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Abstract

The HELIOS-CELESTE hybrid diagnostic (Carolan et al., 2001) is a multi-chord,
multi-time active spectroscopic diagnostic attached to the COMPASS-D (Fielding
et al., 1996) tokamak. Line intensity ratios from a neutral helium jet are used to
measure ne and 7. at the plasma edge, making use of emission rates based on a
full collisional-radiative model of neutral helium (Summers, 1994). Doppler spec-
troscopy of Hell ions is used to measure velocity and temperature of those ions in
the same region. Synergy of the two diagnostics produces neutral density and radial
electric field measurements.

Edge Localised Modes (ELMs) (Zohm, 1996) are short, quasi-periodic bursts of
particles and energy from the plasma edge, during H-mode (Wagner et al, 1982). A
review of ELM phenomenology and theories is presented.

A simple model of line intensity of one of the neutral helium lines based on
the coronal model is used as a self-consistency check of the HELIOS measurements.
Measurements from HELIOS are benchmarked against Thomson scattering measure-
ments. Combining the HELIOS and CELESTE diagnostic is shown to enhance the
usefulness of both diagnostics and the synergy is used to lend new insight into H-
mode transition behavior, most notably the absence of a radial electric field before
the transition into H-mode.

Data from the HELIOS diagnostic shows a fall in the edge electron pressure gra-
dient prior to the onset of type III ELMs on COMPASS-D. Data from Thomson
scattering and a linear D, camera on MAST is used to validate the observation. This
result is compared with a leading theory of ELM dynamics and is found to contribute

to the development of the theory.
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Chapter 1

Introduction

The purpose of this work was to develop, operate and analyse the data from a diag-
nostic known as the helium injection and optical spectroscopy (HELIOS) - charge
exchange line emission spectroscopy for temperature evaluation (CELESTE) Hybrid
(Carolan et al., 2001) and to use that data as part of an investigation into edge mag-
netohydrodynamic (MHD) behaviour (Wilson et al., 2000) on the compact assembly
for shaping studies (COMPASS)-D tokamak (Fielding et al., 1996).

A tokamak is an axisymmetric torus shaped device in which plasma is confined
using externally imposed and internally generated magnetic fields. The externally
applied toroidal magnetic field must be many times greater than the mainly inter-
nally generated poloidal field in order to suppress the main magnetohydrodynamic
instabilities (Artsimovich, 1972b; Wesson, 1997). This is the main difference be-
tween tokamak devices and the earlier design of the Reverse Field Pinch (Baker,
1987). The aim is to confine the plasma at high enough temperatures and densities
to achieve sustained nuclear fusion which could be used as an energy source. A ma-
jor difficulty facing tokamak physicists is that of instabilities known as edge locaised
modes (ELMs) (Zohm, 1996) in the plasma which adversely affect confinement when
in high confinement mode (H-mode) (Wagner et al, 1982) and may result in damage
to certain plasma facing components.

In this thesis, the leading theories of the causes of ELMs will be examined. A
model will be presented of ELM behaviour that describes regions of normalised edge
current (jj/ (j)) and normalised edge pressure gradient (o) parameter space that are
stable and unstable (Connor et al., 1998). The model suggests that access to H-mode
may be dependent on stabilisation of a current driven instability known as the peeling
instability, which occurs at low electron collision frequency (v,). It would also be the

case that for H-modes with ELMs, the length of the inter-ELM period is dependent
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18 1.1. Nuclear fusion

on the current diffusion time 7,,, which is dependent on the edge resistivity, 7).

The HELIOS-CELESTE hybrid diagnostic is a synergy of two spectrometers,
(Field et al., 1999a; Carolan et al., 1998) that look at the same region of the COMPASS-
D tokamak. The region is at the edge of the plasma on the outboard side, covering
approximately 5¢m around the plasma boundary known as the last closed flux surface
(LCFS) or separatrix (Wesson, 1997). The diagnostics measure electron temperature
and density profiles over the region, and poloidal velocity and temperature of singly
ionised helium. This data can be combined in synergy to extract the neutral density

and radial electric field at the plasma edge (Meyer et al., 2000).

1.1 Nuclear fusion

Nuclear fusion is the process whereby light nuclei collide and fuse to form heav-
ier nuclei and thereby release energy due to the difference between the sum of the
binding energies of the fuel nuclei and the binding energy of the product nuclei.
The major difficulty arises from trying to get the nuclei close enough to overcome
Coulomb repulsion and allow fusion. It is not necessary to make the nuclei collide,
due to quantum mechanical tunnelling, the probability of fusion is dependent on how
close two nuclei are to one another. In a neutral gas, at room temperature and atmo-
spheric pressure, the collisions between the neutral atoms do not allow nuclei to get
close enough to each other to fuse. In order to get large numbers of nuclei to fuse, it
is necessary to heat and compress the gas to such an extent that ionisation takes place

and the gas becomes a plasma.

Once ionised, the plasma must react before it neutralises or disperses. To prevent
instant re-combination, the process must be performed in a vacuum chamber. For
more energy to be generated by the reactions than was needed to heat and ionise the
gas, the plasma must satisfy the Lawson criterion (Lawson, 1957),

3T;

N, Tg > 12 (1.1)

12—’771% (ov;) Ey — T,

In the above, 7; is Lawson’s efficiency co-efficient, Ef is the energy released from
each fusion reaction, and b is the bremsstrahlung coefficient. To satisfy the condition,
the reaction must either occur very quickly, as in the case of inertial confinement
(Holzrichter, 1983), or the plasma must be confined for a long period of time, as in

the case of magnetic confinement, the method used by tokamaks.
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1.1.1 Magnetic confinement

Magnetic fields, or B-fields are used to confine plasma for long enough periods of
time at high density and temperature so that more energy is produced by fusion than
is consumed by the heating and compression of the plasma. Simply put, a plasma
may be confined by a magnetic field according to a simplified from of the Navier-
Stokes equation. For a fluid where there are no external forces and there is radial

force balance,
Jjx B =Vp. (1.2)

The simplicity of the equation hides the complexity of the issue. In the following
section, a short introduction to the difficulties associated with magnetic confinement
will be given.

Charged particles in a magnetic field follow a helical trajectory with the guiding
centre of their orbits following magnetic field lines unless a drift is caused by a gra-
dient or curvature of the magnetic field, or the presence of an electric field (Chen,
1984). This behaviour can be explained by simple electromagnetism. Splitting the
velocity of an individual particle into two components; parallel (v)) and perpendic-
ular (v ) to the magnetic field, each component can be considered separately in a

Lorentz equation,

dvj, 1.
dt

m =e(E+v)LxB). (1.3)
In the absence of an electric field, it is clear that the component of the particle’s
velocity along the magnetic field is unchanged, however the particle will experience
a force that is directed at right angles to the magnetic field lines. This force causes the
particle to orbit around the field line in a helical trajectory. This means that plasma
can be confined by a magnetic field. The problem with using a parallel magnetic
field is that plasma will diffuse along the magnetic field lines indefinitely or until the
particles hit the walls of whatever vacuum vessel the experiment happens to be held
in.

One early type of magnetic confinement machine was the magnetic mirror or
magnetic bottle (Itatani et al., 1980). This type of machine consisted of a solenoid
with strong magnetic coils at each end. The two end coils increase the strength of the
magnetic field, thereby compressing the magnetic field lines as shown in figure 1.1.

To explain how this type of confinement device works, it is necessary to introduce
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Figure 1.1: A simple way of confining a plasma is in a magnetic mirror. A parallel
magnetic field is compressed using a strong magnetic coil at each end of the device.

the magnetic moment,

2
_ Imuf

n = 2 B )
where m is the mass of the particle and v is its velocity perpendicular to the mag-

(14)

netic field. For each particle, p is invariant, provided that the particle moves relatively
slowly from the region with low B-field to high B-field compared to the time it takes
to make one Larmor orbit. As a given particle moves from a region of low B-field to
high B-field, the particles perpendicular velocity will increase. By conservation of
energy, the parallel velocity must decrease. This phenomenon can be interpreted as a
force parallel to the B-field,

F = —MV||B. (1.5)

This force will tend to reflect the particle back into the mirror.
This type of confinement is not suitable for sustained plasma discharges due to
the fact that only a proportion of the particles with sufficiently high v, , for any given

parallel velocity v will be reflected. By considering that y is invariant,

1 1
By B, ’

In the above, 0 indicates the weakest point in the field and m indicates the throat
of the mirror. Appealing to conservation of energy allows the limiting case where

reflection only just occurs to be defined by,
v | :vio—kvﬁozva (1.7)

Combining equations 1.6 and 1.7 gives,

By v2 02 )
5 = —0 = L0 = 5in?g,. (1.8)
m Ulm Yo
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where 0, is the angle between the direction of motion of the guiding centre of the
particle and the field lines in the weakest part of the field. This angle defines a loss
cone in trajectory space. All particles within the cone are not confined. Since particles
are deflected by 90° over one collision time then the effective confinement is one
collision time. One solution to the problem is to bend the magnetic field lines round
into a torus so that the field lines have no ends.

A simple torus cannot confine a plasma well either. In a toroidal magnetic field,
the strength of the field will fall off with distance from the centre of the radius of
curvature. This magnetic field gradient will cause a particle drift. The drift velocity

can be calculated using the generalised drift equation,

_F><B

Vi = 1.9
fa B2 (1.9)
Substituting in equation 1.5 gives,
uVB x B
Wp=—"—"—"——. 1.10
VB B2 (1.10)

The effect of this drift is illustrated in figure 1.2a. Note that particles of opposite
charge will drift in opposite directions and so, this drift will cause an ambipolar
electric field to develop. The ambipolar electric field acts in the opposite direction
to the drift and therefore acts against particle loss, however the electric field leads
to a second particle drift by which both positive and negative particles will drift in
the same radial direction. The velocity can be derived by substituting F' = ¢F into

equation 1.9,

E x B
The effect of which is illustrated in figure 1.2b. The combination of these two drifts
prevents such a simple design from effectively confining a plasma. In order to achieve
a well confined plasma, it is necessary to cause the particles to orbit in both the

toroidal and poloidal directions, thereby short-circuiting the E x B drift.

1.2 Tokamaks

It is important at this point to describe in general terms, the basic geometry and
coordinate systems for tokamaks. Figure 1.3 shows the topology, it is clear that the
Cartesian coordinate system would be of little use as it would fail to make proper use

of the tokamak’s radial symmetry. A cylindrical coordinate system: major radius (R),
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Electron ITon

<«
0B

(a) The VB drift. (b) The EXB drift.

Figure 1.2: Particle drifts that result in a loss of particles from a toroidal magnetic
field.

height (Z), and toroidal angle (¢), makes use of toroidal axisymmetry. Alternatively,
to make use of the poloidal symmetry, a toric coordinate system: toroidal angle, (¢),
poloidal angle (#), and the minor radius () might be used. In reality, the plasma does
not have a circular cross-section and so it is often useful to define a coordinate system
that relies on a physical property of the plasma itself, poloidal flux (¢), which will be

explained in more depth in section 1.3.1.

1.2.1 History

It was noted in section 1.1.1 that for a simple toroidal field with no poloidal twist,
the net result of the particle drift would be a loss of particles outward in the direc-
tion parallel to the major radius. Several designs have been considered to address the
problem of the particle drift. The earliest concept was known as the stellarator. The
original idea was a figure of § vacuum vessel with magnetic coils attached to the side,
this concept was eventually abandoned as impractical due to the insurmountable en-
gineering problems that it provided. Modern stellarators (Anderson and Garabedian,
1994) have helical magnetic coils which give rise to magnetic field lines that twist in
the poloidal plane. The most notable aspect of the stellarator is that it relies entirely
on externally generated magnetic fields.

A second method of generating the poloidal orbit that is necessary for confine-
ment is by inducing a current in the plasma itself. The pinch effect (c¢f. figure 1.4) is
achieved by using the plasma as if it were the secondary coil in a transformer. The

induced current generates a poloidal magnetic field. This method is used in several
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-—— -

Toroidal
B-field

Height T
V2] UB
drift

Poloidal
angle

Toroidal Major
angle Radius

E x B drift

Figure 1.3: The toroidal coordinate system.

forms of confinement device including the spheromak (Browning et al, 1989), re-
verse field pinch (RFP) (Baker, 1987), and tokamak (Artsimovich, 1972b; Wesson,
1997). The spheromak relies entirely on internally generated magnetic field and has
no central core. The RFP and tokamak are similar devices that use the combination
of externally applied and internally generated toroidal and poloidal fields to form the
required helical topology. They differ in so much as the RFP uses a much smaller
externally applied field and relies on the internal relaxation of the plasma to reach
a stable state. The tokamak uses a strong externally applied magnetic field so that
By > By to stabilise the plasma. Tokamak confinement times are much larger than
for the RFP or Spheromak.

1.2.2 The COMPASS-D and MAST tokamaks

Almost all of the work that will be presented in this report was carried out on the
COMPASS-D tokamak at Culham Science Centre (Fielding et al., 1996). COM-
PASS stands for Compact Assembly for Shaping Studies, D refers to the shape of
the poloidal cross-section of the vessel. COMPASS-D is especially important to the
tokamak research programme as it is the smallest tokamak (R = 0.56m,r = 0.17m)
with similar geometry to the Joint European Torus (JET) (Gormezano et al, 2001)
and the planned International Experimental Tokamak Reactor (ITER) (Aymar, 1996)
which means that it applies a large weighting to the scaling laws drawn up from the
ITER database.
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Figure 1.4: Schematic diagram of a tokamak showing transformer action, pinch effect and the resulting magnetic fields.
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Figure 1.5: Magnetic field lines and current lines lie on nested surfaces of constant
poloidal magnetic flux.

The Mega Amp Spherical Tokamak (MAST) (Carolan et al., 2002) is a tight
aspect-ratio device also based at Culham Science Centre. The advanced concept
of the tight aspect-ratio or spherical tokamak was conceived in a effort to make a
tokamak that was simpler, smaller and cheaper than the conventional configuration.
The aspect ratio, defined as the major radius divided by the minor radius, (R/r) of

MAST is nominally 1.4 compared with the more usual ITER-like aspect ratio of 2.5.

1.3 Magnetic flux, ¢

The magnetic flux through a closed loop, of area S is equal to the number of field
lines passing through the loop in one direction, minus those passing through in the

opposite direction. Mathematically,

¢:/B'ds. (1.12)
S

Since a torus is axisymmetric about the major axis, by specifying R, and Z, a loop
around the major axis is defined. The poloidal magnetic flux is the magnetic flux that
passes through this loop. Since magnetic field lines can not cross, they are frozen
into the plasma and lie on nested toroidal surfaces of constant poloidal magnetic flux.
From force balance, 3 X B = Vp, therefore B - Vp = 0 and 5 - Vp = 0, lines of
B, and 3, lie on surfaces of constant p, an illustration of which is shown in figure 1.5.

By symmetry, the same argument can be applied to describe surfaces of constant
toroidal flux. The parameter of toroidal flux is not used during this investigation. For
that reason, in this work, the terms magnetic flux and flux function should be taken to

refer to poloidal flux.
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1.3.1 Flux coordinates

It is often useful to introduce flux coordinates (¢, 1, 6) into our analysis of plasma
parameters. Figure 1.5 shows nested surfaces of constant magnetic flux for a plasma
with a circular poloidal cross-section. Since magnetic field lines and therefore sur-
faces of constant flux are frozen into the plasma (section 1.3), a set of values for ¢,
1, and 0 specify a position in the plasma itself, rather than the vessel. Real tokamak
plasmas generally do not have circular poloidal cross-sections, and pressure effects
can significantly distort the flux surfaces so that in the general case, numerical recon-

struction of the shape of the magnetic surfaces is required.

In many cases, parameters can be considered to be flux quantities, an example
of which is electron density, n., if the rate of diffusion along the field line is on a
shorter time scale than local changes in the plasma. In these cases, measurements
taken in different parts of the plasma that lie on the same flux surfaces can be directly
compared, i.e. n. = n.(¢). As will be seen in chapter 5, the ability to compare
measurements from different parts of the plasma that lie on the same flux surface is

extremely useful.

Since the pinch effect is the result of current flow through the plasma (see figure
1.4), which is induced by external flux linkage from a solenoid on the major axis, the
quantity of magnetic flux at any given point must be constantly changing through-
out each discharge. It can be seen that magnetic flux is a useful parameter when
considering measurements within a single time frame but when comparing multiple
time points, the actual value of magnetic flux on a given surface will have changed.
To compensate, the external flux, which is equal to the flux on the magnetic axis, is
subtracted leaving only the internal flux, which is then normalised. The transform is

given below;

— w—%

@Z}N % _wb.

(1.13)
In the above, v, is the value of v at the magnetic axis and v is the value of ¢ at the
plasma edge. Normalised poloidal flux, 1), ranges from 0 at the centre to 1 at the
edge of the confined plasma, which is defined as the last closed flux surface (LCFS)
or separatrix.

For studies of the plasma edge region, it is often convenient to measure param-
eters at set values of normalised flux, for example 1» = 0.95. The notation g5 or

1) = 95% are commonly used.
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1.3.2 Magnetic equilibrium reconstruction, (EFIT)

In general, a physical measurement of a plasma parameter will be in real space coor-
dinates and so some method is required to convert these into flux space coordinates.

Magnetic coils are placed on the vessel walls to directly measure the local mag-
netic field. The magnetic field inside the vessel is then reconstructed. Several nu-
merical codes have been written to perform this task. The code used during this
investigation is the Equilibrium reconstruction FIT (EFIT) code (Lao et al., 1985).
EFIT solves the Grad-Shafranov equation (Shafranov, 1958),

. dp | po , df
=R—+—f—. 1.14
Jo v +5 / v (1.14)
Here, f is a new parameter, it is a flux function, like p, and is defined as,
RB,
fl) = =2 (1.15)
Ho

EFIT performs an iterative, multi-parameter fit to all available magnetic data. in
order to reconstruct a poloidal cross-section of the plasma current and magnetic flux.
EFIT is also capable of accepting a number of other measurements, like the pressure
profile. The weight of fit for each parameter can be set according to confidence in the
measurement or the known errors. EFIT outputs a number of parameters both global
and local. Examples of EFIT output include vn, B,, By and By, current density,
j(v), and the total plasma current Iy,.

Figure 1.6 is an example of a contour plot of 1y with the major radius and height
shown. By interpolating the value of 1) for any given point in the cross-section, it is

possible to translate the positions of data points in real space into flux coordinates.

1.3.3 Safety Factor, g

An important concept in stability theory is that of the safety factor, (¢). The safety
factor derives its name from the importance that it plays in determining stability.
Each magnetic field line in a tokamak that is in equilibrium undergoes a helical
path, around the torus on its magnetic surface. At some toroidal angle, ¢, the field
line will pass through a particular position in the poloidal cross-section. After some
change of angle, A¢, the field line will pass through the same position in the poloidal

cross-section, ¢ being defined as,

_A¢

- =Y 1.1
=5 (1.16)
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Figure 1.6: Contour plot of 1y for discharge number 29759 at t = 0.148s. The
separatrix is shown in bold.
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In other words, the ¢ of a field line is equal to the number of toroidal rotations of
the torus that the field line makes for every poloidal rotation. Some field lines will
have a rational value of ¢. That means that the field lines travel a whole number of
toroidal orbits in some whole number of poloidal orbits. For example, a ¢ = 3/2 field
line makes 3 toroidal circuits for every 2 in the poloidal direction and will be a closed
loop. Not all field lines have rational ¢ and so do not all join up with themselves. A
more general method of calculating ¢ at a point in the plasma is to make use of the

equation of a field line,

Rd¢ By
ds N Bg‘

1.17)

where ds stands for the distance moved in the poloidal direction, d¢ the toroidal angle
moved through, with By and By, referring to the poloidal and toroidal components of

the magnetic field. Substituting equation 1.17 into equation 1.16 gives,

1 [1B,
— =22 gs. 1.18
1= 5P RrB, *° (1.18)

where the integral is carried out over a single poloidal circuit around the flux surface.
Magnetic field lines cannot cross, and so on any given surface of ¢, the pitch of the
magnetic field lines(By/Bp), for each toroidal circuit of the field lines must be the
same. Equation 1.18 then tells us that g is the same for all magnetic field lines lying

on any given magnetic surface. The corollary of this is that q is a flux function, i.e.

q=q(¥).

1.4 Neo-classical diffusion

Collisional transport in tokamaks is dependent mainly on toroidal effects. The parti-
cle and heat fluxes are larger in toroidal geometry than for those of a simple cylinder
(Wesson, 1997). To distinguish between the cases, diffusion for a cylinder is referred
to as classical, whilst in toroidal geometry, there is neo-classical diffusion. An impor-
tant concept for neo-classical diffusion is the bounce time. Particles on the outboard
side of the torus will move along field lines from the region of low B-field on the
outboard mid-plane to high B-field on the inboard mid-plane. This variation in B-
field is responsible for a magnetic mirror effect, similar to that outlined in section
1.1.1. The confinement regime is dependent on how the electron bounce frequency

(as a result of the mirror effect), is related to the electron-electron collision frequency
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Figure 1.7: Diffusion coefficients for neo-classical (solid line) and classical (dashed
line) with respect to collision frequency.

of the plasma. The bounce time is given by,

53/27}@T

qR

wp ~ (1.19)
where ¢ is the inverse aspect ratio of the flux surface and v.r, is the electron ther-
mal velocity. The electron-electron collision frequency, which from here on will be

referred to as the collisionality is defined by,

neetIn A

- (1.20)
2l

Ve =
Here, ¢ is the permittivity of free space and In A is the Coulomb logarithm which
compensates for small angle collisions as a result of long range Coulomb interactions
(Chen, 1984). The collisionality is often normalised to the bounce frequency. The
normalised collisionality is given by,
V= %. (121)
The normalised bounce frequency (), is a flux function. In general however, v/}
does not vary by more than an order of magnitude through much of the plasma.
Since v} is constant to within an order of magnitude, the plasma can be considered
to be one of three regimes: The banana regime, Pfirsch-Schliiter regime, or plateau
regime. As a complication, v near the edge can be very different to that in the rest
of the plasma as T, and n, are important factors in .. As will be shown later, the
collisionality and confinement regime at the edge is important in stability theory.
Figure 1.7 shows how neo-classical diffusion changes with collision frequency

compared with simple classical diffusion.
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1. The banana regime is defined as the collisionless regime, when the electron
collision frequency is lower than the bounce frequency, v} < 1. The regime
is so-called because the combination of the mirror effect and V B drift causes
the trapped particles to trace out banana-shaped orbits in the tokamak, like the

one shown in figure 1.8.

2. The Pfirsch-Schliiter regime occurs when the collisionality of the plasma is
sufficient for the number of trapped particles to be negligible and a fluid model

can be applied to the plasma. The criterion for this regime is v > £3/2.

3. The plateau regime lies between the two previous regimes that are separated by

a factor of ¢ —3/2

. In this regime, the diffusion is dominated by a small class of
particles with such a low velocity parallel to the B-field (v)) that their diffusion

coefficient is unaffected by the collisionality of the bulk of the plasma.

The confinement regimes as such will not play a big part in this investigation.
Their relevance here lies in the fact that there are pressure gradient and magnetic
components to the plasma current density (equation 1.14). In the banana regime, the
pressure gradient component is more important. To understand why this is the case,
it is important to look at two important mechanisms for generating current density
in tokamaks; the bootstrap current (see section 1.4.1), and the Pfirsh-Schliiter current
(see section 1.4.2). In section 2.6, the relevance of the regimes of confinement to

stability theory and ELM physics will be explained.

