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¥ * * FOREWORD * * *

From: Leben des Galileo by Bertolt BRECHT

THE PHILOSOPHER Your Highness, my esteemed colleague and I are supported
by no less an authority than the divine Aristotle.

GALILEQ Gentlemen, belief in the authority of Aristotle is one thing, observable
facts are another. ... I'm used to seeing the gentlemen of all faculties close their eyes
to all facts and act as if nothing had happened. I show them my calculations, and they
smile ... But truth is the child of time, not of authority. Our ignorance is infinite,
let’s whittle away just one cubic millimeter. ...

THE PHILOSOPHER Mr. Galilei, the truth can lead to all sort of things!

ANDREA Then why did you recant? ...

GALILEQ They showed me the instruments. ... (Pause)

ANDREA (loud) In science only one thing counts: contribution to knowledge.
GALILEO And that I have supplied. Welcome to the gutter ...

THE SECOND BOY (to Andrea) You say you're a scholar. Then tell me: can
people fly through the air? ...

ANDREA ... No one can fly through the air on a stick. Unless it has some sort of
machine attached to it. Such machines don't ezist yet. Maybe they never will because

man is too heavy. But of course, we don’t know ... We have hardly begun.
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SUMMARY

The study of momentum confinement is a valuable means of investigating the
mechanisms governing confinement in tokamak plasmas.

A dedicated rotation experiment was conducted in TFTR, in September 1988, em-
ploying the recently installed CHERS diagnostic. Shots at different values of plasma
current, magnetic field, injected beam power and injection direction were made, to
study the parametric dependence of local fluxes of momentum and energy.

This Thesis is focused on the study of momentum confinement. Its purposes are
to analyze the data of the TFTR rotation experiment, to document the results and
to compare the experimental results with the predictions of neoclassical and anoma-
lous momentum transport theories. Since the gyroviscous theory has been found
previously to reproduce the experimental momentum confinement times and its para-
metric dependence in several devices, particular attention is devoted to the evaluation
of the magnitude of the poloidal variation of densities and rotation frequencies that
determine the magnitude of the gyroviscous momentum flux.

We find that: (1) Ware’s cold ions theory underpredicts the observed viscosity by
a few orders of magnitude; {2) each of the anomalous theories considered predicted
torque flows which show magnitudes, radial profiles and parametric dependences on
plasma parameters different from those of the experimental torque flow; (3) up-down
poloidal asymmetries of density and rotation frequency, evaluated with a model which
neglects heat flux and includes the effect of anomalous particle fluxes, are found to
be much smaller than ¢; (4) the gyroviscous torque is at least one order of magnitude

smaller than the experimental torque flow.
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Chapter 1

INTRODUCTION

The issue of confinement and how it can be extrapolated from measurements in
today’s tokamaks to predict the performance of future ones is a fundamental one in
magnetic fusion. The assumptions made regarding confinement determine the size of
the device, and therefore its cost, and the accuracy of these assumptions impacts the
actual performance. This is the reason why, in the last years, highest priority has been
given, in the Magnetic Fusion Energy program, to the understanding of transport and
confinement, encouraging selected experiments, the development of new theories and
diagnostics, and an extensive comparison between theories and experimental results.

The study of momentum confinement, in neutral-beam-injection (NBI) discharges
has been part of this effort.

The torque from the neutral beams causes the plasma to rotate up to velocities
comparable to the sound speed. It is observed that a sheared velocity profile estab-
lishes itself in a short time (tens of milliseconds) and that an exponential-like decay
of the velocity follows the beam turn-off. These are manifestations of radial transfer
of angular momentum, which results from viscous forces present in the plasma and
from the exchange of momentum between the plasma and the external systems, whose
investigation is useful for the following reasons. Due to the large difference between
proton and electron masses, momentum transport can be studied neglecting electrons
and electron-ion coupling, allowing ion transport effects to be isolated. Convection
of momentum is usually less important than momentum conduction and uncertain-
ties in momentum convection, therefore, cause smaller uncertainties in the measured

momentum fluxes and the inferred momentum diffusion coefficients. Rotation affects



particle and, possibly, thermal energy transport, as well as momentum transport, re-
quiring an understanding of the origin of their interrelation, in order to identify the

best confinement conditions for the future machines.

An extensive database of rotation speed measurements in tokamaks with unbal-
anced NBI has been accumulating in the last decade (1-122) and it covers a broad
range of plasma dimensions, densities and temperatures. In most of the early experi-
ments, the data did not provide a complete characterization of the plasma conditions;
only the central rotation velocity was routinely determined by measuring the Doppler
shift of emission lines from impurities present in the plasma center. Charge exchange
recombination spectroscopy (CHERS) diagnostics, that allow a simultaneous deter-
mination of velocity and ion temperature profiles, have become operative only in the
last few years. Valuable radial profiles of momentum diffusion coefficients and of the
momentum fluxes can now be calculated using these measurements and compared

with the local levels of transport predicted by different theories.

The analysis to date of the experimental data has not been able to suggest a
simple and universal dependence of the central velocity or of the momentum confine-
ment time on the experimental parameters. The apparently complex dependence of
the momentum confinement properties on the plasma conditions has suggested an ex-
amination of the local parametric dependence of momentum fluxes, of the associated
global confinement times and of rotation velocities that are predicted by theoretical
models.

Several momentum transport theories have been developed to explain the ob-
served momentum confinement times during NBI and the velocity decay following
beam turn-off. Classical and perpendicular neoclassical viscous forces are orders of
magnitude smaller than the slowing-down forces acting on the rotating plasma 131,
The gyroviscous neoclassical force '23], which depends on poloidal asymmetries of

the rotation velocity and density, is of the proper magnitude to account for the the



momentum confinement times observed on several machines [20424) when these asym-
metries are of order the inverse aspect ratio, ¢ = r/R. Although there is some evidence
suggesting order ¢ asymmetries for collisional ions, a self-consistent solution for these
asymmetries was not carried out for any of the rotation experiments. Recent works
by Ware [25], Hsu and Sigmar 261 and Stacey and Neeley f271, not yet compared with
rotation measurements, have revisited the neoclassical theory and pointed out some
possible new mechanisms of momentum transport.

Momentum diffusion coefficients have been derived for anomalous theories based,
respectively, upon stochastic magnetic perturbations [28-301 untrapped particle
modes 131M321 and ion-temperature-gradient-driven modes 33)-140 Comparison of
the anomalous theories with the experiments has been extensive only for the last
theory, carried out mostly in the last two years, and has led to conflicting evidence
on the role of these modes in determining momentum confinement.

The comparison between theories and rotation experiments has not yet led to a
clear understanding of the causes of momentum transport, but an extensive guanti-

tative test of these theories has not yet been done.

A dedicated rotation experiment, “Exp. 44”, was conducted in TFTR, in Septem-
ber 1988, employing the recently installed CHERS diagnostic 44, 1¢ is particularly
suited for a careful comparison with theoretical predictions. Shots at different values
of plasma current, magnetic field, injected beam power and injection direction were
made, to study the parametric dependence of local fluxes of momentum and energy,
and the corresponding global confinement times, as well as their correlation.

This Thesis will be focused on the study of momentum confinement. Its purposes
are to analyze the data of the TFTR rotation experiments (Exp. 44), to document the
results and to compare the experimental results with the predictions of neoclassical
and anomalous momentum transport theories, in order to evaluate the ability of the

latter to reproduce the magnitude and the parametric dependences that are observed



experimentally. Since the gyroviscous theory has been found previously to reproduce
the experimental momentum confinement times and its parametric dependence in
several devices, particular attention will be devoted to the evaluation of the magnitude
of the poloidal variation of densities and rotation frequencies that determine the

magnitude of the gyroviscous momentum flux.

The Thesis is organized as follows. Chapter 2 includes a description of the physical
principles used for plasma velocity measurements and of the TFTR diagnostics used
in Exp. 44. The basic equations and the definition of theoretical and experimental
quantities, needed for the analysis of rotation experiments, are also given in Chapter
2. In Chapter 3, the neoclassical and anomalous theories of momentum confinement
are summarized, along with their assumptions, and the theoretical formulas for the
momentum flux and related quantities are given. In Chapter 4, previous rotation
experiments from a variety of tokamaks and their comparison with theoretical formu-
las are reviewed. Chapter 5 documents the experimental conditions and the plasma
parameters characteristic of the TFTR experiment. In Chapter 6, the predicted mo-
mentum fluxes and diffusion coefficients are compared with the corresponding exper-
imental quantities and the results are discussed. Due to the fundamental role of the
density and velocity poloidal variations in determining the magnitude of the gyrovis-
cous force, experimental evidence of such asymmetries and related theoretical works
are reviewed in Chapter 7. This same Chapter includes a review of measurements of
poloidal velocity and related theoretical works, since vy plays a role in determining
the density and velocity asymmetry magnitude. Chapter 8 is dedicated to the calcu-
lation of the ion density and velocity poloidal variations for some typical discharges
of Exp. 44. The principal conclusions are summarized in Chapter 9 and suggestions

for future work are made.



Chapter 2

PLASMA DIAGNOSTICS AND DATA
INTERPRETATION

2.1 Diagnostics

This Section presents a brief overview of the physical principles used for plasma
velocity measurements. A description of the TFTR diagnostics used in Exp. 44, to

measure the plasma parameter of interest for our analysis, follows.

2.1.1 Diagnostics for v,(R) measurements

The toroidal velocity of ions is evaluated by the analysis of the Doppler shift of
particular radiative emission lines or by analyzing the Mirnov coils signal.

Doppler shift based diagnostics 42! . Measurements of the Doppler shift of
spectral lines over a broad range - from the visible region to the x-ray region- have
been successfully used to determine v4 by means of their interrelation: v4/c = A/do—1
(with Xy and ) the observed wavelengths of the emitter at rest and in the rotating
plasma, respectively).

The line radiation of metal ions with hydrogen- and helium-like outer electron
structure (Fe, Ni, W, Cr, Ti, etc.), mostly present in the plasma center, were used
in the earlier diagnostics. These lines lie in the x-ray region of the spectrum and
for this reason crystal x-ray spectrometers are employed. This technique allows the
measurement of v4(0) (and of T;(0); see Fig. 2.1 ) during the entire course of the
discharge, with a time resolution of tens of ms, and a spatial resolution of a few
cms, depending on the temperature gradient and the impurity diffusion process. In a

plasma with nonuniform temperature, the different ionization stages tend to distribute
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themselves in overlapping concentric shells, with the lowest ionization stages occurring
in the coolest regions.

Valuable profile measurements were derived by observing emission from different
ion species located at different radii, but this method yields a coarse spatial resolution
and it was difficult to apply systematically to a large number of discharges. Therefore
the systematic studies of radial profiles of momentum fluxes and diffusion coefficients
and their parametric dependence have been undertaken only recently.

Charge exchange recombination diagnostics (CHERS or CERS or CXR), now
available on all the major tokamaks, record the radiation emitted when injected neu-
tral beams (A°) interacts with the plasma ions (")

A+ I+ = At 4 [0 LRy
Emission from intrinsic (O,C) or injected (He) impurities, whose spectral lines are
normally in the visible and near UV region of the spectrum, are usually used. The
spatial resolution - essentially the width, in minor radius, of the intersection between
the beam of neutral particles and the CHERS sightline - ranges from 2 to 10 ¢cm, from
the center to the edge, and a 10-100 ms measurement time is required.

The velocity profile is usually measured for R > R; and then extrapolated to
the rest of the plasma region by making use of the assumption that the flux surface

rotates as a rigid body, i.e. vy(r,8) = Q,(r) R(r,9).

Mirnov coil signals Bi. A poloidal array of magnetic pickup loops (Mirnov coils)
can detect rotating MHD structures in the plasma. The velocity profile is determined
by comparing the phase of oscillation between adjacent pickup loops, when the mode
structure and radial location of the MHD instability are known. The rotation of
the MHD instability may not be correlated with the rotation of the bulk plasma, as
happens if fishbone oscillations are present. When mode oscillations can be correlated
with the toroidal rotation of the bulk plasma, these measurements may be in error by
as much as 15 %, while the radial position of the mode resonant surface, determined

from the soft-x-ray measurements, is known to within 2 cm.
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Figure 2.1: (a) Doppler shift of the TiXXI K, line recorded by the Crystal Spec-
trometer on TFTR 143, Inferred T;(0) (b) and v4(0) (c) time histories 43



2.1.2 TFTR diagnostics

During the plasma discharges of Exp. 44, most of the plasma parameters of interest
for our analysis were monitored by more than one diagnostic.

The electron density, n., and the electron temperature, T, were continuously
measured by the Multichannel Far-Infrared Interferometer (MIRI) 44 and by the
Electron Cyclotron Emission (ECE) 45 diagnostic, respectively. An Abel inversion
technique was then used for the evaluation of n.(R,¢). Both the MIRI n.(R,t) and the
ECE T.(R,t) agree quite well (within 10 %) with the single-time-point measurements
of the same profiles by the Thomson Scattering (T'S) diagnostic.

The vy and T; central values and radial profiles were obtained by the Charge
Exchange Recombination Spectroscopy (CHERS) diagnostic 411 after 400 or 900 ms
of NB injection, using a Diagnostic Neutral Beam (DNB) injector to enhance the
production of charge-exchange impurity lines (C VI, 5262 A). Time histories of central
toroidal velocity, v4(0), and central ion temperature, T;(0), were determined from the
Doppler shift of the Ni XXVII resonance line measured by a horizontal X-ray Crystal
Spectrometer (XCS; K, = 1.5879 A) 146, The good agreement between v,(0) as
measured by CHERS and by the XCS is shown in Fig. 2.2. Only the CHERS data

will be used in the analysis outlined in following chapters.

The impurity concentration was inferred from the intensity of radiation emission
measured by the Visible Bremsstrahlung (VB) 47 and by the Pulse Height Anal-
ysis (PHA) diagnostics. The VB radiation, at 5235 A, is measured along a quasi-
tangential chord. The PHA diagnostic uses a centrally viewing X-ray detector to
perform time-dependent measurements of low- and medium-Z impurity concentra-
tion. The agreement between the ZY % and the ZZ44 was good for co-injection shots,
while in counter-injection shots the PHA data are 30 % higher than the VB data, as
shown in Fig. 2.3. In NBI plasmas, the Z)Z data are considered more accurate than

the Z7H4 data 48) and therefore will be used for the evaluation of the low Z impurity
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Figure 2.2: Comparison between the central toroidal velocity measured by the CHERS
and the XCS diagnostics.

concentration in this analysis. The interpretation of the PHA measurements to infer
the values of Ze‘}? 4 requires the knowledge of recombination and excitation rates and
of the impurities charge-state equilibrium, which are difficult to evaluate.

The metallic impurity content, Z,,.. = Z% np/n. is evaluated from the PHA
measurements and it is considered a rather accurate measurement. The VB and PHA
diagnostics did not measure the radial distribution of impurities and could provide

only average values of Z.sy and 7,

The H, Interference Filter Array (HAIFA) diagnostic, viewing the TFTR inner
limiter, provides a measurement of the total H, emission at five different poloidal
angles, 0—30° from the midplane, which allows the evaluation of the flux of deuterium
from the inner wall 49,

Seven fission detectors, distributed around the TFTR torus, monitored the neu-
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Figure 2.3: Measurements of Z.s; by the PHA (¢} and by the VB (o) diagnostics

versus input torque.
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tron source strength of the plasma during each shot, 190!

The X-ray Imaging System (XIS} is composed of an array of ~ 40 detectors view-
ing different chords of the plasma above and below the midplane and recording the
soft x-ray emission integrated along these chords P1l. The local emission is propor-
tional to X; n.n;Z}v/Teexp(~Ey/T.), where Ey is the cut-off energy of a Be filter
used to reject soft x-rays less than ~2 keV. The comparison between the emissions
from two chords symmetric with respect to the horizontal midplane can give infor-
mation about poloidal asymmetries of n?Z.s; (assuming T, = const(8)). The error

affecting the emissivity measurements is of the order of 10 %.

2.2 Interpretation of experimental data

This Section addresses the analysis of plasma rotation experiments by introducing the
basic equations, defining the notation and deriving a series of quantities conventionally
used in the description of these experiments. Moreover, since the 1D, steady state,
transport code SNAFP 521 has been extensively used for the data analysis of Exp. 44,
references are made to it, in order to illustrate the models contained in this code that
pertain 10 momentum transport analysis.

The equations describing particle and momentum balance for species j - the

(1,m;7;) first two moments of the Boltzmann equation - are, respectively [53),

on.
_;%{ + V'(ﬂjf)}) = Sj (21)

a - - = - . — -
my 5 (n;0) + V' (nym; 0505 + 1) + Vp; + 15¢,(VE + B X §) = Ry + M;(2.2)

where m; and e; are the mass and charge of species j, S; represents the particle
sources and sinks, 7; is the fluid velocity, p; is the pressure, I;I,- is the viscosity tensor,
ff,- is the collisional friction term, M ; represents the external momentum sources and
sinks, and ® and B are the electrostatic potential and the magnetic field.

In order to allow analytical treatment of the above equations, the flux surfaces

are assumed circular, that is:

11



R=Roh, B=DByfh, h=1+ecosd, e=7/Ry;
and the plasma properties are considered independent of the toroidal coordinate.
The orthogonal coordinate system, (7,8, ¢), has length elements dl, = dr, dly = rdf,
dly = Rd¢, and unit vectors indicated as 7, @, 45 and directed in the radial, poloidal
and toroidal directions. This approximation is appropriate for the TFTR. plasmas for
which the flux surfaces are modestly shifted {(AR,/a < 15%) and slightly elongated
(k< 1.05) circular flux surfaces.

The flux surface average of a quantity ‘x’ is indicated as < z >= [ zhd8/(2r).

The toroidal component of Eq.(2.2) describes the balance among the forces that
determine the observed toroidal plasma rotation. Multiplying Eq.(2.2) by (R¢),
summing over species and flux surface averaging we obtain:

ij < R%—a":‘fi > +Z < R&'V'Tfj >= (2.3)
¥ 2

< RMy> =Y m; < RV - (n;#,7;) >
i
(2.4)

Axisymmetry, charge neutrality and My = X2, M ; have been used.

It is experimentally difficult to measure the difference among the toroidal rotation
speeds of the different ion species, since it is comparable to thr magnitude of the
measurement error. Therefore, for the purpose of interpreting the experimental data,
the toroidal velocity is assumed to be the same for each plasma species. Eq.(2.3) then

becomes:

Romas (e (T)0() + K1) = T(r) = mus 2 2 (ragr)Lu(r))  (25)

where

& Mg, = 3 ;myn;/ 3, n; is the average ion mass. SNAP considers four ion species
(H, D, C and metal impurity) and the fast ions are not included in the summa-
tion. Z.ss and Z., are assumed to be a constant and, therefore, the impurity

densities have the same radial profile as n,.

12



Nesh = N, — Ny , where ny; is the fast ion density. SNAP assumes that fast ions

become thermal ions when their energy falls below 3/2 T;.
Ke=%; < R&'V'ﬁj > is the viscosity torque density;

7y =< RM, > is the beam torque density delivered to the thermal plasma,

evaluated in SNAP with a numerical solution of the Fokker Planck equation.

The fast ion distribution is calculated assuming no anomalous diffusion of the

fast ions, which is consistent with the TFTR experiments 4.

The last term in Eq.(2.5) is the convected torque density. SNAP calculates the
beam electron source, &, by evaluating the ionization rate of the beam neutrals,
and the wall source, S,,, making use of results from the Degas code 491 and of
the edge integrated H, emission; then it evaluates the electron flux, I', = n.v,,
by solving the continuity equation to obtain :

on.

ot

_ 1 't
T, =- jg (Sp + Su o' dr (2.6)

The temporal evolution of n;{R) and vg;(R) are measured by a variety of diag-

nostics reviewed in Section 2.1. SNAP computes the configuration of shifted circular

flux surfaces consistent with a kinetic analysis of plasma pressure. To make contact

with the experimental configuration, each flux surface %* is associated with the co-

ordinate r* = [R(¢*,0) — R(v*, )}/2. For the purpose of obtaining radial profiles of

the plasma parameters:

¢ (s = vy/R and T; are assumed constant on a particular magnetic surface and
only the data points outside the magnetic axis, » > R, are used (because the

points on the inside have larger error bars);

o the n.(r) and T.(r) profiles are commonly obtained using the entire profile:

ne(r') = ne(R1,0) = n(R,,7/2) and r' = (R, + R,)/2.

13



The momentum balance for the plasma enclosed by the flux surface ‘r’ is obtained
by integrating (Eq.{2.5) x (27 )*Rr) over the interval [0-1], providing the definition for

the experimental conductive torque flux as a function of measured plasma parameters:
K2 (r) = (27)* R, fo "Ko(r') dr’ = Tlr) — K&(r) — YVun(7) (2.7)
where:
o Ty(r) = (27 Ry)® ff M4 r'dr' is the total torque input in the region [0,rl;

o K3'(r) = (2mRy)*ma, 7 v4(r) T(r) is the convective torque flux across the flux

surface ‘r’;

o and Yyoo(r) = (27R0)? ] MaoNezsveT'dr’ is the thermal (zz = th) or total
(zz = tot) plasma angular momentum stored in the region [0,r]. Our analysis

will focus only on the thermal component of the stored momentum.

Since SNAP is a steady state code and the analysis of the TFTR parameters will be
limited to quasi-steady-state plasma conditions, the term YM, in Eq.(2.7), vanishes.

It is one objective of the theoretical investigations to identify the transport mech-
anism that can contribute to the torque flux and to provide analytical expressions of
it, indicated as K, to compare with K5°.

The experimental conductive momentum confinement time, for the region [0-1], is
then defined as the momentum replacement rate:

Yin(r)

T‘;:z(r) = T¢(T) - Y"ezz(.r) (28)

With density and velocity profiles of the form:
z(r) = z(0)(1 — (r/a)*)* (2.9)

in steady state conditions, one derives:

maﬂnezz(o)ve‘:(o) Q(WaRo)z
Tyla) (1 + au + o)

LT

T, 33(a) =

(2.10)
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The appropriate definition of a corresponding theoretical momentum confinement
time is then suggested by Egs. (2.7) and (2.2), with Kj* replaced by K

theo(,) — Y4az(T)
Tger (T) Kg‘“’(r) n Kg"(r) (2.11)

Since it is experimentally observed that K3°(r) < K;*(r), the convective torque flux
is sometimes neglected in the above definition, Eq.(2.11).

In the literature, one also encounters the definition of the momentum transport
time on a given flux surface, which is a measure of the rate at which momentum is

transferred from that flux surface:

ex}theo( ) maune( ) ( )RO

M‘DC} KC:I!!“!EO( ) (2.12)

While reviewing the rotation experiments in Chapter 4, we are going to encounter
the momentum diffusivities x§" and x;f !, evaluated from experimental data, using
a balance equation of the form of Eq.(2.5). The x§° is implicitly defined by the

assumption that the viscous torque has the form:

ez Ry 8 e 3‘04,
K‘ﬁ (T) = —'mw?g(?’xd, TLGE) (2.13)
An effective diffusivity, X;f !, is defined by the following expression:
Ry & 7}
KE(r) + K (r) = —may == (rxf 0. 5) (2.14)

r dr

Experimental and theoretical 74 and x4 are related in the following manner;

72 [_Iﬁ,_ Jo ne(r') va(r' ) dr’]
Xe{r) T me(r)uy(r)r? X(T)

where L, = (§2/z)7! is the scale length of the parameter z, and g(r) is 2 geometric
factor defined by Eq.(2.15).

T4(r) =

g(r) (2.15)

While the evaluation of 74°(a} is not ambiguous, one must be careful in the for-
mulation of the global momentum confinement time predicted by a given theory. For

example, 75**°(a) from Eq.(2.11), with r=a, can be used to express the theoretical

15



predictions of momentum transfer mechanisms active only at the edge, if K}**° has

a form similar to Eq.(2.13) that allows the integral defining K3**° to be performed

analytically. Clearly, this would not provide a good measure of the momentum con-

finement in the central region, and one must define 75**°(a) in a different way. One

encounters different choices in the literature. In Ref. [24], the {2, evaluated for

average plasma parameters was assumed to represent the global momentum confine-
theo

ment time. In Ref. [28], it was assumed that 74**°(a) ~ a?/xg, with x4 evaluated for

some average values of the plasma parameters.

Comparative studies of momentum and thermal transport are often carried out
and will be discussed during the Thesis. The thermal diffusivities, x;* and x;f f, are

defined by the following expression for the experimental total heat flux attributed to

species j 551,
- . 3 L0T; 3 e 0T
Q7 =g (r) + 5Tils = —nsx; gj + 50T = —anjﬁgf (2.16)
The experimental total heat flux is evaluated from the solution of the following

energy balance equation 96

18

E o (rQ, ) = W= _

7_6’5’_(1"9 i) ; (2.17)

where W;* represents sources and sinks of energy, in particular:
W, = Wye + Wignse + Wog — Wiag (2.18)
m?:rw = Wb,ioﬂs + Wb.th - Widma.e + Wuiac - Wr::u (2.19)

where the subscripts refer to: b, e(ions): energy exchange from the beams to the
electrons (ions), evaluated by solving the Fokker-Planck equation; ions,e: energy
exchange between ions and electrons; OH: ohmic heating power; rad: radiated power,
measured with the bolometer 197); bth: energy carried by the thermalizing beams;

visc: work done by the viscous forces; cz: charge exchange losses.

16



For a discussion on how Eq.(2.17) is derived from the (m;v?/2) moment of the
Boltzman equation 3] and therefore on the approximations contained in Eq.(2.17),
we address the reader to Ref. [55).
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Chapter 3

THEORIES FOR MOMENTUM TRANSPORT

3.1 Introduction

The so called ‘classical’ 18] and ‘neoclassical’ ®¥ theories of plasma transport refer to
a description of the plasma as an ensemble of particles interacting among themselves
through short-range Coulomb collisions and subject to quasistationary (with respect
to their characteristic frequencies of motion) electric and magnetic field forces. The
neoclassical theory departs from the classical in treating the spatial variation of B
at the kinetic level. Theories that describe the plasma particles interacting mainly
with fluctuating electric and magnetic fields, directly related to collective fluctna-
tions of macroscopic parameters (n, T, v, etc.), whose driving forces and saturation
mechanisms depend on the theory, are called anomalous 160]

In this Chapter, we present several theoretical expressions for the viscous forces
subdivided according to the abcve classification. Emphasis is given to the theoretical

investigation of toroidal momentum transport, which is also the major objective of

this Thesis.

3.2 Theories of neoclassical momentum transport
3.2.1 The viscosity tensor

The viscosity tensor, as derived by Braginskii [58], is commonly represented as

12 34
Iops = Hgﬁ,j + 15, + 5, (3.1)

= —(nﬂwgﬁ)j - (Wlwal.e + ’?2Wa2ﬁ)j + (ﬂngﬁ + mWis);
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where the W3 ;s are the strain tensors, and the 7,,;s are the viscosity coefficients.

The W ;s are related to variations in the flow field. For toroidal flux-surface
geometry, these are given in Table 3.1 (23,
A great deal of work has been done to evaluate the nn,;s in the framework of the

neoclassical theory.
Parallel viscosity
The classical parallel viscosity coefficient, as derived by Braginskii [58], is:
M = 0.96n,T;/v;; (3.2)

where v;; is the self-collision frequency.
An expression for the neoclassical parallel viscosity coefficient, valid in any colli-
sionality regime, was derived by Hirshman 61);

]
Hir _ mjnjvthquOVj

T = T+ )1 + 657) (3:3)
where
. Vj .= Eth_J
ch e Suwis 5 Wi = qR (34)
and

16 etinA;n. 2222 1 1
=Y V=3 Vi 17k k (=—+—) (3.5)
k k

2 2
3 m; (ﬂthj + U my oy

q is the safety factor and vy, ; is the thermal velocity, v is the collisional frequency
of species j with species k. Subsequent work 62) has confirmed this expression. Note
Hir

that ng;" reduces to :qgg for one ion species plasma in the collisional regime.

The viscosity tensor as written in Table 3.1 is the complete viscosity tensor only

when there is no heat flux, an unrealistic situation in actual fusion devices. Work has

19



0t

The viscasily tensor elements, where £, = 2{ — Y¥,/al,} + [(1/RNIR /dL,) + Y1/ B,Y3B,V/3l, |V, + f,R [AV,R ~'Val,}}.

Paratlel
Wey== — W2,

Perpendicular
o= - (W o + MW i)

Gyroviscous
15 ={, W 05 + 1, W 5}

a,,

n, =1,,

e =1,

A,

{704 °

- inS,4°

— ned?

\ARBY, )

AV K]

{ir8,3-
"(‘&J a,

RS, ¥,

- Ul‘RB,}- ﬂf’

+im - 2’?sz

aAv,& Y

—pRe=
2 3!’

