joints between the coils and the twisted pairs. Finally, there are
likely to be some small misalignment of the coils in the form, although this effect should be
small since the coils are relatively tight-fitting. These angles and areas are of course taken
into account in the data analysis. However, these alignment issues are not as critical as they
may seem. One point is that, since the signal depends on the cosine of the poloidal angle,
small angular errors contribute only small errors. For example, a coil turned 20 degrees off
of the major radial direction still sees 94% of the radial field. Another point to consider is
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that the data from this probe is usually used as input to the equilibrium code; the code fits the
equilibrium to the input data inside specified error bars, which makes high accuracy less of a
priority. The error bars for the coil measurements are estimated to be well less than 20% of

the reported signal.

4.9 Experiment Operation

Some data from a representative MEDUSA discharge are shown in Figure 4-16.
Typical shots have a lifetime of 1-2 ms, with peak plasma current values between 15 and 40

kA. Average electron densities (inferred from fill gas pressures and triple probe

measurements) are typically 2 - 5x1019 m-3. Average electron temperatures (from impurity

emission and triple probe measurements) are typically 50 eV.

A shot begins when the operator presses the “fire” button on the control computer
interface. Immediately after this occurs, the gas valve is opened. In order for the gas
pressure to stabilize to repeatable values from shot to shot, the gas fill continues for 1.9
seconds. The data acquisition trigger then occurs; this time is labelled t=2.05 ms for reasons
internal to the DAS. The first TF bank is then fired at t=3.55 ms, and the toroidal field
ramps up to its steady-state value, usually 0.3 Tesla. The second banks are then fired at
t=6.95 ms and subsequent 1 ms intervals.

To help initiate the discharge, two complementary preionization (PI) techniques are
used. The first PI tool is a bank of tungsten filaments located in the gas puff port. This bank
provides free electrons in the vacuum vessel directly by thermionic emission, and indirectly
by ionization of bulk fill gas atoms by radiated UV. The electric current to the filaments is
turned off in the few milliseconds bracketing the shot; this is done to prevent
electromechanical forces from destroying the bank. The free electrons created by the

filaments are then used by the second PI technique, electron cyclotron resonance (ECR)
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preionization. In this technique, microwaves are launched into the vacuum vessel and
interact with free electrons at the electron cyclotron resonance. The electrons gain energy and
ionize the bulk fill gas, creating a low-density (by tokamak standards) plasma; as the plasma
density increases, the microwave absorption moves to the upper hybrid resonance [10]. In
MEDUSA, the ECR frequency is 5.5 GHz, which puts the electron cyclotron resonance at
18 cm major radius for a 0.3 Tesla toroidal field. The nominal input power at the source is
70 kW, and the pulse length is 560 microseconds. The microwave radiation is transmitted
from the source through standard waveguides, and is launched into the vacuum by a
microwave horn located immediately outside the vessel. The horn is oriented for O-mode
launch, which has been found to work more effectively than X-mode for preionization [11].
The pulse is usually initiated at t=7.60 ms, 460 microseconds before the loop voltage is
applied; this gives a 100 microsecond overlap between the two.

The first OH bank is fired at t=8.06 ms, generating a loop voltage between 5 and 10
volts. The first VF bank is fired soon after, usually at t=8.095 ms. Subsequent OH and VF
banks are fired at less fixed times; they are usually set to match desired experimental goals.
The plasma forms almost immediately after the OH is applied, and the current ramps up as
the VF current is initiated. The plasma current generally peaks between t=8.4 ms to t=8.8
ms, and then decays. Since the L/R time of the VF system is much longer than the plasma
lifetime, the discharge ends as the plasma is pushed into the center column (as verified by
photographs and reconstructed equilibria.)

The shot cycle is set to 5 minutes in length. This allows the conductors, particularly
the OH solenoid, to cool to room temperature before the next shot. This also allows a brief
period of time to retrieve the shot data from the digitizers and to give it a brief first look.
Usually once or twice per run day a getter cycle is performed, although this is not a set

procedure.
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5. Equilibrium and Flux Consumption on MEDUSA

This chapter details the general behavior of MEDUSA plasmas and the results of the
flux consumption analysis of several types of discharges. It begins with a description of
typical MEDUSA equilibria, including shot phenomenology such as plasma current,
temperature and density. Data from the internal magnetic probe array are presented and
discussed in detail. The results from the flux consumption analysis are then presented.
Trends in the results are identified and discussed. Chapter 6 will continue the discussion

with an analysis of current penetration, particularly in the presence of double tearing modes.

5.1 MEDUSA Equilibria

Much of the analysis of MEDUSA plasmas is done with the Tokamac 2.0 code,
which numerically solves the Grad-Shafranov MHD equilibrium equation (discussed in
Chapter 2) subject to the constraints of real measurements. On MEDUSA, this data consists
of magnetics measurements. For this work, twelve measured quantities were used to
constrain each equilibrium “time slice.” These quantities were: plasma current, VF current,
five flux loops from around the vacuum vessel (LV1, FT1, FB1, FB2, FB3), and the five
internal magnetic probe measurements. Sample equilibrium data are given in Table 5-1 and
Figure 5-1. Table 5-1 gives a comparison between the measured input values and the fitted
output values for shot 14111 at 8.6 ms. Most of the results show good agreement with the
measured values. The primary exceptions are the three inner flux loops (LV, FT1, FB1),
which represent small fractions of the measured signals; these differences are due to effects
such as perturbations in the OH system current during plasma shots, eddy currents in the
inner wall, and inaccuracies in the coil positioning.

Figure 5-1 contains graphs of several equilibrium parameters. At the top of the figure



Currents

Ip (<A)

Ive (kA)

Flux Loops

LV (mV-s)
R=0.03, Z=0

FT1 (mV-s)
R=0.066, Z=0.142

FB1 (mV-s)
R=0.066, Z=-0.148

FB2 (mV-s)
R=0.184, Z=-0.148

FB3 (mV-s)
R=0.31, Z=0.148

Internal Probes

MP2 (Gauss)
R=0.12, Z=0.019

MP3 (Gauss)
R=0.12, Z=0.034

MP4 (Gauss)
R=0.12, Z=0.049

MPS5 (Gauss)
R=0.12, Z=0.064

; MP7 (Gauss)
: R=0.12, Z=0.094

Table 5-1. Equilibrium fit results for shot 14111, time 8.6 ms.
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Figure 5-1. Typical MEDUSA equilibrium data from shot 14111, time 8.6 ms (near peak
current.) Additional equilibrium parameters: I,=16.0 kA, Ro=0.132 m,

a=0.095 m, §=1.00, x=1.12, BnN=2.36, Bp=1.18.
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is a plot of poloidal flux contours. Middle left is a plot of pressure versus major radius at the
midplane, while bottom left is a graph of current density at the midplane. Middle right is a
plot of the measured (data points) and fitted (solid line) value of the radial field at the
magnetic probe. Finally, the plot at bottom right gives the value of g versus normalized psi

(YN), where yy is defined as

Y= (5-1
\Va"l’o

and the a and 0 subscripts indicate the plasma edge and center, respectively.

Since much of the analysis presented here depends on the magnetic probe constraints
on the equilibrium equation, it is desirable to determine the sensitivity of the equilibria to
errors in the probe signals. A Monte Carlo analysis was performed to determine the effects
of random errors in these measurements. Most of the error in these measurements is
systematic. It stems from sources such as angular misalignment of the probe and open
pickup areas in the leads. These errors will appear consistently from shot to shot and will
not affect the overall analysis. The effects of random errors are more significant to cross-
comparison between discharges. Random errors can be caused by amplifier noise, capacitive
pickup, and coupling to capacitor bank noise. The 98% confidence limits in the probe
measurements are taken to be 20% of the signals. These error bars are due mostly to the

systematic errors, and hence are overestimates for random errors. Nevertheless, the Monte

Carlo analysis used £20% as the 98% limits for error generation.