1.4.1 The bootstrap current

The bootstrap current was described by Bickerton et al. (1971). The trajectories of
electrons on trapped orbits are the result of the combination of the mirror effect and
V B drift. An example of a trapped particle orbit is shown in figure 1.8. These are
known as banana orbits due to their distinctive shape.

Collisions between trapped and passing electrons transfer momentum into the
passing electrons. Since there is a density gradient in the tokamak and the banana or-
bits have a finite width, there will be more trapped electrons travelling in the direction
of the field lines than against them on any given flux surface. The passing electrons
have an equilibrium velocity which is determined by a balance of momentum be-
tween the trapped electrons and the relatively stationary ions. The extra momentum

given to the passing electrons results in the bootstrap current which can be estimated
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Figure 1.8: A banana orbit as traced out by a trapped electron in a tokamak.

using the formula (Wesson, 1997),

1/2

. € dn,
~——T"T—. 1.22

Jb B@ e dr ( )

At high collisionality, the trapped particle fraction drops as the plasma enters the

plateau regime, the banana orbits are disrupted, and the bootstrap current is sup-

pressed.

1.4.2 The Pfirsch-Schliiter current

This phenomena was first discovered by Pfirsch and Schliiter (1962). There is a small
current perpendicular to B, the bulk of which is a diamagnetic current as a result of
the density gradient in the tokamak. Due to the variation in the B-field, the poloidal
velocity of the passing particles is reduced as they reach the top part of the tokamak
which leads to a charge separation and an electric field. The electric field drives a
current along the magnetic field lines. Due to the geometry of the tokamak, this
current is parallel to the B-field on the outboard side and anti-parallel on the inboard

side. The Pfirsch-Schliiter current is given by,

2 rdp
ips = ————=—cos¥f. 1.23
ps =~ gy 8 (1.23)

1.5 Magnetohydrodynamics, (MHD)

MHD is a macroscopic, dynamic description of an electrically conducting fluid im-

mersed in a magnetic field (Hopcraft, 1993). Unlike the physics of particle drifts that
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were shown in section 1.1.1, the plasma is treated like a fluid rather than a collection
of positively and negatively charged particles. In order for such a model to be valid,

the plasma must be quasi-neutral and locally Maxwellian (Chen, 1984).

1.5.1 MHD Waves and instabilities

Starting with a plasma in axisymmetric equilibrium (section 1.3), some kind of ex-
ternal disturbance may displace an element of the plasma and excite an instability or

wave. It is usual to consider a single Fourier mode of the form,

E=¢exp{i(k-x—wt)}, (1.24)

where ¢ is the plasma displacement of the wave or instability, k is the wave vector,
and w is the frequency. The wave or instability will have a dispersion relation, that is
w = w(k). If the dispersion relation is such that w is real, then the result is a wave.

If w is imaginary then equation 1.24 becomes,

E=¢&pexp{ik-x +t}, (1.25)

where v = —iw and is called the growth term. This special case of the wave equation

does not oscillate in time but represents an exponentially growing instability.

The physics of instability growth in plasmas is more complex than in other situ-
ations. The main complicating factor being the presence of charge carrying particles
making the physics of instabilities a combination of electromagnetic and kinetic ef-
fects. There are many types of instabilities, one important class with regard to toka-
maks, are a group called MHD instabilities (Bateman, 1978). For an instability to
be classified as an MHD phenomenon, the magnetic field must play a central role.
Examples of two such instabilities are the ballooning mode (see section 2.4.3) and

peeling mode (see section 2.4.4).

The physics of these phenomena are beyond the scope of this short introduction to
tokamak physics (see chapter 2). Suffice to say that MHD instabilities are especially
dangerous on surfaces of rational g. If a whole number of wavelengths fit onto a
closed magnetic field line, the wave or instability is resonant on that ¢ surface. Tiny
perturbations that will excite an instability will always be present in a tokamak plasma
so the mere existence of conditions favorable to growth is sufficient to ensure growth

of the instability.
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1.5.2 Edge Locaised Modes, ELMs

In chapter 2, the concepts of low and high confinement modes (Wagner et al, 1982),
will be explained. A brief introduction will be given here for the purposes of putting
the rest of this chapter in context. The basic physics of confinement in tokamaks is
not well understood. For this reason confinement of particles and energy is modelled
by a series of scaling laws which correspond to modes of confinement. One of these
modes is known as higher or H-mode and is characterised by the existence of steep
gradients in temperature and density near to the plasma edge. A phenomena asso-
ciated with H-mode is Edge Locaised Modes (ELMs), which are periodic bursts of
bursts of particles and energy from the plasma edge.

ELMSs represent an important area of research in tokamak physics. ELMs are
detrimental for confinement and lead to large power deposition on certain plasma-
facing components in tokamaks. In future, larger tokamaks, including possible next
step devices like ITER (Loarte et al., 2000), ELMs will be potentially larger and more
damaging. The understanding and control of these events is of the utmost importance.

A review of ELM phenomenology and theory is presented in chapter 2.

1.6 The HELIOS-CELESTE hybrid diagnostic

A spectrometer (Hutchinson, 1987; Conway, 1998) is a device for analyzing the spec-
tral properties of a light source. The central component of a spectrometer is its
diffraction grating, which is a high quality mirror with many fine grooves cut into
the reflective surface. The edges of the grooves act as if they are discrete, coherent
light sources and as such, they have an associated interference pattern. The corol-
lary being that a diffraction grating will split a polychromatic light beam into several
monochromatic beams. The practical result is a spatially separated spectrum, which
can be used to tell a number of things about the conditions to which the ions that emit
the light are being exposed.

HELIOS stands for HELium Injection and Optical Spectroscopy. HELIOS is
an active spectroscopic diagnostic that works by the injection of neutral helium into
the tokamak plasma, at the mid-plane, on the outboard side. The atoms of neutral
helium become excited by collisions with free electrons in the plasma and emit light
at certain characteristic wavelengths. The physics of this emission and how it was
used to measure the temperature and density of the plasma electrons is explained in
chapter 4. Light from the helium emission is collected by a set of collection optics

and conveyed to a spectrometer by means of optical fibres. A representation of the
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Figure 1.9: A representation of the HELIOS spectrometer.

HELIOS spectrometer (Field et al., 1999a) is shown in figure 1.9. A pair of 35mm
front-to-front lenses was used to match the angle of divergence of the cone of light
from the optical fibres to the F-number of the spectrometer, which optimises the
throughput of the intensity of the light. A spherical mirror is used to reflect the light
onto the diffraction grating, which separates the spectrum and reflects it, via a second
spherical mirror to the exit plane. At the exit, an anamorphic lens corrects for the
astigmatism caused by the off-axis use of the spherical mirrors and a second set of
lenses matches the F-number of the spectrometer to a CCD camera that is used to

record the spectra.

HELIOS uses the ratios of the intensities of helium spectral lines to extract elec-
tron temperature and density measurements. Ratios are used, as opposed to absolute
intensities to cancel out the dependence of the intensities on the neutral helium den-
sity. HELIOS is particularly useful as it measures electron densities and temperatures
with good spatial resolution at the plasma boundary. It also has much better tempo-
ral resolution than other electron temperature and density diagnostics like Thomson
Scattering (Hutchinson, 1987). One of the aims of this work is to improve upon the
temporal resolution and spatial coverage of HELIOS so that it can be used to measure

profiles of electron density and temperature between ELM events.
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CELESTE (Carolan et al., 1995) stands for Charge Exchange Light Emission
Spectroscopy for Temperature Evaluation. CELESTE shares the same optics as HE-
LIOS and so the two spectrometers are inherently aligned. The design of the spec-
trometer is similar to that of HELIOS but it has higher spectral, spatial, and temporal
resolution. A further difference is that CELESTE is tuned to a wavelength of light
emitted by singly ionised helium.

CELESTE is a Doppler spectrometer. Doppler spectroscopy relies on the phe-
nomena of Doppler shifting whereby a wave emitted from a source moving either
towards or away from the observer appears to have a different wavelength than if
the object and observer were stationary with respect to one another. If the object is
moving away from the observer, the wavelength appears to lengthen; this is known
as red-shift, if the object is moving towards the observer, a blue-shift is the result. By
taking advantage of this phenomenon, the velocity of the helium ions are calculated
by measuring the shift of the spectral line from its known, unshifted wavelength. The
thermal motion of the ions results in a broadening of the spectral line. This broaden-
ing is used to calculate the temperature of the helium ions.

Full details of the HELIOS and CELESTE spectrometers and how they were
calibrated for this investigation are given in chapter 3. Details of the physics used to

extract the plasma parameters from the observed spectra are given in chapter 4.

1.6.1 D, emission

H,, or D, emission, is a useful diagnostic tool employed on many tokamaks (Wesson,
1997). The observed light is emitted by recycled neutral hydrogen or deuterium,
depending on which isotope is being used for the bulk ion in the plasma, due to its
interaction with hot plasma that is diffusing out of the confined area. The COMPASS-
D tokamak uses deuterium for its bulk ion.

The most common use of this diagnostic is as a measure of recycling particle
fluxes, and by inference the quality of confinement. For this purpose, a spectrometer
is used to analyse the light from the edge of the plasma and record the intensity of
the D, emission.

As an individual deuterium atom travels from the vacuum to the confined plasma,
it will become excited as it suffers collisions with free electrons and will eventually
become ionised. The excitation and ionisation rates compete and the strength of the
D, emission line is the result. Tournianski et al. (2001) proposed a model for the
excitation and ionisation of neutral deuterium and found that both rates are strongly

dependant on the plasma electron density in the region of densities and temperatures
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that are observed in tokamak edge regions. Since the electron density and temperature
in the confined plasma region are sufficient to ionise deuterium, the emission shell
lies just outside the last closed flux surface. Furthermore, since the two rates are
most strongly dependant on electron density, the thickness of the emission shell can
be used to measure the electron density gradient at the edge.

The model by Tournianski et al. (2001) was used in this investigation to analyse
neutral deuterium density and electron density gradient using the HELIOS spectrom-

eter. Further details are presented in section 4.3.

1.7 Aims and motivation
The aims of this research project are:

e To upgrade the existing helium line ratio diagnostic, HELIOS and combine it

with a high resolution Doppler spectrometer, CELESTE.

e To demonstrate the usefulness of not only both spectrometers separately but

also the added advantages of combining the two diagnostics in synergy.

e To use the HELIOS-CELESTE hybrid diagnostic to investigate aspects of the
L-H transition, in particular to diagnose the timing of the onset of the edge
pedestal and electric field shear with respect to the transitions (Wagner et al,
1982).

e To use data from HELIOS in the development of a model for ELM dynamics
that encompasses and extends one of the leading theories of tokamak stability
(section 2.6).






Chapter 2

Edge Localised Modes

2.1 H-mode

In the absence of instabilities, the energy confinement time, 7. for a toroidally con-
fined plasma should be entirely determined by Coulomb collisions. In reality, 7.
for a tokamak is found to be much shorter than neo-classical theory would suggest
(Wesson, 1997). The reasons for this are not well understood and so it has become
necessary to describe confinement time using empirical scaling laws, which take the
form of products of powers of the various parameters. Even this method does not
adequately describe the confinement time over the full range of parameter space and
so several regimes or modes of confinement have been defined, each with their own

empirical scaling law to describe the confinement time.

Two important modes of confinement in present day tokamak physics are L-mode
and H-mode (Stambaugh et al, 1990; Fielding et al., 1996). L-mode is defined by the
use of external heating. Internal or ohmic heating relies on power absorbed by the
plasma due to its resistance to the induced electrical current (section 1.2.1), accord-
ing to Py = nj2 where, in a steady state, Py is the power into the plasma or the
power required to maintain the current density (7), and 7 is the resistivity. Resistivity
is dependent on electron collisionality, v, which in turn is inversely dependent on
temperature, 17 X Ve X T;g/ *. Ohmic heating of plasmas becomes ineffective as
the temperature of the plasma increases. When external heating, such as radio fre-
quency heating (Fielding et al., 1988) or neutral beam injection (Ciric et al., 2002)
is used, plasma energy can be raised beyond the so-called saturation mode which
is the point at which Ohmic heating becomes impossible due to loss of resistivity.
The confinement time is found to degrade as heating power is increased (Goldston,

1984). The cause of this degradation in confinement time is unstable MHD activity,

39
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that is plasma waves and instabilities that disrupt confinement and cause anomalous

cross-field transport.

H-mode is the most developed of the high confinement modes and is considered
by many to be the most likely candidate for a steady state operating regime. H-
mode was first discovered on the ASDEX Tokamak (Wagner et al, 1982) during an
investigation into the confinement properties of auxiliary-heated, high § tokamak

discharges. The term [ is the ratio of kinetic to magnetic pressure in the plasma,

b

ﬂ=2MOB2,

2.1
where p is the kinetic pressure. It was found that the discharge could be made to
access an improved regime of confinement when the beam input power was above a
certain critical value, P.. In general, a doubling or better of the confinement time

was observed.

This behaviour was unexpected and the exact cause is not fully understood. One
partial explanation of the effect describes a sudden change in the stability of the edge
region of the plasma, that is the MHD activity mentioned above suddenly becomes
quiescent or at least stable. Since the regime was first observed, H-modes have been
developed on many machines and under many different operating conditions (Hawry-
luk et al, 1986; Carolan et al, 1994; Fielding et al., 1996; Gormezano, 1999).

The key to the success of the H-mode is the edge transport barrier or confinement
barrier; a region of steep temperature and density gradient that is formed close to
the plasma edge (Fujita, 2001). Figure 2.1 shows electron density profiles over a
transition from L-Mode to H-mode on the ASDEX Tokamak (Wagner et al, 1990).
As can be seen, there is a clear increase in the density gradient at the edge of the
plasma and a knee is formed in the density profile. The characteristic shape is known
as a pedestal and such pedestals have been shown to form during H-modes in both

the density and temperature profiles (Groebner and Osbourne, 1998).

There is a specific type of instability associated with H-modes. Edge Localised
Modes (ELMs) (Zohm, 1996; Connor, 1998; Fielding et al.,2001) are short, repetitive
perturbations in the edge region, leading to loss of particles and energy. ELMs are
problematic for tokamak physicists because they degrade the confinement barrier
and can cause damage to plasma-facing hardware. Of particular concern are the high
energy fluxes at surfaces which come into contact with the plasma, which would
shorten the life of limiter and divertor plates if left uncontrolled (Loarte et al., 2000).

According to Osbourne et al. (1997), the energy loss from the plasma for the largest
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(a) Time Sequence of density pro- (b) D, emission and average density.

files measured around the transi- The dotted lines refer to the times at

tion from L- to H- mode. which the density profiles in (a) were
measured.

Figure 2.1: The transition from L- to H-mode as shown by Wagner et al (1990).

type of ELM (type I) scales as,

ABgvm P72
x — B793, (2.2)
Erorar S

where P is the total input power and S is the plasma surface area. The loss of energy
from ITER, the planned future International Tokamak Experimental Reactor would
be,

AEELM ~ 26M J.

Infrared camera measurements by the same author suggest that 75% — 100% of the
energy losses would be deposited on the divertor plates in a time-scale of 1 — 2ms,
making an average power deposition of ~ 1.7 x 10*M W over that initial period.

It is thought by some that ELMs may have some redeeming features (Burrell et
al, 1989; Vollmer et al., 1990; Thomas et al., 1992; Naito and the JT-60 team, 1993).
The exhaust of particles from the edge region could be of some use in controlling
densities, especially of impurity ions and helium ash. These impurities could reduce
re-activity and cause the plasma to choke. For these reasons, controlling the type and
frequency of ELMs is of the utmost importance.

In pursuit of the goal of ELM control, several authors have contributed to models
and descriptions of how ELMs may be caused and how they might develop (Snyder
et al., 2002; Wilson et al., 2001; Igitkhanov et al., 2002).
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2.2 The phenomenology of ELMs
2.2.1 MHD ELM types

The first classification of ELM phenomena was given for the DIII-D tokamak (Doyle
et al., 1991). Three distinct types of ELM were numbered in the order in which they

were discovered.

Type I ELMs

Type I or giant ELMs are the most undesirable. They are large, regular bursts of
MHD activity which result in large heat loads to the divertor or limiter plates. These
giant ELMs could well be intolerable in a large tokamak device. They are most easily
distinguished because the ELM frequency increases with input power (Doyle et al.,
1991). They appear at high input power levels, often after a period of ELM-free
H-mode.
Type I ELMs appear to be connected with a normalised edge pressure gradient,
a (Gohil et al, 1988), which is calculated from the pressure gradient averaged over
a flux surface and normalised to the average pressure. The correct value must be
calculated numerically, taking account of plasma shaping and finite aspect ratio ef-
fects. For this reason, a large aspect ratio, circular cross-section approximation is
commonly used and is given by,
2p0Rq” dp
B2 dr’

a =

(2.3)

In the above, R is the tokamak major radius, g is the safety factor, B is the magnetic
field, and dp/dr is the radial derivative of the plasma pressure. The origin of this term
is explored in section 2.4.3. The review article by Connor (1998), noted that there
is a critical value of a, known as the ideal ballooning limit (c.,). The ballooning
limit, o, can be calculated for a plasma with cylindrical cross-section, however it
is found that a, is sensitive to the geometry of the plasma and so a numerical code
is required to calculate «, for practical purposes. Merely reaching ., does not
necessarily trigger the ELM. On JET, studies that have traced « over the time leading
up to Type I ELMs have found that the plasma can remain at ., for some time
before the ELM is initiated (Lingertat et al., 1997). Scaling studies on ASDEX-U
also found that the plasma reaches a., and can remain at the limit for some time
before an ELM commences (Kass et al., 1997). The team at JT-60U, in Japan, have
also corroborated this result (Kamada et al., 1994). The success of these experiments

means that on certain tokamaks, it is possible to experimentally measure «,., under
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certain conditions. The triangularity § has been varied (—0.06 < § < 0.4) and it has
been found that the observed «, varies according to its dependence on § as predicted
by numerical modelling (Lingertat et al., 1997). The evidence suggests that the ideal
ballooning mode is a limiting factor to the pressure gradient but not, by itself, the
trigger for the ELM. Two candidate explanations suggest themselves. A transient
flow of heat or anomalous diffusion of pressure to the edge region might force a
sudden increase in o, causing a strong, explosive instability (Hurricane et al., 1997).
Alternatively, the ballooning mode might limit « until such time as the edge current
density (jj) evolves upwards due to a fall in collisionality, to trigger the peeling
mode, which is a current-driven edge instability (Igitkhanov et al., 2002). A further
discussion on these two possibilities is given in section 2.4.3. The peeling mode will

be described in more detail in section 2.4.4.

Type II ELMs

Type II ELMs, sometimes called grassy ELMs, are only observed on a few large
machines including ASDEX-U and DIII-D (Wagner et al, 1982; Doyle et al., 1991).
They are brought about by increasing the elongation and triangularity of a plasma
which is displaying type I ELMing behaviour. Type II ELMs generally have a higher
frequency than type I ELMs for a given input power but are of smaller magnitude, a
feature which might make them useful as a means of avoiding excess heat loading to
plasma-facing vessel components like divertor plates. It is thought that the increase in
triangularity and elongation can give access to a region of so-called second stability
(Snyder et al., 2002) to the ballooning mode and it is in this region that type Il ELMs
are observed (Ozekiet al, 1990).

Type 11 ELMs only occur in highly shaped plasmas at low s/¢?, corresponding

to access to second stability where s (shear) is defined as,

- g%. 2.4)
In the above, q is the safety factor, (section 1.3.3). Shear is a measure of how much
the pitch of the magnetic field lines changes with respect to radius. High shear is gen-
erally stabilizing as it increases the amount of energy required to perturb the magnetic
field lines. Studies on DIII-D including Osbourne et al. (1997), have shown that at
low s/q?, a can exceed a.. This result implies that low shear may result in a change
in the equilibrium that results in a suppression of the ideal ballooning mode (section
2.4.3). This change equilibrium might allow access to the second region of stability,

where type II ELMs are found.
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Type III ELMs

Type III ELMs have been observed on all tokamaks that have achieved H-mode.
Examples of work that has been published concerning them are (Kass et al., 1997;
Fielding et al., 2001; Pogutse et al., 1999). Type III ELMs are smaller and therefore
less damaging than their Type I counter-parts but are still somewhat problematic.
Like all ELMs, they lead to a lowering of the edge temperature gradient. Unlike,
Type I and type 11 ELMs, type III ELMs are observed at relatively low input power
levels, often prior to a period of ELM-free H-mode (Fielding et al., 1996). They
are also notably different as their frequency decreases with input power but their
magnitude tends to increase. In keeping with this observation, it has been shown that
that sawtooth heat pulses (Levinton et al., 1994), which increase the power through

the separatrix, can stabilise type III ELMs.

On the ASDEX-U tokamak, type IIl ELMs are observed below a certain critical
temperature 7, < 300eV. This observation suggests that resistivity in the plasma
core and therefore the current profile, may play some role in the event. They can also
be induced by radiative cooling which cools the edge, increasing its resistivity (Kass
etal., 1997).

According to the original DIII-D classification, type III ELMs occur at 0.3 <
a/ae. < 0.5 but analysis as reported by Osbourne et al. (1997), shows that there
are in fact two subtypes of the type III ELM; one at high average density (7.) and
the other at low average density. The high density type III ELMs disappear above a
certain critical temperature, which implies that they can be stabilised by decreasing

resistivity. This is in agreement with the work by Kass et al. (1997) described above.

The low density type III ELMs, disappear above a critical value of a which scales
as the plasma current squared, /2. In global parameters, this manifests as a maximum

input power,

P, ox 2 2.5)

where 7 is the average electron density. This observation implies that the pressure
gradient may be important in stabilizing these ELMs. The importance of these results
and how they can be interpreted in light of one of the leading ELM models, will be

shown in section 2.6.
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2.2.2 Other ELM types

The number nomenclature has been widely adopted throughout the tokamak commu-
nity and it will be used in this work from this point onwards. In addition to the three
numbered types, there are two less frequently discussed types of ELM. The two final
ELM types are different to the above mentioned three as they are not primarily MHD
events. They are included here for completeness but will be excluded from the rest

of this discussion.

Dithering ELMs

Dithering ELMs or dithering H-mode refers to rapid transitions between L- and H-
Mode. An example is given by Valovic et al. (1994) for COMPASS-D. The distinc-
tion is made between MHD-ELMs and L-H ELMs; MHD-ELMs being the type I1I
ELMs mentioned above and L-H ELMs being dithering ELMs.

Compound ELMs

A type III ELM followed by a short period of L-mode is described as a compound
ELM. They were first observed in the ASDEX-Upgrade tokamak (Wagner et al,
1982), and lasted =~ 5 — 10ms.

2.3 ELMs on COMPASS-D

The classical H-mode evolution is as follows: 1. L-mode gives way to type IIl ELMy
H-mode. The ELMs increase in size but decrease in frequency as the input power is
increased. The transition to H-mode is usually accompanied by a sharp drop in the
D,, signal. 2. Type III ELMy H-mode is followed by a period of ELM-free H-mode.
3. Finally, type I ELMs are observed, which increase in frequency as input power
continues to increase.

COMPASS-D never clearly displayed this behaviour, despite increases in ECRH
heating power of up to a factor of four after an L-H transition (Fielding et al., 1988).
The transition into H-mode is not accompanied by a sharp drop in D, and the so
onset of H-mode is defined as being the first appearance of ELMs, which generally
grow in size and decrease in frequency as input power is increased until a transition
into ELM-free H-mode occurs.

