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Abstract

The supershot regime of plasma confinement, discovered on the Tokamak Fusion Test Reactor
(TFTR), is characterized by very high core ion temperatures; strong sensitivity to edge conditions;
peaked density profiles; favorable scaling of core ion thermal conductivity with both temperature
and density peakedness; strong improvements of heat and particle transport with isotopic mass in
deuterium-tritium plasmas; and a preference for neutral beam injection with a small torque parallel
to the plasma current. Energy confinement times exceed twice those of comparable plasmas having
increased edge fueling. The favorable trends are mutually reinforcing, suggesting a common origin.
In this thesis, a model which explains the ion thermal confinement trends of supershot plasmas
is presented. The ion temperature profiles of over fifty TFTR supershot experiments are well-
reproduced, encompassing large variations with density peakedness, lithium conditioning, heating
power, isotopic mass, toroidal rotation, and perturbation experiments. The stabilizing effect of
radial electric field shear is shown to underly the observed trends. While unimportant at the lowest
heating powers, this effect doubles the core ion temperature at moderately high heating powers.
The confinement trends are described by adopting the expedient criterion that the radial electric
field shearing rate and maximum linear growth rate of the toroidal ion temperature gradient (ITG)
instability are approximately equal in the core. The latter is evaluated for the relevant scenario
where the ion temperature is much greater the electron temperature and its gradient is relatively
strong. This criterion is integrated inward from the half-radius to reproduce the ion temperature
profile without relying on estimates of the nonlinear saturation of turbulence. Nonlinear simulations
that simultaneously evaluate the radial electric field, ion temperature, and turbulent saturation of
toroidal ITG modes are also carried out (the saturation is evaluated using existing nonlinear codes
that neglect the effects of trapped electrons and radial electric field shear). Large non-monotonic
features in the measured toroidal velocity profiles of impurity ions are consistently explained by a
neoclassical calculation which provides the radial electric field. Perturbation experiments separate the
relative influences of the temperature gradient and density gradient through their differing recovery
timescales.
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Chapter 1

Introduction

1.1 Confinement Trends of TFTR Supershot Plasmas

The supershot plasma confinement regime [1], discovered on the Tokamak Fusion Test
Reactor (TFTR) [2, 3], has been the subject of nearly a decade of intense experimental
study. The regime is characterized by very high core ion temperatures, of order three times
the electron temperature; highly peaked density profiles; strong sensitivity to edge conditions
determined by the influx of particles from the plasma facing surfaces; favorable inverse scaling
of core ion thermal conductivity with temperature; energy confinement times several times
those of comparable L-Mode plasmas [4] characterized by increased edge fueling (in which
confinement degrades with heating power and improves with plasma current) 75 /75 PRe9F ~
ne(0)/{ne) > 2, where 7g is the global energy confinement time, 75/ER89P is that for L-Mode
plasmas, and n, is the electron density; strong isotopic scaling in deuterium-tritium plasmas
e o (A)0-80-089 "where A is the thermal atomic mass; and a preference for near-balanced
neutral beam injection directed slightly parallel to the plasma current. Empirically, these
trends appear to be mutually reinforcing, suggesting a common origin.

Other enhanced confinement regimes, such as the H-Mode (High Mode) [5], VH-Mode
(Very High Mode) [6], ERS Mode (Enhanced Reverse magnetic Shear) [7, 8] and High-
Bp Mode [9], are generally attained through relatively sudden transitions from regimes of
poorer confinement. These transitions are spatially and temporally localized in general. No
sharp transition is apparent in the evolution of supershot plasmas, while their core con-
finement trends are quite different from those of L-Mode plasmas. Theoretical models of
enhanced confinement regimes have focused on explanations of sharp transitions to enhanced
confinement, or the differences between enhanced confinement regimes and their degraded

counterparts, rather than explanations of the confinement trends within these regimes. In
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14 Chapter 1. Introduction

this thesis, a model is presented to explain the confinement trends within the supershot en-
hanced confinement regime as well as the fundamental differences between supershot and
L-Mode plasmas. This is made possible in part by an abundance of high quality data from
reproducible supershot plasmas.

It is well-known that the rates of transport of particles, energy, and momentum across the
magnetic field, in axisymmetrically confined fusion plasmas, in general exceed the estimates
of the collisional neoclassical theory [10] by an order of magnitude or more. Recent experi-
ments [7] in the enhanced reverse shear regime were noted for core heat diffusion below the
estimates of the standard neoclassical theory [11], resulting in steep density and temperature
gradients with scale lengths comparable to the radial width of trapped-ion banana orbits.
This prompted a refinement of the neoclassical theory to include the effect of finite ion ba-
nana widths [12, 13] relative to the equilibrium gradient scale lengths. Supershot plasmas
have shown similar behavior for several years [14, 15], with core ion thermal diffusivities com-
parable to or less than neoclassical theory, although ERS plasmas have significantly lower
core particle transport as well. In most situations, however, an understanding of transport
in high temperature plasmas requires an understanding of the collective modes that, without
relying exclusively on collisions, carry particles, momentum, and energy across the magnetic
field relatively rapidly.

Existing work relevant to supershot plasmas consists of a comparison of simulated ion
temperature profiles in a single pair of TFTR discharges, addressing in a rough qualitative
sense the difference between the L-Mode and supershot regimes [16], on the basis of increased
edge ion temperature and large T;/T, [17] relative to L-Mode plasmas. The toroidal Ion
Temperature Gradient (ITG) mode, discovered in Ref. [18], is thought to be the the dominant
instability responsible for the outward transport of ion thermal energy and parallel momentum
in beam-heated, degraded confinement regimes. This notion is supported by a detailed
comparison of the IFS-PPPL model [16] with 60 TFTR L-Mode discharges, in which the
dominant global confinement trends were reproduced for plasmas that were not strongly
rotating. The IFS-PPPL model consists of a parameterization of the critical ion temperature
gradient corresponding to marginal stability of the toroidal ITG mode, in the near-flat density
gradient limit, derived from parameter scans using the linear gyrokinetic initial-value code of
Ref. [19], and a parameterization of the nonlinear ion thermal diffusivity obtained from the
6-moment gyrofluid model [20] assuming adiabatic electrons. An initial comparison between
L-Mode and supershot plasmas having similar machine parameters is shown in Ref. [16].
To maintain consistency with our results we must point out that this initial comparision
gives the impression of better agreement than more recent data suggests. Nevertheless, the
comparison is important in the sense of showing that the stability properties of the toroidal
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ITG mode can be a significant influence on the ion temperature, and should be accounted
for in a model for supershot confinement. As we show, this description of the influence of
the toroidal ITG instability must be augmented with separate effects, which result in factor
of two increases in the ion temperature, to achieve agreement with measured temperatures.

In the remainder of the thesis, when the toroidal ITG mode is mentioned, it is understood
that the existing parameterization [16] we use to describe the linear stability of this mode
was obtained near the flat density gradient limit, including trapped electrons, with both even
and odd mode parities, and that no macroscopic flows are included in the linear stability
analysis. Because this parameterization was obtained from runs of the linear gyrokinetic
code [21, 19] for which the density gradient was taken to be relatively flat (see, e.g., Refs.
[22, 23, 24, 25] for a discussion of the flat density gradient limit) the influence of trapped
electrons is not accurately described when this approximation is not well-satisfied. This is
similar to considering, in the linear theory, only modes that have odd parity with respect to
the outer midplane. Modes whose poloidal structure has such odd parity, and whose growth
rate and frequency are less than the electron bounce frequency, are not significantly affected
by trapped electrons. This can be viewed as a consequence of the fact that trapped electrons
complete their trapped orbits before the mode evolves significantly, which orbit-averages the
electrostatic potential they experience to zero for odd parity modes. The even mode, on the
other hand, remains unstable even in the absence of an ion temperature gradient, as a results
of the influence of trapped electrons [18]. However, this trapped electron contribution is not
well-described in the parameterization we have used for the linear growth rate and critical ion
temperature gradient (or by the parameterization for the nonlinear ion thermal diffusivity,
for which adiabatic electrons were assumed). Nevertheless, in the experiments we consider,
the ion temperature is well above that of the electrons and the ion temperature gradients are
relatively strong, diminishing the relative importance of the trapped electron contribution.
An explicit comparison of the parameterization with the results of a more comprehensive
linear stability code [26, 27, 28, 17] is shown in Chapter 5.

1.2 The Velocity Profile Notch

The measured impurity velocity profile of TFTR supershot plasmas often displays a large,
non-monotonic, hollow feature in the inner half-radius, centered near the radius of strongest
ion temperature gradient. Often this feature involves regions where the toroidal velocity
changes sign. This puzzling observation should be understood if we claim to understand the
radial electric field and make use of it in models of ion thermal confinement. In Chapter 2

and Ref. [29], we develop a model to explain this feature starting from the neoclassical theory
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with impurities [10].

The non-monotonic feature, or “notch,” is most pronounced in high performance super-
shot discharges when the tangential neutral beam powers are nearly equal and opposite, and
the net torque is small and in the direction of the plasma current. Accordingly, the notch is
most striking under conditions generally found to optimize supershot performance [30]. This
is illustrated in Fig. 1, which shows the measured toroidal rotation velocity of the carbon
impurity ions in the record TFTR deuterium-tritium supershot [31] of November 1994, which
produced 10.7 MW of DT fusion power (#80539, P, = 39.4 MW, 64% in tritium, I, = 2.65
MA, Ry/a = 252/87 cm, B, = 5.50 T). The profiles are shown at a time 500 ms after the
start of neutral beam injection. In equilibrium, toroidal momentum must be transported
radially outward in the presence of the central torque deposition by neutral beams. This
would suggest that either momentum is carried up the velocity gradient in the outer part of
this notch, or that important parallel momentum exchange terms have been neglected. In
this thesis, we resolve this question using the latter approach, providing the missing terms in
the impurity parallel momentum balance.

In this work, we propose an explanation for the velocity profile notch by first observing
that the hydrogenic ions must have a well-behaved, monotonic toroidal velocity profile if their
toroidal momentum is transported radially by anomalous, diffusive processes. We then per-
form neoclassical calculations which predict large parallel heat flows in the hydrogenic ions,
resulting from the large ion temperature and density gradients in the core. We propose that
the notch in the impurity toroidal velocity arises primarily from the parallel heat friction of
the hydrogenic ion neoclassical parallel heat flow acting on the impurity ions. Adding the
difference in toroidal velocities calculated from the neoclassical theory to the measured im-
purity toroidal velocity then results in an inferred toroidal velocity profile for the hydrogenic
ions which is monotonic.

A large and unexplained velocity profile notch was recently observed in conjunction with
the core ion thermal energy transport barrier on the JT-60U tokamak [32], in high-gp H-
mode plasmas. The figures in Ref. [32] also appear to show that the radial position of the
JT-60U velocity profile notch coincides with the radius of strongest temperature gradient as
it evolves with time. This behavior is consistent with our observations of TF'TR plasmas and
with the model we propose. Velocity, density, and temperature profiles bearing a striking
resemblence to those of TFTR supershots were observed in JT-60U hot-ion mode plasmas
as well [33].

This explanation of the observed velocity profile notch is significant in the sense that it
improves our understanding of parallel momentum and heat transport in high temperature
tokamak experiments. This, in turn, supports the neoclassical calculation of the radial electric
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field profile in the absence of direct poloidal velocity measurements.

1.3 Radial Electric Field Profile

In Chapter 3, we develop neoclassical corrections to the impurity toroidal velocity term
in the radial electric field profile based on the calculations of Chapter 2. In addition to car-
rying out full numerical calculations valid for arbitrary collisionality, we develop analytical
expressions that accurately reproduce the numerical results. We find that the radial elec-
tric field profile E, is well-described by the impurity toroidal velocity term E, =~ V,;Bp in
degraded-confinement, “L-mode” plasmas. The same behavior of E, prevails in the outer
half-radius of typical supershot plasmas, where the local confinement trends [34] are charac-
teristically L-mode. In the inner half-radius of supershot plasmas, strong temperature and
density gradients there significantly influence the radial electric field, and also give rise to
the notch in the impurity toroidal velocity profile. This often produces a well structure in
the radial electric field profile, localized within the inner half-radius of supershot plasmas.
The outer part of the well constitutes a bordering shear layer in the radial electric field.
Emphasized by the poloidal magnetic field profile, this shear layer produces a localized peak
in the E x B shearing rate [35], stabilizing turbulence in the plasma core.