The Monte Carlo analysis proceeded as follows. One time slice was chosen for the
study. This time slice is the same as given in Table 5-1 and Figure 5-1, shot 14111 at 8.6
ms. The original values for the probe signals were called the “base case,” or case 0. An

equilibrium was generated from these measurements and the other input measurements.
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Then, ten additional cases were produced by randomly varying the probe measurements in a
Gaussian distribution centered at the base case with the predetermined error bars. Each
measurement was varied independently of every other measurement. Equilibria were then
generated for each of these cases. Some of the results of these equilibria are given in Table

5-2. Included in this Table are the probe measurements, plasma current, internal inductance,
total beta, and the value of %2 for each case. (The goodness-of-fit parameter 2 is defined as

X" = Z[—(am-a“)]z

Aa

where a is a measurement, the subscripts “meas” and “fit” refer to the measured input value
and the fitted output value, respectively, Aa is the uncertainty in the measurement, and the

summation is over all of the measurements.) The results from this analysis reveal that the

characteristics of the equilibrium are not significantly changed by random errors in the probe

measurements. The plasma current varies by only * 2.5%, while beta varies by $0.08%.

The variation in the internal inductance is £0.05, which is used in the estimates of error in

the flux consumption calculations. Finally, only one of the error cases (#8) produced a

smaller value of %2 than case 0; case 8, which is close to the base case, had a marginally

smaller value of 2 (3.79 vs 4.06). All of the other cases produced larger values of 2,

indicating that the base case is close to the best-fit answer.
Typical MEDUSA plasmas attain maximum currents between 10 and 40 kA, and last
between 1 to 2 ms in duration. Figure 5-2 shows a set of equilibrium results for a

representative shot; this figure gives the plasma current, major radii, internal inductance,

actual B and By, and g¢ and ggg calculated for this discharge. (The two major radii are the
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Table 5-2. Results of Monte Carlo analysis of shot 14111 at 8.6 ms. Units: magnetic probes: Gauss;

plasma current: kA; beta: percent. Case 0 is the baseline. Results for %2 do not include the
three inner fluix loops (LV, FT1, FB1).
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Figure 5-2. Equilibrium code output for startup of shot 14060. From top to bottom:
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Time (ms)

131



132
magnetic axis, which is the point where Vy=0, and the geometric axis, which is the

midpoint between the inner and outer edges of the plasma.) Typically the plasma is initiated

at a geometric major radius (Rg=Royer ~Rinner) of 9 - 11 cm, and rapidly grows outward in

the first 100 ps. The major radius normally grows to 12 - 13 cm, and the magnetic axis

grows to 15 - 16 cm. These radii then tend to slowly decrease during the remainder of the

discharge. The value of gy generally reaches a minimum of 1 - 2 near the current peak.

Average current densities can be as high as 1 MA/m2. Beta increases throughout the current

ramp. Values of By have been found approaching 3.5, and f, typically is near 1 to 1.2,

giving values of f, of approximately 0.6-0.9. Core pressures can reach as high as 4 kPa,

but are typically closer to 2 kPa.
These pressures are confirmed by isolated independent measurements from both the

triple probe and visible light monitors. Visible light data shows that H,, OII, and CIII reach

burnout, while OVI clearly does not (although the OVI measurement may be dominated by
background light). This indicates that the temperature of a large fraction of the plasma is
between 50 and 140 eV. Sample visible radiation data is given in Figure 5-3. This figure
gives the plasma current, H,, CIII, and OVI signals for shot 4786. These data clearly show

burnout in the H, and CIII signals, while this is not observed in the noisier OVI signal.

The triple probe, as discussed in Chapter 4, had severe limitations in MEDUSA.
However, the probe data can give some indication of the temperature and density profiles.
The temperature measurement is found to saturate around 20-30 eV at a short distance in
from the edge. This saturation is due to limitations in the biasing power supply. As
discussed in Chapter 4, the bias in a triple probe must be much greater than the temperature
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Figure 5-3. Sample visible radiation data from shot 4786.
IP is the ionization potential.
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being measured, or the measurement will saturate. The bias could unfortunately not be

raised, as the probe tips began arcing together above 120 V. Meanwhile, the density data
shows a strong peaking toward the plasma center, with “core” (R=12 cm, Z=0) electron
densities often exceeding 1020 m-3. This measurement is somewhat inaccurate, since the

triple probe density calculation depends on the temperature measurement (as T,-1/2 ); this

effect would cause a density over-measurement of a factor of 2 in the core. Further
complicating this picture is the effect of “flux tube depletion,” which is due to the slow rate
of cross-field particle diffusion in tokamaks relative to transport on a flux surface; this will
result in a reduced density measurement. Core densities approaching 1020 m-3 therefore do
not seem unreasonable.

Macroscopic considerations can also help determine average temperatures and
densities. The fill gas pressure can be used to estimate the average plasma density.

Hydrogen is puffed into MEDUSA at a pressure of approximately 0.24 mtorr, which

represents an atom density of 1.5x1019 m-3. The volume of the plasma is roughly 0.022

m3, while the volume of the vacuum vessel is roughly 0.08 m3, giving a vessel/plasma
volume ratio of about 4. The plasma is an effective pump on the fill gas; the plasma density

should therefore be increased roughly by the volume ratio. This results in an average density

of 6x1019 m-3; if a linear density profile is assumed, the resultant core density is 1.8x1020

m-3. The effects of wall recycling, fill gas ionization, and particle transport will of course
affect this estimate.

The average temperature can likewise be estimated by considering the plasma current
and loop voltage when the plasma current and inductance are constant. Ohm’s law gives the
plasma resistance, which can then be used to calculate a “resistivity temperature.” Taking for

example the data for shot 14060 in Figure 5-2, one observes that the plasma current and
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inductance are approximately constant at 8.7 ms. At this point in time the loop voltage is

approximately 6 volts and the plasma current is 19.7 kA. Ohm’s law gives an average

resistance of 3.0x10-4 ohms. The central temperature can be back-calculated using Spitzer

resistivity. Taking Z.z=4, InA=13, and a parabolic temperature profile of the form

2
TO=T, [1 -i;] (5-2)

where a is the minor radius, the peak temperature T is calculated to be 85 eV.
The results from the preceding sets of calculations support the pressure values output

by the equilibrium code. The central electron density is estimated from gas fill arguments to

be 1.8x1020 m-3; the results from the triple probe give central electron densities around 1020

m-3. Meanwhile, the central temperature is estimated to be between 50 and 140 eV from

visible light measurements, and approximately 85 eV from the resistivity argument.

Canonically, then, the measured electron density and temperature in MEDUSA are 1.5x1020

m-3 and 100 eV, respectively. These resulits give a central electron pressure of 2400 Pa,
which is in good agreement with the equilibrium code output values of 2000-4000 Pa.

The raw data from the internal magnetic probe array deserves some discussion. The
probe, as described in the previous chapter, has 5 pickup coils arranged to measure the
major radial component of the poloidal field. As implied earlier, these probes provide a

constraint on both the current density, J(R,Z), and the pressure, p(\y). For most of this

study, the probes were located at a major radius of 12 cm and the following heights relative
to the geometric center of the vacuum chamber: probe 2, 1.9 cm; probe 3, 3.4 cm; probe 4,
4.9 cm; probe 5, 6.4 cm; probe 7, 9.4 cm. The analysis of the probe data was conducted as
follows. The raw signals were differentially amplified by 100 and then digitized (raw
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voltages were on the order of 1 mV or less.) The digitized signals were then corrected for
background effects. Each shot to be analyzed was accompanied by a “vacuum shot,” which
was identical to the “plasma shot” except that fill gas was not introduced. The background
shot signals were subtracted from the plasma signals, correcting for pickup of vacuum fields
by uncompensated dipoles in the probe transmission lines, and for the pickup of the toroidal
field by the open area around each probe’s leads. The background signals can be quite
significant when compared to the plasma signals. In probe 5, the background signal is
roughly 25% of the plasma signal; in probe 7, which has the worst alignment, the
background signal is more than twice as large as the plasma signal, and is mostly due to
pickup of the toroidal field. Equilibrium analyses show that plasma paramagnetism and
diamagnetism, while present, are quite small; they generally only contribute a few Gauss to

the total toroidal field on axis and hence do not strongly affect the probe signals. The lack of

paramagnetism in MEDUSA is due to the relatively large value of f,, which has a

diamagnetic effect.

