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Abstract

Magnetohydrodynamic (MHD) activity has been analyzed primarily using electron
cyclotron emission (ECE) diagnostics on Alcator C-Mod tokamak. The main results
are that i) two MHD instabilities have been identified during current ramp-up dis-
charges (resistive ‘multiple’ tearing mode and ideal interchange mode) and ii) a new
approach to diagnose edge localized modes (ELMs) using ECE diagnostics was ex-
plored. Both MHD modes were accompanied by hollow pressure and current profiles.
The associated g-profiles were also hollow with gy > 1, where qq is the safety factor
on the magnetic axis. In both cases, the electron temperature fluctuations observed
on ECE diagnostics agreed reasonably well with the perturbed pressure fluctuations
predicted in a resistive linear stability code (MARS). For the resistive ‘multiple’ tear-
ing mode, the MHD fluctuations were peaked near the outer g=3 rational surface
but had several other resonant layers, which affected the plasma globally. The pre-
dicted growth time was ~0.44 msec, which is within the typical range of tearing mode
evolution times. For the ideal interchange mode, the MHD fluctuations were highly
localized near the inner g=5 rational surface. According to ideal MHD stability the-
ory, the ¢ = 5 surface was found to be ideally unstable because of the reversed
pressure gradient (dp/dr > 0) and ¢ > 1 with moderate shear. When kinetic
effects were added, the ideally unstable mode was finite ion Larmor radius (FLR)
stabilized. However, considering that 1) electrons are collisional, 2) ions are collision-
less, and 3) the thermal ion transit frequency is comparable to the ion diamagnetic
drift frequency, ion Landau damping was found to be strong enough to drive a kinetic
Mercier instability. As a result, a FLR modified kinetic Mercier instability has been
identified, possibly for the first time since the Mercier criterion was formulated forty
years ago.

During “Type III' ELMs, rather unusual signal changes were observed on two
ECE diagnostics; signal drops of second harmonic X-mode on one diagnostic and
signal spikes of fundamental harmonic O-mode on another. These were explained in
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terms of refraction effects and found to be useful to infer the associated geometrical
dimensions. For this investigation, a new ray tracing code, which can accommodate
poloidal variations, has been developed. As a result, an ELM has been modeled suc-
cessfully as a poloidally elongated density loss. Observations are consistent with the
following dimensions; radial width of the affected region (Ar) ~ 1 - 3 cm, poloidal
elongation ~1.5 (equivalent to a poloidal wave number ko= 2.1 rad em™!), mini-
mum density 0.5x10%n~% at the midplane ~lcm inside the last closed flux surface
(LCFS). This knowledge helps to assess the influence of the particle loss on the main
plasma. Considering that ELMs challenge present diagnostic capabilities in terms
of spatiotemporal resolution, such indirect measurement opens the door to improved
physical understanding of ELMs. In particular, it is the first to reveal the poloidal
structure of an ELM.
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change estimation is weakly dependent on the shape of weighting factors.152

Fractional changes of T, vs poloidal hump elongation. Horizontal lines
represent the experimentally observed fractional changes of Ch 5 and
Ch 7 of GPC respectively. The estimated signal changes of Khyum, = 1.0

are the closest to the experimentally observed changes. . . . ... . .

Fractional changes of T, vs poloidal dip elongation. Horizontal lines
represent the experimentally observed fractional changes of Ch 5 and
Ch 7 of GPC respectively. The estimated signal changes of Kdip = 1.0

are the closest to the experimentally observed changes. . . . . . . . .
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6.22 Fractional signal changes vs n

6.23

6.24

6.25

6.26

ELM

trough Of @ density perturbation model

(dipped without edge bank case). Horizontal lines represent the ex-
perimentally observed fractional changes of Ch 5 and Ch 7 of GPC
respectively. As the minimum density of an ELM model increases, the
fractional T, changes of Ch 5 decrease almost linearly but those of Ch 7
are not reduced much up to the O-mode radiometer cutoff density. On
the other hand, as the nﬁﬁ%h increases further, the fractional changes
of Ch 5 become negligible, while those of Ch 7 decrease nonlinearly

down to insignificant levels. As a result, 0.5x102°m~3 was found to be

the most likely local density at R=089m. . .. ... .. ... . . .

Ambiguity of refraction effects. The deviated angle at R=R1 based on
a refractive index Curve A will be the same as that at R=R2 based on

Curve B, as calculated in Equation 6.8. . . . . .. .. ... ... ..

Enlarged view of the refractive index contour plot for edge parameter
definitions. 0z is k4,0 R, which provides the poloidal wave number ko

18 2m/Ag = 21/ (20 RKaip). - - - . o .

Fractional changes of T, vs poloidal dip elongation in the dip without
edge density bank model. Horizontal lines represent the experimentally
observed fractional changes of Ch 5 and Ch 7 of GPC respectively. The
fractional changes of Ch 5 are sensitive to the elongation, which varies
linearly down to k4, = 2.0. In contrast, the changes of Ch 7 are
insensitive for kg4, < 1.5 and then drops rapidly, as Kdip Increases. As
a result, Kg,= 1.5 was found to be the closest to the experimental
observations. . . . . . ... ...
Time traces of GPC and magnetics near the ELM event. On GPC,
there is no precursor, but during the ELM event, the signal drops
almost linearly and recovers within 20 usec in this case. On magnetics,
there are coherent precursors at 160~200 kHz, which disappear in the
midst of the ELM. The phases between toroidally adjacent coils change

rapidly and the associated toroidal mode number is n~ 14. . . . . . .
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Chapter 1

Introduction

Fusion as an inexhaustible energy resource has been sought for more than a half cen-
tury [1]. Although the research did not start from peaceful applications, the ultimate
goal of realizing a commercially feasible fusion reactor has been pursued in various
countries. In spite of the past enormous progresses in understanding such fusion
plasmas, we still need to go further. Entering the 21st century, we are now facing
financially challenging obstacles, as well as scientifically unsolved issues. One of the
biggest concerns is whether such a costly project as ITER (International Thermonu-
clear Experimental Reactor) can be sponsored by the governments of the countries
involved. Nevertheless, since fusion reactors have huge potential to solve the energy
crises our next generations will meet, fusion research is a sort of ‘crusade’ activity for

the future of human-beings.

1.1 Fusion

The basic fusion concept is similar to that of fission in that we are trying to take
advantage of the binding energy differences among nucleons during each reaction.
However, fusion energy is released when light nuclei, such as deuterium (D?) and
tritium (7%), are fused into a heavy nucleus, while fission energy is generated when a
heavy nucleus(eg. U?%*) is split into light nuclei.

Nowadays, there are two main streams of research regarding fusion reactors. One
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is to exploit ‘inertially confined plasmas’, where centrally focussed laser beams can
ablate shells of a pellet directly and the recoil momenta of the exploding shells can
push in and implode the inner fuels, which creates a fusion reaction with high density
and temperature plasmas. Since any asymmetry of the laser beams that impinge
onto the the fuel metal surface triggers Rayleigh-Taylor instability, an indirect method
called “Hohlraum” is considered as an alternative because it can heat the shell surface
uniformly. In a “Hohlraum”, a high-Z metal, such as gold, is used for generating
Bremsstrahlung radiation, which will heat up the surface material of a fuel and lead
it into implosion. NIF (National Ignition Facility) is based on such an inertially

confined plasma.