AV,R Y
PIY Sl
)

at

»

A

AV.R Y

al,

)

R
IdRBJ y’l
a3

»
Vnank-ﬁ
{"4 s » af'

—~ miR8,)"

AV,R Y
a,
AV,h Y

h Lakil

A,

— R

V.R !
+ 2 — mmk%
L]

VR
g gk
i,

AV,R™"
Wk

V,h, ' V,R
—m(fla" _!-’Ran }

)

Table 3.1: The viscosity tensor elements [23)



been done to derive the parallel viscous stress that arises in response to a heat flux

16311641 For arbitrary collisionality the parallel viscous force can be written:

-..
—

Vi, = 66V - pu); - 2V - pu); + (o - pa)s (VY6 - 2(5)B)(3.6)

3

to| o

with:
b=b,+by=B/B (3.7)

Ref.[64] gives the following expression for the anisotropic pressure term:

mmn; < B?>bVB 2 go;
—_ . o= - . . 3-8
(pll pJ.)J T < (B VBY > (CIJ 6j — C215 p; ) (3.8)
m;mn; 2R0 QBj
(15005 — Co5 sin@
Tii th( 1585 35 )

(pll - pJ.)Js sinf

Equation (3.8) was derived assuming a plasma density constant on the flux surface.

The expressions for the viscosity coefficients, ¢,;, given in Ref. [64] are:

1 = glv2 — In(1 + v2)] = 0.533g (3.9)
Goj = 9[4/V2 - 5in(1 + V2)/2] = 0.625¢9
1

9= 1146
Perpendicular viscosity

5, = n5;/4 and 15, = 1.2n,T;v;;/w? are the classical perpendicular viscosity coeffi-
cients [°8), and w,; = ¢;B/m; is the gyrofrequency.

The formulation of neoclassical transport for a plasma with arbitrary rotation,
without impurities, in different collisional regimes 63-68] and with impurities in
banana regime 09 has shown that, while both particle and heat fluxes are enhanced
with respect to their classical values, perpendicular viscosity remains essentially at

the classical level.
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Hinton and Wong (68) showed, by taking appropriate moments of the Boltzman
equation, that the neoclassical part of the viscous torque flux, in a strongly rotating

plasma, can be written:
I, = _1:- < f %R%gc‘( do® > (3.10)

where II,/|V4)| is equivalent in our notation to K;/(2rR27r). They solved from the
kinetic theory for the first-order, gyro-averaged distribution function, fjl, under the
collisionality constraint v;;/uy,; ~ 1. For ions in the Pfirsch-Schluter regime, they
found that the neoclassical part of the viscosity is proportional to the up-down asym-
metry in the magnetic field, and that the resulting momentum transport coefficient
is given by the neoclassical result. In the banana regime, similarly to Refs. [65], [66],
they found that the perpendicular viscosity coeflicient resembles the classical result,
modified by the factor ¢% that is:

eQ

mas° = 0.1¢%p}vis (3.11)

Hogan 167! found that, in the collisional regime, the neoclassical 7; is enhanced
by a factor of (1 + 2.31¢?) with respect to the classical expression. Ref. [66] re-
ported a different viscosity coefficient, which scales as v, which is believed 67 o

be consequence of a priori ordering, which restricted the flow speed to small values.

Gyraviscosity

™ = maf2 and 7y = n;T;/w; are the classical gyroviscous coefficients (58] Wej =
e;B/m; is the cyclotron frequency for species j. Their magnitude is independent of

the collisionality regime.
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3.2.2 The theory of gyroviscosity

The lower limit t0 momentum transport is that described by the neoclassical theory.
When Braginskii’s stress tensor (see Section 3.2.1) is extended to include toroidal
effects [23], the toroidal component of the viscous torque, < qurV'f'I >, reduces to

the sum of the perpendicular viscosity contribution:

21,2 1 @& 3 3Q¢j
< R¢V II >=< T (Rhom; Bl —=) > (3.12)
and of the gyroviscosity contribution:
23,4 1 9 Oy,
<R¢VH >= <}_27I;61 (R3hemy; al, ) > (3.13)

where h, and [, are the metric and length elements in a {3, 8, ¢) flux surface coordinate
system.

The neoclassical perpendicular viscous torque of Eq.(3.12) long has been recog-
nized to be one-to-two orders of magnitude smaller than is necessary to account for
measured momentum confinement times 2!, Stacey and Sigmar 23 noted that if
the poloidal asymmetry in density or rotation velocity was order ¢ = r/R, then the
neoclassical gyroviscous torque of Eq.(3.13) was the correct magnitude to account for
measured momentum confinement times. The experimental and theoretical evidence
for O(e) poloidal asymmetries was summarized in Refs. [70] and [71].

In the circular flux surface approximation, Eq.(3.13) for the gyroviscous torque

becomes:
=34 18 18 2084
< RQSV H >= "o < TRHWJ >= ™ < T?.;jR —gé— > (3.14)
Approximating
z(r,8) = z,(r)[1 + &] = z,(r)[1 + &, sinf + Z. cosd] (3.15)

(z = n;,vs;) and assuming & to have a weak radial dependence (i.e. setting 8%/0r =
0) led 1231 to the following approximation for the gyroviscous torque:

=34 19 00, .18

< RQSV H o= - 61' < 4}R2 Y] o —*@:Rar(??‘;.,ovwo) (316)
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where

5. = Ui Ric _'_1_1_7.?'3 317
6, = a4 Biry 4 Riogy _ iy (3.17)

A local momentum transport time was derived according to the definition given
in Eq.(2.12) 124], treating the plasma as consisting of a single ion species with charge
Ze fF:

2GBR2Zeff

ﬂufoc)(r) = T;(T)éG (3°18)

with G(r) = —7/(nujvs;) Z(Majv;). In using this expression 24! 4o compute a global

momentum confinement time, © and G were set equal to unity and an average tem-

perature was used. A theoretical expression for v4(0) was then obtained by equat-

ing the input central torque, RoM4(0), to the central angular momentum loss rate,

m;n;v¢(0)RTg{",m):

26(0) = My(0)2eBZ.4sR*
min;(0)T:(0)

An effective gyroviscous momentum flux was later constructed by using an effective

(3.19)

© that was independent of position:

Kg?(r) (:) ! a ' '
Hﬁi(r) = rR§E27r)2 = "2?.;52 _/(:[T W(mﬁ”@)]" dr {3.20)

Subsequently, expressions for the momentum confinement time and central ro-
tation speed which took into account radial profiles were developed 20] using the

approximation of Eq.(3.16):

_L; [y < Bmynjuy; >rdr 2¢BR2Z hpyr p

v . =6 (3.21)
’ TiJo < RoIl; > rdr OTi(0) hav mp
= ATy (3.22)
TR V1L > +5; < Rmynyvgs >]r dr)[v43(0)
2eBTy(a) hnvr

VympondOT(0)(1 + f75")
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Here, the quantities h,, are radial integrals involving the profiles of the quantities ‘x’
and ‘y’, the last term in Eq.(3.21) is a mass factor that is unity in deuterium plasmas,

@ is an effective value for the impurity species, V, is the plasma volume and

N, 1
f=x o (3.23)

In order to obtain the effective gyroviscous torque for the plasma, Eq.(3.16), must
be summed over ion species. Since the concentration of various ion species is usually
unknown, some model i8 necessary to obtain an expression that can be evaluated
from experimental parameters. The simplest model (24l is to assume that the plasma
consists of a single effective species with charge Z = Z.5; and myn, = 1, m;n; =
mpne, Which leads to

-

7= Zeff (3.24)

in Egs. (3.21) and (3.22). A second model 201 results from assuming that a single
dominant impurity determines both Z.;¢ and the total gyroviscous torque. In this
case, charge neutrality and the definition of Z.5s can be used together with Eq.(3.16)

to obtain
2=2(Z - ){Zepy — 1) (3.25)

This last model can be extended to include a metal impurity, in which case

Z2=2=2(2 - 1)[(Zefs ~ Zmet — 1) (3.26)
Thus:

Zets (3.27)

Z ={Z(Z - 1)/(Zess - 1) (3.28)

Z(Z = V))(Zetf — Zmer — 1) (3.29)
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3.2.3 Ware’s cold ions theory

Ware 29 pointed out that the magnitude of the perpendicular viscous torque of
Eq.(3.12) can be enhanced by an excess of cold ions in an ion-impurity plasma. Re-
cycling at the wall produces low energy ions with about 1 eV energy, a factor of 20-50
times less than the local T;. The expectation for the presence of rotating cold ions in
the plasma bulk relies on the different temperature dependence of the energy equili-
bration time, vg; o« ns/T}’, and the momentum exchange time, vy; o n;22/T3/2,
which allows the cold ions to acquire momentum faster than internal energy (the
subscripts ‘c’ and ‘h’ refer to hot' and cold’ respectively.)

The starting point for the development of Ware's theory is the neoclassical ex-
pression for the radial flux of toroidal momentum for species j:

do uB + v
gy, = —fg/mjvu

¢f

sind f;,d’v (3.30)

where f;, is the part of the distribution function which varies as sinf and is odd in

vy, given by:

Y af.?a

16 , Z[Cjk ch: fkﬁ) + Cjk(fkm ij)] (331)

Indicating the main ion distribution function as f; = fj, + f., where, for simplicity,
fi and f, are assumed Maxwellians, and proceeding from the kinetic equations, Ware

derived the following expression for the viscous torque:

9 Oy
KPM(r) = ~3.3minver(epro)’ 61;_ Fr(27Ry)? (3.32)
with:
4 nietZ2nA T
ver = VIm g =t (3.33)
,/m,flc" mr Tc
and
1—Z,(2i)2 4 (24 32,2i)y — (3 427, miym 1
Fly) = — ; o)+ (5 320y - (64 eZrmday (3.34)
(1+y)¥ 1+y
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Eq.(3.32) can be rewritten as:

K;old(r) = A %’f_ Y32 Fly) (3.35)

with
A = 3.33m; (ZLy2 g, (v, T:‘/?)(e”“’) (— 2%\ 2rR )2 (3.36)
m; T? or
A is a function of the plasma parameters that are known from the experimental
measurements.
In the TFTR plasma, the main light impurity is carbon (Z.5f = 2 — 4) and the
metal impurities are Ni, Fe, Cr, with a Z,,,,, = 0.2 — 0.8. Assuming carbon (Z¢s = 6,
mec = 12m,) or iron (Zp. = 24, mp, = 55.8m;) as the main impurity, Eq.(3.35)

becomes:
1
“’“‘ ——e—— = 47, 3.37

The associated momentum confinement time for the plasma in the volume out to

radius ‘r’ is:

co L¢(T‘)
reold(y) = R + T3 07) (3.38)

According to Ware, the presence of low energy ions leads also to a simple ex-
planation of various particle transport features observed in several tokamaks 72,
pulsed gas puffing leading to rapid increase of central density but no increase in ion
energy content, improved energy containment when recycling is reduced, no neoclassi-
cal peaking of n; with normal conditions, large decrease in n; with pulsed gas puffing,

increase of n; in center with pellet injection, and others.

3.2.4 Neoclassical additions to Braginskii’s tensor

In a recent work (26)

, Hsu and Sigmar rederived the viscosity tensor for an impure,
strongly rotating, collisional plasma and found additional terms to the Braginskii’s

result, due to large rotation. Since their derivations have been carried out for a
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collisional regime that does not represent the TFTR plasma, their results are not a
priori applicable for a comparison with the experimental data.

Hsu and Sigmar adopted the Larmor radius expansion of the kinetic equation in
conjunction with a moment approach, the outline of which is given in Ref. (731, Their
transport problem is described by the set of moment equations 1, m; ¥, m;(77~v?/3 5 )
for each order in 0g; = pei/L (where py; is the ion Larmor radius and L the radial
length scale). The results were discussed for the cases A = (v284;2%v); wir;) ~
O(6y;) and ~ O(1), where wyr ; = v, ;/(gR) is the transient frequency,

The momentum flux, as derived by them, is the sum of the classical perpendicular

flux and of a neoclassical term. This last term, namely

B R? 3B2R? — BPR?
Mpy; = ——ﬁwch[Qw‘ < —B-R“, >+ < ¢ iB? Iy >I (339)
where
My =65 1= f 47 m; (57 - I/3)Ci{ ;) (3.40)

is a factor of 872 = (B/B,)? larger than the classical flux. It generates the following

torque flow, explicitly driven by the up-down density modulation,

KF%5(r) = (27Ry) v ”SP €y, B (3.41)

with B a function of plasma parameters and of order ~ vg;v/Z; (venifvg:)?/[B(1 +
T;/T.)] when mp ~ Zym;.

The corresponding local momentum replacement time, as defined by Hsu and

Sigmar, is
mn;ve; R B,R*Z
Toisg(T) = T ~ (ngR)/ (2eb05ven ilgnr B) °7¢ (3.42)

13 (rRIl,y,) " ATBiiy, e

where I, = TR/(2K)Z(K,y/R) ~ 1/2.
We note that KZ%5 and 77%7 are of the same parameter dependence as for the

gyroviscous theory. However, the physical origin is of collisional nature.
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3.2.5 Rotational viscosity

Stacey and Neeley 27l recently solved the neoclassical momentum transport problem
for collisional (v, >> 1) ions in a strongly rotating (vs ~ ) tokamak plasma.
They expanded the first-order distribution function f; = fi + fl into a gyroangle-
averaged (fi) and a gyroangle-dependent (f;) component and solved the resulting

kinetic equations. Then they evaluated the lowest order momentum fluxes:
=R U - =R~ S
() = m; [(55 - DSl v = () + 1(F) (3.43)

They recovered the previous gyroviscous results of Section 3.2.1 from f, and obtained
a new “rotational” viscosity of collisional origin from f;. The “rotational” viscous
torque was found to have the form:

A ZTot 1, .r 8
< Rd)VHj > '—56;“"55'8_?"(”4301)95;0) (344)

where é;?"‘ is a complicated function of poloidal asymmetries in density, velocity and
flux surface geometry which is order unity when these asymmetries are order ¢. Thus,
it follows that the form of the gyroviscous results, Eqs. (3.20) - (3.22), also obtain for
the “rotational” viscosity, even though the former is of a non-collisional origin and

the latter is of a collisional origin.
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3.3 Theories of anomalous momentum transport

3.3.1 Anomalous viscosity due to stochastic magnetic per-
turbations

e 1301128) proposed an anomalous viscosity mechanism based on

Morozov and Poguiz
small-scale turbulence. They derived a self-consistent set of equations (continuity,
generalized vortex, generalized Ohm’s law and heat transport equations) for the de-
scription of nonlinear low-frequency electromagnetic oscillations in plasmas and the
associated transport processes. These equations were obtained for a non-collisional,
cylindrical plasma; included nonuniformity of current, pressure and rotation; and
were used to evaluate the different fluxes across surfaces moving with the plasma to
determine the transport coefficients. The viscosity coefficient was found to be related
to the electron thermal diffusivity as (for ;¢ < 1):

L Pu. L mif, AT

smp N ﬁe ; ¢ o
M. wigR™ m, gR,B?

Xe & =Xe

(3.45)

where C, is a constant of O(1), y=1-2,e=r/R,, 8. = B_;‘?'(%fﬁ’ A; = m;/m,, and
Mipe are the jon, proton and electron masses. We can construct the torque flow from

Eq.(2.13) to compare with the experiments:

K,™(r) = (2nR)’*rm Dn.,(r)xf"’%m(r) (3.46)

It is worth noting that Kadomtsev and Pogutse 129 addressed the problem of
calculating the anomalous electron transport from stochastic magnetic perturbations
and derived an expression for x;™?. The parametric dependence of x3"* is common
to other theories, such as the collisional trapped electron modes and microtearing
modes, and it is also close to the one inferred from the Merezhkin scaling law, and to
the empirical formula proposed by Ohkawa, as reviewed in Ref. [60].

Morozov et al. 1 have recently pointed out that, in spite of the relatively
good description of 7z and 7, that, they found, was provided by their theory, the

oscillation spectra seen experimentally have a maximum at k; p; ~ 1. and, according

to the theory, should not contribute to the transport.
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3.3.2 Anomalous viscosity due to ITG modes

The ion-temperature-gradient (ITG) driven modes are electrostatic drift waves driven
unstable by an ion-pressure gradient. Their presence requires a threshold condition
7 = %ﬁ—:{—:{r} > 7¢" ~ 1 -2, ,and implies x; = X, increasing with ;.

The evaluation of the momentum flux due to electrostatic drift waves, that is: 134)

v w o 5 .
m,-njxﬁ?:i = =My < Upjlp >= m,—njz < k;@krv"_kf > (3.47)
kf

(k' is the wavelenght number, <> indicates time average, ¥ is the fluctuating compo-
nent of z) requires the determination of the oscillation spectra and saturation levels
of the fluctuations. There exist different approaches for modelling plasma systems
to evaluate the plasma parameter fluctuations, and for this reason the ITG modes
theory is still in evolution.

The extension to a subsonic rotating plasma B4 of the earlier nonlinear theory
35) developed for sheared slab geometry and focused on the lowest radial eigenstate
of the system, leads to the the following expression for the turbulent momentum
diffusivity:

ple,

ples 1 n L dvy
L,

2¢, dr

a8 __ _ x:]..ss - 1 3 + (

1+
X4 .

Y (3.48)

The meanings of the new symbols are: r = T,/T;, L, = 5;41' , Ln = n.%s

dr
—\/_and Ds —c,m

A slightly different expression for x;, less dependent on 7;, has also been derived

for toroidal geometry 136!;

2 Ls(1+m)  (L4+m) r—
T tor ~ T 't
X! wtcps RT ﬂ/L R32 (3.49)

The role of higher radial eigenstates in sonic ITG driven turbuience was explored

in Ref. [36], and it was concluded that x; is enhanced beyond estimates based on the
lowest eigenstate alone.
The above formulas for the ion momentum and thermal diffusivities were derived

assuming: one-fluid description of the ions; fully developed turbulence, that is 7; >»

31



75 and Ly, 7y <€ 0o, which excludes the flat density profiles characteristic of H mode
shots. The first assumption makes a simulation of the TFTR results questionable
since the fast ion population is a large fraction of the total one. It is not clear, either,
if L, or rather L., the density scale length of the thermal ions, should be used in
the formula. In any case, the magnitude of x> exceeds the experimental values of
the diffusivity by 1 — 2 orders of magnitude and the proper scale length choice is not
the issue.

The argument that a large diffusion coefficient should flatten the temperature
and velocity profiles, and hence reduce transport, has motivated recent works by
Romanelli 38 and Hahm B9 focused on the derivation of an expression for 72" as a

function of the plasma parameters. Romanelli's expression for #{™ is 138],

Rom — (1. 4 1./7)2La/ Ry (3.50)

and Hahm and Tang derived 39;

T—b, La. 1 _
T =2 R L4 D), b=k (351)

(kg being the poloidal wavelength)
Near threshold, the use of Horton’s expression for y;, based on toroidal quasilinear

theory,

== T p2c, - X =T \/_ ; ;_; mn (3.52)

was recommended in Ref. [74]. The torque flow, in the form given by Eq.(3.46), will
be computed using X3’ ~ x®# and Romanelli’s expression for 7¢" for the purpose of
the comparison with TFTR Exp. 44 data discussed in Chapter 6.

In a recent article, Mattor and Diamond 40 derived an expression for x valid
in the range 0.95 < 7; < 0.95+ (1 + 1/7)L,/L, = n}M¥D:

mep _ n (L+1/T) Ly oo pivm,
Xi ""'vah 2\/— (Ls] L,

(with Ny, a threshold function dependent on ;).

(3.53)
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3.3.3 Anomalous viscosity due to trapped and untrapped
particle modes

Osipenko et al. 32 have studied jon transport due to interaction of ions with the
electrostatic part of the drift oscillations in collisionless, rotating tokamak plasmas,

using a Hamiltonian formalism. The total momentum flux is defined by:

MU U — MM X (3.54)

2 e Do -;6f.-u -,-BBgrz
=-Y f Wiyt pl o7 57 5(Bir — | f B2 f,d%))
[ t

where J and § are the action-angle variables, I'is the vector of integers corresponding
to the Fourier harmonics in the angular space #, and D, is a diffusion coefficient
describing the evolution of the lower order distribution function fi. The spectrum
used is a model spectrum which agrees with experimental observation: a gaussian
spectrum with 6w ~ \/2’1171: [ L.

They found that the contribution of trapped ions to diffusion and heat conduction
is /€ times lower than that of passing particles, although the main contribution to
electron transport comes from the trapped electrons. The viscosity coefficient due to

untrapped particles (up), as derived by them, is

o gg3fe TeTe o g T0 1
X = 0837 /A L (3.55)

and the corresponding trapped particle coefficient is p,/a times lower. The corre-

sponding torque flow is of the form given by Eq.(3.46).
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Chapter 4

PREVIOUS ROTATION EXPERIMENTS AND
COMPARISON WITH THEORIES

4.1 Introduction

Measurements of toroidal rotation in Ohmically Heated (OH) or NBI plasmas, with
and without pellet injection and Radio Frequency (RF} heating, have been routinely
performed in the last decade on most of the existing tokamaks. While a very extensive
collection of rotation data is available, a relatively limited number of theories, in
comparison with the variety of thermal transport theories, have been formulated in
the attempt of explaining the experimental observations, and only a rather modest
effort of comparison between theory and the data has been made.

In this Chapter, we present a review of the major toroidal rotation experiments
performed in tokamaks and of the transport analysis and attempted theoretical in-
terpretation of the measurements, when available. The few measurements of poloidal
rotation rotation velocity available and related theoretical analysis, are discussed in

another Chapter (Section 7.6).

4.2 Rotation data and their analysis

A review of rotation experiments carried out on several tokamaks and of the related
analysis, when available, is presented in this Section. Table 4.1 summarizes the range

of plasma parameters covered by the reviewed experiments.
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Table 4.1: Summary of rotation experiments plasma parameters




4.2.1 PLT

The earliest measurements of toroidal rotation were made on the Princeton Large
Torus (PLT). Two-data-points reconstruction of the toroidal plasma rotation profile
in PLT M was made possible by the measurements of the Doppler shift of the 2665
A emission line of FeXX, radiating at the plasma center, and of the 2271 A line of
CV, present near the plasma edge, for a variety of plasma and NBI conditions.

In absence of NBI, a central velocity of 1.5 10* m/s in the counter direction, that

is in the direction opposite to the plasma current, was observed.
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Figure 4.1: Scaling of v§*(0) with P, in PLT and comparison with v3’(0), Eq.(3.19)
24,

During NBI, the steady state central rotation velocity scaled linearly with P,
(beam power), as shown in Fig. 4.1, and decreased with 7. (line average density), but

less rapidly than 1/f,, suggesting an increase of 1, with density. When normalized
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to injected power, the magnitude of the net induced rotation velocities for a co-
and counter- discharges were identical. When co- and counter-beams were injected
simultaneously, the induced rotation speed appeared to be equal to the difference in
rotation speeds that would have been induced by the beams separately.

Velocities attained for D® — H* were higher than those for H* — D%, at equal
P, and 7., but only by about 20 %, rather less than expected from the plasma mass
ratio, implying a larger 7y for the D plasma.

The change of peak-to-peak field ripple on axis from 0.5% to0 2.5 % did not produce
a discernible influence on rotation, indicating that ripple-viscosity (731 was not a
dominant momentum transport mechanism.

Modeling of v4(0) with Eq.(2.13) gave momentum diffusivities dependent on ..
In a higher density case (fi. = 2.8 109m™~3) the spatial and time evolution of v§*
was well described by x4(r) = 4.5 10%/n.(r}m's~1. In the lower density case,
(R, = 1.8 10'¥ m~3) it was necessary to use a ¥, decreasing from 6 m?/s at the center

to 3m?/s at the edge.

An earlier version of the gyroviscous formula for v4(0), Eq.(3.19}, predicted the
magnitude and several features of the experimental results quite well (24), magnitude
of v4(0) independent of direction of injection, decrease of v4(0) with increasing n.
and higher values of v4(0) for D° — H* than for H® — D+, due to differences in
Ti(0). A comparison of experimental and theoretical (Eq.(3.19)) values of v4(0) shows
good agreement except at higher P, where the theoretical resulis begins to show a
saturation of v4(0) versus F;, that is not observed in the experimental data (see Fig.
4.1).
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4.2.2 PDX

Toroidal and poloidal rotation were measured in the Princeton Divertor Experiment,
PDX, in OH and NBI discharges, in both circular and diverted configurations, I3
with three diagnostics: 1) the Fast Rotating Mirror measuring the Doppler shift of
intrinsic or laser ablated impurity lines in the range 2000-6000 a4, 2) Bragg x-ray
crystal spectrometer measuring the Doppler shift of the 2.61 A K,, resonant line of
TiXXI, concentrated at the plasma center, and of the 3834 A of TiXVIL, at r ~ 25
cm; 3) a poloidal array of Mirnov coils which detect rotating MHD structures in the
plasma.

The poloidal velocity measurements are reviewed in Section 7.6.

During the OH phase the central toroidal rotation was found to be ~ 10% — 10¢
m/s and in the direction opposite to the current.

For the range of parameters listed in Table 4.1, v,(0) appeared to scale linearly
with P;/fi., independently of I, (plasma current), and to saturate at higher P, when
plotted as a function of P, only (since %, increases with F;). The momentum con-
finement time during NBI was not studied, but the previous observations about v4(0)
would suggest a 75* independent of T/,

It was also concluded that the momentum confinement was better for D than for
H discharges, and better for diverted than for limiter discharges.

The 1/e decay time of v4(0) and vy(r = 25cm), after termination of NBI, was

found to be ~ 90 ms and ~ 170 ms, respectively, independent of @, and I,.

The velocity profile was constructed using measurements by all three diagnostics
for a few shots and the momentum diffusivity was calculated by simulating momentum
transport with Eqs. (2.5) and (2.13). x& was found to increase with plasma radius
from ~ 1 m?/s, at the center, to ~ 7 m?/s at the edge.

This value of the momentum diffusivity, inferred for a discharge with main ions in

the plateau regime, was compared with an expression for the perpendicular neoclassi-
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cal viscosity constructed by assuming that x4 scales in the same way as the heat con-
duction in the transition from the fluid to the collisionless regime: y4(r) x p2g?v;e~3/2.
(This is not correct; see Chapter 3). The discrepancy between x3°° and x§° varied
from 100 (center) to 10-50 (edge), implying that the neoclassical perpendicular vis-
cosity theory was inadequate in explaining the observations.

The damping time due to magnetic field ripple was calculated to be several seconds
and could not influence the observed rotation decay.

The v5*(0) and 75* data were compared with the prediction of the gyroviscous

theory, in the form given by Eqgs. (3.18) and (3.19) and found to be in good agreement
24,

4.2.3 ISX-B

Plasma rotation in the Impurity Study Experiment version B, ISX-B, was studied

by Isler et al. .

One of the purposes of the rotation study was to determine
the dependence of Tz on vy, since it was found that 75 Pb_zf 3. The neoclassical
theory predicts a dependence of x; on vy, but thermal analyses indicated that the
controlling factor in establishing the discussed dependence was the electron channel.
Moreover, momentum confinement ’per se’ was an incentive for the experiment since
the standard neoclassical perpendicular viscosity could not explain the low v§ data,
while the ion thermal conductivity and the particle fluxes, at least qualitatively,
exhibited neoclassical behaviour.

A new beamline was installed to allow discharges with different values of (P, —
Par)/{Peo + Puay) and a spectrometer system measuring Doppler shift from recycling
impurities was employed.

In the co-injection discharges, v4(0) did not increase proportionally to P, (at fixed
fie, Ip and By), but saturated at low P;, making it unlikely for the toroidal rotation

to be the driving mecharism for the 7z — P} dependence; v,(0) was also found to be
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independent of 7, and I,. This is shown in Fig. 4.2.

T4 was evaluated for one shot during and after NBI and found to be considerably
larger during the decay after NBI termination than during the flattop, an effect
which is consistent with the acceleration effect of a negative f’¢ during the decay -
see Eq.(2.11). A momentum diffusivity decreasing with minor radius (3.2-2.4 m?/s)
was obtained when Eq.(2.13) was used to model the velocity profiles during NBI
reconstructed from analysis of emission lines of C and O ions located at different
radii.

Counter-injection shots in 1SX-B always disrupted after 30-80 ms of injection
because of impurity accumulation, and a detailed study of v4(0) and 74 was not
possible; but it appeared that, before the disruption, v,(0) did not differ significantly
in magnitude from the central velocity in co-injection discharges with similar P;.

Partially balancing co-injection with counter-injection was found to reduce v4 more
than expected on the basis of the net co-injected power, indicating that 7, depends

on the total injected power.

An earlier version of the gyroviscous expressions for 7, and v4(0) (Eqgs (3.18) and
(3.19) ) could reproduce the magnitude and the observed parametric dependence of
the experimental data taken during NBI 4. The saturation of v4(0) with P, was seen
to be accounted for quite well by the corresponding increase in T;(0) (see Fig. 4.3),
and v,(0) was predicted to be only weakly dependent on n, and 7,. The temperature
dependence of Eq.(3.19) also accounted for the partially balanced injection results

cited in the previous paragraph.

4.2.4 DIII

Plasma rotation was measured in Doublet III, DIII, for a variety of I, P;, ., limiter

and divertor discharges 1®-(71 with a six-chord CERS system, measuring the Doppler
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shift of the Hell 468.568 nm line, and a single-chord spectrometer measuring the
997.57 om line from OVIII 86!, [t was verified that the toroidal rotation frequency
is constant over the flux surface and that all the ions (O and He) share the same
toroidal velocity, within the experimental error of the measurements (from the pub-

lished figures one would infer error bars smaller than 10 %).
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Figure 4.4: Energy and angular momentum confinement times versus plasma current

for a set of divertor discharges in DIII Gl

In divertor discharges, v4(0) was found to increase approximately linearly with
the torque (at fixed ., I, and B}, independently of beam species, and the profile was
found to be more peaked at higher injected torque. In limiter discharges (D° — D+
only), v,(0) showed saturation with increasing torque, but 7, was not kept constant.