1.4 Model for Ion Thermal Confinement in the Supershot Plasma
Core

The thesis of this dissertation can be stated in part as follows. The ion thermal transport
characteristics of the supershot core are described by the criterion that E x B shear nearly
stabilizes turbulence in the inner half-radius.

We approximate this condition by adopting an expedient criterion, taking the maximum

max
lin

linear growth rate for the toroidal ion temperature gradient instability approximately
equal to the shearing rate for turbulence wgxp associated with the radial electric field. This
expedient criterion for stabilization by radial electric field shear, wgxp 2 i3, is broadly
supported by toroidal nonlinear gyrofluid simulations [36], and by comparisons with the
threshold of the enhanced reverse magnetic shear regime (ERS), when the magnetic field is
held constant, in Ref. [37] and many others. However, it is based on an intuitive notion,
rather than rigorously derived, and has in fact received sharp criticism from members of
the theoretical community (including ourselves) for its incompleteness and lack of a serious
theoretical basis. For example, we know from the first-principles theory of the mode existence,

in the case of plane geometry, that the criterion for the existence of these modes is quite
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different [38].

In Ref. [37], surprising agreement is shown between the linear growth rate and nonlinear
shearing rate at the transition to the ERS regime. This agreement is surprising because the
rule Wgx B ~ Ymax is loosely based on toroidal nonlinear 4-moment gyrofluid simulations [36],
which themselves allow for discrepancies up to a factor of two in this criterion (this can be
improved by using the more complete 6-moment gyrofluid equations [20], with an improved
mode representation using continuous periodic boundary conditions [39, 40, 41]). It is widely
believed that vax serves as an approximation to the turbulent nonlinear decorrelation rate
Awr so that the toroidal generalization [35] of the Biglari-Diamond-Terry rule {42] can be
applied.

In the use of this criterion, we make no pretense that it is comprehensive or that it is
a complete description, or even that it is well-founded. For example, experimental evidence
exists to suggest that this criterion does not accurately describe variation with the strength
of the magnetic field [43, 44]. We have chosen to use it, with the magnetic field held constant,
because it has demonstrated success in certain situations, including several comparisons with
the thresholds for transition to the ERS regime, and with the results of nonlinear codes.
Further, no rigorously derived criterion of similar utility, for the case of toroidal geometry, is
presently available. Whenever we mention the practical stability criterion in the remainder
of the thesis, it is with these reservations.

This practical stability criterion approximately describes the deviations from toroidal ITG
marginal stability, in the flat density gradient limit, made possible by E x B shear stabil-
ization. Here we refer to toroidal ITG marginal stability in the absence of E x B shear, as
discussed in Sec. 1.1. These significant deviations from toroidal ITG marginal stability are
necessary to reach the measured ion temperatures in the core. This results in a strongly
nonlinear relationship between T;(r/a = 0) and T;(r/a ~ 1/2), which strengthens the sens-
itivity to edge ion temperature and amplifies the isotope effect relative to L-Mode plasmas.
We investigate the consequences of this criterion using a new neoclassical expression for the
radial electric field, which is developed in Chapters 2 and 3, and supported by the explanation
of the velocity profile notch. This allows us to construct a first-order differential equation
for the ion temperature profile and integrate it inward from the half-radius. The ion temper-
ature calculated from this equation agrees with the experimentally measured temperature.
We show this equation unifies the major unexplained ion thermal confinement trends of su-
pershots, including the favorable power scaling, the strong isotope effect relative to L-Mode
plasmas, the preference for co-dominated neutral beam injection, and the scaling of energy
confinement with density profile peakedness. These results do not depend on estimates of

toroidal ITG mode nonlinear saturation.
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The outer half-radius, which displays local confinement properties similar to those of
L-Mode plasmas, shows deviations from odd-parity toroidal ITG marginal stability growing
progressively larger toward the edge. Accordingly, the outer region requires nonlinear simu-
lations with a means of obtaining the nonlinear turbulence saturation level. To address the
outer half-radius, we develop a transport code which allows us to evolve the ion temperature
and radial electric field simultaneously. Starting with the IFS-PPPL model, we include the
effect of shear-flow stabilization with the simple ansatz x; = xio(1 — wexB/YE2*) [45], where
Xi is the ion thermal diffusivity, wgx p is the radial electric field shearing rate for turbulence,
YinaX is the maximum linear growth rate of the toroidal ITG mode computed in the absence
of shear flow, and x;o is the ion thermal diffusivity from the IFS-PPPL model not including
sheared rotation. We then accurately calculate the neoclassical radial electric field in fully
nonlinear simulations of the ion temperature. This model ignores the effect of destabiliza-
tion by gradients of the parallel velocity and any (small) effect of velocity gradients on the
toroidal ITG threshold. Because we find that radial electric field shear is an effect that can
double the ion temperature, calculations using the radial electric field evaluated statically
from measured profiles would not be predictive, and in addition, do not converge properly.
This new code allows us to compare calculated temperature profiles, accounting for the sta-
bility properties of the toroidal ITG mode, with and without self-consistent radial electric
field shear stabilization.

1.5 The Scaling of Energy Confinement with Density Profile

Peakedness

1.5.1 Transport Analysis of Wall Conditioning Experiments

Chapter 4 develops models to explain the strong coupling of ion thermal energy and
particle confinement in supershot plasmas. We begin with a review of supershot confinement
characteristics and their relation to peaked density profiles and wall conditions. We then
review in some detail the hot ion regimes on other tokamaks with peaked density profiles.
Revisiting the first transport analysis of improved confinement with lithium pellet injection
[46], we show that the ion thermal diffusivity and electron particle diffusivity at the one-third
radius are strongly correlated with density profile peakedness, while the electron thermal
diffusivity is uncorrelated with it. Comparing cases without pellets to cases with boron
pellets and with lithium pellets, we find the ion thermal and particle confinement trends
are independent of the conditioning technique, and can be described as functions of the
density profile peakedness n.(0)/(ne). This lends support to the model we propose Chapter
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Figure 2. The interior of the Tokamak Fusion Test Reactor vacuum vessel, showing the inner bumper limiter,
which is composed of carbon graphite tiles. Hydrogenic species are readily adsorbed on the limiter tiles,
resulting in an influx during beam heating roughly proportional to power loss density from the plasma edge.
The composition and strength of the influx depends on the recent operating history of the machine. Photo
courtesy Princeton Plasma Physics Laboratory.

4 to explain the improvements with lithium conditioning in terms of underlying changes in

particle transport.

1.5.2 Lithium Pellet Injection

Lithium pellet injection has been used extensively on TFTR and has resulted in dra-
matically improved ion thermal energy and particle confinement [46, 47, 15]. The plasma
rests on an inner bumper limiter which is made up of graphite tiles, as shown in Fig. 2.
Hydrogenic species are readily adsorbed on the surface of the limiter and released during
subsequent discharges at a rate proportional to the power density incident on the limiter.
The composition and strength of the influx depends on the recent operating history of the
machine. Fortunately certain species, such as helium, are not adsorbed by the graphite tiles.
The hydrogenic species are typically removed from the limiter by discharge cleaning, consist-

ing of a sequence of typically twenty-five ohmically heated helium discharges. This reduces
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both the density of subsequent hydrogenic target plasmas and the proportionality constant
relating edge influx to loss power during auxiliary heating. The process of removing hy-

drogenic species from the limiter graphite tiles is known as “

wall conditioning.” The edge
influx, as determined by wall conditioning, has been shown to be of paramount importance
in determining supershot confinement [34, 48, 47, 14]. Techniques such as boronization, and
to a much greater extent lithium pellets injected several particle confinement times prior to
neutral beam injection (and/or following neutral beam injection on preceding discharges)
[49, 47], have proven their utility in reducing the influx of hydrogenic species and carbon
from the limiter during neutral beam injection, resulting in significantly improved supershot
core confinement. The improvements due to lithium pellet injection are consistent with the
usual scaling 7g/TH PR3 ~ n,(0)/(ne) at constant heating power observed with conven-
tional helium discharge cleaning, but have extended the range of this scaling by factors of
more than three.

The presence of lithium in the plasma is not responsible for the improvements; the electron
density following the injection of lithium pellets into an ohmic target plasma decays to values
lower than that preceding the pellets, indicating that the lithium has left the plasma after
several particle confinement times, before neutral beam injection begins. The observation
that the electron density is actually lower following the pellet suggests the lithium has an
additional “coating” effect on the limiter graphite tiles, which reduces the eflux of hydrogenic
species from the limiter. Lithium appears to be completely adsorbed by the limiter, consistent
with the notion that a monolayer coating of lithium on the graphite tiles acts to reduce the
efflux of underlying hydrogenic atoms. Because this reduces both the target density and
the edge influx during beam injection, one may ask which is responsible for the improved
confinement. This question was addressed in recycling perturbation experiments [48], which
showed that tiny puffs of helium gas during beam injection could dramatically reduce, or
“spoil” the performance of supershots to that of L-Mode plasmas for the remainder of the
discharge. Helium is not readily adsorbed significantly by the limiter, is therefore fully
recycling, and increases the edge particle influx. On the other hand, lithium pellets injected
during beam heating spoiled performance only temporarily, and the confinement time later
in the discharge returned to its value before the pellet was injected. These experiments
showed wall conditioning improves performance most through edge conditions, rather than

by reducing the target density per se.

1.5.3 Model for Improved Confinement with Lithium Conditioning

In the latter part of Chapter 4, we study a controlled sequence of four consecutive dis-

charges, ranging from zero to three pre-beam lithium pellets. The central ion temperature
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increases a factor of two over the scan. The model with self-consistent radial electric field,
introduced in Chapter 3, reproduces the dramatic increase in ion temperature. The original
IFS-PPPL model, without radial electric field shear, gives ion temperatures almost a factor
of two lower, together with a trend half the strength. This shows that, while the stabilization
of the toroidal ITG mode by the density gradient and the other mechanisms discussed in Ref.
[16] are significant, radial electric field shear stabilization results in factor of two increases in
T;(0). We also find that the edge ion temperature does not change, which eliminates explan-
ations for the improved core confinement with lithium similar to those proposed to explain
the improved core confinement in the H-Mode.

We then examine the change in the thermal ion density profile, which strongly influences
the radial electric field, as a function of the number of pre-beam lithium pellets. We find that
the radius of maximum curvature in the thermal density profile corresponds to the radius
where the fueling rates from the edge and from the neutral beams are equal. Inside this
radius, the beam fueling rate is unaffected by lithium pellet injection, and the changes in the
shape of the thermal density profile are due to changes in the particle diffusivity. Outside this
crossover radius, the opposite prevails. There, the thermal density profile is relatively flat,
while changes in particle diffusivity with lithium pellet injection are small, and the density
is determined by the edge fueling source rate. This leads us to propose a model, based on
strong nonlinear coupling between particle and ion thermal transport by radial electric field
shear, to explain the improvements with lithium pellet injection. In essence, lithium pellet
injection reduces the edge fueling, which lowers the thermal ion density outside the crossover
radius, increasing the curvature of the thermal ion density profile. The practical stability
criterion predicts that increases in the curvature of the thermal ion density profile result in
large increases in the ion temperature. The coupling of the ion thermal transport and particle
transport, supported by their empirical correlation, results in a heightened sensitivity to such
changes in edge fueling. This is supported in part by the observation that the peak E x B
shearing rate increases quadratically with the density peaking parameter n(0)/(ne) and with

the number of pre-beam lithium pellets.

1.6 Perturbation Experiments

In Chapter 5, we consider three perturbation experiments on supershots by performing
TRANSP [50] analysis of the latest data and carrying out ion temperature simulations with
the models of Chapter 3. The first, a helium puff experiment, degrades a high-performance
supershot plasma to L-Mode by permanently increasing the edge recycling. We show that

this change in performance is consistent with the change in the edge hydrogenic influx, on
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the basis of known empirical scalings. The model with self-consistent radial electric field
well-reproduces the ion temperatures before and after the helium puff, spanning a factor of
3.5 change in the central temperature. This demonstrates that the model with self-consistent
radial electric field reproduces the ion temperatures of both L-Mode and supershot plasmas.
The effect of the helium puff is to flatten the radial electric field and density profiles. This
diminishes the beneficial effects of large T;/T, and peaked density profiles on the toroidal
ITG mode [16] as well as the benefits of radial electric field shear. A large peak in the
E x B shearing rate wgxp, lying between r/a = 0.25 and r/a = 0.5, in the region where
MeX ~ wgxB, vanishes after the helium puff, and the toroidal ITG mode growth rate is
significantly increased by the flattened density profile.