The other main research stream makes use of ‘magnetically confined plasmas’,
where the particles are confined by virtue of magnetic fields. Although an open-end
mirror machine was used for this type of plasma, it has been almost abandoned for
further hot plasma research. Closed-end (toroidal) devices, such as the Tokamak! and
Stellerator, dominate magnetically confined plasma research. The tokamak has been
regarded one of the most promising candidates for realizing a self-sustaining burning

plasma, which will be essential for a commercially viable fusion reactor.

1.2 Alcator C-Mod

In MIT, there were two predecessors to the Alcator? C-Mod tokamak, which has been
operational since 1994, named Alcator A and C. All three devices are noted for their
high magnetic field. The main physical parameters of Alcator C-Mod (See Figure 1.1)
are given in Table 1.1.

The inner chamber surface of Alcator C-Mod is covered with tiles of Molybdenum,
which is a refractory material. For removing the impurities, a toroidal divertor is

installed. In short, Alcator C-Mod is a compact, high field, divertor tokamak.

In Russian, toroidal chamber with magnetic coil
2In Latin, high field torus
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Figure 1.1: Alcator C-Mod cross section with typical magnetic flux surfaces. The
surface of the in-vessel is covered with molybdenum tiles, unlike in other tokamaks
whose in-vessel surfaces are usually covered with reinforced carbon graphite tiles.
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| Parameter | Notation | Achieved (Max.) Value |

Major Radius Ry 0.67 m
Minor Radius a 0.22 m
Magnetic Field Br 8 (9) T
Plasma Current L, 1.5 (3) MA
Electron Density e <1.1x10% m—3
Electron Temperature T, <6 keV
Auxiliary Heating Prp 3.5 (8) MW
| Elongation K 0.95-1.85

Table 1.1: Alcator C-Mod parameters.

1.2.1 Heating Schemes

There are two schemes to heat up the plasmas in Alcator C-Mod. The first is “Ohmic”
heating, which utilizes the plasma resistivity to generate ‘Joule’ heat (o< 752, where
m: resistivity, j: current density). The other is called “auxiliary” heating, which
adds more power to the ohmically heated plasmas. Currently, ICRF (Ion Cyclotron
Resonance Frequency) heating system is the only “auxiliary” heating scheme in C-
Mod. It uses two double-strap antennas (4 MW at 80 MHz) and, as of Oct 1999, a
compact four-strap antenna which occupies only one port (4 MW tunable at 40~80
MHz). In other tokamaks, such as JT-60U, JET, DIII-D and TFTR, there are other

auxiliary heating schemes, such as NBI (neutral beam injection) heating systems.

1.2.2 ECE diagnostics

There are several electron temperature (7.) measurement diagnostics in Alcator C-
Mod. For the bulk plasma, there are 5 electron cyclotron emission (ECE) diagnostics;
a Michelson interferometer [2], two grating polychromators (9 and 19 channels respec-
tively) [3, 4], and two radiometers (8 and 32 channels respectively) [5]. Since most
of the magnetohydrodynamic (MHD) instabilities discussed in this thesis were ob-
served using the ECE diagnostics, a rather detailed discussion of ECE principles and

diagnostics will be given in Chapter 2.
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1.2.3 Other diagnostics

In addition to the ECE diagnostics, the electron temperature(7,) is measured by
Thomson Scattering, which also provides electron density (n.) in the core. Recently,
the edge Thomson Scattering system [6] has been installed and commissioned. For
electron density (n.), a two-color interferometer (T'CI) [7], visible Bremsstrahlung
diagnostic arrays [8, 9] (so called ‘Z-meter’), a reflectometer [10, 11] and edge Lang-
muir probes [12] are used. For the ion temperature (7;), there are two diagnostics
we can rely on; a neutron production rate detector [13] and high resolution X-ray
spectrometers [14]. T; is inferred from the neutron production rates based on an as-
sumed profile, while it is directly measured from high-Z impurity X-ray line emission
by the latter diagnostic. Depending on the wavelengths concerned, there are other
spectrosbopic measurements, such as soft X-ray tomography, high resolution edge
X-ray diagnostics [15], and visible imaging systems. In addition, a Phase Contrast
Imaging (PCI) [16] system provides coherent fluctuation wavevector and frequency

information.

1.3 Scope of the thesis

1.3.1 MHD activity in tokamaks

Considering that the ultimate goal of fusion research is to build a commercial fusion
reactor, steady state operation is regarded as indispensable. The so-called ‘advanced
tokamak scenarios’ are based on such a steady state, high performance plasma [17].
One of the most promising candidates is ‘reversed magnetic shear plasma’ because it
has so many favorable features in terms of confinement, stability and self-sustaining
bootstrap current [18]. Here, reversed shear means that a current profile is hollow,
instead of the typically monotonic profile. In fact, many experiments have since
verified such high performance plasmas in various tokamaks [19, 20, 21]. However,
in recent C-Mod reversed shear experiments [22, 23], we observed some global MHD

activity, which affected the whole plasma. Sometimes, the MHD influences are so
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serious as to nearly terminate the plasmas. In this regard, we cannot expect to obtain
high performance reversed shear plasmas without circumventing such unfavorable
MHD activity. Thus, the understanding of the MHD modes needs to be pursued and

it has been a primary interest of the author.

In recent fusion research, high confinement time mode (H-mode) [24] plasmas
have been one of the most extensively studied themes. During H-mode plasmas, the
energy confinement time (7g) improves by a factor of greater than 2, in comparison
with low confinement time mode (L-mode), through edge transport barrier formation,
which is often described as edge ‘pedestal’. However, a so-called ELM-free H-mode
has better particle confinement time (1) as well, which will lead to an impurity
accumulation and eventually destroy the H-mode. On the other hand, there are other
promising H-mode regimes for future tokamaks which may resolve such unfavorable

impurity accumulation problems; enhanced D, (EDA) H-modes and edge localized

modes (ELMs).

Unlike other tokamaks, Alcator C-Mod has not encountered large “Type I” ELMs
yet, but enters a new regime, called EDA H-mode. The absence of Type I ELMs
in Alcator C-Mod is perhaps due to limited input power, while the uniqueness of
EDA may arise partly from high shaping capability. EDA H-modes are characterized
by high energy confinement time and low particle confinement time, which permits
sustainment of the high performance plasmas without suffering impurity accumu-
lations [25]. Meanwhile, ELMs are characterized by rapid radial particle losses in
the low-field side, which helps to release accumulated Impurities in a self-regulatory
way. Both H-mode regimes are also accompanied by some MHD activity. For EDA
H-modes, there are so called ‘fast edge modes’ [26], which do not have apparent

adverse effects but are under detailed study using reflectometry and PCL.

For ELMs, there are few appropriate diagnostics to resolve the spatiotemporal
characteristics, given their rapidly changing localized ballooning features. Although
the temporal issue can be mitigated by increasing sampling frequencies of diagnostics,
the spatial extent of ELMs is still challenging. In particular, the local perturbations
due to smaller “Type III” ELMs are very difficult to directly measure, although they
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would be desirable in the view of controlling ELMs. All the edge parameters (e.g.
pedestal position, width and height and perhaps poloidal gyroradius) are critical for
determining the quality of high performance plasmas. The dimensions of the ELMs
are thus important to indicate the features of the pedestal and its instability. In this
regard, this thesis may help to open the door to improved physical understanding of

ELMy bursts.