One of the original concerns with using the internal probe array was that the probe
would seriously degrade the plasma performance. This concern was found to be overstated.
The probe did decrease the plasma performance somewhat—comparisons of identical shots
with the probe inserted and withdrawn show about a 10% decrease in plasma current and a
10-20% decrease in shot length with the probe inserted. The plasma behavior, however, did
not appear to be qualitatively changed. Double tearing modes (discussed in Chapter 6) are
still observed at approximately the same times in the discharge, and the initial plasma ramp
rates are almost identical. The decrease in performance with the probe is likely attributable to
impurities sputtered off of the stainless steel probe casing.

Magnetic probe data for a typical shot (14060) are given in Figures 5-4 and 5-5;
Figure 5-4 contains plots of each probe’s signal, while Figure 5-5 is a 3-D plot showing the
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internal field evolution. There are several features worthy of note in these figures, which are
quite representative of the set of discharges analyzed. Typically, the outermost probe (7)
shows the quickest rise in signal at the beginning of the discharge. This probe is often near
the plasma edge, and is sometimes outside the last closed flux surface. Probe 5 usually
comes up somewhat more slowly than probe 7. Further into the core, a “plateauing” effect
can be observed. All of the probes show an abrupt rise to 50-100 Gauss in the first few tens
of microseconds of the discharge. After this, though, the inner probe signals level off. The
deeper into the core the measurement is taken, the more pronounced is the plateauing.
Eventually each of the probe signals begin to rise again, with this rise occurring later for the
deeper core measurements. This plateauing is an indication of the broadness of the current

profile, which is strongly correlated with the internal inductance &.

As the shot progresses, the probe signals begin to show an irregular fluctuating
component on top of the longer time-scale signals. This fluctuating component can represent
a substantial fraction of the “DC” signal, at the level of 10 to 20 percent for the outer probes
and 40-50 percent for the innermost probe. The fluctuations begin earliest on the outermost
probe, and occur later as the probes are closer to the core. They are present when gp is well
above 1, making them unlikely to be sawteeth. As discussed in the next chapter, these
fluctuations appear to be associated with double tearing modes. There is a definite phase
relationship between the probe signals, and the fluctuations are positively correlated with

perturbations in the loop voltage measurement.

5.2 Flux Consumption - Constant B, Variable Voiltage Waveform

This section presents the results of the first of two sets of operation campaigns to
collect flux consumption data. The method used to obtain the flux consumption data is

discussed. The discharge types studied in the first run campaign are described. The results
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of the analysis for the various discharges are presented and discussed.

The flux consumption analysis was conducted as follows. The shot data was
processed into magnetics measurements that could be entered into the equilibrium code. For
example, the flux loop data was zeroed and integrated to give measurements in volt-seconds.
The magnetic probe data was smoothed with a 50 microsecond window in order to remove
some of the effects of the strong fluctuations on the equilibrium fits. Time slices of this data
were taken at SO microsecond intervals throughout the startup period. These data sets were

then input into the equilibrium fitting code (TokaMac 2.0), and equilibria were found at each

50 ps interval. The equilibrium code produces almost all of the necessary information for the

flux consumption analysis, as discussed in Chapter 3. The equilibrium data for each shot,
along with the input flux calculated from the OH and VF coil currents, were then put

together into a second processing code. This code solved the integral equations for the flux

consumption on the SO ps intervals. At each time step the various flux components were

calculated, and an Ejima coefficient calculated. Figure 5-6 shows the results of this analysis
for shot 14060.
The Ejima coefficient is defined in Chapter 3 as:

L -, - o) (5-3)
HoR, I,

nt

Ce

(o,

There is an ambiguity with this definition. The issue is the time at which C is evaluated. As
stated in Chapter 3, for this thesis the Ejima coefficient is evaluated at the point when the

plasma current is at its maximum value. There are other definitions that are useful, though.

One coefficient, Cgy, is evaluated when the plasma current reaches 90% of its

maximum. This coefficient can provide a fairer comparison of dissimilar discharges. As an
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example, consider two shots—one shot has a maximum in plasma current late in the
discharge after a long “flat-top,” while the other peaks early in time and decays into a flat-
top. The Cgg coefficient helps eliminate the ambiguities caused by changes in the time of the

current peak.

Another Ejima-like coefficient useful for discussing startup in spherical tokamaks is
Copx- This coefficient is evaluated similarly to the Ejima coefficient, except that the input flux
from the vertical field system is ignored. The coefficient is evaluated at the same time as Cg.
(One can imagine Copg g9, but this seems excessive.) This coefficient has utility as a figure

of merit in spherical tokamaks due to the small amount of ohmic flux available.

A final quantity of interest, which will be called "FC” for wont of a better term, is
the ratio of maximum plasma current to input flux. This can be defined for the total input
flux, or solely for the ohmic flux. This figure of merit is often ilseful as a first analysis of
performance, since it can be evaluated with unprocessed experimental data. This quantity is
not as useful as the Ejima coefficient, though, as it does not take some important details of

the plasma, such as geometry and ¢, into account

Two separate operational campaigns were conducted to collect flux consumption
data. The first campaign yielded three different kinds of shots for analysis. The shots
discussed in this section are numbers 13493, 13521, and 13587, each of which is
representative of tens of similar discharges. All of these discharges were conducted at 0.3 T
at 0.12 m major radius. Shot 13493 had a maximum current of 17 kA, and peaked relatively
early in time at 8.4 ms. Shot 13521 had an initial current ramp similar to that of 13493, but
managed to obtain a higher ultimate current of 22 kA at 8.55 ms. Shot 13587 was conducted
with a double current ramp. The initial ramp took the plasma current to 13 kA, and the
second ramp led to a 21 kA maximum current at 8.75 ms. The plasma current and loop

voltage waveforms for these three shots are given in Figure 5-7, along with the derived
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quantities &, B, and Cg.

The flux consumption results for these shots are given in Table 5-3. Shot 13493
appears to have the best flux consumption in every figure of merit, while the comparison
between 13521 and 13587 is not as clear. The result for shot 13493 is confusing; this shot is
certainly the poorest of the three by most measures. It is shorter, has less current, and has a
lower value of beta than the other two shots in this campaign.

This difficulty can be addressed by considering some details of the evolution of these
shots. Especially helpful is the comparison between 13493 and 13521, since these two
discharges are fairly similar. The data in Figure 5-7 show that shot 13493 has a value of §;

somewhat higher than that of 13521 during the current ramp. This means that the plasma in
shot 13493 has more internal flux than that of 13521 for the same plasma current (provided
that the plasmas are the same size, which they are). Further, shot 13493 obtains its
performance with less input flux than 13521, which necessarily implies improved use of the
available flux. Another important factor is that the plasma current in shot 13493 peaks early
in time relative to that of 13521. This early peaking improves the reported flux consumption

[13493
{ Shorter ramp
|17kA,03 T

Table 5-3. Flux consumption results for constant Bt , variable V) shots.
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results. Figure 5-7 indicates that these two discharges have approximately the same value of
Ck at the instant when 13493 peaks. Finally, shot 13521 has a significantly higher value of

beta than 13493. This difference is especially notable after the current peak in 13493, when

the B for shot 13493 levels off at 1.4%, while B for shot 13521 continues to increase to

2.2%. This increased beta implies that much of the dissipative flux was consumed in plasma
heating.

The conclusion to be drawn from the previous paragraph is the limited utility of the
flux consumption figures of merit. They can be useful for describing similar shots, but they
must be discussed in the context of the discharges (or discharge scenarios) under
consideration. An important point to consider is that the Ejima method of flux consumption
analysis ignores plasma heating, treating it as a dissipative loss. (Plasma heating is
considered indirectly, in that it lowers the plasma resistivity.) This is not necessarily a
shortcoming, as a higher current plasma with low beta may be more desirable in some cases
than a lower current, higher beta plasma.