The momentum confinement time was shown to decrease with P; in both limiter
and divertor shots, to be equal to 7z in the divertor discharges and 30 % less than

Tg in the limiter discharges. The decrease was stronger in the limiter cases and was
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attributed to the peaking of vs{r) with P, in diverted plasmas. At equal F;, 74 was
considerably lower in the limiter configuration {7;™ ~ 2/574*). At fixed P} and #., 74
(and 7g) increased linearly with I, (see Fig. 4.4). Since v4(0) had a weak dependence
on I, the linear increase of 7; with plasma current was due to the broadening of the
n. and v, profile with increasing I,, that were used in constructing the experimental
Té-

Divertor discharges that never exhibit sawtooth oscillations in the soft x-ray signal
had poorer momentum and energy confinement times. This is probably due to the

growth of a magnetic island that almost prevented plasma rotation 13,

An earlier version of the gyroviscous theory without profile effects, Eq.(3.18), pre-
dicted 7, of the same magnitude as the measured 74, as shown in Fig. 4.5. However
apparent disagreement between plasma parameter dependences predicted by the gy-
roviscous theory and observed in the experiment were reported for DIII (), The
dependence of the experimental 74 on current was due to a broadening of the profile,
while the earlier theory does not include profile effects. We evaluated the approximate
magnitude of these profile effects, using the published data, and found that, still, the
omission of profile effects in the theory could not completely explain the difference

between experiments and theory observed in the scaling of 7, with I,

4.2.5 ASDEX

Rotation in the Axisymmetric Divertor Experiment, ASDEX, plasma, under different
NBI conditions, was determined with a five-chord CERS from the Doppler shift of
the 343.4 nm line of CV and the 297 nm line of OVII. A number of features in
the momentum confinement properties were reported in Refs. (8], (9], while a more
complete analysis of the same L-mode discharges can be found in Ref. [10].

The observed toroidal velocities for co-NBI are well described by an offset-linear
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- scaling of v4(0) with P,/#,., without any clear dependence on current and magnetic
field. The extrapolation of the data points for P, — 0 and the measurements of
velocity decay after beam turn off indicate that 7; decreased with increasing F.

The values of v4(0) in a counter-NBI discharge reached nearly twice the value
obtained in co-injection under almost identical conditions. Simultaneous increase of
fies Tpy TE and 7, are observed in counter-NBI accompanied by a peaking of the density
profile. Throughout all the experiment puffing of C D, (originally used to reduce the
thermal load of the divertor and prolong the discharge) and pellet injection were used
to control the density profile.

The analysis of a series of counter-NBI discharges showed the importance of the
density peaking factor, P, = n.(0)/[n.] in determining the momentum confinement.
An expression of the form:

v4(0)  (const + P, )Py /[n.]
was found to fit the velocity measurements of the velocity in counter-NBI, while the
momentum confinement time was fitted by an offset linear function of P,.

Comparison between the velocity scaling for co- and counter-NBI, assuming equal
plasma parameters, showed that there is some improvement in the counter- confine-

ment which cannot be attributed to P,.

The improvement of confinement with the peaking factor suggested 8] that the
stabilization of 7; modes could be the cause of it. According to Ref. [8], during
counter-NBI, x§* showed a reduction over the whole plasma cross-section and local
analysis of momentum and thermal ion transport showed that x4 and x; were in
good agreement with x*. A simulation of momentum transport, reporied in Ref.
[10], instead, showed that the change of the torque deposition profile with P, can

account for about two-thirds of the measured variation of 7, with the peaking factor,
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4.2.6 TFTR

Since the Tokamak Fusion Test Reactor, TFTR, became operative in 1984, consider-
able effort has been devoted by experimenters to measure plasma velocities, to con-
struct databases of rotation speeds and to analyze these data, in order to understand
momentum confinement 111-(16],

Prior to 1987, the rotation velocity data (and the T; data, as well) were obtained
from measurements of the Doppler shift of the TiXXI K, resonance line by a Bragg
bent crystal spectrometer of high spectral resolution and were limited to the plasma
center 1461,

The CERS diagnostic began providing sensible measurements of velocity and ion
temperature profiles in the summer of 1987 (411,

Results from an early beam power scan experiment were reported in Ref. [12].
The series of shots were run in deuterium plasma varying P, in range 1.2-5.6 MW.
The other plasma parameters are listed in Table 4.1. The central rotation velocity,
measured from Doppler shift of the TiXXI K, line, varied as v4(0) = 3.010* +
2.3410* P, m/s, with P, in MW (20,

The measured central rotation frequency from this P, scan was compared with
the theoretical prediction of an earlier version of the gyroviscous theory, Eq.(3.19),
and found in good agreement, as shown in Fig. 4.6 9. There was similar good
agreement between experimental (reported in Ref. [76]) and theoretical 7,.

A comprehensive outline of rotation measurements and their analysis prior to
1987, was given in Ref. {76]. The database of ~ 400 shots taken, in part, in 1985,
during operation on the outer moveable limiter {only co-NBI) , and, in part, in 1986,
during discharges run off the inner bumper limiter (co-, counter- and balance NBI)
spans a wide range of plasma parameters. These are summarized in Table 4.1.

The following observations were reported. It was found that the limiter configura-
tion did not significantly affect rnomentum transport. The central velocity increased

in an offset-linear fashion, independent of I,,, with T; /5., in spite of the increase of n,
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with I,. This indicated a nonlinear dependence of v4(0) on T/%., at small values of
torque input per particle, and the absence of saturation of the central velocity, up to
Ty < 1.1 10~ 8% m? (see Fig.(4.7)). At the same value of Ts/%,, v4(0) was ~ 20 %
lower in counter-injection than in co-injection (similarly to T;(0}, found to be lower
in counter- than in co-, at comparable P,/#.). The central velocity was also found
to be less in the pre-compression configuration (R=3 and a=0.85 m) with respect to
R=2.55 and a=0.82 m.
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Figure 4.7: v4{0) L-mode discharges in TFTR versus input torque per particle (76),

The momentum confinement time, computed towards the end of NBI , assuming a

parabolic velocity profile, showed modest deterioration with P and T;(0) in counter-
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injection, little or no variation in co-injection and no clear dependence on Z,¢; and
B. It seemed to improve with I, in the movable limiter discharges; a series of shots
at small minor radius, large R and low I, showed the lowest confinement time but it
was not clarified if this indicated a dependence on R or rather I,.

The post-injection {e-folding) velocity decay time was found to decrease with
v4(0), measured at the end of NBI, and to be substantially longer (twice) than the
steady state 7, as previously observed on ISX-B and PDX.

Momentum confinement times constructed from early TFTR data were generally
within a factor of 2-3 of the prediction of the gyroviscous theory (761201 Eq.(3.18).
When the data were plotted against the variables T;, B, Z.ss and R, no scaling was
evident (11! (see Fig. 4.8). Subsequent analysis have shown that these data are not
adequate to determine a B or R dependence, due to the small range of variation of B
and R, compared to the errors affecting the data. Z, ;s measurements were unavailable
for several shots, and the T; and vy profiles are completely unknown.

An interesting modulated edge heating experiment (761 was performed by pulsed
injection of the beams through the plasma edge. Since v,(0) increased to 2/3 of
its value obtained during central heating, it was ruled out that ripple or other edge
damping mechanisms governed rotation in TFTR. A momentum transport simulation,
using a diffusive transport model with x4 = 0.3 m/sec, could reproduce the observed
central velocity time history. The x, required to reproduce the central velocity, in a
similar, modulated, central heating shot, was half the magnitude of the edge injection

one,

A rotation experiment, consisting of a series of discharges at different values of
I,, B, R, P; and direction of injection was conducted in TFTR in September 1988
11411161 The dischatges were of the kind later indicated as hot-ion-mode 19}, with

characteristics between the L-mode and the Supershot ones (see Table 4.2). Since
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Figure 4.9: (a) Experimentally determined particle diffusivity and effective momen-
tum and thermal diffusivities. Also shown are the theoretical x7** 34 (labeled MD)

and (361 (labeled B). {(b) Comparison of measured 7 with the theoretical
estimates 7™ 1381 and n#%T 39 (Jabeled Hahm)



L mode | Hot-Ion mode | Supershot
recycling (H,) | high low low
injection any co-counter | balanced
Pn < 1.7 1.7-2 2-3
1g () < 0.09 0.1-0.13 > 0.13
te/TE | <13 <2 <3
Ntast(0)/ne(0) | lower 0.1-04 higher
Ti(0) keV 2-10 10-20 20-30

Table 4.2: Characterization of TFTR confinement regimes [19)

velocity, density and temperature profiles were measured, this experiment was par-
ticularly suitable for the study of correlation between local transport coefficients of
momentum and thermal diffusivities. The interest in such correlation is dictated by
previous experimental observations of x; ~ x4 < x7° on TFTR (14 and D11 61, and
by the hypothesis that the ITG modes or other electrostatic turbulence mechanisms
can dictate the confinement properties.

The analysis, reported in Ref. [16], shows:

¢ astrong correlation among the transport coefficients (x4/x: = 0.7—-2, x4/xe =
1.2-3.1)

+ a strong radial dependence and an increase of x,; and x; from the center to the

edge by up to a factor of 100;

¢ a weak dependence on global parameters that precludes the precise determina-

tion of their scaling (ex.: x4 ~ PP23[;059B016y /g1-22),

The theoretical estimates of 7™, Eq.(3.50), and nf#%”, Eq.(3.51), are found to be
within a factor of 2 of the measured n;* (see Fig. 4.9). The theoretical x7**, Eq.(3.48),

and ¥ = x3', Eq.(3.49), have been compared with the experimental diffusivities
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and shown to overestimate/underestimate them by two orders of magnitude at the

center/edge (16!,

Subsequently, a similar analysis was conducted for a series of L-mode shots. The
local xs were found to be qualitatively similar to the hot-ion-mode diffusivities, but
quantitatively higher {factor of 2 for x4) and improving with I,. 7{* was found to
exceed nf™ and hot-ion-n; by a factor up to 8, suggesting that, in L-mode discharges,
transport is not governed by marginal stability (the transport does not increase in

order to cause 7{® to approach 7{").

4.2.7 JET

A large number of rotation measurements have been taken during NBI discharges
in the Joint European Torus, JET, for a variety of plasma conditions: H® and D°
in D* plasmas, inner and outer limiter, X point, L and H modes, with and without
RF-heating, and with different degrees of elongation (k= 1-1.8). A partial description
of these measurements is given in Refs. (17] — [19]; a more complete description of a
subset of the JET database, through September 1988, can be found in Ref. [20].

Rotation velocities have been measured in JET with several methods: 17 1)
central velocities were determined from the Doppler shift of a Ni XXVII resonance
line observed by an x-ray crystal spectrometer; 2) a multi-chordal (8 lines) visible
charge exchange diagnostic measures the Doppler shifted light from excited CVII and
QIX ions providing velocity and ion temperature profiles; 3) occasionally, an XUV
spectrometer detected the emission lines of lower ionization states of Ni and C ions,
providing velocity profiles and differences in v4 during OH and Ion Cyclotron Radio
Frequency (ICRF) heating; 4) the MHD coils, measuring B, could provide rotation
data when the MHD activity was significant (Bs/Bs < 107%).

The x-ray and XUV diagnostics showed that the plasma rotation frequency was

54



< 10* rad/s during OH and in the direction counter to the plasma current; ICRF had
the effect of increasing the central rotation in the counter-direction 18I,

With NBI, the central rotation velocity tended to saturate with increasing P, /{n.|
and to increase slightly with I, for both counter- and co-injection. {[n.] indicates the
average volume density) Roughly twice the value of P,/[n.] was needed in L-mode to
produce a v,4(0) comparable to the v4(0) attained in H-mode. 20, H mode shots,
characterized by a reduced H, signal, by a flat n.(r) and somewhat flatter vy(r) (
and increased Tg) , systematically show a momentum confinement higher than the L
mode shots (see Table 4.1).

Ref. [19] reported that v4(0} was found to be strongly correlated with T;(0); the
relation: Q4(0) ~ 6.2 x T;(0) krad/(s keV') could fit a large set of NBI data, with
moderate MHD activity, independently of the other plasma parameters.

MHD activity was found to affect the momentum fransport considerably 21; 4t
the appearance of a locked mode the rotation stops on a 100 ms timescale; when high
MHD activity was present there was evidence, from the MHD and XUV diagnostics,
of flattening of the velocity profile.

Also ICRF, when tuned to the H minority, caused a sharp drop of up to a factor
of two in the rotation velocity. This was explained 17 by the cumulative effect of the
increase in number of beam ions scattered into trapped orbits, of density rise during
RF-heating and the induced counter-velocity that seems inherent with [CRF in JET.

The result of a momentum transport analysis for a H mode shot, affected by saw-
teeth, was reported in Ref. [18]. The experimentally inferred momentum diffusivity
was found to decrease with minor radius from x4(0) ~ 0.4 — 0.6 m®/s (at sawtooth
peak/crash) to x4(a) ~ 0.1 m?/s. An extensive compatison between x5/ and x//
yielded the following result:

X = (21 4+ 1 = Zegs) ) Z1(1 £ 0.3) {77 (with Z= 4 or 6, for Be or C),
that is similar to the TFTR finding 161 x&/7 ~ yff.
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The momentum confinement time inferred from experiment and the prediction of
the gyroviscous theory, with profile effects included, (Eq. 3.21), were in rather good
agreement (See Fig. 4.10) 20). Distinctly lower r, were found for L-mode discharges
than for H-mode discharges. These differences were explainable via Eq.(3.21), with
Z = Z.s5 (Eq.(3.25)), in terms of differences in Z.¢¢, temperature and profile shape.
The scaling of v4(0) and 75 with Z, ;s and T; predicted by Eq.(3.22) and Eq.(3.21) was
found in the data when the correlation between Z.ss and T; was taken into account.

Comparison of more recent JET measurements with the gyroviscous theory was
stated (19 to show an order of magnitude underprediction of 24(0). However, the
authors incorrectly modified Eq.{3.22) and overestimated the viscous force by an order
of magnitude. It can be inferred from their results that Eq.(3.22) predicts the correct
order of magnitude for (24(0).

A set of momentum diffusivities (19 were compared with the 7; theory prediction,
in the form of Eq.(3.48), at an unspecified radial location. The discharges with a flat
density profile had a x§ much lower than the n;-predictions, while the shots with

more peaked n.(r) showed a better agreement.

4.2.8 PBX-M

A multispatial and multispectral {(CVII, OIX) CERS diagnostic is available on PBX-
M for the measurements of v4(r) and T;(r).

PBX-M has two nearly perpendicular NB injectors and two more tangential NB
injectors that allow the study of toroidal rotation with different torque values and
constant injected power (and vice versa).

A series of experimental results were presented in Ref. [22] for H mode shots and
plasma parameters listed in Table 4.1. Independently of the NB injectors configura-
tion, v4(0) was found to be «x T and to be more peaked with increasing Ty; v4(0)

was insensitive to 7., suggesting 74 & fi..
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The comparison between one parallel and one perpendicular NBI shots, with sim-
ilar injected power, and similar in the OH phase, showed v4(0) and 7;(0) considerably
higher in the parallel injection case, and a momentum confinement time similar in the
two cases (note that, roughly, T3(0) (keV') ~ Pu,/fi. (MW)). The local momentum
transport analysis of the two shots showed x§* ~ x7** increasing with minor radius,
and a factor of two larger in the perpendicular injection case, with respect to the par-
allel injecton case. The x; and X, radial profiles showed radial dependence {(constant

or decreasing with 1) and magnitude (up to a factor of 10 larger) different from those

Of X4+

4.3 Summary of previous results
4.3.1 Parametric dependence of v5(0), 75 and x§’(r)

The question of how v57(0) scales with the main machine parameters has been inves-
tigated since the earliest rotation experiments. The computation of 75*(a) has been
carried out extensively only in recent experiments (DIII, ASDEX, JET and TFTR),
since it requires information on the radial profiles of n. and vy.

A consistent picture has not yet emerged about the dependence of v, and 7; on
P, and n..

The central rotation velocity was found:

s to be &« Ty/#. in PDX, and x T (i, = const) in PLT, DIII(divertor) and
PBX-M (@, = const) ;

o to be « (Ty/fi. + const) in TFTR and ASDEX;

¢ to saturate with increasing Ty/[n.] in JET and with increasing T, in ISX-B

(with A, = const) and DIII(limiter) (and 7. dependent on P,).

This translates into conflicting evidence about the dependence of 74, on T (x P, for

same beam species) and n,, since 7, and v, are related in the following way (from
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Eq.(2.10), for fixed geometric parameters):

T¢ ng 1+aﬂ+au
M) mess © 14 an

4(0) o ) (41)

Assuming velocity and density profiles weakly varying through the experiment, the

global momentum confinement time appears:
e to increase with 7, in PLT, ISX-B and PBX-M, and
¢ to be independent of Ty /%, in PDX.

75%(a), computed from measured profiles, was found:

e to decrease with Tj; in limiter and divertor DIII discharges (even if for different

reasons);
e t0 depend essentially on 7, in ASDEX;

e to deteriorate, modestly, with P, in the TFTR counter-NBI.

The I, dependence of v4(0) (and 7, in the most recent experiments) was also
checked and found to be absent in most of the machines, with the exception of DIII,
where a 75 showed a linear increase with increasing I, but this was attributed to v,
profile broadening with 7.

An improvement in momentum confinement from H plasmas to D plasmas was
observed in PLT and PDX, which is in agreement with the trend observed in several
tokamaks of confinement properties improving with main ion mass.

Any B dependence of v,(0) was found to be absent or unclear (TFTR).

There are substantial differences among the different machines on how the mo-

mentum confinement in co- and counter-NBI compares:

¢ some magnitude of rotation velocity was obtained in PLT for same magnitude

of Ty/f. with co- counter-NBI;
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s a substantial improvement of momentum confinement, due to a simultaneous
increase of n. and vy, was observed in the ASDEX counter-NBI, relative to
co-NBI;

¢ 24(0) was found lower in the TFTR counter-NBI than in the co-NBI at the

same magnitude of Ty /A,.

The trend towards larger momentum confinement time in larger machines is clear
from Table 4.1. In Ref. [77], the 73"s from a collection of discharges from several toka-
maks were shown to be aligned about the straight line given by: 7,(s) ~ a%/3(m?)
or, alternatively, 74 (s) ~ aR%/15{m™3).

Ref. [77) and Table 4.1 point out that there is a general tendency to observe
T X T4, but no general scaling laws of 74 as function of a few plasma parameters {of
the kind derived for ¢ [78]) is suggested by the previous discussion. In particular, the
favorable dependence of 7z on I, is not observed for 74* (with the exception of DIII).
On the other hand, a systematic attempt to fit a theoretical formula to or derive an
empirical formula for the scaling of 7, and v, with the plasma parameters, has never

been undertaken.

Momentum confinement is degraded by RF heating (JET). It clearly improves
in divertor discharges, with respect to limiter discharges, in DIII, JET and PDX.
Momentum confinement is also higher in H-mode plasmas, with respect to L-mode,
in JET and ASDEX.

An extensive study of x3° in TFTR discharges has shown a weak dependence of

the momentum diffusivity on the controllable plasma parameters P, [, and B.
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4.3.2 Comparison of theory with experiments

The complicated dependence of momentum confinement properties on plasma con-
ditions suggests to look for parametric dependence of vy, 74 or K, inferred from
theoretical models. An extensive, quantitative test of all the theories reviewed in

Chapter 3 has not been done.

Previous comparisons of theory and experiments have been most extensive for the
gyroviscous theory. Measured and predicted magnitudes for 7, and/or v, were found
to be in reasonable agreement in ISX-B, PLT, DIII, JET and TFTR, as discussed
previously. Observed parametric dependences could be accounted for in ISX-B, PLT,
JET and somé of the TFTR data. Disagreement between plasma parameter depen-
dences predicted by the gyroviscous theory and observed in the experiments were
reported in DIII and other TFTR data.
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Figure 4.11: Comparison of 7;"" with 75* from several tokamaks 28),

A comparison of the predictions of the ‘smp’ theory with momentum confinement
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times in several tokamaks (ISX-B, TFTR, PLT, DITE and PBX), and shown in Fig.
4.11 was reported in Ref.[28]. The magnitude of the predicted 74 was found to agree
with the measurements, but the limited number of discharges considered (one for each
machine) and the lack of profiles information does not allow any conclusions about

the parametric dependence and the local value of the ’smp’ momentum flux.

Measurements on TEXT revealed density fluctuations propagating in the ion dia-
magnetic drift direction that suggest the presence of ITG modes 133].

In TFTR 16) the 7nE* is close to the theoretical predictions of the threshold value,
but a recent perturbation study in snpershots (13] hag produced results in disagree-
ment with the hypothesis of transport controlled by ITG marginal stability. Accord-
ing to the theory, the steady state n{* should have a value close to the threshold 7",
above which the ITG mode becomes unstable, increasing the heat transport and act-
ing as a feedback on Ti(r} and therefore on 7{*. During a discharge, the equilibrium
7; was changed by raising L, with pellet injection and gas puffing. It was observed
that 7; and VT; did not change, that is n{* did not adjust to maintain itself at the
level of 7", as postulated by the theory. By contrast, T, changed rapidly, showing a
decrease in Ly, as Vn, decreased and reversed its sign. These observations lead to
the conclusion that the ion thermal transport in TFTR supershots is not controlled
by ITG turbulence. 1191,

When an ITG transport model was included in the simulation of TFTR ohmic
experiments [791, it succeeded in predicting the degradation of the energy confinement
at high density accompanied by 7 > 1.5. Radial profiles of momentum diffusivities
predicted by the ITG modes theory have been compared with experimental data 16]

and found to be in strong disagreement.

We are not aware of comparison of rotation experiments data with the prediction
of trapped/unirapped electron modes or other drift waves models. E x B turbulence

affects both momentum and energy transport and give rise to x; ~ ¥x. ~ X¢ 801
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Investigation of energy transport, based on drift waves models, can give information
on a mechanism that affects momentum transport as well. There exist several sim-
ulations of energy confinements based on drift waves models. Dominguez and Wa.ltz
(81 incorporated diffusion coefficients due to trapped and circulating electron modes
in a transport model, which included 7; and low-m tearing modes as well, to simulate
experimental heat transport data from several tokamaks (DIII, ISX-B, Alcator A and
C, and JET). They found that the dissipative trapped electron modes can explain
the low density neo-Alcator scaling of 7g, that ITG modes are likely to be respon-
sible for the energy saturation at higher densities, and that collisional drift modes,
accompanied by low-m tearing modes (Venetian blinds), accounts for the favorable

I, dependence of 7.

Ware’s cold tons theory has been claimed 72} o explain rotation measurements
and a number of particle transport features in several tokamaks. No comparison
between the theoretical torque flux, Eq.(3.32), and the experimental one has been
published.
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Chapter 5

A TFTR ROTATION EXPERIMENT: Exp. 44.
MACHINE AND PLASMA PARAMETERS

The experiment Exp. 44 was carried out in TFTR in September 1988. The principal
objective of Exp. 44 was to obtain measurements of the v, and T; profiles, using the
recently installed CHERS diagnostic, for a variety of machine and plasma parameters
in low-recycling discharges.

The experiment consisted of a series of co-, counter- and balanced NBI shots at
different plasma currents (I, = 1.1 and I, = 1.7, 1.8 MA), with a total injected beam
power, F; , ranging from 4 to 14.5 MW, The injection of deuterium neutral beams
into a well conditioned deuterium target plasma lasted 0.5 or 1 seconds. Other plasma
parameters, which remained fixed, were:

minor radius, a = 0.79 m;

major radius, R = 2.45 m;

maximum beam energy, E; ~ 100 keV;

beam tangency radii ranging from 1.74 to 2.99 m;

beam species mix by neutral current fraction, 45:28:26 (1 : 1/2: 1/3), and

magnetic field, B, =4.75 T.

Also a magnetic field scan was performed at B, = 2.9, 3.8 and 4.8 T, at I, = 1.0
MA, using 7 MW of co-beam or 12 MW of counter-beam power. The experimental
conditions, at the time of the diagnostic neutral beam (DNB) injection, at which
time the plasma parameters had reached quasi steady state values, are summarized
in Tables 5.1 and 5.2. The parameter listed in these Tables, and not yet defined, are:

#i is the line average density; P, = z(0)/[z] is the peakedness factor for the plasma
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Figure 5.1: Time histories of several plasma parameters ( T;(0) and v,(0) as mea-

sured by the XCS, B, fn.dl. neutron emission and total stored energy, Wy, dia-

magnetic) for Shot 37309, co-injection, and Shot 37313, counter-injection, both with
Po=116 MW, I,=1,1MA, B= 4.75 Tesla.
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Table 5.1: Summary of plasma parameters for the Py, Ip, co- and counter-injection

scans in Exp. 44. Units: I, (M A), fi. (10" m™?), v, (10°m/s), T; and T, (KeV).
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291co {68 [11125}1021 7.1 {53]1196 (64| 46 {3.1| 3.2 |0.45]0.74| 0.71
ent §112.7122118[0.39 ) -24 140 73 |34} 3.7 |25] 3.2 | 0.26 | 0.74 | 0.62
38Jco |66 121191021 6.1 |[49]21.9 |59 49 |3.3] 2.8 |0.47|0.74] 0.65
ctr {124 121191028 -4.2 1511119 (3.7 4.0 |27 3.3 ; 0.40 1067 0.56
481 co | 6.7 [1.3(19]033( 5.5 [52] 128 |4.2| 4.7 (3.1 3.6 | 047 (0.72| 0.66
ctr 112.4122(1.9]032| -3.8 {48]110.7 |3.5]| 40 ;29| 3.3 {039]0.69} 0.57

Table 5.2: Summary of plasma parameters for the Byscanat I, = 1 M A in Exp. 44.
Units: I, (MA), 7. (10 m~3), v, (105m/s), T and T, (KeV).
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parameter x, where [z] is the volume average of 2(r); Zmee = na 23 /1., where "M”
denotes a metallic impurity; Lssi/ Lo and W;;/Wm are the fraction of angular
momentum and energy, respectively, stored in the fast ions.

Time traces of several of the measured parameters are shown in Fig. 5.1 for a co-
and a counter-injected discharge. The co-injected discharge had a lower density and
higher ion temperature, stored energy and neutron emission rate than the counter-
injected discharge, for the same NB power. The rotation speed was greater for co-
than counter-injection.

This set of uni-directional discharges, designated as Hot-Ion-Mode discharges,

showed characteristics between the L-mode and the Supershot discharges, that is:
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low recycling, low ohmic target density (typically 1.2 — 1.5 10'%m~3), density peaked-
ness P,, = 1.7 -2, 75 up to twice the L-mode value, a large fast ion population
(n4:(0)/n.(0) = 0.1—0.4) and a relatively high jon temperature (T;(0} = 1020 keV’).
Higher P,, is usually accompanied by higher 7z.

The rotation data taken in this experiment are characterized by the plot of central
rotation velocities shown in Fig. 5.2. Central rotation velocities up to 5.7 x10°
m/s were obtained in the co-injection, low current shots. For the same value of
injected torque per particle, the central velocity is 10-20 % lower in counter-injection
shots. There does not appear to be a plasma current dependence of the rotation
velocity. Most of the v4(0) data points show a linear dependence on Ty(a)/f., with
the exception of the low-B shots, which also exhibit the lowest densities, strongly
beam dominated, and a very peaked velocity profile.

The peakedness of the velocity profile, P,, =3 — 6.5, increases with I, and is less
for counter- than co-injection. Characteristic velocity profiles are shown in Fig. 5.3.
The lines in the v, and T; plots are not a fit of the experimental data but represent a
mapping of the data for R > R, onto flux surfaces performed by SNAP. Comparison
of the data points for R < Ry with the mapping thus provides an indication of any
in-out asymmetry in the data. The T; data seem to be quite uniform (with respect to
in-out asymmetry) over the flux surface, as would be expected from consideration of
the rapid heat conduction along field lines. The v, data, on the other hand, exhibit
an in-out asymmetry larger than the experimental error. The symmetry found in the
Ti(r) data would suggest that the asymmetry in the v, data is real, not an artifact
of the mapping procedure, but we cannot exclude that some systematic error, not

reflected in the error bars, can affect the rotation measurements.

Typical torque flow terms are shown in Fig. 5.4 for Shot 37309-123, with 11.6
MW of co-injected power, [, = 1.1 M A and B = 4.75Tesla. The convected torque

flow, T3, is approximately 1-10% of the conducted flow, K3°, over most of the plasma
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region, and the total cx losses amount to only a few percent.