1.3.2 Outline of the thesis

The contents of each chapter are outlined briefly here.

e Chapter 2: Electron cyclotron emission (ECE) principles are reviewed with
emphasis on the diagnostic issues in tokamak applications. The ECE diagnostic

systems on Alcator C-Mod are described.

e Chapter 3: Summarizes magnetohydrodynamic (MHD) theory, emphasizing
the ideal MHD model which provides physical understanding of instability
sources and their classifications. In addition, resistive modes are introduced

and the characteristic times of MHD activity are discussed.

e Chapter 4: Analyzes MHD activity during current ramp up in terms of resis-
tive modes. In particular, a resistive “multiple” tearing mode has been identified
during reversed magnetic shear plasmas. A resistive interchange mode during

low 3 plasma has also been predicted.

e Chapter 5: Identifies the ideal interchange mode for the first time in tokamak
experiments. Based on ideal MHD theory, it was predicted to be unstable,
while the inclusion of finite ion Larmor radius (FLR) stabilized the mode. As
the thermal ion transit frequency (w;;) was comparable to ion diamagnetic drift
frequency (w.;), the dissipation of ion Landau damping was found to be strong

enough to drive a kinetic Mercier instability.
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e Chapter 6: Infers the geometrical dimensions of edge localized modes (ELMs).
These have been inferred from refracted ECE signals. For this analysis, a ray
tracing code has been developed and used to find ECE ray trajectories. Based
on an edge density model, the ray trajectories are found to be refracted enough
to get reduced signals, as was found in the experimental observations, which
allows us to infer the ELMy geometry. This indirect method to measure the

ELMy dimensions is the first approach to obtain reasonable values.
e Chapter 7: Summarizes all the above chapters and discusses future work.

In brief, the key results of this thesis are that i) the MHD activity during reversed
shear plasmas has been analyzed, which led to an identification of resistive “multi-
ple” tearing modes and prediction of resistive interchange modes [23]; ii) the first
identification of ideal interchange mode is discussed in detail, including the kinetic
effects [27]; and iii) the ELMy dimensions have been inferred for the first time using

refraction effects.
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Chapter 2

ECE Diagnostics

Electron cyclotron emission (ECE) will be reviewed with respect to the radiated
power density, associated electromagnetic waves and propagation, and its diagnostic
application in tokamaks. Since the purposes of this chapter are to review important
principles and to unify the notations and concepts which are used in the following
chapters, the reader is referred for a more detailed treatment to excellent articles (28,

29] and textbooks [30, 31, 32].

2.1 ECE principles

ECE is used for measuring electron temperatures in magnetized plasmas. The basic
idea stems from the fact that any charged particles emit cyclotron radiation during
their gyrating motions in the externally applied magnetic field. As shown in Fig-
ure 2.1, suppose that there is an external magnetic field along the z axis, B=B,z,
and that we take the angle to be § between an emission wavevector k and magnetic

field B. Without loss of generality, we can define k = & sin % + & cos 6%.
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Figure 2.1: Gyrating electron (ion) trajectory drifting along magnetic
field (B).

Note that the electron gyroradius (p,) is smaller than the ion gyroradius (p;), given
the same temperature. The parallel component (k) of the wavevector (k) is k,, while
the perpendicular component (k_) is k,.
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2.1.1 Radiation from gyrating charged particles

According to the Schott-Trubnikov formula [33], the radiated power of a particle per

unit frequency per unit solid angle observed in a lab frame is given by

d*P e2w? & | [cost— B\ ., 5 2 ) ({1 ~ Bucosﬁ] w — mwc)
dwdQ, ~—  8m2ec mZ=1 {( sinf Im(€) + BLT'm(8) 1 — Bjcost
where (= %,f = wi,BJ_ sin @, ¢ is the speed of light." (2.1)

Since we want to know the rate of energy loss from an assembly of particles, the
total power loss from any volume element is obtained by multiplying Eq. 2.1 by (1 -

By cos ) and integrating the expression by fd®xdv [31].

When the plasma density is sufficiently tenuous (w,/w. < 1), the preceding free
space treatment is appropriate. Then, we may assume that the electrons are com-
pletely uncorrelated so that the total emissivity is obtained by integrating all the
intensities from each electron. Thus, the plasma emissivity j(w, 6), which is the rate
of emission of radiant energy from the plasma per unit volume per unit angular fre-
quency per unit solid angle [W/(m? - Sr - s71)], can be obtained in a form:

, [ d2P
dwds),

jw,0) =c (1~ Bycosd) f(BL, By)2mBLdBL Ay (2.2)

For a nonrelativistic (8 <« 1) Maxwellian plasma, the frequency integrated emissivity
(jm: m-th harmonic emissivity at w., = m§) can be calculated directly and is given

by:

: wane M o1 2 T \"
i = S ey (Sm )™ (cos? 0 + 1 <2m502) . (2.3)

The distribution of emissivity is expressed in terms of a shape function ¢(w — wy,),

which is defined as

Imlw) = ind(w = wm), [ Bw)dw =1 (2.4)
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2.1.2 Plasma waves in magnetized plasmas

Wave equation From Maxwell’s relations, the electromagnetic waves in magne-

tized plasmas can be described as follows;

(2.5)

. 2
vX(vXE)z—[u@ laE]

% T 2 or

In general, the current density j can be represented in terms of electric field E and

the conductivity tensor o
j=0 E (2.6)

Now, if we take Fourier-Laplace transformations on Eq. 2.5, the V is replaced
with ¢k and the % with —iw. After some vector manipulations, we may introduce

the refractive index vector as N = < and the wave equation becomes
w

N(N-E)- N’E+ ¢ E=0 (2.7)

where ¢ is the dielectric tensor (= 1+ X=1+-2 )- Similarly, if we assume that all

—1weg
the oscillating wave quantities are proportional to exp [i(k - r — wt)] with complex k
and real w, like plane waves, we may obtain the same final wave equation as Eq. 2.7.
Considering N = N,%X + N,2, the wave equation can be written in a matrix form

—

D -E=0;

_Nf +€:rz €y N::Nz +€a:z E:c
€yz —N? — ¢, €yz E, | =0. (2.8)
NzNa: + €2z 6zy _Nf + €2z Ez

where N, and N, can be replaced with N and N respectively without loss of gen-
erality. To get a non-trivial solution, the determinant of the coefficients should be

Z€ero.

| D[[= 0, (2.9)
where D is the dispersion tensor.
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Cold plasma approximation Supposing that there is a tenuous plasma with no

thermal motions (T)=0) , the equation of motion for species j is
0
m,~—=qj(E+vj XB) (210)

The velocity components can be solved in terms of E;

sz Q;E,

- %
’UIJ mj( Q? )
q; Q-Ex-l-z'wE
Uy; = —J(—JTQ_y) (2.11)
J
iE,
by = B
m; w

where ); = %ﬂ% is the cyclotron frequency . Using Eq. 2.6 and Eq. 2.12 with j =

Y(ngv);, the conductivity tensor (o) can be found as
J .

o d
0= 0y Oy O (2.12)
0 0 o,
_ w _ _ 92 "'.1 _ G5 g
where Ozz = Oyy = Z ™m; w2 7Uzy— _Z m; w2—Q ’UZZ_Z. m; w
J

Since the relationshlp between the dielectric tensor (€) and the susceptibility (3?) (or

conductivity (7)) tensor is €= 1+ X= 1+ —2—, the dielectric tensor (€) becomes

15’

€=l €m & 0 |=|iD S 0 (2.13)
0 0 e, 0 0 P

where S, D, and P are Stix parameters [32] as follows;

Introducing R and L as

) (2.14)



S, D, and P are expressed as

R+L _ W,
5 = 2 _Zw2—§22-
M J
R—-1L Q; wl
b= =205 (215)
J J
2
— “p;

ain;

2 - is the plasma frequency.

where wy; = pren
Based on the Stix parameters and Eq. 2.8, the dispersion tensor (D) can be expressed

in the forfn

—N%cos?0+ S —iD N?sinfcos
=| iD —N?24+ 5§ 0 : (2.16)
N?sinfcos6 0 ~N?%sin’0 + P

Thus, the dispersion relation becomes a quadratic in terms of N2 as follows;
AN*+BN*+C =0 (2.17)

where A = Ssin®6 + Pcos’0, B = RLsin?6 + PS(1 + cos?6), C = PRL.