The double ramp shot, 13587, was run in an attempt to obtain a longer, higher-
current discharge than would be possible with a single current ramp. The reasoning behind
this attempt was that the initial voltage pulse would establish and heat a base plasma. The
second pulse would increase the plasma current further and more efficiently, since the volt-
seconds of the second pulse would be expended when the plasma was less resistive than in
the single-ramp cases.

One counterintuitive result of this shot was that the current profile did not broaden
during the second current ramp, as might be expected by current diffusion arguments. In
fact, the data in Figure 5-7 show that the current profile in shot 13587 becomes more peaked

(i.e. ¢ increases) when the second voltage pulse is applied. Concurrent with current profile
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steepening is a dramatic increase in beta, which more than doubles in the 200 us of the

second ramp. The flux consumption results, meanwhile, are comparable to those of the
single-ramp shot 13521 (see Table 5-3). The fact that the flux consumption results did not
improve over the single-ramp scenario can be attributed to increased dissipative losses in the
cold base plasma.

The startup data for 13587 are difficult to interpret in terms of the physical picture of
current diffusion presented above. It is true that the current peaking during the second ramp

occurs approximately on the diffusive time scale, which for an average temperature of 30 eV
and a minor radius of 8 cm is roughly 300 us. However, this peaking is not observed

during the initial ramp, when the plasma was colder and more resistive, and hence should
have had a shorter diffusion time scale. The obvious mechanism to suspect for this rapid
current penetration and subsequent heating is the double tearing mode. Other factors,
besides the faster-than-expected current penetration, also point in this direction. The internal
probe measurements for shot 13587 are shown in Figure 5-8. This data show that strong
fluctuations appear on probes 2 and 3 concurrent with the application of the second voltage
pulse. Further, these fluctuations are strongly suppressed at nearly the same time that the
internal inductance peaks. These fluctuations are symptomatic of double tearing modes.
More evidence for this supposition is given in the next chapter. Another argument to be
made in favor of tearing-mode-assisted current penetration is the destabilizing effect of lower

q on these modes. Equations 3-11 and 3-13 indicate that magnetic island growth is strongly
inhibited by the increasing values of q on the resonant flux surface ;. The plasma of shot
13587 would then naturally be more susceptible to double tearing modes when the second

voltage pulse was applied. The modes could have been much more easily destabilized by
this pulse, which would lead to double-valued g profiles. Double-valued q-profiles were not
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generated by the equilibrium code, however. The five-point magnetic probe measurement
and the seven-term parameterization of FF’ are not sensitive enough to detect a small region
of negative shear. As will be discussed in Chapter 6, the g-profiles for fully-formed
MEDUSA plasmas are generally quite flat at the plasma center; only small perturbations to
these profiles would be required to produce double-valued q-profiles.

5.3 Flux Consumption - Variable Bt and Loop Voltage

A second run campaign, focusing on single-ramp shots like 13521 and 13493,
produced another comprehensive survey of plasma performance. Six different operating
scenarios were chosen for this survey, and seven shots were chosen for detailed equilibrium
analysis. These shots were conducted at four different values of toroidal field and two
different loop voltage waveforms. One waveform, the “high-vc;ltage scenario,” had an initial
voltage of 9.4 volts that decayed to zero at 9.3 ms. The second waveform, the “low-voltage
scenario,” had an initial voltage of 7.8 volts and decayed to zero at 9.5 ms. Both of these
waveforms produced the same maximum current in the OH system, 11.6 kA. The vertical

field programming was adjusted for each discharge scenario to provide the best match to the

plasma performance. The fill gas pressure was the same for each shot: 1.6 x10-4 torr of

hydrogen measured in the pumping stack.

Four of the analyzed shots were conducted with the high-voltage scenario (the
toroidal field is specified at 0.12 m major radius): 14068 at 0.375 T, 14054 at 0.35 T,
14060 and 14021 at 0.3 T, and 14039 at 0.2 T. Two of the shots were conducted with the
low-voltage scenario: 14111 at 0.3 T, and 14119 at 0.2 T. The results from the flux
consumption data for these shots are given in Table 5-4. The data are summarized in
graphical form in Figure 5-9.

Two major trends are evident in these data. The first is the shot performance with
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FC (kA/mV-s)

38153

33144

30139

32143

28 1 3.6

29 1 3.7

Table 5-4. Flux consumption results for second campaign shots.

toroidal field. The shots improve in every figure of merit with increasing B, for both the
low and high loop voltage cases; the current per flux (FC) and the maximum plasma current
increase with toroidal field, and the Ejima coefficients decrease with it. This result is not
unexpected, since the plasma initiation improves with toroidal field. Further, many models

of plasma confinement, such as Rebut-Lallia-Watkins and neo-Alcator-START, indicate a

positive correlation between 7 and toroidal field or g+, which is of course dependent on Br.

The second trend is that the higher voltage shots outperform the corresponding lower

voltage shots. This improvement is again apparent in all of the figures of merit.
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To understand these distinctions, it is useful to examine the behavior of the plasma

ind

internal inductance, as this variable is strongly linked to the internal plasma flux ®@,, . Figure

5-10 contains plots of the evolution of ¢; for six of the seven shots studied. (Shot 14021 was
not included, but will be discussed below.) Figure 5-10 shows a strong dependence of the §

waveform on the shot conditions. Examining the high-voltage discharges first, one observes

a definite trend in the evolution of & with increasing toroidal field. As B increases in the

high-voltage cases, the internal inductance achieves a lower value during the current ramp,
and stays lower until the current maximum has been reached. The behavior of the low-

voltage cases in this regard is less clear, but the value of ¢ is definitely much lower for shot

14111 (0.3 T) than for 14119 (0.2 T) over most of the discharge.

The comparison between the high- and low-voltage shots in Figure 5-10 is perhaps
the most interesting result. It is plainly evident that the lower voltage discharges (14111,
14119) achieve significantly lower values of ¢; during the current ramp than do the

corresponding higher voltage shots (14060, 14039). One would expect the higher voltage
discharges to produce more of a skin effect during the startup period, leading to broader
current profiles during the current ramp. That this does not happen indicates that some other
mechanism, presumably double tearing modes, must be at work in these discharges.

A final comparison to make is between the supposedly equivalent discharges 14021
and 14060. These shots had identical control parameters, yet produced significantly different
flux consumption results. The results for 14021 and 14060 were, respectively:

Ce=0.81, 0.95; Cgp = 0.57, 0.65;Con = 0.33, 0.45; FC = 3.23, 3.00 kA/mV-s. Figure 5-
11 gives equilibrium data for these two discharges. This figure shows that shot 14021

retains a higher value of ¢ over 250 s of the discharges, spanning most of the current
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ramp. (The data also show a slightly increased B for shot 14021 over this period, as one

would expect from a more peaked discharge, but this information is less certain than the
current profile data.) It is this difference in the internal inductance that leads to the improved
flux consumption. This can be seen in Figure 5-12, which is a comparison of the plasma
fluxes for these two discharges. This figure clearly shows that shot 14021 has more
inductive flux, and less dissipative flux, than does shot 14060 during the period when the
Ejima coefficients are evaluated. It can also be observed that this situation reverses itself
after 8.7 ms, which is mirrored in the lower Ejima coefficient for shot 14060 during this
later interval in the discharge. It is asserted now, and demonstrated in the next chapter, that
these differences are due to the relative levels of activity of double tearing modes in these
two discharges. )

This chapter discussed overall properties of MEDUSA -equilibria, such as pressure,

current density, &, and B. These quantities were used to determine the flux consumption of a

variety of plasma discharges. It was found that flux consumption improves (i.e., Cg
decreases) in the cases studied with increasing toroidal field and driving loop voltage. It was

determined that the normalized internal inductance, &, plays a significant role in determining

startup efficiency. An analysis of the mechanisms underlying the current penetration, and

hence the evolution of §, will be undertaken in Chapter 6.
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6. Resistive Instabilities on MEDUSA

This chapter is concerned with resistive MHD instabilities in the MEDUSA tokamak.
Two types of resistive tearing modes will be discussed. The first type is the double tearing
mode. The presence of double tearing modes in MEDUSA will be established, and the role
of these instabilities in current penetration during startup will be discussed. The second
resistive instability to be addressed is the internal reconnection event, or IRE. A description
of IREs will be presented, which is greatly aided by data from the MEDUSA internal
magnetic probe array. These results will be compared to current theories which purport to

describe these events.