An example of a typical D, trace from an Ohmic H-mode can be seen in figure

2.2, plotted along with poloidal velocity by Fielding et al. (1996). As can be seen,
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Figure 2.2: Time history of D, emission and poloidal rotation of carbon (C**) ions

for Ohmic H-mode discharge number 16000. Notice how the D, trace shows type

IIl ELMs evolving slowly with no clear transition until ELM-free H-mode at 0.12s.

The second set of ELMs were originally thought to be type I but may, in fact, be large
type 11l ELMs.

after some period of ELM-free H-mode, COMPASS-D displays periods of large reg-
ular ELM activity which were originally identified as type I ELMs, (Colton et al.,
1996). In the light of the analysis by Osbourne et al. (1997) and because of uncer-
tainties in the frequency scaling with input power, it is thought that these two types
of ELMs may be the small and large sub-classes of type 11l ELMs mentioned in the

previous section (Connor, 1998).

24 ELM Physics

Connor (1998) and Zohm (1996) present useful and comprehensive reviews of the
various types of ELM theory. This section will contain a brief introduction to edge
localised instabilities followed by a more in-depth review of two particular instabili-
ties; the ballooning mode (Connor et al., 1978), which is driven by pressure gradients,
and the peeling mode (Manickam, 1992), which is driven by current density gradi-
ents. Both of these instabilities were mentioned in section 2.2 as having particular
relevance to ELM physics. As will be seen, the particular model of stability presented

will have implications for both ELMs and H-mode access.
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24.1 MHD stability

The general method for finding the conditions for stability for a given equilibrium
is to derive an equation for the change in potential energy (dw) as a result of any
physically allowable perturbation. If the perturbation to an equilibrium leads to a
lowering of the potential energy, then the equilibrium is unstable. This method is
referred to as the energy principle (Bernstein et al., 1958).

The energy principle can sometimes be used directly to obtain a criterion for
stability by arranging the terms of dw in a form that, when the criterion is satisfied, dw
will always be negative for all displacements. More commonly, it is necessary to use a
trial function to make Jw negative and hence demonstrate instability. By minimizing
the energy principle, it is often possible to find points at which dw = 0 and thereby
find curves of marginal stability for a variety of instabilities. Although beyond the
scope of this review of ELM physics, the derivations of the energy principles and
their minimisations were performed for the ballooning and peeling modes by Connor
et al. (1978) and Connor et al. (1998).

2.4.2 Localised Modes

There are many types of instability, with varying characteristics. Two important
defining features are the mode numbers, which are the number of wavelengths in
single poloidal and toroidal circuits of the torus (m and n, respectively). The stabi-
lizing effect of the magnetic tension brought about by perturbing the magnetic field
lines is minimised when the mode numbers match the helix of the magnetic field
lines, i.e. m = ng where q is the safety factor (section 1.3.3). This condition is
known as resonance and a particular mode may have one or more resonant surfaces
within a plasma.

High n modes tend to be more strongly stabilised by field line bending and there-
fore more strongly peaked around their resonant surface. In the limit of n — oo,
the number of resonant surfaces becomes infinite and the distance between them be-
comes zero. The n — oo limit allows theorists to assume that a mode is localised to

a single surface of 1. Stability can then be treated as a surface property.

24.3 The ballooning mode

The ballooning mode was originally described by Coppi and Rosenbluth (1965) and
the mathematical formalisation was performed by Connor et al. (1978). The balloon-

ing mode is a pressure driven localised mode, resonant on n'/? rational surfaces, that
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-0p

-

-0p

Figure 2.3: Plan view of a section of a torus. The curvature of the B-field is stabiliz-
ing on the inboard side of the torus and destabilizing on the outboard side.

was originally formulated for the plasma core. One of the most important features of
the ballooning mode is the effect on stability of the average curvature of the magnetic
field. The curvatures of the field lines change sign from the inboard to the outboard
side with respect to the curvature of the surfaces of constant kinetic pressure.

An understanding of how magnetic curvature affects stability is aided by figure
2.3. In this plan view of a torus, we can see how on the inboard side, the gradient
in magnetic field points in the opposite direction to the gradient in kinetic pressure.

Force balance is given by,

B-VB B2
in—v(er—):o. (2.6)
Ho 2410

Since the majority of the magnetic field is toroidal and falls off as 1/ R, the magnetic

tension term, B - V B can be simplified to

2

B- VB~ By -VBy = % (—€éR) 2.7)

where ép is a unit vector in the major radius direction. The magnetic tension force

points inward along the major axis on both the outboard and inboard side, whereas

the kinetic pressure term —V p points outward on the outboard side and inwards on

the inboard side. The force balance is maintained by the magnetic pressure term,

V B2 /2410. This asymmetry leads to the phenomena of good and bad magnetic cur-
vature.

Figure 2.4 shows a perturbation whereby plasma is pushed outwards along the

minor radius. If the finger of plasma is thin, there will be pressure balance across it,

which will lead to a weakening of the magnetic field. The weakening of the magnetic

field can be related to the displacement of the perturbation by comparing the kinetic
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7

Figure 2.4: The Mechanism of the ballooning instability. A finger of plasma extends

out into a lower kinetic pressure region. The pressure balance across the magnetic

field leads to a weakening of the magnetic tension and is the driving force of the
instability.

and magnetic pressure inside the finger to that outside,

B2 B?
P — Pour = %Ut - 2171’ (28)
1
= §(BOU75 - Bin)(Bout =+ an)a 2.9)
£-Vp = 6B|B. (2.10)

Note that the kinetic pressure inside the finger is assumed to not have changed due
to the perturbation. This assumption is valid if the plasma is incompressible, hence
only for high-#3 discharges.

The magnetic field weakening causes a loss of magnetic tension. Since the mag-
netic tension force points inwards along the major radius, a drop in the tension force
on the outboard side is destabilizing. The effect is rather like over-inflating a balloon,
the more the surface is stretched, the weaker the restoring force and so the perturba-
tion grows exponentially, which is why the outboard side is said to have bad magnetic
curvature. A reduction in magnetic tension on the inboard side is stabilizing and so
the inboard side is said to have good magnetic curvature.

In the ballooning mode, the perturbation is minimised on the inboard side. In
order to achieve this, the magnetic field lines must be bent back onto the unperturbed

magnetic surface. This bending requires extra force and is therefore a stabilizing
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influence on the ballooning mode.

Figure 2.5 is a schematic representation of the ballooning mode. A field line is
pushed out of the plasma resulting in a finger-like perturbation of plasma that can be
seen protruding into the vacuum region. On the outboard side, the displacement is
largest. Note that the magnitude of the displacement varies slowly, allowing for it to
be minimised on the inboard side.

The full mathematical treatment of ballooning stability is given by Connor et al.
(1978) but is beyond the scope of this review. A crude stability criterion for the bal-
looning mode can be obtained by comparing the change in magnetic tension force, as
a result of the field weakening expressed in equation 2.10, to the extra force required
to bend the field lines back into the unperturbed magnetic surface on the inboard side.

The change in tension force caused by introducing a small change in B to the
first term in equation 2.6 is given by,

)B-VB . B-ViB

Ho Ho

The value for § B can be found by combining a corollary of the Lorentz equation,

OF =

(2.11)

E—=—vxB, (2.12)

where v is the velocity of a positively charged particle, with Faraday’s Law,

—88—? =V X E. (2.13)

The result is integrated to yield,
IB=VXx (£ X B), (2.14)

which can be expanded to give,
B=B-V¢—-¢-VB-B(V-§). (2.15)

The first term on the right hand side of the above equation is perpendicular to B.
It is in this term that the extra force required to minimise the perturbation on the
inboard side must be included. The second term is a small magnetic field convection
term which can be ignored. The third term, which is purely parallel to B, is where
the force due to the loss of magnetic tension can be included. Since the third term
represents the parallel component of the change in the B-field, it can be replaced
with B(6B)|/B). The equation now becomes,

5B:B-V£—£-VB—B<?>. (2.16)
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To calculate the change in force on the element of perturbed plasma due to the bend-
ing of the field lines back onto the unperturbed surface, the first term of equation 2.16

can be substituted into equation 2.11 to give,

B-V&)-VB+B~V(B-VE)
Ho Ho '

5FS:<

2.17)

In the above, § Fs is the stabilizing contribution to the final force balance. This can
be simplified to give roughly,
—B?

6Fg ~ —— ¢, (2.18)
s (uoqR)25

where &, is the radial displacement of the perturbation in the —Vp direction. The
above field line bending term is always stabilizing as it points inwards along the
minor radius.

Substituting the third term of equation 2.16 into equation 2.11 gives the change

in force as a result of the reduction in parallel magnetic field. That is,

1 5BH 1 53”
oFp=——B-VB+—B-V|(—B|. (2.19)
po B Ho B

Taking only the component across the field lines, in the direction of &,., gives,

§Fp~—lp.vB. (2.20)
o B

Thus, if the field is weakened in the finger (6B < 0), the perturbed force is in the
opposite direction to the equilibrium curvature force, i.e. outwards along the major
radius.

Equations 2.10 relates the change in magnetic field to the equilibrium pressure
gradient and radial displacement. Equation 2.7 shows the magnetic tension force to
always be directed inwards along the major radius. Substituting these two equations

into equation 2.20 gives the approximation,
OF =2 (&--Vp) é (2.21)
~ N e . .
D R r P) ER

For a displacement outwards along the minor radius &, - Vp < 0. The corollary
being that, § F)p always acts outwards along the major radius, that is outwards along
the minor radius on the outboard side and inwards along the minor radius on the
inboard side. F'p is the ballooning force that is destabilizing on the outboard side

and stabilizing on the inboard side.
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By comparing equations 2.18 and 2.21, a simple criterion for ballooning stability

is found

_ 2upRg* dp

1<
B2 dr

= (2.22)

For low pressure discharges, the favorable magnetic curvature, on the inboard
side, is sufficient to stabilise the mode, despite the adverse magnetic curvature on the
outboard side, provided that ¢ > 1. In higher pressure discharges, the perturbation
becomes concentrated to the region of adverse magnetic curvature and the potential
energy released by the displacement can be larger than that required to bend the field
lines. Under these circumstances, the magnetic curvature can no longer protect the
stability of the plasma. The magnetic field lines bulge or balloon on the outboard
side, hence the name, ballooning.

The ballooning mode is potentially self limiting. That is to say, a key part of the
mechanism relies on a steep kinetic pressure gradient across the finger of plasma.
This steep gradient, as well as leading to the weakening of the magnetic field in that
region, will cause a diffusive flow of plasma from the inside to the outside of the
finger. If this flow is strong enough to reduce the pressure gradient, the plasma can
be stabilised and the instability is self limiting. On the other hand, if the finger of
plasma is too thick or the instability is growing too quickly, the loss of plasma will
not be sufficient to stabilise the plasma. In the first case, the ballooning mode can
be thought of as a soft limit, in which the plasma is held at the ballooning limit until
such time as the edge current density rises and the plasma becomes unstable to the
peeling mode. In the second case, it can lead to explosive loss of confinement at the

edge.

244 The peeling mode

The peeling mode was first identified by Manickam (1992) who showed numerically,
that an n = 1, mode with mixed m numbers could be excited by increasing the
plasma edge current density. The mode is a highly localised kink and resonant in the
vacuum, with its corresponding rational surface close to the plasma surface so that
the stabilizing effect associated with bending the magnetic field lines in the vacuum
is negligible (Lortz, 1975). The mode can be anti-ballooning, that is the maximum
amplitude of the mode being on the high field side, contrary to the effects of mag-
netic curvature (Huysmans et al., 1992). This is because the main driving force for

the peeling mode is current density shear which can be larger on the inboard than
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outboard side. A stability criterion is given by Connor (1998);

Ji—iDy >14 -2 B g, (2.23)
2rnq' [ R?B3
where dly is the poloidal arc length element and D) is the Mercier coefficient,
2 7\ 2pop’
Dy = —1) (= . 2.24
=G -1 (%) e (224)

The Mercier coefficient is found by rearrangeing the Mercier criterion, which was
originally derived by Mercier (1960).

The most important aspect of equation 2.23 is that the integrand is proportional to
the parallel current and therefore parallel current is destabilizing. Equation 2.24 tells
us that the Mercier coefficient is proportional to the pressure gradient, suggesting
that the peeling mode can be stabilised by a pressure gradient. On the other hand,
the pressure gradient can drive currents which must be accounted for in equation
2.23. The bootstrap current (section 1.4.1) runs parallel to the magnetic field and is
destabilizing (Wilson et al., 1999). The effect of the Pfirsch-Schliiter current (section
1.4.2) is more subtle, the current runs parallel to the field on the outboard side, thereby
destabilizing the plasma but anti-parallel on the inboard side, detracting from the
bootstrap current and stabilizing the plasma. The role of the Pfirsch-Schliiter current

requires careful evaluation of the flux surface integral (Connor et al., 1998).

2.4.5 Stability boundaries

A theoretical study of stability boundaries and their implications for ELM cycles has
been presented in a series of papers by Connor et al. (1998), Wilson et al. (1999) and
Snyder et al. (2002).

As a useful first order approximation to a stability model, marginal stability
curves for the n = oo approximation to the peeling and ballooning modes in s and
a space were calculated by Connor et al. (1998). the results are shown in figure 2.6.
The ballooning mode, which is shown by the solid line is pressure driven, and so lim-
its the achievable value of «.. The peeling mode, which is current driven is stabilised
at high shear (s), since,
2—-5= 2i,.”,

(1)

where j; / (j) is the normalised edge current density. The result is a stability triangle

(2.25)

of high shear and low pressure gradient for any given flux surface.
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Figure 2.6: The ballooning (solid line) and peeling (dashed line) marginal stability
contours in s — « space, (Connor, 1998).

The shapes of these curves are dependant on various plasma parameters, most
particularly, plasma shaping. For highly shaped plasmas, it is possible for the two
unstable regions not to overlap, allowing access to so-called second stability. This
result agrees with the observations of type II ELMs reviewed in section 2.2.

The full solution to the edge stability problem was shown in the same series of ar-
ticles. A numerical code called ELITE, which was originally developed by Howard
Wilson at UKAEA analyses stability throughout any region of the plasma. ELITE
calculates the growth rates for the ideal eigenmodes of the equilibrium, using the
pressure and current density gradients as the sources of free energy. Any given eigen-
mode can be stable or unstable. If the growth term is positive, then the mode is unsta-
ble. ELITE can fourier decompose the resulting eigenmodes by assuming them to be

harmonic in the toroidal and poloidal directions. The decomposition takes the form,

5”‘ (1% 97 ¢) = ein(Z) Z Um<w) e—imé‘. (226)

Figure 2.7 shows a typical output from the ELITE code. The abscissa is defined
as x = mg — nq, where m and n are mode numbers and q is the safety factor. Integer
values of x refer to successive rational ¢ surfaces, counting in from the separatrix,
where mg is the closest rational surface to the separatrix. Each fourier harmonic of

the eigenmode is shown as a separate line. The harmonics that are resonant inside
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0 10 20 30

Figure 2.7: The radial component of the fourier harmonics of a given eigenmode as
generated by the ELITE stability code. Each harmonic peaks at a different rational
surface (X ). Those harmonics resonant outside the plasma are shown by red curves.

the plasma are shown as black lines, those resonant outside the separatrix are shown
in red. It can be seen that each harmonic peaks at a different rational surface. These
are the resonant surfaces for each harmonic and the peaking occurs because the mode
numbers are such that the field lines do not need to bend to allow m /n of the insta-
bility to match the pitch of the field lines. The minimisation of field line bending is
the origin of the resonance phenomena.

Further insight can be gained from referring back to equation 2.26. The poloidal
term, e~ simplifies to 1 on the outboard side, where # = (0. On the inboard
side (8 = ), e~ alternates between 1, and —1 for even and odd values of m,
respectively. The ballooning mode is considered to be more radially extended into
the plasma, than the peeling mode (Snyder et al., 2002). One corollary of the ra-
dial extension of the mode is that the difference in height between successive peaks
would be smaller than if the mode were more localised. Since the poloidal term of
equation 2.26 switches between 1 and —1 between successive rational surfaces on
the inboard side, the radial displacement associated with the eigenmode is minimised
on the inboard side. For a more edge localised mode, like the peeling mode, this
argument does not apply since the difference in amplitudes of successive peaks is
much greater. The conclusion is that radially extended edge modes are ballooning in

nature, whereas highly localised modes are not.
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Figure 2.8: Marginally stable normalised edge current density as a function of edge
pressure gradient.
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Connor et al. (1998) abandons the use of s at this point in favor of 2 / (j), as itis
a more intuitive parameter. Figure 2.8 shows the results from a numerical calculation
showing the normalised edge current density for marginal stability as a function of the
normalised edge pressure gradient for a particular rational surface in an equilibrium.
There are two solutions of a for each value of 2j/(j) = 2 — s. One of which,
the lower, corresponds roughly to the peeling boundary while the upper value is just
lower than the ballooning boundary. This observation was in quantitative agreement
with earlier studies done with simpler models (Wilson and Connor, 1997; Hegna
et al., 1996). Analytical results, like the one shown in figure 2.6 are a fairly good
approximation to the full numerical solution except for the fact that the peeling and
ballooning modes couple at high normalised edge current density, which reduces the
size of the stable region by rounding off the top corner of the stable triangle. Again,

this effect was predicted in the earlier studies.

2.5 H-mode access

Connor et al. (1998) presents an argument regarding the relationship between H-
mode and collisionality. At low collisionality, the plasma is in banana regime. In this
regime, the pressure gradient drives the bootstrap current, which is parallel to the B-
field and so destabilises the peeling mode (section 1.4.1). A schematic representation
of the peeling and ballooning boundaries is shown in figure 2.9a. The above described
trajectory is also shown.

It is argued that stability can be achieved by increasing collisionality to the point
where the fraction of trapped particles is small, that is v} > 1. The destabilising
bootstrap current is much reduced in favor of the Pfirsch-Schliiter current (section
1.4.2) which is antiparallel to the B-field on the inboard side and is therefore stabi-
lizing. Figure 2.9b shows this trajectory. Further discussion of this diagram and how
it describes type I ELMs is presented in the next section.

Figure 2.10 shows data from COMPASS-D (Field et al., 1999b). It can be seen
that access to H-mode correlates with high v}, as predicted by the model. It can also

be seen that ELMs generally occur around v} =

2.6 ELM cycles

A description of the expected trajectory of plasmas during inter-ELM periods is pre-

sented by Snyder et al. (2002). Assuming that access to H-mode is achieved due to
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Figure 2.9: Schematic stability diagrams showing the peeling and ballooning bound-
aries in j / (j) (normalised edge current density) - o (normalised edge pressure)
space. The trajectories of discharges in different regimes is also shown.
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Figure 2.10: Data from COMPASS-D showing the distribution of L- and H-mode dis-

charges against measurements of o and normalised electron collisionality v} taken

with HELIOS. ] = L-mode, /\ = H-mode with no ELMs occurring during the mea-
surement, ) = H-mode with an ELM occurring during the measurement.
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high edge collisionality suppressing the bootstrap current, o could rise until the bal-
looning limit was reached. If the collisionality drops after access to H-mode, then
j)1/ {j) would rise and the peeling mode would become unstable. Figure 2.9b shows
how this situation would result in an H-mode with type I ELMs caused by coupled
peeling-ballooning modes.

A striking feature of the above described model is the way in which it fits in with
the observations of Type I ELMs on several Tokamaks. Reviewing section 2.2.1, it
was noted that for type I ELMy plasmas, the pressure gradient is frequently observed
to rise to the critical ballooning limit () and remain there for some time before the
ELM event occurs. In section 2.4.3, it was explained that the ballooning mode can
be a soft limit to the edge pressure gradient and not necessarily lead immediately to
a large instability event. This idea is supported by the shape of the marginal stability
curve (figure 2.8), which shows that if the ballooning mode were to result in a small
loss of edge pressure, the plasma would be stabilised.

COMPASS-D commonly displayed type III ELMs but possibly not type I ELMs,
a slightly different interpretation of the model would apply to type III ELMs.

Two possible dynamics for type IIl ELMs on COMPASS-D present themselves.
The first possibility is that, similarly to the type I model, temporary access to H-mode
is granted due to suppression of the bootstrap current via high electron collisionality.
If the electron collisionality then falls due to the rise in edge temperature, the edge
current density can rise and an ELM would result.

The second possibility is that stability to the peeling mode is temporarily achieved
due to the finite resistive diffusion time-scale, which limits the rate at which current
can diffuse through the plasma. Any current rise in the edge region cannot happen
faster than current can diffuse into the region. The resistive diffusion through a cylin-

drical shell is given by,

porl
o

T 2.27)

In the above, r is the radius of the cylinder or in this case, the minor radius (0.17m)
and [ is the characteristic scale-length, in this case, the pedestal width (0.015m). The
resistivity n is given by Spitzer resistivity. For a typical COMPASS-D plasma, the
value of T¢ at ¢y = 0.95, is & 100eV . The resistive diffusion time is 7, = 4.5ms.
There is also a neo-classical particle diffusion time, which limits the rate at which
particles can diffuse though the plasma. In the absence of convective flows, the rate at
which the edge pressure can change would be limited by neo-classical diffusion. For

plasmas in the plateau regime (1 < v* > ¢~ 3/2), the neo-classical particle diffusion



Chapter 2. Edge Localised Modes 61

A

b
<j>

379VLISNN
OYNINOOTIVE

STABLE

0. ™

Figure 2.11: A schematic of the stability boundaries showing the predicted locus of
a small (solid line) and large (dashed line) type 11l ELM event.

time is given by,

R

vequg

Ty ~ rl. (2.28)

This time works out to be 7, ~ 41ms, which is an order of magnitude longer than
the current diffusion time, equation 2.27. If it is assumed that all plasma parameters
evolve towards a particular target, according to the nature of the equilibrium, then
the discrepancy in the time-scales could be considered to be a problem. This model
would require a significantly shorter particle diffusion time-scale than resistive dif-
fusion time-scale. On the other hand, it is possible that the rate at which the edge
pressure gradient changes is not limited by the neo-classical particle diffusion time.
Indeed, data from COMPASS-D shows that the edge pressure gradient can change
on time-scales much faster than 41ms (section 5.4.2). This result implies that neo-
classical diffusion alone is not solely responsible for the changes in pressure at the
edge. Convective plasma flow or turbulence must play an important role.

From Lenz’ law, it is known that in any resistive media, a current cannot rise
simultaneously with its source and therefore the edge current density must lag behind
the pressure gradient, irrespective of the cause of the change in the edge pressure. If
the de-stabilizing current is driven by the edge pressure, then the difference in rise
times is prescribed by the resistive diffusion time. A mathematical discussion of
Lenz’ law and current penetration due to resistive diffusion is provided in section
6.34.

This model is appealing as it is clear that type IIIl ELMs would be of smaller size,
involving a smaller loss of energy than type I ELMs. Figure 2.11 shows the locus in
parameter space for a type III ELMy discharge.

The model is in keeping with the observations by Kass et al. (1997), as mentioned
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in section 2.2. In particular, radiative cooling of the edge has been shown to induce
type III ELMs. This might be due to the decrease in the current diffusion time as
resistivity increases or the increase in resistivity. Furthermore, as also reported by
Kass et al. (1997), heating the core of the plasma may cause more current to flow in
the core, thereby reducing the value of the normalised edge current.