This can be rewritten in another form

—P(N? - R)(N? - L)
(SN* — RL)(N? — P)

tan®f = (2.18)

Thus, the parallel (=0) and perpendicular (# = %) propagation dispersion relations

are

Parallel(||) . P=0, N’=R(R-wave), N?=L(L- wave)
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Perpendicular(l) : N?= %(X wave), N2 = P(O — wave) (2.19)

When N? goes to 0 and oo, it reaches cutoff and resonance respectively. Such
cutoff and resonance conditions determine important singular points in wave propa-
gations. In particular, the perpendicular wave (X and O mode) propagation, cutoff

and resonances are critical to understanding tokamak ECE diagnostics principles. For

Propogotlon and CUtoff reguons for ECE hormomcs
>00 —_ ECE 1st (2nd) hormonics]
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Figure 2.2: ECE harmonics, cutoffs and resonance frequencies
Based on monotonic density (o [1 — (£)?]) and magnetic field (B = BR‘LDE) profile, the
associated frequencies are shown. Bo=5.3 T and n¢=3.66 x102°m =2 are assumed.

O-mode, the cutoff frequency is the same as the plasma frequency (w,). For X-mode,
there are two cutoffs (wgr(z): Right (left) hand cutoff) and one resonance frequency
(wyg: upper hybrid resonance frequency).

Here,

2\ 1/2
e (10) .
Wyg = \/Qge—’rwge.
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Figure 2.2 shows the ECE harmonic frequencies (M), cutoffs (wr(ry), and upper

hybrid frequency (wyy) in a typical (i.e. monotonic density profile) C-Mod plasma.

2.1.3 Propagation in the optically thick plasma

Radiation Transport In general, the radiation intensity can be calculated by con-
sidering the emissivity as a source and absorptivity as a sink, which can be described

as follows;
& ) - a1 (221)
— = j(w) — a(w .
ds 7
where I is the radiation intensity [W/(m? - St - s71)], s is the path length, j(w) is the
emissivity, and a(w) is the fractional rate of absorption of radiation per unit path

length. Thus, the radiation intensity from point 1 to point 2 can be determined by
I(s2) = I(s1)e™ + (j/a) [1 - e7™] (2.22)

where 7 is the “optical depth” given by: 7(s) = [* a(w)ds, 7o =7 — 7.

When 75; > 1, the Eq. 2.22 becomes
I-r>>1 - ]/CM (223)

In this limit, we call the plasma “optically thick”.

Blackbody Radiation If any body is perfectly absorbing and radiating in ther-

modynamic equilibrium, it emits a so called “blackbody” intensity

hw? 1
I{(w) = Bw) = 2.24
() () 8m3c? exp[&] — 1 (2:24)
where 7i: Planck’s constant(=4t).
For low frequency iw < T, the intensity becomes
w?*T
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In the optically thick plasma, the above equation should be the same as Eq. 2.23
(Kirchhoff’s law); that is
Bw)=1. (2.26)

Here the absorption coefficient (@) for the mth harmonic can be found as [29, 31]

T m2m—1
ey (
2c *(m —1)!

Oy =

m—1
sind)"™ D (cos?0 + 1) ( T ) e

2m.c?
2.1.4 Temperature measurement using ECE in tokamaks

Considering a tokamak plasma whose properties vary slowly in space (A < L), the
WKBJ approximation (“eikonal” or “geometrical optics”) is very useful [31]. For the
mth harmonic near a specific cyclotron resonance frequency (wo), the optical depth

is calculated as follows;

d(mQ) (2.28)

Tm

/am(w)ds = /am(w)‘d(zﬂ)
dQ
ds

Qm

N / $(wo — m)dQ

Ay _ Ro,,
m|dQ/ds|  mQ

where ¢ is defined in Eq. 2.4 so that [ ¢(wo — m)dQ = 1/m (assuming ¢ is narrow
at the resonance layer), and R= Q/|dQ/ds|. In a tokamak, the major radius gives
the B scale length.

Assuming no radiation incident on the plasma from outside, the single wave po-

larization intensity can be calculated based on Eq. 2.22 and it becomes

2
wWo T(S)
[{wo) = 8m3c2

(1—e™) (2.29)

where wp: resonant frequency at only one position and harmonic. In particular, when
the optical depth is much larger than 1 (7,, > 1), Eq. 2.29 becomes the blackbody

intensity formula (Eq. 2.25) and we are able to measure the electron temperature (7,)
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by inverting the formula;

8m3c2

Te=I(wo=mQ)-W

(2.30)

Only O-mode first harmonic and X-mode 2nd harmonic are useful for standard
ECE temperature measurements because of their ‘optically thick’ characteristics un-
der typical tokamak core conditions, while other harmonics can be used in principle
but need to be scrutinized due to insufficient optical depths. Since 7 is typically
greater than 10 in most C-Mod plasmas, we can take advantage of the linear rela-
tionship of Eq. 2.30 between electron temperature (7,) and collected signal intensity
(I) almost all the time. However, if the density and temperatures are low, the optical
depths should be investigated. That is because the optical depths of the first and
second harmonics of the O-mode and X-mode are dependent on neT.. For example,

the optical depth of the second harmonic X-mode is

x 7R n.e? T,

2~—

Qc meeg mec?’

Trm=

(2.31)

Figure 2.3 shows the surface and contour plots of the optical depth depending on
density and temperature at R=0.89 m and 20/27=226 GHz. Near the plasma edge
conditions of both L and H-modes, the optical depth is in the optically ‘grey’ region,
so the previous analysis based on the ‘optically thick’ plasmas underestimates the
temperature.

Another important requirement in using ECE diagnostics in tokamak is to remove
harmonic overlap. A mth harmonic at R can be overlapped with a (m—1)th harmonic
at higher field, as well as with a (m + 1)th harmonic at lower field. For example,
near major radius R, the second harmonic frequency becomes the same as the first
harmonic at R/2 and so does the third harmonic at 3/2R. When this occurs, the ECE
diagnostic is not radially localized. Only in the overlap-free region is there a one-to-
one mapping among frequency, magnetic field and location. That is, if the frequency
is defined, the corresponding magnetic field strength is found and then the emission

location is determined on the basis of a reconstructed equilibrium. The overlap-free
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< 1)

Optically grey region (i.e. T optical

Figure 2.3: Optical depth surface and contour plots. Assuming R=0.89 m and
200/2m=226 GHz (i.e. the outermost channel of GPC (Ch 9)), the density and tem-
perature can become so low that the optical depth could be in the ‘optically grey’
region for both L and H modes. In this case, the analysis based on an optically thick
plasma tends to underestimate the electron temperature.
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region can be found by satisfying the following condition;
“The frequency concerned (Qm(R)) should be 1) larger than the highest (m—1)th
harmonic (Qm—1(Ro — a)) at the high field side and ii) smaller than the lowest
(m + 1)th harmonic (ny1(Ro + a)) at the low field side.”

m+1 qBo Ry

] x|

R0+CL me

h=

< % < ) (2.32)

So, (Ro +a);27 < R < (Ro + a)Z; shows the overlap-free region. For m=2, 60
~ 90 cm is the overlap-free range in C-Mod. Since Ry =~ 0.67 m and the LCFS is
generally less than 90 cm, the overlap issue of the first and second harmonics is not
a problem and all of the outer half of the profile can be measured. For m=1, all the

plasma radii belong to the overlap-free region (44 cm to oo).

