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ABSTRACT

Electrostatic turbulence and transport measurements are
performed on the Tokapole-11 tokamak at the University of Wisconsin-
Madison, as the safety-factor (and concomitantly, the energy confinement
time) and the edge equilibrium gradients are varied substantially.
Tokapole-II is a poloidal divertor tokamak capable of operating at a wide
range of safety factors (<qa> is varied from 1 to 4 in this work) due to its
unique magnetic limiter configuration. It also has retractable material
limiters in a large scrape-off region, which permits the study of edge
boundary conditions like density and temperature gradients. The
turbulence is independent of safety factor, but strongly sensitive to the
local density gradient, which itself depends upon the limiter configuration,
When a material limiter is inserted in a high <qa> discharge, the density
gradient is increased locally (while the temperature gradient remains the
same) together with a local increase of the turbulence. On the other hand,
limiter insertion in low <qa> discharges did not increase the density

gradient as much, (but in this case increasing the temperature gradient
ii
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somewhat) and the turbulence properties are unchanged with respect to
the magnetic limiter case. It is concluded then, that electrostatic
turbulence is caused by the density gradient. Although the electrostatic
fluctuation driven transport is enhanced in the large density gradient
case, it is in all cases too small to explain the observed energy confinement
times. To explore instabilities with small wavelengths, a 0.5 mm diameter
spherical Langmuir probe was constructed, and its power compared with
the power measured by larger cylindrical probes (3 mm and 1 c¢m in
length). Smaller probes did measure more power than larger ones, but
only at higher frequency ranges (f > 500 kHz) and the extra power is too

small to contribute significantly to transport,.
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CHAPTER 1
Introduction

Tokamaks are one of the most promising devices for fusion energy
generation. One of the major problems in tokamak (and in toroidal
devices in general) confinement however, is the observed anomalous
electron heat conductivity, which exceeds neoclassical predictions
significantly. Classical transport in a tokamak results from Coulomb
collisions in straight magnetic field lines. In neoclassical transport field
curvatures and gradients increase plasma transport due to particle drifts.
Experimental observations however show that electron heat losses are
typically two orders of magnitude larger than neoclassical values.1

Fluctuations have been the strongest candidate to explain
anomalous transport. Electrostatic turbulence can cause transport by
ExB drifts experienced by the particles in a fluctuating electric field.
There is strong evidence for this mechanism in fluctuation induced fluxes
measured in edge plasmas, in the vicinity of material limiters. In
tokamaks, these fluxes can account for the observed energy loss,%-5 and in
reversed field pinches (RFPs), it explains the observed particle fluxes
(although the induced energy flux is small).6-7 Transport by magnetic
fluctuations can arise from particle motion parallel to a fluctuating field,
and it can be important in tokamaks at high beta,8 tokamaks at the L-H
transition,? and in RFPs. 10
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Edge plasmas are measured to be strongly turbulent, which makes
theoretical work very complex. Simplifications not always satisfied
experimentally have to be made, so an identification of the instabilities
present is very difficult. The most successful theories on electrostatic
turbulence are the dissipative drift waves,11 driven unstable by the
density gradient, and the rippling mode,12 driven unstable by the
resistivity gradient.

This thesis is composed of three main parts. First we study the
effects of material limiters and edge gradients on electrostatic turbulence.
Second, the dependence of electrostatic turbulence on the safety factor is
investigated, and third, electrostatic turbulence is studied at spatial scales
smaller than those typical of drift waves and rippling modes in order to
explore other instabilities.

The importance of edge boundary conditions like the presence of a
limiter and changes in the various energy sources (gradient drives) have
not yet been studied in detail. In most machines, limiters or divertor
plates are always present, and the plasma is close to the vessel walls.
Tokapole-II is a poloidal divertor tokamak equipped with retractable
limiters, in a scrape-off region (the distance from the separatrix to the
vessel wall) about the size of the plasma radius itself. This permits the
study of the importance of the presence of a material limiter and the
gradients of various edge parameters (which are affected by the limiter) so
the energy sources can be investigated. Our results show that in
Tokapole-II, electrostatic turbulence is caused by the density gradient. In

the magnetic limiter configuration (without material limiters) density and
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temperature profiles are allowed to slowly decay radially and the
turbulence is small, not explaining the observed energy confinement times
by at least two orders of magnitude. When a material limiter is inserted
the density gradient is increased (the temperature profile is not affected
much) causing an increase in the turbulence. When the limiter is inserted
without steepening the density profile (and in this case the temperature
profile is steepened) at low qa values, the turbulence characteristics
remain as in the magnetic limiter case.

The relative importance of electrostatic and magnetic turbulence is
still an open question. Tokapole-II is capable of operating in a wide range
of edge safety factors due to its unique magnetic limiter configuration.
Previous work on this machinel3 showed a very strong dependence of the
magnetic turbulence on the safety factor (qa): radial magnetic fluctuations
increased by two orders of magnitude as the safety factor was decreased
from 5 to values below 1, in which case the magnetic turbulence could
explain the observed energy confinement times. In RFP's where
qa << 1 the energy transport is likely dominated by magnetic turbulence.
A qa scaling study (in the present work qg is varied from 4 to 1) of
electrostatic turbulence in Tokapole-II shows that electrostatic turbulence
is independent of qa, unlike the magnetic case. Although the qa scan was
done only for magnetically limited discharges, we believe the results to be
valid also in material limited plasmas, because the insertion of the limiter
does not alter the safety factor.

Electrostatic turbulence has been widely studied on spatial scales

larger than the ion gyroradius, which are typical scales for drift waves and
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rippling modes. Theoretical work has been done, however, on smaller
scale instabilities like the rie mode. This instability has wavelengths on
the order of the electron gyroradius and some studies suggest the
formation of turbulent structures with spatial scales of the size of the
plasma skin depth c¢/wpe (¢ is the velocity of light and Wpe is the plasma
frequency).14-15 The dependence of transport coefficients on c/mwpe is
particularly attractive because the density dependence agrees with the so-
called Alcator scaling for confinement times. To study small wavelength
instabilities, miniature Langmuir probes were constructed, and their
power compared with larger nearby probes. Although smaller probes do
measure more power than larger ones (up to a factor of four in amplitude),
this enhanced fluctuation power is very small, occurring only at higher
frequencies and certainly not responsible for transport.

This thesis is organized as follows: Chapter 2 gives a review of the
present status of electrostatic turbulent transport research in tokamaks,
with emphasis on edge measurements and the most successful theories in
explaining the experiments. Chapter 3 is a description of the machine and
the experimental sefup in general: the probes and their circuitry, and the
data analysis methods employed. In Chapters 4 and 5 the qa scaling and
limiter effects results are presented. The conclusions on these topies are
presented in Chapter 6. Finally, Chapter 7 describes the work done on
small spatial scales, with a brief summary on the theoretical work,

followed by the results and conclusions.
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CHAPTER 2

Electrostatic Fluctuations and Transport in Tokamaks

In this chapter we will review the status of electrostatic
fluctuation research in tokamaks and its important role in the attempt
to explain electron anomalous transport. Emphasis will be given to
experimental observations in the edge and how they relate to the

available turbulence theories.
2.1 Experimental Observations

A complete review of the status of electrostatic fluctuation
research and transport in tokamaks is available in the literature in
several review articles,1-4 so only the important and most commonly
seen features will be presented here. Emphasis will be given to
turbulence in the edge region, rather than in the interior, since the
present work is concerned with the edge and scrape-off turbulence in

Tokapole-II.
2.1.1 Fluctuation Characteristics

In the range of frequencies 10 kHz < f < 1 MHz, most machines
have very large (20 to 100%) turbulent density and potential fluctuations

in their edge regions.5-14 The turbulent nature can be seen in the fact

that the fluctuations are broadband ( Aw/ow ~ Akg/kg ~ 1) and have very
7
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short autocorrelation times (~ 10 psec.). Perpendicular wavenumbers

are in the range kg ~ (1-8) cm-1 which corresponds to poloidal mode
numbers m ~ 50. Some measurements show that kgpg ~ (0.05 - 0.1)
where pg (typical scale length for drift waves)is the ion gyroradius

calculated with the electron temperature. The fluctuations are not quite

isotropic? : ky < kg, Aky ~ 2Akg. Parallel wavenumbers are much
smaller k;, ~ (0.0005 - 0.01) cm-1. Poloidal correlation lengths are of the
order of 1 em. The frequencies and wavenumbers observed are in the
range expected for drift waves, which are driven unstable by the density
gradient,.

The fluctuation levels are slightly higher but on the order of drift
wave mixing level estimates which predicts that saturation should be
reached when the density gradient drive is flattened by the turbulence
(the turbulence mixes over the gradient scale length), or iYn ~ (1/kyLp),
where Lp is the density gradient scale length, ky is the radial
wavenumber and fi/n is the density fluctuation level.4 The radial
dependence of density and potential fluctuations often shows a non-
Boltzmann behavior i.e., ﬁ/n;tvp/'l‘e where Vp is the plasma potential
and Te is the electron temperature. While the density fluctuations
increase with radius, the opposite is seen for the potential fluctuations.
Although there is only a weak constraint with turbulent theories, it is
worth mentioning that the spectral slopes observed are: 4 ff)2 o f(2-4)
2 o k(3-4)

The poloidal phase velocities of the turbulent waves (vph = w/k) are

on the order of several km/sec. They propagate in the electron
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diamagnetic drift direction just inside the limiter (edge region) and
reverse to the ion direction in the scrape-off layer. This observation is
consistent with waves propagating with the electron diamagnetic drift,
Doppler shifted by an EyxBr drift in the ion direction:? Vph = Vde - VExB-
The region of reversal is often called the velocity shear layer, and is
coincident with the position where the plasma potential has a
maximum. The radial electric field in this layer thus changes sign,
changing the direction of the ExB drift and the observed phase velocities,
The characteristics of the turbulence in the velocity shear layer is
somewhat different than on either side: the turbulence is isotropic in the

perpendicular directions,19

2.1.2 Transport Measurements

Electrostatic fluctuation driven particle flux occurs when density

fluctuations correlate with fluctuating radial EgxBy velocities caused by

potential fluctuations: I" = <ﬁk@\7p>/BT where < > denotes an ensemble

averaging process. Maximum radial flux is obtained if density and
electric field fluctuations are in phase, (or density and potential
fluctuations are 90 degrees out of phase) and if they are perfectly
correlated. The phase angles measured in most machines are close to
the optimum value (70-90 degrees between density and potential), but
coherencies are of the order of 0.5. Assuming poloidal symmétry, the
fluctuation-induced particle flux can be determined at a single position

and compared with particle balance measurements and calculations.
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Although error bars are often large and poloidal asymmetries are
sometimes detected, both confinement times agree, so it is believed that
anomalous particle flux is due to electrostatic fluctuations,16-18 The
diffusion coefficient calculated with the fluctuation driven fluxes were
on the order of the Bohm diffusion coefficient. In auxiliary-heated
machines, degradation in confinement is associated with an increase in
turbulence levels in the L-mode.4

The electron energy flux associated with electrostatic fluctuations
is given by qp= (3/2B)<pE> where p = (fiKpTe + nKgTe), B is the magnetic
field and Kg is the Botzmann constant. Electron temperature
fluctuations are experimentally difficult to measure but they have been
estimated in many machines to be small compared to density
fluctuations19-20 (typically Te/Te ~ (10-15)%). It has been neglected in
the calculation of density and potential fluctuations (when Langmuir
probes are used) although the issue is still being debated. Comparison
of the heat loss due to convected energy fluxes goconyv= (3/2)KpTel” with
the heat loss calculated from power balance indicates that at least 50% of
it could be accounted for by electrostatic turbulence, or even all of it
considering the large error bars. Conducted energy 10ss Qecond=
(3/2)nKB<TeE> accounts for about 20% of the total.16

There has been an increasing interest in the influence of radial
electric fields and velocity shear on edge transport. Recent experiments
on the DIII-D tokamak2!l showed an increase of plasma flow and a more
negative radial electric field preceding the L-H transition. Experiments

with biased limiters in the CCT tokamak<22 showed that negative electric
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fields in the edge (enhancing the potential well which naturally occurs
inside a tokamak plasma) improved the confinement. In TEXTZ23, the
particle flux and diffusion coefficient are decreased in the shear layer
where the radial gradient of Er and thus the velocity shear is high.
Tokamaks do not have to be necessarily turbulent. A case of
nonturbulent plasma was reported on the Caltech tokamak? (fluctuation
levels smaller than 3%), but for very high filling pressures, low
temperature and low plas;rixa current. In the TEXT tokamak at low
average densities 24 (n< 2x1013 ¢cm=3) only 15% of the energy losses are

estimated to be from convection due to electrostatic turbulence.