6.1 Presence and Characterization of Double Tearing Modes

A double tearing mode (here abbreviated DTM) is the result of the reconnection of
two magnetic islands of the same helicity [1]. For this pair of islands to exist, the q-profile
must be double-valued. This situation exists in tokamaks primarily during the current ramp,
when current density is built up on the plasma edge. DTMs relax this current distribution by
changing the magnetic topology of the flux surfaces, allowing rapid penetration of the edge
current.

The presence of double tearing modes in a tokamak plasma is usually indicated by
positive spikes on the loop voltage trace and Mimov oscillations that correspond to the
reconnecting mode number [2,3]. The plasma current ramp also is observed to slow or even
reverse momentarily. The positive loop voltage spikes and negative current spikes are the
result of the rapid current penetration that occurs during a DTM. This penetration increases

the internal inductance &, which increases the total plasma inductance. The external voltage
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and plasma current then change according to

V-Lﬁ-l'

dL
atzla b

1
2

The increase in ¢ also typically leads to an outward displacement of the magnetic axis, as

required by the radial equilibrium force balance.

There is ample evidence of the existence of DTMs on MEDUSA. Virtually every
discharge has spikes on the loop voltage waveform that die off as the current ramp ends;
these spikes clearly correspond to dips in the plasma current waveform. The MEDUSA
Mimov coil array has not been sufficient to produce mode numbers of the observed DTMs.
This is due to the nature of these modes in spherical tokamaks. Double tearing modes
usually occur at a relatively small value of r/a due to the large magnetic shear at the edge.
This necessarily means that Mirnov coils cannot be “close-fitting” as they are in conventional
tokamaks and therefore cannot detect the small perturbative signals associated with double
tearing modes. In MEDUSA, then, the Mirnov coils can only provide information on bulk

plasma motion associated with DTMs. Figure 6-1 shows the signals for five Mimov coils,

plasma current, and loop voltage for one DTM; phase information is not apparent.

In contrast to the Mirnov coils, however, the internal probe array provides a great
deal of information on these instabilities. Figure 6-2 is an example of some raw magnetics
data around two DTMs in shot 14060. Two of the larger events in this trace are highlighted
by the dashed lines, but these are clearly not the only DTMs in this figure. The plasma
current dips, and the loop voltage spikes upward, as expected. The internal probe data
shows an almost stepwise increase in the radial magnetic field concurrent with the voltage
spikes.

The observed DTMs can be analyzed within the framework of the Grad-Shafranov
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equation. The ideal equilibrium equation naturally cannot be used to describe a resistive
double tearing mode itself. However, the equilibrium state of the plasma can be described
before and after a DTM. The plasma can be considered to be in ideal MHD equilibrium on

the Alfvén, or hydrodynamic, time scale, which for MEDUSA is roughly 1 ps.

An example of equilibrium results about a double tearing mode is given in Table 6-1.
Some of the data from these equilibria are displayed graphically in Figure 6-3. Figure 6-3

gives flux surface plots and profiles (vs yy) for a DTM in shot 13521. This figure and table

illustrate many of the aspects of double tearing modes that have been discussed. The current

profile is seen to fill in quite rapidly, the pressure in the core increases, and the value of gg

Table 6-1. Equilibrium results about a double tearing mode - shot 13521.
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drops substantially as more current is driven on axis. The plasma moves outward and
becomes less elongated. The DTM in Figure 6-3 appears to reconnect across the g=9 flux
surfaces.

Figure 6-4 illustrates one of the double tearing modes shown in Figure 6-2. In this
case, the equilibrium does not explicitly show a double-valued g-profile before the
reconnection. This profile is quite flat around the magnetic axis, which is characteristic of
spherical tokamak equilibria. The equilibrium code does not have enough information or
degrees of freedom to find a double-valued q profile in this case, but it is plain that small
changes in these equilibria could produce such a profile. Figure 6-4 illustrates the first DTM
of the two highlighted in Figure 6-2. Figure 6-4 again shows a filling-in of the current

profile and a drop in gg. This first event appears to reconnect about g=4.

6.2 Effect of Double Tearing Modes on Startup

Double tearing modes have a substantial impact on the startup of MEDUSA plasmas.
One would expect the effects of DTMs to be detrimental to the plasma. The reconnection of
magnetic island pairs consumes more energy than uanreconnected islands [4], and the
reconnection enhances particle and energy transport, which are dissipative processes. The
effects of double tearing modes on MEDUSA are not necessarily detrimental, however.

In Chapter S it was shown that two discharges, 14021 and 14060, though identical
from the operations standpoint, performed quite differently from each other in terms of the
flux consumption figures of merit. It was shown that part of the reason for the superior

performance of the higher-performing shot (14021) was a larger value of ¢ throughout the

startup period. The details of these differences are given in Table 5-2 and Figures 5-11 and
5-12.

The larger value of ¢ in the higher-performing shot is due to the early presence of
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double tearing modes in that discharge relative to the poorer-performing shot (14060). This
is illustrated in Figure 6-5. This figure gives the time derivative of the plasma current, the
“AC” component of the loop voltage, and the signals from probes 2 and 3 for these two
discharges. (The “AC,” or “fast” component of the loop voltage was created by smoothing

the original signal with a 100 us window and subtracting the smoothed signal from the

original signal.) Both discharges experience double tearing modes as evinced by sharp
spikes on the loop voltage traces and decreases in the plasma current ramp rate. In the
interval between 8.15 and 8.25 ms, however, the higher-performing shot experiences a
greater amount of tearing mode activity than the poorer-performing shot. This activity clearly

leads to increases in the internal magnetic field measurements, and hence to larger §. The

poorer-performing shot features more virulent tearing mode activity later in the
discharge—the pair of events discussed earlier are clearly visible in Figure 6-5. These latter
events cause the internal probe measurements to approach those of the higher-performing

shot.

Figure 6-6 gives pressure and current profiles (vs yy) for these two discharges for

three time slices during the startup period. The current density on the graphs is the average
on each flux surface. The current density of the poorer-performing shot (14060) can be seen
to broaden over the first interval, and then peak after the two large reconnections discussed
earlier. Meanwhile, the current density for the higher-performing shot (14021) is
consistently more peaked than that of the poorer-performing shot. The pressure for shot
14021 is initially lower than that of 14060, but by the last time slice it is somewhat higher.
This higher pressure is most likely due to an increased temperature brought about by plasma
heating caused by greater on-axis current. The increased temperature implies a decreased

plasma resistivity, and hence a smaller dissipative loss during startup.
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The effects of double tearing modes are also apparent when comparing the two
different loop voltage scenarios introduced in Chapter S. There are two pairs of discharges
for comparison in this case: the high and low voltage shots at 0.3 T and 0.2 T. The high-
voltage 0.3 T shot was number 14060, and the low-voltage 0.3 T shot was number 14111.
The high-voltage 0.2 T shot was number 14039, while the low-voltage 0.2 T shot was
number 14119. In Chapter S it was shown that the flux consumption improved (i.e., Cg
decreased) as the loop voltage increased. This difference was again found to be due to

differences in ¢. The lower-voltage shots achieved significantly lower values of ¢ than the

higher-voltage shots, which implied lower values of internal plasma flux and hence poorer
flux consumption.