Work by Osbourne et al. (1997) showed two sub-types of type IIl ELMs. Al-
though there is nothing in the model to separate these two types of ELMs, the key
observations regarding each type can be explained. The high density type disappear
above a certain critical temperature. In this case, the ELMs might be stabilized due to
an increase in core current. The low density type, disappear above a critical value of
«, this may be due to the peeling mode being stabilised by the edge pressure gradient.

The model also includes a candidate explanation as to why type III ELM fre-
quencies decrease with input power while the ELM size increases as mentioned in
section 2.2. As the power into the plasma is increased, the temperature of the plasma
increases and so does the resistive diffusion time. It might also be thought that the
rate at which the edge pressure recovers might increase or at least, not decrease. This
effect will allow the plasma to penetrate deeper into the stable region as the input
power causes « to rise during each inter-ELM period. The increased depth into the
stable region will mean a longer delay before the edge current density can trigger the
peeling mode but also a larger ELM cycle in terms of edge pressure and current loss.
Figure 2.11 shows the loci in parameter space for a type III ELMy discharge with
large and small type III ELMs.



Chapter 3

Instrumentation

At the beginning of this project, the HELium Injection and Optical Spectroscopy
(HELIOS) (Field et al., 1999a) and the Charge Exchange and Light Emission Spec-
troscopy (CELESTE) (Carolan et al., 1995) were already in regular use. Over the
course of the project, several alterations and improvements were made to the HELIOS
diagnostic and the two diagnostics were unified to create a single powerful diagnostic
(Carolan et al., 2001). The result of this synergy was the HELIOS-CELESTE hybrid

diagnostic, a schematic of which can be seen in figure 3.1.

3.1 Gas injection

The original HELIOS made use of a 4mm open pipe with a graphite end, through
which helium was puffed into the COMPASS-D tokamak. The conductance of the
pipe proved to be too high; the influx of gas, although constant enough to allow
meaningful data to be taken, decayed too rapidly and so data could only be taken
over a very short period of time. In addition, it proved difficult to control the amount
of helium entering the vessel.

A nozzle manifold was designed to alleviate these problems. The manifold con-
sisted of an oblong block with carbon shields attached to the sides, with counter-sunk
hex-headed bolts. The purpose of the carbon shields was to protect the nozzle from
the plasma, which would not only score the surface of the manifold but deposit ma-
terial on the plasma facing sides and eventually block the nozzles. The shields had
rounded edges and the bolts were counter-sunk to prevent localised heating.

The manifold was machined out of a single piece of stainless steel. The three
nozzles were made out of 0.1mm-thick discs of steel that were drilled with tapered

holes to form tiny convergent nozzles. Several sets of nozzles were made, with exit
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Figure 3.1: A schematic drawing of the HELIOS-CELESTE hybrid diagnostic.
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(a) Photograph of the nozzle man- (b) Closeup photograph of one of
ifold. The dark grey blocks on the the micro-nozzles. The nozzle it-
side of the manifold are graphite self can be seen as a white dot in
shields, which protect the mani- the centre of the disc.

fold from the plasma.

Figure 3.2: The nozzle manifold used for helium gas puffing.

hole sizes of 10um, 20um, 50um and 100um, which gave the ability to vary the
conductance of the manifold if it was found to be too high or low. In the final imple-
mentation, three 20pum nozzles were used. A photograph of the nozzle manifold and
a close-up of one of the nozzles can be seen in figure 3.2. The nozzle itself can be
seen as the white dot in the centre of figure 3.2b.

To prevent accidental re-pressurisation of the tokamak, a plenum was used which
was manually valved-off from the helium gas bottle at all times except when filling
the plenum to a pressure of between 1 — 1.4bar. The flow of helium through the
manifold was regulated by a piezo-electric valve which was in turn, controlled by a
remote waveform generator. The low conductance of the micro-nozzles resulted in a
steady influx of ~ 10'?s~!. After each plasma discharge had finished, a pneumatic
valve was opened to allow the volume behind the nozzles to be pumped out by a
turbo molecular pump. This was done to prevent helium from leaking into the vessel

between discharges and degrading the vacuum conditions.

3.2 Collection lens and optical fibres

Neutral helium was puffed into the tokamak where the gas became excited by col-
lisions with background electrons and thus, emitted light. The physical processes

behind this emission will be explained in chapter 4. The light from this emission
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(a) A design drawing of the brass (b) The completed fibre terminator in
fibre terminator. Both the base its housing.
(black) and the lid (red) were

made of naval brass.

Figure 3.3: The fibre terminator for the HELIOS spectrometer.

was collected by a lens mounted on one of the top ports of the vessel, at the same
toroidal position as the nozzle manifold. The radial position of the lens was such
that it viewed, in a vertical direction, an area which included the point at which the
central line of the injected helium flow intersected the separatrix. The radial position
was r = 0.693m. The lens was a 100mm, f/2 which focused the emitted light onto
two adjacent arrays of 400um diameter quartz optical fibres arranged as shown in the
top left corner of figure 3.1.

The single array of ten fibres on the right side of the collection array gathered the
light for the HELIOS spectrometer. The ten fibres were separated by oblong ridges
of brass measuring 0.6mm x 0.6mm, at a pitch of 1.3mm, standing proud of the
inner surface of the fibre terminator. The ten resulting viewing chords had a spacing
of 5.2mm, covering a distance of 46.8mm at the mid-plane of the torus where the
helium puff entered the plasma.

The adjacent array of 2 x 19 quartz fibres had the same extent as the single di-
mensional array of 10 chords. This meant that the two dimensional array covered
the same 46.8mm radial distance but with twice the resolution, (2.6mm). The three
rows of fibres were separated by thin brass shims of 0.1mm thickness. The fibre
terminator was made from two solid pieces machined out of naval brass. A draw-
ing of one of the fibre terminator assemblies can be seen in figure 3.3a. The fibres
were arranged inside the deep half of the block, resin was then poured into the block

before the lid was put in place and clamped until the resin was completely set. To



Chapter 3. Instrumentation 67

finish the assembly, the fibres were ground down until they were flush with the brass
housing and then polished. The assemblies were mounted in custom-made housings
which protected the fibres and the assemblies from dust and mechanical damage. A
photograph of the completed housing and assembly that connected to the HELIOS
spectrometer can by seen in figure 3.3b.

Light was relayed by the bundle of 48 fibres to a junction box where the two
sets of fibres were divided. The ten fibres from the single dimensional array were
diverted to the HELIOS spectrometer. The fibres from the two dimensional array led
to CELESTE.

3.3 The HELIOS Spectrometer

The HELIOS spectrometer was a low dispersion, low resolution instrument. It was
a 0.6 meter Czerny-Turner device (Rank-Hilger M600) (Conway, 1998) (cf. figure
3.4) fitted with a 1200lmm ! grating. The fibre array can be seen in figure 3.3b. The
manufacture method of the fibre terminator was similar to that of the light collection
block.

The entrance slit of the spectrometer was of variable width but was normally set to
200um. A front-to-front conjugate pair of 35mm camera lenses were used to match
the aperture of the fibres, 0.23 N.A (Numerical Aperture), to that of the spectrometer,
F/4.5. The lenses were 50mm, F'/1.2 connected to the fibres, with a 100mm, F'/2.5
focusing onto the spectrometer slit. At the spectrometer exit, there was a similar
pair of 35mm conjugate lenses; a 100mm, F'/2.5, which collimated the light, and a
35mm, F'/2.5 lens re-focused the spectrum onto the Charge Coupled Device (CCD)
camera (Burke et al, 1997). The design of the Czerny-Turner spectrometer has an
inherent astigmatism. All spectrometers of this type have a slightly shorter focal
length in the optical plane, which is the plane corresponding to the direction of the
spectral dispersion. This is the result of the spherical mirrors being used off-axis.
The effect was corrected using an f = 300mm cylindrical lens which was placed
between the collimating mirror and the exit plane.

The CCD camera had a limited dynamic range. Consequently, the slit width
was set wide enough to admit adequate light to give good photon statistics without
admitting enough to cause saturation. One of the spectral lines observed by HELIOS
was much stronger than others and so it was necessary to place a neutral density filter
at the exit of the spectrometer to reduce the relative strength of the strongest line.

The CCD camera (Wright Instruments Ltd., No. P059, Enhanced II Electronics)
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(a) The black trunking on the right contains the optical fibres from the toka-
mak. At the spectrometer exit, the grey lead carries the control signal for
the FLC shutter. Connected to the shutter mount are the exit lenses and then
the CCD camera The two grey boxes in the foreground are the camera power
supply (top) and the control system for the FLC shutter (bottom).

(b) Plan view with the lid removed showing the two spherical mirrors (left)
and the grating (right).

Figure 3.4: The HELIOS Spectrometer - a 0.6m Czerny-Turner device (Rank-Hilger
M600), fitted with a 300lmm ™" grating.
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utilises an EEV back-illuminated sensor (CCD02-06-2-232). The chip was Peltier
cooled to 200K to reduce the current arising from thermal noise which is present even
in the absence of light. The typical dark current for this chip was 0.6 e s~ pizel .
The chip was divided into two sections; the image region and the storage region.
When photons hit the pixels in the image region, they cause an increase in the charge
of that pixel, dependent on the product of the number of photons and the quantum
efficiency of the chip, which peaks at 60% for a wavelength of 650nm. Accumulated
charge could be shifted in the image and storage regions independently; the chip had
a lps vertical transfer time. In order to capture multiple time frames, the charge
from each viewing chord, which occupied about 30 rows in the image region, was
concentrated or binned into a single row of the storage region. This enabled an entire
time frame to be stored in as may rows as there were chords, usually 10. In total, 30
frames of 10 chords could be stored per discharge.

The camera had a 16-bit, dual speed analogue to digital converter (ADC) with
either a 5.2us or 345 digitisation time. The camera was controlled by a PC running
bespoke Windowse based software written by Conway (1998), through an interface
card which allowed the operator to define arbitrary binning regions and timing se-
quences. The storage region was read out after each discharge, there was typically
5.6er.m.s. noise generated during readout. There was a pre-amplifier which matched
the full-well capacity of the sensor, which was 3.7 x 10°e, to the range of the ADC.

This resulted in 20 electrons per count for 15-bit data.

3.3.1 Time resolution issues with HELIOS

The time taken to bin the data from the image region into the storage region, 73, was
the sum of the vertical transfer times of the two regions, 7, (11s) and the time taken

to switch between modes, 7,,, (2u15). Mathematically,

N
Thin = > _ [(hi + 1) 7o + 27m] 3.1)

i=1
where h; is the height in pixels of row ¢, and N represents the number of used rows
in the image region. When the image occupied the entire region, the binning time

was 322s.

In the initial incarnation of HELIOS and in the first implementation of the hybrid
diagnostic, no shutter system was used. This meant that the image region of the
chip continued to be illuminated whilst the charge was being clocked into the storage

region. There was also a contribution from residual charge left from chords further
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from the storage region during the previous binning period. This form of spatial
smearing was found to be of the order of 7, /7¢,, Where 7y, is the reciprocal of the
frame rate. Although the smearing was removed numerically (Field et al., 1999a), it
was found that changes in intensity of the lines between the measuring and binning
period caused errors, with larger errors being associated with faster frame rates. A
frame rate of 500s ! was typically chosen, corresponding to a Tfr = 2mMs.

A shutter system was designed and implemented to increase the time resolution
to 1ms and faster. After careful consideration, a Ferroelectric Liquid Crystal (FLC)
shutter was chosen and driven by a modified Displaytech DR-50 FLC driver (Dis-
playtech Inc, 1991). The FLC driver was controlled by external timing pulses gener-
ated by the camera, to synchronise the shutter with the binning of the charge.

Several modifications had to be made to the driver before it could be used. The
first issue was that of closing the shutter between discharges. According to the driver
manual, the duty cycle should be kept as close to unity as possible. Keeping the
shutter either open or closed for long periods would lead to “the generation and
migration of ions in the liquid crystal material and can lead to shortened life or
degraded performance” (Displaytech Inc, 1991). The problem was solved by using
a protection circuit that would inhibit shutter activation if its state was not changed
for a given amount of time. The second issue was that when the shutter was left in
an indeterminate state for any length of time, the orientation of the liquid crystals
would wander and regions of clear and dark would appear. These patches would
disappear after the state of the shutter was changed three or four times. Two seconds
before the plasma discharge began, a control signal was sent to allow diagnostics to
be initialised. This pulse was used to initialise the protection circuit and a series of

pulses were sent to the FLC shutter to align the crystals before data were taken.

3.3.2 Setup and Calibration

In the case of HELIOS, which was a low dispersion spectrometer, the calibration was
less demanding than for high dispersion spectrometers, such as CELESTE.

An integrating sphere, which produces white light at a selected intensity was used
for the intensity calibration. The collection lens at the tokamak was placed at the exit
of the integrating sphere and the spectra were recorded using the CCD camera. The
resulting image showed the variations in intensity across the fibres and the spectrum
as a result of the entire optical system. The sensitivity of the entire system for each
camera pixel, (S(pi)) could be ascertained from the intensity of the light from the
integrating sphere, (/) and the number of photons counted, (N (pi)) after subtracting
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the dark current,

3.2)

This information was used to correct for variations in the quality of transmission for
each chord across the spectral band of interest.

For the wavelength calibration, a helium lamp was used, which generated several
lines in the spectral region that HELIOS covered. The central wavelength of the spec-
trometer (\p;0) was set by rotating the grating until a suitable spectral line (671.2nm)
was imaged at the centre of the CCD chip. The wavelength separation between the
spectral lines was compared to the separation in pixels at the CCD camera to calculate

a dispersion relation for the system,

AN

D=—.
Api

(3.3)

In the above, A\ is the wavelength separation of two given spectral lines and Api
is the number of pixels between the same lines. The dispersion relation was used
in conjunction with the central wavelength of the spectrometer to calculate the exact
wavelength of each pixel so that the relevant spectral lines could be identified for

analysis. The wavelength associated with a given pixel (\p;) is calculated using,
)\pi = )\piO + (D X pi), 34)

where pi is the pixel number. A particular pixel was designated pi = 0, this was

where the centre of the line used to define \j;o was observed.

3.4 The CELESTE Spectrometer

The CELESTE (cf. figure 3.5) was similar to the HELIOS spectrometer, but there
were a few important differences. It was also a Czerny-Turner device (Hliger-analytical)
but had a longer focal length at 1m and a higher f-number, F'//10. It had a grating
of 2400l/mm. The spectral, spatial and temporal resolution are all higher for CE-
LESTE than HELIOS.

CELESTE had a multiple entrance slit design, which catered for each of the 20
views of the plasma with a separate slit. The arrangement of the slits can be seen in
figure 3.1. As can be seen, the slits were arranged in a 4 x 5 staggered grid. The
slits were typically 400pm in width and made from laser cut metal foil. Nineteen of

the slits were fed by sets of two fibres originating at the tokamak, with one slit being



72 3.4. The CELESTE Spectrometer

Figure 3.5: The CELESTE spectrometer - a 1m Czerny-Turner device fitted with a
1200lmm =" grating.

fed by a pair of fibres that originated at a helium spectral lamp which was used as an

absolute wavelength reference.

At both the entrance and exit of the spectrometer, there were custom designed
zoom optics (Carolan et al., 2001) that matched the light from the fibre bundles to
the I'-number of the spectrometer and focused the dispersed spectrum onto a CCD
camera. An anamorphic lens system was used at the exit of the spectrometer which
caused a demagnification of 3 in height and of 2 in width i.e. the spectral dispersion
direction. The anamorphic quality increased the etendue of the system whilst main-
taining the high spectral resolution. The image was also better fitted to the image
region of the CCD. The lens system was astigmatic to correct for the astigmatism of

the spectrometer.

At the spectrometer exit, CELESTE had an interference filter which only allowed
the light from a narrow spectral band to pass; in this case the region around the Hell
line (468nm) was selected. Referring to figure 3.1, it can be seen that there were five
slits per row in the slit array. By eliminating polychromatic light, the filter ensured
that there was no interference between neighboring slits due to dispersion by the

spectrometer.

The high temporal resolution was the result of two factors. The CCD camera
used, although similar to the one used on HELIOS, had a faster row-shifting time,
0.3us. Combined with the staggered slit arrangement, which caused only two spec-
tral lines to be imaged on any given column, the fast camera allowed CELESTE to

run at frame rates as high as 40005~ ".
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3.4.1 Setup and Calibration

For the CELESTE intensity calibration, the collection lens was again placed at the
exit of the integrating sphere so that light of a known intensity entered the optical
fibres. After the dark current was subtracted, the number of counts for each chord
and each wavelength (horizontal pixel) could be used to calculate the total efficiency
of the system from fibres to camera. The method was the same as that described in
section 3.3.2.

For the wavelength calibration, a zinc lamp was used as the calibration source.
The spectrometer grating was rotated so that a spectral line (468.2nm), close to the
Hell line of interest (468.6nm), was imaged onto the CCD. Two lines, including
the line of interest were used to measure the dispersion of the spectrometer in terms
of camera pixels. The method was similar to that described in section 3.3.2.

This technique was adequate for the wavelength calibration of HELIOS, which
is a relatively low dispersion spectrometer. CELESTE was used to measure Doppler
shifts (section 4.5) at high spectral resolution. Such measurements are problematic
because high resolution spectrometers, such as CELESTE, are very sensitive to ther-
mal drift and mechanical vibrations. The shift in the position of components caused
by thermal expansion due to large temperature variations is sufficient to cause se-
rious errors. A line of known wavelength (468.2nm) was observed simultaneously
with the data to minimise this effect. This was the role of the zinc lamp discussed in
section 3.4. The line from the spectral lamp that corresponded to the observed line in

the plasma was used as an absolute wavelength reference,
A)\ﬁnal = A/\obs - A>\ref7 (3.5)

In the above, A\ is the shift in wavelength of the reference chord, and A Aqps is the
shift in the observed central wavelength of the measurement chords.

It will be explained in section 4.5 that the temperature of an ion can be calculated
from the width of its spectral lines. A systematic error in the temperature measure-
ments is introduced because any optical system will cause a spectral line to broaden
(Hutchinson, 1987). This error can be corrected for by measuring the instrument
Jfunction, which is the shape of the intensity function recorded when observing an
infinitesimally-narrow spectral line. This function was obtained by illuminating the
ends of the fibres at the tokamak using a zinc lamp, which emits lines of very narrow
spectral width, with one at 468nm, and recording the data using the CCD camera.

An equivalent temperature due to the instrument function (7},s) Was calculated and
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used to correct for the error using,
T; = Traw — Tinstra (3 -6)

where 7 is the final ion temperature and 7}, is the uncorrected value.



Chapter 4

Analysis

In section 1.6, mention was made that by observing the light emitted from an impurity
ion in a plasma, it is possible to indirectly measure properties of the plasma. In this
section, the physics principles that were used in the analysis of the data from both
HELIOS and CELESTE is described. A description of the method of analysis for
diagnostics is presented and a brief discussion of errors is given. Finally, there is a
description of how the two diagnostics work together in synergy to measure the radial

electric field.

4.1 Atomic data

As described in section 3.1, neutral helium is injected into the COMPASS-D plasma
by means of custom-designed array of nozzles. The collisional excitation rate coeffi-
cient for collisions between helium atoms and background electrons from any given

energy state state, j to any other given excited state, k, where j # k is given by,
Cik = (0jk - Ve) Ne. “4.1)

In the above, o, represents the collisional cross-section for an excitation from state
j,to state k. The velocities of the electrons is given by v.. Since the mass of the atom
is much larger than that of the electron, the atoms can be considered to be station-
ary. The electrons represent a background field which, provided they are in thermal
equilibrium, obey Boltzmann statistics. The angular brackets in the expression refer
to the velocities being averaged over a Maxwell-Boltzmann distribution. The density
of the electrons is given by ne.

If the electron density is sufficiently low, the excitation rate, Cj; will be lower

than the spontaneous relaxation rate, given by the Einstein coefficient, A; (Alonso

75
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and Finn, 1968). For any two states,
D ok ve)ne < Y Ay (42)
j#jk j<k

In this case, there will be a negligible number of atoms in excited states (Kornejew,

1996). By a simple re-arrangement, a critical electron density n} can be found,

> Agj

* Jj<k
nt=J*k 423)
2 Tk ve)

j

Below this critical density, the so-called coronal model can be applied whereby
the intensity of the emission of a given line is considered to be dependent only on the
excitation rate, given by equation 4.1.

Above this critical density, it can no longer be assumed that there are a negligible
number of atoms in excited sates and other processes like collisional de-excitation
must be taken into consideration. The more complete theory of atomic transitions is
known as the Collisional Radiative model (Kornejew, 1996; Brix, 1998; Summers,
1994).

The COMPASS-D edge plasma has a temperature of ~ 75eV. At this tempera-
ture, the critical electron density n}, is ~ 10Y"m =3, which is two orders of magnitude

lower than the expected electron densities (Field et al., 1999a).

4.1.1 The coronal model

For the coronal model, it is assumed that the only source of population of any excited
state is the result of excitation from the ground state, ¢. It is also assumed that the only
source of de-population is spontaneous relaxation which is given by the product of
the density of atoms in a particular energy state multiplied by the Einstein coefficient
for all allowed transitions, (A;). For equilibrium, the rate of excitation must balance

the rate of relaxation,
<Uz‘j . ’Ue> NniNe = Ajnj. (4.4)

The intensity of light emitted as a result of any particular transition can be calculated
using the Branching ratio A;;,/A; which is the ratio of probabilities of the transition
in question to all allowed transitions,

Aji

Ijk = <Uij . Ue> nmeA—j. (45)
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It can be seen that the intensity of the light is dependent on the density of the back-
ground electrons, the density of the helium and the temperature of the electrons,

which enters equation 4.5 as the Maxwellian averaged electron velocity.

4.1.2 The Collisional radiative model

As mentioned above, the edge conditions in COMPASS-D are such that the coronal
model is inadequate to describe the line intensities for a neutral helium jet. A full
collisional radiative model must be used which takes into account both electron colli-
sional excitation and de-excitation, as well as electron collisional ionisation. Details
of collisional radiative models for helium have been presented by several authors,
(Cunningham, 1955; Fujimoto, 1979; Summers, 1994; Kornejew, 1996; Sasaki et al.,
1996; Brix, 1998).

Electron collisional excitation and de-excitation

The generalised expression for collisional excitation and de-excitation for any given
level j, is determined by the sum of all collisional excitations and de-excitations into
that level, minus the sum of all collisional excitations and de-excitations out of the

level;

0
(an]> = g (Okj - Ve) NeNl — E (Ojk - Ve) Men. (4.6)
collisional k+#j k+#j

Spontaneous transitions

The generalised expression for spontaneous transitions is similarly found to be the
sum of all spontaneous decay into level j, minus the sum of all spontaneous decay

out of the level,

0
(Qn]) = Z Akjnk — Z Ajknj. (4.7)
spontaneous

k>j k<j

Electron collisional ionisation and re-combination

Finally, the rate of change of population for level j due to ionisation and recombina-

tion caused by electron collisions is;

0
<an]> = <Uj.7‘ec : Ue> NeNjon — <Uj.ion : U> Nely. (4.83)
ionisation
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The rate equation

The sum of all these effects gives the collisional radiative description of the given

state, j,

(£0) = S o= S

ey oy
+ Z Akjnk — Z Ajknj
k>j k<j
+ <Uj.rec : Ue> NeNijon — <Uj.ion : U> Nelj. (4.9)

Equation 4.9 can be expressed for any energy state and is therefore representative of
a system of rate equations. To solve the system, a matrix of the rate coefficients for
each process and each level, C must be assembled,

d

Each row of the vector product of C' and the population density vector, n;, cor-
responds to a balance equation of the form of equation 4.9. Equation 4.10 can be
solved numerically and an effective emission rate coefficient C°/J (\) may be defined
for each emission line, as a function of n. and T, (Sasaki et al., 1997). The emission

rate coefficients for this work were produced by Summers (1994).