The accuracy of the calculated source of torque can be checked with a couple
of methods. Since the calculated neutron emission depends on whether the beams
are deposited (most of the neutrons are from beam-beam and beam-target interac-
tion), one can compare the calculated and measured neutron rates. Since the fusion
cross-section is heavily weighted to high energy, good agreement with measured neu-
trons provides some confidence that the initial deposition profile is correct, but less
about whether the fast ions are well-confined radially. A second check can be done
by comparing the total stored energy as calculated by SNAP from density and tem-
perature measurements and calculated fast ioné, with the same quantity measured by
a diamagnetic loop.

The difference between calculated and measured neutrons was, on average, +20%
for counter-injection and —17% for co-injection shots. The uncertainty affecting the
neutron measurements is estimated to be ~ 12%. The origin of this disagreement,
which suggests a systematic error is affecting the measurement procedure or the
calculation, has not been clarified yet.

Some discrepancy is also found between the stored energy inferred from magnetic
measurements and the one resulting from the SNAP kinetic calculations. The dia-
magnetic stored energy from magnetic measurements agrees with the calculated value
to within +£10%.

If the discrepancies between the measured and calculated neutron production rate
and stored energy are due to systematic errors in the modeling, this could also affect
the torque deposition calculation. The credibility of the SNAP deposition profile
is suggested by the good agreement with TRANSP 82! calculations, which employ
a more sophisticated deposition and thermalization profile model (particle-following
Monte Carlo code).

The thermal momentum confinement times, constructed from Eq.(2.12) and plot-

ted in Fig. 5.5, show a modest degradation with P, a significant increase with I, and
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no clear dependence on the direction of injection. As shown in Table 5.2, the peaked-
ness of the velocity profile increases with I, which may be (?) related to the increase
of 5%, with I,. The total momentum confinement time is 753, ~ 3753, (which means
that 2/3 of the plasma momentum is carried by the fast ions), and for 753, the I,

dependence disappears because of the decrease of ny; with increasing 7.

Central ion temperatures up to 25 keV were reached in low current, balanced and
co-injection shots. For the same value of injected power, T;(0) decreases with I, and
is less for counter-injection than for co-injection, consistent with the increase in 7,
with [, and with higher #, for counter- than for co-injection. The ion temperature
peakedness, Pr, = 2.2 — 4.8, increases with I, and P, and is less for counter- than

co-injection, similarly to P,,.

Typically the electron density increases during the beam heating, reaching an
equilibrium value in ~ 300ms. 7. increases with F;, [, and from co- to counter-
injection. The 7, is ~ 35% higher in the high current shots; P, (o) does not show
a clear Py or I, dependence. Typical n. profiles are shown in Fig. 5.3 for co- and
counter-injection shots.

For the same I, and P, the co- and counter-injection shots have remarkably
different density-rise histories and the final 7, is 10-30¢ % higher in the counter- shots.
A larger density in the proximity of the inner bumper limiter is also a characteristic
of the counter- density profiles. Fig. 5.6 illustrates the rate of rise of N,, the total
electron density, compared to the integrated beam electron source, N, for 14 MW
co- and counter- shots. During the first 200 ms, 8N, /3t is approximately equal to
the rate of beam electron input, ON,/0¢, for the co-injected shots, but it is 1.5-2.5
times higher in the counter-injected shots, suggesting an enhancement of the electron
influx from the wall. There is a substantial difference in the magnitude and poloidal
profile of the H, signal (see Fig. 5.7) between co- and counter-injection, suggesting

a substantial influence of the direction of injection on the edge conditions.
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Charge exchange, first-orbit and shine-thru losses were calculated to determine
their contribution to the difference in N, between co- and counter-injection. The
fraction of power loss, indicative of the fraction of particle loss, is plotted versus
fi. in Fig. 5.8, for different tangency radii, corresponding to the inner and outer
beam sources lines of sight, and different direction of injection (co: Rt > 0; counter:
Rr < 0).

The first orbit losses are higher in counter-injected shots, while charge exchange
and shine-thru losses are almost independent of direction of injection. But since the
final i, in counter-shots is 10-30 % higher than it is in co-shots, at fixed P, the
calculated total losses differ only by a few percent between co- and counter-injection
and cannot account for the different electron density time histories observed in the

experiments.

The VB diagnostic was used to determine the density of the light impurities,
principally carbon. The metal content, evaluated from the PHA measurements, was
small in all discharges (metal contribution t0 Z.¢s,Zp.: ~ 0.3), except for the low
current co-injection shots, where Z,,.; = 0.6-0.8. No information was available on the
radial distribution of the impurities; therefore Z.;; and Z,.: are assumed constant
in our analysis. The PHA value of Z.4 is larger by about 10-30 % for counter-
than co-injected shots, which together with the data given in Fig. 5.1, suggests that
the higher 7, and lower T;(0) for counter- than co-injection could be associated with
larger impurity accumulation. However, VB values of Z.ss, which are considered

more accurate than the PHA values, do not support this explanation.

The partition of the stored energy among the different plasma components is sum-
marized in Table 5.3. W; = 3/2n,T; +m;n;v},/2 is the energy associated with plasma
species j and calculated from kinetic measurements. The total energy confinement
time, 7g = X, W;/(Ps + Pogn), is plotted in Fig. 5.9 for all the shots. The magnitude

of 7 is in the range 1.5 — 2 Tgotasa, With Tgouaes = 0.044P83 5, [,RV 70037, 831, for
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Figure 5.6: (a) Time histories of the line averaged density, fi., () and of the
density peakedness, P,,, (- - -) during co-injection of 14 MW (Shot 37356); (b)
as (a) but during counter-injection of 14.5 MW (Shot 37358); (c) time histories of
time integrated number of beam particles injected, N, (x1072%), (___) and of the
integrated electron density, N, (x107%), (- - -} , for Shot 37356: (d) as (c) but for
Shot 37358.

(Shots at [, = 1.1 M A, B = 4.75Tesla).
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Figure 5.8: Fraction of power losses due to shine-thru (sh), first-orbit losses (orb)
and beam charge-exchange (bcx) versus fi., for the most perpendicular ( |[Rp| ~ 1.73
m ) and the most tangential ( {Rr| ~ 2.25 m ) beam sources. Ry < 0. indicates

counter-injection.
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the higher current shots, and 1 — 1.7 g4 fOr the lower current ones. The thermal
energy confinement time, Tz, is ~ Tgoase £ 15% and it shows a correlation with 7,4

(see Fig. 5.10). No correlation is observed between 7z and 7440

(A) I,=10x10° | I,=11x10% | I,>17x 108

(ms) co counter co counter co counter
We/P, {19-25| ~22 |20-25)40-30|60-30|65-35
Win/Py | ~20 | 15-20 [15-26| 30-20 | 52- 44 | 40 - 34
Wg/Py | ~ 90 ~ 58 |92-80|70-60|78-55|72-50

Table 5.3: Kinetic energy stored in the electrons, ‘e’, thermal ions, ‘i th’, and fast
ions, 'fi’, normalized with respect to the input power (ms). When a range of values is
given they correspond to : lower Py — higher P, for [, > 1.1 M A; lower B, — higher
B, for I, = 1 MA.
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Chapter 6

COMPARISON OF THEORY AND EXPERIMENT

This Chapter contains the comparison between the theoretical predictions of momen-
tum confinement properties (momentum flow, momentum confinement time, momen-
tum diffusivity and toroidal velocity) with the corresponding experimental quantities

measured in Exp.44.

6.1 Gyroviscous theory

The gyroviscous theory embodied in Eqs. (3.20) - (3.22) was applied to the analysis
of Exp.44, making use of experimental data to evaluate the parameters entering these
formulas. Two different models for summing over ion species to obtain an effective
plasma. gyroviscous torque are examined, corresponding to the expressions for Z,
given by Egs. (3.26) and (3.24).

Case Z=2=2(Z- 1}/(Zess— Zmer—1), Eq.(3.26) - A comparison of theoretical
(Eq.(3.22)) and experimental central rotation velocities for all the shots in Exp.44 is
given in Fig. 6.1, and a similar comparison of theoretical (Eq.(3.21)) and experimental
momentum confinement times is given in Fig. 6.2. The agreement is reasonably good,
although there is a general tendency to overpredict 7,4 for the counter-injection shots
and to underpredict it for the co-injected shots. The VB values of Z,;;, which were
similar for co- and counter-injection, were used to evaluate 73°. If the PHA values of
Z.fs, which were larger for counter- than co-injection were used, the predicted values
of 7§ for counter-injection would be reduced relative to the 7;° for co-injection,
improving the agreement with experiment. A value ©=1.5 was found to provide a

good fit of the gyroviscous formulas to the data, which implies the assumption of O(¢)
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Figure 6.1: Comparison of the toroidal central velocity predicted by the gyroviscous
theory (v3"(0)) with the experimental measurements (vg*(0)). ( O: co-injection shots
at I = 1-1.1 MA; o: co-injection shots at [, = 1.7-1.8 MA; A: counter-injection shots
at I, = 1-1.1 MA; »: counter-injection shots at J, = 1.7-1.8 MA).
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poloidal asymmetries for the impurities, if all of the gyroviscous damping is provided
by the impurities. The possibility of O(e) poloidal asymmetries in TFTR is discussed
in Chapter 8,

Next, we determine if the dependences of the momentum confinement time on
TA0), Z(Zs5) and B predicted by the gyroviscous theory are consistent with the
data. It does not suffice to merely plot the experimental 75% against each of these
variables, because there may be a correlation among the value of two or more of the
variables appearing in Eq.(3.21). To account for the possibility of such correlations, we
will divide the experimental 7;* by Eq.(3.21), but with the variable whose dependence
is to be checked suppressed, and plot the resulting ratio (or its inverse) against the
suppressed variable. If the dependence upon the suppressed variable predicted by
Eq.(3.21) is consistent with the data, then the resulting plot should consist of points

all falling on the 45° line. For example, the ratio

_ SBREZ nem(O) h,w:r

7o) = 2 6.1
( ) T‘;’z ne(o) hﬂmTe ( )
should plot as a straight line against 73(0). Similarly the quantities:

Fgu - T;z T;(O) ne(o) hn,hTé

g BBRg Noth (O)hmuT (62)
and

75 T(0) 1,(0) hoyy 7€
B = ¢ (0) ne(0) Ay, 7© (6.

eR2Z  nem(0)hner
should plot as straight 45° lines against Z and B, respectively.
The quantities T7"(0) and 29" are plotted against T;(0) and Z, respectively in Figs.
6.3 and 6.4 for all the shots in Exp.44. The quantity B9 is plotted against B in Fig.
6.5 for the more limited set of data points in the B scan. The parametric dependence
predicied by Eq.(3.21) is consistent with the data for T;(0) and not inconsistent with
the data for Z(Z.s5), as shown in Figs. 6.3 and 6.4, respectively. The parametric
dependence on B predicted by Eq.(3.21) is not so evident in Fig. 6.5.

85



30
_ 25 -
S
= A
- 20
. [
é |
= 5
» 15 L *
‘ .
:--.'._' L
:‘3 12 * o '_+—_
L *
- ]
S
g 5
| /al o
0 [ 1 " 1 1 N [ !
Q =1 1@ 15 20 s 30

T(0)  (keV)

Figure 6.3: Scaling of the experimental momentum confinement, 7¢*, with the central
ion temperature, 73(0). { O : co-injection shots at I, = 1-1.1 MA; o: co-injection shots
at I, = 1.7-1.8 MA; A: counter-injection shots at [, = 1-1.1 MA; »: counter-injection
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Figure 6.6: Comparison of experimental torque flow, K s » with the theoretical predic-
tions of the gyroviscous theory {gv), of the stochastic magnetic perturbation theory

(smp), of the untrapped particle modes theory (up) and of the ion temperature gra-
dient driven modes theory (n;) for Shot 37309.
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The torque flow, K3, consistent with the above gyroviscous theory predictions,
given by Eq.(3.20), is compared with the same quantity constructed from the experi-
mental data in Fig. 6.6. The comparisons were similar for all shots examined. There
is a significant overprediction in the center, but reasonable agreement in the outer
regions. The same constant © = 1.5 was used in this prediction, as in the previous
predictions, and the disagreement in shape could indicate a radial dependence of ©.

Case Z = Zessy Eq.(3.24). - Figure 6.7 shows the comparison between
experimental and theoretical central velocity, as predicted by Eq.(3.22) using the
Z = Z.;; model. A value of ® = 0.4 was used in this case to obtain a good fit of v’(0)
to the data, which implies the assumptions (45, ~ 0(0.2¢) or/and Qg .f1;, ~ O(0.2¢).
The v3’(0) formula reproduces the trend of variation of the experimental data.

The scatter in the comparison of 75°, T¥"(0), By, and Z, with the experimental
data are larger with the Z = Z,;; model than with the Z = Z(Z—1)/(Z.ff= Zmet —1)
model for summing over ion species. This suggests the dominance of impurities in

determining the gyroviscous torque.

The neoclassical viscosities derived by Hsu and Sigmar (73] and by Stacey and Nee-
ley 27 lead to momentum confinement times with the same parametric dependences
and a similar dependence on poloidal asymmetries as for the gyroviscosity. Because
the Hsu-Sigmar and Stacey-Neeley results are of a collisional origin and were derived
for highly collisional ions, while gyroviscosity is of a non-collisional origin and may
therefore be expected to be independent of collisionality, gyroviscosity would seem to
be the more plausible explanation. However, the predictions of the Hsu-Sigmar and
Stacey-Neeley formulas would reproduce the gyroviscous predictions shown in Figs.

6.1 - 6.5, subject to the same qualifications regarding 6.
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Figure 6.8: Evaluation of the parameter v, from Eq.(3.37) for Shot 37309, needed to
match experimental data (Shot 37309) with I= carbon (C) and I= iron (Fe).
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6.2 Ware’s cold ions theory

In order to evaluate Ware's expression for the torque flow, Eq.(3.32), the cold ion
density and temperature must be known. Since neither theoretical expressions nor
measurements of these quantities are available, we proceeded by determining the
magnitude of the ratio 4., in Eq.(3.37), that is required to fit that expression to the
experimental data (K$?(r) = Kg*(r)). This value of . is shown in Fig. 6.8. The
collision frequency vz, Eq.(3.33), has been evaluated assuming carbon (C) and iron
(Fe), alternatively, as impurity ‘I'. In both cases, the required value of this ratio is

well above any value that is plausible. Similar results were found for the other shots.

6.3 Anomalous torque flows

The torque flows, Ky{(r), predicted by the various anomalous theories described in
Section 3.3 have been compared with the torque flow interpreted from the local mo-
mentum balance measurements and constructed according to Eq.(2.13), for each shot
of the rotation experiment. A representative shot {37309) was chosen to illustrate the

results, which were similar for all shots in Exp. 44.

There is a substantial disagreement in radial profile and in magnitude between
each of the anomalous theoretical torque flows and the experimental torque flow, as
can be seen in Fig. 6.6. The predicted torque flow due to untrapped particle modes,
K"? Eq.(3.55), severely underestimates (1-2 orders of magnitude) the experimental

torque flow everywhere except very near the center of the plasma.

The predicted torque flow due to stochastic magnetic perturbations, K*™?, Eq.(3.45),
is in reasonable agreement with experiment near the center of the discharge, but de-
creases with plasma radius for »/a > 0.5 and severely underpredicts ( ~ 2 orders of
magnitude) the experimental torque flow near the plasma edge. C; = 1 and v = 2

smp

have been used to evaluate x,
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The ‘5 H’ torque flow is computed using x3 = x¥ ¥ Eq.(3.52) in Eq.(3.46), in
conjunction with Romanelli’s formula, Eq.(3.50), for #{". For » < 0.1 — 0.2 m, the
experimental 7; is smaller than #®*™ and the ITG flux vanishes. For » > 0.1—-0.2 m,
up to the plasma edge, 7¢* exceeds the theoretical critical value and the difference
(nt® — nf*™) remains confined in the range 0-1.2. The ‘75 A’ momentum flux is absent
in the center of the plasma, becomes comparable in magnitude to the experimental
flux for 0.3 € r < 0.5, and then drops to a small fraction of the experimental flux
towards the edge.

Figure 6.9 illustrates the radial profiles of 7{* and those of several theoretical ex-
pressions of 7{". The error bars affecting the evaluation of #;, and subsequently of
x7T, are relatively large. They were estimated by performing a series of 100 transport
analysis varying the input plasma parameters within their ranges of uncertainty by
Monte Carlo sampling a Gaussian error distribution (16}, The error bars on the com-
puted and measured #; ( and on the other figures ) represent the standard deviation
of the calculated 7;. The correlation between the experimental and the theoretical #;
has also been discussed in Ref. [16].

Among the other expressions for the diffusion coefficient discussed in Section 3.3.2,
X7 Eq.(3.49), predicts the smallest diffusion coefficient. The torque flow evaluated
assuming X3 = x7'”" in Eq.(3.46) is indicated by K] in Fig. 6.6; it overestimates
the experimental flux by an order of magnitude in the center and underestimates it
by a factor of ~ 2-4 for r>> 0.6 m.

While the different momentum diffusivities based on the ITG theory fail to re-
produce the experimental data, {* ~ 7" over most of the plasma region, both for
Romanelli’s 7", Eq.(3.50) 381, and for Hahm’s 7", Eq.(3.51) 9 (having assumed
b, = 0.1}, as shown in Fig. 6.9. These results would support the hypothesis that
ITG transport is regulated by marginal stability. However, more recent experiments

have provided firm evidence that ion transport is not regulated by marginal stabil-

ity 191, Also the appropriateness of the transport coefficients X3 ', Eq.(3.49), and
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X " Eq.(3.52), which were derived for #; well above threshold, are questionable for

the experiments analyzed in this paper.

6.4 Anomalous momentum diffusivities

Starting from the torque flux, K3® of Eq.(2.13), interpreted from the local momen-
tum balance measurements, it is possible to construct an experimental momentum
diffusivity, but in order to do so it is necessary to make an assumption about the

mathematical form for of K3*. The most common assumption is that it has the form:

0= o @9
The experimental x5° and the anomalous x4, constructed by using the measured
plasma parameters to evaluate Eqs. {3.45), (3.49), (3.52) and (3.55) are compared in
Fig. 6.10. The differences between experimental and predicted values are similar to
the differences among the Kj’s discussed in Section 6.3.
It is of interest, however, to examine how the parametric dependences predicted
by the various theories compare with the experimental data. A regression analysis of

X5 in the range 0.25 < £ < 0.7 produced the following parametric dependence (161,
X5 CB{).mI;o.sgP;).zs(E)l.zz (6.5)

where C = 1 and 1.15 for co- and counter-injection,respectively.

A similar regression analysis, using as data points the values of x, predicted by the
different anomalous theories and as variables (B, I,,, P, v/a) produced a correlation
able to fit the experimental data no better than 40%. This large range of scatter of
the data around the fitting curve leads to the conclusion that this set of parameters
cannot properly represent the parametric dependence of the theoretical x4's.

Since the magnitude of the xg"” is comparable to the x§* only over a small range of

the minor radius, we checked if x§* correlates with the following factors, representing
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Figure 6.10: Comparison of momentum diffusivities, x4, for Shot 37513 {counter-
injection of 12.7 MW at I, = 1 MA and B, = 2.9 tesla). Legenda : ex = experimental;
smp = from Eq.(3.45); 7 H = from Eq.(3.52); mtor = from Eq.(3.49); up = from
Eq.(3.53).
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1.7-1.8 MA; A: counter-injection shots at I, =1-1.1 MA; O counter-injection shots
at I, = 1.7-1.8 MA; O: B < 4Tesla).
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the x4's given by Eqs. (3.45), (3.49), (3.52) and (3.55), in the range r = 0.2 - 0.4, m:

€r®  yTTL, T°L, T2*
RE"  RBL, VTN REL LT (69

The comparison with the second of the four factors is shown in Fig. 6.11. Similar

results were found for the other three correlation factors. We have been unable to

identify any meaningful correlation between measured x4 values and the factors listed

above.
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Chapter 7

VARIATION ON THE FLUX SURFACE OF n; AND Q,;:
THEORIES AND PREVIOUS EXPERIMENTS

7.1 Introduction

Ion densities and toroidal rotation frequencies can manifest observable poloidal varia-
tions on a given flux surface. Due to the role played by the magnitude of these poloidal
variations in determining the magnitude of the gyroviscous torque flux, Eq.(3.16), of
Hsu's and Sigmar’s torque flux, Eq.(3.41) and of the torque flux due to the rotational
viscosity, Eq.(3.44), this Chapter is dedicated to a review of experimental evidence
and theoretical predictions of such poloidal asymmetries.

Poloidal asymmetries of impurity ion radiation have been observed at the edge and
in the plasma bulk of different tokamaks 84:851~891 Geveral plausible explanations
have been explored experimentally and theoretically to understand why the usual
rapid parallel transport fails in maintaining the symmetry (90,1261,

Asymmetries of particle sources and sinks, and interruption of transport along the
field lines (which prevents the rapid reestablishment of uniform pressure on the flux
surface following a perturbation in the density)} are among the plausible explanations
for plasma asymmetries at the edge.

MARFE phenomena 9, characterized by increased radiation and density and
decreased temperature in a relatively poloidally-localized small volume at the inner
edge of the plasma, have been observed on a large number of machines and attributed
to a local thermal instability. Since their presence is limited to the plasma edge
and does not affect the confinement properties of the bulk plasma, they will not be

considered here.
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Within the plasma, a residual effect of the edge processes could affect the im-
purities at higher ionization state, coupled through collisional ionization and radial
transport to the lower ionization states. The VB drift was also hypothesized to be
the cause of up-down asymmetry in Alcator A 1851,

Several theoretical analysis have concluded that a large collision frequency between
main jons and impurities (which results in a large friction force), inertial forces in
strongly rotating plasmas, poloidal asymmetric particle sources and NBI momentum
input can produce Ofe¢) variation of density and electrostatic potential on the flux
surface.

Rotation velocity profiles in JET [17] and TFTR (see Section 5) were found to
be in-out asymmetric. Simple considerations of momentum balance predict that
vg ~ Puy; originates a Q4; ~ ¢, suggesting that this could be the origin of such
experimental observations. Therefore, we review recent measurements and theoretical

work related to vyg; at the end of this Chapter.

7.2 Theoretical estimates of #;
7.2.1 7, due to friction forces

Chang and Hazeltine 901 clarified the role of the friction force in driving up-down
asymmetries of ion densities, while studying the neoclassical transport problem for
a non-rotating plasma, with main ion species and high Z impurity species in the
collisional regime.

The parallel component of the momentum balance equation (Eg.(2.2)), where

inertia, source and viscous terms have been neglected,

1 8711‘ € ad _ ‘ T
w90 T, 6 - Mgy, (7.1)

relates the poloidal variation of density and electrostatic potential to the friction term,

which is the driving force of the asymmetries, in this case.
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For the main ions, indicating 2(r,8) = zo(r) + 2:1(r,9), (< 1/h >= 0} :

r mi T v V;ibai
E;?j R",[ = b T (1},1 ‘Un)" {.IJ: —— cosf bg B (72)

where wir; = vuni/(gR) ; b6i = paif Lyp;. It follows that the ordering &g ~ wiri/v4 leads
10 7iy ~ Qoée/T, ~ €.

The magnitude of 7i;,, not discussed by Chang and Hazeltine, but easily derivable
for j=I in Eq.{ 7.2), is:

Osi (7.3)

Tt follows that the ordering vy Z26p:/wiei ~ 1 leads to fiy, ~ €, in this case. This
expression for the up-down poloidal asymmetry of the impurity density coincides with
the first term of 7., Eq.(7.4), the expression used to fit the experimental measure-

ments on PDX some years later.

S.W. Wong B8] reformulated the neoclassical problem of impurity transport, in
which atomic physics and radial anomalous terms are included, to derive an expression
for the asymmetry parameter 7,5, defined by: n;(r,8) = ns(r)(1 + n,ssinf). The
impurity transport was described by the particle continuity and momentum balance
equations, Egs. ( 2.1) and ( 2.2), with the inertia, the viscosity and the momentum
source term neglected. Expressions for vy and 8% /89 were borrowed from a previous
solution of the neoclassical transport problem in non rotating plasmas ®9!,

An equation for On; /9@ was written by deriving the parallel and perpendicular im-
purity flows from the momentum equation and substituting them into the continuity

equation, and used to obtain:

2v2m; RZ}v;; . 1 1 A€ pa;
=B, L, (1“5_2 7 Rl TRy
¢ T ifde

where £ and A are parameters dependent on the ion collisional regime (and propor-

(7.4)

tional to the thermal contribution to the friction force and to the poloidal variation

of the potential on the flux surface, respectively).
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Since Zjvi = vii, the first term in Eq.( 7.4) is of the form: ¢® R Zyvy/(waly, ),
equal to dygZ;/L,,, with dyg given by:

1.5T5(r), mig?R%y;.  1.5¢°Ruy
dVB=UVBTRq=[eBRZI” Ti(r) | = 0.

The experimentally cbserved asymmetry parameter in the PDX experiment described

(7.5)

in Section 7.3.3 was in agreement with n,; estimates when the main ions, that were
in the transition region between the platean and the banana regime, were assumed

to be collisionless.

Hsu and Sigmar 26l have studied the particle and momentum transport in a
strongly rotating (vm; ~ va;), impure plasma (two ion species), in P-S regime and
neglecting temperature variations. They adopt the Larmor radius expansion of the

kinetic equations (f; = f}m + f}” + 0(633-) with f}-” ~ bg; ;0’). in conjunction with

a moment approach. Their transport problem is described by the following set of

equations:

¢ O(1) continuity equation (in the absence of O(1) sources, that is a realistic

assumption for actual plasmas):
V(n'#”) =0 (7.6)
e O(6;') momentum equation:
ve!l=4#"x B (7.7)
¢ O(1) momentum equation:
m;# V) + Vin(n'T") = —¢; V8% + e, x B + (R;) (7.8)

The friction term is included in the O(1) equation for impurities when
A = 60 2%V 2 [whei ~ 1.

In the case of A ~ &y, the friction term is included in the higher order equation.
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o odd part of the O{6,) parallel momentum equation:

(1)
- T " - _.
n}‘”z}B-Vj;—, +BVI) 150 bVB — —e;n B Ve + BRL) (7.9)
. j

(z; = xj4 + x;—, respectively up-down symmetric and up-down asymmetric

parts).

o O(1) and O(6,) viscosity equations (See Ref. [26]) , essentially the Bragin-
skii tensor with corrections of the parallel viscosity due to the presence of the
impurity.

From the solution of the first two equations, and from the O(1) parallel projection

of the [m;(7;@ — v*/31)] moment equation, one derives that Qg}’ is a flux surface

constant.

n}m is found by solving the parallel projection of Eq.( 7.2.1). In the case of A ~ §y;:

0.5 m_,-v‘(ig)g - ej<I>‘°’

n{® = Nj(r)ezp( L
K

) (7.10)

is an in-out asymmetric function, with asymmetries of magnitude #,. ~ evﬁj /vfhj
driven by the centrifugal force.

The FSA of Eq.{ 7.9), for j=i,I, constitute a system of equations in the poloidal
variations, the solution of which gives: vp ~ O(6p:) < ver. Eq.( 7.9) can then be
solved for the impurity species, to derive the up-down density asymmetry, driven by
the parallel i-I friction, the magnitude of which is found to be n}l_) ~ ¢A. This result
coincide with those of Chang et al. 901, Burrell et al. ©31 Stacey et al. 94 and is
proportional to Terry’s result 891,

In the case of A ~ 1, the n}? is strongly coupled with nﬁ-o_} ~ €.

The transport fluxes were calculated for the strong up-down density variation case

and found to be induced by parallel friction.
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This “strong ordering non linear theory (A ~ 1)” was employed in the comparison
with the TEXT measurements 961, The theoretical expectation for the impurity

densities asymmetries, that is:

- 2eul? aDA a T
s T T———— I ee———— _Z i) — _l .
M T Tv ez #T K o+ -l“,;)[ar np) T.Zy ner)l (7.11)

was found in agreement with the measurements, as shown in Fig. 7.1.

Figure 7.1: Theoretical predictions of #i;, for carbon, aluminum, titanium and iron

(lines). Experimental data points are shown as error bars. 196

7.2.2 17y due to perpendicular NBI

In the case of perpendicular NBI, the perpendicular energy of the fast ions (‘f’) is

higher than the parallel energy and the majority of the fast ions can be trapped in
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the magnetic well on the outboard side of the torus, creating a poloidal modulation
of ng; on the flux surface.

Chang and Harvey 921 calculated the magnitude of 7is;(#) using the fluid equation
approach for the background species and a kinetic approach for the fast ion species
and found values close to 0.5 in the case of perpendicular injection.

From the quasi-neutrality condition and the parallel component of the momentum
equation for the different particle species, one derives that the contribution of 74, to

the poloidal variation of the electrostatic potential is:

e‘bgi’
T,

TLes T,‘ Mgy _
= ﬁ.ﬂn—f COSH[TT + Zegy — f] L (7.12)

For quasi perpendicular injection in PDX, the contribution of the fast ions to the

normalized electrostatic potential variation was estimated to be of order ¢ 92),

7.2.3 #; due to asymmetric particle sources

The effect of poloidal asymmetries in the sources of impurities on the poloidal dis-
tribution of the impurity density was discussed in Ref. [91]. The continuity and
momentum balance equations, for a neoclassical two ion species plasma, were used
to derive expressions for 7i;, and #;. in term of S;, and S;.. It was shown that for a
S; ~ O(e) to have a substantial effect on the density poloidal asymmetry, the source
strength had to be Sy ~ n; x 10%(5)~!, for parameters representative of present toka-
mak plasmas. Making realistic assumptions for the limiter sputtering rate, recycling
factors, mean free path, etc., it was concluded that impurity source strengths of this

order are plausible in the plasma edge region.