Magnetic diffusion alone fails to explain the observed startup behavior. The magnetic

diffusion time in MEDUSA is roughly 300 ps, as discussed in Chapter 5. In Figure 5-10 it
can be seen that the current distribution, as represented by &, “fills in” on the two low-

voltage shots (14111, 14119) on roughly this time scale. The high-voltage shots (14060,
14039), on the other hand, peak significantly faster than the low-voltage shots (order of 100

us faster), and maintain higher values of § throughout the current ramp. This is directly

contrary to the expectations of current diffusion theory, which predicts that the higher-
voltage case would peak more slowly and maintain broader current profiles than the lower-
voltage cases. This is a result of increased conductivity at the edge caused by the greater
current, and hence more heating, driven by the larger voltage. It can be argued that in a small
tokamak like MEDUSA, edge power losses are significant, and that broader current profiles
would not be produced by a higher loop voltage. Even if this argument is accepted,
however, it does not explain why the higher-voltage shots reached peaked current profiles

faster than the lower-voltage shots.
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Double tearing modes are again found to be responsible for the faster current
penetration of the higher-voltage shots. DTM activity is clearly visible in the loop voltage
and magnetic probe traces of the pair of 0.3 T shots shown in Figure 6-7. The loop voltage
trace of the higher-voltage 0.3 T shot (14060) certainly shows greater DTM activity than the
lower-voltage 0.3 T shot (14111). This is clearly reflected in the internal probe signals,
which feature much stronger DTM-induced fluctuations and reflect a significantly more
peaked current profile. Rapid increases in the both sets of probe signals can be usually be
associated with identifiable DTM events on the loop voltage trace. For example, upturns in
probe signals 2, 3, and 4 in the higher-voltage 0.3 T shot can clearly be connected with the
voltage spikes at 8.35 and 8.4 ms.

Figure 6-8 gives the plasma current, loop voltage, and internal probe traces for the

pair of 0.2 T shots. Little DTM activity can be observed on the loop voltage trace of the

lower-voltage 0.2 T shot (14119) for roughly the first 300 us of the discharge. This lack of

activity is mirrored in the internal probe signals, where the three innermost probes report

small measurements during this period. The lower-voltage 0.2 T shot is a good illustration

of a current diffusion-dominated discharge for this first 300 us period. The signals of

probes 4 and 5 show some plateauing early in the discharge, and subsequently show
increases in the radial magnetic field between 8.2 and 8.35 ms that are not associated with
specific instances of tearing modes. After this interval, though, DTM activity begins to
appear on the loop voltage trace; these events can be directly associated with rapid increases
in probe measurements, particularly the events around 8.43, 8.49, and 8.53 ms. The higher-
voltage 0.2 T shot experiences much greater tearing mode activity than the lower voltage
shot, just as in the 0.3 T case. This increased DTM activity leads to substantially increased
core probe measurements, also as in the 0.3 T case. Figure 6-9 contains plots of the

pressure and current density profiles of the 0.2 T shots. In this figure distinct differences
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between these two discharges can be observed. The current profile for the lower-voltage
shot is hollow until about 8.5 ms, while for the higher-voltage shot it is much more peaked.
These differences are mirrored in the pressure profiles. As was the case in the comparison of
discharges 14021 and 14060, the differences in the pressure profiles of these two 0.2 T
discharges are likely due to differing temperatures in the two discharges.

The effects of toroidal field strength on DTM activity and startup efficiency are more
complex than the effects of varying the loop voltage. The results in Chapter 5 indicate that
increasing toroidal field results in increased flux consumption and decreased Ejima
coefficients for both the high- and low-loop voltage scenarios. It is also found that higher
values of toroidal field suppress double tearing mode activity. Figure 6-10 is a comparison
of some of the raw magnetics data for three high voltage shots—those at 0.375 T (14068),
0.3 T (14060), and 0.2 T (14039). Included in this figure are the plasma current and loop
voltage for all three of these discharges, and the five internal magnetic probe signals for the
0.375 T and 0.2 T shots. All three discharges experience DTM activity during startup. As
the toroidal field increases, the amount of DTM activity in the current ramp decreases, and
the onset of virulent DTM activity occurs later in the discharge. The result of this decrease in

activity is a corresponding decrease in the value of ¢ during the startup as shown in Figure

5-10.
Figure 6-11 gives the time evolution of g-profiles for the high voltage shots at 0.375
T, 0.35 T (14054), 0.3 T, and 0.2 T. The g-profiles of the 0.375 and 0.35 T discharges

relax from double-valued at 8.25 ms to monotonically increasing with 1y at 8.55 ms. The g-

profiles of the lower field discharges (0.3 and 0.2 T) are monotonically increasing

throughout the startup period. Except near the edge, g(1) increases with toroidal field; the

increasing value of ¢ with toroidal field is the reason that double tearing modes occur later in
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time as the field increases. Several terms in the magnetic island growth equation (3-13) are
stabilized with increasing q. Thus the higher-field discharges can successfully maintain

lower values of ¢ during the current ramp due to the absence of double tearing modes.
Further complicating this picture is the observation that the current ramp begins
roughly 30 us sooner for the 0.375 and 0.35 T discharges than for the 0.3 and 0.2 T shots.
(This discrepancy is also evident in the differences in the g-profiles shown in Figure 6-11.)
This behavior is most likely due to improved coupling with the ECR preionization at higher
field and reduced error field losses during plasma initiation. The earlier initiation of the

higher-field discharges result in reduced breakdown losses and hence a reduced Ejima

coefficient. Figure 6-12 shows the plasma current and the current ramp rate for these four
shots in the 160 pus interval following plasma initiation. The plasma current ramp rate
increases with increasing toroidal field, which correlates with the decrease in inductance

with increasing toroidal field discussed previously.

The internal inductive component of the plasma flux is roughly proportional to I, ¢
(see equations 3-22 and 3-23.) As this quantity increases, the Ejima coefficient decreases.
This quantity may be increased by increasing I, &, or both. In the case of the two high-
voltage 0.3 T shots (14021 and 14060), the higher-performing shot had an increased § due

to double tearing modes early in the current ramp. The comparison of high- and low-voltage
shots at equal toroidal fields showed that the high-voltage shots had smaller values of Cg
due to increased ¢ during the current ramp, while the ultimate plasma currents were roughly
proportional to the applied voltage. The data for the toroidal field scan, on the other hand,
show that the higher-field shots achieve lower values of Cg because of increased plasma

current despite having lower values of ¢ during the current ramp. In fact, the lower values
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of ¢ in the higher-field discharges are partially responsible for these increased currents,

although improved plasma initiation and improved confinement undoubtedly also contribute.
The effects of double tearing modes on startup flux consumption are therefore
mixed, and must be considered as they interact with other quantities of interest. Increased
DTM activity was beneficial to startup in the first two cases considered in that it led to an
overall increase in the internal plasma flux and a corresponding decrease in Cg. Increases in
the toroidal field at constant loop voltage led to decreased DTM activity, which in that case
led to decreased values of ¢; and increased plasma current ramp rates. The increased plasma
current then led to an increased internal (and external) plasma flux and a decreased Cg.
However, the increase in plasma current is only partially due to the absence of double
tearing modes. Improvements in plasma initiation at higher field certainly help to increase the
plasma current, as has been demonstrated. Additionally, improved plasma confinement at
higher field may also play a role in improving the flux consumption. Of the scaling relations

discussed in Chapter 2, only neo-Alcator (equation 2-25) does not show a positive

correlation between Tz and Br. The ITER-89P and Rebut-Lallia-Watkins give confinement

times proportional to B0-2 and B9.5, respectively, while the Lackner-Gottardi and neo-
Alcator-START expressions give confinement times proportional to 04 and g, respectively.
These expressions are all derived for steady-state plasmas, and as such are not directly
applicable to the problem of startup. One can speculate, though, that the priuciple of

improved confinement and reduced transport with increasing toroidal field is still valid.
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6.3 Internal Reconnection Events

IREs have been observed on MEDUSA since the first weeks of operations. They are
discrete occurrences, which may be seen once, twice, or not at all during a given shot. Most
discharges on MEDUSA do not experience IREs; they appear in perhaps 5-10% of shots
depending on the recent operating history.

An internal reconnection event is characterized by a rapid upward spike in the plasma
current (over 10-20 us) and a corresponding spike down in the loop voltage. The internal

radial field, as observed with the probe array, drops over an IRE and recovers slowly, if at

all. The deeper probes are the most strongly affected, and may lose 30-50% of their signal.