4.1.3 Atomic Data Analysis Structure (ADAS)

The atomic data analysis structure (ADAS) (Summers, 1994) is a suite of numerical
codes and databases which produce atomic data for a variety of applications. ADAS
includes a collisional-radiative model of helium accounting for 19 atomic states of
neutral helium with one electron in ground state and the other in every level up to and

including n = 4, where n is the principal quantum number.

4.2 The principle of electron temperature and density mea-
surement from helium line ratios

The density and temperature of the background electrons affect the intensity of each
emission line. The intensity is also proportional to the density of neutral helium.
It is clear that the absolute intensity measurements of any given single line do not
yield sufficient information to deduce the value of any of the electron parameters. In
order to make a measurement that was invariant of the density of the test gas, it was

necessary to use line intensity ratios.
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To separate the density dependence from the temperature dependence, two ra-
tios were chosen and a consistent solution for both ratios was found. In order to
make clear and unambiguous measurements, one ratio that has a strong temperature
dependence and one that has a strong density dependence were chosen.

Figure 4.1 shows the energy levels for helium with one electron in the ground
state. Some of the allowed quantum transitions are shown. Line pairs commonly
used for this type of measurement are from the n = 3 to n = 2 levels, they are
667.8nm/728.1nm or \a/\1, corresponding to 3d'D — 2p'P / 3s'S — 2p'P
which has a strong n. dependence and 728.1nm/706.5nm or A\ /A3, correspond-
ing to 3515 — 2p' P / 353S — 2p3 P which has a strong T, dependence. These ratios
have been used successfully elsewhere by Schweer et al. (1992); Davies et al. (1997);
and Behrendt et al. (1997). The equivalent transitions from the n = 4 level are dis-
cussed in the literature (Sasaki et al., 1997) but are generally found to be too weak to

be of practical use.

4.2.1 Determining temperature

The Measurement of electron temperature from helium line ratios was first proposed
by Cunningham (1955). As an aid to understanding the temperature dependence of
A1/)s3, a simple model is presented here, although this methodology was not used for

this investigation. The key to the strong
38 3p

parity. The singlet to triplet excitation rate

varies with 7, and develops a negative de- Figure 4.2: Spin exchange leads to T,
pendence above ~ 10eV (Kornejew, 1996). dependence of Ry .

temperature dependence of \;/As3 lies in
the collisional excitation rate from singlet
to triplet state cf. figure 4.2. The transi-
tion 1s'S — 2535 requires a spin exchange

with a free electron due to conservation of

The different energies of the equivalent singlet and triplet transitions must also
be considered. According to Boltzmann statistics, the collisional transition rate from

state j to state k is described by (Kornejew, 1996),

8.01 x 1078 AE
C]k: T\/z__’e')/jk eXp{—kTe}. (411)

where v,y is the collision strength. The ratio of the two intensities is proportional to
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Figure 4.1: Energy levels of helium with one electron in the ground state, showing

some of the allowed transitions. The transitions in bold are recorded by HELIOS

for extracting T, and n.. A1 = 728.1nm, Ay = 667.8nm, and A3 = 706.5nm.

The dotted line shows the singlet-to-triplet transition that requires a spin-exchange
excitation.
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the ratio of the transition rate,

I3, (AE3; — AE)
R s - -7 4.12
1= I ox 2, exp{ W, , ( )

which contains an explicit temperature dependence.

As explained above, the simplified model shown here was not used to determine
the T, dependence of the three spectral lines. Instead, effective rate coefficients were
taken from ADAS (section 4.1.3). Figure 4.3a shows the T, dependence of the three
emission rate coefficients for the range of temperatures of interest. The humped char-
acteristic of the 706.8nm line can clearly be seen. Figure 4.3b shows the depen-
dence of the two ratios on T¢. The fall-off in C¢y, the effective emission rate of
the 706.8nm line results in the strong T, dependence of 71, the emission rate ratio
of the 728.3nm/706.8nm lines. It is also worth noting that the 728.1nm/706.5nm
ratio (R2), is not independent of T, This is the result of the difference in energies of
the relevant levels and the weak negative dependence on temperature of the 667.8nm
line above ~ 50eV’, which can be seen in figure 4.3a. The cause of this negative
dependence is the excitation into and then out of the triplet state, via the 2535 and

onto the 2p' P levels.

4.2.2 Determining density

A simplified atomic physics model is used to illustrate the density dependence of
A1/A2. As above, this model is shown as an aid to understanding and was not used
as the methodology for the the analysis. The principle of density measurement using
the line ratio of A\;/\y relies on collisional re-
distribution of the electron population among lev- N ' D
els with the same principle quantum number 7, in n=3 7—\6'
this case 3, but in different orbital shells, in this —
case, S and D, see figure 4 4.

The process is simplified so that only the col-
lisional de-population coefficient from one of the

levels to all other levels Cj,  is considered. Col-

lisional excitation coefficients from the ground n=1_

tate to two level b ted by, C; and . . .
state 0 two fevels may be represented by, &q; an Figure 4.4: Population redistri-

bution leads to n. dependence of
tion of level 3d' D will be dependant on the ratio Ry.

C7,.. The significance of the collisional depopula-

of the collisional depopulation rate to the sponta-

neous relaxation rate to ground n.Cl,, /Aki (Summers, 1994). The ratio, Ry of the
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Helium Intensity Ratios
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(a) The temperature dependence of the (b) The Te dependence of the two ratios.
The fall-off of Cey ¢, the emission rate of

three emission lines. The effective emis-
sion rate of As is shown by the dashed A3 results in a strong T, dependence for
line, which has a peaked characteristic. R1.

Figure 4.3: The T, dependencies of the three effective emission rates and of the two
ratios.
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two line intensities is given by,

RQ:%ocC—g <1+nei]":>. (4.13)
The effect becomes stronger as n. increases, leading to an n. dependence for ratio
Ry.

Figure 4.5a shows the n. dependence of the three emission coefficients which
were taken from ADAS and not calculated using the above method. The effect of the
collisional re-distribution of electrons can be seen. C¢yy for Ay decreases only very
slowly, until it begins to fall off at n, > 10"em =3 but for Ay, 667.8nm, C, ¢ falls
off very quickly as the population of the 3d' D level is collisionally re-populated at
the expense of the 3s5'.S level. The strong n, dependence of Ry can be seen in figure
4.5b

The dipped n. dependence of Rj, is the result of a similar collisional redistri-
bution affect among the triplet states that effects the electron populations at higher

Ne.

4.2.3 Ratio inversion

From Figures, 4.3 and 4.5, it can be seen that the ratios R; and Ry show strong
dependence on 7, and n, respectively but each ratio also has a weak, non-monotonic
dependence on the alternate parameter.

Figure 4.6a shows a series of solutions for C, ¢y generated by ADAS. Each curve
on the graph shows the predicted ratio of 2; with respect to 7 at a range of fixed n.
It can be seen that to make an exact measurement or 7 it is necessary to know the
value of n..

The equivalent plot for the n. dependence of Ry for a range of 7, is shown in
figure 4.6b. In symmetry with the above argument, a given ratio Ry can only give an
approximate result for n. unless the value of T, is known.

To return exact values of T, and n., a self-consistent, simultaneous solution must
be obtained. The HELIOS analysis programme works by obtaining a set of values
for T¢ and n. for both 21 and Rs and spline fitting the two data-sets to give two loci
in parameter space. Figure 4.7a shows two such data-sets and their spline fits. The
near vertical curve, which gives an approximate result for 7 ,is generated by ADAS
from R;, the near horizontal curve, being the result for Rs.

The point where the two loci cross is the only consistent solution. Figure 4.7b is

an output from the programme that was used to calculate the exact point of crossing
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(a) The effective excitation rates of the

three emission lines with respect to Ne.

The excitation rate of A2, (solid line)

does not fall-off as quickly as the others,

as a result of collisional redistribution of
electron populations.

(b) The n. dependence of the two ratios.
Ry shows good n. dependence over the
range of interest.

Figure 4.5: The n. dependencies of the three emission lines and the two ratios.
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Figure 4.6: The T, and n. dependence of the two line ratios according to ADAS. It
can be seen from figure (a), that a given ratio of 728.3/706.8nm will give an approx-
imate value for electron temperature. Likewise, a particular value of 668.0/728.3nm
will give an approximate value for electron density.
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for the two loci. For each point in parameter space, the horizontal distance to the near
vertical line was calculated and added to the vertical distance from the near horizontal
line. The result was a two dimensional matrix of values with a minimum at the point

of crossing.

4.3 Calculating neutral density and electron density gradi-
ent from D, Emission

As mentioned in section 1.6.1, D, light is emitted from a shell at or around the
separatrix. As well as being a good measure of re-cycling and an important diagnostic
for mode transitions and ELMs, it can also be used to extract both the neutral density
(np) and the electron density gradient with respect to ¢ (n) at the edge (Tournianski
et al.,2001).

Unlike the Helium emission data, which originates from a plume of gas, D,
emission is not localised. Any measurement of the emission is, therefore, a line inte-
grated parameter which needs to be inverted to obtain a radial emission profile, €(1)).
The 10 chords of HELIOS are insufficient to perform a full tomographic inversion
but by considering the D, emission to be a flux function, i.e. constant on surfaces of
constant poloidal flux, inversion is possible. This assumption, although not strictly
correct, is valid over the limited observation region (Meyer et al., 2000).

The inversion can be formulated as a matrix equation,
I=1L ¢ (4.14)

where I is the intensity vector, € is the emissivity vector and L is the length matrix.
The flux function is divided into j shells, determined by the radial positions for which
the emissivity €; is required. The matrix element L;; is given by the length of the i-th
line of sight in the j-th flux shell, the shape of the flux shells being calculated using
an EFIT reconstruction.

Emissivity was calculated as a function of flux and the neutral density calculated
using a collisional radiative model formulated by Sawada et al. (1993). A full de-
scription of the method used for extracting n., and np from the D, emission was
presented by Tournianski et al. (2001). The method involves formulating a simple
1 — D analytical model of the behaviour of the Full Width Half Maximum (FWHM)

of the D,, emission profile,

1.62
dne v <_6) (4.15)
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Figure 4.7: The values for the intensity ratios as loci in T, —n, parameter space. The
point at which the two loci cross is the self consistent solution for both parameters.
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Figure 4.8: A spectrum measured by the HELIOS spectrometer from discharge num-
ber 29759. For a description of the instrument, see chapter 3.

where A, is the FWHM of the emission profile. By neglecting charge-exchange
recombination, and assuming that neutrals at the plasma edge can only be lost to

ionisation, the D, emission profile can be approximated,

D, = ddne S TLD(O) €eXp {_Mdner2} <UU>eX : (4.16)
T

In the above, np(0) is the neutral density at the edge, and (ov),., and (ov).,, which
are the ionisation and excitation impact parameters respectively are assumed constant

over the D, emission range, i.e. a weak temperature dependence was ignored.

4.4 HELIOS analysis

An example of a spectrum for a single time point and single chord is shown in figure
4.8. The spectral lines for D, and the three helium lines are marked. The initial
analysis was done automatically using a bespoke analysis programme written by An-
thony Field. The general method was to first remove the dark current (section 3.3)
background signal pedestal. Next, the centre and edges of the spectral lines were
identified and the regions identified as the lines were integrated across to give the
line intensities and ratios. 7 and n. were extracted either by using atomic emission
tables from ADAS or, more usually, fast look-up tables generated beforehand. Since

the spectral light was emitted from a localised plume of gas, it was considered that
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an inversion to account for the curvature of the flux surfaces would be both overly

complicated and unnecessary.

4.5 Doppler Spectroscopy

In addition to becoming excited, some helium atoms become ionised. The ions emit
light at different characteristic wavelengths to neutral atoms. The CELESTE spec-
trometer was used to measure the poloidal velocity of these ions which were used as
an indication of the poloidal velocity of the plasma and to calculate the radial electric
field (Meyer et al., 2000).

The velocity of a particular ion can be measured in the laboratory frame of ref-
erence by comparing the observed wavelength of a spectral line with its known sta-
tionary wavelength (\p). Using the equation v = ¢AM/\, which can be extended to
a population by considering the effect on the centroid of the observed spectral line
(Carolan et al., 1998),

v, = c——. 4.17)

In the above, v; is the velocity of the species and c is the speed of light.
It is possible to use the width of the spectral line to calculate the temperature (7;)
of a light emitting species. The temperature is obtained by assuming that the ions

have a Maxwellian velocity distribution, which is given by,

my \ 32 v 12
f(v)= (27kaTz‘) exp {—@} . (4.18)

In the above, kj is Boltzmann’s constant, m; is the mass of the ions and the thermal

velocity (vyp,) is defined by,

1
§mivt2h = kT;. (4.19)

Considering equations 4.18 and 4.17, the Gaussian line-shape is,

2
I(\) =1y exp {— (L_/\O)) } . (4.20)

Vih Ao

The corollary being that (Carolan et al., 1998),

m; [ cAN 2
Tz‘—%<)\0> . (4.21)

where A is the full width, half maximum of the spectral line.
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4.6 CELESTE analysis

The CELESTE analysis programme was written by Hendrik Meyer. In the same way
as for the HELIOS diagnostic, the first step was to remove the dark current pedestal
and perform the intensity calibration, mentioned in section 3.4.1.

Before analysing the raw data further, a simple geometrical inversion was neces-
sary to account for the shape of the helium plume which was assumed to be conical,
causing the path length to be longer, further into the plasma (Meyer et al., 2000). The
inversion was simply,

I
‘" leosv’

where [ was the measured intensity, [ was the distance from the nozzle, and 1 was

(4.22)

the divergence angle (30°). The result, ¢, was the emissivity.

The initial analysis involves applying a Gaussian curve fit to the observed spectral
lines. The full width, half maximum (FWHM) and the central value can be extracted
from the final fit parameters. The shift of the central value from its known position
was substituted into equation 4.17 as A)\q to calculate the poloidal velocity of the
impurity helium ions (v,, 2 = Hell). The FWHM was substituted into 4.21 which
was used to extract ion temperature (717).

The observed temperature must be corrected for the instrument function. The
rigorous method would be to de-convolve the instrument function from the observed
spectral line (Hutchinson, 1987). In this case, the rigorous method was deemed un-
necessary as the instrument function was narrow and a good approximation to Gaus-
sian. The convolution of two Gaussian is another Gaussian of width equal to the sum
of the two previous widths (Press et al., 1992). An equivalent temperature was calcu-
lated for the instrument function using a negligibly narrow spectral line from a zinc
lamp and equation 4.21, which was subtracted from the observed temperature of the
Hell in the plasma.

The absolute intensity of the line was used to calculate the Hell density scale

length, L,, = (VInn) ™!, the method will be explained in section 4.7.

4.7 Diagnostic synergy

CELESTE was capable of directly measuring both Vy and 7, in the region around
the separatrix and HELIOS can measure n, and 7.

As mentioned in section 4.6, CELESTE records the absolute emissivity of the
468.6nm Hell line which can be used to calculate the Hell impurity density. The
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line intensity is given by,
I, =nenyy, (4.23)

where Yy is the excitation rate. HELIOS supplied the value for n. and was also used,
in conjunction with ADAS to calculate .

The impurity ion velocity is not necessarily related to the bulk ion velocity. A
more fundamental quantity that can be calculated is the electric field. Using radial
force balance for z=Hell from (Meyer et al., 2000),

E = —v, X B+ va + mznz(vz . V)'Uz V - T RZO i Z,@ Rzﬁ .
—

Zen, Zen, Z.en,  Z,en, Zen,
Lorentz ~—— e
diamag- inertia perpen- neutral coulomb
netism dicular friction friction
VIScosity
(4.24)

Only the contribution from the Lorentz force and pressure gradient need to be con-
sidered. The other terms can be neglected as they scale, normalised to the pressure

gradient, as follows;

inertia o« M2 ~ 0.04,

M.
perpendicular viscosity o< LZ Pz 0.07,

1
M, L

neutral friction o =L 3 x 10_6,
)\ZTL
M.L

Coulomb friction o< ; L ~5x%x 1075,
24

In the above, M, = v.g/v,1p, p- is the Larmor radius for the impurity species, L | is
the typical pressure gradient scale length, and A\, is the mean free path for collisions
between particles of species a and 3. The contribution from the toroidal velocity can
also be neglected since, on COMPASS-D, vy, < vg (Carolan et al., 1995) and owing
to the cross-product with B, the toroidal velocity was weighted by By/By ~ 0.1,

making the contribution negligible. The resulting approximation was given by,

vpz i e"l’
Ey=—— B 4.25
¥ Z.on. V29 By, (4.25)

where e? is the unit vector (Hazeltine and Meiss, 1992),

w_ VY

= — . 4.26
5z (20

The final outstanding issue was the diamagnetic velocity contribution, v, g;q, to the

observed poloidal velocity, v.g, which arises from the helium ion pressure gradient,
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Vp.. This can be obtained from the Hell temperature, toroidal magnetic field and

scale lengths of the Hell density and temperature,

T, 1 1

o = — — 4+ — . 4.27

Vz,dia ZZEB (an + LTZ) ( )

The Hell ion density scale length can be taken from equation 4.23, rearranging
gives,

T, 1 1 1 1
o = — —t——— . 4.28
Vz,dia Z.cB <LIZ + L. Lo, Lx> ( )

The two diagnostics, when intimately coupled in this way, are greater than the
sum of their parts. They represent a powerful tool for diagnosing plasma parameters
and have proven particularly useful in L-/H- mode transition studies (Carolan et al.,
2001).

4.8 Errors

4.8.1 Statistical errors

HELIOS

Photon statistics obey the Poisson distribution since they are events occurring at a
constant rate but independent of one another (Bevington, 1969). The standard error

in any such measurement is given by,

o= Vi (4.29)

where o is the standard deviation and p is the mean number of counts. These statistics
are applicable to the actual number of counts registered at the CCD camera and so
should not include the dark current in the calculation of 1. Once the background had
been subtracted, the square root of the number of counts was taken and designated
o. Now at every step of the analysis, the error must be taken into account. Through
most steps, standard error propagation equations can be used.

The ratio inversion stage of the analysis was numeric rather than analytic, and
S0 error propagation equations cannot be applied. For each of the two ratios, the
inversion routine was run three times. The first run used the unadulterated data and
supplied the results for n, and 7. For the second run, the numerator for each ratio
used was the sum of the signal and the error for the line in question, p;; + o1, and
the denominator used was the difference between the signal and the error for the

appropriate line 15 — o72. The result was the upper limit for n, and T;.. The lower
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limit was obtained by a similar method and the difference used to ascertain the new

errors, o, and oy, .

CELESTE

CELESTE, was subject to the same statistical errors in line intensity as HELIOS.
The error in intensity of the spectral line is given by equation 4.29. The intensity
error was propagated through the analysis programme, the error for the HelI density
scale length, L,,. = (VInn,)~!, was calculated using a similar technique to that
employed for the the line ratio errors from HELIOS. For this case there were no
ratios, just a simple upper and lower limit calculation.

The statistical error in the velocity measurement was calculated using the error in
the line shift measurement. The position error is not proportional to the wavelength
shift or absolute wavelength but to the width of the spectral line as its the random
nature of the Maxwellian distribution that causes the error. Once the width of the

instrument function was subtracted, the error was given by,

WFWHM

Oposition — —, 4.30
posthion = /SN 1n 2 (30

(Conway, 1998).
In the above, Weyuy is the width of the spectral line at half the maximum value. The
error in the width, which was related to the temperature by equation 4.21, was given

by the same author to scale as,

W
oW = ——, 431
W= AN (4.31)

where W is the width of the spectral line.

4.8.2 HELIOS Systematic Errors and difficulties

Two systematic errors were identified and addressed on HELIOS.

The spatial smearing that was discussed in section 3.3.1 caused the charge on the
CCD camera from the outer chords to be clocked through the area illuminated by the
inner chords. Since the signal strength for the outer-most chords was weaker than
that of the chords near to the separatrix, the line ratios for the outermost chords were
distorted in such a way as to overestimate both 7, and n.. The effect of the error
became more severe as the temporal resolution was increased. The installation of the
FLC shutter not only allowed access to higher time resolution, as stated in section

3.3.1, but also alleviated this source of error.
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Data on the inner side of the separatrix was found to have unphysically low 7.,
and 7. In many cases, the signal was strong enough to give low statistical errors,
nevertheless a roll-over in n, and T, was measured. The data used by ADAS to iden-
tify line ratios for a thermal helium jet partially relies on semi-empirical data like
that published by Fujimoto (1978). Cross-sections relevant to the injection of neu-
tral helium were obtained by injecting the gas into a plasma with known parameters.
Although the line ratios were assumed to be time-independent, it might be the case
that large amounts of recycled background helium could cause distortion of the re-
sults. Recycled helium would have a different time history to the injected helium, in
particular a larger number of atoms would be in the triplet state. this would lower
the temperature dependant ratio R;. There would also be more atoms in higher ex-
citation states than n = 3, thereby affecting the density dependant ratios through
collisional or spontaneous de-excitation. A full collisional-radiative review of the
atomic physics of helium would be needed to verify this source of error and quantify
the effects, but was beyond the scope of this investigation. This swamping of the
signal by background helium radiation was addressed by reducing the back pressure
in the plenum (section 3.1), to reduce the total influx of helium. Generally, it was
found that reducing the influx resulted in weaker signals and larger statistical errors.

The CELESTE systematic errors are discussed in section 4.6.
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Diagnostic Validation and Results

5.1 Validating the HELIOS results

To validate the data from HELIOS, a self-consistency check was performed; the pro-
file of the measured light from the 667 nm helium line, which is shown as A3z in
figure 4.1, was compared with a prediction of the profile using the analysed data
from HELIOS itself.

A discharge with HELIOS data over L-mode, ELMy H-mode and ELM-free H-
mode was selected, and n. and T, were interpolated for many spatial points across
the measurement region, for each time-slice. The ionisation rate for the helium with
respect to the penetration depth was estimated using,

dnge
dx

where n g is the number density of helium ions, d/dz is the rate of ionisation with

Uth = <JHe,eU> NgeNe, (5.1)

distance, and (0 ¢ ¢, v) is the electron-helium ion collision frequency averaged over
the Maxwellian, thanks to Bell et al. (1982). The jet was assumed to diverge conically
by 30°. The population of the 35S level, which is the upper level of the transition,
was estimated using the simple coronal model (section 4.1.1),

AFE

— 2
VT (5.2

Ny = MNHe €XP —

where n; is the population of the level, AE is the energy gap between the 35S level
and the ground state, and & is Boltzmann’s constant.

The density of the excited state was taken to be proportional to the emission and
the shape of the emission profile was predicted. Figure 5.1 shows the calculated pro-
file normalised to and plotted against the measured profile. The predicted profiles
match the measured profiles fairly well. Any discrepancies could be due to the as-

sumptions made in the calculated profile. The level of the calculated light on the

95
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Figure 5.1: Emission profile of the 667Tnm Helium line shown with the predicted
emission profile from the analysed data.