2.2 ECE diagnostics in Alcator C-Mod

As shown Figure 2.4, Alcator C-Mod is equipped with various ECE diagnostics. Ex-
cept for the newly installed 32 channel radiometer located at F-port, all the ECE
diagnostics have the same upstream ‘quasioptical’ beamline located at H-port. Here,
“quasioptical” means that the dimensions of some optical components can be compa-
rable to the wavelengths of the radiation concerned (< 3 mm), which requires careful
use of the geometrical assumption. The upstream part of the beamline between the
tokamak and the beamsplitter is composed of two elliptical focusing mirrors (f = 2.7
m, where f is the focal length) and three aluminum polished flat mirrors. The beam-
line optics image a point on the magnetic axis of the tokamak to an aperture at the
entrance to the Michelson interferometer, and has a total length of 4 f=10.8 m. The
size of aperture can vary but it has been optimized to be a 3 cm x 5 c¢m rectangle.
The wider length of the aperture is oriented toroidally to maximize the ECE signal
throughput, while the narrower length is used to limit the view near the midplane
poloidally (a wide poloidal view tends to underestimate the temperatures because

the same ECE frequency can also originate from colder regions off the midplane).
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Thus, the emission from a narrow strip region near the midplane is well focused and
collected on ECE diagnostics. At the entrance to the Michelson interferometer, there
is a beamsplitter which separates X-mode and O-mode. One split beam, which is
now purely O-mode, goes to the fundamental O-mode radiometer, while the other,
which is purely X-mode, is further split between the Michelson interferometer, GPC
and GPC2. The downstream part between the Michelson interferometer and GPC
is made up of acrylic tube as a low-loss dielectric waveguide. The whole beamline
is under vacuum to eliminate any water vapor absorption lines within the frequency

range concerned.

2.2.1 Michelson Interferometer

A Michelson interferometer [34] is used to measure the frequency spectrum of ECE
from the interference of two split beams, when one beam has variable path length.
This instrument has a polarization selector and a beamsplitter to divide radiation
between the moving and fixed mirrors. Unlike a conventional simple Michelson in-
terferometer, this polarizing Michelson interferometer shows the minimum signal at
a zero path difference between two split beams. The frequency upper limit is set by
c/40z, where c is the speed of light and 8z is the sampling interval of the moving
mirror. Since the sampling interval is 50 um in C-Mod Michelson interferometer, the
highest frequency in principle can be up to 1500 GHz. However, the practical upper
limit is determined by the InSb detector efficiency, whose performance deteriorates
beyond 700 GHz. The interference pattern of the two beams is Fourier-transformed to
provide the frequency spectrum. Strictly speaking, it is the Fourier-transformation of
the difference of the interferogram signal and its average. This instrument has been
designed to provide the whole frequency spectrum (normally up to 3rd harmonic)
between 100 and 1000 GHz and can obtain the temperature profile quite robustly at
all toroidal fields (~ 3 to 9 T).

Considering the optical depth and higher cutoff density, the 2nd harmonic X-mode
emission is preferred for electron temperature measurement. The temporal resolution

(typically > 15 msec) is limited by the frequency of mirror movement and inferior
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Figure 2.4: ECE Diagnostics in Alcator C-Mod

Four ECE diagnostics are located at H-port; Michelson interferometer (X-mode),
Radiometer (fundamental O-mode), GPC (2nd harmonic (2§2.,) X-mode) and GPC2
(from PPPL), while a newly installed 32 channel radiometer (2nd harmonic X-mode)

is at F-port.
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to other ECE diagnostics, while the spatial resolution (~ 1 cm) is comparable. The
Michelson interferometer is abso]utely calibrated with an in-situ black-body source.
The other ECE diagnostics, whose absolute calibration is more difficult due to lower
signal throughput on each channel, are cross-calibrated with the Michelson interfer-
ometer. Detailed information specific to the C-Mod Michelson interferometer can be

found in Hsu’s thesis [2].

2.2.2 Radiometers

In collaboration with other institutions (Auburn Univ. and Univ. of Texas), the
fundamental O-mode heterodyne radiometer (110 GHz ~ 128 GHz) was installed
and operated from late 1997 through early 1999. The radiometer was an excellent
ECE diagnostic in terms of high spatiotemporal resolutions (§R ~ 2 to 5 mm, §t ~2
psec), but its use was limited to measuring the electron temperatures in low density
(mostly ohmic) plasmas because the O-mode cutoff condition (w = w,) is exceeded
during most H-modes (See Figure 2.2).

In addition, a newly installed 32 channel 2nd harmonic X-mode radiometer (5]
provided by the same groups has been operational since early 1999. This new ECE
system has the capability to measure both the radial temperature profile (T.(R)
at Br ~ 5 T) and in principle core temperature fluctuations (T,), although these

fluctuations have not yet been observed.

2.2.3 Grating Polychromators

Since 1994, a grating polychromator (GPC) has been a key instrument for measuring
electron temperatures in C-Mod campaigns, along with the Michelson interferometer.
Its moderately high resolution (AR ~ 9 mm FWHM, §t ~ 1usec) has allowed us
to observe coherent temperature fluctuations, as well as the temperature profiles,
reliably. It can measure an ECE frequency range of 150 ~ 600 GHz and the spacing
between channels is approximately 2 cm.

The basic function of the grating is to disperse the incident beam depending on
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the wavelengths. The frequency received by each detector channel is determined by
the grating ruling period and incident beam angle. The grating ruling is of the same
order of magnitude as the associated wavelengths and the gratings need to be changed
when there is a big change in terms of operating magnetic field strength (e.g. 5.4 T
— 8 T). However, for smaller changes (e.g. 54 T — 5.0 T), changing the incident
angle without changing gratings is sufficient to reposition the ECE locations. The
detectors are Indium Antimonide (InSb) bolometers. To filter out high frequency
signal contamination, 15 kHz low pass filters are installed and used for routine oper-
ations sampled at 20 kHz. In some cases, the low pass filters are bypassed and the
bandwidths can be increased up to 250 kHz for fast fluctuation studies. However,
the signal-to-noise (S/N) ratios for the fast fluctuations are sometimes as poor as ~1

because there is no appropriate filtering.

For a grating polychromator, it is necessary to consider a so-called ‘order overlap’
issue. In general, the first order diffracted signals are used, while the zeroth signals
are reflected. However, when there are higher order grating harmonics (eg. 2nd, 3rd
etc) which may reach the same detector as the first order signal, an overlap problem
occurs. For example, at a GPC detector which is assigned for a first order second
harmonic at R, a second order signal may also be collected, whose frequency is twice
the first order signal frequency. This frequency may correspond to emission from g
different radius and ECE harmonic and, without proper filtering, will contaminate the
first order signal. To eliminate this, a low pass filter is installed at the entrance to the
GPC, as shown in Figure 2.4. The small box between the Michelson interferometer
and GPC2 represents a polarization rotator, which adjusts the polarization of the
beam before it hits the rulings of the grating. The GPC diagnostic was installed by
O’Shea, and further details can be found in his thesis [3].