Next we study deuterium pellet perturbation experiments. These experiments are rich
in information and demonstrate a bifurcation in ion thermal confinement with respect to the
density peakedness parameter n.(0)/(n.). Upon the injection of the pellet into the beam
heating phase of a high-performance supershot, the density profile is immediately flattened,
but recovers almost exactly its original profile in roughly a particle confinement time. The ion
temperature, however, remains a factor of three lower than before the pellet for several energy
confinement times. Considering a case with balanced neutral beam injection, for which the
radial electric field profile is necessarily similar in shape with the measured impurity velocity
profile, isolates the connection between the ion temperature gradient and the radial electric
field well. The velocity profile notch is much less pronounced after the pellet, when the ion
temperature has decreased by a factor of three. This confirms the theory of the notch posed
in Chapter 2, which shows that the temperature gradient is largely responsible. The velocity
profile notch indicates a similar feature in the radial electric field profile, and the peak F x B
shearing rate decreases by roughly the same factor that the ion temperature decreases. This
closes the loop, demonstrating the self-reinforcing mechanism through which E x B shear
improves core ion thermal confinement, independent of the density profile and its influence
on toroidal ITG stability.

Subsequent experiments were carried out on TFTR to study the mechanism we proposed.
These had neutral beam heating sustained for a longer time after the pellet, which showed a
slow recovery in the energy confinement time, lasting several confinement times. The density
profile again recovered relatively quickly. Using the fully nonlinear model of Chapter 3, we
simulate the evolution of the ion temperature profile in a pellet perturbation experiment.
The longer timescale for energy recovery is shown to consist of two stages. During the initial
period in which the density profile recovers entirely, radial electric field shear is estimated to
be unimportant. This is followed by a roughly equal period in which radial electric field shear

becomes progressively more important and leads to further increases in the ion temperature
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of up to 40%.

1.7 Favorable Power Scaling

In Chapter 6, we address one of the most important and basic trends in supershot con-
finement, the observed weak or favorable scaling of global confinement with heating power.
Here we consider a beam power scan over the range 5-18 MW, and accurately reproduce the
ion temperature profiles for each member of the scan. The expansion of the enhanced con-
finement region with increasing power, as shown in the profile of the simulated ion thermal
diffusivity, is well-reproduced.

The favorable global scaling with, or insensitivity to, the neutral beam heating power has
been expressed experimentally as an apparent inverse scaling of the ion thermal diffusivity
with ion temperature x; o 1/T; [51] at fixed radius in the core. This is merely an approximate
and apparent result near the one-third radius, and should not be taken as a local scaling law
for the thermal diffusivity. Our model suggests this is ill-posed as a local scaling as well,
nevertheless, we reproduce it together with the similar but unfavorable scaling in the outer
region. This favorable apparent scaling can be viewed as a consequence of the nonlinear
improvements due to the coupling of the particle and energy transport by radial electric field
shear. Comparing the simulations using a self-consistent neoclassical radial electric field
with the original IFS-PPPL model, we show that the effect of radial electric field shear is
unimportant at the lowest powers, while at higher powers, it results in factor of two increases

in central ion temperature.

1.8 The Isotope Effect in Deuterium-Tritium Plasmas

The isotope effect in deuterium-tritium supershot plasmas is significantly stronger than in
the L-Mode regime. In TFTR supershots, the global scaling of the energy confinement time
is described by 75 A?'8°'°'89, while TFTR L-Mode plasmas show the scaling 75 o< A%
typical of other experiments, where A; is the volume average thermal hydrogenic atomic
number [52]. Our first published analysis [53] of deuterium-tritium supershots revealed this
strong effect in the ion channel, which was a surprise in light of the 75 o< A% scaling obtained
in a large number of other experiments comparing hydrogen and deuterium mixtures [54].
Further dedicated experiments on TFTR confirmed the strong scaling for deuterium-tritium
supershots [55, 56], demonstrated that it was distinct from the favorable scaling x; « 1/T;,
and revealed an apparent dependence of the effect on heating power. In Chapter 7, we study

this set of 45 supershot discharges comprising a heating power scan with cases having pure
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deuterium beam injection and pure tritium beam injection at each power [55, 56]. These
experiments were designed to distinguish the isotope effect from the favorable scaling with
ion temperature discussed in Chapter 6.

We first propose a simple mechanism for the amplification of the isotope effect in supershot
plasmas over that of the L-Mode regime. The mechanism involves the strongly nonlinear
sensitivity of the ion temperature in the core to changes near the half-radius, as found from
the expedient shear-flow stability criterion of Chapter 3. If a weaker intrinsic isotope effect
were present, perhaps consistent with a global 75 o< A>® scaling, small improvements due
to it would then be amplified by radial electric field shear in the core. This would create
large improvements in ion thermal confinement in the inner half-radius, where 75% of the
thermal energy is stored, having a significant impact on the total stored energy. We show
this mechanism reproduces the large changes in ion temperature at the axis, given small
changes at the half-radius, in a pair of supershot comparison discharges.

Next in Chapter 7, we simulate the ion temperature profiles, using the fully nonlinear
model, from the first comparison pair of supershot discharges used to demonstrate the isotope
effect. We then consider the larger set of 45 discharges and carry out three simulations
for each discharge. The model with self-consistent radial electric field reproduces the ion
temperature at each radius with an average error of +7%, while the original IFS-PPPL
model is 45% low on average in the core. The central temperature, from the practical stability
condition wrxp =~ Yi* in the inner half-radius, also agrees well with the temperature from
the experiments. A comparison of the calculated and measured thermal ion stored energy at
each power shows that the model with self-consistent radial electric field well-reproduces the
isotope effect, while the original IFS-PPPL model does not distinguish it. We then consider
a discharge pair with matched profiles [57] in which the beam power in tritium is 15 MW,
while the beam power in deuterium is 20 MW, and show that the model with self-consistent
radial electric field correctly yields nearly identical ion temperatures. Finally, we study power
dependence of the isotope effect in detail and reproduce it. A minority of the ion temperature
simulations fail (5 out of 39 cases), all of which are in rotating plasmas with pure co-injection

at very low densities.



Chapter 2

The Velocity Profile Notch

2.1 Introduction

The non-monotonic feature, or “notch” we discuss, frequently appears in the measured
toroidal velocity profiles of the carbon impurity in high temperature experiments on the
Tokamak Fusion Test Reactor (TFTR). It is most pronounced in high performance supershot
discharges [1], when the tangential neutral beam powers are nearly equal and opposite, and
the net torque is small and in the direction parallel to the plasma current. The observed
notch is centered near the radius of strongest ion temperature and density gradients, and
is directed counter to the plasma current. Accordingly, the notch is most striking under
conditions generally found to optimize supershot performance [30].

The velocity profile notch has represented a puzzling issue in the interpretation of data
from high-performance TFTR experiments for several years. Prior to the correction of tor-
oidal velocity data for the energy dependence of the excitation cross-section, the notch feature
did not seem to show any correlation with performance. When the cross-section correction
was routinely used in Charge Exchange Recombination Spectroscopy (CHERS) [58, 59] data
analysis, beginning in late-1994 [56], it became possible to address the notch as an issue
in momentum transport. Without resolution of this issue, claims to an understanding of
momentum transport or the radial electric field profile in these plasmas may be less than
convincing. The notch is a revealing problem in general regarding parallel momentum ex-
change in multi-species plasmas.

In this work [29], we propose an explanation for the velocity profile notch by first ob-
serving that the hydrogenic ions must have a well-behaved, monotonic toroidal velocity profile
if their toroidal momentum is transported radially by anomalous, diffusive processes. We
then perform neoclassical calculations which predict large parallel heat flows in the hydro-

27
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genic ions, resulting from the large ion temperature and density gradients in the core. We
propose that the notch in the impurity toroidal velocity arises primarily from the parallel
heat friction of the hydrogenic ion neoclassical parallel heat flow acting on the impurity ions.
Adding the difference in toroidal velocities calculated from the neoclassical theory to the
measured impurity toroidal velocity then results in an inferred toroidal velocity profile for
the hydrogenic ions which is monotonic.

A large and unexplained velocity profile notch was recently observed in conjunction with
the core ion thermal energy transport barrier on the JT-60U tokamak [32], in high-Gp H-
mode plasmas. The figures in Ref. [32] also appear to show that the radial position of the
JT-60U velocity profile notch coincides with the radius of strongest temperature gradient as
it evolves with time. This behavior is consistent with our observations of TFTR plasmas and
with the model we propose. Velocity, density, and temperature profiles bearing a striking
resemblence to those of TFTR supershots were observed in JT-60U hot-ion mode plasmas
as well [33].

The explanation of the notch supports the neoclassical theory of ion parallel momentum
exchange in multispecies plasmas. This, in turn, supports the inference of the radial electric
field profile from the measured toroidal impurity velocity, using the neoclassical theory in
the absence of direct poloidal velocity measurements. Radial electric field shear is thought
to underly enhanced confinement in several regimes [60]. We show that the notch indicates a
similar structure in the radial electric field E,, which results in a localized shear layer in E,,
near the half-radius of TFTR supershot plasmas, that may have significant implications for
confinement.

In Sec. 2.2, we present TFTR velocity profile data showing the notch and use the results
of our neoclassical calculations to construct an explanation for this feature. In Sec. 2.3,
we carry out both improved analytical and numerical calculations of neoclassical velocities
starting from Ref. [10]. The more comprehensive, numerical calculation we carry out employs
full velocity-space integrations to obtain viscosity coefficients for arbitrary collisionality. Our
analytical expressions for the neoclassical parallel and poloidal velocities and radial electric
field reproduce the numerical results, and are of general use in the core of high temperature
experiments. We include the significant effects of neoclassical viscosity, heat stress, friction,
heat friction, and density and temperature gradients. These results are used to infer the radial
electric field in Chapter 3. Finally, a heuristic derivation, from an entirely different kinetic
point of view, of the neoclassical temperature gradient corrections to the radial electric field
is given in Sec. 2.3.6. Approximate expressions for the neoclassical viscosities are provided
in Sec. 2.3.4.
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2.2 Model for the Velocity Profile Notch

The observed notch in the carbon velocity is directed counter to the plasma current, and
is generally centered within 5 cm of the radius of strongest ion temperature gradient. This
is illustrated in Fig. 1(a), which shows the measured toroidal rotation velocity of the carbon
impurity ions in an early record TFTR deuterium-tritium supershot [53, 61, 62] #73268
(Py = 29.5 MW, 19.5 MW in tritium, I, = 2.0 MA, Ryp/a = 252/87 cm, B, =5.0 T) at a
time 360 ms after the start of neutral beam injection, where P, is the neutral beam power,
I, is the plasma current, Ry is the major radius, and By, is the toroidal magnetic field. This
discharge followed an extensive lithium-conditioning campaign. The radial resolution of the
CHERS diagnostic is £0.5 to 2.9 cm, with channel spacing 5 to 7.5 cm. The momentum
deposition profile calculated by TRANSP Monte Carlo simulations of the beam ion thermal-
ization [50] is well-behaved, positive, and monotonically decreasing over the cross-section.
The tangential neutral beam powers are only slightly unbalanced, with 8% more power in-
jected parallel (co-) than anti-parallel (counter-) to the plasma current. The toroidal angular
momentum balance has reached quasi-equilibrium. The temperature and density profiles
do not have any unusual features, and are shown in Ref. [53]. The accepted practice [63],
has been to assume that the toroidal velocities of all species are strongly coupled by clas-
sical friction. This would require that the toroidal angular momentum carried by hydrogenic
ions be transported against the velocity gradient, across the notch. Correspondingly, the
global momentum diffusivity, inferred by assuming all species have equal toroidal velocities,
is negative in this region. However, it is well-known that the radial transport of toroidal
momentum in TFTR plasmas is dominated by diffusive processes [64]; the observed radial
transport of toroidal momentum exceeds neoclassical predictions by one to three orders of
magnitude [64]. Previous experiments on TFTR using square-wave off-axis heating have not
required a momentum pinch term to model the evolution of the central velocity [63]. In addi-
tion, convection plays a relatively minor role in the momentum balance because the toroidal
rotation velocity of the thermal plasma is much less than the average beam ion velocity [65],
even in cases where the ion heat loss in the core is dominated by convection.