7.2.4 #; due to inertia forces

Burrell et al. @3] pointed out the role of the inertia term in Eq.( 2.2) in driving
density asymmetries that strongly affect radial particle transport.
The parallel projection of Eq.( 2.2), with the viscous and source term neglected,

was solved for the density variation on the flux surface, assuming:
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- large aspect ratio limit,
-my/m; > 1 30 that var ~ vy € Yai;
- nyZ%/n; < 1 so that V& and vy are not affected by the presence of impurities;

- v, ®; and the thermal portion of the frictional force are as derived in Ref. [59];

to obtain:
2 2 2
m;q RZI Vi V,‘.'Zf
] o~ = 6 “ 7- 13
u € B¢ L. ) Wiei 0 ( )
2
" 1Y)
c ™ 7.14
ige ~ € (7.14)

where: np(r,0) = no(r)(ftse(r) cosd + fiz,(r) sind).

The magnitude of the up-down asymmetry confirms the result of Refs [90] and [85].
The magnitude of the in-out asymmetry, due to the centrifugal force, is of O(e) when
the ions have a toroidal velocity comparable to their sonic speed. The magnitude of

the up-down asymmetry is O(e) when v;; 228, fwy,; ~ L.

7.2.5 #; due to momentum input, inertia and friction

Stacey and Sigmar 97494 presented a self-consistent derivation of the poloidal varia-
tion of density and potential, while solving the problem of radial transport and particle
flow in the flux surface. The description of the transport problem consisted of the
continuity and momentum equation, Egs. ( 2.1) and { 2.2), the charge neutrality con-
dition for a two ion species plasma (3°; ¢;n; = 0) and the ambipolarity assumption
(3, e;T; = 0), solved omitting VT effects, in the large aspect ratio approximation.

The toroidal viscous term < Réﬁ'Vﬁj > was represented by a phenomenological
term of the form: —m;n;v4ve;R , in Refl [97]. The parallel viscous term < ﬁ'V'T:Ij >
was written as sum of the usual neoclassical paraliel viscosity term (Eq.(3.3)) and the
parallel projection of this phenomenological viscous term. The momentum transfer
coefficient, vy, was inferred from experimental data.

The variation of density and potential on the flux surface was calculated from

the parallel projection of the momentum equation. This was done self-consistently,
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in conjunction with the evaluation of the poloidal velocity, by solution of the flux
surface average (FSA) parallel component of the momentum balance equation, and
with the evaluation of 8%/dr, from the sum of the FSA toroidal component of the
momentum balance equation over species and using the ambipolarity assumption.

Densities and potential were assumed of the form given by Eq.{ 3.15) , with the
simplifying assumption of # and @ independent of 1. The electron momentum equa-
tion was used to relate ® with 7i;, and a set of coupled equations for the coefficients
fis; and fi.; (with j=i,I) was obtained by taking the sinf and cosf projections of the
parallel component of the momentum equation for main ions and impurities.

The poloidal variations were calculated for the titanium impurity in ISX-B (a =
0.05 and Zp; = 22) and for the tungsten impurity in PLT (¢ = 0.1 and Zy = 74).
Both the up-down and in-out asymmetries were found to be O(¢). It was found
that the NBI momentum input was the main driver for the high Z impurity density
asymmetry.

Subsequently, Stacey and Neeley 27) have developed a consistently ordered hier-
archy of fluid equations from kinetic theory, which they solved for 7i;, and #;.. They

found, for the collisional ordering vy /we,; ~ 871, that #ij, ~ ;e ~ €.

7.3 Experimental measurements of 7;

7.3.1 #@;in ALCATOR A

Up-down asymmetries of highly collisional impurity ions (O, N), near the plasma edge
of OH discharges of Alcator A, were reported in Ref. [85].

The measured quantity was the volume VUV emission rate of a particular impurity
ion (for example OV {630 A)) along chords of the plasma cross section. This quantity
is proportional to the density of the ion along the line of sight, since the excitation
rate should be poloidally symmetric. The asymmetry was found to become visible
for i, > 5 x 10'* m~3, to increase with density and to reverse when the direction

of the magnetic field was changed. This last observation eliminated the possibility
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that the effect was instrumental, due to gas puffing or to uncentered plasma, and the

asymmetiry was attributed to the VB drift.
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Figure 7.2: Variation of the Asymmetry Parameter with dyp, Eq.(7.5), in Alcator A
185}

The ratio between the larger and the smaller peak in the brightness profiles (see
Fig. 7.3) was found to scale linearly with the distance which an impurity ion drifts
radially during a poloidal excursion of one radian (see Fig. 7.2), defined by Eq.(7.5).
For a density of fi, = 3.6 x 10°® m~3, dyg for CV is 4.0 cm. For the range of plasma
parameters given in Table 4.1, the asymmetry parameter (a.p.) varied in the range
1-4 and, correspondingly, dvp = 0.2 — 7cm. Assuming constant temperature on the
flux surface and that the brightness is proportional to the density, these values of
the asymmetry parameters shouid correspond to Ay ~ (a.p — 1)/(a.p. +1) = 0~ 0.5.
The following explanation was given: the OV ions located in the region where the

VB drift is inward will penetrate to the higher-T region and be ionized, causing the
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observed asymmetry in OVI emission.

It was then concluded that this was the first experimental evidence that the VB
drift affects transport and that it had to be included explicitly as a major impurity
transport process in tokamaks. Further theoretical works showed that friction effects
produce asymmetries with the same scaling, as discussed in Section 7.2.1.

In a later paper [36], observations of enhanced impurity line radiation emission
near the limiter in Alcator A were attributed not to the VB drift but rather to the

effect of local recycling.

7.3.2 #;in PLT

Radial profiles of spectral line intensities from different H, He, C and O ionization
states were measured in PLT OH plasmas with an optical system from simultaneous

87), The common feature of several scans was the

spatial and spectral scanning
strong top-bottom asymmetry of impurity densities, which could change during the
discharge and even reverse direction.

The VB drift of ions could not explain the asymmetries, which rather were found
to be correlated with the gas feeding program, the relative position of the limiter,
the T; near the edge and the developing of disruptive instabilities, In general, the
lines of higher states of ionization were more symmetric than those of lower states.

All of these observations suggested the influence of the plasma-wall interaction and

localized sources of main and impurity ions on the observed phenomena.

7.3.3 #; in PDX

Results of the investigation of the causes of poloidal asymmetries in impurity density
observed in the ohmically heated PDX plasma were reported in Ref. [88]. Chordal
profiles of line emission from C and O ions, in the range 2000-3000 A, measured with
the Fast-Rotating Mirror diagnostic, were found to be up-down asymmetric. The

direction of the asymmetries of the C and O ions were found to be opposite to the
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vertical ion drift and more pronounced for the lower ionization states (see Fig. 7.3),
in agreement with the observations on Alcator A.

The hypothesis that asymmetries of the higher ionization state in the main plasma
can be due to coupling with lower ionization states from recycling of local impurity
sources was ruled out by simultaneous measurements of an extremely asymmetric
emission profile from CIII, mostly concentrated at the edge, and a symmetric emission
profile from CV, present in the plasma bulk.

The hypothesis that impurity poloidal asymmetries were due to charge exchange
recombination with an asymmetric neutral hydrogen background was also ruled out
by the observation that asymmetry in the radial profiles of Hg, CIII and CV emission
could change sign independently.

Results of a 2D transport simulation of carbon impurities, performed assuming
resonable values of a neutral source at the wall, of convective velocities and diffusion
coeflicients, showed that the parallel transport in PDX is too rapid to sustain poloidal
asymmetries caused by asymmetric nentral wall sources or asymmetric diffusion co-

efficients.

The neoclassical expression for the asymmetry parameter 7,¢, defined by:
ns(r,8) = ni(r)(1 + n,4sind) and given in Eq.(7.4), was in agreement with the ex-
perimentally observed asymmetry parameter (see Fig. 7.4). The ng} data for CV
(at an unspecified radial location) spanned the range 0-0.4, that is of O(a/R). The

corresponding range of variation of the plasma parameters was not specified.

In a series of NBI discharges on PDX, electron density horizontal-midplane profiles
showed an in/out asymmetry as expected because of centrifugal forces 189 The
surprising result was that the in-out asymmetry increased with 7., despite vy o
1/7,, T; « 1/1, and the other experimental conditions kept constant. According to

momentum balance, the centrifugal force drives 72,
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Figure 7.4: Experimentally observed value of #,; for CV plotted versus its theoretical
prediction from Eq.(7.4) 88!

fiec = mivge/ (T, + T.), and 7. should vary as 1/a, for T; « T, or as 1/aZ for

T, << T;, which was in disagreement with experiments.

7.3.4 i in ASDEX

Large poloidal asymmetries in the distribution of impurity ions over the flux surface
were observed during NBI, L- and H-regime, ELM-free discharges in ASDEX (891,

ELMs (Edge Localized Modes), a type of MHD instability (helical m=3,4, n=1)
observed in H-regime only, increases the transport in the plasma periphery and pre-
vents impurity accumulation. {They appear as periodic and irregular events causing
spikes in the H, and x-ray emissions from the edge, decrease of By and they are
interpreted as fast H-L-H transitions) 198,

When ELMs are absent, a high-confinement regime (H*) is reached, and impurity
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Figure 7.5: USX-ray image of NBI, H-mode type plasma (just before an ELM dis-
ruption) (84!
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accumulation takes place. Emissivity of impurity ions (mainly Fe) over the entire
cross section was measured by USX-ray (Ultra-Soft-X-ray) cameras at different times
during a OH— NBI discharge. The x-ray image of the plasma shows concentric,
nearly circular surfaces of constant emission during the OH and the L-mode phases.
Immediately after L-H transition, asymmetries, due to a redistribution of impurity
ions, appear. The visible up-down asymmetry is in the direction of the VB drift,
opposite to the direction observed in Alcator A and PDX (see Fig. 7.5). The in-
out asymmetry is attributed to the increased centrifugal force acting on the metal
ions, since the momentum confinement is seen to improve, along with the particle
and energy confinement, from the L to the H mode. No comments on the correspon-
dent density asymmetries were published. Values of v; during the L-phase were not

reported; during the H* phase, vy ~ 2 10°m/s, and 74, ~ 150 ms ~ 7p.

7.3.5 #;in TEXT

Recently 1961 carbon, aluminum, titanium and iron were injected into TEXT via
laser ablation or pellet injection. Poloidal up/down asymmetries of these impurity
densities were observed using a horizontal x-ray imaging array. Figure 7.6 shows the
value of #s,, for aluminum, at three different radii. Typical TEXT parameters are:
B=2.5 T, I,= 300 kA, #. = 3103 cm3, T.(0)= 1 keV, a=26 cm and R= 100 cm.

While it was not possible to reverse the toroidal B-field, these measurements were
repeated after reversing the plasma current, but no clear current direction dependence
was found.

Fluctuations of ®, n, and T, also exhibit an asymmetrical nature in their spatial
as well as spectral resolution. In particular, the up-down asymmetry in the turbulent

fluctuation has been observed to change sign when the plasma current is reversed 33,
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Figure 7.6: 7y, for aluminum at three different radit [96)

116



7.4 Theoretical estimates of Q¢j

The toroidal rotation frequency can be written as: (70)
By 1 o
Q’W = R B@ Ejnjpj $ (7 15)

The magnitude of Qy; is therefore a function of the poloidal variations of the RHS

terms in Eq.(7.15). The magnitude of {; ~ ¢ was discussed in Refs. [70] and [99).
Ref. [70] discusses poloidal variations of 4; which result from poloidal variations

of the electrostatic potential. The toroidal rotation frequency can in fact be written

as: (70

Vg B¢ 1 ' ¢
= L . — & .
Qm R Bo (e_f‘nij ) (7 16)

where the ’ indicates 8/(ByR8r). Ref. [70] points out that if the last term is
poloidally asymmetric and large enough, it could drive relevant S-I¢j. Several Refer-
ences ([90], [92], [100], [101]) are cited in support of the possibility that 8/ ~ ed’
and that this would lead to Q4; ~ e.

Ref. [70] also reviews previous theoretical-computational work which led to rela-
tively large values of vg; (case with collisional impurities and ions in plateau regime).
Since wg; = KBy /n; for values of vp; ~ Bug; one expects Q4. ~ €. If the conditions

vsj ~ (uy; and fi,; are both verified, Eq.(7.15) predicts QM ~ €.

Ref. [99] also discusses the arguments presented in Ref. [70] in support of {4; ~ ¢

and it points out the following facts.

o Possible mechanisms causing & ~ ¢ studied in Refs. [92], [101], namely perpen-
dicular injection and RF heating, are not necessarily associated with plasma
rotation. In any case they would not lead to any substantial up-down asym-
metry of the rotation velocity and they would drive & mainly ~ 5; cosf. If
&, ~ ¢, it follows that:

Poj Vths

Qyia 7.17
a vy ojs K € (1)

Qpjc ~ €
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(For the data in Table 4.1, (pa;/a)(veas/v4:) = 0.1 - 0.3 , assuming q=2). For

an impurity species, this same factor would be a factor Z; smaller.

o Only trace impurities can be sufficiently collisional to give rise to a large friction
force able to drive #i;, ~ €. But in this case, because of the low density of these

impurities, &, < e.
» The 5, term alone would give rise to poloidal variation of ;; of the following
order:

Q¢,‘, < ﬁ¢jc ~ fﬂl’f’—f €€ (7.18)
T Tn;

(Eq.(7.18) is derived from Eq.(13) in Ref. [99]. Eq.(7.18) is based on the
assumption that #; is driven by centrifugal force and that 7;, can be ~ ¢ only

for trace impurities).

In summary, theory supports the possibility of Q4. ~ ¢ in case of vy ~ Py,
and of {4, ~ € when both conditions vg; ~ Bus; and #;, ~ € are verified. In case of

#t; ~ ¢, the &' and p; alone (E.(7.15), would generate Qy; < e.

7.5 Experimental measurements of Q¢j

Measurements of vy radial profiles are usually done in the horizontal midplane and
cover the R > Rj plasma region, including often a few data points for (R, —
10/20cm) < R < Ry The data for R < Ry are usnally neglected because the
error bars increase as R decreases. This limited information on the velocity profile
makes it difficult to comment on the Q24(#) dependence.

Ref. [17] reported the observation that the peak rotation (toroidal velocity of
carbon) appeared shifted by 10-15 cm with respect to the T, profile in JET 171 byt
the origin of the shift was not discussed. On the contrary, as result of analysis of

rotation measurements on DIII, Q4 was found to be a flux surface function , within
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the experimental errors (which, from the figure in Ref. [5] appears to be of the order

of 10 %). Toroidal rotation of helium was measured in this case.

7.6 Poloidal velocity
7.6.1 Theoretical estimates of the poloidal velocity

In the framework of the neoclassical theory, the theoretical evaluation of the poloidal
velocity has been attempted in a variety of ways.

For OH heated plasmas, vs has been estimated [L02] from an expression by Hir-
shman [61],

U= =R (7.19)

where u); and p,; are the ion parallel viscosity coefficients associated to the flow
and the heat flux respectively. The value of u2 /i was estimated to be -1.7, 0.5 and
1.69 in the banana (] < 1), the plateau (1 < v} < ¢”'?) and the Pfirsh-Shliiter
(718 < vy) regimes, respectively 631, This expression is valid when < B > can be

neglected with respect to < g¢B > and therefore g4;/p; becomes ~ 5/(2e;B) 8T; /0r.

Refs. [63) and [64] prescribe that vp;, along with gy;, can be calculated from the
system of simplified FSA parallel momentum and heat flux equations. The simplifi-
cation consists in neglecting the momentum input term and the viscous forces, other
than the parallel viscosity, in Eq.(2.2) and the electric field, viscosity and source terms

in Eq.(A.1} to obtain:

l
1

tUL

v/

(7.20)

e

i

=<
=<

@u .':Iu

v
v

UUL
b

7

vV

Substituting the viscous-flows and friction-flows relations, Eqs. (B.1), one obtains:

299 _ T E[Ioo(vsk+%k§-)+l ~Z Vlkg)] (7.21)

Y,
1o — C2"5 p;  mn; 5 B 5p
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2qs; T ; B ik, 20k B
G285 ~ C:ugp—; = m:;bj Zk: [Fio (ver + Vorg) + lil(_ga +Vup))
(7.22)
with ¢3; = ¢[39/(4v/2) — 251n(1 + v2)/4], (u.2); given by Eq.(3.9) and
11 % o2 = 1%
VOk B ﬁ(eknk ér 31') Vlk - ekﬁ or (723)

In NBI discharges, the momentum input term and the toroidal viscosity, in Eq.(2.2)
can have magnitudes comparable to the magnitude of the leading terms in the equa-

tions and should not be neglected.

In the transport problem of Ref. [94], the heat flux was neglected and the FSA
parallel momentum balance equation was solved including momentum input, inertial
and parallel viscosity terms and a phenomenological representation of the perpen-
dicular viscosity, along with an equation for the electric field, to calculate v4. For
the ISX-B deuterium plasma, with a titanium impurity (Z,. = 0.05) and for the
PLT deuterium plasma, with a tungsten impurity (Z,. = 0.1) it was found that

vor ~ Buyr and that |ve;| < |ver|, since vg; ~ —vprper/ ;.

A neoclassical model for the poloidal velocity driving/damping forces has been
recently given by Shaing and Crume 1031, They use the FSA poloidal momentum

balance equation for a one-fluid plasma
< BVl >=< B;B x el ony > (7.24)

including the ion flux, fo,b, associated with ion-orbit loss, and a form of the parallel
viscosity valid in collisional regime and up to values of vg ~ v, B/ B. Their formulas
show that the combined action of the radial current and the parallel viscosity leads

to a bifurcation of the solution v,.

A.B. Hassam has recently pointed out 194 that a poloidal asymmetry of the
radial velocity is naturally coupled to the poloidal velocity through the inertia term.
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Using continuity, toroidal and parallel momentum one-fluid equations, and neglecting

sources and toroidal viscous forces, he derived the equation that links vy and 4,:

€ 70 < vgh > qg 0

= -~ 7 7 iy 2 A =0(7.2
q(1+2q ) B +1mp < vgh > + < yh > o Br(m < 2cosfy, >) = 0(7.25)
where yyp < h >=< ﬁ/BﬁV‘ﬁ >, If the viscosity damping is small enough,
that is if ypp << 2cosfv, > [(cL,), a relatively large in-out asymmetry of v, (the
neoclassical #, is too small to produce such an effect, but the actual v, can) drives

the poloidal velocity.

7.6.2 Experimental measurements of vy

Measurements of the poloidal velocity have always been of fundamental importance
in the investigation of viscosity, the radial electric field and transport in general. The
recent finding 11031 ¢hat changes in vg at the plasma edge accompanies the L-H mode
transition has motivated several experimental investigations of the edge vy, as well
as theoretical speculations. While measurements of vy at the plasma center have not
been too successful in the past, vy profiles have recently been measured successfully
near the separatrix of several tokamaks and in the central plasma region of TFTR.

A brief description of these measurements follows.

Ref. [3] reported the first measurements of vy; during NBI in PDX. In order to
impart poloidal momentum to the plasma, the vertical coordinate of the magnetic
axis was varied as much as 10 cm in either direction. It was found that the poloidal
rotation velocities in the plasma outer region were lower than the limit of sensitivity
of the FARM diagnostic ({|vs|| < 3 x 10° m/s) , while the emission from ions close
to the center was too weak to perform the measurements. During the OH phase,
no poloidal rotation was observed and the central toroidal rotation was found to be

~ 10® — 10* m/s and in the direction opposite to the current.

Measurements of vg; in TFTR discharges, during NBI, were recently reported in
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Ref. [106]. Poloidal rotation of 1.2 x 10* m/s in the ion diamagnetic drift direction
was measured at r/a ~ 0.25 during nearly balance injection of 11 MW, using the
vertical x-ray crystal spectrometer (FeXXV, K, line). The toroidal velocity reached
5 x 10* m/s in the counter direction. It was reported that the magnitude of vy, was
consistent with the neoclassical predictions according to Ref. {107]. (If we use the
expression vgp, = —k/(eB)dT;/dr = 4.3 x 10%m/s, with k in the range [-1.7, 0.5],
according to Ref. [107] because (v/wir)per=02 ~ €2, we obtain vsr. in the range
[-1.5 x 10* to 4.3 x 10%] m/s. This indicates that the measured value of vy is not
inconsistent with Hirshman’s neoclassical estimate.

There are no measurements of v,; in unbalanced NBI shots with higher value of
vg (> 10° m/s) because the vertical spectrometer picks up 7% of the toroidal speed

and the accuracy of the evaluation of vg; becomes critical.

The magnitude of vy was also measured in the edge and scrape-off layer of DIII-
D in NBI and OH plasmas, in L. and H modes, with a CHERS diagnostic (He II,
4686 A) (105}, Changes of vy; at the edge from 10* to 3 x 10* m/s, accompanied by
changes of v, from 3 x 10* to 5 x 10* m/s were reported for NBI discharges. The main
ion collisionality parameter was ¢ = 1 — 10 at the edge of these discharges; since
vy ~ v} Z2, the impurities were in the highly collisional regime. The vg; was in the ion
diamagnetic drift direction. The observed values of vs; were reported to be at least
one order of magnitude larger than calculated from the version of the neoclassical
theory as formulated, for example, in Ref. [64], but they were in agreement with the

ion-orbit-loss model of Shaing and Crume {103].

The poloidal velocity was measured at the plasma perifery of JFT-2M in the spa-
tial range [a - 3 cm, a + 1.5 cm| with a CHERS diagnostic (CVI, 5292 A) 1081 Data
were reported for 0.7 MW of co-injected NB power with a L-H transition occurring
after 25 ms of NBI. The main ions collisionality parameter, ¢# changed from 44 to 22

at the transition from L to H mode. The vg; was observed to be in the electron dia-
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Figure 7.7: Radial profiles of poloidal (circles} and toroidal (squares) rotation veloc-

ities,as a function of the distance from the separatrix, for L-mode and H mode in

JFT-2M. d, is negative inside the separatrix. 108
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magnetic drift direction and to increase in magnitude at the L-H transition regardless
of the direction of I, and injection; the change was fairly localized near the separatrix.
Figure 7.7 shows the vy and vy profiles before and after the L-H transition; they are of
the same magnitude and they both increase in the H mode. The change of v, at the
L-H transition was found to agree with the prediction of Shaing and Crume’s model

(103) by including the additional effect of fast jon losses.

Spectrometric measurements (CIIL, 4647.4 A) of vy from the plasma edge of AS-
DEX (109 were also taken during the OH phase and the NB co-injection of 2.7 MW
of a plasma discharge. The OH phase did not show any measurable v;; during the
NB H-mode, vg rose up to 1.6 4:0.3 x 10° m/s (presumably in the ion diamagnetic
drift direction, but non specified) while v, was about 4 x 10* m/s. No comments were
made in Ref.[109] regarding comparison of the data with theories.

Summary of vs measurements - The picture resulting from the available
poloidal velocity measurements is far from complete. From TFTR there is some
experimental evidence that vs; can be comparable to v, in the plasma center in case
of balance injection and v, ~ 5 x 10%m/s. The plasma was found to rotate poloidally
in the ion diamagnetic drift direction, as prescribed by Eq.(7.19) for impurities in the
plateau and collisional regimes, but its magnitude is a factor of 3 smaller than the
prediction by Eq.(7.19).

Measurements at the edge of several machines have revealed that vg; ~ vy for a
range of values of vy that does not exceed 5 x 10* m/s. The neoclassical predictions
underestimate the edge velocities by one order of magnitude, and in this region the
Shaing and Crume predictions are found to be in agreement with the experimental
values.

It is impossible at this point to extrapolate the experimental results for the higher
regimes of toroidal velocity pertaining to NBI discharges since the mechanisms that

control the magnitude of vy are not well understood.
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7.7 Summary

Up-down density asymmetry of collisional impurities were observed in OH plasmas,
namely in Alcator A, PLT, PDX and ASDEX, and in the NBI ASDEX rotating
plasma. An in-out asymmetry of Fe ions and n. were observed, respectively, in
ASDEX and PDX in rotating plasmas. There is no experimental observation of up-
down asymmetries of main ions or 7.

Neoclassical theory predicts variations of the ion densities on the flux surface
under certain conditions. The parallel friction drives an up-down asymmetry of the
impurities of order 7y, ~ €A, where A is a parameter proportional to the ion collision
frequency and it is ~ O(1) for highly collisional ion species (v} ~ (¢7164;)~"). The
up-down asymmetry of the main ions is predicted to be much smaller, ie. 7; ~
firng/(niZr).

The centrifugal force drives an in-out asymmetry of the density, ;. ~ €(vg; /ven; )%,
that is of O(¢) for sonic ions. The main ions have a smaller in-out poloidal variation,
compared to the impurities, since v3; ~ Z;v2 ;. The centrifugal force also drives an
up-down asymmetry 7y, ~ €A for collisional impurities.

Momentum input can drive 7i; ~ ¢ for high Z impurities. The theory also predicts
that localized impurity sources at the wall may drive large and localized #;.

There is some degree of agreement between the experimental observations of
poloidal variations of impurity density and thé neoclassical theory. While the up-down
asymmetry of ny in Alcator A and PDX agreed qualitatively with the neoclassical
predictions of fiz, driven by the friction force, the in-out asymmetry of the electron
density in rotating PDX plasma, attributed to the centrifugal force, did not scale as
predicted. The in-out and up-down asymmetries of the Fe impurities, observed on
ASDEX, during NBI, were not studied qualitatively.

There is some experimental evidence of in-out asymmetry of Q,; from JET; up-

down asymmetries of Q,; have never been measured.

125



Theory predicts:

! []
Vg Pi ®,

Qy; = —(2ecosd + 7i;) -
# VugiB ey Qg

(7.26)

Equation 7.26 shows that poloidal variations of order v,;3 would lead to in-out asym-
metry of the rotation frequency of order 2¢+#,, and to up-down asymmetries of order
fijs. The order of magnitude of the pressure gradient term is #;{pg;/a){vgj/van;) < #i;.
Asymmetries of the electrostatic potential alone would cause ﬁo;,- ~ &

There is experimental evidence of vgr ~ v4 at the edge of several tokamaks, that
is explained by the presence of a strong particle flux due to first orbit losses [103].
There is experimental evidence of vg . ~ Bv4 in the center of balance NBI discharges
in TFTR. As discussed, these values of v; should result in an observable (order of ¢

or larger) in-out asymmetry of ;.

In summary, there is experimental and theoretical evidence that O(e) poloidal
asymmetries in the impurity density and rotation can occur in tokamaks under certain
conditions. In Chapter 8 we will examine further if the conditions, which have been

identified as drivers for the discussed poloidal asymmetries, are present in Exp.44.
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Chapter 8

POLOIDAL VARIATIONS OF DENSITY AND
ROTATION FREQUENCY IN TFTR Exp. 44

8.1 Introduction

This Chapter is dedicated to the study of poloidal variations of ion densities and
toroidal rotation in the TFTR Exp.44 plasma.

In Section 8.2 we discuss measurements that can be interpreted in terms of poloidal
variations of density and rotation velocity. Measurements of the n2Z,; vertical profile
and of the 4 horizontal radial profile are available. Direct measurements of ion
radial profiles are not available for Exp.44.

In the following Sections, the poloidal variations of density and rotation frequency
are evaluated from theoretical expressions. Only neoclassical mechanisms for pro-
ducing density and rotation frequency asymmetries are treated in the calculations,
although the effects of anomalous mechanisms are discussed.

It 15 assumed that the temperatures are flux surface functions. The mechanisms
producing temperature equilibration over the flux surface are, in fact, stronger than
those involved in producing density equilibration. Moreover, the evaluation of f}(r, 6)
would require the solution of the energy equations, which would further complicate
the already complex formulation and introduce further unknown quantities.

For simplicity, #; and Q,;.,- are first calculated by neglecting the contribution of the
conductive heat flux in the viscous and friction forces. The additional contribution
of the heat flux is subsequently discussed. The continuity equation and the radial
momentum balance equation are employed to determine the forms of the poloidal

and toroidal velocities. The form of §dy;, in terms of #; and other quantities, is then
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derived. The poloidal projection of the momentum equation is the balance equation
that relates #;, and 7. to the driving (inertia, viscous, etc.) forces. The FSA poloidal
or parallel momentum balance equation (and the FSA parallel heat flux equation, in
the case §; # 0) must also be solved to evaluate vy;, upon which iy ,, depend.

The magnitudes of the various terms are estimated making use of the plasma
parameter measurements for TFTR Exp.44, when available, or of plausible estimates,
when necessary; terms that are estimated not to affect the balance equations are
neglected at the outset, with the purpose of simplifying the derivation. The toroidal
and radial velocities are not calculated selfconsistently; instead the measured values
are used.