In addition, a collaboration with PPPL enabled us to add another 19 channel
polychromator (GPC2) [4] in late 1998. The combined ECE systems have the ca.
pability to measure the electron temperatures over more than half of the plasma
radially. Figure 2.5 shows a typical example of the electron temperatures measured

from the Michelson interferometer, GPC and GPC2, as well as core Thomson scat-
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tering. Unlike GPC, GPC2 is designed to sample the data at slow (~ 5 kHz) and

Te Proflles of Shot 990526029 near t= 0. 5289 sec
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Figure 2.5: Electron temperature profiles from Michelson interferometer, GPC, GPC2
and Thomson Scattering diagnostics. Since the first three diagnostics are cross-
calibrated, such good agreement is typical. The Thomson scattering data was closest
available to the above time, but it was taken 18 msec earlier. Overall, the electron
temperatures show good agreement among the four diagnostics.

fast (~ 50 kHz) frequencies simultaneously. The slow channels are usually used for
temperature profiles and the fast ones for temperature fluctuations. As a result, if the
fluctuation frequency is above the Nyquist frequency (2.5 kHz) of the slow channel,
it can be observed only on the fast channels of GPC2. However, the S/N ratios of the
fast GPC2 channels are rather poor, compared with those of GPC. To circumvent the
poor signal-to-noise ratio problem, Fourier-transformed signals are compared because

these show coherent fluctuations more clearly than the raw signals.
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Chapter 3

Magnetohydrodynamics (MHD)
theory

MHD theory provides a single fluid description of long wavelength, low-frequency,
macroscopic plasma behavior. The governing equations for MHD theories are Maxwell’s
equations, mass, momentum and energy conservation equations and ohm’s law. When
we take 7 —0, such a model is called ‘ideal’ MHD theory, while when n #0, it is called
‘resistive’ MHD theory.

In general, kinetic effects are not considered in conventional MHD theory not only
because they complicate the procedures of analysis but also because most of the
important macroscopic MHD phenomena have been successfully described without
including the kinetic effects in the past. Nevertheless, there is some work [35] which
combines kinetic theories, which were originally developed in transport physics, with
the conventional MHD theory.

The purpose of this chapter is to review important MHD theories associated with the
ideal and resistive modes which will be important for the next two chapters. Although
the main focus is on a brief review of the ideal MHD theory, some of the resistive

instabilities are also introduced.
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3.1 Ideal MHD

Ideal MHD theory has been reviewed excellently by Freidberg [36], and readers are re-
ferred to his book for a more detailed discussion. For idea] MHD theory, the governing

equations are derived from the Maxwell-Boltzmann equation;

0f; g _ (9%
a—t+u'ij+TTj(E+uxB)-Vufj_(5)0. (3.1)

Here f; = fi(x,v,¢) is a distribution function for species J. Braginskii [37] showed
complete derivation for fluid moments of species j from the general kinetic model. Af-
ter deriving mass, momentum and energy conservation equations for electron and ion
species, we may obtain a single fluid model from the two-fluid equations. Assuming
no dissipation (v=0) and isotropic plasma, the ideal MHD model’ can be described
as a single fluid in the following equations ;

continuity equation
dp

a~t+V-pv=0 (3.2)
equation of motion
N ivB_v (3.3)
Py =1 P :
equation of state
d [p
7 (p—’Y) =0 (3.4)
Ohm’s law
0 : ideal MHD
E+vxB= (3.5)

mi : resistive MHD

Faraday’s law

0B
V x E = —E (36)
Ampere’s law
V X B = uj (3.7)
V-B=0. (3.8)

Walid for slow variations in space (a> x> TL.,TL:,Ad) and in time (w < Qe(inwpe(i))-
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As a note, each conservation law? can be rewritten in a simpler form;

%(densz’ty) + V- (fluz) = 0. (3.9)

3.1.1 Equilibrium

Most MHD studies of plasmas deal with magnetostatics, rather than dynamics,
mainly because the conducting fluids are slowly varying under strong magnetic field.
For a tokamak equilibrium, we also consider magnetostatic configurations. Thus, we

may neglect the LHS of Eqn. 3.3 and it becomes
Vp =j x B. (3.10)

As aresult, B- Vp = j- Vp=0, so that p is constant along B and j. For the tokamak
geometry shown in Figure 3.1, we may define the non-orthogonal® coordinates of

(4,0,¢). Thus, we may take p = p(+)) with B - V4/=0 where Vp = j—sz. Since

B* has both toroidal and poloidal components, we may define
B=Br+Bp=F(4)Vdp+ Vo x Vi) (3.11)

where F(1)) = RBr and ¢ is the poloidal flux function (= -R¢ - A). Considering
1 0B

axisymmetric ( % = () geometry, we get V-By = }—%%T—=O. This requires V-Bp=0

where Bp = V x A and V- A=0. Thus, the poloidal magnetic field Bp becomes

Bp — — [a%(a; . A)] R+ [%(R& - A)] 2 (3.12)

Op

En + V- pv = 0, where p is particle density and pv the particle

2For the mass conservation law,

flux.

V- Vi = V- V8=0, but Vi) - VO #£0
‘BxVy=FB - B2R?V¢, V4| = 1/R and ¢ = RV¢
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Figure 3.1: Orthogonal(R, ¢, z) and non-orthogonal(z, 8, ¢) coordinate definitions in
toroidal geometry. Toroidal angle ¢ rotates in the counterclockwise direction from
the top (i.e. into the paper). Using the right-handedness convention, poloidal angle
0 rotates in the clockwise direction in the poloidal cross section (ie. downward arrow
on the paper). Often, the directions of both the ¢ and 8 coordinates are reversed
without loss of generality.
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Grad-Shafranov Equation

Using the above definitions and relations, we can derive the well-known Grad-Shafranov
equation from Ampere’s law. First, as the current density (j) can be decomposed into
components perpendicular and parallel to the magnetic field (B), we may write it in
the following form;

i=JL+]y (3.13)

BxVp 1dp
B2  Bdy
After vector manipulations (as in page 57), the current density becomes

where j; = B x V¢ and j| = %B.

) dp 1dF
=—-R>ZV¢p—-—-""B 3.14
1T (314

When we take a dot-product of Ampere’s law (Eqn. 3.7) with V¢, the RHS becomes

d dF' F
V- (uoj) = —Moﬁ TR (3.15)
and the LHS becomes
V- (VxB) = V-(BxVog) (3.16)
= V- [[V4[PVy]
1
= V. (Eng)

As a result, the Grad-Shafranov equation becomes

dp dF
* = — 2— — _
A% poRR ) Fd¢ (3.17)
1 o 1oy 0% .
*W=RW . (=Vy) = R -t L 2% B
where A*) = R*V (R2 V) R&‘RR(’?R + 5,2 I addition, Br and B, can be
found in terms of cylindrical coordinates;
1 0y 1oy
Br=-g%, B:= zor (3.18)
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The Grad-Shafranov equation needs to be solved for further physical analysis
because most plasma parameters are described in terms of 1 coordinates. For this
purpose, the EFIT[38] program is used as a reconstruction program in Alcator C-
Mod. It is run routinely for all C-Mod discharges on a 20 msec time base to provide
not only the reconstructed flux surface but also various physical quantities on the
basis of experimental data, primarily magnetics. In special cases, EFIT can be run
manually with additional constraints of pressure (p) and/or current density(j) or on

a faster time base.

3.1.2 Stability

Once we have established an equilibrium, we need to determine whether the equilib-
rium is stable or unstable. If the plasma is perturbed from its state, the resulting
perturbing forces either push the plasma back to the original equilibrium (stable) or
diverge to an escalating fluctuation (unstable). Generally, an ideal MHD instability is
so critical and disastrous that it must be avoided. Most ideal MHD studies are based
on linear stability analysis, which is often adequate for practical situations. The key
features associated with the linear stability theory will be reviewed here.