2.2 Theoretical Models

Table 2.1 (taken from reference 1) shows a classification of some of
the available theories to explain anomalous transport in tokamaks. Thé
modes are classified according to their scale length (macroscopic or
microscopic), source of free energy and the set of equations used to
describe them. An additional classification should be made (not shown
in the table) identifying the magnetic or electrostatic character of the
instability.

Macroscopic modes are usually not invoked to explain anomalous
transport in most machines since although they can affect the global
plasma parameters, they do not affect the confinement times, unless

they are very large (causing disruptions for example).
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Microscopic instabilities are believed to be responsible for
anomalous transport. The highly turbulent state detected
experimentally indicates that it is a state of strong nonlinear mode
couplings., In weak plasma turbulence theory the low amplitudes
permit the nonlinearities to be treated perturbatively. This cannot be
done in strong turbulent plasmas: the nonlinearities are treated
numerically or analytically with renormalization techniques.
Renormalization techniques are very complex and only recently have
been incorporated in the study of plasma turbulence.l In this theory,
nonlinear mode couplings are replaced by operators representing the
average effects of the plasma response to the turbulence. The plasma
response is divided into coherent and incoherent parts. In coherent
renormalized theories the incoherent part is neglected (this is valid for
Aw << ®). In the more general renormalized theories the incoherent
part is taken into account, enabling the calculation of the spectral
distribution function of the fluctuations S(k,w). Since this is equivalent
to finding the two point correlation function, the theory is often called the
two point renormalized theory, unlike the coherent theory which is
called a one point theory.

The complexity of the analysis forces the introduction of
approximations not always valid experimentally, Furthermore, the
addition of physical processes other than the free energy sources (like
velocity shear or radiation) can affect the results significantly.

Therefore, although a particular theory may fail to explain
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experimental observations, it does not mean that the original mode or
instability drive can be totally eliminated.

The most successful theories in explaining turbulence in the
rather collisional edge regions of a tokamak are based on the dissipative
density gradient driven (collisional drift waves) and the resistivity
gradient driven modes (rippling modes). Drift waves have for a long
time been the most invoked instability to explain edge turbulence in
tokamaks. - It is driven unstable by the density gradient present in edge
plasmas. Extensive reviews are available in the literature.25-26 The
broad spectra of the fluctuations ruled out simple weak turbulence
theories. A simple two-dimensional non-linear fluid model for strong
drift wave turbulence was derived by Hasegawa and Mima.27? Although
it is a collisionless model it predicted broad frequency and wavenumber
spectra consistent with observations of density fluctuations in the TCA
tokamak.b

Collisional theories are more appropriate in the edge and many
authors have been partially successful in describing experimental
observations. Hasegawa and Wakatani28 derived model mode-coupling
fluid equations for resistive drift-waves and solved them numerically,
obtaining fluctuation levels fi/n o (pg/Ln)1/2 and Bohm-type diffusion
coefficients D ~ Te/eBg with particle flux I o Te(dn/dr)/Bg. Waltz and
Dominguez29 also applied numerical methods (using the Direct
Interaction Approximation) to solve an electrostatic kinetic drift wave
turbulence model which included wave-wave and wave-particle

interactions in a sheared-slab geometry. They found that the fluctuation
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levels should saturate at the mixing level estimates fi/n~ 1/(kyLp) where
ky is the dominant wavenumber with kyps ~ 0.3 and the frequency
spectral widths were finite but slightly smaller than those observed
experimentally,

Terry and Diamond30 developed a two-point renormalized theory
of collisional drift wave turbulence which showed several features in
agreement with experiment. Instead of treating the turbulence state as
a collection of waves or eigenmodes they viewed it as a "soup” comprised
of waves and density blobs resembling eddies. Experimentally, these
density structures (blobs) would have lifetimes longer than the average
correlation times. Blob like structures were observed in the Caltech
tokamak31 using a two dimensional array of Langmuir probes but could
not be identified with any particular theory . They were able to solve the
equations analytically in the low Reynolds number regime (a parameter
indicating the relative strength between ExB convection and parallel
collisional diffusion) in which many weak turbulence approximations
were made (Amw<wm). For large Reynolds numbers, quantitative results
were not obtained, but using strong turbulence arguments they were
able to infer some properties which were consistent with an
extrapolation of the low Reynolds number solutions. For this regime the
results showed a broad frequency spectrum with energy concentrated in
low wavenumbers (kgpg ~ 0.1), fluctuation levels at e¢ /Te o ps/Ln,
diffusion coefficient D ~ pgZeg/Ln (or D o Te3/2/B2Ly , cg is the ion sound

speed) and particle flux T ~ pg2cg/Lin2.
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Drift wave models fail to explain the non-Boltzmann behavior and
the phase angle between density and potential fluctuations, as well as
their radial dependence.4 Perhaps the strongest candidate for
explaining edge turbulence is the resistivity gradient driven rippling
modes. Linear, quasilinear and nonlinear regimes of this mode, were
studied numerically by Callen et al.32 and Carreras et al.,33 reaching
good agreement with radial and poloidal correlation and k-spectra
measurements in the Macrotor tokamak® but predicted lower
fluctuation levels than observed experimentally. The MHD rippling
mode is a moderate m (m~ 5-20) mode driven unstable by a resistivity or
electron temperature gradient when a plasma current flows along the
magnetic field line. Parallel electron thermal conductivity partially
stabilizes the mode because the resistivity fluctuation would be short-
circuited by fast parallel transport, reducing its growth rate and radial
extent. Saturation occurs by flattening of the resistivity profile. It is a
predominantly electrostatic mode although there is a small magnetic
component that creates magnetic islands localized in the rational
surface, while the electrostatic perturbation is displaced relative to this
surface to the region of higher resistivity.

The fully nonlinear saturated turbulent state was found to be
different in character from the linear regime in a one-point
renormalized theory developed by Garcia et al.34 They stress the
importance of turbulent stabilization with saturation obtained with the
balance between the resistivity gradient drive and dissipation caused by

parallel thermal conduction when the turbulent diffusion is large. This
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saturation mechanism (rather than the resistivity gradient flattening)

raised the fluctuation level prediction closer to experimental values.

Fluctuation levels and transport coefficients are also insensitive to the

thermal conductivity which is contrary to the linear theory. Also, in the |
linear theory the eigenmodes are skewed to one side of the rational

surface; in the fully turbulent state this asymmetry is accentuated so

that the current fluctuations decouple from the potential and resistivity

fluctuations eliminating the vorticity equation. A two-point

renormalized calculation by Terry et al.,35 corroborated the one-point

theory and gave further estimates of spectral properties.

Hahm et al.36 included the effect of impurity density gradient in
addition to the temperature gradienf in the calculation of the resistivity
gradient. Contrary to the temperature, Zeff can peak either on axis or in
the edge, and thus can either oppose or enhance (in the edge peaked
case) the temperature drive. Fluctuation levels and transport
coefficients were derived and were in good agreement with experiments
on TEXT,16 Caltechl? and Toscal0 tokamaks, with thermal transport
dominated by convection. This theory was successful also in predicting
a non adiabatic response of density and potential fluctuations, which is
observed experimentally.

A further refinement of the theory was the inclusion of radiative
cooling due to the impurities3? present in edge plasmas, where the
radiation rate slope as a function of temperature is negative (dlz/dT < 0).
A negative temperature perturbation will increase the radiation rate

due to an increase in the density (assuming constant pressure). The
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temperature is decreased further causing the instability. This
instability is sometimes called "thermal condensation”. Analysis
showed that fluctuation levels and transport are enhanced for high
density machines. Interestingly, the impurity radiation enhancement
tends to force the potential fluctuations to be greater than the density
fluctuations as observed experimentally in the scrape-off regions. The
particle diffusion coefficient also showed a reduced sensitivity to the loop
voltage, unlike the basic resistivity gradient model. This could explain
the high levels of turbulence in currentless stellarators and tokamak
edge plasmas where J;=0.

One of the biggest challenges to transport theories is the
understanding of the physics of the L-H transition, and the formation of
a transport barrier at the plasma edge. Recent experiments in
DIII-D,21 CCT22, TEXT23 and TEXTOR45-46 tokamaks indicate a
relationship between poloidal rotation and confinement. Shaing et al.38
studied the effect of radial electric fields on resistivity-gradient-driven
turbulence and found that the saturation levels were lower for a more
negative value of Ey. Biglari et al.39 considered the same question but
emphasized the shear of the electric field (and thus sheared poloidal
rotation). They found that it was the dominant mechanism of
turbulence suppression (by fissuring large turbulent structures and
thus enhancing decorrelation) and it was independent of the sign of
either Ey or its shear. Kim et al.40 calculated these effects on resistivity
gradient driven turbulence. Both theories (increase in radial electric

field and increase in its shear) are consistent with experimental
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observations, In DIII-D an increase in the negative radial electric field
(which caused an increase in the poloidal rotation) and its shear is seen
before the L-H transition. In CCT where an H-mode is triggered by
biasing a limiter to large neglative values (forcing a negative radial
electric field at the edge) the same effects are seen. In TEXTOR both
negative and positive electric fields can trigger an H-mode. The effects of
sheared poloidal rotation was seen on TEXT where an improvement in

confinement is seen in the velocity shear layer.
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CHAPTER 3
Device Description and Diagnostics

This chapter describes the experimental procedures. The
experiments were performed in the Tokapole-II tokamak, a small iron-
core tokamak, built at the University of Wisconsin-Madison. A brief
description of the machine and its main diagnostics are given first. The
spectral analysis techﬁiques utilized for the analysis of electrostatic
fluctuations and their consequence on transport are then described. The
Langmuir probes used for correlation and transport studies, small
spatial scale studies and the admittance probe are deseribed last,

together with their electronic apparatus.
3.1 Tokapole-II
3.1.1 Machine Description

Since it began operation in 1978 until this last thesis, there has
been numerous articles and theses describing Tokapole-11, so only a
brief description of the machine will be given here. Further details of
machine construction, operation, plasma formation and discharge
conditions can be found in references 1 to 6.

Tokapole-11 is a four node poloidal divertor tokamak. Its vacuum
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It has a

44 cm x 44 cm square cross-section and a 50 cm major radius. There are

insulated poloidal and toroidal gaps to ensure field penetration. The

divertor field is generated by the inductively driven currents in four

toroidal rings. Since a 1987 upgrade,? each chromium copper ring is

supported at three points with Inconel rods (originally beryllium

copper), and is capable of carrying 200 to 500 kiloAmps of current.
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Fig. 8.2 Poloidal cross section of Tokapole-1I vacuum
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Figures 3.1 and 3.2 show a picture of the machine and the dimensions
of its cross-section. A turbomolecular pump with a 1500 Vsec
pumping speed, keeps base pressures in the mid 10-7 torr range.
Better vacuum qualities (about a factor of two reduction in base
pressures) can be achieved with titanium gettering.

The toroidal field is generated by firing a 78 mF, 5 kV capacitor
bank through a winding system of 96 turns of 4/0 cable (actually four, 24
turn windings are driven in parallel). The banks are fired through a
class E ignitron, and are passively crowbarred through another ignitron

triggered at peak field, giving a flat field for about 10 ms. Maximum
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fields of about 7 kGauss could be achieved at full bank voltages, but in
normal operations, toroidal fields of 5.5 kGauss or less were used.