Figure 2 compares the measured impurity velocity profiles for TFTR #73268 (deuterium-
tritium), and a deuterium-only comparison discharge #73265 [53]. Significant differences in
the deposited beam torque are apparent; #73268 has 4 Nm in the co-direction, while #73265
has 1 Nm in the counter-direction, effectively balanced. Despite this, the notches in the
impurity velocity profiles are virtually identical. This shows that the notch is independent of
the applied beam torque.

The magnitude of the notch has reached 150 km/sec in TFTR supershots, comparable to
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Figure 1. The velocity profile notch in TFTR #73268 (40% tritium, 30 MW quasi-balanced neutral beam
injection), shown on the outer midplane, 400+50 ms following the start of neutral beam injection. The shaded
area marks the radial extent and location of the notch. (a) The carbon toroidal velocity V. measured by
Charge Exchange Recombination Spectroscopy (CHERS) of the carbon n = 8 to n = 7 transition. The
hydrogenic toroidal velocity V,; inferred by adding the calculated neoclassical parallel velocity difference to
Vi< is essentially monotonic. The analytical result using Eqn. (26) is shown for comparison. (b) The toroidal
velocity difference Vi — V,,z from the numerical solution, showing the separate contributions of the thermal
hydrogenic density and temperature gradients.
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the central toroidal velocity for quasi-balanced beam injection. This has resulted in measured
profiles which contain regions of both of co- and counter- directed impurity velocities. For
reference, this magnitude exceeds the central velocities of many TFTR L-Mode plasmas
with co-only neutral beam injection at moderate powers, and is approximately one order of
magnitude less than the record rotation of 1300 km/sec achieved on TFTR at low currents
(~ 700 kA) and densities [66]. Large notches frequently appear in the velocity profiles of
supershot discharges utilizing all of the available neutral beams, which on TFTR results in
near-balanced torques. For example, the record discharge #80539 (P, = 39.4 MW, 64% in
tritium, I, = 2.65 MA, Ry/a = 252/87 c¢cm, B, = 5.50 T) that produced 10.6 MW of DT
fusion power, displayed this feature [29], shown in Fig. 1.

We observed the notch during an earlier 1992 TFTR run campaign, but considered it a
potential artifact of the CHERS diagnostic until recently, pending the correction [67] for the
energy dependence of the cross-section for n = 8 electron capture in carbon [68]. This has
now been routinely applied to the CHERS analysis and tested [59]. The resulting velocity
correction, carrying out the full velocity-space integrations, is quite linear in the carbon
temperature, approximately 7 km/sec/keV in the co-direction, for the usual TFTR viewing
geometry and deuterium beams. The correction to the temperature is relatively insignificant.
Both are fully included here. Finally, we have observed the notch in similar plasmas taken
from different run-years, with velocity data taken by different sets of sightlines, viewing
different neutral beam sources. This confirms that the notch is not an artifact of the CHERS
measurement.

Typical results of the neoclassical calculations of Sec. 2.3, which provide only the differ-
ences in the toroidal velocities of the various species, are shown in Fig. 1(a) and (b). Despite a
large notch in the measured impurity velocity profile, the toroidal hydrogenic velocity profile,
inferred by adding the neoclassical interspecies toroidal velocity difference to the measured
impurity toroidal velocity profile, is essentially monotonic. Fig. 1(b) shows the calculated
difference in toroidal velocities for the two species. The magnitude, width, and radial location
of the velocity difference coincide with that of the measured notch. The contributions of the
ion temperature and density gradients, shown individually, are both important. The theory
gives nearly equal weights to both driving terms, but the temperature gradient driving term
is roughly twice as strong in the plasmas we consider.

We expect this neoclassical momentum exchange process to affect the impurity velocity
most strongly, resulting in the observed notch, while the hydrogenic species is well-behaved.
This is a consequence of momentum conservation together with the ratio of the impurity to
hydrogenic mass densities. First, it is well-known that the neoclassical radial transport of

toroidal momentum is negligible. The viscous, as well as friction forces, conserve toroidal
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angular momentum, which is carried only by circulating particles; e.g., (R2V-V-7) ~ p? /a®
where R is the major radius, p; is the ion gyroradius, ¢ is the toroidal angle, and = is the
viscous stress tensor for a given species (the next order theory can be found in {69, 70]). For
toroidal momentum-carrying particles, the ion gyroradius p; is the relevant random-walk step
size, rather than the banana width. This results in a negligible perpendicular viscosity x, ~
0.1v3p2, where v;; is the ion-ion collision frequency. Accordingly, we take 3 min; (u;!B)R2,
where j runs over all species, to be constant when considering the neoclassical effects of
density and temperature gradients on the toroidal velocities.

The equilibrium beam-driven parallel momentum balance summed over species, with
diffusivity x,, and (FJ'B) the beam momentum source, where B is the magnetic field and ()

is the flux-surface average, can be written
1d V,B
3 (e 1+ wminix, LBy = (g, &

which corresponds to a monotonic mean angular velocity profile (V,, B), where p = mzng/m;n;.
Then to O((r/qR)?), where r and R are the major and minor radii and 27/q is the pitch of
magnetic field lines, the parallel velocities of hydrogenic and impurity ions respectively are
given by

(ul B) = (V,B) + -~ (Auf°B) @

(ulB) = (V,,B) - (Auﬁ°B) (3)
where Au"c = u" — u!i is calculated from the neoclassical theory. For small yu, a counter-
directed notch appears in the impurity toroidal velocity profile while we expect the hydrogenic
toroidal velocity profile to resemble the mean velocity profile, deviating slightly from it in
the co-direction.

Over a wide variety of TFTR discharges, we find the magnitude of the predicted velocity
difference is sufficient to account for the notch, while the radial location is matched to within
5 cm. This is taken to be respectable agreement given the potential errors in the thermal ion
density, and gradient scale lengths that sometimes approach the diagnostic channel spacings.
No radial smoothing has been used in the analysis. We account for the gradient of the
Shafranov shift when taking the derivatives of measured profiles with respect to the minor
radius. This correction, while zero at the axis, can be up to a factor of two at the edge.
The hydrogenic ion temperature profile used in these comparisons is calculated from classical
differences in the neutral beam heating powers to impurity and hydrogenic ions. We have also
evaluated the classical differences in the toroidal velocities of carbon and hydrogenic species,
to be presented elsewhere. The classical differences resulting from the beam differential
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torque are small, monotonically decreasing from the axis to the edge, and cannot account
for the notch. This finding underlies our present neglect of the beam source terms given
that all momentum imparted by beams is lost by the collisionless radial transport of toroidal
momentum. Preliminary calculations including radial momentum transport have improved

the agreement, and will be presented in a future paper.

2.3 Neoclassical Calculations

The neoclassical velocities within a flux surface can be described for the regimes of interest
using the standard neoclassical transport coeflicients of Ref. [10]. In this approximation, the
distribution function takes the form

£ = a1+ 2 222y @

Uthi op; Uthi
where {u;,q;} are the hydrogenic flow velocity and heat flow, v is the particle velocity,
vni2 = 2T /m; is the thermal velocity, p; is the ion pressure, and fis is the Maxwellian
distribution.

While the accepted practice has been to assume the measured impurity toroidal velocity
represents that of all species in the core [63], significant differences in the velocities of the
hydrogenic and impurity species were predicted in Ref. [71], from the neoclassical theory.
These predictions were experimentally tested in Ref. [72] on the DIII-D Tokamak at the
edge of an H-Mode plasma, but have not been examined in the core region. The work of
Ref. [72] does not address the radial electric field or discuss the notch, and does not provide
accurate expressions for the velocities in the relevant case of finite impurity concentration.
In addition, the normalized viscosity coefficients used in Ref. [71] were approximate rational
combinations, and did not include dependence on the ion mass.

We extend this work to arbitrary collisionality in a more complete numerical calculation
and provide improved analytical expressions for the neoclassical poloidal and parallel velocit-
ies and viscosities. We develop the corresponding expressions for the radial electric field, and
compare these with the more comprehensive numerical calculation, which is accurate within
the context of Ref. [10]. Our results for the velocities differ significantly from those of Ref.
[71]. This analytical treatment provides a convenient discussion of experimental results and
yields expressions that accurately reproduce the numerical solutions.

Our starting points are Eq. (16b) of Ref. [73] and Ref. [10], Eq. (7.11). We consider
timescales long in comparison with the ion-impurity collision time, which is of the order of
10-100 ms in the region of interest. We then construct an expansion in the ratio of viscosity

to friction (i.e., an expansion in the fraction of trapped particles) as has been done to find
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the lowest order neoclassical flow velocity common to all ion species [73]. The procedure we
carry out amounts to finding the parallel heat flow corrections to the common flow. We split
the common flow into two separate flows; one for the hydrogenic species, and one for the
impurity. In doing so, we retain as the sole next order term the friction force on impurity
ions (z) due to the hydrogenic ion (¢) parallel heat flow qy. This term, driven in the trace
impurity limit by the hydrogenic ion temperature gradient, is primarily responsible for the
observed notch in the impurity velocity profile. When the impurity concentration is finite, as
is generally the case, the hydrogenic ion density gradient makes an additional contribution, in
the same direction, that can be equally significant in discharges with peaked density profiles.
This is treated in Sec. 2.3.2. We begin in the trace impurity limit, and then correct the
results for the case of finite impurity concentration, yielding density gradient contributions.
Approximate viscosity coefficients that may be used for finite a are given in Sec. 2.3.4.

2.3.1 Effect of Temperature Gradients

The first order (in the gyroradius expansion) neoclassical fluid velocity and heat flow ve-
locity are well-established results of perpendicular momentum conservation and are repeated
here to clarify our notation. Using MKS-eV units, we have

) B Vp

uy = — X (_Zn + V<I>) (5)
1 B vT

qs_) =— X — (6)

where Z,n,T,® are the charge, density, temperature, and radial electrostatic potential for
the ion species of interest, p = nT', and B is the magnetic field. The parallel heat flux is then
5pq|/2. The first order parallel velocities are then

u=WVi+dg(¢)B ug=1yBy

R R (M
g =Va+d(¥Y)B gs=GeBsg

where 19(1) and §g(1)), the neoclassical responses to (5) and (6), are constant on flux surfaces
1. We define the speeds

T ,1dp Zdd

i=-25 GartTdr) ®
1 dT

%—_Z—B;-d?, (9)

which can be generalized to flux-surface geometry by taking Bp~'8, — I(1))B~18y, where
B = Vp x V¢ + I(¢)Vyp. The TFTR magnetic geometry is circular to within roughly 2% for

the discharges we consider, so we prefer to write derivative with respect to the minor radius
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on the outer midplane because the diagnostic data for the plasma profiles is taken on the outer

midplane. When evaluating gradients of profiles measured with respect to major radius on the

outer midplane, we account for the derivative Shafranov shift using R = Ry + A(r) +rcos 6,

where A(r) is the Shafranov Shift and Ry is the major radius of the last closed flux surface.
The system of equations to be solved is given by

(B-V-m;)=(B-Fi) (10a)
(B-V-0;) =(B-Fi) (10b)

and similarly for the impurities, where =; is the parallel viscous stress tensor and ©; is the
parallel heat stress tensor, and F;) ;2 are the friction and heat friction forces from collisions
with other species. These are defined explicitly as moments of the distribution function in
Ref. [10]. The viscous forces are expressed in terms of the dimensionless viscosity coefficients

[; as follows,

nim; , . . A A
(B-V.m)= ~ (Rirlig; + fiode:)(B?), (11a)

 (fLizties + fiados) (B2, (11b)

(A
(B-V.©;) ="

(13
and are due only to the poloidal components of the flows in an axisymmetric system. Here
fi; is the hydrogenic viscosity coefficient normalized to n;m;/7;;, where n; is the thermal
hydrogenic density, m; is the corresponding particle mass, and

1 4V2r Z}(n; Z})
Tij 3 m;/sz'/z

In A (12)

is the momentum exchange rate for collisions of species ¢ with species j, in cgs units as in
Ref. [10], with Z; the charge.
The parallel friction forces in the limit my; > m;, T, ~ T; become

_3Lmi

I @l mamar gy, 3l I
Fi, =—-F}; = o [(uz ui)+2‘Ii 2Timzqz] (13)

where the term due to qﬂ can be neglected. Neglecting the impurity parallel viscous stress

for a = nyZ2/n;Z2 < 1 (the trace impurity limit) gives Fllx ~ (0 and
3

Here we have neglected friction with the electrons as well as their viscous stress. We have
separately estimated the effect of electrons to be of order 5-10% in the direction which makes
the hydrogenic poloidal rotation stronger. The relative electron contribution of electrons to
the friction force on the hydrogenic ions scales as
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F) 1 /meN\1/2 ney Te\3/2
F_:-E oc E(Hf) / (n—‘:)(f) 25— 10% (15)
assuming comparable velocity differences, T; ~ 3T, Zeg ~ 2, and o ~ 1.