Assuming that () represents any quantity of interest, it can be linearized as

Q(X, t) = QO (X) + Ql (X, t) (319)

where Qo(x) is the equilibrium value and |Qo| > |Qi|. Q1(x,t) can be written as

Qu (%, t) = Qu (x) exp (—wt). (3.20)
Thus, the imaginary part of the eigenfrequency w = wp + 1y determines the stability:

>0 : unstable
Im(w) =~ (3.21)
<0 : stable
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So far, nonlinear analysis has not been done as much, mainly because it is much more
complicated than linear analysis. However, nonlinear analysis needs to be employedi
for some MHD instabilities which have not been explained in the framework of linear

stability theory.

Ideal Stability

When we linearize the ideal MHD equations [page 56] by introducing a linear dis-

0 . .
placement vector £(x, t) such that ——6 = V4, the first order linearized MHD equations

ot
are
pp = =V (po€) )
P = —&-Vpo—7poV-§
B; = Vx(£xBo) \ (3.22)
j1 = iV X B1
/110
= —V x[V x (& xBy)].
o

Thus, the momentum equation becomes

%€

pogs = i{Vx[Vx({;’xBo)]}xBo-l-—l—(VXBo)x[VX(EXBO)]

Ko
+V (€ Vpo+vpoV - §)
F(€) (3.23)

where F(£) is the linear force operator. Considering the self-adjointness® of the F (&)
operator, the second order perturbed potential energy W5[€] is given by

Wle] = — [ #xe @) (3.24)

Normal mode formulation Supposing that £,(x) is an eigenfunction of the op-

1 ..
erator ——F, we may take advantage of the self-adjointness of the operator, whose
Po

SFor self-adjointness, < n|F¢ >=< Fn|€ >. Here < A|B > represents the inner product of the
two vectors, A and B.
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eigenfunctions are orthogonal and eigenvalues w? are real.

—p—loF[sn(xn (%) (3.25)

Thus, if w? > 0, the mode is stable, while if w? < 0, unstable. Such a condition is
necessary for stability but it is not sufficient because the set of eigenfunctions {&.}
does not span the whole space of physically allowable motions. This formulation is

called the ‘normal mode’ approach.

Variational Formulation The dot product of Eqn 3.23 with £€* and its integration

over the plasma volume yields the variational form of the normal mode equation;

2 _ W2[£n]
T Ny[n)]

w

(3.26)

where Ny[€,] = / POIEn )|? is the functional associated with kinetic energy.

This variational formulation is equivalent to the normal mode approach because of

W5 €]
AGE the

eigenvalues of w? are the extrema % of Q2 and its extremizing functions are the corre-

the self-adjointness of F. In fact, if we define a functional as Q%¢] =

sponding eigenfunctions &,,.

Energy Principle Based on the fact that the energy is conserved in the ideal MHD
model, the sign of W,[£] determines the stability of a system according to the ‘energy
principle’. That is, if the minimum value of the potential energy for all allowable
displacements is positive, the plasma is stable. If it is negative for any displacement,
1t is unstable. This stability criterion is more powerful than the normal mode approach
because there is no need to calculate the normal mode eigenfrequencies. However,
direct application of this energy principle to a system with a vacuum region is not
trivial mainly because £ is not defined in the vacuum region, whose contribution to

F is implicit. This difficulty can be circumvented by applying the energy principle

6692

€ —7le = ¢, =0 at extrema
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up to the plasma surface and considering the vacuum region explicitly. Now, the

potential energy of a system is composed of three parts; plasma, surface and vacuum

contributions
W;[€] = Wapl€] + Was(€] + Way [€] (3.27)
where
1 3 1 2 9 .
Wapl€] = 5/;61 x {%'Bll +7p0(V - €)* 4+ €1 - (By x jo) (3.28)
HEw V(Y€1)
2 2
Wasl] = 3 [ dS(&- xio)[io- V(-f% - 2%% — o)) (3.20)
Wavl€] = / #x Bl (3.30)
W T .

This is referred to as the “extended form of the energy principle”. A noticeable
difference of the extended form is that only the normal components (i.e. £,) to the
magnetic field remain to be considered except for the compressional term. When
the plasma volume integral Wyp[¢] (Eqn. 3.28) 7 is expressed in a more physically

intuitive form, each contribution can be recognized rather easily as either stabilizing

"Let B1 = B1” + BI_L and jl =j1" + 311, SO |B1|2 = |B11_|2 + lBllll2 .
From the third term of Eqn. 3.28, £, - (B1 xjo) =6, - (B X jor + By x Joy)-

Meanwhile, By = [g—%(f_,_ “Vpo) — (V- €1) — 2(€L - K)|Bo where k = (%—3 . V)(%g): curvature

vector.

As EJ_-(B”I X jOJ_) =— (&L - Vpo) [% (€L -Vpo) —(V-&1)-2 (&1 n)] , the parallel component
0

of the first term, the perpendicular current contribution of the third term and the last term from
Eqn. 3.28 can be rewritten as

1 .
#—0“31|||2 +&1 - (Byy X jor) + (€L - Vpo) (V- £1)
B? 2
= o (V&) +2(80 - w))° - 2(6L - Vpo) (€1 - k)
Hence, the intuitively apprehensible form (Eqn. 3.31) is obtained.
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or destabilizing.

Shear Alfven Compressional Alfven
(magnetic field bending) (magnetic compression) Sound wave
A

1 \ ,T_/i ,Bg j (fluid compression;
Wopl€] = 5 [ d'x{ —|Bui]® +—=[(V-€1) +2(&L - K) +ypo(V - €)
2Jp Ho Ho

22061 - Vo) (€r - k) + €1 - (Bryr X joy) (3.31)

—

VP insyability j” instability
(ballooning, interchange) (kink)

where || and L are the parallel and perpendicular components to the magnetic field
respectively and the curvature vector & is defined as in the footnote of rewriting the
plasma volume integral Wyp[€]. The first three terms (shear Alf¥en, compressional
Alfvén, sound wave) are positive, so they are stabilizing. The sign of the fourth
term is determined by the direction of Vp with respect to the curvature vector k,
while the last term can also be negative due to jj. Thus, we can clearly see that
there are two types of instability in terms of sources, ‘pressure-driven’ and ‘current-
driven’ modes. Typically, ballooning and interchange modes are classified as the
pressure-driven types, while kink modes are current-driven. For the pressure-driven
interchange modes, whether the so called ‘good curvature (Vpg and & are antiparallel)’
region is bigger than the ‘bad curvature ((Vpo and « parallel)’ region or not determines
the stability. However, when the 3 increases, such a globally-averaged quantity is no
longer sufficient, and a local stability condition becomes important. When the plasma
is unstable, MHD activity is localized in the low field side, which is the ‘bad curvature’
region. This is the so called ‘ballooning’ mode. For the current-driven modes, the
MHD fluctuations move in and out at an unstable flux surface continuously, which
appears as “kinking” in experimental observations. When resistivity is involved in
this mechanism, the mode becomes a ‘tearing’ mode. For marginal cases, it can also

be called a ‘resistive kink’.