A precursor usually appears on the probe signals about 100 ps before the IRE occurs.

Figure 6-13 is an illustration of these magnetics measurements over an IRE. Triple probe
measurements show strong transient behavior of the electron density about IREs. Figure 6-

14 contains a plot of electron density during an IRE at a major radius of 12 cm and a height

of 3 cm above the midplane (corresponding to Yn=0.2-0.3). The density is observed to

spike up rapidly immediately before (50 us) the IRE, and then crash precipitously. This is

interpreted as an expulsion of core plasma during the event.
IREs almost always occur after the plasma has peaked in current and has a relatively
high value of ¢;. Often they occur during the “rampdown” period, when the plasma is being

compressed into the center column by the mismatched vertical field. IREs tend to occur more
frequently when the vacuum is less clean, as after a vent. They can be made to appear by
overdriving the vertical field system and forcing the plasma into the center column.

The raw magnetic probe data show the same behaviors over many different IREs.

These behaviors are illustrated in Figure 6-15, which is a plot of plasma current and internal
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Figure 6-13. Some raw magnetics data for an IRE in shot 13462.
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Figure 6-14. Triple probe measurement of the density change across an IRE.
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probe measurements for an IRE in one shot. Generally the outermost probe (7) is outside

the plasma by the time the IRE occurs and sees little effect due to the event besides a mild

perturbation. About 100 us before the IRE occurs, the probes that are in the plasma begin to

show coherent oscillations in the neighborhood of 65-75 kHz. Prior to this, the oscillations

are not necessarily coherent from one probe to another. The three “middle” probes (3,4, and

5) exhibit measurements that are nearly identical at about 100 us before the IRE. As the

event approaches, the signals begin to differentiate, with the innermost signal becoming the
strongest. Immediately prior to the upward current spike, the probe signals collapse. The
inner probe shows the greatest drop (30-50%), and the outermost the least (10%). This
rapid change in field structure denotes a gross change in the plasma internal inductance. (As
an aside, some of the drop in the probe signals is brought about by inward plasma motion.
This motion will result in a decreased major-radial field at the probe even with no change in
the internal inductance.) The signals usually do not return to their pre-IRE levels, although
they sometimes do for “minor” IREs, which frequently precede the larger variety. These
observations, especially those dealing with the coherent oscillations, lead to the conclusion
that IREs in MEDUSA are the result of some magnetic island interaction/reconnection. The
Mimov coils could not determine any mode numbers for the precursors or IREs for
essentially the same reason as the double tearing mode case—they are far from the
perturbation, and the resultant signal is too small to be meaningful.

Internal reconnection events may be analyzed with the equilibrium code in the same
fashion as double tearing modes. One selects time slices before and after the event, where
the plasma is presumably in a quasi-equilibrium state, and reconstructs the equilibria at these
instances. The events were analyzed at two instances: immediately before the magnetic field
crash, called the pre-IRE time slice, and near the peak of the current spike, called the post-
IRE time slice. An example of IRE equilibrium results is given in Table 6-2. Figure 6-16
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contains graphical data from the event summarized in the table. The results reveal several
features of these events. The plasma moves radially inward during the IRE, by as much as 1
cm or more. The intenal inductance drops precipiiously as the current profile changes from
a peaked profile to a broad or hollow one. The plasma beta drops sharply as well, to

between 30 to 70 percent of the pre-IRE value. The pressure profile broadens considerably.

Table 6-2. Results from equilibrium analyses of IRE in shot 13032.
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The elongation increases, as is normally the case in STs when ¢; drops. The central ¢
increases sharply, and the entire q-profile becomes flat or even hollow. The value of ggs
changes much less, decreasing by S to 15 percent.

These data indicate that an internal reconnection event is indeed quite disruption-like,
as discussed in Chapter 3. It features the same broadening of the current channel, drop in
pressure, and spikes in current and voltage waveforms. The IRE, though, does not lead to a
hard disruption. One hypothesis that has been proposed to explain the absence of hard
disruptions following IREs is colloquially referred to as the “START picture.” This

hypothesis argues as follows [5,6]. When a major internal reconnection occurs in a

conventional tokamak, ¢; and B, fall, while the plasma retains approximately the same

geometry. The increase in plasma current leads to a decrease in g5, which helps destabilize

the plasma. In a spherical tokamak, §; and B, again both fall, but the plasma moves slightly

inward (into the higher field region) and elongates. These changes in geometry and current

result in little change in g,, which stays approximately constant, and stabilizes the plasma.

This hypothesis is difficult to defend on the basis of the results presented here. In all

of the IREs analyzed, qgs fell during the IRE, despite decreases in R and increases in x.

(This apparent paradox can be resolved if the effect of the current distribution on g is
acknowledged.) It can be argued that these data do not provide an adequate test of the
hypothesis, in that the edge safety factors in these shots (7 - 11) are significantly above the
minimum required for external kink stability (3 - 5). This argument does not address the
crux of this hypothesis, though, which is that ggg remains essentially constant over the IRE.
Operating with a lower edge safety factor, for example by lowering the toroidal field,

presumably would not alter the results given here.
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The large edge g may hold the key to the resilience of ST plasmas to disruptions after
IREs. Since IREs only occur when ¢ is large (roughly > 0.8), they presumably are

reconnections of low mode-number island structures (such as 2/1 and 5/2 or 3/2 and 2/1),

since these flux surfaces are only present in high-§ MEDUSA plasmas. In a conventional

tokamak with g,=3, these islands could well occupy a majority of the plasma volume,
including the edge. However, in a spherical tokamak, where the edge q is naturally large,
these island chains would not reconnect near the edge, leaving the magnetic topology there
unchanged and giving the plasma time to recover from the internal reconnection. Toroidicity-
induced coupling of magnetic islands in STs complicates this view.

This line of reasoning leads into a second model for IREs. Another hypothesis that
has been considered recently posits that magnetic helicity is conserved in an ST plasma over

an IRE [7]. Magnetic helicity, K, is defined as

K= [A-BaVv (6-2)

where A is the vector potential and the integral is over a volume bounded by a flux surface.
The helicity is conserved on the resistive time scale [8]. This relation is usually not
significant for tokamaks without some constraint on the flux surface of interest. In tokamaks
such as HIT-II [9] helicity is conserved within a metal shell known as a flux conserver. The
nature of the internal reconnection event in a tokamak might be such that the outer plasma
acts as a flux conserver for the inner plasma. In this case helicity would be conserved by the
plasma over an IRE.

This hypothesis was tested by calculating the helicity for six time slices
encompassing 3 IREs. The expression for helicity can be approximately recast for

tokamaks, including STs, as [10]
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K=20.%, (6-3)

where @ is the plasma toroidal flux and W, is the poloidal flux. Applying the original
definition of q as the derivative of the toroidal flux with respect to the poloidal flux (given in
Chapter 2) and manipulating gives

K -2¥ [ qaw (6-4)

where the integral is taken from the center of the plasma to the edge, and Wmp,—j. This

form of the helicity was used with the output of an equilibrium code to produce the values of
helicity for three different IREs in discharges 13032 (in Table 6-2), 13462, and 14000.
The results of the analysis are mixed. Shot 13032 gives the smallest change in

helicity (-5%), from -3.9 x10-6 to -4.1 x10-6 Wb2. Shot 13462 had the largest change,
-28%, from -2.3x10-6 to -3.2 x10-6 Wb2. Shot 14000 had a positive change of 15%, from

-1.7 x10-6 to -1.4 x10-6 Wb2. For the shots analyzed, then, the helicity changed over IREs

by values between +15% to -28%. The underlying hypothesis is not well-defined at this
point, so it is impossible to declare if these results are sufficient to vindicate or refute helicity
conservation over internal reconnection events. These results are also tempered by the fact
that the internal magnetic energy dropped by roughly 50% over the IRE in each case
analyzed.
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7. Summary

7.1 Overview

The spherical tokamak (ST) is an evolutionary extension of the tokamak concept.