The poloidal field system consists of an iron core transformer
system (with a total flux swing of 0.17 V.sec.) in which the plasma
current and the rings are the secondary windings. The primary
winding consists of 80 turns of two gauge wire wound around the core so
that the system runs with a 40:1 turns ratio. A 7.5 mF, 5 kV capacitor
bank is fired to the primary winding through an ignitron, and the
system is actively crowbarred using an electrolytic bank of 960 mF,
450 V. An optional damping resistor can be used in the circuit to give
longer discharges, but lower peak currents.

The poloidal field configuration is illustrated in figure 3.3.
Without a plasma current, the four ring currents generate an octupole
field as shown in figure 3.3a. When the plasma is formed, a poloidal
field is generated which, combined with the octupole field, results in the
configuration shown in figure 3.3b. A separatrix with four x-points is
formed. This surface, separates six distinct flux contour regions : four
encloses a single ring current, one encloses the main plasma only (these
five are called private fluxes), and one encloses all currents (the
common flux). The common flux region is often called the scrape-off
region, since the lines of force are interrupted by the rings' support rods.

There are four removable stainless steel limiter plates on each
side of the square cross section at one toroidal location (figure 3.3b shows

their location when they are inserted). They can be swiveled into the



eeeeeeee




29

discharge beyond the separatrix location, or can be retracted to the wall.
When the limiters are not inserted the main central plasma is said to be
magnetically limited by the separatrix, as opposed to material limited
plasmas, when one or more plates are inserted.

The working gas used in Tokapole is hydrogen, which is puffed
into the machine using a piezoelectric valve. Pre-ionization electrons
are supplied by a fast ion gauge, and three sources of microwaves: a
100 W ¢w S-band (2.45 GHz), and a 10 kW pulsed X-band (9.0 GHz) or
K-band (16.5 KHz), depending on the toroidal field strength. To ensure
enough time for diffusion, hydrogen is puffed into the machine 16.7 ms
before the ohmic banks are fired. The toroidal field is initiated 7.6 ms
later so that it reaches the plateau when the main plasma is formed.
Between the initiation of the toroidal field and the main plasma, the

microwave sources are fired.

3.1.2 General Diagnostics

Due to the presence of the rings, routine tokamak diagnostics like
plasma current, loop voltage, radius etc., cannot be directly measured.
Instead, an electronic circuit model is used,4 and these quantities are
derived from two direct measurements: the poloidal gap voltage
(measured with a single turn flux loop) and the primary current

(measured with a 1 mQ shunt). Details of the model assumptions can

be found in reference 4 and 5. Assuming that the plasma current can be
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treated as if it was all concentrated in the geometric axis and using the

circuit model of figure 3.4, the plasma current is given by:

Ignitron L r /2
@ A
+ s L./2 p Ip
C_v V pg
- C4
LT ;
— pc N1 . ] l Ry I, R p vy
. | n
Power
Crowbar Transformer Rings Plasma

Fig. 3.4 Circuit model (from reference 4) to model Tokapole-I1T

Ip = %Ipr - aL']’“:[ VPgdt + &”‘i““f I.R.dt Iy = NIPI” B IP 3.1)

where o = private flux/common flux in the absence of plasma (~ 0.5), N
is the primary turns ratio (40), Ipr, Ip, Iy are the primary, plasma and
ring currents in kiloAmps, Ry and Ly are ring resista‘nce (in ohms) and
inductance (in henrys), and Vpg is the poloidal gap voltage in volts.
This equation is solved with an analog circuit and have been shown to

agree with direct ring current measurements to within 25 %.

Once Ip is known, other quantities can be deduced, following
certain assumptions. The plasma radius can be calculated assuming

that all the current is uniformly distributed within the separatrix with a
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circular cross section having the same area as the area within the

separatrix:

a=17.411p/Ip + Ip)| V4 (in cm) (3.2)

With these assumptions, the effective edge safety factor is:
Qg = 10"4 3.2 BT/ Ip (33)

where BT is the toroidal field in gauss.

Using the same circuit model of figure 3.4, and experimental
values of plasma and ring inductance, the loop voltage (calculated at the
magnetic axis), is given by:

dI
V)= 0.5(1 + 1/75)Vy, + 0.0045(1 - t/37)I, - 232
1 (I +v¢ )pg,"' { )L A dt (3.4)
where t is the time in msec after the start of the discharge.
Once the loop voltage is known, the ohmic input power is given by

Poh = IpV1 , and the electron conductivity temperature (in eV) is

calculated using Spitzer resistivity and Zeff = 1:

Te =376 (Ip/ Via2) 253, (3.5)

The average electron density can be measured with a Langmuir
probe located between the upper outer ring and the wall, or by a 70 GHz
interferometer. Since the interferometer system was not always
functional the ion saturation current signal (Jgat) from the probe is

numerically adjusted to match the interferometer given values:
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<Ne> = 0.05Jsat/ ['1‘(:31/2 (1-6Xp(-45/Te)) ](1012/01‘1’13) (3.6)

where the (1-exp(-45/T¢)) factor corrects for the probe bias voltage of only
45 volts.
After all these quantities are known it is possible to estimate the

global energy confinement time given by:

Tg = 0.144 <ngTe> / Poh (3.7)

where Poh = IpV].

Many approximations are made in the derivation of all these
quantities, so they give only a gross (but useful) representation of the
plasma behavior.

A vertical array of 7 surface barrier detectors along the outside -
wall at one toroidal location monitor soft X-ray radiation with energies of
60 to 300 eV. Since the radiation is proportional to electron temperature,
the detectors give a good indication of the central temperatures, as well
as sawteeth related phenomena.

Impurities are detected with optical diagnostics consisting of four
filtered photomultipliers which monitor lines of Carbon Il and Oxygen
III (from hydrocarbon impurities), Copper I (from interaction of the
plasma with the rings) and Nitrogen III (from air leaks or boron nitride
probe sheaths).

General diagnostics like plasma current, toroidal field, poloidal

gap voltage etc., are digitized at 100 kHz using a DSP Technologies
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TRAQ system model 4012 digitizer. Soft X-ray and impurity signals are
digitized at 1 MHz using a DSP Technologies TRAQ system model 4012A
and Le Croy model 8210 respectively. Equilibrium and fluctuating
electrostatic signals with frequencies of up to 300 kHz are recorded at
1 MHz using two Le Croy model 8210 digitizers. For high frequency
signals (in the MHz range) four DSP model 2001 digitizers are used at
10 MHz sampling rate. The CAMAC system is managed with the Model
Data System (MDS) software, and data analysis is done with the

Interactive Data Language (IDL) using a MicroVax II.

3.2 Spectral Analysis

3.2.1 Basic Concepts

Fluctuations in plasma parameters like density and potential are
present in most experiments and are directly connected with particle
and energy losses.8 The basic concepts of digital linear spectral analysis
techniques relevant to the analysis of fluctuation characteristics and
fluctuation induced transport are summarized below.9-11

If £1(t) and fa(t) are two fluctuating signals (density and potential

for example), then the cross-power spectrum P12(w) is defined as:

P12(0) = F1(0) F5(w) (3.8)
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where F(w) is the Fourier transform of f{t), and the asterisk denotes a
complex conjugate. The real and imaginary parts of P19(w) give the

relative phase between the two signals:
6(w) = tan-1 [Im (P12(c)) / Re (P12(w))] (3.9)

The auto-power spectrum of f1(t) is the square of the amplitude

spectrum and is given by:

P11(w) = F1(w) Ff(a)) = I F1(w)12 (3.10)

The coherency spectrum is defined in terms of the auto and cross-
power spectra:

IPya(w)] |
[P11(w0) Pyalen)]M2 (3.11)

Yiolw) =

and measures the degree of similarity between the two signals as a
function of frequency. Two perfectly coherent signals will have a
coherency of one, while two completely unrelated signals will have zero
coherency. If the two signals are spatially separated by a distance d,
then assuming an exponential decay of the coherency we can define the
coherency length as L(w) = d / (-Iny). The coherency is a statistical
quantity and an ensemble average over many terms is usually needed
for a meaningful estimate. Note that the coherency between two signals
calculated using one single realization is always one.

The cross-correlation is defined as:
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<f £1(t) fg(t+"c)dt>
Riplt) = ——= -
IO flg(t)dt><f fzz(t)dt>}

[ fi(t) fo(t+T)dt =j F]_((D)FZ*(U)) el®t dew

where (3.12)

The symbol < > denotes an ensemble average.

Like the coherency, the cross-correlation measures the similarity
between the two signals (integrated in frequency), and we can similarly
define the correlation length as L =d/(-InR).

Error estimates of the statistical quantities defined above are
complicated and the reader is referred to reference 12 for the
derivations. For our purposes it is sufficient to know the expressions of
the errors in the estimation of the coherency and the phase. For the

coherence (y2) the random error is given by:

AL

m!VN (3.13)

Note that the error in the coherence is smaller if the coherence itself is
large, since it is easier to determine a causal relation for two signals

that are very similar. The error is inversely proportional to the number
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of terms in the ensemble (N) as expected. The random error in the

determination of the relative phase is similar to the coherence error:

615 = L______i - Y’iz)”i

 ngVoN (3.14)

The two important applications of spectral analysis in this thesis
are the calculation of wavenumber and wavenumber-frequency spectra,

and the estimation of the fluctuation induced particle and energy fluxes.
3.2.2 The Wavenumber-Frequency Spectrum

If f(t) is a deterministic quantity, then a deterministic dispersion
relation can be found relating wavenumber and frequency. If f(t) is
turbulent, it may not have a deterministic dispersion relation: instead,
the power at a given frequency band ® to w+A® may be distributed
broadly in wavenumber space. In this case the best way to describe the
dispersive properties of the medium is to define a statistical quantity
S(k,m) which represents the distribution of power as a function of
frequency and one projection of the wavevector, in our case the poloidal
wavenumber kg. Frequency spectra can easily be obtained from the
signal of one probe, while wavenumber information would require
simultaneous measurements of fluctuations in many points in space,
which could be very expensive and disruptive to a plasma. Other

methods make use of movable probes to change the spatial separation
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and use Fourier transforms to obtain the wavenumber spectrum , but
sometimes it is not possible to cover a wide enough range of probe
separation.

An alternative technique was developed13 using a fixed probe pair
to calculate a local wavenumber-frequency spectrum, In this technique,
it is assumed that the fluctuations consist of a superposition of
oscillations which are approximately sinusoidal in time and space, and
with slowly varying amplitudes and wavenumbers. It is also assumed
that the power in a single realization at a frequency @ is concentrated
near a single wavenumber k, although statistically the averaged power
could be distributed broadly in wavenumber space. Using two probes
separated by a distance d, M records of length T and N digitized points
are sampled. Care must be taken to prevent aliasing in frequency and
space. From one of the two signals in one record, the auto power
spectrum is calculated (to obtain information on frequency). Then the

local wavenumber at a given frequency wi is calculated from the cross-

power spectrum between the two signals:

k1(w]) = 6(w;¥d  where (3.15)
8(w1) = tan-1[ ImP12(w1) / ReP12(w1) ]

At the coordinate point (k1,w]) the power P(w}) is recorded. Since
the turbulence is stochastic, examination of the next record will give a
different value of power and wavenumber for this same frequency, so
this new power value is entered at a different coordinate point. The

process is repeated for all frequencies and data records, and the average
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power is calculated at each coordinate point (k,®m). This method is
similar to the estimation of probability density functions by means of a
histogram.

It is important to point out that this method of calculating S(k,) is
only valid if the amplitudes and wavenumbers are slowly varying over a
wavelength. This should be true for the lowest wavenumbers and
frequencies which are dominant in Tokapole-II as is shown in chapter
4. If the turbulence is also uniform then our local estimation is a good
measure of the general S(k,w). In any event, caution must still be taken
when interpreting the local S(k,w), because the method will be
incomplete if there are simultaneous counter propagating waves,
which would be averaged out.