While perpendicular neoclassical transport is generally believed to underestimate
the actual transport in tokamaks, the paralle]l transport seems to be dominated by
neoclassical mechanisms. In fact, neoclassical parallel transport can account fairly
well for resistivity, bootstrap current and damping of poloidal velocity (1101 1p the
derivation that follows, the viscosity is assumed to be neoclassical. Viscous forces
arise only in the poloidal projection of the momentum equation, where the parallel
viscosity is the dominant mechanism.

At the end of the Chapter, we present a discussion of the @, qu.,- and & results

and of how they compare to the previous estimates, that were reviewed in Chapter 7.

8.2 Measurements of #; and Q4 in TFTR Exp.44
8.2.1 Measurements of n’Z.;;(R)

Measurements of the vertical profile of n2Z,;; were carried out for the shots of Exp.44
(111), The x-ray emission intensity measured by the XIS diagnostic has been measured
for a series of co- and counter-injection shots, both for the OH and NB phase. Fig.
8.1 shows the measured intensity as a function of the tangency radius of the viewing
sightline normalized to the minor radius, for shot 37309 (co-injection of ~ 10 MW of
beam power at I, = 1.1 MA} and after 500 ms of NB injection. The solid line is a
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Figure 8.1: X-ray emission integrated along the sightlines of the XIS diagnostics
(arbitrary units) as function of the tangency radius of the sightline normalized to

minor radius (Shot 37309, after 500 ms of NBI injection).

smooth fit to the data. This figure and all the other plots of the x-ray emission show
profiles symmetric with respect to the midplane, indicating the absence of poloidal
asymmetries of n2Z,; within the error bar affecting the measurements themselves.
The error bar affecting the measurement of each of the 40 detectors is ~ 10%. The
uncertainty in the overall up-down asymmetry is therefore reduced by a factor of
1//40 1561, ‘

The symmetry of the XIS emission profiles does not rule out compensating asym-
metries in the main ion and impurity densities, but implies that a relation among
them must be satisfied. In fact, if compensating ion and impurity asymmetries of
relevant magnitude are present they would have to satisfy:

|ﬁ,‘n,‘0(1 + ngf) + ﬁj‘n_[OZ[(Zf + Zeff) + T-ZMnMon(ZM + Zﬂf.f)l

(neZurs) << 10%(8.1)

where n; = n;0(1 + ;).
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In case of Z,55 = 3, Z ey = 0.5, Zr = 6 and Zyr = 26, this relation among the ion

densities becomes:
i + Ry + 0.27 4| << 0.1 (8.2)

In case of iy ~ fiyr ~ e at r==a/2, this relation would result in the requirement

|fii| ~ €, in order for #; to compensate O{e) values of fiy and 7ip.

8.2.2 Measurements of Qu;(R)

Figure 5.3 shows the toroidal velocity radial profile as measured by CHERS for one
shot of Exp.44. The in-out asymmetry of 2,4;(R), visible in the plasma center, of O(¢)
or larger, was characteristic of most of the measured velocity radial profiles of the
Exp.44 shots. The T;(R) profiles (same Figure), measured by the same diagnostic,
appear symmetric. The symmetry of the T;(R) profile, which is expected theoretically,
seems to rule out the possibility of an error in the evaluation of the plasma center
location; it suggests that the the in-out asymmetry of the toroidal rotation is real, or
that the errors in the T; and vy; data propagate in different ways.

The PPPL diagnosticians do not have confidence 199 in the ability of CHERS to
diagnose in-out asymmetries in T3(R) and Q4r(R), since the measured signal attenu-
ates exponentially with the distance from the plasma edge, due to beam attenuation.
This causes the signal-noise ratio to decrease and the accuracy of the data to deteri-
orate. The study of propagation error in the CHERS analysis is still underway.

Nevertheless, even if the origin of the asymmetry in the 2,; profile is still un-
known, we point out that, as discussed in Section 8.5.1, an in-out asymmetry of
Of¢) would be consistent with poloidal velocities wgy ~ fuygs. Figure 5.3 shows
a negative (7. for both co- and counter- injection which, according to Eq.(8.32),
Quc = —ugr/(v4s) cosf, would be consistent with v, in the electron/ion diamag-

netic drift direction in the case of co/counter toroidal rotation of the plasma.
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8.3 Continuity equation and form of the poloidal
flow

By subtracting the FSA of the continuity equation, Eq. 2.1, from Eq. 2.1 one obtains:

O m%iy 45 10 0 R <rS;—~ D iny =,
'55( B, ) =r15; Rar(nJvTJrR) <rs; Rar(nJU"JTR)>(—CJ) (8.3)

The LHS term of the equation is ~ (en;vy;), while the RHS is :

By

- a. _ _
C; ~ 78;,5; — njv, €cosd ~ a[r(njv,.,' + nt.;)| (8.4)

The RHS of Eq.(8.3) is usually negligible with respect to the LHS and the equation

in commonly solved to obtain:

Biv; — K; [= const(8)) (8.5)

By
When the RHS of Eq.(8.3) cannot be neglected because large poloidal asymmetries
of localized sonrces ?1 or a large radial particle flux are present, the proper form of

the poloidal velocity becomes:

B 8 C,
w; = (K + [ £ dé) (8.6)

TFTR plasma parameters - In the TFTR Exp.44 plasma, the radial electron
velocity inferred from experimental measurements increases from zero at the center
to a few m/s at the edge, and it is several orders of magnitude smaller than the
calculated and measured (not in these but in similar discharges) ion poloidal velocity,
vg ~ 103~*m/s. Therefore the radial flux terms of Eq.(8.3) are negligible with respect
to the LHS of the same equation.

The main (deuterium) ion source is the sum of the NBI source, which dominates
the center of the discharge, and of the recycling source, localized near the edge. The
total main ion source, S;, as calculated by SNAP and normalized io the main ion
density, is plotted in Fig. 8.2 for the shots of Exp.44. The magnitude of (rS;) is
a few orders of magnitude smaller than the LHS of Eq.(8.3). Since < r8; >=<
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Figure 8.2: Radial profile of the main ion source, S;, divided by n;, for the shots of
Exp.44

2 (n;v,;7R)/ R >, we can conclude that the RHS of Eq.{8.3) is negligible over most

of the plasma region for main ions. In the region (a — r) = 5 — 10 cm, near the edge,
the source term becomes larger but the RHS is still two orders of magnitude smaller
than the LHS of Eq.(8.3).

‘The impurity source is localized at the plasma edge. As is typical in most TFTR
discharges, the oxygen and metal impurities play little role in the particle balance,
and the main impurity is the carbon that originates from physical sputtering of the
graphite limiter. Typically, the area of the inner bumper limiter wetted by the plasma
is ~ 6m? (112], The mean free path for atomic carbon at the plasma edge character-
ized by n, = 5 x 10" m=3, T, = 100 eV, v, = 10* m/s (neutral carbon velocity),
< ov >co= 1.1x,10713 m3/s {calculated using Eq.(7) in Ref. [113]) is:

Ao == U f(Re < OV >po) =2 e
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Carbon fluxes from the limiter of order I'c ~ 10% 1/s have been measured in
TFTR L-mode plasmas (1121, This flux would correspond to a source strength of
Sc+1 = T¢/(0.02 x 6) ~ 102 (sm3)~?, localized within a few cms at the edge
and strongly poloidally asymmetric. With this value of particle source, the RHS
of Eq.(8.3) becomes comparable to the magnitude of the term (n;v,;) and cannot be
neglected for the carbon impurity.

A calculation of the distribution of different ionization states of C, in a typical
TFTR Exp44 shot showed that the carbon is completely ionized (C+®) over most of
the plasma region and that the lower ionization states ( mainly C*® and C**) are

localized over the region r/a = 0.9 -1.

We conclude that Eq.(8.5) is a valid representation of the form of the poloidal
flow over most of the plasma region, i.e. for r/fa ~ 0 - 0.9. Thus, we use Eq.(8.5)
in the subsequent calculations, but keep in mind that source effects could alter the
results that we obtain in the outer region r/a > 0.9. A study of poloidal variations of
plasma parameters at the edge would also require a careful modelling of the plasma
edge transport (and the accurate measurement of plasma edge conditions), which is

beyond the scope of this work.

8.4 Radial momentum balance equation and form
of the toroidal flow

The radial projection of the momentum balance equation, Eq.(2.2), for the particle

gpecies j, is:

grj + % +e,»'n,—‘?,j—.i> + e;ni(vy; By — vo; By) — M,; — R,; + 11, + mjv,;S; = 0(8.7)
where:

goi = §lminy(,V)5), m,; = v, (83)
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This equation can be used to write the toroidal velocity as:

v 1 0,00
’Ud}J"' 6 ejnjBO(ng-l- ar +eJnJ ar +H1"J) (8'9)

where the radial friction, momentum input and particle source terms can be neglected
because they are several orders of magnitude smaller than the other terms in the

equation, for TFTR Exp.44. The inertia term can be written as:

2 2 2
(O Yo g 1OV e O
Gri = —myn;( - TR cosd 2 5r . 86) (8.10)
and the viscous force, II,,, is given in Appendix C.
We rewrite the toroidal velocity as:
Yy 1,1 Op 0% .
%i =g Bg(ejnj 3+ 6r)+RQ‘”U’ (8.11)
where:
m; 4 1 a
U; = U, cosf + U, sinf o~ —2 =% - —(py; = PuLs)sSi .
; = Uje cosf + U}, sind e Bo cosf 36,003 B 8r(p"’ P1j)ssingd (8.12)

In the case where the poloidal heat flux (ge;) contribution to the parallel viscous force

is neglected:

Uj; = ch cosf + Ujs sind ~ (813)
M g T LT
ejnjrv¢.ngR {UOJ [( L,M + Lva,-

BAR r r T
+ € (L’?ﬁj + LA,-/T B Lq)}+ €; Bg

One has defined L, = —z(dz/dr}™.

TFTR plasma parameters - The expression for vy; is usually further simplified
by neglecting the inertia and the viscosity, II,;, terms. In fact, the ¢,; term contributes
to the FSA of the toroidal velocity with a term proportional to m;n;v3; /r < (8p;/6r)
and to the poloidally varying component of {1y; with a cosf term whose magnitude,
relative to 4y, is m;Qy;/(e;Bs), ~ 1073 for the TFTR Exp.44 plasma (see Fig. 8.3).
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The radial viscous forces, II,; (see Appendix C), contribute to the FSA with terms
like
™ g 8Q¢j < 1 %

8.14
e;n;Bg € Or e;n; By Or (8.14)
and smaller, and to the poloidally varying component with terms like
1 3 _ 3B 884,
—(py; — pL;), sinf d 8 9 ~osf 15
3ejn; By Or (P = Puj)s siné an e;n; By Or cos (8.15)
whose amplitudes, relative to 2y;, in the ¢¢ = 0 case, of the order of:
i _ % d L 8.16
e;n;7 By R Bug; o ¢ZrRB: (8.16)

The factor no;ve;/(ejn;7v4;,6BsR) has been plotted in Fig. 8.3 for main ions and
carbon and vg;/(Bvs;) = 1. For the light impurities, this parallel viscous force can
give rise to ﬁd,,' ~ 10~2. The term from the gyroviscous tensor is very small, as shown
in Fig. 8.3. These poloidal variations are < ¢, but since, at this point, the magnitude
of the contributions to {4; from the other terms in the expression of vy, Eq.(8.9),

are not known, we retain the g,; and II,; contributions.
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8.5 Form of (y;(r,6) and Z;(r)
8.5.1 Poloidal variations of {2;

An expression for the toroidal velocity in term of other plasma parameters has pre-
viously been derived (Eq.(8.11)):

Ugj ~ Vg; 1 1 8p; 0%
%j" = Qg = Qyjo(r) [1+ Qp(r,8)] = == - _(Ea_”’ +57) +8U;(8.17)

This equation can be used to express {y; in terms of #; and other parameters.
The contributions of the poloidal velocity, the pressure and the potential terms to
fz¢j can be written, respectively as:

Vaj0 1

Qd’j(w} = _U_d,'na(ﬁj + 2€C069) (818)
i

= T; 7y 1 a

Q.= jle.s) = Viftiies)—— = Viea e 8.19

5 o oo BaoLa, 0 e T = Vit e (8.19)
and

- 1 8%,

Qoita) = ~UgBes O (8.20)
7

where one has written ®(r,8) = ®o(r) + $(r,8) (the subscripts ‘0’ and ‘1’ do not
refer to the order of magnitude of the functions but, respectively, to the FSA part

and to the remaining part of the & function).

The parallel momentum equation for electrons,

1 Op. 0%
en. 09 98’ (8.21)
can be rewritten as:
a T. ~ o\ 8%,
and it can be used to derive:
&,(r,0) = T? [in(1+7) + O(< 2 )] = £ 7, (8.23)
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Tigure 8.3: Magnitude of terms entering the expression of {; versus minor radius
shot 37309-123): (a) V}, with j=e,il, as defined in Eqgs. (8.19) and (8.28); (b) Use
s defined by Eq.{8.12); m;/(e;n;B4R), proportional to U;, Eq.(8.13) (j=i,1).
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and therefore

0% _ _The 1, 1,
or - € L'J"e L-r'i.

(8.24)

This formulation incorporates the measured value of the electron temperature gradi-

ent in the determination of 8®,/0r.

Alternatively one can also rewrite 114);

B, (r,8) = Bo(r)®(r,9) and — = ¢+ —;—:"I)o (8.25)

which, upon using Eq.(8.23), becomes:

081 _ T, 0% %\
or _G‘I)o or L@ ¢

(8.26)

This formulation provides an alternative form for the evaluation of 8®,/9r which

incorporates the constraint

8%
a_: = Byve; — Bavs;, (8.27)

the measured value of v4; and a constraint on the quantity (7./e®o) which can be
related to experiment. Experimental measurements of the plasma potential on ISX-B
(1151 pave reported values of &, ~ T, /e. We note that the two forms, Egs. (8.24) and
(8.26) are formally equivalent, but have different explicit dependences on measured

quantities. Both forms suffer from the need to evaluate L; quantities approximately.

The contribution of the potential to {24;, Eq.(8.20), can be formally written as

Qw‘(@} = Ve(c.s)Tte(c.sy aNd specifically as

~ 1 T, feesy, 1 1 a a ..
Qgjay = = S—Sed (| )= V(b Yoy, 8.28
¢ (@} BG e v¢3 (LTC Lﬁe{c_.] ) ( LTE Lﬁ.g{c") ) (e.3) ( )
when Eq.(8.24) is used to evaluate 8%, /9r, or as
- Vo; (b[] Tc -
Qpitay = (1 - —L — T, 8.29
di{P) ( ﬁv¢3 BGL;)UQSJ ) e(bo ( )

when Eq.(8.26) is used instead.
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The V! and V] functions have been plotted in Fig. 8.3 for a TFTR shot.

Equations (8.28) and (8.29) provide similar results when [1—vg;/(Bvy;)~Bo/(BeLgvg;)] ~

V: (1141 The formulation of Eq.(8.24) allows the use of measured T, gradients, while
the formulation of Eq.(8.26) allows the use of experimental ®; and v;. Since the
&, data are non-existent for the TFTR experiments, we will base our calculations on
Eq.(8.24) and discuss how the results would be affected if we had used Eq.(8.26) 1141,
To this end, we note that the value V) ~ 0.1, in the plasma center (Fig. 8.3), impies
that the term T./(e®q)[1 — ve; /{Bvy;) — Bo/(BaLzvs)] ~ 0.1, if the formulations of
Eqs. (8.24) and (8.26) are consistent with each other. Qur subsequent calculations
with the =0 model will give vg;/Bvyr << 1 as aresult, thus implying (T, /edq) ~ 0.1,
which is rather smaller than expected on the basis of the ISX-B results 1115}

The contribution of inertia and viscosity terms, the magnitude of which has been

discussed earlier, are:
Qjtgn + Qujingy = Ujc cosd + Uy, sind (8.30)

Summing all the terms that contribute to the poloidally varying part of Q4;, one

obtains:
Qg (r,0) = Qgselr) cosh + Qy;,(r) sind (8.31)
with:
ﬁ‘ﬁc(r) == 26 (2€ + ﬁjc‘) + vjcﬁjc + vecﬁ'ec + ch (8.32)
Vg;0
Q¢j,(?‘) = _Yoi 4o + Vj,ﬁj, + Veofies + Uj_, (833)
Upi B

The magnitude of the Q,; is determined by the magnitudes of #i; and vg;, which one
must now proceed to evaluate. Indications concerning the importance of the different

terms in Eqs. (8.32) and (8.33) are given by Fig. 8.3.
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8.5.2 Relation to gyroviscous torque
Relation between © and Z; 1114)
The gyroviscous torque of Eq.(3.13) can be written

. 9 _
< quVHfA >= —--R;i-a—r(?}.;jngo:.j) (834)

where
= _ Qgjalde + fiic) — 75,
s =
2

The gyroviscous model that was used to analyze the experimental data in Chapter 6

(8.35)

was based on Eq.(3.16), which leads for an expression for the total torque summed

over (ion) species

-

- r 8
Z < quVHf“" >= - Z 5‘1?2—-8— ?}4}'0‘045,_-’;0) (836)
1 1
which, upon defining
B Maivn:

Mjots;  Or

and assuming v4; independent of ion species, can be written

- 8.G; vy mn T,
< RV >=-_3 LU 201 (8.38)
zj: i Ej‘ 2 R eBZ,
_mpng%TI n,g _ _mpne%T; oG
2¢eBR 2 Te 0,C; = 2¢BR ( Z Jess

i
when n; >~ mpZ; is used.

Two models for estimating the quantity (©G/Z).ss were discussed in Section
3.2.2. Tt was shown in Chapter 6 that (& = 15, G =1, Z = Z) and (6 = 04,
G =1, Z = Z.4¢) models could both reproduce the experimental data on v4(0) and
T4- Both of these models correspond to (0G/Z).s¢ ~ O(0.1). Thus, in order to check
the reasonableness of the values of (0G/Z).ss chosen to fit the experimental data in
Chapter 6, we will estimate

oG -
(— 7 Jets = Gi (9 — + Grergl (8.39)
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where the expression for the individual species asymmetry function is given by
@,‘ = 5y (840)

Note that the contribution to (@G/Z).s; from the metallic impurities is not being
treated explicitly. Charge neutrality and the definition of Z, ¢/ lead to

P _ L1 = Zesy nr_ Zejr—1

= —t  — 8.4
e ZI -1 ne ZI(ZI - 1) ( 1)
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Different formulations of the gyroviscous torque flow 114l

The experimental torque flow is constructed from
K2 (r) = (2r)°R /D' <RMy> rdr' (8.42)

where M, is the torcidal component of the NBI momentum input rate. The corre-
sponding theoretical quantity is obtained by replacing < RM, > with
;< R¢V1l; > when acceleration and convective terms can be neglected. For

the gyroviscous torque
A _ = a -
< R¢VII, >= —&—(??43"0.1,5:5) (8.43)
r or
which leads to

r g - ,
KSV(r) = —(2m)2z /ﬂ 57 (Mjte; S5 dr (8.44)

' r MaveS) . o,
= —(27R) / v ’ L2 e dr
( Z Taj 4’.? n-ljvq’)j—j Br )

(27 R)? [ m,m,, G rdr

where

’

6= 3(7?451»‘?;‘55) ___T 3(”45?@') _ I g, + G, (8.45)
MV S Or TaiVe;  OF Z; or

’ i

The original formulation of the gyroviscous torque flow was based upon mak-
ing the separation of variables, or weak-radial-dependence of poloidal asymmetries,
assumption in the evaluation of the radial profile factor G;, which is equivalent to

setting the Gz, term to zero in Eq.(8.45). This leads to

K3” = (27R)*Y_ /m_,w.]( )G,,,,Jr dr (8.46)

9, [
= (21{)2 ZA 7}4JU¢J ?JGTF,J rdr
7
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Making the further approximation that an effective value of Z;/¢? can be defined and
removed from the integral leads to Eq.(3.20) and to

E' T r ] é T + !
n —_ 2
K = (2r) Z,- - /0 M4V Gus™ A = (27) ZJ. =L /0 MjVsi G, 7 A7 (8.47)

which is the expression plotted in Fig. 6.6.

The above formulation of the gyroviscous theory treats the torque as the funda-
mental quantity and performs a volume integral of the gyroviscous torque to compare
with a volume integral of the input torque - the experimental torque flow (114, The
essential approximation is separation of variables, or Gz, = 0. Since the one pre-
sented in this thesis is the first calculation of the poloidal asymmetries, @ and Zis
the previous evaluation of the gyroviscous torque flow used effective ®; motivated
by physical considerations. We are able, for the first time, to evaluate these poloidal
asymmetry factors.

A third formulation of the gyroviscous torque flow, which avoids the separation of

variables approximations, follows from simple integration of Eq.(8.44)
K3 (r) = —(27R)* 3 (m45v4iZ5)1 (8.48)
1

One has made use of Z;(0) = 0, which can be argued from physical considerations.
We note that 114 K2 is mathematically equivalent to K" when Gy, is replace
by (G, + G=;) in Eq.(8.46).
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8.6 Poloidal momentum balance equation

8.6.1 General case

The steady state poloidal projection of the momentum equation, for ion species j, is:
lij ad
Ge; + 379'13, +eni— Bls + ejn;v,j By — Magj — Ry; + llg; + mjug;S; =0 (8.49)

where the inertia term can be written:

U 0R | 1005 | v 8rus;)

i = et E, T a1 (8.50)
= myn{vl—- 51;9 + ‘Ugj(% - %)] + E;i?ﬁ%’i)]
The flux surface average of (Eq.(8.49))/(n; h) is:
m; Ry < O sind > +%i < %i’;’ﬂ >4 < %‘;—Bf > (8.51)
—<%>+<f—£§> <%>+<%ﬁ>=0

Subtracting Eq. 8.51 from (Eq. 8.49)/(n;), one obtains an equation that describes
the poloidal variations of the density, as result of the equilibrium between the pressure,

electric field, centrifugal and viscous forces:

18n; T 18n,  m(u}; +5;) o; Mo
né —A_ <2 =
%, 6 +Z’T T T, €sin +’I;( » hn, >)+H; = 0(8.52)
with
K My; Ry, Ryg;
H; o~ 8’13‘ +T (€100 Byny — —2 — GJ— < hnjv > (8.53)
.? 7 J 7
m; .8(1‘1!,-_-';) :UGJ' 6(?‘1!,;;) r Ha} H9j residual
+ 'I} [vej 37' < h 3,’. ] + T ( nJ hn} )terma
Let’s rewrite Eq.(8.52) as
1 g T, 1
0 g, B0 oo (8.54)

n, 86 T, n. 86
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For a two ion species plasma {(i=main ions; I=light impurity) the system of Eqs.
{8.54);=: r can be solved in terms of %;. The presence of the metal impurities, which
would affect the other ions through the potential and collision terms, can be neglected
since we are considering discharges with Z,,.. = Z§nu/n. = 0.1 — 0.6 (M=metal
impurity). The poloidal variation of the impurity density, in the case of m; = m;Z;,

Vgi ~ Vgt and T; ~ T; is described by:

— = [-D Z + D; ZZ ——((1+—2, .
n 20 {1+ Tr) § TI ( + T £f) (8.55)
For the main ions:
1 Sn, TLIT 1 B'ﬂj" n; T -1
ﬂ, 69 [D + Z; ZI )] (1 Zl Te T;) (8'56)
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8.6.2 Case q;=0

For simplicity, we first evaluate #; by neglecting the contribution of the heat flux to

the viscous and friction forces. Eq. 8.52 becomes:

1 an, T 1 dn, m;(vi; +'v§,) 13 BR 09;
6 .
w0 T iTmat T 1 Ty or 0 (8:57)
Tloj Ve _ 2619 ‘!}n}'ﬁ 8Al o
+ gy tecost = s ) = ap T 1 =0
where the following expressions have been used (see also Appendix C):
I3, 113, T0; Vg5 289, ;3 0A;
s R s REN] Vi .71 _ a9y 2y _ il 945 2
n <y > pg €009~ 355 +0(E)] (g +0(7) (8358)
I | H ;B | ug
—L = ~ 1 — 4 U (—Pysi ,
s < =y > wq[ (13sind — 3 )2 Br + 2rR( Py;sind  (8.59)
ﬁPl,A _pBoa; '

+P3je) €c 2 r € Or

The terms that have been gathered under the ; term, have a magnitude that,
for a TFTR-like plasma, is much smaller than the magnitude of the centrifugal force
and viscosity terms in Eq.( 8.52). Let us define a series of parameters representative
of the order of magnitude of the terms in Eq.(8.52), which parameters are functions
of experimental quantities:

2

Ty = mydie = 2e(JH)? 8.60
T3] J TJ (Uth_f) ( )
T pys = myrvg;evn/T) (vy = Bugr) (8.61)
Tgy; = rBMy;/p; (8.62)
MoV,
g = ——2 i
'I'n"j niR (8.63)
13 8 By,
TH:}‘ = - ) We; ar £ (8.64)
T, = ejruleBy/T; (v}, =Te?/n;Z;) (8.65)
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It has been assumed that #; ~ O(€) or smaller, and that vg; ~ O(vg;5) or smaller.
The T’s have been evaluated for a typical TFTR shot and their magnitudes are shown
in Figs. 8.4 and 8.5 for deuterium main ions and carbon impurities.

T,,, Tepresents the order of magnitude of the inertia term; it is < ¢ because the
main ions and the light impurities are subsonic. The ratio vg;/vu j, j=i1, has been
plotted in Fig. 8.6 for Shot 37309.

T g,, represents the order of magnitude of the friction term. Differently from the
cases of collisional plasmas, reviewed in Section 7.2, where 7y, was found to be driven
by the friction force, this term is very small for this set of TFTR shots because of the
low ion collisionality. The radial profiles of the collision frequencies, v/ and vj; have
been plotted in Fig. 8.6.

Tpg, represents terms from the parallel viscosity tensor. In case of vy [(vg;8) ~ 1
{(g; = 0 case) this term is O(0.1¢) for the impurities and can drive the Ay, ~ 0.1e.

T“i}-‘ is of the order of the inertia term for the main ions but can be neglected in
the case of impurities. Ty, represents the magnitude of the momentum input and
can be neglected. T, represents the magnitude of the radial particle flux term and
is negligible over most of the plasma region.

Since we can conclude that the H;’s terms are much smaller than the remaining
terms in Eq.(8.52), for ions and carbon in a TFTR-like plasma, a proper way to

evaluate the poloidal variations of density and velocity is the following.
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8.7 Could anomalous forces affect 7;, Q¢j, vp; 7
8.7.1 Introduction

The fluid equations used so far in this Chapter describe neoclassical transport.

There are several disagreements between experimental results and neoclassical
predictions of ion transport 1191 (1) density profile perturbation experiments, that
allow simultaneously measurement of particle diffusion coefficient, D;, and pinch ve-
locity, v}’"“h, give values of D; and vf"“d' that are 1-2 orders of magnitude larger
than the neoclassical values; (2) ion thermal diffusivities are 1-2 orders of magni-
tude larger than the neoclassical estimate; (3) toroidal momentum transport is also
a few orders of magnitude larger than predicted by neoclassical perpendicular viscos-
ity. The hypothesis that gyroviscosity could account for the observed transport of
toroidal momentum 24 is one of the points of investigation of this thesis and we re-
serve comment on the comparison between neoclassical momentum transport theory
and experimental measurements to the end of the thesis.

Since there are also indications (discussed below) that anomalous mechanisms
can account for some of the mentioned disagreements, we need to discuss if and
how anomalous forces could arise in the momentum balance equation and heat flux

equation, affecting therefore the magnitude of #;, Qy; and vy;.

The transport equations, used to investigate fluctuation-induced fluxes include a
number of additional terms rising from the time-averaging of the fluctuating plasma
parameters. In the presence of electrostatic and magnetic fluctuations driven trans-
port, the poloidal momentum balance equation becomes: [1171{118]

a;

o+ Tlo; ~ e, Bp = & €T, Ee> + €T 1;Br> +e; Bl = 0 (8.66)
&

where % and T indicate the time-averaged and fluctuating component of the plasma
parameter = in Eq.(8.66). The friction and momentum input terms do not appear

because the collision frequency was assumed to be smaller than the fluctuation fre-
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quency.
In case of fluctuation driven radial particle fluxes, the first three terms of Eq.(8.66)
can be neglected with respect to the remaining terms and the radial particle flux is

given by 1161

T, =<ﬁjga> /B4~ «?1”«5{)} /€ (8.67)

As reviewed in Section 7.6, the FSA heat flux poloidal or parallel balance equation
must be ﬁsed in conjunction with the FSA poloidal or parallel momentum balance
equation if ve; has to be evaluated.

In the presence of electrostatic/magnetic driven transport, the terms ejqf'; By/T;

and equ By /T, where
- 5 b = “~t
qﬁ = 21 «LT;Ee>» [ By and qf;; =g; b, /B> VT (8.68)

should be added to the LHS of Eq.(A.7) 1171116

8.7.2 Fluctuation measurements and inferred fluctuation-
driven radial flux

Fluctuation of plasma parameters have been measured in several tokamaks, for a
variety of plasma conditions, but a satisfactory theoretical model which explains the
origin of the fluctuations has not yet been identified.