Chapter 5. Diagnostic Validation and Results 97

outboard side of the peak in the profile is consistently higher than for the observed
light. A simulation was run with the ionisation rate set higher than predicted by equa-
tion 5.1. Results showed that the peak and inner edge of the emission shell moved
further out without significantly reducing the predicted signal level on the outer edge
of the profile. A more likely explanation for the discrepancy is that the coronal model
used for the excitation rate lacks sufficient sophistication to accurately predict the ex-
citation rate. It is interesting to note that the emission profile is narrower in H-mode
than in L-mode and most narrow for ELM-free H-mode for both the observed and
calculated profiles, which supports the validation of the HELIOS data.

5.2 Benchmarking of HELIOS results

Benchmarking of a helium beam diagnostic similar to HELIOS has been previously
performed by Schweer et al. (1992), who compared 7T, profiles from ECE, n. profiles
from an HCN- interferometer, a 20kV Li-beam diagnostic, and a laser ablation di-
agnostic, with profiles from the thermal He-beam diagnostic on TEXTOR. Schweer
et al. (1992) found good agreement between the diagnostics, which lends confidence
to our analysis.

Thomson Scattering (TS) (Hutchinson, 1987) is a commonly used diagnostic that
supplies multi-point, multi-time n. and 7, measurements. The diagnostic consists of
a high powered laser with a short pulse length and a spectrometer which measures
the intensity and line broadening of the light scattered by the electrons in the plasma.
A set of optics is placed so that a number of viewing chords intersect the beam as
close to orthogonally as possible and are focused on sections of the beam. The scat-
tered light is broadened by the kinetic electron motion convolved with the instrument
function of the spectrometer (Carolan et al., 1998), T¢. can be extracted by measuring
the broadening of the spectral line (Griem, 1974) and n. can be calculated from the
emissivity (Meyer et al., 2000).

During this investigation, two separate TS diagnostics were implemented on
COMPASS-D (Private communication, M J Walsh). The earliest of the two diag-
nostics was a core TS system that measured 7, and n. over up to 9 vertically aligned
points around the magnetic axis, above the centre of the plasma. The second system,
which was implemented towards the end of this investigation, measured the same
parameters over a region on the same vertical axis but on up to 10 points close to the
nominal separatrix.

Figure 5.2 shows a contour plot of normalised, poloidal flux, ¥y showing the
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Figure 5.2: Contour plot of ¥ for discharge 30865 at time= 170ms showing the
locations data is taken for HELIOS (1), core TS ({), and edge TS ().

locations of the data points for HELIOS, and both TS diagnostics. Comparison of
diagnostics on the same flux surface is possible because n. and 7, are flux quanti-
ties to the first order (section 1.3) since electrons can move freely at thermal velocity
along magnetic field lines. As can be seen, core TS had very little overlap in flux
space with HELIOS and so correlation was not possible. The profiles were plotted
together and typical results can be seen in figures 5.3(a,b,c,d). Figures 5.3(a,b), show
the comparison of data from discharge number 28448, which was taken before the in-
stallation of the FLC shutter, (section 3.3). The data from HELIOS appears physical
and reasonable over a narrow range of points between ¢y ~ 1.0 — 1.2. As was ex-
plained in section 5.1, the strength of the spectral lines is dependent on the ionisation
rate and excitation rates to the atomic levels of interest. Outside the region where the
spectral line is strong, the relative random errors (section 4.8.1) are higher than in the
strong signal region and the instrument is more susceptible to the systematic errors
due to the smearing described in section 3.3.1, which affects the outer measurements
most strongly, and the swamping of the signal caused by helium recycling described

in section 4.8.2 that affects the inner chords most strongly.
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Figure 5.3: Comparison of n. and T, results from HELIOS (L), core TS (), and
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Figures 5.3(c,d) show the data for core TS and HELIOS for discharge number
29759. This data was taken immediately following the installation of the FLC shutter,
(section 3.3.1). The spatial smearing problem that affected the outer chords has been
alleviated but the swamping of the signal for the inner chords is still limiting the
achieved penetration.

The final set of comparisons, figures 5.3(d.e) utilised the edge TS system that
was installed towards the end of this investigation. The back pressure used for the
plenum (section 3.1) was lowered to ~ 1bar, to reduce the total influx of helium into
the plasma, reduce the helium recycling, and alleviate the swamping effect. In this
case, the lower influx caused a reduction in line strength resulting in larger statistical
errors. In the case of the inner n, results which have no error bars, the errors were
so large that they exceeded the limits of the look-up table (section 4.4) and no error
could be calculated.

A statistical analysis comparing the results from HELIOS and edge TS was con-
ducted over many shots and the results are represented in figure 5.4. The comparison
of T, appears good. The correlation is high (0.82) and the points are well clustered
around the T,(HELIOS) = T.(TS) line shown as the diagonal dashed line. In
keeping with figure 5.3e, at low temperatures, the values for 7, from HELIOS are
consistently higher than those from TS. For higher temperatures, which correspond
to points further into the plasma, where the relative errors are higher, the error bars
are very large. The comparison of n. shows good correlation (0.83) although HE-
LIOS measures consistently lower n,. than TS, with the discrepancy getting worse at
higher densities.

The reason for the imperfect correlation is most likely due to inaccuracies in the
equilibrium reconstruction (section 1.3.2). The errors in EFIT on COMPASS-D were
never quantified, however a variance in space of 2mm, which is within the expected
error bars of EFIT (private communication, L. Appel, UKAEA), would result in a
range in normalised poloidal flux of ~ 0.02 which, as can be seen from figure 5.3
can account for a difference of up to 50% in either T} or n. in the edge region of the
plasma.

Upon inspection of the HELIOS spectrometer, the cause for the discrepancy be-
tween HELIOS and edge TS became apparent. The FLC shutter that was installed
to reduce spatial smearing and allow access to faster time resolution had developed
patches of damage, presumably due to the generation and migration of ions in the lig-
uid crystal (section 3.3.1). Patches of the shutter had become translucent and failed

to change phase when biased.
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A calibration was performed after it had become known that the shutter was dam-
aged and it was found that the mean relative change to the sensitivity ratios were,
AR; = 1.25, ARy = 0.79. These systematic errors would cause HELIOS to mea-
sure T, to be too high and n. to be too low, in agreement with the trends observed.
The agreement between HELIOS and TS at high temperatures is the result of the
combination of two competing systematic errors. As explained in section 4.8.2, the
swamping of the helium signal by radiation from re-cycled helium tends to result in
low results for both 7, and n., the combination of this error and the artificially high
results for 7., from the shutter damage, resulted in rough agreement with the TS
results.

Due to the second calibration being performed when the HELIOS diagnostic was
connected to MAST, thereby utilizing different optical fibers and lens, and a lack of
knowledge of the rate at which the damage had occurred and when it started, it is
impossible to correct for the error.

Data from experiments that were conducted immediately after the installation
of the shutter are unaffected by the damage as the shutter was tested and inspected
thoroughly before use. Measurements from later in the investigation are reliable as a
relative measure of n. and 7; as can be seen from figure, 5.4, the results correlate
well. For the measurement of the radial electric field, as described in section 4.7,
the electron density scale length L,,, = (VInn.)~! is required. The natural log
term makes the scale length relatively insensitive to changes in the electron density
or density gradient of less than an order of magnitude. The scale length measurement

and therefore the electric field measurement can be used with confidence.

5.3 Initial results from the HELIOS-CELESTE hybrid

The HELIOS-CELESTE hybrid was used to show the changes in edge parameters as
the discharge evolved from L-mode to H-mode and back. (Meyer et al., 2000; Carolan
et al., 2001). Figure 5.5 shows plots of various plasma parameters for discharge
number 28448. The abscissa is /1)y ~ r/a. The vertical lines correspond to the
90%, 95%, and 100% flux surfaces. To illustrate the various phases of the discharge,
the D, emission is plotted vertically at the side of each plot. The horizontal lines
mark the transitions from L- to H-mode and from H- to L-mode. The data is plotted
at the end of each signal-integration interval to avoid confusion with the causality of
events.

During discharge number 28448, the plasma is in L-mode during the first part of
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the data window. At ¢t ~ 160ms, there is a steepening of the temperature and density
gradient, associated with the transition into H-mode, that lasts until ¢ ~ 180ms.
The discharge returns to H-mode at ¢ ~ 190ms. The formation of the pedestal in
ne and T, can be seen to occur after the transitions into H-mode with the collapse
occurring before the transition back into L-mode. The evolution of the electric field
shear is shown in figure 5.5¢c. Within the confined region, E, points inwards i.e. is
negative, with higher values in the H-mode phase and a maximum change of AF, ~
12kVm~!. The most striking feature of this data is that the electric field shear does
not increase until after the transition into H-mode. The neutral density profile is
shown in figure 5.5d. It can be seen that the profile extends further into the plasma
during L-mode than in H-mode. This observation is expected as recycled neutral
helium is ionised more quickly by the steep n. profile.

The first attempt at intimately combining the two diagnostics yielded new insights
into H-mode physics, particularly the role of the radial electric field in transport bar-

rier formation.

54 Experimental ELM Studies
54.1 Behaviour of dP,./dv during inter-ELM periods

In section 2.6, the trajectory in parameter space that was previously thought to apply
to type III ELMs was described. The theory describes the locations of the stability
boundaries but does not specify the trajectory of the discharge through parameter
space. Although the suggested trajectory is the most intuitive, experimental verifica-

tion is required.

5.4.2 Results from HELIOS on COMPASS-D

Discharge number 29759, from COMPASS-D, was selected for in-depth analysis
of inter-ELM behaviour. Various parameters of the discharge are shown in figure
5.6. This shot was particularly suitable as there was a long period of slow type
IIT ELMs, where the inter-ELM time was 7s1m ~ 4 — bms. The low frequency
ELM activity coincides with the period during which HELIOS data was being taken
(0.138s5 — 0.166s), at fast time resolution (= 1ms). The discharge was ECRH heated
(Fielding et al., 1988) with 4, fixed frequency gyrotrons operating at 60G H z, which
is resonant at ~ 2.147". For this discharge, the resonance was around the ¥y = 0.45
surface. The total plasma current was I, = 190kA. There was steadily increas-

ing line averaged density ((n.)), as measured by the interferometer (Edlington and
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Figure 5.6: Characteristics of discharge number 29759.
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Wylde, 1992). The ELM frequency was vgrm ~ 200 — 250H z, during the period of
interest. A dithering H-mode begins at ~ 0.11s with ELMing H-mode beginning at
~ 0.13s. Att = 0.175, the RF heating power decreases by ~ 100kW and a clear
increase in ELM frequency is seen, proving that the ELMs are type III. There is no
period of ELM-free H-mode for this discharge and so the ELMs could not be the
large type III ELMs discussed in section 2.3.

The data from HELIOS for this shot can be seen in figure 5.7. There are changes
in the values, and gradients, of both 7, and n., between the ELMs. These changes

occur on a relatively slow time-scale.

Profiles of the usable data from around the separatrix can be seen in figure 5.8.
The data was mapped onto flux surfaces and fit with polynomials. The pressure and
density profiles are fit with a forth order polynomial as this gave the best fit to the
data in the region of interest. For the temperature profile, a quadratic was used as
a higher order polynomial became unpredictable as a result of the 7, profile being
somewhat flatter than that of P, or n.. Figure 5.8a shows data from 7" = 0.1516s,
which is immediately after an ELM, figure 5.8b shows data in the middle of an inter-
ELM period at ¢t = 0.1525s, and figure 5.8c shows a time-scale immediately before
an ELM, at ¢t = 0.1565s. In section 5.2, the limitations of HELIOS due to the limited
penetration depth of the helium, leading to swamping of the signal by background

helium, is discussed.

For comparison of the data over multiple time-scales, values for the three param-
eters were taken at the 195 flux surface. The results are shown in figure 5.9a. The
three parameters are fairly constant for the duration of the data, which suggests that
the data is unaffected by variations in the helium penetration depth, which would

affect the validity of points further into the plasma.

The edge gradients were calculated by taking the analytical differentials of the
polynomial fits to T¢, n., and P.. Figure 5.9b shows P/, T/ and n/, where prime
refers to the gradient with respect to v, at the g5 flux surface. Contrary to expecta-

tions, a drop in P/, was observed prior to the onset of each ELM.

The description of the method for calculating the errors for 7, and n. can be
found in section 4.8.1. For an estimate of the errors at g5, a linear interpolation
was performed between two points either side of ¥g5. To estimate the error in the
gradient, the assumption was made that dz/dy) = Az /A where x is one of the three

parameters. It was assumed that there was no error in flux coordinate transformation.
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Pressure profile at Time: 0.1516 s
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Pressure profile at Time: 0.1525 s
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The resulting error propagation formula becomes,

2 _ 52
O%s 024

TAD (5.3)

Oy =

(Bevington, 1969). This error was taken to be the error for all points over the region
between the experimental points used.

The innermost points shown figure 5.8 correspond to the innermost points of
HELIOS that were considered reliable. It is worth noting that the data may be affected
by the swamping effect even though the data is increasing monotonically over the
region. In this case, the results of all three parameters for the innermost point may be
lower than the true values and so the data represents a lower limit for the innermost
points and for the edge pressure gradient.

Immediately after each ELM, n/, and 7", rose in most cases, resulting in the peak
in P! roughly half way through each inter-ELM period. In the period after recovery
and prior to the next ELM, n/, and 7T, fell causing a drop in P..

5.4.3 Energy loss during the ELMs

The diamagnetic loop is a magnetic diagnostic which measures the toroidal magnetic
flux, which can be integrated to yield the toroidal magnetic field. The energy stored
within the plasma can be calculated from a force balance between the magnetic field
and kinetic pressure (Wesson, 1997) (Castle et al., 1996). Figure 5.10 shows the
plasma energy as measured by the diamagnetic loop. In the upper graph, energy is
plotted along with D,, emission to show that there is a drop in the plasma energy after
each ELM. In the lower graph, the energy is shown as a function of time, relative to
the nearest ELM, for each ELM shown in the upper graph. As can be seen, the drop
in energy appears to take place during the millisecond following the onset of the
ELM. Although this might imply that there was a slow loss of energy, in fact, there
is a smoothing function applied to this signal to remove the noise generated by the
500H z ripple on the toroidal field coil power supplies. This smoothing function is
sufficient to cause the drop in energy to be smeared over 1ms. In conclusion, there
is a drop in plasma energy associated with the ELMs but the temporal resolution of
the diagnostic is insufficient to draw any conclusions about the timing of the event.
It is interesting to compare the energy loss from the ELMs as measured by the
diamagnetic loop, to an estimate of that which might be expected due to the change
in edge density gradient shown in figure 5.9b. Taking the change in pressure gradient

at the 195 surface, a variation in pressure at the top of the pedestal can be estimated
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Figure 5.10: Plasma energy as measured by the diamagnetic loop. The energy ap-
pears to drop during the millisecond after each ELM. The time delay is most probably
caused by smoothing of the data.
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to first order. AP = 1.5k Pa. If the pedestal is assumed to be a separate confinement
region, the change in pressure can be considered uniform over the entire plasma and

as such the change in energy is calculated simply by,
AW = APV, (54)

where AW is the variation in energy over the ELM period. Using this method a
change in energy of ~ 12% is estimated. As can be seen from figure 5.10, the above
result is in rough agreement with the data from HELIOS. Although it should be noted
that the temporal resolution of HELIOS may be such that the rapid energy loss caused
by an ELM cannot be detected. In this case, the agreement between the diamagntic

loop and HELIOS may be partly co-incidental.

544 Thomson scattering measurements on COMPASS-D

To validate the results, Thomson scattering (section 5.2) data from a number of other
discharges on COMPASS-D were used. The Thomson scattering diagnostic does not
have fast time resolution and so direct measurement of the inter-ELM pressure gradi-
ent is impossible. Several nominally similar ERCH heated plasma discharges (30863,
30864, 30865, 30866, 30868, 30869, 30870), with slow type III ELMs, recorded in

succession, were used. Details of the discharges are given in the table below.

Discharge # | I,(kA) | (ne) (m™3) | Pecru(kW) | veLm(H?2)
30863 170 | 2.6 x 10" 0.60 250
30864 170 | 2.4 x 10 0.57 150
30865 170 | 2.2 x 10% 0.58 200
30866 170 | 2.0 x 10" 0.72 200
30868 170 | 2.3 x 10'? 0.72 300
30869 170 | 2.2 x 107 0.70 300
30870 170 | 2.2 x 10 0.71 300

Since the times of the ELMs are not exactly the same for each discharge, the use
of the same absolute time for Thomson scattering resulted in a series of time points,
each relative to its nearest ELM. The results can be seen in figure 5.11. The data from
HELIOS is also shown in the figure and has been normalised to the Thomson scatter-
ing data so that the behaviour of 7, n’,, and P! as measured by the two diagnostics
can be easily compared.

As can be seen, there is a significant drop in the density gradient, although when
compared to the results from HELIOS, the onset appears to take place much later.
There is also a possible late drop in 7). although the error bars are too large to be

certain.



Chapter 5. Diagnostic Validation and Results

117

Edge Gradient P,

500

~ 400F $ 3
g g B B A e
= 300F H=  —Hr A i IR E

2 = 5 O
2 200 % & N\ .
al E 3
o 3 E

0 2

—4 -2 4
Time relative to the ELM (ms)

. Fdge Gradient ng
& £ = E
— 4F - O ZM Z%%% A 3
Lop o e 4
El3 3
5 E
o 1FE =
™S o E
c OE : . : 3

©
—4 -2 0 2 4
Time relative to the ELM (ms)

Fdge gradient T,
12f | :
R e S e o |
. 8P T e B E
5 6F E
™~ C =
— E 3
© r ]
—4 —2 0 2 4

Time relative to the ELM (ms)
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In conclusion, the data from the shot to shot Thomson scattering analysis supports

the measurements made by HELIOS.

54.5 Results from MAST

A dedicated Linear Camera for the measurement of edge density gradient was imple-
mented on MAST by Tournianski et al. (2001).

Because of the fast time-scales involved and the uncertainties over the exact tim-
ing of the data points, it was necessary to correlate the total intensity from the linear
camera with the intensity from the fast D, camera that was used to show the times
of the ELMs.

A series of NBI heated discharges (Akers et al., 2000) with slow type III ELMs
were analysed, the details of which are presented in the table below. Plots of n.,

along with D, are shown in figure 5.12.

MAST Discharge # | I,(kA) | (ne) (m™2) | Papi(kW) | veum(Hz)
4415 800 | 2.0 x 10%° 0.88 550
4472 930 | 1.6 x 10%° 1.10 400
4477 950 | 1.7 x 10%° 0.97 300
4512 580 | 1.7 x 10%0 1.69 250
4537 750 | 2.0 x 10%° 1.60 N/A
4540 770 | 2.2 x 10%° 1.67 350
4558 780 | 2.3 x 10%° 1.67 200-300
4559 750 | 2.5 x 10%° 1.67 170

In figure 5.12a, a clear drop in n, can be seen prior to the beginning of each
ELM. In each case, a gentle drop in n, was observed preceding the ELM, followed
by a sharper drop that took place at the beginning of the ELM event, to within the time
resolution of the diagnostic. This data is compatible with the data taken by HELIOS
on COMPASS-D (figure 5.9b), where the steady drop was seen but the sharp loss of
gradient at the ELM happens on a shorter time-scale than the resolution of HELIOS.

Figure 5.12b shows the data from discharges that did not display the same be-
haviour. In these cases, n, could not be seen to drop significantly before the onset of
each ELM. During discharge number 4559, a slight drop was seen prior to the second
ELM but the decline was in line with the general trend at that time.

In all but one of the first set of discharges, (n.) is 30% lower than in the second
set. The NBI heating power (Pygi), is significantly lower in all but one of the dis-
charges that did display a drop in n, before the ELMs (Pyg; =~ 0.9 — 1.1kW) than
for the discharges that did not display the phenomenon (Pypy ~ 1.6 — 1.7kW). The

second set of discharges had less regular ELMs than the first. In some cases, it was
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difficult to define an ELM frequency and for the case of discharge number 4537, the
ELMs were so irregular that no value for vg \ could be identified.

Although it is not possible to identify a single parameter that separates the two
sets of discharges, it may be possible that the low Px gy of discharge 4415 mitigates
the higher (n.).

The two contrasting sets of data show that n.,, and therefore possibly P., some-
times fell prior to the onset of ELMs but that the drop was not an inherent feature of
type III ELMs on MAST.

5.5 Conclusions

The emission profile of the 667 nm helium line, was compared to a calculated profile,
using a simple coronal model. The profiles agreed fairly well. A discrepancy between
the calculated and measured level of light on the outer side of the profile might be
explained as a result of the assumptions used in the coronal model. The favourable
outcome of this self-consistency check lends certainty to the analysis method.

A statistical comparison of the HELIOS and Thomson scattering diagnostics was
performed over many discharges. The results were relatively good, with correlations
of 0.82 for T, and 0.83 for n.. A systematic under-estimation of n. by HELIOS,
by a factor ~ 3.6 was found, compared to Thomson scattering. The cause of the
systematic error was most likely a degradation in the FLC-shutter that was installed
to increase the temporal resolution of HELIOS. The results for discharge number
29759 were taken immediately after the installation of the shutter and are considered
reliable. Results taken after are considered acceptable as relative measures of the pa-
rameters. The electric field calculation can be used with confidence as the parameter
scale lengths are used.

Data from the Thomson scattering diagnostic of the 7; and n. profiles was gath-
ered on a shot-to-shot basis to supply multiple time-slices relative to an ELM event.
This study showed a drop on the density gradient prior to the onset of the ELMs al-
though the time-scale of the drop was different to that observed by HELIOS. There
was a possible drop in the 7, gradient but the error bars were too large for a statisti-
cally significant result. Differences in time-scale may be due to differences in other,
unidentified plasma parameters.

Data from the linear camera on MAST showed some discharges that demon-
strated a drop in n, prior to ELMs. Other discharges did not show the drop. This

observation suggests that edge pressure gradient can drop prior to the onset of type 11
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ELMs but it is not an inherent feature of the phenomenon.

5.6 Further Work

It would be interesting to see if a cause for this drop in edge pressure could be found.
Initial attempts to find a cause have focused on the Mirnov magnetic detector coils,
although no candidate MHD activity has been found. It is thought that a resistive
ballooning mode might have been the cause for this drop, which would tie in with the
lack of magnetic evidence as resistive ballooning modes can be electrostatic in nature
and therefore undetectable using magnetic coils.

A cause of the drop in edge pressure gradient might help explain why some dis-
charges show the drop before ELMs and some do not. It might also be useful to
conduct a larger scale experimental study on MAST in an attempt to identify the

conditions under which the phenomenon occurs.



Chapter 6

Preliminary stability analysis of
COMPASS-D discharge 29759

To better understand the role of instabilities in relation to ELMs in COMPASS-D, a
stability analysis of discharge number 29759 was needed. As can be seen from chap-
ter 2, stability analysis is complicated and no simple method exists to analytically
assess stability. In this chapter, a preliminary attempt is made to analyse the stability
of the discharge and a model is proposed for the behaviour of the discharge during
inter-ELM periods.

6.1 The first attempt at generating the equilibria (GS2D)

It was necessary to reconstruct the plasma equilibria (section 1.3.2) so that factors
like plasma shape could be considered. For this stability analysis, it was important to
account for changes over time to the edge pressure gradient. The first attempt at this
involved reconstructing equilibria for each time-slice that incorporated the measured
pressure profile. Pressure data for the edge was taken from HELIOS and for the core,
the core TS diagnostic described in section 5.2 was used. Although the TS diagnostic
does not have fast time resolution, the assumption that the core pressure is constant
over several ELMs is justified. Type III ELMs are small edge phenomena that eject
particles and energy only from edge (Snyder et al., 2002). Data from TS for a time
during the ELMy H-mode (t7g = 0.164s) was used.