Once S(k,) is found, the statistical dispersion relation k(w) and

its spectral width (Sk(-w) can be calculated as:

k(w) =Y kstklw)
k

(3.16)
(k,m) _ Stk,w)
sklw) = —oa®) s(k,00) = ol
Z sk, m) Z Stk,m)
where k , k,o
k() = {Z [k - k(o) s(kiw)l |12
and k (3.17)

Here s(klw)Ak is the fraction of power at a frequency o with

wavenumbers between k and k+Ak. The dispersion relation k(m) can
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also be calculated from the average phase between the two signals and
their probe separation : k(w) = B(w) / d. The k-spectral width gives the
spread in k of the turbulence, which can also be estimated from the
coherency length L{w) by: Ak = Am/r where m is the poloidal
wavenumber and r is the radius of the flux surface (in cylindrical

geometry), and Am = nr/L{w)
3.2.3 Fluctuation Induced Transport

Fluctuation induced radial particle flux results when density and
radial velocity fluctuations oscillate in a correlated way, that is I' = <fi¥>.
The radial velocity fluctuations are due to B x Bt drifts where Eis a
poloidal electric field fluctuation caused by fluctuating plasma
potentials. For electrostatic fluctuations and considering that potential
fluctuations can be decomposed into sinusoidal Fourier components
with wavenumber k, the electric field fluctuation can be written as

E = ikd . If the particle flux is decomposed into its frequency

components, we may then write: 14

M= z T(f) df
f

T(f) = BZ; Re<N(HE*(f)> = “1‘3"2}? Im<k(ON(HD (5>

where (3.18)

Here k(f) is the wavenumber calculated as in eq. (3.15) , N(f) and

®(f) are the Fourier transforms of n(t) and ®(t) respectively. Since k(f) is
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not deterministic it has to remain inside the ensemble averaging

operator <>. However, for purposes of interpretation let us write:11

T = (2/BT) k(f) Im<N({HD*()>
which can be rewritten as:

T(f) = (2/BT) k(f) An(DAP(D) sin[andOIvnaD) (3.19)

where Ap(f) and Ag(f) are the amplitude spectra of n(t) and &(t), and
ond(f) and yn@(f) are the angle and the coherency between them. We
can see now, that the transport depends not only on the strength of the
electric field and density fluctuations (from the k(f), An(f) and Agp(f)
terms), but also on the way they are correlated: the degree of coherency
and the angle between them indicates how much they are correlated.
The direction of the flux (radially inward or outward) is determined

from the sign of the wavenumber k and the angle ang(f). Note that for

maximum transport density and electric field (and thus velocity)
fluctuations should be in phase or, conversely apd(f) should be 90
degrees. For a sinusoidal oscillation the degree of coherency is always
one, but for turbulent fluctuations, it is between zero and one, so the
transport is reduced.

Error estimates of the particle flux spectrum were made using
equation 3.19 and the error expressions of the coherence and phase.

Large relative uncertainties occur if the average angles an(f) are very

small,
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The energy transport induced by electrostatic fluctuations is given

QE = 3/2 <pv> = 3/2B1 <pE> so
QE =3/2B7 [ kpTe<iifi> + kpn<TeE>]. (3.20)

The first term is the convected energy flux (directly associated
with the particle flux), and the second term is the conducted energy flux.
In Tokapole-1I the electron temperature fluctuations were measured to
be small, so the energy flux is due to convection only.

For the fluctuation analysis described above, the data records
were chosen to have 128 points, with about 200 terms for each ensemble
average. The mean value was subtracted from the fluctuations to
ensure no dc components, and a Hannihg window? was applied to
prevent leakage. Programs were made using the Interactive Data
Language (IDL) and its Fast Fourier Transform routine, and also using
parts of the Integrated Signal Analysis, a plasma fluctuation diagnostic
software system by Integral Signal Processing, Inc. Except for the
calculations of S(k,w) and Ok{(w), which were done using the ISA
package only, all other spectral properties were calculated using the

package and programs written in IDL, with similar results.
3.3 Langmuir Probes

3.3.1 Relevant Probe Theory
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Electrostatic probes (Langmuir probes) are one of the most widely
used plasma diagnostics, due to their apparent simplicity. In its
simplest form it is essentially a conductor immersed in a plasma. Its
nonlinear behavior makes an exact theory extremely difficult, but
reasonable approximations make simple interpretations possible and
plasma parameters can then be obtained very easily.

When an electrically isolated conductor is in contact with a
plasma, the conductor "floats" to a potential that is negative with respect
to the plasma, because electrons being more mobile will flow to the
conductor more quickly than the ions, The excess negative charge near
the probe surface will build up electric fields to repel electrons, and
quasineutrality is no longer valid in a layer around the probe (with a
thickness of about a Debye length), called the sheath. In order to keep a
charge distribution that will permit this potential drop, the velocity with
which the ions enter the sheath must satisfy what is called the sheath
{or Bohm) criterion. If (for simplicity) species 1 is cold, i.e., has T =0,
then they must enter the sheath with a minimum velocity which is
determined by the other species temperature: vi = (kgTo/m1)¥2. For ions
(usually the colder species in a ochmic plasma) this velocity is the ion

acoustic velocity: 19
Vg = (kBTe/Mi)yz (3.21)

Since the ions are usually colder than electrons (the approximation Tj=0

will be used) there must be a region outside the sheath where
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guasineutrality holds but a weak electric field exists to accelerate the
ions; this region is called the pre-sheath.
If a voltage is applied to this conductor, a current is collected as

shown in figure 3.5. At large negative or positive voltages, only one
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Fig. 3.5 Characteristic curve of a Langmuir probe: electron
current collected versus voltage applied.

species is collected while the majority of the other species is repelled,
and saturation is achieved because of shielding. The saturation
currents are given in terms of the velocity of the particles at the sheath
edge. For electron saturation this velocity is given by the average
electron velocity at the sheath edge which for a Maxwellian distribution

will give:
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I"sat = (1/4)neA(8kpTe/mme)l2  (in cgs-esu units) (3.22)

where n is the plasma density and A is the sheath area. Since electrons
are hotter than ions the sheath criterion is easily met by the electron
average velocity. For ion saturation however, the sheath criterion
requires that the minimum velocity be the sound velocity which is larger
than the ion average velocity, so in this case the saturation current is

given with a good approximation by:16
I*gat = (1/4)neA(8kpTe/nM;)1/2 (3.23)

The region between the ion and the electron saturation, is called
the transition region, where both ion and electron currents are drawn.
As the applied voltage becomes more positive more electrons and less

ions are collected. The net electron current drawn can be expressed as:
[ = -I+Sat + stat exp fe(V - Vp)/kBTeJ (3.24)

where Vp is the plasma potential. When V ( the bias voltage) is equal to
the floating potential Vf, no net current is drawn, i.e, the ion current
I*sat equals the electron current I"sat exp [e(Vf- Vp)KBTel. This will

give the very useful relation:

Vp = Vi + (kpTe/2e)In(Mj/me) 2 ~ Vg+ 3.7(kpTe/e) (3.25)



45

i.e., the plasma potential can be obtained from the floating potential
measured once the electron temperature is known.

The current collected shown in figure 3.5 is for a single conductor,
(single probe) with voltages applied with respect to a reference point (for
example the vessel wall). Another arrangement is often used, in which
two conductors are biased with respect to one another, but are insulated
from ground, keeping the system floating with the plasma: the negative
current collected by one probe is compensated by a positive current
collected by the other so the system follows the changes in plasma
potential. This arrangement is called a double probe. If both probes are
unbiased then no current is drawn. If probe 1 is biased negatively with
respect to probe 2, a net positive current will flow from 1 to 2. It is easily

shown that this current is given by:19

I = I"gat tanh(eV/2kpTe) (3.26)

where V is the applied voltage between the two probes. Ion saturation is
reached for sufficiently high voltages. One of the advantages of the
double probe is that the net current drawn is limited by the ion
saturation current, unlike the single probe which can collect much
larger and more perturbative electron currents.

In another arrangement called the triple probel?-18 (used in this
thesis), a third conductor is added and is kept floating with respect to the

plasma. If the double probe is biased to saturation with tip 1 negative
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with respect to tip 2 and tip 3 is kept floating, the currents collected by

each tip are given by:

I3 =-T"gat
Ip = -ITgat + I'gat exp [e(Vy - Vp)/kpTel
I3 = -I"gat + I'sat exple(Vf - VpykpTe] = 0 (3.27)

Since I = -Iz (no net current flows from the plasma to the double probe

and assuming that all probes have the same area) we have:

21" gat = I'sat exp [e(Vg - Vp)/kpTel
Itgat = I'sat exple(Vf - VpYkpTel (3.28)

These equations will then give:

(kpTe)/ e = (Vg -V /In2 (3.29)

This is the triple probe method of measuring the electron
temperature, from the voltages measured at the positively biased tip of
the double probe (Vo) and the floating potential. Once the temperature is
known the plasma density is obtained from the ion saturation current
that flows in the double probe given by eq. (3.23).

The simple theory presented above enabled us to measure electron
temperature, density and plasma potential in a relatively easy way.

Several assumptions had to be made which may not always be met by the
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experimental conditions. First, the expressions for the acoustic and
average speeds assume a Maxwellian distribution,19 and in ion
saturation measurements only those few electrons in the tail that are
energetic enough to overcome the sheath potential are collected. So ion
saturation currents can be affected if there is a significant amount of
fast electrons for example. Second, it 1s assumed that the ions are cold,
which is not true experimentally and it would have to be taken into
account in the calculation of the ion sound speed (the accelerating force
is the plasma pressure which would have a contribution from finite ion
temperature). Third, magnetic fields were neglected in this theory. In
the presence of a magnetic field the cross-field flow to the probes is
reduced while parallel flow is unaffected. If the gyroradius is much
larger than the dimensions of the probe like it usually is for ions, then
this effect is not seen, but for electrons, there is almost no cross-field
flow, so the collection area is reduced, affecting the sheath potential
drop, and consequently the interpretation of the floating potential
signal .20 All of these factors could contribute with a factor of two or so
in the interpretation of the data, but for simplicity the ideal simple probe
theory presented will be used. It should not affect significantly the
conclusions on fluctuation measurements which are the objective of this
thesis.

Other factors also need to be considered when using electrostatic
probes. The theory presented is valid for a planar probe and it should be
a good approximation for cylindrical and spherical probes if the probes'

dimensions are large compared with the sheath's thickness (thin
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sheath approximation). Sheath expansion occurs when the probe is
biased:20 the sheath dimensions expand about one Debye length per
kpTe/e volts applied. Since the voltages applied for saturation are about
3 to 4 times kTe/e and Debye lengths are much smaller (around
2x10-2 mm) than the probe dimensions (several mm) the sheath area is
approximately the probe area itself.

Another effect that must be considered in multiple array probes is
shadowing.?l If two probes are aligned on the same field line, density
is depleted for the probe situated in the downflow side of the collected
particle. For ion flow, the gyroradius is often larger than the probe
dimension so this effect is not so important but for electrons it is. Care
must be taken to align the probes so that no shadowing occurs.

Secondary electron emission can be present if the conductor is 7
overheated, and that would increase the positive current collected thus
affecting the ion saturation and floating potential measurements.

Arcing is often observed in electrostatic probes. Usually current
- carriers are provided by impurities in the insulating surface when the
voltage applied is very large. Careful cleaning during construction and
conditioning with plasma discharges is usually sufficient to prevent
arcing. Secondary electron emission also can provide current carriers.
In Tokapole-II electrostatic probes could be inserted up to 8 cm (probably

~ 1 cm past the separatrix) before arcing occurred.

3.3.2 Probe Construction for Correlation and Transport Studies
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The electrostatic probes used for correlation and transport studies
(chapters 4,5 and 6) consisted of an array of four probes inserted at the
outside midplane of the machine, in a toroidal location that would place
them in the shadow of the removable outer limiter (approximately 10 cm
away from it toroidally). They are arranged in a rectangular array so
that two tips separated poloidally by 3 mm are used as a double probe
(biased to collect ion saturation current) and the other two (also
separated by 3 mm poloidally and 5 mm away in the toroidal direction
from the first two) are left floating with the plasma to measure poloidal
electric field fluctuations (through differences in plasma potential
fluctuations). Details of this arrangement are shown in figure 3.6.