Taking the sum over species of the parallel momentum balance equations provides the
viscous stress constraint (B-V -m;) + (B-V -7m;) + (B -V -m.) = 0. Again we neglect the
electron contribution as a 10% correction and also neglect the impurity viscous stress given
the starting assumption o = n;Z2/n;Z? < 1 corresponding to the trace impurity limit. Then
to lowest order, the hydrogenic ions are not strongly affected by interactions with electrons

or trace impurities, and
(B-V-m) o fpadgi+ fiagei ~ 0. (16)

where () is the flux-surface average. The hydrogenic ion parallel heat stress is balanced by
the important heat friction term due to qy. In the limit where T; ~ T, and m,; > m;,
(B-V-0;) = (B-F;3) becomes

(B?) [ﬂizﬂoz’ + ﬂiséoi] = - (\/5 + a) (qllB) (17)

using the friction coefficients from Ref. [10]. To obtain Eq. (17), we have taken the heat
friction in the form
| mimi 3y (13, Y2y
Fy = e [2(“i uz) (4 +- )(Iz] (18)

and used Eq. (13) to eliminate uy —ul.

Solving (16) and (17) simultaneously, we find the difference in parallel velocities and the
hydrogenic parallel heat flow,

(@l - By = S(alB) = 522 (viiB) (19)
where
S Py 1
a2 = (,uia - ;11_1) ita (20)

The hydrogenic ion poloidal rotation velocity is obtained from the poloidal heat flow velocity,
using (16),

o (VaiB)
1+ay (B%)’

Ug; = a1p; = (21)

where we have defined a; = —fi;2/[1i1, which agrees with the solution of [73], which assumes
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all species have the same velocity, and with the single species result a; = 1.173 [74], in their
respective limits (small /R and o <« 1). We find a; ~ 1.0 accurately reproduces the more
comprehensive numerical results. The dependence of o on the impurity strength parameter
o is very weak within the banana regime for realistic values o > 2, with this variation tending
to cancel out of ratios of the viscosity coefficients. For typical supershot parameters, oy is
of order unity near the radius of steepest ion temperature gradient. We find these results
for the ion temperature gradient dependence, obtained in the trace impurity limit, continue
to reproduce the numerical solution even for realistic finite values of o 2 1. However, the
dependence on the density gradient is not yet accounted for with « finite. For a heuristic

derivation of these results, see Sec. 2.3.6.

2.3.2 Finite Parallel Viscosity and the Effect of Density Gradients

In the more relevant case where a 2 1, the the parallel viscous stress for hydrogenic ions
does not vanish, i.e., the impurity pressure tensor is more anisotropic, the hydrogenic density
gradient can result in significant differences uy — ulglg

The density gradient contributions to the hydrogenic flows can be well-described by re-
laxing the hydrogenic ion viscous stress constraint. Choosing a frame of reference rotating
toroidally in which ull ~ 0 decouples the parallel momentum equations of hydrogenic and
impurity species. This yields a density gradient dependence in reasonable agreement with

the full numerical solution. The lowest order parallel momentum balance is

3.

Sa) (222)
" a o n 3 . . 13
Qi2Gi + fisde = Ea(ui' —al) - (V2 + T

Qirtigi + fi2Ge; = —a(ﬁl‘ —all -

@), (22b)

where 4} = (ullB)/ (B?), etc. When ull is neglected, this is trivially solved to give

i =

all = DY (a0 E — i F)Vi; + DY (juioE — fuisF)Vai (232)
g = DY (3:sG — s F)Vis + D™V (ii3G — f1inF) Vi (23b)

where Vj; = (V;;B)/(B%), D = EG — F?, E = ji;3 + V2 + 13a/4, F = ji;» — 3a/2, and
G = i + a. A similar expression was obtained in Eqn. (41) of Ref. [71]. However, we find
sign differences that can be traced to an inconsistency in Ref. [71] in the definition of the
heat flow velocity and the the relation between parallel and poloidal flows, and the signs of
the off-diagonal friction coefficients. The corrected results are significantly different.
In the limit o — 0, the coefficient of the first term of Eqn. (23a) approaches unity,
reproducing the diamagnetic flow, while the second term in both Eqns. (23a) and (23b) agrees

with the results of Sec. 2.3.1. However, when « is finite, this approach leads to significant
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errors in the temperature gradient dependence relative to the full numerical solution. On
the other hand, the accuracy of the previous section in describing the temperature gradient
dependence persists for finite a. For this reason, our prescription for the case of finite « is
qualitatively different from that of Ref. [71].

The first term of Eqn. (23b) introduces a new correction proportional to . This can be

rewritten
jliz + 3#:2/2
q“ _ a + \/5( a1 )‘,},2 + a 1 1 (3 M;z)vl (24)
: 1+ ag U V2l4a\2 ' ga/

where agp = as(a = 0). Using Eq. (14), this results in relatively small corrections to our
previous result for the parallel velocity difference.

Taking the first term of Eqn. (23a), instead, to give the density gradient dependence gives
a stronger correction, shown in Fig. 1(b). This result yields better agreement with the more
comprehensive numerical solution. Expanding Eqn. (23a) to lowest order in a, we find the

term proportional to Vi is

|| (1 o 3fi/2+ fiz + V2
V2 (1+ o0)fa

so that the neoclassical corrections to the diamagnetic velocity have a density gradient de-

2) 0+ (25)

pendence roughly proportional to « for small , reinforcing the temperature gradient term.
To construct the full solution for the velocities, we take the density gradient dependence of
Eq. (23a) together with the temperature gradient dependence of Sec. 2.3.1.

2.3.3 Combined Effects of Temperature and Density Gradients

Our expressions for the rotation velocities in the core of high temperature experiments
are applicable provided the hydrogenic species is in the banana regime and the impurity is
significantly more collisional. Comparison with the full numerical solution indicates that this
approximation is well-substantiated even when the impurities are in the banana regime. The

difference in parallel velocities of the hydrogenic and impurity species is then

3 «@ B 1 dT; B T; 1 dn;
hB =2 el Nl
(u} - ul)B) = 21+a2<B,,Z dr> <B0Zn, dr> (26)
where
. A 13 A 3
fri1 (fis + V2 + Ta) — friz(fli2 — —2-a)
az = 3 : (27)

- 3. -
(i3 + V2 + Za)(ﬂ'il +a) — (fli2 — -2‘01)2
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The coefficient az ~ 0.8 at the axis and decreases almost linearly to a3 ~ 0.2 at the edge in
typical TFTR supershots. The ratio a3/(1.5c2/(1 + a2)) is near unity in the core and drops
smoothly to 0.8 in the outer 3/4 radius. The full numerical solution of Sec. 2.3.5 indicates
that the hydrogenic poloidal velocity has negligible density gradient dependence, so Eq. (21)

remains valid, giving

g = ay By <B ldTi>

— (= 2
1+ 0z (B%) \By Z; dr (28)
The impurity poloidal velocity takes the form

e = v = 2 (0l - DB + (G (G B - o 2)) (29)

In cases where ug; is damped to zero, in the presence of a significant density gradient, either

the density gradient dependence of ((u,llI ||) B) must be purely diamagnetic, or ug; must
depend on the density gradient. Generally we find ug, remains small but finite. Equation
(29) becomes

_ By {011—1+(12/2 B 1 dT; B 1 T; dn;
Ugr =

B\ 1rm Bza T Vg zn ) EZ_EE—)} (30)
Of the expressions given here, the result of Eq. (29) is the most sensitive to errors in input
data, depending on the cancellation of several comparable terms to give relatively small
impurity poloidal rotation velocities. The coefficient of VT; in Eqn. (29) is approximately
(1/2)az/(1 + a2) > 0, while the opposing coefficient of Vn; is (a3 — 1) < 0. The impurity
pressure gradient term is typically comparable to these. In the numerical solution, this
quantity is sensitive to all gradients of density and temperature, with the impurity gradients
weighted by Z;/Z, <« 1. The generalization to flux-surface geometry is straightforward as
described in Sec. 2.3.1.

To order (r/qR)?, the difference in parallel velocities is equal to the difference in toroidal

velocities,
(AufB) = ((u] — ul)B) = (Vi ~ V4a) B) = BoRoAQ™(8). (31)

The toroidal component of the diamagnetic flows can be evaluated by writing V = u)€) +u( )
and taking the projection onto V. The resulting correction is next order in the inverse aspect
ratio €, and was found to be insignificant.

Figure 3 shows the numerical and analytical results for the poloidal velocities for #73268.
The hydrogenic poloidal velocity can be quite large in the core where the ion temperature

gradient is large, and is always in the ion diamagnetic direction in the banana regime. The
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carbon poloidal velocity is much smaller, and can be in either direction. The ion and electron
diamagnetic velocities, v.; and v.e, as well as the E x B velocity are shown for comparison.
Note the E x B velocity is influenced by the toroidal impurity velocity and is qualitatively
quite different from the neoclassical poloidal velocity. Although the resulting velocity is
predominantly toroidal, one must remember that the poloidal and toroidal velocities make
comparable contributions to the V x B term in the radial electric field. Therefore, the poloidal
velocity of the hydrogenic ions cannot be neglected in the hyrogenic radial force balance in
the core of high temperature plasmas.

As shown in Sec. 2.3.5, these expressions reproduce the full numerical solution. The
errors in the density and temperature gradient dependence of Eq. (26), relative to the nu-
merical solution, tend to cancel. Comparing with Ref. [71], we find the temperature gradient
dependence predicted by their Eqn. (48) to be roughly a factor of two stronger than our
result, with a density gradient dependence weaker than ours. The discrepancy in the density
gradient dependence can be traced to an inconsistency in the signs of the off-diagonal friction
coefficiets and the starting definitions of the flows used in Ref. [71].

2.3.4 Approximate Coefficients

In comparisons of the analytical models with experiments it was necessary to include a
reasonable dependence of as on both collisionality and impurity strength. The dependence
on « is especially important to obtain good behavior near the plasma edge, while some
dependence on collisionality is important near the axis. As a lowest order approach, we form
a “rational combination” for ay, starting from the rational combination approximation for
K;; given in Ref. [10]. Here we take a single carbon impurity of strength o and consider
the variations in the average hydrogenic atomic number A4; relevant to typical deuterium and

deuterium-tritium plasmas in TFTR. This approximation may written as

a2B(aa Ai) ft/fc
(V2 + @) (1 +vaida(a, 4:)) (1 + € 04iBa(o, Ai))

a2 (aa Ai, Vxi, E) = (32)

where azB is a banana regime coefficient, and f, = 1 — f;. For TFTR, which has almost
exactly circular cross-section, we use the simple form f; = 1.46\/ — 0.95¢%/2. Over the
relevant ranges 0 < o < 6 and 1 < A; < 3, the coefficients A2 and By are quite linear in both
a and A;, taking the forms af = acf,o + (afl + ang,-) a, Ay = Ao+ (A21 + A224i) o
and By = Byg + (B2,1 + B 24;) o. The numerical coefficients and the accuracy of these
approximations are given in Table I. The error column in Table I refers to our linearized
expansion relative to the rational combinations obtained from the two-term version of the

Pfirsch-Schliiter coefficients, and exact banana and plateau coefficients, given in [10].
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Figure 3. Calculated poloidal and perpendicular velocities for TFTR #73268 (40% tritium, 30 MW quasi-
balanced NBI). (a) The carbon impurity and hydrogenic poloidal velocities from Eqns. (29) and (21), com-
pared with the numerical solutions of Sec. 2.3.5. (b) The E x B velocity vexp compared with the ion and
electron diamagnetic velocities v«; and v.., and the neoclassical hydrogenic poloidal velocity ug;.
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Table I. Numerical coefficients for rational combination obtained for as.