Several difficulties were encountered when using GS2D. GS2D is a free boundary
code, meaning that it changes the shape of the separatrix in order to converge, making
it difficult to converge a stable, physical solution. It is also very computationally
intensive, in terms of determination of the metrics for stability calculations.

GS2D contains no model for the bootstrap current and so to correctly specify the

123
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profile of ff’ (equation 1.14), the equilibrium would need to be iteratively solved
until a consistent solution was found.

Despite much effort to resolve these issues, it was eventually decided that the so-
lution to these problems would be better resolved by using an equilibrium solver that
had a model for the bootstrap current built in and was less computationally intensive,
thereby allowing greater resolution. Full details of the first attempt to generate the

equilibria are presented in appendix A.

6.2 Second attempt at generating the equilibria (SCENE)

The SCENE (Simulation of Self-Consistent Equilibria with Neoclassical Effects) nu-
merical code (Wilson, 1994) was used in a second attempt to ascertain the equilibria.
Like GS2D, SCENE is an equilibrium solver however there are several important dif-
ferences. SCENE is not a free boundary code. Instead, values for the major radius
(R), inverse aspect ratio (¢ = r/R), triangularity (9), and elongation (k) are given
together with the magnetic field at the magnetic centre of the plasma. A series of
parameters that specify the shape of the ion density and temperature profiles with the

function

E?—-1
E? +

~ex Y
EF=ce¢ p{)\m (1 ¢N>}, (6.2)

are also input. In the above, z is either n; or 7;. The ion temperature profile was

T = Tedge + (xped - xedge) I: :| + {(1 + wN)az - (1 + aac¢N)}7 (6.1)

where

calculated using the electron temperature profile and the Artsimovich scaling law
(Artsimovich, 1972a). The ion density profile was estimated from the electron den-
sity profile, by assuming quasi-neutrality, with the mean atomic number taken to be
Zepr = 2.

The first term in equation 6.1 is the value of the parameter at the edge. The second
term gives the shape of the pedestal region, with xpeq being the value at the top of the
pedestal. This term is a tanh function similar to that invoked in the previous section,
with )\, being the width of the pedestal. The third term of equation 6.1 is a power
law that describes the shape of the core region of the plasma. When o, = 1, the term
disappears and the entire profile becomes a tanh function. For values of «, greater

that 1, a peaked profile is the result; values of less than 1 generate a hollow profile.
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This method of representing the profile shape is very much more flexible than
EFIT’s simple polynomial fit and allows proper representation of the edge pedestal
however the method does not have the flexibility that the method employed by GS2D
has, as SCENE cannot be supplied with an arbitrary pressure profile. The extra rigid-
ity of the SCENE code has both advantages and disadvantages. The code is com-
putationally much less demanding, which allows for higher resolution of the output
equilibrium. Since the boundary is fixed, it becomes easier to make alterations to
the profiles without making the output equilibrium unphysical. In addition, SCENE
contains a model for the pressure driven current and so the profile of ff’ is prop-
erly specified in the equilibrium (Section 6.2.1). The key disadvantage of the code is
that fine tuning of the edge pressure gradient to match the pressure profiles of each
time-slice becomes difficult. Figure 6.1 shows the raw temperature and density data
together with the profiles that were generated using equation 6.1 and used to generate
the equilibrium for time-slice ¢ = 0.164s.

Instead of using multiple time-slices to map out the stability boundary, a typical
time-slice was chosen for stability analysis. As will be explained, perturbations were
made to this typical time-slice in order to map out the stability boundary.

Figure 6.1 shows the raw temperature and density data together with the profiles
that were generated using equation 6.1 and used to generate the equilibrium for time-
slice t = 0.164s. As can be seen, HELIOS acts as a constraint on the edge 7, and
also acts to define the edge density gradient. The limitations imposed by the particular
function used by SCENE to fit the profiles means that the fit, especially in the core
of the plasma, is not as good as a custom designed profile, making use of a modified

tanh function, would be (Appendix A).

6.2.1 How SCENE calculates the current profile

In general, the driven current in a plasma discharge is known but additional current
contributions from the bootstrap (section 1.4.1), diamagnetic and Pfirsch-Schliiter
(section 1.4.2) currents, are not. The dependence of the total current profile on these
contributors is dependent on the equilibrium configuration. This issue represents a
circular logic problem and is the cause of the problems with specifying f f’ for the
GS2D equilibria, as mentioned in section 6.1.

The major advantage of SCENE over GS2D for this work is the presence of mod-
els for bootstrap, diamagnetic, and Pfirsch-Schliiter currents within the code itself.
SCENE employs an iterative procedure whereby an initial guess at the total current

profile is used to calculate the equilibrium. The total current profile of this equilib-



6.2. Second attempt at generating the equilibria (SCENE)

126

12 1 1800
11
1600
10 1
1400
@ 4
8 1200
e =
| 7 1 k\
g ~ 1000
O’
n 6 &=
=
= s 800
()
=
4 1 600
3 |
400
2 |
200
1
0 + + + + + + + i 0 + + + + + + + t
04 045 05 055 06 065 07 0.75 04 045 05 055 06 065 07 075
R(m) R(m)
(¢) The raw density profile, shown as points with the (d) The raw density profile, shown as points with the fit-
fitted profile ted profile

Figure 6.1: The raw density and temperature profiles taken from HELIOS (1) and Thomson Scattering () shown as points, together with
the fitted profiles as described by equation 6.1 and used by SCENE to calculate the equilibrium for discharge 29759, at t = 0.164s
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rium, as the sum of the driven and intrinsic currents, is then compared to the initial
guess. In general, the two profiles will be different and so a second equilibrium is
generated using the updated current profile. This process is repeated until the current
profile does not change by more than a specified accuracy, which in this case was
1%. Figure 6.2 shows the contributions to the current of the three internally gener-
ated current sources. Sub-figure 6.2d shows the externally imposed current that is
induced by the magnetic field and the sum of the internally and externally generated

currents.

6.3 Analysis of ballooning stability

The first step towards testing if the results from discharge number 29759 supports
the ELM model explained in section 2.6 is to ascertain if the equilibrium is balloon-
ing limited. In section 2.4.3, it was explained that the ballooning mode is a pressure
driven instability that can represent a soft limit to the pressure gradient. The reason-
ing for the softness of the limit is that any loss of pressure gradient or edge current
density will tend to stabilise the plasma. This is due to the shape of the stability curve
shown in figures 2.8 and 2.9. A corollary of this observation is that it is impossible
to approach the ballooning boundary by reducing P, and thereby reducing «. For
a discharge where P, reduces prior to the onset of the ELM, as it does here, it is
impossible for the equilibrium to be at the ballooning limit at the time of the ELM.

It is interesting to see how far away from the ballooning limit the equilibrium is.
To this end, a numerical analysis was performed. The magnetic flux (¢/), as a function
of r and z is output from SCENE as well as the pressure profile. A numerical code,
IDBALL (based on the method proposed by Greene and Chance (1981)) was used to
plot the s — « stability curves for the n = oo approximation to the ballooning limit
(section 2.4.2), at varying values of ¢). The plots also show the values of o and s
at the surfaces analysed. Four example plots that illustrate the results are shown in
figures 6.3.

The analysis was conducted on 10 surfaces of ¢/, between the )gq and g9 surface.
The code is incapable of dealing with a separatrix and so analysis must be conducted
up to but not including the plasma edge. Ignoring the last few flux surfaces could
potentially cause errors in the analysis if these surfaces were unstable. In this case
however it is the ballooning mode which is of interest which, as explained in section
2.4 3, is relatively radially extended. As such, the relevant flux surfaces are tested for

stability by this method. All of the surfaces were shown to be in the stable region.
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Figure 6.3: Results from the IDBALL numerical ballooning analysis showing that

discharge 29759 is stable to the ballooning mode at t = 0.164s. The boundary be-

tween the n = oo ballooning stable and unstable regions are shown with the location
of the plasma in s — « space. (cont.)
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As explained in section 2.4.5, for every value of edge current or shear, there are
two marginally stable values of «. The lower value represents the upper limit of first
stability with the upper value being the lower limit of second stability, leading to a
forbidden region of instability. As can be seen from figure 6.3, for surfaces close to
the separatrix, the plasma is in the region of first stability. Further into the plasma,
the discharge has higher values of «, but the decreased shear allows the plasma to

avoid the forbidden region of instability.

6.3.1 Analysis of peeling stability

The method for this analysis was similar to that used for the ballooning stability anal-
ysis except for the final step. Instead of using the IDBALL code to asses stability,
the ELITE code (section 2.4.5) was used. ELITE (Wilson et al., 1999) is a numer-
ical code that calculates the growth rates for the ideal eigenmodes of a particular
equilibrium. From this, the stability to edge localised modes of any type, peeling,
ballooning, or coupled peeling-ballooning, can be assessed.

The equilibrium for time-slice (f = 0.164s) was tested for stability using the
ELITE code and found to be unstable. The value of j/ (j) for this discharge was
0.1983 and o was found to be 0.3019 using the IDBALL code. The eigenfunction of
the instability can be seen in figure 6.4. As can be seen, the instability is concentrated
at the edge with a single dominant mode. This mode is the one closest to the separa-
trix and therefore the discharge can be considered to be unstable to the peeling mode.
The abscissa shows 1)y rather than rational surfaces counted in from the separatrix,
as was shown in figure 2.7, as the mode structure is more easily discernible in this
case. By artificially removing current from the edge region of the discharge, the point
of marginal stability was found (j/ (j) = 0.1745, a = 0.2970). It was necessary to
alter the density profile by linearly scaling it to keep o constant to within two decimal

places.

6.3.2 Curve of marginal stability

By scaling the density and then artificially manipulating the current at the edge of
the plasma, a series of marginal stability points were found for the discharge. While
testing for stability at low «, it was sufficient to test the stability of the closest mode to
the separatrix as the current at the very edge of the plasma is what drives the peeling
mode (section 2.4.4). At higher o, where ballooning and coupled peeling-ballooning

modes are possible, it was necessary to check the stability of all likely modes, as
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Figure 6.4: Eigenfunction generated by the ELITE numerical code (n = 6). The
dominant mode close to the separatrix indicates the peeling nature of the instability.

these instabilities can be relatively radially extended into the plasma. In this case, up
to and including n = 20 was considered sufficient.

It was hoped that the pressure could be increased to the point where the balloon-
ing boundary could be found. Unfortunately, the equilibrium failed to converge when
the pressure was raised significantly and so few points above the unperturbed equi-
librium could be found. For all equilibria tested, the closest rational surface to the
edge was the one found to be unstable. This result further supports the hypothesis
that the ELMs were caused by the peeling mode.

Based on the belief that the discharge is far from the ballooning boundary, a linear
fit to the marginally stable points was considered an acceptable way to establish a
stability curve. For a pure peeling mode, the stability curve should be a straight line.
Figure 6.5 shows the original unperturbed equilibrium () in jj / (J) - « space, the
marginally stable values (¢), and the linear fit to the marginally stable values.

There appears to be quite a large spread in the marginally stable values. This
spread is due to the variable influence of the vacuum contribution to the stability
equation (section 2.4.4) in the limiter approximation to the discharge. Points that

are furthest above the straight line have their unstable flux surface very close to the
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Figure 6.5: Plot of marginal stability (Q) in o« and j)/ (j) space, fit with a straight
line. The position of the unperturbed equilibrium is also shown (% ).

plasma boundary, so that the vacuum appears to be heavily stabilizing. Those points
further into the area marked as “STABLE” on the graph have their unstable flux
surface comparatively deep into the discharge.

The fuzziness is an artifact of approximating the true, diverted equilibrium by
discarding the extreme edge region to produce a limited plasma that can be modeled
by SCENE/ELITE. This process discards the infinite number of flux surfaces, near
the edge of the equilibrium, and leads to this apparent sensitivity to the exact value
of edge q.

To verify this point, a study of the four most extreme points, that is points furthest
from the linear fit, was performed to find their marginally stable values of j/ (j),
without the vacuum contribution. The results can be seen in figure 6.6. From this
figure, it can be seen that the points increase monotonically although the points do
not lie in a good straight line.

There are two possible explanations for the points in figure 6.6 not being exactly
linear. The form of j/ (j) output by SCENE is averaged over a flux surface. The
form of jj / (7) used in the peeling criterion is averaged over a field line (equation
2.23). In a large aspect-ratio, circular approximation, these two quantities should be
the same, however in a shaped plasma with finite aspect ratio, the flux surface average

and field line average are generally not equal.
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Figure 6.6: Plot of marginal stability points with the vacuum contribution neglected
for the most divergent points of figure 6.5

A second problem is connected to the failure of the equilibrium to converge at
high . Scaling the pressure profile caused changes to the equilibrium itself, most
noticeable was a movement of the magnetic axis of the plasma towards the outboard
edge as the pressure increased. This phenomenon is known as the Shafranov Shift
(Wesson, 1997). Changes in the equilibrium cause changes in the shape of the curve
of marginal stability. It can be thought that the fit shown in figure 6.5 is averaged
over multiple, slightly varying equilibria.

An avenue of further study would be to better perturb the equilibrium without al-
tering the nature of the equilibrium as much. A better method of perturbation might
include changing only the edge pressure gradient and not the core pressure by ma-
nipulating the pedestal region only. The second method of manipulating the pressure
profile was not attempted during this investigation due to the time-scales involved in
the work and the lack of certainty that there would be a positive outcome.

To test whether changes in the pressure profile alone would be likely to lead to
stability for this discharge, the pressure was scaled and the SCENE programme used
to calculate a number of values of cand j / (j). Figure 6.7 shows the resulting values
which nearly lie in a straight line. This result is not surprising, if it is considered that
the pressure gradient can drive plasma current by means of the bootstrap, diamagnetic

and Pfirsch-Schliiter currents (Section 1.4).
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Figure 6.7: Plot of predicted j|/ (j) for a range of o (1) fitted with a straight line
(dashed). The regions of stability and instability are also shown.

Although there were many difficulties and compromises made during this part
of the investigation, the preliminary conclusion is that the equilibrium based on dis-
charge number 29759 is slightly unstable to the peeling mode, irrespective of the

actual value of «.

6.3.3 Possible trigger mechanisms for the ELMs

In section 2.6, two possible trigger mechanisms for type III ELMs were outlined. The
first mechanism involves the suppression of the edge current density due to electron-
electron collisions. SCENE has a model for the three internal sources of current that
takes into account the changes in collisionality. Since changing the value of o did not
result in crossing the stability boundary, this mechanism is unlikely to be the cause
of arise in j/ (j) prior to each ELM, for this particular discharge.

Further support for dismissal of the first mechanism comes from examining the
edge collisionality of the discharge. Figure 6.8 shows the evolution of the edge colli-
sionality of discharge number 29759 taken with HELIOS, using the same method as
that used to produce figure 2.10. Normalised edge collisionality, v} varies between
~ 1, immediately before each ELM and = 2, immediately after. From figure 2.10,
it can be seen that this data makes the discharge fairly typical for ELMing H-modes
on COMPASS-D. Although high collisionality can causes a suppression of the desta-

bilizing bootstrap current in favor of the partially stabilizing Pfirsch-Schliiter current
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Figure 6.8: Normalised electron collisionality shown with D, emission at the 95%
(dashed) and 90% (dotted) flux surfaces and for the radius of maximum electron
pressure gradient (solid), for discharge number 29759 on COMPASS-D.

as the percentage of trapped particles decreases (section 2.6), in this regime, current
varies approximately as 1/ (1 + a x v/v*) where a is a constant of order 1. This
means that a change in v* from 1 to 2 results in a decrease in bootstrap current of
~ 20%. The suppression of the edge current due to increased collisionality is there-
fore a weak effect.

The second mechanism relies on the finite current penetration time. The normal
trajectory discussed (Snyder et al., 2002) involves the pedestal pressure gradient ris-
ing to take the discharge into the stable region. Since the edge current cannot rise
instantaneously, due to Lens’ law, the discharge remains stable until the edge current
rises towards the static equilibrium value, crossing the peeling boundary and destabi-
lizing the discharge.

A preliminary attempt at modeling the second possible mechanism is described
in the next section. The current is assumed to tend towards a target value, which is
defined as the static equilibrium value shown in figure 6.7. The discharge is assumed
to go unstable when it reaches the linear fit to the marginally stable points, averaging

the effects of the fuzzy boundary.

6.3.4 Mapping the trajectory in 5,/ (j) - & space

The trigger mechanism described in section 2.6 and summarised above could be mod-
eled by assuming that the discharge evolves towards a target state but reaches the

peeling boundary first, which results in the ELM event. Using the inter-ELM data
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from HELIOS, a simple model was applied to the trajectory of the discharge between
the ELM events.

In section 2.6, the resistive diffusion time was found to be,

= o)

The particle diffusion time, which might govern the rise in edge pressure is 7, =
41ms. The particle diffusion time is an order of magnitude longer than the resistive
diffusion time. This might imply that the edge current density will follow the edge
pressure gradient, driving the peeling mode and preventing access to H-mode. On the
other hand, the pressure gradient might rise on a faster time-scale than the particle
diffusion time if the change in edge pressure was the result of convection, rather than
diffusion. This suggestion is supported by the data taken by HELIOS which shows
the edge pressure gradient changing on a time-scale of the order of milliseconds.

If it can be considered that the pressure gradient is the primary source of current
for the plasma edge, as suggested by the equilibrium reconstruction shown in figure
6.2, then it is clear that the current rise must lag behind the change in pressure gradient
by the current rise time. The trajectory of the plasma in j / (j) - & space was modeled
based on these assumptions.

The analytical approximation for normalised pressure gradient, &, for a large
aspect ratio, circular cross-section plasma was calculated. The expression for & that
was given by Connor et al. (1978) and derived in section 2.4.3 was used. It is repeated

here for ease of reference,

 2uoRg* dp
B2 dr’

&= (6.3)
All the parameters are available from HELIOS or the magnetic diagnostics. The
result was fit with a spline and is shown in figure 6.9. Since & is an analytical ap-
proximation to « (section 2.2), the two are related but are not exactly the same. The
vertical lines represent the onset of the ELM events and each inter-ELM period is
labelled with a letter; A, B, C, and D. The actual ELM event occurs too quickly to be
observed by the diagnostic. Figure 5.7 shows that the rise in D, occurs on a much
faster time-scale than the resolution of HELIOS. Carolan et al (1994) measured the
rise in D, to take ~ 20us. The decay in the signal is dependent on the rate of re-
cycling, which is unrelated to the time-scale of the ELM event. This observation is
supported by figures 5.12a and 5.12b. It is justified to ignore the actual ELM event,

assuming that it was smeared out.
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Figure 6.9: Spline fit of normalised pressure gradient, &.. The vertical lines represent
ELMs. The four inter-ELM periods are labelled A, B, C, and D.

The value of jj/ (j) is more problematic. Local current densities were not mea-
sured on COMPASS-D or MAST.

Immediately following a change in the edge pressure gradient, there will be a
change in the bootstrap current (section 1.4.1). Since current cannot change instanta-
neously because of finite resistivity, a back EMF is generated that will drive an equal
and opposite current, (in accordance with Lenz’s law,) that opposes the change in the

current,
Eli—o = —n) 0] (6.4

In the above, F |¢—o is the electric field due to the back EMF immediately following
the change in pressure gradient, 7)) is the resistivity parallel to the current flow, and
07 is the difference between the target current density (which is the current density
after an infinite time or the current density were it not for Lenz’s’ law) and the actual

current density. From Maxwell’s equations,

OB
2 — _VxE. .
ot 8 (6.5)

Taking the curl of both sides of the above equation gives,

%(V xB) = -V x(VxE), (6.6)
93 1o
5 = Mov E. 6.7)

The current which is generated by the back EMF must diffuse out of the edge re-

gion. The current density is assumed to tend towards the target on an exponentially
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corrected resistive time-scale,
5i
V2E = -2l tim, (6.8)
porl
where ygrl/n = 7, (equation 2.27). Assuming that 7 = 7, in the exponential gives,
i
V2E = & emtim, (6.9)
Tn
In the above, [ is a characteristic scale length which, in this case is the pedestal width.

Integrating equation 6.8 gives,
j=-0j [e‘t/“f + c} : (6.10)
Imposing the limit that j = jg, at £ = 0 gives the final equation,
j=7jo+dj [1 —e‘t/“’], (6.11)

where jq is the initial current.

This simple model was applied to discharge number 29759. Relationships be-
tween j) / (j) and & for marginal stability and target currents were taken from straight
line fits in figures 6.5 and 6.7 respectively. As mentioned above, o and & are not gen-
erally the same and so the gradients of the marginal stability and target current lines
were scaled accordingly. At time ¢ = 0.164, values for « = 0.3019 and & = 0.1776
were compared to give a correction factor of ¢ = 1.6999.

At the point immediately before each ELM was initiated, the plasma was assumed
to be at marginal stability. This is clearly an approximation compared to the actual
stability calculation (figure 6.5), but is satisfactory for the purposes of examining the
discharge evolution in jj/ (j) — & space. The normalised edge current density was
extrapolated backwards and plotted against the normalised pressure gradient to trace
the trajectory of the discharge in j; / (j) - & space.

The model was applied to each of the four inter-ELM periods using a range of
time-scales. The results for a number of time-scales between 7 = 4.0 — 5.5ms, are
shown in figure 6.10.

For time-scales, Texp < 4.0ms, the model predicts that the current falls to zero
as the model tracks backwards. This result is clearly unphysical, the interpretation of
this result is that the edge current density is changing too fast, therefore 75 would
be shorter than observed for the discharge in question.

It is difficult to put an upper limit on 7gxp based on the model and temporal
resolution of the data as it stands. Since an ELM is an instability, it might logi-

cally be assumed that some pressure is lost from the edge of the plasma during each
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Figure 6.10: The predicted trajectories in j)/ (j) - & space for 7 = 4 — 5.5ms. The
dotted line represents the line of marginal stability.
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Figure 6.10: The predicted trajectories in j) / (j) - & space for 7 = 4 — 5.5ms. The
dotted line represents the line of marginal stability. (cont.)
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event. For the discharge to become stable again to the peeling mode, an equivalent or
greater amount of normalised edge current density must be lost in order to stabilise
the discharge. Since the data from HELIOS is of insufficient temporal resolution to
measure how much the pressure gradient is degraded during the ELM event, an exact
calculation of the magnitude of the edge current density loss is impossible.

It can be assumed that some edge pressure must be lost. By inspection of figure
6.10d, it can be seen that only a very small amount of the normalised edge current
density is lost (< 5%) for 7 = 5.5ms. It is difficult to see how such a small loss
of edge current density could stabilise a significant loss of edge pressure as is likely
to occur during an ELM event. It seems reasonable to suggest that the appropriate

current diffusion time is approximately,

Texp ~ 4.5 —dms |.

The modeled current rise time (4.5 — 5ms) and resistive diffusion time (4.5ms)

are in excellent agreement.

64 Conclusions

Results from the previous section showed that the electron pressure gradient could
fall prior to the onset of type III ELMs on COMPASS-D.

The phenomenon can be interpreted in terms of the model described in section
2.6. The original work makes no prediction as to the inter-ELM trajectory in j; / ()
- « space. The assumption made by Snyder et al. (2002) is that the pressure gradient
rises and the edge current density follows, as shown in figure 2.11 and repeated here
as figure 6.11a.