This concept may represent a substantial improvement over the conventional tokamak

paradigm. Theoretically the ST should be able to achieve stable values of £ that are

significantly larger than those currently attainable. The ST appears to be more resilient to
disruptions than conventional tokamaks. The small size of the ST would also imply a
significantly lower capital cost for a reactor or volumetric neutron source. But spherical
tokamaks are only in the early stages of experimental development. Significant amounts of
research will be required to determine if they will live up to their initial promise.

The Madison EDUcational Small-Aspect-ratio (MEDUSA) tokamak was designed
and built to begin answering some of the many questions surrounding STs. As its name

implies, MEDUSA is a small spherical tokamak; some of its parameters are R =9-13 cm,

a=5-9 cm, I, = 10-40 kA, Br=0.2-0.5 T, A > 1.4, and ffr< 4%. MEDUSA had a

threefold mission. The first mission was educational—MEDUSA was designed and built as
a student project. The second mission was to serve as a technology and experience test bed
for the Pegasus toroidal experiment currently under construction at the University of
Wisconsin. The third mission—and the point of this thesis—was to study two aspects of the
plasma performance.

The first of these two aspects was the plasma startup. This included a survey of the
flux consumption performance of several types of MEDUSA discharges and a study of the
mechanisms responsible for current penetration during startup. The second aspect was

internal reconnection events (IREs), which are non-terminating disruption-like phenomena
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observed in STs. This part of the study involved reconstructing equilibria before and after
IRE:s to determine their effect on the plasma, and a search for any detectable MHD precursor

to these events.

7.2 Startup Results
It was found that the Ejima coefficient for the MEDUSA discharges under

consideration increased with increasing toroidal field (from 0.2 to 0.375 T) and increasing
loop voltage (from 7.8 to 9.4 V). See Table 5-4 and Figure 5-9. The lowest Ejima
coefficient found in this study was 0.61, for shot 14068, which was a high-voltage
discharge at 0.375 T. Double tearing modes and classical current diffusion were both found
to play a significant role in distributing the current density during startup. Double tearing
modes were not necessarily detrimental to the startup, as might be expected. This result for
CE can be compared with results from other tokamak experiments. An Ejima coefficient of
0.47 was found in experiments [1] on Doublet III, while results from CDX-U have
indicated values of Cg possibly as low as 0.3 [2]. TSC simulations of ITER startup give
values of Cgbetween 0.39 and 0.57 [3].

Generally, the Ejima coefficient is decreased when the inductive plasma flux is

increased relative to the total input flux. The internal inductive flux (P} = ¢.1,) may be

increased by increasing the plasma current, the internal inductance, or both. The external
inductive flux may be increased by increasing the plasma current. Thus improving the flux
consumption (reducing Cg) by increasing the inductive fluxes can result in trade-offs
between increasing the current and increasing the internal inductance.

In the comparisons between shots of constant toroidal field, it was found that the

discharges with larger values of ¢ during startup consistently produced smaller values of
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Ck. This is clearly illustrated in the comparisons of discharges at equal toroidal fields but
with differing loop voltage waveforms. The higher-voltage shots experience noticeably
greater double tearing mode activity during the current ramp than do the lower voltage
discharges (see Figures 6-7 and 6-8). These DTM events in the higher-voltage shots lead
directly to current penetration on a significantly faster timne scale than standard magnetic

diffusion, while the lower-voltage shots see the current “fill in” on roughly the magnetic

diffusion time of 300 s, as can be seen on Figure 5-10. This faster current peaking in the

higher-voltage shots results in higher and more peaked pressure profiles from increased on-
axis current and reduced edge heat losses. This behavior can also be observed in the

comparison of discharges 14021 and 14060, which had identical control parameters. The
higher-performing shot (14021) experienced greater tearing mode activity in the first 100 pis
of the discharge, which slowed the current ramp slightly but resulted in an increased &

during the startup and hence an improved flux consumption.

The interplay between double tearing modes and flux consumption is more subtle in
the comparison of discharges at constant loop voltage waveform but variable toroidal field.
The onset of double tearing modes occurred later as the toroidal field increased, as can be
observed in Figure 6-10. This suppression of DTM activity at higher Bt results in a reduced
rate of current penetration relative to the lower-field discharges as shown in Figure 5-10. In
this case the lower-¢; (higher-field) discharges achieved lower values of Cg than did the

higher-¢; (lower-field) shots. The higher-field discharges achieved larger values of the

maximum plasma current than the lower-field shots. This increased current leads to

improved flux consumption by dominating the I, § term. One must be careful not to draw

too many conclusions from the toroidal field scan results. The toroidal field is a significant

variable in tokamak operation, and affects these results in many ways besides the
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suppression of double tearing modes; plasma initiation and confinement (at least in some
models) both improve with toroidal field, and these effects undoubtedly play a role in the

improved flux consumption of the higher-field shots.

7.3 IRE Results

Internal reconnection events were found to affect the plasma much like a disruption.
Internal magnetic probe data taken for several IREs showed large drops in the plasma major
radial field, which became more severe closer to the magnetic axis; reductions in the average

field at probe 2 (Z=1.9 cm) often exceeded 50%. Coherent oscillations at around 65-75 kHz

were found to emerge consistently on probes 2-5 around :90 us before the IRE. This

precursive behavior has never been detected before in any operating ST. These fluctuations
disappear after the IRE. An example of this behavior is given in Figure 6-15. This precursor
appears to be associated with a magnetic island or islands, which strengthens the association
of IREs with “minor” disruptions. Equilibrium results from three separate IREs confirmed
previous observations from START: ¢ drops dramatically (50%) as the current profile

broadens, S falls drastically (30-80%), the plasma elongates and moves inward, ¢g

increases from near 1 to a much greater value (4 - 20), while ggg was found to change

significantly less, decreasing by about 15%. See Table 6-2 and Figure 6-16 for sample data.
The consistently observed decrease in the edge g does not provide support for the
“START picture” of IREs. This hypothesis claims that IREs do not result in disruptions
since the edge value of g does not decrease, unlike a disruption-produced reconnection in a
conventional tokamak, keeping the plasma edge stable to edge kink modes. Another
hypothesis tested by this data claims that the outer edge of the plasma acts as a flux

conserver, keeping the magnetic helicity constant in the plasma over an IRE. Explicit
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support for this hypothesis was not forthcoming: results for the three shots analyzed gave
changes in K between -30% and +15%. However, the hypothesis of helicity conservation
over IRE:s is not well-developed, and these results may in fact be reasonable in a more well-

developed version of the hypothesis.

7.4 Conclusions

The objectives of this thesis were satisfied as:

1. The MEDUSA tokamak was designed, built, and operated. It has produced plasmas

with significant values of By and large current densities. MEDUSA was the first

spherical tokamak to reproduce the internal reconnection events first observed on the
START experiment, and also the first to make internal current profile measurements.
The equilibrium behavior of MEDUSA was modeled with a Grad-Shafranov
computer code, and the resultant equilibria provided good fits to the experimental
data.

2.  The flux consumption was evaluated for different startup scenarios and the effects of
some independent parameters were determined. It was found that the Ejima
coefficient decreased with increasing loop voltage and toroidal field. Double tearing
modes were discovered to be a significant factor governing the startup efficiency.
These events were found to be beneficial for flux consumption, since they led to
more rapid current penetration and hence a hotter, less resistive core. This effect was
not always dominant, though, as illustrated in the toroidal field scan where improved

breakdown behavior at higher field led to improved flux consumption.
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The behavior of internal reconnection events on MEDUSA was characterized. It was
found that these events were disruption-like in character, resulting in rapid
broadening of the current profile and significant loss of plasma pressure. An internal

precursor was found, which appeared to be the result of a magnetic island or islands.
This precursor has a frequency around 65-75 kHz and typically appears 80-100 us

before the IRE. The MEDUSA IRE results do not support the START picture of
IREs. The magnetic helicity changed by -30% to +15% in the analyzed cases, and
the stored magnetic energy fell by roughly 50%, leaving the validity of helicity

conservation over IREs as a question for further refinement.
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