Qty (G=0) (G=1) (=2 Error
aj;) 0.6562 0.9500 -0.04467 0.7%
Asj 0.6258 0.5699 -0.03161 5%

B, 0.5944 0.4350 0.04644 0.7%

Table II. Numerical coefficients for rational combination obtained for Kj;.

[’t,]] C,‘j(o) C,'j(l) Dij © Dij(l) Dij(z) Error
[1,1] 0.6207 1.1649 0.6156 0.4817 0.3340 3.5%
[1,2] 0.2746 0.3883 0.4488 0.3022 0.2672 2%
(2,2] 0.1544 0.1942 0.3804 0.2376 0.2274 1%

Rational approximations to the separate viscosities are obtained from the following. The
general form of K;; for hydrogenic ions, in the rational combination approximation, is given
by

Kij = Ki;® (e, 4)
[1 + vuiCij(a, 4] [1 + €/ %0uiDij(a, As)]

(33)

where K;;? is the banana regime coefficient. The {C;;} are linear in « and have simple
A; dependence, so no expansion is necessary for these. The general forms of C;; and our

expansions for D;; are

Cij = C5@ + aCy® £i5(Ai/Ar)
Dij = Dij® + a (DD + Dyi® - (4i/Ar))

where the numerical coefficients and the accuracy of our approximations are given in Table
I, and fi1(z) = (1 + )2 + zIn(zY2/[1 + (1 + 2)V/?]), fia(z) = (1 + 2)~1/2, and foy(z) =
(1 +5z/4)(1 + 2)~3/2. We have assumed a single heavy impurity of strength parameter a.
The normalized viscosity coefficients are obtained from the K;; as in Ref. [10]: 41 = K,
fi2 = K2 — (5/2)K11, and fi3 = Koo — 5Kj2 + (25/4)K;1. These approximations are not
made in the numerical calculation, where instead the viscosities are calculated directly by

integration over velocity space.

2.3.5 Numerical Solution for Arbitrary Collisionality

The results obtained in this section were used as a basis for comparison when developing

the analytical expressions. The approximations to the viscous stress of the previous sections
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can be avoided by solving the 4x4 matrix equation for the poloidal velocities {ig;, Gz, Goi, Gor }
numerically. We have developed a code (“TRV”) [75, 76, 77] to carry out such calculations
from TRANSP data [50].

First, it is straightforward to show, using the full friction matrix, that any component
of the driving terms V; and V5 which is independent of species does not contribute. The
poloidal flows are accordingly independent of the radial electric field, as is well-known in
the absence of orbit squeezing, therefore ((ulI - uLl,-)B) = ((Vii — Viz)B) + (B%)(ig; — i)
is as well. The hydrogenic toroidal angular velocity is obtained from this equation with
E, = 0, using the measured carbon velocity on the outer midplane, Qy;(3) = V*** /R +
[((u)l = ull) B 5, —0/BoRo. The radial electric field follows from the radial momentum balance
equation using the toroidal and poloidal velocities as calculated or measured. The equations
for the poloidal flows are written

fi1 fiio ugi | 2 l}ﬁ —iijz g _ Z lAﬁ —ﬂ’z Vlj
fliz  fi3 doi 7\ -5 doj ~\ - B Vaj
(34)

where the right-hand side is evaluated with E, = 0 and {%,;} run over all ion species. The
parallel flows are then obtained using Eq. (7).

We obtain the viscosity coefficients for each species, for arbitrary collisionality, from
Eq. (4.72) of Ref. [10] by direct numerical integration over velocity space. The effective
connection length described by Eq. (4.66), L} ~ gR, which enters the collisionality, as well as
the other geometrical quantities required for the calculation, are evaluated in the large aspect
ratio limit, i.e., (B2)/{((V|B)?) =~ 2(qRo/c)?, where ¢ = r/Ry. Although our code includes
routines that calculate the metric quantities for arbitrary flux surface geometry, the finite
aspect ratio and noncircular corrections are insignificant in the TFTR plasmas we consider.
We also use the full expressions, Eqns. (4.4-4.14) of Ref. [10], for the friction coefficients {ig}’ .
Two ion species are considered for simplicity. The result is valid for arbitrary collisionality
and otherwise retains the full accuracy of Ref. [10].

2.3.6 Heuristic Approach in Trace Impurity Limit

Distribution Functions

The results for a trace impurity can be found from first principles using an entirely
different approach. Following Ref. [78], we deduce the distribution functions for trapped and
passing ions. Then we use these results to construct a simple model for the velocity profile
notch and radial electric field. The method is intuitive and gives the correct temperature
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gradient dependence. The deformations of the trapped and circulating particle distributions,
relative to the Boltzmann distribution, can be deduced without solving kinetic equations or
considering collision operators.

First, we discuss constants of the motion. The toroidal canonical angular momentum is

€

where A is the magnetic vector potential, R is the major radius, m is the particle mass, e
is the charge, c is the speed of light, and v, is the particle velocity in the toroidal direction.
The toroidal vector potential and poloidal magnetic field By are related by

d(RAy) _
g = BgR (36)
where r is the minor radius, so that
r A
pp = mR(v, - / dr' Qq(r)), (37)
ro

where 7 is a turning-point of the trapped particle orbit and £y = eBy/mec is the poloidal
gyrofrequency. Expanding for small banana width, we find that along trapped-particle orbits,

P = mRy (vtp —(r- 'ro)Qg). (38)

The trapped particle distribution function fr is a solution to the Vlasov equation (in
the collisionless limit), and according to the Jeans theorem, must be a function solely of
the constants of the motion. Therefore we write fr = fr(E,p,,...) and the dependence on

toroidal canonical angular momentum must take the form

$r00) = fr(r = 32) = Fnl) (1~ 2 5o 0Fn(0) = Fn()A+8f1) (39
where
d dnn ed® dnT/E 3
oI Fn(r) = —= o (T"i)' (40)

This is consistent with the constraint that trapped particles have no poloidal flow.

The circulating ions can be considered to have, in the absence of temperature gradients,
a distribution function which is a shifted Maxwellian. Their macroscopic toroidal flow can
be defined by continuity at the trapped-passing boundary. This leads to

Uy _1_% ed<I>)

dfc = —Q_Gi(ni ar + T,E (41)
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with the macroscopic toroidal flow velocity

c (E@ e d@). (42)

Wi By \nidr " Tidr
Comparing this result for hydrogenic ions with that from the full kinetic theory [74, 79], we
find a term proportional to the ion temperature gradient should be included, corresponding
to

c T,d_n,- e do dT;

wi=op o P Ta % a) (43

where a; = 0.172. Using this toroidal flow velocity in the radial momentum balance equation,

4o | T, dn;  1dT;

1
0= E(U¢iBo ~ usiBy) + dr + en; dr e dr’ (44)
we infer the poloidal velocity for circulating ions,
c dT;
; = —(1 i) —. 4

The coefficient «; is not essential to our explanation, but is included for completeness. To
produce this poloidal flow, the circulating ion distribution function must have a term propor-
tional to vy,

1dn; ed® ldTi) v9(3 E-—a,-)ldTi

o= 2 et N WL Y i
Sfic = (n,- dr + T; dr Otsz_ dr T; dr - (46)

Qi ou\2 T
This can be expressed in terms of the trapped-particle deformation. The poloidal velocity
can be eliminated using v =~ v, + vgByg/B,, to yield

Y| (; f; ai) 1 dT; (47)

0fic =0fir — = ——
f iC f iT - Tz dr
Next we must match the trapped and passing deformations at the trapped-passing boundary

in velocity space, so that the total distribution function is continuous there. We require
Sfir(A = Af) = 8fic(A = A7), (48)

where A = pBy/E and A, = 1 — /Ry corresponds to the trapped-passing boundary, where
By is the magnetic field at the magnetic axis, p = m;v? /2B is the adiabatically invariant
magnetic moment, B is the local magnetic field, and E = m;v?/2 is the particle kinetic energy.
This condition is physically imposed by the drag of the poloidal (parallel) flow of passing
ions on the poloidally stationary trapped ions. The effect of the drag diminishes somewhat
gradually away from the trapped-passing boundary and is felt by a significant fraction of the
passing ions. We model this by taking
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v = (o) (A) — (v} (Ac) (49)

in Eq. (47), where (v))(A) = gvv/1 — A, () is the flux-surface average, and (v))(Ac) = ov/E.
This satisfies the condition of continuity at the trapped-passing boundary smoothly. The

deformations are then written

5fic = 6fr + (vu)(A)Qo(vuﬂAc) (T, g o ) ; cfiT H(A, - A) (508)
ldn; e d® E 3\1dT;
Ofir = _ﬁ;[n, ar + ‘,1—,1'% (Tz - 2)Tz$ (50b)

where H(z) =1 for £ > 0 and H(z) = 0 for £ < 0. The remaining work departs from Ref.

[78] to make use of these results in a simple model for the notch feature.

Velocity Space Integrals

In this section, we develop velocity space integral operators to facilitate taking moments
of the distribution functions found in Sec. 2.3.6. The required integrals are of the form

/ d3v = /_o:o dy /Ooo wd(v?), (51)

which, for convenience, will be expressed as integrations over A and E, where

A= “g" h(0) (52)

with h(6) = R/Ry = By/B = 1 +€cosf, and E = mv?/2. First, we find the Jacobian for

the transformation from cylindrical coordinates in velocity space.

2E A
I = 0\/; 1-— W (53&)

4FE A
2 _
LT h(6) (53b)

where o = 1. Transforming from (v,v1) to the adiabatic invariants (E, A), we write

Y| Y
d’U” 2EdE 2h(1 — A/h) dA (543.)
dv? = 4—j>ldE + 4—E;;dA (54b)

so that the Jacobian becomes

aant = ()" ()" a(F) — = (55)

T/ py/1— AR
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and the integration over circulating particle space can be written
s 2T\3/2 [* (Ey\ (E\1/2 fAe dA
L= )" [Cam) 3" [ : (56)
c o=t ™M 0 0 h(8)y/1— A/R(6)

where particles are passing for 0 < A < A, =1 —¢ and trapped for 1 —¢ < A < 1+e¢.

Normally we are interested in the operator

(57)

e E 1/26 _gr [P dA
/C & F = 2\/— / (7) /o h(6)/1 - A/h(6)

where

n m\3/2 —E/T
Fp,=—/—7—= . 58

The moments of the passing particle distribution require the following integral operator,
acting on integrands which are isotropic in velocity space, where (v) = 04/2E/mv1— A is
the flux-surface averaged parallel velocity.

/ d*v Frn vy [{v))(A) — (v )(Ac)] (59a)
n 2T E /2 _
=X 2z¢‘m d(f) N A (e SO IS
2T2 w© E\/E
=n=2fee [ d(Z) (7). (59¢)
where
fe= (1—-;1\/E+%s3/2)(1—-21-e) ~1——\/‘+5 3/2 (60)

is the effective fraction of momentum-carrying particles. The required moments are then
readily evaluated:

[ 0 o [ ) - o8] = 5, (612)
[ & Fy 2 () - (e (0] = §ﬂfc (61)
[ 0 Fny (2) U () ~ (o)A = g;g;f (610)
The other moments for the diamagnetic terms are
[ & Fryo, = i (622)
[ By = gﬁm? (62b)
[ Envpus(z) = 23222 (62¢)

In the next section, we make use of these results to obtain the parallel flows.
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Velocity Profile Notch and Radial Electric Field

We consider the case where the impurity ions (subscript z) have a shifted Maxwellian
distribution, while the hydrogenic ions are in the banana regime. In the limit where the
impurity ion mass is much greater than the hydrogenic ion mass, and their temperatures are
equal, the parallel friction force on the impurity ions is due to the usual collisional momentum
exchange and heat friction from the hydrogenic parallel heat flow, as shown in Sec. 2.3.1. This
provides

oyl — 3 (291

where g|;; is the hydrogenic parallel heat flux. Because the profile of u; is expected to be nearly

monotonic, determined by anomalous momentum diffusion and the centrally deposited beam
torque as described in Sec. 2.2, explaining the observed notch in the profile of ulalc requires a
calculation of g;.