Each probe consists of a cylindrical platinum wire (platinum was
chosen due to its lower secondary electron emission properties),22 3 mm
in length and 0.4 mm in diameter. These dimensions meet the
condition Ap << rp for a thin sheath approximation (rp is the probe
dimension) but rp < ri (where ri ~ 2 mm is the ion gyroradius) so
magnetic field effects should occur. The probes separation (3 mm) 18
small enough to avoid space aliasing since dominant wavenumbers are
small in Tokapole-11 (see results chapter 4 and 5). Boron nitride particle
shields keep the tips about 1.3 cm away from the main stainless steel
body, to ensure that the probes’ sheath and pre-sheath regions do not
contact the grounded body. Since boron nitride does not electrically
shield the conductors from the plasma, the noise contribution from the
unshielded part of the probes was measured experimentally (by

plugging a dummy probe) and added to the background noise in the data
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Fig. 3.6 Side and top views of Langmuir probes array. Two probes
were used as a double probe and the other two measured
floating potential signals.



analysis. This extra noise is very small compared with the signals of
interest.

In inserting the probe, care was taken to align it properly. To
avoid shadowing effects, two probes cannot be placed in the same field
line, but on the other hand, temperature measurements require V2
(floating potential at tip 2) and V4 (positive tip of double probe) to be
placed as close as possible, and for transport measurements Jtgat and
V1 should ideally be measured in the same position or in the same field
line. Since the magnetic field line makes an angle of about 5 to 8
degrees with the horizontal direction, aligning the pairs (V2,V4) and
(Jtgat,V1) horizontally was good enough to meet these two conditions.

The double probe is biased to 200 volts through a 1,000 uF capacitor
and the ion saturation current is measured through a 10 Q resistor. The
voltage across the resistor is divided and fed into two differential
amplifiers (Tektronics AM502), to separate equilibrium values from the
fluctuating part. The two floating potential signals and the potential of
the positively biased tip are first attenuated with a 1/11 voltage divider,
and each signal (read from a 10 kQ resistor) is divided and fed into two
amplifiers to separate equilibrium from fluctuating parts. The four
fluctuating signals are RC high-pass filtered at 10 kHz (in the amplifier)
and low-pass filtered (using an n=5 Cauer-Elliptic filter) at 300 kHz to
prevent aliasing. The eight signals (4 fluctuating and four equilibrium
signals) are then digitized at 1 MHz and stored. Figure 3.7 shows a

schematic diagram of the circuits.
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Fig. 3.7 Schematic diagram of Langmuir probes system. Only
fluctuation signals hardware are shown. Each signal
i$ also fed to amplifiers without filters for equilibrium
measurenents.

The system was calibrated to obtain a gain x frequency curve
which account for losses in filters etc.. A phase calibration was also
made as a function of frequency to account for the different hardware
used in Jtgaty and floating potential measurements and possible

differences in the filters response times.



53

For correlation and transport studies the equilibrium electron
density and temperature measured by the triple probe agreed with
simultaneous measurements made with an admittance probe in initial
tests.23 During the data taking run however, the admittance probe
electronic circuits were not functional, so they are not reported for this

case,
3.3.3 Fluctuation Measurements

The ﬂuctuati'on quantities of interest in this experiment are the
density, plasma potential, and electron temperature fluctuations. Both
the ion saturation current and the floating potential signals measured
are a mixture of the desired quantities (density and plasma potential
respectively) with the electron temperature. In the triple probe method,
it is assumed that the three quantities of interest are uniform in the
volume enclosing the three tips. For fluctuation measurements this
requirement means that the probes have to be in the same correlation
volume, i.e., the correlation length of the desired quantities has to be
greater than the probes separation and coherencies have to be high in
the frequencies of interest.

Consider the ion saturation current density and the plasma

potential fluctuations:

S, -
Jear D YT + nvVT, so D =fFsat e
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Squaring and ensemble averaging we have:

3 ~ ~ e L2
0450

n JEe 4\ T, nT,

V, = [(V%) + Z.S(ﬁ} + S.G(Vf'fcﬂm (3.31)

So depending on the Te and its correlation with fi and V§, Jtgat
and V£ can be a good or bad estimate of i and Vp. For Tokapole-11 Tg
was measured to be small and upper estimates (based on statistical
uncertainties and assuming perfect correlation with density and
floating potential fluctuations) give Te/Te ~ 0.4f/n ~ 0.2 Vp/Te.

Floating potential fluctuations could affect J¥gat measurements if
single probes are used, in which case, if Vi were very large it could
bring the probe out of saturation. Fortunately, this does not happen in
double probes since it floats with the plasma accompanying its

fluctuations.
3.34 Probe Construction for Small Spatial Scale Studies

For the small spatial scale studies presented in Chapter 7, two
sets of probes were built (figures 3.8 and 3.9). In one set (probe set # 1),

the spherical platinum tip was placed near two "large" cylindrical tips
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Fig. 3.8 Probe set # 1: Two 3 mm cylindrical tips (one oriented
radially, one poloidally), and a 0.5 mm diameter spherical tip
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Fig. 3.9 Probe set # 2: Two cylindrical radial tips with lengths:
Iem and 8 mm, and a spherical 0.5 mm diameter tip.
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3 mm in length and 0.4 mm in diameter oriented so that one tip has its
length in the radial direction and the other in the poloidal direction.

The second set ( probe set # 2) has the "small" spherical tip near a
"large” cylindrical tip and an even larger cylindrical tip (1 ¢m in length,
0.4 mm in diameter) both oriented in the radial direction. All probes are
biased to 200 V as single probes in ion saturation.

Figure 3.10 shows a diagram of the circuitry used. The output
signal of the probes are divided and fed into 3 separate circuits: a high
frequency amplifier and filter system (developed by D. Kortbawi and T.
Lovell)24 is used to measure fluctuations from 500 kHz to 1.5 MHz
(which we will call "high" frequency), another amplifier and filter
system (Tektronix AM502 which has passive RC high and low-pass
filters) measures frequencies from 10 kHz to 500 kHz ("low" frequency),
and a third amplifier (another AM502 used without filters) measures
the equilibrium part of the ion saturation. Equilibrium and low
frequency signals are recorded at 1 MHz using LeCroy model 8210
digitizers and high frequency signals are digitized at 10 MHz using DSP
2001 digitizers.

The band-pass filters used in the high frequency system can be
exchanged, and a second set of filters from 300 kHz to 1.5 MHz was used
with probe set # 2 (the filter modules used were n = 3 Cauer-Elliptic
band-pass filters). The reason for changing the filter system was the
fact that the low frequency circuit caused aliasing problems in the power

spectra because the only low-pass filter available at the time was a
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Fig. 3.10 Schematic diagram of Jsat probe setup for high and low
frequencies.

1 MHz (3 dB point) RC filter in the Tektronix AM502 amplifier and the
Nyquist frequency was 500 kHz. The low frequency data is therefore
reliable only at the lowest frequencies (see section 7.3). The original
band-pass filter at the high frequency amplifier system had a high
frequency 3 dB point at 5 MHz. It had to be replaced due to the extreme
sensitivity of the high frequency amplifiers to higher frequency noise
from the machine's instrumentation (particularly the microwave
interferometer system) in the single probe configuration which used the
machine’s walls for electric ground. The noise detected by the high

frequency hardware was also enhanced when the low frequency circuit
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was connected, so high and low frequency data had to be taken
separately.

Data analysis consisted in the calculation and comparison of the
amplitude spectra measured by the different probes. The IDL's Fast
Fourier Transform routine was used for this calculation. For low
frequency fluctuations time records of 256 points were chosen and for
high frequencies 512 or 256 points per record were used. The mean
value (DC component) is removed and a Hanning window is applied to
prevent leakage. IFor high frequencies, the band-pass filter (with a high
frequency corner of 1.5 MHz) ensured no aliasing problems (Nyquist
frequency was at 5 MHz), but for low frequencies, a low-pass filter was

not available at the time so some aliasing is expected.

3.3.5 The Admittance Probe

The electron temperature and density profiles were measured
with a nearby admittance probe (30 degrees away in the toroidal
direction). The admittance probe method consists in measuring the

admittance across the sheath which is given by:23

d| . L -Y
dv'Vr kT, (3.32)
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The electron temperature and density can therefore be determined by
measuring the admittance Y (which has the dimensions of inverse
resistance) of a floating probe and the 1on saturation current measured
by a nearby probe. The sheath admittance is determined by measuring
the output of a capacitance bridge (which ensures that the probe is at
floating potential) which is balanced in the absence of the plasma.
Figure 3.11 shows the schematic diagram of the admittance probe
system hardware. A 2 MHz sinusoidal signal is fed into the capacitance
bridge and a circuit that generates two sinusoidal signals (with the
same frequency as the input signal) in quadrature with each other (sine
and cosine). These reference signals are then fed into a phase and
amplitude detector, which also receives the output signal of the bridge.
What this detector does, is basically as follows: the input signal (the
output of the bridge in the presence of plasma) is assumed to have the
form V(t) = A(t) sin(ogt + O(t)), where A(t) is the amplitude modulation,
g 1s the carrier oscillation frequency (2 MHz), and ®(t) is a phase
modulation. This input signal is then multiplied by one reference signal
in the form [1+ sin(wgt)] and by the other reference signal in the
form {1 + cos(wgt)]. These two products can then be squared, added, and
square root taken to yield the amplitude A(t), and the arc tangent of the
ratio will give the phase ®(t). When the system is calibrated, a known
resistance and capacitance is connected to the probe, and the amplitude
and phase are calculated by the detector, so that alterations to A(t) and

®(t} due to attenuations, gains and delays caused by the hardware can be
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Fig. 3.11 Schematic diagram of admittance probe electronic circuits.

properly added or subtracted. In the presence of plasma, the sheath

impedance Zp 1s given by:

By (\?15 1”“%’ 1} (3.33)

where K = -i/(0yCg), Cg is the bridge's capacitance, Zp is the detector
impedance and Vp = A(t) cos (O(t)) + 1A(t) sine (B(t)). Usually the
sheath impedance is mostly resistive, so 1/Re(Zp) will give the
admittance value.

The admittance probe system consisted of two cylindrical

platinum tips 3 mm in length and 0.4 mm in diameter, separated by
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3 mm from each other. One of them is kept floating and connected to the
bridge, and the other is biased into ion saturation (at - 200V).

The generator of signals in quadra-ture and the phase and
amplitude detector system are parts of the electronics system built by

David Kortbawi for the study of Alfven Wave heating in Tokapole.24
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CHAPTER 4

<qa> Scaling of Electrostatic Fluctuations in Tokapole-11

This chapter describes the experimental results obtained when
<gg> was varied from 1 to 4 in the magnetic limiter configuration.
Within this range of <qa>, the energy confinement times varied by
almost an order of magnitude from about 50 psec to 350 pusec. Despite
these large variations in global parameters, the electrostatic turbulence
properties and their contribution to transport remained roughly
unchanged. The contribution of electrostatic turbulence to transport is
very small, being at least two orders of magnitudé below the estimated
total energy flux, When a material limiter is inserted (as described in
Chapter 5) an enhancement of the turbulence is seen at high <qa> but it
is attributed to a local density gradient increase rather than an effect of
the magnetic configuration, which is not affected by the limiter.
Therefore, although a complete <qg> scan was not performed with the
limiter inserted, we believe that the independence of the turbulence on
<qa> is valid for that case as well. The global equilibrium
characteristics of the discharges are briefly presented first, followed by
the fluctuation and transport properties of the four <ga> cases studied,

which are described in detail.
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4.1 Equilibrium Characteristics

The magnetic limiter configuration in Tokapole-II permits
operation in a wide range of edge safety factor values. Detailed
description of the discharge characteristics at the various <qa> values
was described in previous works.l Only a summarized description will
be given here, together with the radial profiles of the relevant quantities
like electron temperature, density, pressure and plasma potential.