In the edge plasma region, %_,- and Ea are commonly measured with biased or
fluctuating Langmuir probes 119). The probe measures electron density fluctuations.
At low frequencies (1 kHz - 1 MHz <« wp < wp,) it is commonly assumed that
there are ion density fluctuations of the same frequency and amplitude. The Heavy
Ion Beam Probe (HIBP) 1207 allows simultaneous measurements of of 7. and Es
in the plasma bulk. Various laser and microwave scattering techniques 121l can be
employed to measure the density fluctuations; the data can then be used to evaluate
rE =<N Es> /{eBy), but some assumption about the electric field fluctuation is

required in this case.
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In order to evaluate the magnetic field term, I‘f’ =~ <’\j||j’\5f> /e; one should
measure both parallel current and magnetic field fluctuations, but this is not done.
Instead, only the B, fluctuations are measured with magnetic probes at the edge and
a model (1161 i employed to estimate ﬁflb-.

Most of the available edge fluctuation measurements pertain to OH plasmas; the
probe survival becomes in fact critical at the high edge temperature associated with
additional heating. The employment of the HIBP diagnostic to measure density and
electric field fluctuations is recent and only a few sets of measurements are available
(TEXT 122} 3nd ISX-B NBI plasma {1231),

The magnitude of B; /n; and Es /Eq are in the range 10-60 % (depending on
plasma parameters) at the edge and decrease toward the center, reducing to a few

percent for r/a < 0.5; B: /B is found to be smaller than 10~ at the edge.

The analysis of the correlation between 7; and Eo allows the evaluation of the
magnitude of I‘f and the comparison with the estimated radial particle flux. Figure
8.7 (116! shows the comparison between the radial profile of ion particle flux from
measurements of particle soutces (H, ewmission), designated as I';, and the quantity
[‘f in the TEXT OH plasma. In this case, the particle flux and the electrostatic
fluctuation driven flux ( I'}') have similar magnitude and radial dependence. Toward
the plasma center, both I'; and the fluctuation amplitude decrease considerably with
respect to the edge. In general the exact parameters required to determine the fluc-
tuation driven fluxes are not available and one must interpret the limited data using
analytical models.

Very recently, T£ was calculated 122! for the interior OH TEXT plasma using
7; and & as measured by HIBP. The Eg was estimated assuming that Dissipative
Trapped Electron {DTE) modes were the cause of the observed turbulence. The mag-
nitude of ' was found to explain the observed particle flux, but the magnitude of the

wave-length number inferred from the experiment did not agree with the hypothesis
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Figure 8.7: Comparison between the particle flux, [';, inferred from H, measurements
(dotted line) and T# calculated from Langmuir probes data (solid lines, solid points)

and from HIBP data (open points). (116

of DTE driven transport.

Experimental results from ISX-B show that NBI increases the fluctuation am-
plitude and therefore I‘f. The I‘;é' was evaluated for both NBI and OH plasmas in
ISX-B 123 in the region r/a = [0.6 - 1], using density and electric field fluctuation
measurements from the HIBP. The magnitude of I‘f term was found to be one order
of magnitude larger for NBI (0.8 MW) than for OH discharges. The particle con-
finement times, inferred by assuming I'; = Ff, were larger than expected in the OH
plasma (60 + 30 ms), and in reasonable agreement with the values of 7, (~ 3 ms)
zharacteristic of the NBI case.

Therefore, nothing conclusive can be said about the magnitude of Ff’ with respect

0 I'; in the plasma center.
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There are no comparisons of fluctuation driven radial fluxes in TFTR, neither in
OH nor in NBI plasmas. There are indeed measurements of density fluctuations at
r/a ~ 0.3 from microwave scattering 124 j5 OH, NBI L-mode and H-mode plasmas.
The ko (wave-length number) spectra is very similar for all three regimes as long as
machine parameters are kept constant. Also the magnitude of 7 /n is essentially the
same in all three cases and less than 1 % at this particular radial location.

Experimental evidence suggests that fluctuation characteristics (amplitude, pa-
rameter dependence, frequency, wave length, etc.) have similar parametric depen-
dence in all toroidal fusion devices (116!, and this suggests that the electrostatic

fluctuation term, in Eq.(8.66) could be also an important term for the TFTR plasma.

The '} term is commonly estimated to be < I'Z 18] pear the plasma edge of
OH plasmas.

Experiments on the Doublet TI tokamak (129 and JET (1261 have shown that
the level of B, (5-50 kHz) measured outside the limiter is strongly correlated with
confinement degradation in high £y NBI discharges and it increases with G, and from
H to L mode. Ref. [125} comments that the measured fluctuation amplitudes indicate
island structure of size sufficient to enhance transport.

Existing probe measurements (127 4150 show that B. /B increases toward the

interior.

E‘F,vm is not measured and therefore qf:; can he estimated only in conjunction
with a model for ion temperature fluctuations. At the edge i /T. < 0.1 and the
computed q,‘?; has been found of the order of magnitude of ¢,. at the edge of several
OH plasmas 1191 In the plasma interior, the investigation of correlations between
measured fluctuations and g,; must resort to theoretical models to evalnate gr;; these
results are not always in agreement with the estimate of ¢,;, from energy balance

calculations (116,
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8.7.3 Conclusion

A consistent treatment of coexisting neoclassical and anomalous transport mecha-
nisms in plasmas requires a different and more radical kind of approach (128) than
the simple addition of anomalous terms to neoclassical equations. Nevertheless we

think that the investigation of the effect of the
(~) = & B
;" =Ty +T; {8.69)
;' =qE + 48 (8.70)

terms on the results is instructive and we include them in the FSA poloidal momentum
equation, Eq.(8.51), and FSA heat flux balance equation, Eq.(A.7), respectively.

The anomalous term I‘;-"' is not likely to affect the magnitude of 7; directly
through the balance equation, Eq.(8.57). In fact, if I‘i-"} and T'; are of the same
order of magnitude (and this is the case at the edge), the anomalous force would be a
negligible term in Eq.(8.57). In order to directly (i.e. through Eq.(8.57)) influence the
magnitude of ;, I‘;’”’ would have to manifest amplitude of poloidal variation several
orders of magnitude larger than I';, and this is really impossible given the magnitude
of the fluctuations in the plasma center.

In conclusion, the force is going to affect only the FSA poloidal momentum balance
equation, and therefore the magnitude of 7i; and Qy4; indirectly, through the magnitude

of ng.
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8.8 Radial velocities

The computation of the ;, Q; and vy; radial profiles requires v,;(r) as input. The
radial electron flux can be evaluated from experimental data, as outlined in Section
2.2. The radial flux of each ion species could also be calculated if an accurate radial
profile distribution of the different ion species were available. Since the impurity
density profile was not measured in TFTR Exp.44, the radial ion fluxes have not
been determined in this work. Nevertheless, the possible range of variability of v,; is

defined by the ambipolarity condition:
NeUre = NiUniZi + NVe1 21 (8.71)

and by the following observations.

The analysis of the plasma parameters of Exp.44 has been restricted to the steady
state phase of the discharge. In some of the shots, neutral beam injection lasted one
second, at constant power and direction. During the last 600 ms, at least, the plasma
parameter measurements, including the Z.s; measurement, appeared stationary. As
discussed in Section 8.3, the impurity source is limited to a few cms near the plasma
edge. According to the continuity equation, a steady state density and the absence
of sources/sinks imply a vanishing radial particle flux.

We can estimate an upper limit for the impurity flux magnitude related to possible
variations of the impurity density which can occur during the steady state phase of
the discharge and which are not clearly observable. The error affecting the total
impurity particles AN}, where N = f, n;dV,, (V, = plasma volume), can be written

in terms of Z.5¢, N, and their error bars, as:

_ Zogr—1 N,
AN = AN, 5+ AZesi; (8.72)

“Zi(Z; - (Zy - 1)
The impurity flux associated with such a variation of Ny is: (27)%rRl; = —AN;/At,
where At is the time length of the steady state phase of the discharge.
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The ratio between the impurity and electron radial current is:

Z,'Ff _ ZIP[TB _ E( ﬁNe Zeff -1 AZ,,”)
. N, At" N, Z;-1  Z;-1

(8.73)

The particle confinement time, 7., was in the range [0.2-0.4] s over most of the
plasma region and it was ~ 0.3s at r/a=0.9. With Z,;; = 3, AN, /N, = 0.1 and
AZess/Zesr = 0.2 18 values typical of Exp.44, we obtain:

l",-(a)

“IT ()

<01 (8.74)

This implies that the impurity radial flux is a small fraction of the electron radial
flux and that Eq.(8.71) reduces to T, ~ T;.

We also recognize that the observed particle flux is likely to have an anomalous
component. As justified in Section 8.7, we include the anomalous term P;'”’ in the

FSA poloidal momentum equation, Eq.(8.51):

T;Byo I{By, T
MiVpi0085s + Z; -~ Z; ~ + < i, >~ 0 (8.75)
We can define:
v; = Z;T; /T, and y; =T, (8.76)
and rewrite:
Zi(T; — T = 4jT(1 - ;) = 3T (8.77)

In the following numerical evaluation of %; and Q;, we consider values of "r; and
v; such that:
lv;| € 0.1, according to Eq.(8.74) and related discussion;
7; +7; = 1, by ambipolarity, and
qr; is a parameter assumed to vary in the range [0 - 1). The limiting values ; = 0 and
7; = 1 corresponds respectively to the cases where the anomalous force, Eq.(8.69),

is negligible with respect to the particle flux, or it is its main driving term. With
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these values of fy; and fy;-' the ranges of variability of the v; factors are: % = [0,1]
and y; = [0,0.1]. In the case q=0, we are also going to discuss which values of v;
are consistent with the magnitudes of poloidal velocities that have been observed in

different machines.
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8.9 Poloidal variations of n; and Q4; (case g; = 0)
8.9.1 Poloidal variations of n;

In the case of noivGiZ;Te/(ne’I}) < 7}0;1)9;/1?.1 and Z; = 1, which is the case for Exp.44,

the D; term can be neglected and Eq.(8.55) becomes independent of 7; and vg;. One

derives:
%% —fiz, Sind + #iy, cosf = (8.78)
- {mpd - %%%{T, — (2 - 1)?%'1;]} (Tr + T.Z.54) esind
+ {_n:r'!isr %ﬁ“ sind — ”Lr-';_:i(e + gﬁ;,_.) cosé

I, - Tor T; + Teni/n.
+ — a‘nccosg_}.___ 0 U‘—_-COSG —_—— =
ep_rﬁ Ts™1 ep;ﬁ ch ; Tr +TeZeyy

3
—  Eysind - Crfig, sing — C"(EE + 7ige) cos@ + Difig. cosé + Fycosé

The terms from Ilg; that have been neglected in Eq.(8.78) are at least a factor of ¢
smaller than the terms that have been included. @, ~ fi;Zn;/n. has been assumed,
anticipating 7; < 7iy.

It is worth commenting that E; represents the centrifugal force and a contribution

from the gyroviscous tensor; C'y, D and F; are contributions from the parallel viscous

tensor,

The following definitions have also been used:

A; = Aj,sind + A; cosd (8.79)

= @Mt 500 + ajchy, cos + QU sind — 4,U;, cost

(8.80)
with
T; TeZmny, 1 1 1
o= [ e
a.?c [eszﬁ.j, + P (LT, + Lﬁh)IBaR (881)
g, = [—i—+ 220

erL,‘i}-c € "N, (LTe +E;:)]BQR
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Equation (8.78) can be solved in terms of the poloidal variations of the density:
fire = E1 + Criig, (8.82)

and

3 D;E;—C‘,r( e+ Ef)+ Fy
Is =

1+ C{Cr — Dy}

(8.83)

The #;’s are functions of vg;, which can be determined by solving the FSA poloidal

momentum balance equation, Eq.(8.51).

8.9.2 Impurities poloidal flow

One can write: < Q2. sind >ox (Q4084;,) and

Q¢;, oF - + a;c)n,r, + QMU], (8.84)

(s 3R
Substituting this expression for Q4;, in Eq.(8.51) and noting that the friction term
and the terms from the gyroviscous tensor can be neglected, we obtain a polynomial

in vgr (third degree) that can be solved with a numerical method:

a U, e
- m;n;,v.;,;(a;c ﬁR)+m" o Rf +'?’1"'71Fqub (8.85)
Morler, s nf, 1
o1l Ry Rpe firs ey
+ nT[A;,(E— - —2€)+Arc(§— e)]_D

The L,s, with & = 7, vs, (1, etc., are evaluated with successive iterations.

8.9.3 Density poloidal variations and poloidal flow of main
ions

fi; can be determined from Eq.(8.56), which can be rewritten as:

1 Bng

;-879- = —ﬁicSina'FﬁrisCOSg: (8-86)
13 3 év ny i
— (mpd - =220 Tz, ey T )l
( Ui 2wy or e Ine p —)T: + ne) €sind
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- (%e + T,Z;Eiﬁ,r,)(’ﬁ + Te-"ﬁ)-l cosd

1

To: Vg: 2 M\ _
o 3 (fic cost + s, sin)(T; + 7.2 )
+ By, cOSO + iy, SinO)(T, + Te—)‘l

€Ny o
+ %ﬁna(ma cosf + Uy, sind)(T; + 7. %)4 =

4

— FE;sind — C;cosfl — G;(fi,. cosd + 7, sind)
+ D_f;.cosé + Dy, sind + F; cosf + F,; sind

Eq.(8.86) can be solved in terms of the poloidal variations of the main ions density:
e = Ei + (Gi = Dyi)fuis + Fy : (8.87)

and

 _ B(De~G) - Ci+ Fy
¥ 7 14(Gi - Du)(Gi — Dyy)

(8.88)

The poloidal velocity, of which the #,); are functions, can be determined by

solving the FSA poloidal momentum balance equation for the main ions:

- Myfivgil i + f%) + mivi‘% + %7;I’;B¢ (8.89)
b Do 2T T L+

+ P [A.,(g Sl ’;7) + Al ey

¢ e
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8.9.4 Discussion of the results

The results of the calculations outlined in the previcus Sections of this Chapter are
illustrated for one shot, 37309-123, from Exp. 44. Although the results vary slightly
within the set of discharges, these results are quite representative of the whole exper-

iment.

For the impurities, Eq.(8.85) has one solution, vg;, approximately given by:

2eyle |
vpr A;,Rg + 567—"[‘—34,,&2 (8.90)

or

and plotted in Fig. 8.8, for 7y = 0.0 and 0.1. The poloidal velocity is driven by the
pressure radial gradient and by the radial flux, when present. In the case of 4y = 0.1,
the first and third terms of Eq.(8.85) are the driving terms for vs; in the central and
edge region, respectively. A similar result is obtained when 7,/(e®,) varying from
~ 1 at the center to ~ 0.1 at the edge is used in Eq.(8.29). (See Ref. [114] for all the
comments, in this Section, about the relation between values of vg; and T,/(e®y)) A
constant T, /(e®o) ~ 1 would predict a poloidal velocity at the edge of O(Sv,) and
therefore a smaller 7i;. In fact, as shown in Fig. 8.8, the magnitude of vs; remains
~ (0.18v4) at 1=0.2 m, independently from T';; it ranges from 0 to ~ (fv,) for
yr = 0 — 0.1, at r=0.7 m; it is one order of magnitude smaller than Bv, over most
of the plasma region.

These estimates of vg; are 1-2 orders of magnitude smaller than measurements of
vgr on TFTR and discharges in other machines (see Section 7.6). Also, these small
values of vg; imply (Section 8.5.1) a value of the parameter T,/(e®y) ~ 0.1. This
disagreement may be due to the fact that the heat flux, here neglected, plays an
important role in determining the magnitude of vg;, or to anomalous effects.

In order to investigate the effect of a larger poloidal velocity on the magnitude of
fi; and Qy;, we introduce, as input to the calculation, a value of vs; obtained from a
“trial” poloidal velocity profile, vg., shown in Fig. 8.8, and based on the experimental

observation of ver(r/a ~ 0.25) = 1.210* m/s in TFTR and vg; ~ vy ~ O(10*) at the
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Figure 8.8: Radial profiles of ver(r) computed for 4y = 0.0 and 0.1 {g=0 case). The
v is & “trial” function. The vg(r) and Svy(r) profiles are also shown for comparison
‘Shot 37309-123).
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Figure 8.9: Radial profiles of 7z, and 7y, (a) evaluated for 4y = 0.0 and 0.1, and (b)

ssuming vp; = vy.. The parameter ¢ is also shown for comparison (Shot 37309-123).
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Figure 8.10: Radial profiles of v4(r) evaluated for y; = 0.0, 0.5, 0.9, and v; = 0.1 {(q=0

case). The vy(r), and Jv,(r) profiles are also shown for comparison (Shot 37309-123).
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Figure 8.11: Radial profiles of #,; and #,, evaluated forv; = 0.0,0.5, 0.9, and v; = 0.1.

The parameter ¢ is also shown for comparison {Shot 37309-123).
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edge of several other machines. We note that this constructed vy, is much flatter than
other calculated or inferred {from &, and vs measurements) (114 velocity profiles and
that this may overemphasize vg-driven effects in the outer part of the plasma. We
further note that a value 4; ~ O(~1) would yield calculated vg; that are consistent
with the vy, profile. Such a large value of 4; would literally imply large impurity fluxes
that are inconsistent with the measured steady-state Z.s;. However, 45 ~ O(1) can
also be interpreted as representing other, anomalous forces which enter the poloidal
momentum balance equation.

We also used the formalism of Eq.(8.29} in Section 8.5.1 and adjusted T, /(e®o)
to bring the calculated vgy into line with the experimental vy,. Values of 7, /(e®q)} ~
1 at the center and ~ 0.1 towards the edge yield calculated vy; that are consistent
with the vy, profile. These values of T./(e®,) seem plausible based on the ISX-B

measurements and associated calculations 1191,

The correspondent poloidal asymmetries of the impurity density have been plotted
in Fig. 8.9. The in-out asymmetry is essentially driven by the centrifugal force, that
is:

fige =~ emy(vgr + vpr)*(Ty + To2)7!

while the up-down asymmetry, in this case analyzed, is given by:

r Mo _ M
ny 1 4+ Teni /. n;R

As already discussed earlier, 7. < ¢ because the carbon impurity ions are subsonic.

Ty ™~ — (1)31‘ - R%a;,ﬁk)(T} + T.,Zeﬁ)“ (891)

7i1, is driven by the parallel viscous force, is negative over all the plasma region, and
essentially proportional to the in-out asymmetry of the toroidal rotation frequency,
whose magnitude depends on vg; and ay,fi;.. Its magnitude varies from ~ 10~* to
103 for 7y = 0 — 0.1 in the plasma bulk. The #;,{vs,) profile, shown in Fig. 8.9,
has been calculated using ver = v.; its magnitude is ~ 0.1¢ and ~ ¢ at r/a=0.5 and

r/a=1 respectively.

The radial profile of v, is shown in Fig. 8.10 for three different values of T (y;=
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0.0, 0.5, 0.9; /= 0.1). The main ions poloidal velocity is positive and approximately
given by:
v = A.,Rﬂ ge;’;‘ B,R? (8.92)
The first term is important only in the central region and for small T;; otherwise
the main ions poloidal velocity is essentially driven by the radial flux term and, for
¥ > 0.1, it is larger than Bv,.
The in-out asymmetry of the main ion density is coupled to the in-out impurity
density asymmetry through the potential gradient, and it is approximately given by:

flie o B = —e[mu(vgs + vai) — %wﬂ?g@ T, z;i‘ﬂ’-c (T + T, 2 ) -1 (8.93)

The electric field and centrifugal forces are of the same order of magnitude and have
opposite effects: the electric field tends to drive a negative in-out main ion density
asymmetry in order to re-establish dn./89 = 0. The radial profile of i, whose
magnitude is independent of the ions radial flux levels, is shown in Fig. 8.9.

The combined effects of viscous and electrostatic forces determine the magnitude
of 7i;,:

rn&ec nr .

ﬁg, o —C,' = ( +T ZI——RI,)(T + T n ) (894)

= (”“‘”"‘ +Tz,—{ﬁ,,)(T T, %1

] B

(8.95)

Radial profiles of 7,, are shown in Fig. 8.11 for different values of the ion radial
flux term (y;= 0.0, 0.5, 0.9; v; = 0.1). #,, varies from 0.001¢ to 0.01¢, increasing with
the increasing of the main ions radial flux term. The magnitude of 7,, calculated
using 4 = 0.9, vpr = vg. i8 ~ 0.01¢ over most of the plasma region.

The relatively small values of fi;, predicted by these calculations are consistent
with the observation of up-down symmetric Z,¢pn? radial profile to within 10% mea-

surement accuracy.
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The §24;. profile is essentially ~ vg;e/(Bv4;). Due to the relatively large vg;, the in-
out asymmetries, Q4;c, are O(¢) and larger; the same result is obtained when 7., /(e®,)
varying from ~ 1 at the center to ~ 0.1 at the edge is used in Eq.(8.29). Both up-
down asymmetries, ﬁﬁ, and flw.. are << ¢ in the case 4; = vy = 0.1. When the
calculation is performed using the measured ve. for ver, the relatively large #;, give

rise to a Qy7,(r > a/2) of O(e) and larger.

Zi(y: = 0.1) and =;(y; = 0.1) are positive and two orders of magnitude smaller
than € over most of the plasma region. Z; increases with +; because of the increase
of #i; and Q4 with 7. Zi(y; = 0.9) is one order of magnitude smaller than €? over
most of the plasma region. The magnitude of Z; becomes comparable and even larger
than ¢? at the plasma edge because of large values of QM in this region. When the
calculation is performed using the measured vp. for ver, Zy is O(0.1 — 1) € in the
plasma interior and becomes O(10¢?) toward the plasma edge; the large edge value is

due to the flat vy, profile and is probably unrealistic.

The (©G/Z).y parameter, Eq.(8.39), has been evaluated for the casey; = 0.9, vy =
0.1 and for the case 4; = 0.9 and vy; = vs.. The results of the calculations are shown
in Fig. 8.12. In the first case, the find (©G/Z).sy ~ 0.1 in the plasma center and
(©G/Z).ss increasing up to ~ 10 at the plasma edge. In the second case, the function
(©G/Z)esy increases from ~ 1072 in the center up to ~ 10 at the edge.

In Chapter 6 it was found that using a radially-averaged value of (@G /Z).4; ~ 0.1
led to predictions of momentum confinement times and central rotation velocities that
agreed reasonably well with experiment. These calculations of the poloidal asymme-
tries support (©G/Z).ss of O(0.1) but suggest a radial dependence. The main ion
asymmetries contribute significantly to the value of (©G/Z).ss, which is different

than previously thought 20),

The magnitude of the gyroviscous torque flows K, and K 3, given in Egs. (8.48)
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Figure 8.12: Radial profiles of (8G/Z).ss evaluated for the case v; = 0.9, vy = 0.1, (- - =)

and for the case v; = 0.9 and vy = v, (—)
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Figure 8.13: Radial profiles of K3" (case © = 1.5 and Z = Z,4y), KZ" and K™ (case

v = 0.9, 71 = 0.1). The experimental +F profile is also shown for comparison.
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and (8.46) are illustrated in Fig. 8.13 for the case v; = 0.9 and vy = 0.1. Figure 8.13
also shows the experimental torque flow, K3, and the K3" profile result (evaluated
for®=15and Z = Z.g¢) already illustrated in Chapter 6. The K3 profile was
evaluated taking into account the radial dependence of (©G/Z).ss evaluated from
experimental 74; and vg; profiles and calculated poloidal variations. This procedure
leads to a profile of K3" similar to the K3* and K7’ profiles, the last carried out
assuming © as a constant independent of r (see Fig. 8.13). The magnitude of K3" is
a factor of two smaller than K3® over most of the plasma bulk. Thus, using poloidal
asymmetry factors ©,, or Z;, evaluated from first-principle calculations of the 7, and
4, Eq.(8.46) for K™ predicts the experimental torque flow to within a factor of
two over most of the plasma.

Both K3” and K" have similar magnitude and radial dependence (close to the
magnitude and the profile of K*). We deduce that the difference in the formulation
of K3’ (ie. © = const(r) and Gz, = 0) and K™ (ie. &(r) and Gz, = 0) did not

generate a considerable difference in the results.

How do we interpret the different predictions of K3', K3 and K 37

The KJ', which was evaluated from Eq.(8.48) using calculated E; and G= ; profiles,
is negative and its magnitude is one order of magnitude smaller than K3*. The
difference between K 3" and K3™ is entirely in the different treatment of Gz, which
is neglected in K3"". We can calculate Gz, by solving for Z; at different radial
locations and evaluating the radially gradient numerically. Figure 8.14 shows the
radial profiles of Gz, and G,,, for the case v; = 0.1 and 7; = 0.9; they have similar
magnitude and radial profiles but opposite signs. Indeed the Gz, function is not
negligible with respect to G,,,; actually |{Gz,| is larger than G,,, and this explains

why K, 3 is negative.

The ¥; = 0.9 and vsr = vg. case was also studied and the different torque flows
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Figure 8.14: Radial profiles of G,,, and Gz, Eq.(8.45), for the case v; = 0.1 and
¥ = 0.9.
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were found to be similar to the results of the 4; = 0.9 and ; = 0.1 case. The
fundamental difference consisted in the fact that, in this second (vs; = vp.) case, the
impurities were contributing the largest part to the total torque flows, while in the

previous case the main ions contribution was dominant.

In spite of the good agreement of K" and K3" with the experimental torque flow,
one must conclude that the approximation (the separation-of-variables, Gz; = 0), on
which these two formulas are based, is not supported by our calculations of the radial
dependence of the poloidal asymmetry factor Z;.

The K’g” radial profile, computed removing this approximation, underpredicts the
experimental torque flow by at least one order of magnitude and represents an inward

flow.

In this Section we have calculated 7i .4, fz¢j(c,,,, vg;, and then estimated (8G/Z).;;,
K3 and K%, using a model for the parallel viscosity which neglects the heat flux
contribution, and allowing anomalous effects to enter the poloidal momentum balance
equation via the use of measured radial particle fluxes and the I‘f,-”’ term.

With the assumption |I‘;~)| < |Ty|, one obtains vs; smaller than the values of
impurity poloidal velocities experimentally observed, and rather larger values of wvp;.
The total torque flow is essentially given by the main ions torque flow. When possible
anomalous forces are neglected (1";”} = 0), the theoretical torque flows reach their
largest value. K3** appears as a good representation of the experimental torque; K,
instead, is negative and at least one order of magnitude smaller than the experimental
torque fiow.

Assuming for vg; a trial radial profile based on different experimental measure-
ments of vy, one obtains values of #;, and §1j, of O(e) and larger, and therefore a
torque flow dominated by the impurities. Also in this case K3 represent the Kj*

reasonably well, and K 4 Is still negative and one order of magnitude smaller than
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the experimental torque flow.

Values of 4; ~ 1 are consistent with vg; = vg.. Such values of y; correspond to
I ~ |T%™)| that appears rather unphysical. In fact, to the extent that quasineu-
trality is maintained 134‘, R i Z; ﬁ,—, the flow due to electrostatic perturbations
is ambipolar. The magnetic fluctuation terms, [‘f’ , due to local normal modes, have
also been shown to be ambipolar (118 Byt we cannot exclude that ~r, which has
been defined here to represent anomalous flux terms, could also originate from other

forces that we neglect.
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8.10 Evaluation of i, {4; and Ky(r) (case §; # 0)
8.10.1 Poloidal momentum balance equation

=0 an
Starting from the general form of the paralle! viscous tensor: (64 0; = (py—pL)(bb—

I /3), the poloidal viscous force can be written:

1 I 1 1 -
03 = 5 (o = 21 GV)B = 55 (BeV)(my — p1); (8.96)
With
(o) — pL)i = {py — pL)js sin8 (8.97)

as suggested by Eq.(3.8), one obtains:
s 1 o 11
ng- = ;(p” - pl)j,c sing* — 5;(})“ - pJ_)j', cost (8.98)

(Equation (3.8) was derived assuming 7;, Q4 = 0, but we note that in the following
calculations we do not need to specify the parametric dependence of the anisotropic

pressure term).

Therefore:
Uo; Mg l(pp—pilis
n; < e cosé (8.99)

The poloidal variation of the impurity density is described by:

Fl_é?n;

nI -_3_.—9- '"'ﬁ'fc Siﬂg "'I" 'ﬁ;], 0039 (8100)

1 (p“ - pJ.)Ia

o~ —[mp{v3; + v5,)esing — Py cosf) (Ty + TeZepy)™!

from where one can easily derive the expressions for ;. and fiz,.