Using the results of the previous section, the macroscopic parallel ion velocity is

niu) = / d®v Frpvy (1 + 6fic) (64a)
=S8, 2 (ara)a-3v -1 ), (640)

where terms of order € have been ignored. To lowest order, the coefficient inside the square
brackets is equal to «;, and the result is identical with the result from the full kinetic theory
given first in Ref. [74]. This lends confidence that the distribution function is reasonable.

The hydrogenic parallel heat flux can be calculated as follows.
5 1
Qi + 5niTiui' = /dav Fni(l1+ 6fiC)’2‘mi’l)2’U" (65)

Making use of the operators in the previous section yields

) c dI;

Q||z ——n,T X \/_EW (66)

The expression for the impurity toroidal velocity is then

33\/5)

ull zuy +§(-2—

=, (67)
which shows that significant temperature gradients can produce non-monotonic features in
the impurity velocity profile, directed counter to the plasma current. The heuristic theory
correctly reproduces the main results of Sec. 2.3.1, giving the terms due to the ion temperature

gradient.
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The results of this section can be used to construct an expression for the radial electric
field. Retaining up to order /¢ in Eq. (64b), and using Eq. (67) with V,,; = ulgl,-, we reproduce
the results of the moment approach corresponding to the trace impurity limit,

T; | Tidn;

3 d
Br = VisBo = (o 4 3VE) o4 0

(68)

where the units are E,(V/m), Vz(m/s), T;(eV), By(T), r(m) and o; = 0.172. Notice that
the hydrogenic poloidal velocity cancels the temperature gradient contribution with only a
small term (o;) left over. Equation (68) gives the correct result in the trace impurity limit
corresponding to oo < 1. The density gradient corrections, not shown, become significant
when the impurity ion distribution is less collisional and « is finite. These are discussed using

the moment approach in Sec. 2.3.2. The more accurate version of this result is presented in
Chapter 3 in Eq. (20).

2.4 Comparison with the NCLASS code

The NCLASS code [80] was developed simultaneously and independently of this work [29].
In fact the first results from both codes were obtained within one to two days of each other
[75] by coincidence. Further results from both codes were presented at several conferences
[75, 76, 77]. Although the two codes solve similar problems, along the lines of Ref. [10],
their aims are somewhat different. While the NCLASS codes aims to be comprehensive
within a neoclassical context, particularly with respect to the electron bootstrap current,
the TRV code neglects electrons and other small effects of order 5-10% for the regimes of
interest, and solves the parallel momentum and ion energy balances only for ions. The TRV
code reasonably describes the neoclassical radial electric field in the supershot regime. This
code was developed to test analytical expressions for the radial electric field under identical
assumptions, which were developed for efficient transport predictions. For the regimes of
interest in this work, the TRV and NCLASS codes should, in principle, give the same results
within of order 10%.

The two codes are related in the following ways. The TRV code uses the viscosity
coefficients of Ref. [10] by integrating over velocity space, and is therefore valid for arbitrary
collisionality to the extent that the work of Ref. [10] is. The NCLASS code uses revised
viscosity coefficients evaluated in a similar manner. The corrections relative to Ref. [10]
affect only the collisional contributions to the viscosities at finite 7/R. These corrections are
negligible, away from the magnetic axis and the edge for the plasmas we consider, where the
hydrogenic ions are well into the banana regime and the results are only weakly dependent

on the collisionality of the impurity species. Thus the differences in viscosity coefficients
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between the two codes should be insignificant. The TRV and NCLASS codes use the same
friction coefficients. The NCLASS code incorporates a treatment of orbit squeezing, which
we find in supershot plasmas is an effect at most of order 5%. Both codes include the parallel
electric field, whose effect on the ion velocities is insignificant. The most significant difference
between the two codes is that the NCLASS code solves the parallel momentum balance for an
arbitrary number of mass species and charge states, using the reduced charge state formalism
of Ref. [10], while the TRV code is restricted to two ion species, each with a single charge
state, with no special formalism. Results from the NCLASS code show that the effect of
lumping five species (H,D,T,C,e) into an ersatz ion species and a carbon impurity, neglecting
electrons, is indeed small. Differences near the magnetic axis are the likely result of different
methods used to take radial derivatives, or differences in the collisional contributions to the
viscosities.

Both codes neglect effects which are potentially much more important than the neoclas-
sical refinements described above. The effects of neutral beam sources and radial momentum
diffusion are likely to be important in certain situations. We have carried out preliminary
calculations including these effects and find they can resolve a discontinuity in the toroidal
velocities that arises in cases with convectively limited, clipped ion temperature profiles.

Presently, a quantitative discrepancy exists in the hydrogenic poloidal velocity evaluated
by the two codes, shown in Fig. 4. The machine parameters are #75936: P, = 26.2 MW (11
MW tritium), I, = 2.0 MA, B, = 5 T, Ry/a = 2.52/0.87, Teore = —0.05, i = 3.8 x 109
m~3, E, = 100 keV, and Z.g = 2.6, where Teofr = (Teo — Tetr)/ (Teo + Tetz) and T is the beam
torque. Neither orbit squeezing nor the parallel electric field was included in the NCLASS
calculation shown. There is a compensating discrepancy in the toroidal velocity difference,
so that the radial electric fields are quite similar, as shown in Chapter 3. The only qualitative
difference in the results are that, while the TRV code finds the density gradient dependence
of the hydrogenic poloidal velocity to be insignificant, the NCLASS code finds a relatively
strong contribution, of order 30%. This density gradient dependence accounts largely for
the difference in the two results. Nevertheless, both codes compute a small carbon poloidal
velocity. This results in radial electric fields which are quite similar, except in the inner
one-quarter radius under extreme conditions. The shearing rates computed from these radial
electric fields are not much different, so our conclusions regarding the effect of radial electric
field shear on transport are not jeopardized. This comparison was carried out on October 2,
1997, using the latest available version of the NCLASS code.

The results of the relatively simple TRV calculation have been checked in the following
ways. First, the poloidal velocities were verified to be independent of the radial electric

field when it is included as a driving term, as required by momentum conservation. Second,
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the results satisfy the viscous stress constraint. Third, the numerically calculated viscosities
agree with the known analytical expressions in the banana regime. Fourth, the results of the
analytical calculation are in agreement with the results of the TRV code.

It is possible that such a discrepancy could arise from relatively small differences in the

computations of the hydrogenic viscosities, and does not necessarily imply major inconsist-
encies in either code.

TBI + 450 ms TFTR #75936A08
OTT T 711717 71°

-
-------

104 ' Neoclassical
1 % / Poloidal -
1 Y\ / /U Velocities i
200y TRV code
] A — NCLASS 4
i ———- analytical 2
<1 ks L B I B L S m
27 28 29 30 3.1 32 33 34
Midplane Major Radius (m)

Figure 4. Calculated poloidal velocities for TFTR #75936 from the TRV code, NLCASS code, and the
analytical calculation.

2.5 Discussion

We have shown the observed notch in the impurity toroidal velocity profile of very high
temperature plasmas may be regarded as a neoclassical artifact of the impurities, and is
not an indication of such behavior of the main plasma species. We proposed a model for
the notch in which it is a consequence of parallel heat friction due primarily to the large

hydrogenic parallel heat flows due to large temperature and density gradients. Adding the
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neoclassical toroidal velocity difference to the measured toroidal velocity of carbon resulted
in a monotonic toroidal velocity profile for the hydrogenic species. This is consistent with
the experimental observation that the radial transport of toroidal momentum is diffusive
(in strongly rotating discharges). Because the same physics underlies both the difference in
parallel velocities and the neoclassical poloidal velocity, this supports the use of the calculated
poloidal velocity when inferring the radial electric field.

In the fundamental sense, the notch prediction confirms that higher moments, e.g. ion
parallel heat stress and heat flow [73], are essential to explain the observed velocity profiles in
high temperature experiments, within a neoclassical context. The neglect of these moments
and the resulting small differences in the velocities of the various ion species would imply
outward radial momentum transport against the velocity gradient in the high temperature
experiments we consider.

We have provided improved analytical expressions for the neoclassical poloidal and tor-
oidal velocities in the core of high temperature plasmas and compared these with a more
comprehensive numerical calculation that is valid for arbitrary collisionality. For simplicity,
our results were obtained for a primarily hydrogenic plasma with a single dominant impur-
ity, on the reasonable assumption that no qualitatively new phenomena are uncovered by
considering additional species. We have neglected orbit squeezing on the basis of earlier
observations that the toroidal velocity difference is not affected by it [81], and because the
squeezing parameter is within 5% of unity for the considered discharges. The only significant
effect of orbit squeezing in this context appears to be the suggested (weak) dependence of
the poloidal velocity on the density gradient [82, 83, 12, 13].

Numerous cases exist (for example TFTR #73265, shown in Fig. 5) in which the hy-
drogenic and impurity species are predicted to rotate toroidally in opposite directions over
a small fraction of the plasma cross-section. A brief search did not turn up cases where
low (m,n) magnetohydrodynamic modes were observed to rotate in a direction opposite the
measured impurity velocity, assuming no mode poloidal rotation. Further investigation of
quasi-balanced discharges may be fruitful, although the the mode rational surfaces corres-
ponding to ¢ = 3/2 and g = 4/3 are located typically near a major radius of 3.0 m in these
plasmas, which is outside the region near 2.90 m where the reversed impurity toroidal rotation
is observed. This may explain why no cases could be found.

One may envision testing the predicted toroidal velocity difference by injecting an ad-
ditional heavy impurity such as neon, and measuring its velocity as well as that of carbon.
Desirable conditions include highly peaked density profiles, balanced beam injection, and
low plasma current. On the other hand, the magnitude of the notch is only weakly dependent
on the charge of a heavy impurity through the strength of the density gradient dependence.



54 Chapter 2. The Velocity Profile Notch

Time = TBI + 400 ms 73265N01
300 J | ! - I T | T I T l T I T
1(a) ; ~ 0——0 Numerical 1

- .~ &—2N Analytical |
2007 * . —F— CHERS

(measured data remapped

8 : . to minor radius) :
£ 100-] f -
< 100 Inferred Vi

- "Notch"| 3 .

_ f -~ Measured Vgx
-100 I | T —T | I | T | T | T I T
0.0 0.2 0.4 0.6 0.8 1.
Normalized Minor Radius (r/a)

1
MqS0L66C60°1p

()

Figure 5. The velocity profile notch in TFTR #73265 (deuterium, 30 MW quasi-balanced neutral beam
injection), shown on the outer midplane, 400 + 50 ms following the start of neutral beam injection. The
shaded area marks the radial extent and location of the notch. The carbon toroidal velocity V,,; measured
by Charge Exchange Recombination Spectroscopy (CHERS) of the carbon n = 8 to n = 7 transition. The
hydrogenic toroidal velocity V,; inferred by adding the calculated neoclassical parallel velocity difference to
Viz is essentially monotonic. The analytical result using Eqn. (26) is shown for comparison. The predicted
effect of neoclassical heat friction is to cause the impurity and hydrogenic toroidal velocities to be in opposite
directions over a significant fraction of the plasma cross-section.
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For a heavy trace impurity with a < 1, the density gradient dependence is negligible. The
experiment would then test the predicted hydrogenic density gradient dependence of the car-
bon toroidal velocity. The thermal hydrogenic density is not directly measured, however,
and the predicted difference in the toroidal velocities of carbon and neon is small. An exper-
iment comparing the velocities of helium and carbon may be more useful [72]. One may also
envision injecting an impurity for which E, is dominated by the measured toroidal velocity,
giving a nearly direct measurement of E,.. Equation (20) shows that the temperature gradient
dependence cannot be avoided. It may be possible to reduce the sensitivity to the calculated
hydrogenic density gradient by adjusting a3 for the radii of interest, but this is of dubious
benefit because a3 is only weakly dependent on o under typical conditions.

As will be discussed in Chapter 3, this same process produces a well structure in the
radial electric field in the core of high temperature TFTR experiments. In more strongly
co-rotating plasmas, the notch, which is an arithmetic difference independent of the average
toroidal rotation velocity, remains visible in the form of a flat spot on the velocity profile,
without a region of positive velocity gradient. The calculated well structure in the radial

electric field is still present in such cases.