A typical "high <qa>" (<qa> > 2) discharge in Tokapole-II is
shown in figure 4.1. Like most tokamaks with similar size and ohmic
power, these discharges have loop voltages on the order of a few volts,
plasma currents around ten kA, and energy confinement times about
hundreds of microseconds. The soft X-ray signals show sawtooth
activity in the center after the initial heating phase (after the peak of the
SXR). For these discharges, it was possible to insert Langmuir probes
up to r = 8 cm which was the position of the probe for the floating
potential and ion saturation current signals shown. The toroidal field
for this <qa> = 3 discharge was 5.0 kG.

Figure 4.2 shows a typical "Low <qa>" discharge (<qa> < 2). By
increasing the ohmic power and lowering the toroidal field, higher
values of loop voltage and plasma current are obtained, compared to
high <qa> discharges. Energy confinement times are estimated to be
about tens of microseconds. Soft X-ray signals from the midplane of the
machine do not always show significant sawtooth activity in the center

of these discharges. Floating potential and ion saturation current
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Fig. 4.1 Global parameters of a <g(a)> = 3.0 discharge, limiters out,

Shown are the plasma current, loop voltage, edge safety
factor, plasma radius, central chord SXR signal, and
floating potential and ion saturation current signals
atr=8cm.
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signals are shown for r = 9 em, which is the innermost position the
Langmuir probes could be inserted before having arcing problems. The

toroidal field for this <qg> = 1.2 discharge was 3.2 kG.
Table 4.1 shows typical discharge parameters for the two extreme

values of <qa>. Line averaged density and central electron temperatures

are based on previous measurements and estimates. ]

TABLK 4.1

Tokapole-II Parameters

<qg>~1 <qa>~4
Toroidal field ~ 3kG ~ 55 kG
Plasma current 30-40 kA ~ 10 kA
Line avg. density ~ 1013/ ¢cm3 ~ 5x1012 /o3
Central Tg - 100 eV 120 eV
Pulse length ~ 4 msec ~ 8 msec
Loop Voltage 15V 2V
450 0.05 msec 0.4 msec

It should be noted that the variation of <qg> was made without
fixing the plasma current or the toroidal field. Both parameters were
varied in order to achieve an optimization of current duration and

confinement times.
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For fluctuation measurements, the time slices were taken after
the peak of the SXR signals (after the initial heating phase) and before
the beginning of current termination. During this time window, most
quantities were approximately constant, In high <qga> discharges,
sawtooth activity is present, so the bursts of fluctuation activity that
sometimes accompany the sawtooth crashes are avoided in the choice of
data segments.

Figure 4.3 shows the electron temperature and density profiles
measured by the triple probe, for the four <qa> cases studied, during the
time periods in which fluctuation data were taken. Energy confinement
times were estimated using Tg = W/IV where W is the stored energy
(3/2)I(nkBTe)dv integrated to the innermost position reached by the
probes, and IV is the ochmic input power (plasma current I multiplied by
loop voltage V). Central temperatures of (70-100) eV and central
densities of (1.5-3.0)x1013 ¢m 3 are assumed, based on previous
estimates! and "reasonable" plasma profile shapes. It was assumed
that low <qa> discharges have flatter profiles due to their poor
confinement. These confinement time estimates are reasonable to
within factors of 2 or 3, and are accurate enough for our purposes of
comparing the orders of magnitude of the energy flux with the
fluctuation driven energy transport. The characteristic gradient scale
length for the density is about Ly ~(3-5)cm in the edge region (the
separatrix region shown in the figure). In the scrape-off region both

temperature and density profiles are very flat.
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From these measurements, radial profiles of electron pressure
and plasma potential were calculated, and are given in figure 4.4. The
phase velocities of turbulent drift waves (diamagnetic drift velocities)
measured in the laboratory frame are thought to be Doppler shifted by
the Er x By drift arising from the plasma potential gradients. It is
therefore important to measure both drift velocities experimentally and
compare with the measured phase velocities. Unfortunately, gradient
quantities are difficult to measure, and due to the large error bars, it
was not possible to calculate the electron diamagnetic drift and the
Er x By drift velocities (both around several kmy/sec) with sufficient
accuracy to determine an average rotation velocity for the turbulent
waves. Nevertheless, we can see that the plasma potential decreases
monotonically with radius, and does not have a maximum (like is
measured in other machines), so we should not expect to see a velocity

shear layer, in contrast to other machine's results.

4.2 Electrostatic Turbulence Properties

4.2.1 Electron Temperature Fluctuations

As described in Chapter 3, the triple probe method for
determining electron temperature fluctuations consists in measuring
the difference between the positively biased tip of the double probe and
the floating potential fluctuations, under the condition that they are in

the same correlation volume.
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In almost all cases, this condition was met in Tokapole-11, and
the temperature fluctuations are measured to be very small. Figure 4.5
shows the high coherence level between V+ and Vg, and their relative
fluctuation levels, which practically overlap. An upper bound based on
the error bars (due to statistical variations) would give ’Te/Te ~ 0.4 ii/n ~

0.2 Vp/Te.
4.2.2 Fluctuation Amplitudes and Frequency Spectra

Radial profiles of electrostatic fluctuation levels for <qa> = 1.2, 2.0,
3.0, and 4.0 are shown in figure 4.6. Density fluctuation levels are small
(typically less than 10%) compared to the mixing length estimate
A/n=1/(krLn) ~ (20-60)% , assuming ky ~ kg ~ (0.5-1.0) em-1 (see section
4.2.3), and Lp ~ (3-5) cm. Potential fluctuation levels are generally
smaller than 20%, and are comparable to density fluctuation levels,
suggesting that the Boltzmann relation may hold for Tokapole-I1. These
rather small fluctuation amplitudes are in contrast to other machines
results, which show much higher fluctuation levels. As we shall see in
Chapter 5 this could be due to the absence of a material limiter in
Tokapole-II. Many machines observe a non Boltzmann behavior of fi/n
and Vp/Te, although some exceptions have been reported,2 and it is
believed that potential fluctuations are affected by impurities . The
fluctuation amplitudes are slightly higher in the
scrape-off region due to the lower equilibrium values. No systematic

dependence with the safety factor is observed.
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The frequency spectra (figure 4.7) show that both #i/n and Vp/Te
decay monotonically with frequency : #/n o £-2, with a = (0.5 - 1.5),
and Vp/Te o f-b with b = (.5 - 2.0). These decay laws are independent of

position and safety factor.
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Fig.4.7 Frequency spectra of density and plasma potential fluctuations
for the four <q(a)> values, innermost positions.
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4.2.3 Structure of Potential Fluctuations

The spatial structure of the turbulence can be described by two
point correlation measurements as described in Chapter 3. In spectral
analysis, several hundred terms are usually necessary for a meaningful
ensemble average measurement. Due to the relatively short discharge
durations in Tokapole-II (especially in "low <qa>" discharges ) this
meant taking 100 to 150 shots at a single position. Due to lack of time, it
was not possible to make these measurements at all positions, so we
decided that only the innermost position of each <qa> case (r = 9 cm for
dqa =1.2 and qg = 2.0, and r = 8 cm for gqg = 3.0 and qa = 4.0) would be
studied in detail.

Figure 4.8 shows the coherencies between the two potential
fluctuation signals (separated by 3 mm), for the four <ga> cases. The
poloidal correlation lengths are Lp ~ (0.6-2) cm, with no particular trend
with respect to <qa>. Correlation lengths can give an estimate of the
spectral width from the relation Akg = /Ly This gives Akg ~ (1.5-5)
which is comparable with the more accurate measurements of the
spectral width described below.

A better description of the spatial structure of the turbulence can
be given by the wavenumber-frequency spectrum S(k,w), the
wavenumber spectrum, the spectral width, and the dispersion relation

shown in figures 4.9 and 4.10, for the two extreme <qg> values.
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The kg-spectra are broad (Akg ~ 2 > kg), with most of the power
concentrated at the lowest frequencies (f< 100 KHz} and lowest
kg values (kg ~ (0-1) so that kopg ~ (0-0.2) ). Note that there is no
predominant direction of propagation for <qa> = 1.2 and only a slight
shift towards the electron diamagnetic drift direction for the <qg> = 4.0

case.

The kg spectra and spectral width of the potential fluctuations for

other positions could not be determined with sufficient accuracy, since
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only 20-60 terms were taken for each case. However, the data available
(i.e., the sign of the phase between both floating potentials) indicate that

in some cases in the scrape-off region, the direction of propagation is
clearly in the electron diamagnetic drift direction. A clear propagation
in the ion diamagnetic direction was never seen, so the available data
does not show any evidence of a velocity shear layer, as it is seen in other

machines.

4.3 Fluctuation Driven Transport

4.3.1 Energy Fluxes

Fluctuation driven energy and particle fluxes can be calculated
from the density and the two potential fluctuation signals, using the
proper spectral analysis described in Chapter 3.

The energy flux associated with electrostatic fluctuations is
Qx(3/2B)<5ﬁ>. In our case, the pressure fluctuations are assumed to be
due to the density fluctuations only, since the temperature fluctuations
were measured to be small, so Q=3/2kpTel" , where I" is the particle flux.
The total energy loss rate is calculated assuming that the fluxes are
poloidally symmetric and integrating over the area of a cylinder of
length 2nR (R is the major radius). An up-down asymmetry was
detected in the fluctuation amplitudes for high <qg> discharges (which
are usually displaced 1 to 2 cm above the geometric center of the

machine), but the amplitudes at the outer side are intermediate between
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the values at the top and bottom. Therefore, the transport
measurements made at the outer side of the machine should give good
average numbers for the integrated fluxes. At low <qa> discharges
(which are usually centered vertically) no up-down asymmetries were
detected in the amplitudes.

The plasma energy is estimated using the profiles measured with
the probes. The results are shown in figure 4.10, which gives the energy
fluxes calculated at the innermost positions (for outward and non
negligible fluxes), the maximum energy fluxes (assuming optimum
phase relations) calculated at other radii, and the total energy fluxes, It
can be noticed that in all four cases the electrostatic fluctuation driven
transport is at least two orders of magnitude too small to account for the
energy confinement measured, even when optimum phase relations are
invoked. It can also be noticed that there is no systematic dependence of

the transport with the average safety factor.
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4.3.2 Particle Fluxes

The particle flux spectrum is given in spectral components by
M= Im<n(f)*ke(f)Vp(f)>/BT. This statistical quantity depends on the
phase relations between the three measured signals. A coherency of 1
and a 90 degrees phase shift between A and pr would give the
maximum transport given by TI'max = i(f) TB(f)/BT, where
Ef) = <kg(OVp()2>1/2 is the fluctuating electric field. Figure 4.11
shows the total particle flux (integrated from 15 kHz to 300 kHz and
taken at the innermost positions) and their maximum values as a
function of <qa>. The particle fluxes measured are small and outwards,
in the range of 1019 part./m2sec., about 2 orders of magnitude smaller
than other machines.34 Even when maximum phase relations are
invoked the upper limits are in the range of 1020 part./m%sec,

The fluxes are outw'érds and sometimes negligible (in a few cases
a net inward flux is measured but with error bars larger than 100% due
to the small phases involved). When the flux is outwards and in the
edge region, the frequency spectrum decreases monotonically, peaking
at the lowest frequencies (fig.4.12.a). In the scrape-off region, higher
frequency components contribute to the transport (fig.4.12.b). The
inward fluxes sometimes measured are actually due to low frequency
peaks with large error bars (fig.4.12.¢), or a net inward flux resulting
from a spectrum fluctuating in frequency between negative and positive

values, all with large error bars (fig.4.12.d).
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As described in Chapter 3 the particle flux depends on the phases
between density and potential fluctuations, as well és their coherency
levels. Figure 4.13 shows the coherency levels and the phases between
the two fluctuating quantities, for the 4 <(a> cases. The fluctuations are
not very coherent (Ynv < 0.6 ), and their phase shifts are about 30
degrees at higher frequencies, and close to zero for lower frequencies
where most of the power is concentrated. These small phases introduce
large uncertainties in the fluctuation induced flux calculations (but are

not large if compared to the total energy flux).
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The diffusion coefficients associated with the measured particle
fluxes are D = -I'/(dn/dr) ~ 3x103 emZ/sec. To compare the measured
particle flux with the actual particle confinement time it would be
necessary to make a particle balance analysis based on the sources
(usually measured from Hgy light emission) and sinks (parallel flow to
the limiter) present at the edgé. Unfortunately Tokapole-II was not
equipped with the necessary diagnostics, but in general particle and
energy confinement times are comparable in magnitude. Therefore the
role of electrostatic fluctuations on transport can be inferred from
energy confinement time measurements, which showed that
electrostatic turbulence is at least two orders of magnitude too small to
explain the energy losses.