The poloidal variation of the main ion density is given by:

1 6'”.' - . - .

map - e sinfd + s, cos = —[mi(v3; + v3;)esing (8.101)
1 (P~ Pr)is o N 1 Ony Ny
3 cosd + ZiZ; Ne % ny 09 HT:+ T ne)
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The magnitude of (py — p1);,) is determined by the FSA poloidal momentum

balance equation. By substituting:

ITo; 2(py = pr)ss

i NN 8.1
< hn; >%3 n;R (8.102)
in Eq.(8.51) one derives:
3
(py — PL)js = *EG’YIF=3¢R (8.103)

where we have made use of the evaluation of the magnitude of the terms of Eq.(8.51)
carried out in Section 8.6.2 and of the assumptions that v; > 0.1, ve; < v4;. Therefore

the up-down poloidal variations of the ion densities are:

P Hore  enl.ByR
Is nr T+ TeZe” - 271[(T; + T,Z,ff)

(8.104)

and

T‘Ha&c/n; + n;ﬁ;,T.,Z;,/n,_, _ 6’}'§FBB¢R/(2n§) + n,rﬁ;,TeZ;fne
T; + Tonti/ne - T; + Toni/n,

-
i = —

(8.105)

It is clear that the magnitude of the poloidal variations of n; are not affected by the
magnitude of §;, in these shots were the friction term in Eq.(8.51) is smaller than the
radial flux term. The parametric study of the dependence of 7i; on +y;, carried out in
Section 8.6.2, is still valid in the case of §; # 0.
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8.10.2 Finite-heat-flux viscosity model

The evaluation of Qy;, and therefore of Z;, requires the evaluation of vy;. In the
previous section we have employed a zero-heat-flux viscosity model In the case §; #
0, the poloidal velocity cannot be evaluated by simply solving the FSA poloidal
momentum balance equation, since this last involves another unknown function, g;,
the heat conductive flux. We indeed need to solve a system of four equations - the
FSA poloidal projections of the momentum and heat flux equations, Eqs. (8.51) and
(A.7), for main ions and light impurity - in the four unknown vy, v, gs; and ge;.
With the inclusion of the anomalous terms T\~ and ¢;” discussed in Section 8.7 the

system becomes:

< ByV'6; > - < ByFy; > =~ % < ByBy(gr; — ¢) > (8.108)
1

< BV, > ~ < BeRes > = < BaBye,(T, ~ ™) >
— m;BeoRy < n;Q2, sind >

The heat conductive radial flux for species j, ¢.;, is not known at this point and
we do not attempt to model the complete energy transport problem to obtain an
estimate of it. The total ¢, = ¥; ¢; is computed from energy balance calculaticns
by SNAP. Typical values of ¢%%,,, are 410* and 610* W/m? at r = 0.2 and 0.6 cm
respectively, for a 10 MW NBI discharge. Formally we indicate ¢,; = "yqjqnm,

In addition, as discussed in Section 8.7, the q(“" term, which represents the effects
of anomalous forces that appear in the ion or impurity heat flux equation, could be
of the same order of magnitude of the ¢,; term and we want to study how the results
would depend on the presence of this anomalous term. Therefore, as was done for
the radial particle flux, it is convenient to define

- (~hy — T\ NEF = ez
q’(-_; o = 7”(1:-3; (er ~ Gy }) = 7;;1(1 - 7.13) Qrions = YgjQrions (8109)

The vg;'s are therefore the solution of a system of equations depending on four

unknown parameters, 7, 7V, Yqi and 7 (actually only three since 4; ~ 0), whose

reasonable range of variation, suggested by experimental measurements, is [0 - 1].
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We have evaluated vg; (and gp;) and found that for values of «; and ,; varying in
the range [0 — 1] the ranges of variation of |ve| and |ves| are very large. With v; or
Yqi ~ 1, for example, we obtain vy; larger than vy while vg; — 0 when ;, 75 — 0.

Since at this moment we are unable to evaluate the v parameters, or justify a
given set of values for them, the present ¢ # 0 model cannot predict the poloidal
velocities with any degree of accuracy. The magnitude of the poloidal variations and
of the torque flow depend considerably on the magnitude of the poloidal velocity.
We find that the range of variation of the torque flow - corresponding to the ample
range of variation of the poloidal velocities - is too ample to allow the establishment
of meaningful boundary on the magnitude of the calculated neoclassical torque flow.

Therefore we leave to future investigation the problem of evaluating poloidal ve-

locities and torque flow in the presence of a heat flux.e
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8.10.3 Discussion of K" and Rg" [114)

From Eqs. (8.44)-(8.48), it follows that the two formulations of the total {ion +

impurity) gyroviscous torque flows may be written

K3 = K" + K31 = K5 (Gow) + K (Gyor) (8.110)
and

KT = R+ K3 = [KSY (Gw) + KEY (Gi)| +[KSY (Goot) + KSY (Gp)](8.111)

where K5V (G.;) is the quantity defined by Eq.(8.44), with G.; defined by Eq.(8.45).
The gyroviscous formulation K3, which assumes Gz; = 0 (j=i,I), agrees rather well
with experiment for all the cases considered. However, when we calculate Z;(r),
we find Gz, # 0. In fact K5 (Gp;) ~ —KZ¥(Gz;) for many of the cases that we
considered, resulting in a near cancellation for each species and an order of magnitude
underprediction of the experimental data by K AR

The qualitative result Gz; < 0 is probably independent of the calculation model
for poloidal asymmetries, implying in general off-setting values of K§V(G,,,) and
K§Y(Gs=,). However, the degree of cancelation between K5V (G,,;) and K$V(Gz;) is
clearly dependent on the calculation model for Z;, as was illustrated by our calcula-
tions with different values of 7;. Use of spatially dependent v factors to represent a
spatial dependence of the anomalous forces in our model, for example, would clearly

alter the Z;(r) profile.
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8.11 Comparison of results with previous work
and discussion of uncertainties

8.11.1 Comparison of results with previous works

The general feature of the results presented in the previous Sections is that the
poloidal asymmetries of the ion densities are much smaller than ¢ over most of the
plasma. The same is true for the up-down asymmetry of (34;. The in-out asymme-
try of Qg; can be of order ¢ or larger, when vs; ~ [u,; or larger. The neoclassical
(gyroviscous) torque flow evaluated making use of the #A; and fld,,v computed radial
profiles is smaller by a factor of two than K3* when the formulation K3 (based on
the separation of variables) is used, and at least one order of magnitude smaller than
the experimental torque flow when the formulation R’f’ is used.

Two new results came out of our calculations: 1) the main ions, as well as the
impurity ions, can contribute significantly to the gyroviscous torque flow; and 2)
density asymmetries #; << € can drive gyroviscous torque flows of the magnitude
of the experimental values, in the K g"" formulation. Poloidal density asymmetries
fi; ~ € would still be required to drive gyroviscous torque flows of this magnitude in
the K, formulation.

Let us briefly review how these results compare with previous evaluations of

poloidal asymmetries and related momentum fluxes.

Density poloidal asymmetries - Several theoretical analyses and experimental
investigations, reviewed in Chapter 7, pointed out that density poloidal asymmetries
of O(e) and larger could be observed {and have been) in specific plasma regimes.

Refs. [93],[26] predicted that centrifugal force can drive in-out density poloidal
asymmetry, and that #;. ~ ¢ for sonic ‘j’ ion species. We arrive at the same conclusion,
but 7i;. < € in TFTR Exp.44 because, as shown in Fig. 8.6, both main jons and carbon
are subsonic.

Refs. [3],[90], [93], [26] and {97} in Chapter 7, concluded that up-down ion density
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asymmetries could be observed in the case of collisional ions. In fact, when the
condition gy Z% fwee; ~ 1 is satisfied, the friction term in Eq.(8.49) becomes the
driving force of #i,; ~ €. This condition is not satisfied in the TFTR Exp.44, where
the friction force, in Eq.(8.49), is negligible with respect to the parallel viscous force.
In the case of TFTR Exp.44 plasmas, it is the viscous force term which drives 7i,; ~
—(pi — p1)is/Pj-

The magnitude of this paraliel viscous force can be evaluated from the FSA mo-
mentum balance equation and, in our problem, it is proportional to the radial particle
flux term, Eq.(8.77). The magnitude of this radial flux term, which is the difference
between the particle radial flux and the electrostatic-fluctuations driving force, is not
known, essentially because the second term has not been evaluated in TFTR. Based
on the experimental observation that the impurity plasma inventory appears to re-
main constant during the last phase of NBI, we have argued that the impurity radial
flux must be a small fraction of the radial electron flux and established a limit for it:
I';Z; < 0.1T.. No such constraints can be placed on the main ion flux. Therefore we
treated (T, — T'™) as parameter which can vary from zero to a value equal to the
measured electron flux and studied the sensitivity of the results to it.

The #,, are indirectly driven by the radial flux terms. The case with v; ~ 1
establishes the upper limit to the magnitude of the driving friction force and therefore
to the magnitude of 7,;. For both ion species and independently of the value of g;
and vg;, ;, was found to be < e.

Ref, [91] pointed out that asymmetric particle sources can drive ;. In Section
8.3, we argued that this can also be the case for the Exp.44 plasma, but that this
effect is limited to a few centimeters near the plasma edge. The evaluation of #;
driven by source terms has not been carried out in the present work.

In Ref. [94] it was found that momentum input can drive #;, ~ €. The parallel
projection of the momentum equation was used to evaluate 7;. In case of 7; mainly

driven by momentum input, one would obtain: é%’} o My; o Z?;. In particular,
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in the presence of sonic impurities (high Z impurities) the in-out density asymmetry,
driven by centrifugal force, scales as Z; and one obtains: 7, < Myjc x 2?7, o Z3.
The calculations of 7, in Ref. [94] were performed for Tungsten (Zw = 74) and
Titanium {Zp; = 22) and an input power in the range [-2.4 - 2.4] MW. Even taking
into account the fact that in TFTR the input power can be higher, the momentum
input would not drive any significative up-down asymmetry of the Carbon impurity
density (Z¢ =6) in TFTR.

Electrostatic potential asymmetry - As shown in Eq.(8.49), e; 8®/(r 88) is a
potential driving force for 7;. In addition $ appearsin the S:ZM expression {Eq.(8.29))
and, if large enough, can determine its magnitude.

In Ref. [92], & was evaluated in case of perpendicular NBI and found to be of
Ofe). This was the effect of a relatively large in-out density poloidal variation of the
fast ions, a large fraction of which were trapped in the outer region of the tokamak
by the “magnetic mirror force”.

The presence of the fast ions is not accounted for in our calculation of poloidal
variations. Nevertheless we can here discuss the effect of their presence upon &, and
therefore ;..

The contribution of an asymmetric fast ion density, 7y, to &, is given by:

Yo a1 (L R

-1 e Q -
Copiy = Ry (5 + Zegs = =) ! (8.112)
3 e

€ €
Using the following values, characteristic of Exp.44: ng/n. = 0.25, T, /T, = 2.5 and
Zeff = 3, one obtains:

¥ Qo -

‘i’c(ﬁ)f,l—_,_— ~ 0.05 £ (8.113)
Chang and Harvey 92] evaluated 7 #i = 0.5 — 0.6 for quasi-perpendicular injection in
DIII and PDX, and #4; = 0.1 for tangential injection in ISX-B. Using these values to
estimate a possible range of variation of fis; in TFTR (whose NBI has a perpendicular

component), one estimates:

184



0.005 < &, sy e®,/T; < 0.025. In TFTR ¢ = 0.3 r/a. Therefore ®,;) < ¢ when
we make use of the ordering e®,/T, ~ 1.

Chang and Hazeltine P pointed out that #;Z;n,/n, ~ € would lead to & ~ e.
This is consistent with our expression of ®, Eq.(8.23). But in the shots analyzed in

this work 7; < € and therefore P <e

Rotation frequency poloidal asymmetry - To our knowledge, estimates of
ﬂ,ﬁ have not been published before. There are observations of in-out asymmetry
of Q4; from JET and TFTR, but it is the opinion of the TFTR experimentalistes
that these asymmetries could be attributed to systematic error bars of the CHERS
diagnostics itself. Nevertheless, the form of v,;, Eq.(8.9), that originates from simple
considerations of momentum and particle conservation, predicts Q,m-c ~ ¢ whenever
vg; ~ Pug;. Since there is experimental evidence of poloidal velocity of this magnitude
in TFTR (in balance NBI, and of larger magnitude at the edge of other tokamaks)
one should expect to observe in-out poloidal asymmetries of Q.

Ref. [70] pointed out that: (1) @ ~ ¢ would lead to (y; ~ ¢; and, (2) vg; ~ fug;
generates {14, ~ ¢ and, when associated with 7;, ~ ¢, it would also cause Qy;, ~ «.
For the TFTR EXp.44 plasma & < ¢ and therefore the potential asymmetries cannot
drive considerable {14;. In addition, as discussed above, also #;, < € and therefore
Q¢j, < ¢. But there is experimental evidence that vy ~ Bvyy and, using values of

the poloidal velocities of this magnitude, we evaluate {24;c ~ €.

Poloidal velocities - v and vy were evaluated in Ref. [94] for collisional
impurities and main ions in the plateau regime (ISX-B, PLT), by solving the FSA
parallel momentum balance equation and neglecting the heat flux. It was found
that ver ~ O(fBv,) > vgi, driven by momentum input and, to a lesser extent, by
pressure gradients. This is consistent with the fact that ny > nos (Eq.(3.3)) and that
VgiTloi = Usrmpz. Analogously, for the case §; = 0, we solve the poloidal FSA poloidal

balance equation and find ve; ~ O(fBv,) > ve;, consistent with ny; < o7 and with the
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fact that both ions and impurities are in the banana regime.

The FSA parallel momentum balance equation, used to evaluate vg;, contains
the unknown toroidal projection of the perpendicular viscous force; this force was
represented by an anomalous drag force in Ref.{94] and the dependence of the vy;
results on magnitude of this term was then studied.

We include an unknown anomalous force in the FSA poloidal momentum balance
equation (via the 7;) and we also have to study the dependence of the vy; results on
the magnitude of this parameter. In our model, the poloidal velocities are driven by

the radial particle lux and are larger when the mentioned anomalous force is absent.

For the case §; # 0, vg; is usually evaluated by solving the system of equations
Eq.(7.20). These balance equations neglect momentum and power input, and toroidal
viscous force and heat viscous terms that are important in NBI plasma. These equa-
tions are therefore used for OH plasmas; nevertheless these equations have been
unable to explain the large vy ~ v,4; observed in OH (as NBI as well) plasmas.

We used the FSA poloidal momentum and heat flux balance system of equations
to evaluate vy; (and go;). Our equations include anomalous terms. We found that ne-
glecting the presence of these anomalous terms while using experimental values of the
radial conductive heat flux would lead to values of vs too large to be consistent with
experimental observations. The inclusion of these anomalous terms in the momentum
and heat balance equations can give values of vs; that are closer to the experimental

observations.

8.11.2 How believable are our estimate of #;, Q4; and E; for
TFTR Exp.44 7

The main uncertainties in our calculations of #; and {; (and therefore of the gy-
roviscous momentum flux) are: (1) the radial profile and magnitude of the poloidal
velocities of main ions and impurities; (2) the radial profile and magnitude of the

anomalous terms that have been formally included in the momentum balance equa-
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tion; (3) the possible presence of anomalous forces that have not been included in our
equations; and, (4) the form of the forces, taken into account in the balance equations,
for which the neoclassical formulas have been used. Let us discuss tilese uncertainties
in detail.

Poloidal velocity - We have calculated ver and vy from first principles and
neglecting the heat flux; we found that vey << fuvy; and that v could be comparable
with Svgr. There are no measurements of vg; and very few measurements of vy in
any tokamaks (none in Exp.44). In order to estimate an upper bound on 7, and ﬁw
we also used a trial vy, profile, for vgr, based on a few experimental measurements
of the poloidal velocity on different machines. These experimental observations (see
Section 7.6) were associated with plasma conditions different from the TFTR Exp.44
ones and we have no certain reason to believe that the actual vy, in Exp.44, is
close to the trial vg,. But how much different could it be? Our concern is: could
vpr(r) be more than a factor of order unity larger than the trial ve.(7)? If the actual
poloidal velocities are smaller than the one we assumed, we have in fact overestimated
Q);; and our calculations must be regarded as conservative estimate of the toroidal
rotation poloidal asymmetries and therefore of the neoclassical momentum flux. The
possibility that ver(r) were one or more orders of magnitude larger than the trial
profile appear very unlikely: in fact one would be able to observe a vy ~ O(v,) and,
as a consequence of this, f?.,,jc ~ 1 and E, ~ O(vgByg). This is in disagreement with
experimental observations.

It is in fact likely that the actual poloidal velocities have radial profiles and di-
rection different from the ones assumed in the trial vy, profile, in which case the
radial profile of {2, (and therefore =;) would have different radial behaviour, but our
estimate should provide an upper boundary to their magnitude.

Particle fluxes and driving anomalous forces. The magnitude of the particle
fluxes and of the I‘;"’ force determine the magnitude of the parallel viscous force, {p;—

pL);, of #tj, and ﬁ¢j,. We discussed that, since the Exp.44 plasma parameters were
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steady state ~ 600ms at the end of the discharge, the radial ion fluxes magnitudes
must have been within certain ranges, namely Z;I'y < 0.1T'; and [; > 0.9T,. These
conditions represent a small uncertainty for the values of T';.

The possible presence of anomalous forces, I‘ﬁ-"”, was discussed and values of
I\™/T, = [0 - 1], constant of 1, were assumed in the calculation of the poloidal
variations. There is no experimental evidence or reason to believe that the anoma-
lous force has such a radial profile. But our real concern is: could I‘g”’ be larger (one
order of magnitude or more) than our assumption? Since we are interest in mecha-
nisms able to drive up-down asymmetries of density and velocity of order ¢, we note
that I‘}”’/ T, should be of order 10? — 10° in order to drive #;, ~ . The evaluation
of 1"}'“) from fluctuation measurements, with or without employing a theoretical as-
sumption for the turbulent-mechanism, have produced estimates of [‘;’”’ < T.. Even
if the evaluations of this anomalous term are affected by large error bars, we can
exclude the possibility that the measurements are off by a factor of 10 — 10°.

Other anomalous forces. Other forces of anomalous origin could affect the
momentum balance equations but as far as we know they have not yet been identified.

Neoclassical forces modified by turbulence. The friction force is so small
for the collisionless TFTR Exp.44 plasma that, even if its magnitude is affected by
non-neoclassical transport mechanisms, it is very unlikely that ﬁ,- could increase by
several (7-8) orders of magnitude and become a force large enough to affect ;.

The parallel viscosity, whose actual value is considered to be close to the neoclas-

sical prediction, could also been affected by anomalous mechanisms. The relation
L =0 L 30
< ByV'Il; > ByV'IL, o< (py —po)js (8.114)

is an intrinsic property of the parallel viscosity tensor. In fact we did not make use
of any expression for (p) — p.);. in determining 7, o< {p — p.);s, and our results are

valid for any parallel viscosity satisfying Eq.(8.114).

In conclusion we believe that our calculations of 7, Q;, and hence the neoclassical
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torque flux, represent an estimate of the upper limit for the magnitude that these

quantities can assume in the TFTR Exp.44 plasma.
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Chapter 9

SUMMARY, CONCLUSIONS AND FUTURE WORK

9.1 Summary and conclusions

A well-diagnosed rotation experiment has been carried out in TFTR with the pur-
pose to obtaining measurements of the radial profiles of v4 and T for a variety of
plasma and machine parameter conditions. These measurements, carried out with
the recently installed CHERS diagnostic, allowed, in particular, the computation of
the radial profiles of the torque flux and momentum diffusivities, quantities that
previously were only known at the edge or unknown, respectively.

The data were analyzed with the 1D transport code SNAP. The discharges in this
experiment showed characteristics intermediate between L-mode shots and Super-
shots. Rotation velocities, up to 5.5 10° m/s, were found to be higher in low current,
co-injection shots and in low B discharges. Experimental momentum confinement
times, in the range 24-50 ms, were found to decrease weakly with input torque per

particle, to increase with plasma current and to be independent of B.

The momentum confinement properties (74, v4(0), K; and x,), inferred from
experimental data, were compared with the predictions of several neoclassical and
anomalous theories.

The gyroviscous theory, with the assumption of impurity poloidal asymmetries
fir, Qgr ~ ¢ and of negligible main ion poloidal asymmetries, was shown to predict
the magnitude and the parametric dependence of 74, v4(0) and K3". Other theories,
namely Hsu-Sigmar’s theory and the rotational viscosity theory, based on neoclas-

sical mechanisms of momentum transport different from the gyroviscous one, would
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reproduce the gyroviscous results when the same assumptions are made about the
poloidal asymmetries (1141,

Ware's cold ions theory underestimated the observed viscosity. In fact, the mo-
mentum flux caused by the presence of a plausible amount of cold ions was found to
be negligible with respect to the actual magnitude of the momentum flux.

Each of the anomalous theories considered (ITG, untrapped particles and stochas-
tic magnetic perturbation modes) predicted torque flows which show magnitudes, ra-
dial profiles and parametric dependences on plasma parameters different from those
of the experimental torque flow. While the agreement between 7{* and nt*¢°, found in
this experiment, would support the presence of ITG modes, perturbation studies in
later (1989) discharges have revealed behaviours of the ion and electron temperature
profiles that are in disagreement with the predicted behaviour of n, modes at marginal

stability.

Since the gyroviscous formalism was successful in predicting 7y, v4(0) and Kj,
when an effective poloidal asymmetry factor of ® = 1.5 was used (based on the
assumption of O(e) impurity density asymmetries and << Of¢) main ion density
asymmetries), a detailed calculation of #; and Q,; was performed. Poloidal den-
sity asymmetries smaller than ¢ were calculated for both ions and impurities; but
the same calculation (case g; = 0) also yielded impurity poloidal velocities much
less than ‘'suggested by the limited experimental data. Using the calculated poloidal
density asymmetries to evaluate the original formulation of the gyroviscous torque
flow resulted in torque flows in good agreement with experimental values. However,
our calculations of the radial dependence of the poloidal density asymmetries do not
support the separation-of-variables approximation used in the original formulation of
the gyroviscous flow. When we evaluate an alternative formulation of the gyroviscous
torque, which removes this approximation, we predict values that are at least one

order of magnitude smaller than the experimental torque flows.
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9.2 Suggestions for future work

Theoretical calculations indicate that neoclassical forces and the effect of anomalous
radial particle fluxes give rise to a momentum flux which is at least one order of mag-
nitude smaller than the momentum flux experimentally inferred. These results leave
open the question of what mechanisms - probably anomalous - can be responsible for
the observed agreement of v§*(0) and 75* with v5°(0) and J". The disagreement of the
anomalous theories does not exclude the anomalous nature of momentum transport.
In fact, while theory has failed to identify the driving forces of the plasma parame-
ter fluctuation, the evaluation of particle and heat flux directly from the fluctuation
measurements has given results comparable to the experimental measurements [129),
A next step in the comparison of experiments and theory would in fact be the com-

putation of the momentum flux directly from the measured fluctuation spectra and

amplitude.

The poloidal velocity, which was not the main issue in this Thesis, offers many
opportunities for hoth experimental investigation and theoretical speculation. Mea-
surements of the poloidal velocity in the bulk plasma should be possible with the same
CHERS diagnostics that have been successfully measuring the edge vy profiles. The
theoretical investigation of vy in unbalanced NBI plasmas requires the use of trans-
port equations which, in addition to retaining the neoclassical transport description,

should include anomalous driving terms.
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Appendix A

Heat flow balance equation

Taking the velocity moment m;v27; of the kinetic equation one obtains the heat flow

balance equation: 193

e, + v A L& —L(m;n;v} +3p;)E ~ (myn;7,7; +ﬁ +p,?) E (A1)

Bt 2m,- !
G5 5o TR _F W
— G, xB=LER,-F+W
(A.2)
where:
5
QJ mJnJ'U ¥ + 23’:”1 +7; H +§; (A.3)

is the total energy flow, g; is the conductive heat flux, A, is the energy flux tensor,
F, is the heat friction force and W, is the source term.

Combining Eq.(2.2) with Eq.(A.1) one obtains the following balance equation:

g, & 5 _O8T; = 5T; 3
—(Q; — z0i¥;) + zn;U; =L + V'A; — ==LV (m;n,;7;7; + I, (A.4)
Bt 2 D) 152 9 VA Ot K 2m j P Rl B 1
= e = O =
+p;1) - —(Q5 = 5pif) X B = —L —L £ [myn;5;7;
J 2
= 1 T; > -
+11; +p3-I ~m;n;v 2?] = (W, - -5-.5‘ i)
3 m; 277
(A.5)
The following definition is commonly encountered:
3 5 T =
Ve; = [V A - 5——-V (mjn;T:7; + H + p;l)] (A.6)
In steady sta.te, Eq.(A.4) can be written:
= e, = — ;= 3 - - 5=
Vo;+ T? (q; + HJ') X B+ TJ-E (%] = F; - W; + :?-Sj (A.7)
3 ¥
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Appendix B

Friction force

The expressions for the friction and heat friction forces, ﬁj and ﬁ, respectively, have
been shown to be linearly related to the fluid velocity, ¥;, and the conductive heat
flux, §; [63], (64]:

~ 2 g

C o= Y (kg 4+ B2 :

o= X =) (B.1)
- 2 4
(B.2)
where the friction coefficients, &% | can be written:
ik = (3 222 s + TR N (B.3)
i T ik

= B4
Tt’tkg -

N’.tm — Nmﬂ )
* T T M (B:3)

Vth k
Tip = vy (Bﬁ)
MR =-(1+ —;)(1 +ah) % = N} (B.7)
3 m;
MY =My = —5(1+ ;ii)(l +a5) %% = N} (B.8)
13 15
M} = “‘('Z' +42]; + _Q'w;k)(l + 5y,) (B.9)
27 , Ty '

N} = T ng (14 23)~%? (B.10)
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Appendix C

Neoclassical viscous forces

For the case ¢; = 0, we are going to use Braginkii’s neoclassical tensor, rewritten
for flux-surface coordinate 23/, The toroidal, poloidal and radial projection of the
viscous forces have been rewritten in order to show their parametric dependence more

explicitly.

¢ The poloidal component of the parallel viscous force is:

=]

éVﬁJ = ng =
m—;g%ﬁ [ecost ~ g%% + ¢(09; + gi)sine — (esind) +
2 ’3“1 1 04
319 ( 901)] + 7?03 (4651119 Ooj — Z;-Eg_ (C].)
with
_ 1 a8, 1 op; 0% av,
Y = R em or T or) a0 (C2)
1 T;89; 10 .
- _Bﬁ[}e?a—r t oo 2= (Tede)] + Qg ol sinf — Q50U cosd
= 1 0m 1 0n;
Qoj = no; 00 J; = n; 86 (C.3)

For a i-I plasma, with both ions species in banana regime, gg; ~ (%; + #1).

The FSA of Eq.(C.1)/(hn;) is
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LN VP TN PO . 4
<hn,-> - n‘RJ[ 2 2e 2¢ € (C.4)
1
+ 3¢ z(nfcnjc + nfanjs + njcnfs - njanfc)l
o; ﬁ n!s + njs + njc nIc + ﬁjc - ﬁjs
s - A'c
+ 2nJ [ 7 ( € ) 2 € ]
¢ The poloidal component of the gyroviscous force is:
. _ 234 9.4
oviIl, =l =
M 9\0%;  p BA; _,004;
[6131119 3—+ )31‘ +Plj€1r' 2€3T+
19
""’( =P sind + Py; L) (C5)
with
T r 102
T Qe = — e Ll .
Py =2+ I, I, + 3¢ cosf (L; :c@r) (C.6)
Py, =446 — 3 + 2~ + 16¢ cosf = eo/f (C.7)
2 = Lq ij ngj € g=¢ .
'P3}_5+3E;—2L—-+22E-+E:+760089 (C.8)
The FSA of Eq.(C.5)/(hn;) is:
m' BT OVgjs T Ouis o Tojs 85
il ek YN T S LR B/ Ll LIPS S et 4 .
<hn,> 4wcj( 3 or +3£ or 36 or ) (C9)

» The toroidal component of the parallel viscous force is:

N

¢V, =0f = o
ﬁﬂo — { va;{—3ecosd + 2~5§’~ + €(D; — 3go;) sind + 29,(00; — ¥;)] +
3AjﬁR(go, ~ 3¢sind + :41—%:})} (C.10)
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¢ The toroidal component of the gyroviscous force is:

34

T e )
v, =mi=

7

Mjre Y00, 9; ) I; 1
ﬁ[ﬁ} F(Z sind — -j) + qujf}(‘l sind — 'E'l) - 'EAJRSJ] (Cll)

with
_ r 87}43 = rR 69,”'
5= TR o 7= (©12)
¢ The radial component of the parallel viscous force is:
<0
AV, =1 =
ﬁ ?.‘.’2’. Cleeing _ 293 T 22 a 9;
{—[—(esing 315‘,)LW 331'( . -1} (C.13)
+€? 5in26 — 2¢1; cosf) + Ba (€sind — g19 )
BA; T r r
- (4ecosd I " Tan + I )}
For §; # 0, one derives from Eq.(3.6):
1 3 . } 1 ] .
n; = ~3% —(pyj — Puij)ssingd — -(-?il-’-’-—-;g-ll!—)—(ﬁ"’ + € cos@) sind (C.14)

o The radial component of the gyroviscosity is:

=34
FVIL = 1'{3%“ =
o o, _ LA
[ L(-2¢ COSQ+2B€ 2¢d; sind + 1 L%)
181)9,‘ r 321)9,‘
r or (GCOSG +1- E;—) — 8?‘2
A; ;3 0A;
(19 — 3esind + yy 89) +
2
-8%22‘1—(66 cosf — 2 — z——) +,15R6 Qw] (C.15)

My

¢ The terms from the perpendiculat viscosity tensor can be neglected because

2; K Tajs Moj-
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