In summary, the ideal MHD tokamak instabilities can be classified, as shown in

Table 3.1.
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| Mode number [ n =0 n=1 n=23,- [n>1
low 8 internally current-driven kink | generally interchange
stable but interchange mode | stable, mode
externally current and if n =1 stable | ballooning
high g axisymmetric | pressure-driven and mode
mode kink-ballooning n > 1 stable

Table 3.1: Classification of ideal MHD tokamak instabilities
3.2 Resistive instability

Considering a finite resistivity 7 # 0 in Ohm’s law (Eqn 3.5), the ideal MHD equations
in Section 3.1 may be modified for resistive stability studies. Hence, the perturbed

linearized Ohm’s law becomes

0B,

W VX(Vl)(Bo)—%{VX(VXBl)}

= V x (v x Bo) + ulszl. (3.32)
0

The second term of the RHS of Eqn 3.32 contains the finite resistivity of the plasma
and allows us to investigate the resistive instabilities. From a physical point of view, it
represents the diffusion of magnetic field lines through plasma and its characteristic

2
: a
time is the so-called ‘resistive diffusion time’, 75 (= Fo )

. The shortest charac-

. .. R
teristic time in the plasma is of the order of the ‘Alfvén time’, 74 (= —, where
()

vq = ——), while the longest time is of the order of 7. Thus, the Lundquist Num-
ber (or magnetic Reynolds number) Sy(= :—R) is used for characterizing the plasma.
For typical tokamak plasmas, Sy is on the érder of 10° to 10%, so the resistive dif-
fusion time and the Alfvén time are well separated. As a rule of thumb, a typical
MHD characteristic time is on the order of the geometric mean of 7z and 74 and
an ideal MHD characteristic time is faster than that of resistive MHD. For typical
C-Mod conditions (T, ~ 2 keV, n. ~ 1.0 x 1023, and By=5.4 T), 75 is 5.6 sec,
7a ~ 0.8x1078 sec and a typical MHD characteristic time is 0.2 msec.

To distinguish the resistive instabilities from ideal MHD, the MHD modes are called

resistive ballooning, resistive interchange, resistive kink, and tearing modes etc. Since
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the general expressions regarding the resistive MHD model need mathematically
intensive procedures, the reader is referred for detailed information to the refer-
.ences [36, 39, 40, 41, 42, 43, 44, 45]. However, in the next chapter, detailed de-
scriptions of a few resistive modes will be given in order to compare experimental

observations with theoretical predictions.
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Chapter 4

Resistive modes during current

ramp discharges

In general, the resistive MHD solutions with non-zero 7 do not converge to the solu-
tions of ideal MHD, as 7 goes to 0 [46]. This is because the resistive MHD equations,
which have higher order terms proportional to the resistivity, require more boundary
conditions than ideal MHD equations. Compared to ideal MHD constraints, such
higher order terms of resistive MHD equations relax imposed constraints and allow
for certain motions which are not possible when n=0. Meanwhile, the analysis of
the resistive MHD is heavily dependent on ideal MHD solutions. For example, when
we think of a ‘magnetic island’ which is located in a non-ideal layer, the ideal MHD
solutions outside the layer are used for determining the AL,

Without exception in stability analysis, ideal instability is checked first. Then,
if nothing is unstable in terms of the ideal MHD stability, we continue to investi-
gate whether the system is stable with respect to the resistive MHD instability. As
mentioned in the previous chapter, most of the stability criteria are based on linear
analysis. Thus, even if a system is stable in both terms of ideal and resistive linear
analyses, it can be unstable when nonlinear terms are considered. Therefore, linear

analysis always has its limitations for determining MHD stability.

!
!This is defined as A’ = (%”:, f:;g, where 75 and w are the location and width of a magnetic

island respectively. In classical theory, it is unstable, if A’ >0.
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In this chapter, the general MHD activity observed during current ramp discharges
will be described. Some detailed analyses will then be presented regarding two types
of n = 1 resistive modes; resistive “multiple” tearing mode and resistive inter-
change mode. The former has been identified during reversed éhear experiments.
Since reversed shear plasma is considered as an advanced operation scenario [17],
the identification of the resistive “multiple” tearing mode warns us of its potential
adverse effect which should not be neglected in terms of plasma performance. The
interchange mode was predicted theoretically long time ago [45], while the experi-
mental observation was made in DIII-D group recently [47]. However, the resistive
interchange mode in DIII-D was reported to be due to high 3. In contrast, the pre-
diction of a resistive interchange mode in Alcator C-Mod was made during current
ramp-up, when [ is low. The instability mechanism has been clearly explained to be

due to inverted pressure gradient with ¢ >1, not to high g.

4.1 MHD activity during current ramp-up

During current ramp-up, a reversed magnetic configuration is usually created because
the current diffusion time 7z [page. 65] is much longer than the plasma current rise
time. In other words, the skin currents which are formed at the plasma edge initially
are not permeated into the core. Moreover, if the plasma is heated up by early
auxiliary heating, it retards the current diffusion because 75 increases proportionally
to T3/2 2. In this case, the reversed shear plasma with auxiliary heating can be
maintained longer than without additional heating. This explains a fundamental
idea of how to obtain a reversed shear plasma through early ICRF launching during
C-Mod current ramp [22, 23]. Regarding the current ramp-up rate, many people
had thought that faster current rise would be more likely to be unstable. However,
based on almost 400 shots from December 1997 through January 1998 in C-Mod runs,
there was no correlation between current ramp-up rates and MHD events, as shown

in Figure 4.1. MHD activity was rarely observed in the lower and higher current
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Figure 4.1: Top: MHD occurrences vs current ramp-up rate (Al,/At). Region A (low
AI,/At) and Region C (high AI,/At) are equally stable (i.e. no MHD dominated).
In Region B (moderate AI,/At), it seems to be fair to say that lower AL, /At (< 5.1
MA /s) is slightly more unstable than higher AI,/At. Overall, faster current ramp-up
rates did not show any tendency to lead to more frequent MHD occurrences. Bottom:
Percentage of MHD occurrences vs current ramp-up rate.
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ramp-up rates (Region A and C), while it occurred in about half the discharges
with the moderate current ramp-up rates (Region B). Considering that a typical
current ramp-up rate of C-Mod is 5.0 MA/s, detailed analysis shows that slightly
lower ramp-up rates are, if anything, slightly more likely to have MHD events than
higher ones in the typical range of current ramp-up rates (eg. Region B), which
contradicts the previous perception. Interestingly, when electron temperature profile
was hollow, MHD activity seemed to occur easily in the core, compared with the case
of monotonic 7, profile. The comparison of Figures 4.2 and 4.3 is a good example.
The five time-traces from the top in both figures are electron temperatures of GPC
innermost channels and the other traces are from other diagnostics. In Figure 4.2,
no MHD activity is observed on the ECE core channels and T, profile is monotonic
during the current ramp discharge, although monotonic 7, profile is not sufficient
for stability. Meanwhile, in Figure 4.3, various MHD events are shown on the T,
traces and we can clearly see all the T, profiles are hollow [See Figure 4.4] during
the otherwise similar current ramp discharge. In fact, for the dataset with 5.0 MA /s,
there were 3 shots which had hollow temperature profiles and all of them showed
MHD fluctuations in the core, while the rest of the shots had monotonic temperature
profiles, in which half of them showed MHD activity that is located mostly at the
edge. This observation suggests that nonmonotonic temperature (or pressure) may

play a significant role in core MHD instabilities during current ramp-up.

4.1.1 Types of MHD activity observed during current ramp-
up

As mentioned earlier, various MHD events occurred during non-monotonic 7. pro-
file stages. Figure 4.4 shows the 7, profiles corresponding to each MHD event in
Figure 4.3, as well as to a monotonic case. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>