This was a rather puzzling result, considering that many
tokamaks explain anomalous losses with electrostatic turbulence. An
attempt to explain this behavior was made by inserting a material
limiter in the outer edge of Tokapole, since most tokamaks operate with
either a limiter or a divertor plate in the scrape-off region. The results

of material limited discharges are presented in the next chapter.
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CHAPTER 5

Limiter and Edge Gradient Effects on Electrostatic
Fluctuations

The effects of the insertion of a material limiter in the outer edge
on the electrostatic fluctuations is described in this chapter. In high
<qa> discharges the density gradient was increased with the insertion of
the limiter and that presumably caused an observed increase in the
fluctuations. The two cases studied will be presented: first in discharges

with <qa> = 3.5, where a significant enhancement of the fluctuations is

seen, together with a large increase in the density gradient, then in

discharges with <qa> = 1.4, where these effects were not observed.

3.1 "High < qg > " Discharges with Material Limiters

Figure 5.1 shows the temporal evolution of global parameters for a

discharge with <qa> = 3.5 with a material limiter inserted in the outer
edge up to r = 10 cm. These discharges are similar to the magnetically
limited "high <qg>" discharges, but have shorter duration. The Jsat
signal shown is at r = 9 em. It is readily noticed that the fluctuation
amplitudes were greatly enhanced in this position, compared to the case
without limiters.

The insertion of the material limiter had a marked effect in the
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density gradients as can be seen in the radial profiles of temperature
and density shown in figure 5.2. The limiter caused a very sharp
steepening in the density profile. The density gradient scale length at
r =9 cmis Lp ~ 1.7 cm compared with Lp ~ 3-5 ¢m in the magnetic
limiter cases. No noticeable change occurred in the temperature profile.
The steepening of the density profile was reflected in the pressure profile
shown in figure 5.2. A slight increase in the gradient of the plasma
potential is also seen at r = 9 cm, and we can see that no peak in the
plasma potential profile is seen (no shear layer).

The radial profiles of the fluctuation amplitudes is shown in
figure 5.3. It is somewhat remarkable that a large enhancement in the
fluctuation amplitudes occurred exactly where the density gradient was
steepest (r = 9 ecm), and it occurred at that location only. This enhanced
fluctuation level is now comparable to the mixing length estimate
fi/n = 1/(kyLn) ~ 16%, where ky ~ kg ~ 8 ecm-1. At other positions no
changes were observed .

Another important change that occurred at r = 9 ¢cm was in the
spatial structure of the fluctuations. The turbulent waves now

propagate clearly in the electron diamagnetic drift direction, with the

kg-spectrum peaking at kg = 3 cm-1. This is shown in the wavenumber-
frequency spectrum and kg-spectrum shown in figure 5.4. This shift in
the direction of propagation could be due to the steepening of the density
gradient, which would increase the electron diamagnetic drift velocity.
The particle and energy flux (integrated over 15-300 kHz) profiles

is shown in figure 5.5, together with the total energy flux calculated
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from the measured energy confinement times. Despite the increase in
the particle transport due to the increase in the fluctuation amplitudes
at r = 9 cm, the corresponding energy flux is still a factor of 10 too small
compared with the total flux. An upper limit in the energy flux
(assuming perfect correlation and no phase shift between fi and E)
would still be about 3 times too small. At other positions the results are
similar to the magnetic limiter case.

This limited high <qa> result is not inconsistent with other
machines observations. It has been reported in TEXT1 that in their low
density discharges ( n < 2x1013¢m 3 ) the convected energy loss could

only account for 15% of their energy losses.
5.2 "Low < ga > " Discharges with Material Limiters

Figure 5.6 shows a <qa>=1.4 discharge with the outer limiter
inserted up to r = (10.5 - 11.0) cm. The global parameters do not differ
much from magnetically limited "low <qa>" discharges.

In this case a steepening of the density profile was not seen as in
the "high <qa> " case, but the temperature gradient was somewhat
increased, and as a result the pressure gradient at the edge was actually
comparable to the limited <qa> = 3.5 case. The plasma potential profile
does not have a maximum, so no shear layer is observed. The electron
temperature, density, pressure and plasma potential profiles are shown

in figure 5.7.
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The radial profiles of the fluctuation amplitudes are shown in
figure 5.8. No enhancement is seen in any position. The large relative
amplitudes in the scrape-off region was due to the very low equilibrium
densities there. The wavenumber-frequency spectrum (figure 5.9) again
shows a broad spectrum with the power concentrated at low frequencies
(f < 100 kHz) and low kg (kg ~ .5 cm~1). The particle and energy flux
profiles are shown in figure 5.10. Like the magnetically limited cases
the fluctuation driven tran§port is 2 orders of magnitude too small, even

with optimum phase and correlation relations.
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CHAPTER 6

Conclusions for <qg> Scaling and Limiter Effects on
Electrostatic Turbulence in Tokapole-II

This chapter gives the summary and conclusions of the results
described in Chapters 4 and 5. First a brief discussion will be made on
the comparison of electrostatic and magnetic turbulence. The final

conclusions are discussed next.
6.1 Comparison with Magnetic Fluctuation Measurements

A <qa> scan of magnetic turbulence was done on Tokapole-II for
magnetically limited discharges by Dale Graessle.l It was
demonstrated then, that for <qa> < 1 the magnetic turbulence was large
enough to account for the global energy confinement if a collisionless
stochastic magnetic transport model was adopted. The magnetic
turbulence decreased by a factor of 50 as <qg> was raised to 5.0. The
energy confinement time due to magnetic turbulence is calculated from
the measured magnetic fluctuations (fig. 7 of reference 1) and the
corresponding energy fluxes was calculated and is compared with our
electrostatic results in figure 6.1.

It can be seen that whereas for magnetic turbulence there is a

strong dependence with <qg>, there is no clear trend for the turbulence
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in the electrostatic case. For the case with material limiter at high
<qa>, the fluctuation induced flux does approach the actual value. The
result for the "low <qa>" case with limiter in would suggest that the

electrostatic turbulence would have the inverse behavior of the magnetic
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case, but the enhancement seen at high <qa> is actually due to a density
gradient effect, rather than an effect of the magnetic configuration,
which does not change with the limiter insertion. Therefore, we believe

that the <qa> scaling results are valid for material limiters as well.

6.2 Summary and Conclusions

Electrostatic turbulence and its contribution to transport has been
studied in Tokapole-1I. In magnetically limited discharges the
contribution of electrostatic turbulent transport in the edge and
scrape-off regions is very small and certainly not responsible for the
energy losses measured. The increase in turbulence and transport
levels in material-limited discharges could suggest a dependence of
transport on the presence of material limiters. However, low <qa>
discharges do not show the same sensitivity to the limiter as high <Qa>
ones. The enhancement in the turbulence seems related to the gradient
in the equilibrium densities which is affected by the limiter only in high
<ga> discharges. The relative absence of electrostatically driven
transport in magnetically limited discharges is thus probably due to the
large  scrape-off region in Tokapole-II which allows a gradual radial
decrease of equilibrium quantities. In contrast, the plasmas in most
machines are in close contact to a material limiter or a divertor plate,
making the gradients very steep at the edge.

In many aspects the turbulence properties observed in

Tokapole-II are similar t¢ the observations made in the plasma interior
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of many tokamaks.2 The low amplitudes observed in the plasma
interior (~ 1%), low values of kgpg (~ 0.05-1) with propagation in the
electron diamagnetic direction, are also observed in Tokapole-II.
Furthermore, the Boltzimann relation seems to hold in the plasma
interior, and no clear correlation exists between 7i/n and 1, although
recent measurements in TEXT3 indicate some agreement between
fluxes calculated using a dissipative trapped electron model and
equilibrium fluxes.

What causes transport in Tokapole-1I remains an unanswered
question. Since the frequencies measured were restricted to f > 15 kHz,
global, MHD type modes are not being taken into account in this work.
They are known to cause internal and external disruptions in
Tokapole-114 (not always leading to current termination in the magnetic
limiter case) and could contribute to transport. Fast electrons, which
are more likely to be present in low <qg> discharges when the loop
voltage is higher, could contribute to energy losses, via stochastic
magnetic fields. Previous studies in impurity radiation losses in
Tokapole, showed that it could only contribute with up to 80% of energy
losses.o

In summary, two main conclusions emerge from this work.
First, electrostatic turbulence is independent on the safety factor.
Although the <qa> scaling was done only in magnetic limited
discharges, it is likely that this is also true in material limiter cases,
since the limiter does not affect the magnetic configuration. Second, the

density gradient is responsible for electrostatic turbulence at the edge.
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The presence of a material limiter in itself does not trigger electrostatic
turbulence if the density gradient at the edge is allowed to 'slowly decay
radially, as in a magnetic limiter configuration, This would explain the
unique behavior of Tokapole-II compared to other machines, in which

large density gradients cannot be removed.
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CHAPTER 7

Small Spatial Scale Electrostatic Fluctuations in Tokapole-II

This chapter describes electrostatic fluctuations measured with
a small spherical Langmuir probe, in order to investigate the possible
existence of small spatial scale instabilities, which have been
theoretically investigated and could contribute to anomalous transport.
In order to differentiate the small-spatial-scale fluctuations, the power
measured by the "small” probe is compared with the power of a nearby
larger probe. It was found that for some cases they are indeed present
in Tokapole-II although their contribution to transport is minimal. A
brief review of the existent theoretical work on small scale instabilities,
in particular ne modes will be made, followed by the experimental

results and conclusions of this chapter.

7.1 Motivation and Background

Small spatial scale instabilities (wavelengths on the order of the
electron gyroradius) have been invoked by some authors to cause a
significant amount of anomalous transport.l-4 A pood review of the
available theories on these instabilities (called 1e instabilities) was made
by Edward. J. Haines,9 to whose thesis the reader is referred for a more

complete description.
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The electron confinement time in many tokamaks is known to
scale linearly with density in the so-called Alcator scaling. In an
attempt to explain this empirical scaling, Ohkawa3 first proposed, based

on simple arguments, that electromagnetic fluctuations with

characteristic scale length 8 = ¢/0pe (the plasma collisionless skin
depth, where ¢ is the velocity of light and Wpe 18 the plasma frequency)
can lead to an electron thermal diffusivity ¥e ~ (c/0pe)2vine/aR ( here,
Vihe 18 the electron thermal velocity, q the safety factor and R is the major
radius).

Nonlinear studies performed by Horton et all.,6 showed that the
source of this ¢/wpe turbulence may be a small spatial scale instability
called the ne mode.

Lee, Dong, Guzdar and Liu developed a linear theory for this
instability which has wavelengths on the order of the electron
gyroradius and are primarily electrostatic.4 In a collisionless, sheared-
slab model with finite beta, they treat the full electromagnetic character
of the mode and find that the instability depends on the critical

parameter:

Tlezdln'I‘(.,/drzl:ﬂ
dinng/dr Ly

where Lp and Lt are the density and temperature gradient scale

lengths respectively. The modes are unstable at a threshold value of
Me ~ 1, becoming more unstable at larger values of ne. Instability

occurs at wavelengths between pe and pj (the electron and ion
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gyroradius respectively), in a wide range of frequencies below 0.3w* ¢
(0 pe = kyvthe2/Linwee is the electron diamagnetic drift frequency, where
ky is the poloidal wavenumber, vy, is the electron thermal speed, and
Wee 1S the electron cyclotron frequency). The mode is localized in a
narrow layer with a width of about an electron gyroradius (somewhat
larger for magnetic perturbations). The magnetic character of the mode
becomes important at finite beta, i.e. for B¢ >> me/mj.