It is possible for the plasma to approach the stability boundary from a drop in «
as well as arise in j) / (j). A simple model for the trajectory of the plasma in j / (j)
- & space was suggested and a preliminary stability analysis conducted, including
an attempt to map out the trajectory of discharge number 29759 during inter-ELM
periods.

The stability study showed that the initial equilibrium was unstable. A linear fit
to the marginal stability points gave the line of marginal stability. It was also shown
that varying the pressure gradient could not lead to stabilisation of the equilibrium.

Two possible trigger mechanisms were considered for the ELMs in discharge
number 29759. The first mechanism involves suppression of the edge current via

electron collisionality. Since the equilibrium solver SCENE incorporates a model
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for edge current that considers edge collisionality, this mechanism was dismissed
as unlikely. Further evidence came from the HELIOS diagnostic that showed the
normalised edge collisionality to only change by a factor of two, which would result
in only a small change in edge current.

The second mechanism considered, relies on there being a finite current rise time
in the plasma. An increase in edge pressure can result in temporary stability to the
peeling mode if the current rises on a slow enough time-scale following the change
in pressure. A simple model based on this premise was applied to the discharge,
yielding good results. Comparison with the modeled current rise time and calculated
resistive diffusion time showed excellent agreement. The inter-ELM trajectory of

discharge number 29759 would look like the one shown in figure 2.11.

6.5 Further Work

Both the GS2D and SCENE codes make use of an (R, Z) coordinate system, on
which they solve the Grad-Shafranov equation. For this work, it proved impossible
to use a high enough resolution when using GS2D and computationally expensive
when using SCENE to resolve the rational surfaces in the edge pedestal. Further
work might involve the implementation of the CHEASE numerical equilibrium code
(Liitjens et al., 1992) which solves the Grad-Shafranov equation in flux coordinates
thereby automatically compensating for the concentration of flux surfaces in the edge
region due to the steep pressure gradient in the pedestal.

More work should be directed to the shape of the marginal stability curve shown
in figure 6.5. Due to the way in which the pressure gradient was scanned, the equi-
librium became distorted and failed to converge when attempts were made to find
marginally stable points with high «.. Increasing the edge gradient without increasing

the pressure in the core of the plasma is one possible method to avoid this problem.
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Summary and conclusions

There were two main aims of this work. The first aim was to upgrade the HELIOS
diagnostic; improving its stand-alone capabilities as well as combining it in synergy
with CELESTE. The second aim was to use the upgraded diagnostic to contribute to

the developing areas of H-mode transition and ELM theory.

7.1 The HELIOS-CELESTE hybrid diagnostic
7.1.1 The HELIOS diagnostic

The HELIOS diagnostic is a multi-chord, multi-time, active helium line intensity
ratio spectrometer. HELIOS provides measurements of electron density, (n.) and
electron temperature (7¢), at ten positions, radially spaced over ~ 5 cm around the
separatrix. Originally, helium gas was injected into the plasma at the outboard mid-
plane via a 4 mm open pipe. This method, although partially successful resulted in
a large flux of helium into the plasma, limiting the amount of time over which the
diagnostic could take data. To resolve this problem, an array of three micro-nozzles
of radius 20 pm was installed. The new method of injecting helium involved flooding
the nozzle manifold with helium and allowing the helium to be pushed out under the
back pressure. After the discharge, the manifold was pumped down to vacuum again.

The collection optics were placed directly above the region where the neutral
helium jet interacted with the plasma, focused light onto an array of 10 optical fibers
which conveyed the light to the spectrometer. The spectrometer was a 0.6 m Czerny-
Turner with a 1200 Imm ~! grating. The spectra were measured using a CCD camera
and recorded using a PC. During the course of the work, the temporal resolution was
increased by the installation of a liquid crystal shutter which was controlled by the

same signal pulses that controlled the CCD camera. This development allowed us to

147
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reduce cross-talk between chords in consecutive time-slices as the data was clocked

into the storage region of the CCD chip.

7.1.2 The CELESTE diagnostic

The CELESTE diagnostic is a high-resolution, multi-chord, multi-time Doppler spec-
trometer. In the configuration that was used for this work, the diagnostic was used
to measure the Doppler shift and Doppler broadening of the Hell spectral line at
468 nm, to extract temperature and velocity information.

CELESTE made use of the same collection optics as HELIOS. At the tokamak
end, 19 pairs of optical fibres were arranged in a 2 x 10 array, adjacent to and with the
same extent as the HELIOS optical fibres. The two spectrometers were therefore, in-
herently aligned. At the spectrometer end, a wavelength calibration chord was added
and the 20 pairs were arranged in a 4 x 5 staggered grid which minimised cross-talk
between chords. The spectrometer was a 1 m Czerny-Turner with a 2400 Imm ™!
grating. In common with HELIOS, a CCD camera, attached to a PC was used to

record the spectra.

7.1.3 Diagnostic synergy

The combination of the two diagnostics, using the same collection optics allowed
for a wide range of plasma parameters to be measured. In addition to the 7, and
ne profiles from HELIOS and Vi and Ty.r; from CELESTE, combining the two
diagnostics enabled the indirect measurements of a number of different parameters,

including the radial electric field.

7.1.4 Validation of the HELIOS data

A self-consistency check was performed on HELIOS, which involved comparing the
emission profile of one of the helium lines (667 nm), as measured by the HELIOS
spectrometer to a calculated profile, using a simple coronal model and the analysed
data from HELIOS. The profiles agreed fairly well. There was a discrepancy be-
tween the calculated and measured level of light on the outer side of the profile. This
discrepancy might be explained as a result of the assumptions used in the coronal
model.

A statistical comparison was performed, over many discharges, between the HE-
LIOS and Thomson scattering diagnostics. Good correlations were found of 0.82 for

Te and 0.83 for n.. A systematic under-estimation of n. by HELIOS, by a factor
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~ 3.6 was found, compared to Thomson scattering. Upon investigation, it was found
that the cause of the systematic error was a degradation in the FLC-shutter that was
installed to increase the temporal resolution of HELIOS.

Experiments conducted immediately after the installation of the shutter were as-
sumed to be reliable as the damage most probably would have occurred slowly over
time. For the purposes of calculating the electric field, the n. and T, scale lengths
are required, these values are insensitive to the absolute values and so HELIOS data

could still be used in synergy with CELESTE to measure the radial electric field.

7.2 ELM dynamics

Much work has been carried out in the field of ELM dynamics. In this thesis, one of
the leading models of ELM stability theory was reviewed (section 2.6). The model
includes the peeling and ballooning modes as possible sources of instability. The
peeling mode is highly localised, current driven instability that is resonant on the
closest rational surface to the edge of the plasma. It is destabilised by edge current
but stabilised by the pressure gradient. The edge ballooning mode is slightly more
radially extended than the peeling mode but is still localised at the edge. It is a
purely pressure gradient driven mode. The combination of the two instabilities leads
to a triangle of stability in a (normalised edge pressure) - j;/ (j) (normalised edge
current density) space. Large type I ELMs are thought to be a result of coupled
peeling-ballooning modes whilst small type III ELMs are thought to be pure peeling

modes.

7.2.1 Experimental ELM studies

Data from HELIOS on COMPASS-D showed that for discharge number 29759 which
had slow, type III ELMs, the edge pressure fell prior to the onset of each ELM. The
measurements were validated with data from the edge Thomson scattering diagnostic
on COMPASS-D. Data from the linear D, camera on MAST showed that the edge
electron density gradient could sometimes fall prior to type III ELMs but sometimes
did not. The conclusion of this part of the investigation was that a fall in edge pressure

is possible prior to type III ELMs but is not an inherent feature.

7.2.2 Preliminary stability analysis

An equilibrium reconstruction of discharge number 29759 was performed using the

SCENE numerical code. The equilibrium was used for a stability analysis using the
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ELITE code. The discharge was found to be unstable to the peeling mode, in keeping
with the model presented. A stability study, conducted by varying the values of o and
j)1/ {j)» showed that the discharge was such that varying the edge pressure affects the
static equilibrium edge current in such a way that equilibrium cannot be made stable.

Two trigger mechanisms for the ELMs were proposed. The first mechanism is
that high collisionality suppresses the pressure driven currents at the edge of the
plasma. If the collisionality then falls, the current will rise and an ELM will result.
This mechanism was dismissed as unlikely as the equilibrium solver used during
the stability analysis took account of collisionality. Further evidence came from the
calculation of edge collisionality for the discharge in question, which showed v} to
vary by a factor of two which would result in a relatively small change in the edge
bootstrap current.

The second possible mechanism relied on a finite current rise time giving tem-
porary access to the stable region before the internally, pressure driven currents rise
to cause the peeling mode to become unstable. An attempt to plot the trajectory
in jj/ (j) - & space for COMPASS-D, discharge number 29759 was made. Straight
lines were fit to the marginally stable and static equilibrium values. The static equilib-
rium values were taken as target currents that the discharge would evolve towards for
any given value of &. The normalised edge pressure, &, was directly calculated from
HELIOS measurements and the normalised edge current density, jj / {j), was pre-
dicted using a simple model. The model was used to predict a characteristic rise time
which agreed extremely well with the neo-classical resistive diffusion time, which

was 7, = 4.5ms.

7.3 Further work

Both equilibrium solvers that were used in the preliminary stability analysis solve
the Grad-Shafranov equation on an R-Z grid. This method makes it computation-
ally expensive to solve a sufficiently resolved equilibrium for the stability analysis.
One way to address this problem would be to implement an alternative equilibrium
solver such as the CHEASE code, which solves the Grad-Shafranov equation in flux
coordinates. Solving the equilibrium in flux coordinates will automatically compen-
sate for the clustering of flux surfaces near the plasma edge due to the steep edge
pressure gradient. This will allow a full stability analysis of any discharge on either
COMPASS-D or MAST using the ELITE stability code.

The MAST tokamak has recently had a 300-point Thomson scattering diagnos-
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tic installed. This diagnostic is capable of producing n. and 7. profiles across the
entire radius of the plasma. A proposed future experiment on MAST will involve
reconstruction of the entire profiles with many time-points relative to ELM events.
Due to the small database of data available for this investigation, it was not possi-
ble to see how the physics changed under varying conditions. It would be of interest
to discover what caused the drop in pressure gradient observed before the ELMs.
Preliminary studies using the Mirnov magnetic pick-up coils have yielded no clues.
One suggestion is that a resistive ballooning mode is responsible. This mode may
not show up on the magnetic diagnostics as it can be electrostatic in nature. A possi-
ble first step in an investigation into the cause of the drop in edge pressure gradient
would be to vary plasma parameters, such as density and plasma current, to identify

the conditions under which the phenomenon occurs.






Appendix A

The first attempt at generating the
equilibria (GS2D)

The full equilibrium reconstruction for each time-slice was performed in four stages.

1

. An equilibrium reconstruction was performed using the EFIT code (section

1.3.2).

. Data for the edge pressure from HELIOS and a core value from TS was substi-

tuted for the EFIT generated pressure profile and the equilibrium reconstruc-
tion was performed again with EFIT fitting the pressure profile with a polyno-

mial.

. The complete pressure profile was fit using the sum of a modified tanh fit

and a polynomial. The mtanh function was kindly supplied by Groebner and
Osbourne (1998) of DIII-D.

. The fit pressure profile was substituted for the pressure output from EFIT and

a separate equilibrium solver, GS2D (Roach and Thyagaraja, 2002), was used

to re-generate a consistent solution.

A. Initial EFIT reconstruction

This initial stage was performed with the assistance of Hendrik Meyer. Accurate

reconstructions for all time-slices were generated with the inclusion of extra outboard

Mirnov coils, which are not normally used, and with great care paid to the relative

weighting of the magnetic coils until the best fit was obtained.

The modified calibration file was then used to create separate equilibrium files

for each time-slice, which were needed for the next stage of the analysis. EFIT, in
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Figure A.1: A polynomial pressure fit from EFIT for discharge number 29759 (t =

0.148ms). The polynomial fit gives an approximation to the general shape of the

pressure profile but lacks the flexibility to make small changes at the edge without
affecting the core.

common with all the equilibrium solver codes used in this analysis requires the total
pressure profile rather than the electron pressure. The total temperature profile was
calculated using the Artsimovich scaling law (Artsimovich, 1972a). The total density
profile was estimated by assuming quasi-neutrality, with the mean atomic number

taken to be, Z.rr = 2.

A.2 Gross change in P, performed by EFIT

Real pressure values for HELIOS and TS at the edge were fitted in flux space, us-
ing the equilibrium fit generated in the previous step. The fit was combined with
TS values from the core and substituted into equilibrium files for five time points be-
tween a single ELM, these time points were; 0.147ms, 0.148ms, 0.149ms, 0.150ms,
0.151ms.

EFIT fits pressure profiles with a polynomial fit. An example of which can be
seen in figure A.1. The profile appears as if it might be unphysical because there is
no constraint on (dP/d1))—o. Under these circumstances, the pressure profile is not
necessarily flat at magnetic axis, i.e. (dP/dr),—o # 0. In fact, EFIT rounds off the

pressure profile at the centre, after the fitting.
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Although this method is perfectly valid and creates consistent equilibria, due to
the nature of a polynomial fit, any small change at the edge of the plasma pressure

profile will create a larger change towards the centre of the equilibrium.

A3 Fitting the pressure profile

The measured pressure profile for discharge number 29759 at time ¢ = 0.148, includ-
ing the entire TS profile except for the outer-most TS point can be seen in figure A.3.
The outer-most TS point was ignored because it is on the same flux surface as the
inner-most usable HELIOS data point. From figure 5.3(a,b), it can be seen that the
agreement between the two diagnostics was good but the TS does not have the time
resolution to track the changes in edge pressure. The profile was fit with a modified
tanh (mtanh) function supplied by R.J. Groebner of DIII-D,

Y = Aj; xtanh {2(14;73—7')} + Ao, (A1)
Y = Y+ Asx (A4 —7) }or < Ay (A2)
In the above,

Ay = Offset,

Ao = Height of pedestal,

As = Width of pedestal,

A, = Position of knee,

As = Position of pedestal,

Ag = Slope of line inside the knee.

An example of an mtanh curve, with the fitting parameters marked, is shown in figure
A.2. Studies by Groebner and Osbourne (1998) show empirically that the mtanh
function provides good agreement with measured temperature, density, and pressure
profiles in H-mode. Work by Wagner and Lackner (1986) suggests that the tanh
function may be the natural shape for the H-mode edge density pedestal.

The mtanh function was subtracted from the data and the difference was fit with
a polynomial. This technique allowed small variations in the edge pressure gradient
to be fit whilst not affecting the core pressure profile. An example of a fit can be
seen in figure A.3. It might seem that the HELIOS edge data has little effect on the
overall pressure profile but this is not the case. The HELIOS data effectively defines
the gradient of the steep part of the mtanh function. The knee of which is limited by
the TS data.
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Figure A.2: A representation of the modified tanh fit used for fitting the edge pres-
sure to refine the equilibrium reconstruction for discharge 29759.

Pressure (Pa) x 10°

O
N

Figure A.3: A modified tanh and polynomial fit to the pressure profile for discharge
29759 t = 0.148ms including TS (/\) and HELIOS (O). This fitting method allows
fine tuning of the edge pressure profile without affecting the core pressure profile.
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A4 Final equilibrium using GS2D

GS2D is a numerical equilibrium solver that iteratively solves the Grad-Shafranov
Equation (equation 1.14), for given pressure and f profiles, plasma current, and val-
ues of 1) at points on a rectangle surrounding the poloidal cross section (Roach and
Thyagaraja, 2002).

It was impossible to make large changes to the pressure profile without seriously
affecting the shape and size of the plasma boundary to the point where the solution
became unphysical. GS2D was used here to combine the approximate equilibrium
from EFIT with the correctly fitted pressure profile, thereby allowing meaningful

comparisons of a and j; / (j), between time-slices.

An example of the output from GS2D can be seen in figures A.4a and A .4b.
The shape of the poloidal flux surfaces are shown in the top left hand plot in figure
A.da. The equilibrium had a reasonable and physical shape. The level of error of
the fit was low as shown in the top right hand and the bottom left hand graphs in
figure A.4a. The pressure profile contained the pedestal, as measured by HELIOS
and Thomson scattering and fit with the mtanh and polynomial fit. Figure A .4b shows
the current profile as both a surface plot and a cross section at the Z = 0 plane. The
dotted line shows the f f’ contribution to the current, and the dashed line shows the
p’ contribution which had a clear peak due to the steep edge pressure profile. The
resulting current profile is shown by the solid line, it can be seen that the high pressure
shear led to enhanced edge current density. There was a shell of increased current
just inside the separatrix. The final two plots show the p’ and f f’ contributions to
the Grad-Shafranov equation. These equilibria were in qualitative agreement with
equilibria generated by Horton et al. (2002) for similar work based on type I ELMy
discharges on the ASDEX-U tokamak.

Attempts were made to use these equilibria to establish stability as tested by
the elite code (section 2.4.5). After several unsuccessful attempts to test stability, it
was observed that edge current given by GS2D was wildly variable, dependent on
tiny alterations of the input pressure profile, inconsistent and often giving negative
results. It became clear at this point that the alterations to the pressure profile from
EFIT before entering them into GS2D constituted more than a small perturbative
change. It was also noted that the ff profile from EFIT was not well specified. To
properly specify an f f’ profile for GS2D, a bootstrap model would have to be used
to predict the current profile. The equilibrium could then be iteratively solved until a

consistent solution could be found.
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(a) YN (top left) and the level of error in the fit (top right, bottom left). In the shaded contour

plot, the darkest regions have the highest error. The pressure profile measured by HELIOS and

Thomson scattering and fit with a modified tanh and polynomial function is also shown (bottom
right).

Figure A.4: An example of an output from GS2D
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(b) The plasma current density (top) and the contributions to the Grad-Shafranov equation cf.
equation 1.14 (bottom). There is a local peak of increased current just inside the separatrix due
to the steep pressure gradient.
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Making changes to a GS2D equilibrium is not a straight forward process. GS2D
is a free boundary code, which means that it calculates the shape and size of the
separatrix. Although this feature of the code can be of great use for certain studies, it
adds complexity to this particular problem. When f f” or p’ are altered, the shape of
the discharge can be altered, in moderate cases, this means that the plasma changes
shape but in more extreme cases, the equilibrium can fail to converge as the plasma
size disappears to zero or increases greatly.

Furthermore, it was found that the achievable resolution of the GS2D equilibrium
was insufficient for ELITE to converge fully. This was due to the steep edge pressure
gradient associated with H-mode; pressure is a flux function and so a steep edge
gradient will result in a concentration of flux surfaces at the edge. Many of the
flux surfaces represent rational surfaces of ¢, which must be resolved for successful

stability analysis.
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List of Symbols

Common subscripts

X parallel to the magnetic field

X perpendicular to the magnetic field
Xo in the poloidal direction

Xy in the toroidal direction

Xo unperturbed or initial value

Xm value at the neck of a magnetic mirror
Xe electron

X; ion

Xp deuterium neutrals

X, impurity ions

Xedge value at edge of plasma

Xped value at top of pedestal

X, value at plasma core

Fundamental Constants

e the charge on an electron (1.6 x 10~ coulomb)
€0 permittivity of free space (8.854 x 10~ 2Fm~1)
1o permeability of free space (1.3566 x 1076 m kg C~2)
c speed of light (2.9979 x 108ms~1)

ks, Boltzmann constant (1.3805 x 10723 J K1)
Geometry

R major radius

r minor radius

S surface area

0] toroidal angle

0 poloidal angle
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€ inverse aspect ratio (r/ R)

K elongation

0 triangularity

éRr unit vector in the direction of R

e? unit vector orthogonal to 1)

l scale length

Magnetic field

B magnetic field

q the safety factor

P poloidal magnetic flux

Pq poloidal magnetic flux on the magnetic axis
Wy poloidal magnetic flux at the boundary
VN normalised poloidal magnetic flux

Plasma Parameters

density

temperature

pressure

normalised edge pressure

analytical approximation to o

electron collision frequency (collisionality)
normalised electron collisionality (to the bounce time)
n resistivity

TE energy confinement time

T resistive diffusion time

Tp particle diffusion time

S magnetic shear

n Lawson’s coefficient for energy recycling
f current flux function
E

Ip

J

>0 T 33

S, X

electric field
plasma current
current density

b bootstrap current

JPS Pfirsh-Schliitter current

P power into the plasma

16} ratio of kinetic to magnetic pressure
In A Coulomb logarithm

T viscosity tensor

R.o friction force due to neutrals

R.3 friction force due to species (3
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V.0 impurity velocity in z direction from poloidal rotation
Vzth impurity velocity in 2 direction from thermal motion
Zefy average atomic number of the ions in a discharge
Az pedestal width of parameter x
Particles
m mass
A atomic mass
v particle velocity
VeT electron thermal velocity
the first adiabatic invariant
0, the angle between an electron guiding centre and the B-field
F force
Vr drift velocity due to a force
o collisional cross-section for bulk ions
0ij collisional cross between for transition from state ¢ to state j
E; Energy released for each fusion reaction
b bremsstrahlung coefficient
wp trapped electron bounce frequency
Pe electron Larmor radius
Spectroscopy
C; population rate from state j to state k
Nile density of helium
Ap;j spontaneous relaxation rate from state k to state j
n; critical electron density for collisional radiative model
I; light intensity from spectral line associated with j — & transition
n; density of atoms in state j
A; spontaneous relaxation rate from state j to ground
Ajm spontaneous relaxation rate from state j to all other levels
Ojrec cross-section for recombination to state j
Ojion cross-section for ionisation from state j
A1 wavelength of transition line 3s'S — 2p' P (728.1nm)
Ao wavelength of transition line 3d' D — 2p' P (667.8nm)
A3 wavelength of transition line 3535 — 2p3 P (667.8nm)
I intensity of line A\
I intensity of line Ay
I3 intensity of line A3
Ry ratio of line intensities I3/1;
Ry ratio of line intensities I />
1 light intensity

L length



S(pi)
I

N (pi)
)\piO
D

Api
/\piO

i
A)\ﬁnal
A)\obs
A)\ref
Traw
Tinstr
Ao
A\

emissivity

width of D, emission shell

ionisation impact parameter

excitation impact parameter

binning time for CCD chip

number of rows in the image region

height of row on CCD chip

vertical transfer time for CCD chip

mode switch time for CCD chip

frame time (reciprocal of the frame rate)
sensitivity for any given pixel

intensity of light from the integrating sphere
number of photons counted at each pixel number
spectrometer wavelength

dispersion relation

separation of two spectral lines

measured separation of two spectral lines in pixels
known wavelength of the line at the centre of the image region
horizontal pixel number, pi = 0 is the centre of the image region
final recorded Doppler shift

observed shift in measured wavelength
wavelength shift of reference chord

ion temperature prior to correction for instrument function
offset temperature due to instrument function
centroid wavelength of a spectral line

shift in centroid wavelength

centroid intensity of a spectral line

excitation rate

standard deviation

mean number of counts

full width of spectral line at half the peak value
number of counts per pixel

total width of spectral line

Waves and Instabilities

EEES

S A A
=)

Erim
EroraL

wave frequency

wave vector

displacement

amplitude

spatial coordinate in wave equation
growth term

energy lost during an ELM

energy stored in the plasma
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P, critical input power for type III ELMs
m poloidal mode number

n toroidal mode number

TELM inter-ELM period

VELM ELM frequency

Miscellaneous

t time

L pressure gradient scale length

L, gradient scale length of parameter x

TEXP current rise time from model using experimental data
Qy power law term for SCENE numerical code

c scaling factor o/ &
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