Horton et al. studied the toroidal version of the linear mode, by
adding VB and curvature drifts. The ions are assumed to be adiabatic
(A, << pi). The results show similar real frequencies and growth rates
as the sheared-slab theory, with maximum growth at X ~ pe , but with a
threshold value of ne = 2/3.

The only nonlinear work performed to date on ne mode turbulence
was done by Horton and co-workers,6-7 in a numerical solution of a set
of hydrodynamic equations ( using the electron continuity equation,
parallel force balance and energy conservation), assuming adiabatic
ions and toroidal effects ( VB and curvature drifts). Dominant nonlinear
terms come from B.V due to field line perturbations and the ExB
convective derivative (d/dt + v.V with v = vg,n ) acting on fluctuating
quantities. The perturbed scalar potentials & and A, and the
temperature fluctuations Te as well as the their corresponding energies
are solved, and their evolution from the linear growth phase to
saturation is followed. ."During the linear growth phase, dominant
modes have kz = 0 ( z is the direction parallel to the magnetic field) and

kypei ~ 0.8 (pei is the electron gyroradius with the ion temperature), and
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are primarily electrostatic. In the steady state, the small random
magnetic fluctuations evolved into larger structures. The turbulence is
isotropic and dominated by kypei ~ 0.05 to 0.1 (for B = 1%), with the peak
of the k-spectra at ki ~ wpe/c which is the largest scale permitted by
the simulation grid. Figure 7.1 shows the contours of electrostatic
potential, magnetic flux function and electron temperature fluctuations
at the linear phase (a) and steady state (b-d).6 Note that at steady state,
the electric potential perturbations are slightly smaller in size than the
¢/wpe dimension of the magnetic perturbations.

The numerical code used by Horton to solve the eigenfunctions @
and A, was modified by E. Haines to accommodate Tokapole-II
parameters., Iigure 7.2 shows the results for the maximum growth
rates and their corresponding real frequencies. The maximum growth
rate for a k; = 0 case occurs at kx = 0 and kypei ~ 0.5 which corresponds
to A =0.4 mm. The range of frequencies corresponding to positive growth
is very broad, and for the kypei = 0 and 0.25 cases it extends from 200 kHz
to 22 MHz, with peak growths occurring between 4 MHz and 6 MHz 2
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7.2 The "Small" Langmuir Probe

For Tokapole-II's edge parameters: Te = (10-40) eV,
Br = (3-5) kGauss and ne = (0.5-2.5)x1013 ¢cm-3. This will give:
Pe = (2-7)x10°2 mum, pj = (0.9-3) mm (assuming Tj = Te in the edge) and
¢/fpe = (6-15) mm.

To resolve electrostatic fluctuations with small wavelengths, a
spherical Langmuir probe 0.5 mm in diameter was constructed. Two
sets of probes were built (described in Chapter 3). In one set (probe set
# 1), the fluctuation power of the spherical tip was compared with those
of two "large” cylindrical tips 3 mm in length and 0.4 mm in diameter
oriented in the radial and poloidal directions. This arrangement allows
us to distinguish fluctuations with small spatial scales (with
wavelengths A > 1 mm) from fluctuations with Iargér scales (A = 6 mm)
in the radial and poloidal directions.

In the second set (probe set # 2) the "small" spherical tip is
compared with a "large" cylindrical tip 3 mm in length and an even
larger cylindrical tip 1 ¢cm in length both oriented in the radial direction.
This probe set was built to extend the range of spatial scales that could be

studied: the very large tip can only detect wavelengths larger than 2 cm.

7.3 Experimental Results

The results that will be presented were obtained in two run

periods. On the first run, high <qa> discharges were studied, and probe
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set # 1 was used with high frequencies covering the range of 500 kHz to
1.5 MHz. Due to aliasing problems and the rapid power decay with
frequency of the low frequency fluctuations, there was a gap between the
high and low frequency ranges which was not resolved. A band-pass
filter of 300 kHz to 1.5 MHz was therefore built and used with probe set #

2 to study low <qg> discharges.
7.3.1 Small Spatial Scales in High q3 Discharges

The high <qa> discharges that were investigated are very similar
to the magnetic limiter high <qz> case described in Chapter 4 (a
<qg> = 3.5 discharge was used). A probe set with a small spherical tip
(0.5 mm diameter) and two cylindrical tips {3 mm in length) oriented in
the radial and poloidal directions (probe set # 1), was used to measure
the power of ion saturation fluctuations at different radii.

The amplitude spectra measured by the three probes at different
radii are shown in figures 7.3 and 7.4 for low (10 kHz to 500 kHz) and
high (500 kHz to 1.5 MHz) frequencies respectively, No enhancement is
seen at low frequencies in any position, while at high frequencies, the
"small" probe measures significantly more power than the "large" ones
in the scrape-off region, but not in the edge region, An enhancement of
a factor of 4 in amplitude is seen at r = 12 em. Note that in these cases
there is no difference in the amplitudes measured by the large probes
oriented in the radial and poloidal directions, indicating that the

turbulence is perpendicularly isotropic. In some cases however, the
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radial probe measures larger amplitudes than the poloidal probe by up
to about a factor of two in amplitude.

Figures 7.5 and 7.6 show the frequency integrated fluctuation level
profiles and the ratio between the integrated "small"/"large" amplitudes
at the various radii, for low and high frequency ranges. Fluctuation
levels are very small at high frequencies (in the 10-4 range), and should
not contribute much to transport. Mixing level estimates would give
P/p = U/(kLp) 2 3% for the 3 mm probe (assuming Lp ~ 3 cm and
k < 21/0.6 cm-1).

Figure 7.7 shows the distribution of fluctuation power in k space
for the largest enhancement which occurred at r = 12 c¢cm at high
frequencies. The area of each bin in the histogram corresponds to the
power in the corresponding k-band, with heights normalized to the
height of the first bin. The area in the first bin corresponds to the power
measured by the large probe (i.e., for wavelengths larger than 6 mm).
The area of the second bin represents the extra power measured by the
small probe, i.e., it is the difference between the power measured by the
small and the large probes, corresponding to wavelengths between
1 mm and 6 mm. Wavelengths corresponding to wpe/c and 2n/p; are
indicated in the figure for the plasma parameters at r = 12 em. It is
seen that there is a peak in power at the larger k band, which includes
pi scale instabilities but not ¢/wye scales (which lies in the first k band).

Figure 7.8 shows the raw data for high frequency fluctuations
detected by the three probes and the SXR signal for r = 12 cm. It is seen

that the fluctuations measured by the "large" probes have bursts of
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activity that correspond to small crashes in the SXR signals. Note that
the small probe does not seem to be as sensitive to the same bursts,
because during the "quiet” parts it is actually detecting more power than
the large probes. The high frequency results just presented were taken

during these "quiet" parts of the discharge. A comparison of the spectra
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Fig. 7.9 Fluctuation amplitude spectra for the three tips at <q{a)>= 3.5,
r= 12 cm, bursts only.

detected by the three probes during the bursts of activity (figure 7.9)
shows no enhancement at all, as we could expect for sawteeth related
phenomena which are dominated by large MHD type fluctuations.
Although electron temperature and density profiles were not
measured during this run, similar discharges have profiles as shown
in figure 7.10. A reliable calculation of ne is difficult due to the large

uncertainties involved in taking the ratio of two derivative quantities.
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However we can roughly estimate that mne is of order unity (e ~ 2) in

this case ( Lp ~ 10 cm and L ~ 5 cm).

7.3.2 Small Spatial Scales in Low g Discharges

The low <gg> discharges in which the data presented here were
taken are also similar to the low <qg> magnetic limited discharges of
chapter 4. The fluctuation data however were taken before the peak of
the SXR, when <qg> was flat in time. For this run, a different set of
probes was built, with two large probes oriented in the radial direction,
one 3 mm long ("large”) and the other 1 c¢cm long ("very large"). The
high frequency band-pass filters were also changed so that
300 kHz < f< 1.5 MHz.

Figures 7.11 and 7.12 show the fluctuation amplitude spectra of
the three probes at different radii for low and high frequency ranges.
As in the high <qg> case no differences are seen in low frequencies
between "small" and "large” probes. At high frequencies, the "small"
probe measures a larger amplitude at r = 12 cm and r = 16 cm.

For r = 12 cm t(highest enhancement), the distribution of
fluctuation power with k is shown in figure 7.13. With three different
probe sizes, the power can be distributed in 3 k-bands. At lower
frequencies (400 kHz) there is no extra power at the largest k band
(which contains 2n/pj wavelengths), but some power exists in the second
band, which includes c/wpe scales. The differences increase at higher

frequencies, and at 800 kHz there is power in the Jargest k band and even
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more power at the second band . The peak in power at the second band
increases at 1.2 MHz.

Figures 7.14 and 7.15 show the frequency integrated fluctuation
level profiles and ratios between the amplitudes of "small" and "big"
and "small” and "very big" probes, for both frequency ranges. Again,
high frequency fluctuations are small and should not contribute to
transport. At these frequencies, fluctuation amplitudes are small
compared to mixing level estimates, which would give p/p = 1/(kLp) 2
(3-6) x10-3 for the 3 mm probe and p/p = (0.5-1.0)x10-3 for the 0.5 mm
probe.

The electron temperature and density profiles were measured
during this run and are shown in figure 7.16. We can see that low <qa>
discharges have flatter profiles, and in this case e ~ (0.3-0.5) in the
scrape-off region (r ~ 14 cm, where Ly ~ 9 cm and Lt ~ (18-30) em) while
in the edge it tends to diverge due to the very flat density profile.



133

J/J Profile (12-500) kHz

0.06 |- ® Small .
0.05 - O Big |
L1 Very big
0.04 - N
(a) ¢
0.03 a ¢ -
0.02 - i
0 2 4 6 8 10 12 14 16 18 20 22
Radius (em)
Amplitude ratio Small/big,very big of J/J (12-500) kHz
1.5} . ;
° [
[
(b) u H i
® ®
@
® Small/big
051 “
O Small/very big

0 2 4 6 8 10 12 14 16 18 20 22
Radius (cm)
Fig.7.14 (a) Fluctuation amplitude profile (12-500) kHz for <qg(a)> = 1.4

for the three tips. (b) Ratio of ampltiudes between small
(0.5 mm), big (3 mm) and very big (1 cm) tips.



134

J/J profile (300 kHz - 1.5 MHz)
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Fig. 7.15 (a) Fluctuation amplitude profile for the three tips, at
<qla)> = 1.4 from 300 kHz to 1 MHz. (b} Ratio of amplitudes
between small (0.5 mmy), big (3 mm) and very big (1 em) tips.
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7.4 Conclusions

Small spatial scale electrostatic fluctuations have been detected in
Tokapole-II. By comparing the power of different size probes, it has been
found that an enhancement in power occurs for smaller probes in the
scrape-off region at high frequencies (300 kHz < f <« 1.5 MHz).

The enhancement is bigger at high <qg> discharges, where
differences of up to a factor of 4 in amplitude were found between a
0.5 mm spherical probe and a 3 mm c¢ylindrical one. This enhancement
occurs at scales smaller than c/wype, possibly including pj scale
instabilities. In low <qa> discharges the spherical 0.5 mm probe
measures up to 20% more amplitude than the cylindrical 3 mm one, and
up to 2.5 times more than a 1 cm cylindrical probe. With three different
probe sizes it was possible to see that there is power at both ¢/wpe and
smaller (pi ) scales.

In both <qg> cases, the fluctuation levels due to small scales were
still too small compared with mixing length estimates, and certainly too
small for transport, since the amplitude enhancements occur only at
high frequencies where J/J is in the 10-4 range.

Comparison with studies of small spatial scale magnetic
fluctuations,® show that in that case the enhancement in power for
smaller probes, occur at low <qa> discharges, and inside the separatrix,
where B is largest, unlike the electrostatic case. This is consistent with
the theoretical prediction that the magnetic component of

microturbulence becomes more important as p increases.
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