Chapter 3

Radial Electric Field and Model for

Supershot Core Confinement

3.1 Introduction

This chapter introduces calculations of the radial electric field in very high temperature
plasmas, and makes use of them to develop a transport model that simultaneously calculates
both the radial electric field and the ion temperature profile. This model is used throughout
the remaining chapters to study the role of radial electric field shear stabilization as an
explanation for the favorable confinement trends of very high temperature plasmas.

The supershot outer half-radius has characteristics resembling the L-Mode regime, where
the local confinement trends are unfavorable. It is far from marginal stability with respect
to the toroidal ITG mode, and must be treated nonlinearly in the sense that estimates of
the turbulence saturation level are required, and that these estimates affect the predicted
temperature. The core displays a large well structure in the radial electric field profile where
the ion temperature gradient is strong. This radial electric field well is present in supershot
plasmas with near-balanced neutral beam injection, but not in L-Mode plasmas, and is
associated with significant shear near the half-radius. A very similar well shape is observed
in the radial electric field profile near the edge of H-Mode plasmas [84, 85, 86, 60]. This leads
us to explore the role of radial electric field shear in determining the favorable confinement
properties of supershot plasmas relative to comparable L-Mode plasmas.

During the first few hundred milliseconds following the start of neutral beam injection
in supershot plasmas, the core region of enhanced confinement expands and the well in the
radial electric field deepens. The well in E, is deeper for lithium-pellet injected plasmas
which is suggestive that it may underly the improved confinement. In addition, the radial

57
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electric field depends on the density, temperature, and velocity profiles in a way that would
appear to be self-reinforcing given an associated reduction in transport. This dependence, in
view of the favorable confinement properties observed, is also suggestive that radial electric
field shear is an important underlying, and possibly unifying, mechanism. However, as we
demonstrate, these observations are merely suggestive. The linear stability properties of the
toroidal ion temperature gradient mode [18] and trapped-electron modes [87, 18, 88] are
themselves suggestive of a self-stabilizing and self-reinforcing route to enhanced confinement.
We find, in fact, that the core region (inner half-radius) is not far from marginal stability
to the toroidal ion temperature gradient driven mode. This tends to make comparisons of
growth rate and E x B shearing rate strongly dependent on potential errors in measured
profiles and their gradients. To resolve this problem, we develop models that simulate the
ion temperature and radial electric field profiles simultaneously and self-consistently.

In the following, we develop the neoclassical corrections to the measured impurity velocity
term in the expression for the radial electric field, and perform the full neoclassical calculation
of E, corresponding to our previous analysis of the notch. The explanation of the observed
velocity profile notch supports our use of a neoclassical radial electric field for near-balanced
beam injection. This validation holds for the profile shape of the radial electric field, and is
stronger than the statement that the neoclassical poloidal velocity is small in magnitude as
a result of poloidal flow damping. We use this neoclassical radial electric field in transport
models to calculate the ion temperature without influence from the measured temperature.

Next we assume that the linear growth rate, maximized over kgp;, serves as a good approx-
imation to the nonlinear turbulent decorrelation rate. The criterion that turbulent transport
vanishes when the E x B shearing rate approaches the nonlinear turbulent decorrelation rate
[42, 35], approximated by the maximum linear growth rate, is adopted, as discussed in Sec.
1.4.

Although the linear stability properties, rather than less well-understood nonlinear phe-
nomena, may be the dominant influence on the stabilization criterion discussed above (for an
example in slab geometry, see Ref. [38]), a nonlinear theory is still necessary to describe the
effect of radial electric field shear on transport when complete stabilization by radial electric
field shear is not achieved. First, the radial correlation length is strongly affected by shear
flow. Second, the nonlinear isotropization of turbulence determines the strength of the effect
of shear flow on transport. Here these effects are described with a simple linear approxim-
ation valid at both endpoints, i.e., the case of zero E x B shear, and the case of complete
stabilization by E x B shear, evaluated according to the expedient criterion of taking the
E x B shearing rate and maximum linear growth rate of the toroidal ITG mode (evaluated

as discussed in Chapter 1) to be approximately equal.
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We develop two calculations of the ion temperature in supershot plasmas which self-
consistently include radial electric field shear stabilization (by self-consistently, we mean the
radial electric field and temperature profile are calculated together). The first, an analytical
model for the temperature in the inner half-radius, uses a simplified form for the radial electric
field. This model is based on the practical shear-flow stability criterion wgxp =~ V2.
corresponding analytical expression for the ion temperature gradient scale length is derived
and shown to be consistent with the dominant confinement trends of supershot plasmas. This
model does not rely on estimates of ITG nonlinear saturation. The second calculation, an
extension of the IFS-PPPL parameterization [16], uses a reasonably accurate expression for
the neoclassical radial electric field E,., and self-consistently evaluates both E, and the ion
temperature profile, over the radii 0 < r/a < 0.85, in fully nonlinear simulations. A new

transport code is developed to carry out these calculations.

3.2 Modeling Choices

The quantitative understanding of transport processes in high temperature, neutral beam
heated plasmas has improved greatly in just the last few years. The linear theory of collective
modes in axisymmetrically confined, non-rotating plasmas has matured to the point where
accurate and fairly comprehensive growth rates can be calculated with radially local but po-
loidally nonlocal codes [89, 26, 28, 21, 90, 27] for the modes of interest in the core region.
However, these codes do not include equilibrium sheared flows. The radially local approx-
imation holds for large toroidal mode numbers, which are found to be of order n = 20 — 100
for the fastest-growing instabilities. Linear kinetic codes which are radially and poloidally
nonlocal also exist [91, 92], but are limited by the available computing power to describe
trapped-ion modes with toroidal mode numbers of order n < 15. These codes include finite
ion banana width but assume zero gyroradius. Fortunately, the range of n covered by radi-
ally nonlocal codes addresses the shortcomings of the radially local codes. Surprisingly good
agreement in the calculated growth rates between the radially local and radially nonlocal
codes has been demonstrated for toroidal mode numbers as low as n ~ 5 [92].

The nonlinear theory, which is required to describe the saturation level of the turbulence
and the corresponding level of transport has shown recent progress. Gyrokinetic particle
simulations [93] have been performed in realistic geometries, enabled by technological im-
provements in computing speed. These simulations, using gyrokinetic Vlasov and Poisson’s
equations, advance along their orbits a large number of effective particles whose cyclotron
motion has been averaged over. This provides radially nonlocal, nonlinear results in real-

istic confinement configurations [94], with simulation regions presently extending over regions
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as large as 100-200 ion gyroradii. However, these codes are also limited by the number of
practically attainable grid points to low toroidal mode numbers.

Recently, the nonlinear problem has been addressed in general through a computationally
efficient moment method referred to as the gyrofluid approach [95]. This involves taking mo-
ments of the gyrokinetic equation to obtain equations for the guiding center density, parallel
velocity, parallel and perpendicular pressure, and parallel and perpendicular heat fluxes. Fi-
nite Larmor radius effects are carefully approximated, and a closure scheme is then devised to
mimic the fully kinetic results, including the dominant nonlinear terms [96, 20]. These mod-
els have been carefully developed and benchmarked in comparisons with kinetic and particle
calculations [97]. The present models [98, 20, 99] include trapped electron destabilization
and nonlinearly self-generated, fine-scale flows that appear to control the nonlinear satura-
tion level of the turbulence [20], but not equilibrium large scale flows. In these calculations,
a flux-tube representation is used with periodic boundary conditions.

Accurate toroidal nonlinear calculations, and particularly linear calculations, that self-
consistently include the effect of sheared parallel and perpendicular velocities, for realistic
toroidal mode numbers (n > 20), either do not exist, or are only now under development
[36, 39, 40]. A toroidal linear kinetic calculation, assuming adiabatic electrons and pure
toroidal rotation, for toroidal mode numbers less than of order 10 was carried out in Ref.
[100]. A nonlinear gyrokinetic particle simulation with the same limitations was carried
out in [101], although with fixed plasma profiles and purely toroidal rotation. While these
calculations represent theoretical progress, the radial electric field used did not include the
pressure gradient or poloidal rotation terms, and the toroidal mode numbers are not relevant
to the fastest growing modes in the experiments we consider.

In the case of plane geometry, on the other hand, much work has been done to study
the effects of £ x B shear on the linear (and in the last reference, nonlinear) behavior of
the slab ITG mode (Refs. {102, 103, 104, 105, 106, 107, 108] and others). Most of this work
is numerical and finds that relatively modest shear in the perpendicular velocity results in
complete linear stabilization of the slab ITG mode [109], and that positive radial electric field
curvature (an E, well) is also stabilizing.

In Ref. [38], in plane geometry, a condition for the existence of normal modes is derived.
In this work, expressions for the mode width and displacement as a function of the E x B
Doppler shear rate are given and used to derive a condition for the eventual transition from
normal modes to short-lived “non-normal” modes (wavepackets containing many frequen-
cies). This work gives some indication of the physics that may underly the relevant condition
for the disappearance of the normal modes in the toroidal case.

The expedient stability criterion (as discussed in more detail in Sec. 1.4), is relevant
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to toroidal geometry and supported in part by the poloidally nonlocal, nonlinear, gyrofluid
results of Ref. [36], and by local linear kinetic calculations of the effect of parallel velocity
gradients on the growth rate [110]. The latter show that the effect of shear flow on the
threshold of the toroidal ITG mode is generally small.

To perform the fully nonlinear simulations in this work, a computationally efficient means
of obtaining the radial electric field, toroidal ITG linear growth rate and critical gradient,
and nonlinear turbulence saturation level must be used. These quantities must be evalu-
ated on a 100 point radial grid more than 100 times at each radius and time in a discharge
to achieve convergence in the present simulations. Therefore the IFS-PPPL parameteriza-
tions are a practical and reasonably accurate way to obtain these quantities, although the

parameterizations were obtained in the flat density gradient limit as discussed in Sec. 1.1.

3.3 Review of Nonlinear Shearing Rate

In numerous assessments of the potential role of shear flow stabilization in enhanced
reverse shear plasmas [111, 112, 113, 37, 114], the rule of thumb that turbulent transport
vanishes when the nonlinear shearing rate [35] is equal to the maximum linear growth rate
(in the absence of E X B shear) is used. Comparisons of the E x B shearing rate evaluated
from measured profiles with the maximum linear growth rate of the even-parity trapped-
electron-ITG mode are made. However, in view of the fact that the pre-transition plasmas
are essentially supershots with reverse shear, the same toroidal ITG marginal stability issues
we discuss may give rise to the same strong sensitivity to ion temperature gradients. It is
somewhat suprising that the shearing rate and maximum linear growth rate were found to be
nearly equal at the ERS transition in these cases.

A nonlinear shearing process is necessary, in addition to any linear stabilization by £ x B
shear, for the following reason. Away from marginal stability, one must know the behavior
of the radial correlation length to calculate the effect of shear flow on transport. Recently,
Ref. [101], two-dimensional (global in (r,8)) particle simulations showed that the nonlinear
isotropization in the r-8 plane diminishes the benefits of sheared flow, which are strongest
when radially extended structures are acted upon. This causes the mixing length rule to
infer much stronger reductions in transport with Mach number than observed in the simula-
tions. While this work assumed pure toroidal rotation, it does demonstrate the importance
of nonlinear processes.

The rate for shearing apart of turbulent eddies by a spatially nonuniform equilibrium
velocity has been calculated in Refs. [115, 35]. The approach was simply to assume fluctu-

ations are “frozen-in,” i.e., constrained to be convected by the local guiding center parallel
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and E x B velocities. On this basis, the rate of change of the general two-point correlation
function was calculated in flux coordinates, assuming the usual, unmodified ballooning rep-
resentation, which makes use of an eikonal for rapid variation perpendicular to the magnetic
field. In essence, the result is the toroidal generalization of the Biglari-Diamond-Terry (BDT)
cylindrical shearing rate [42], as applied to describe the decorrelation of turbulence in the
H-Mode edge by flow shear. The previous cylindrical rate is given by

_Arg d rug
WEXB = Afy #(7) @

where ¢ and roAfy are the ambient radial and poloidal correlation lengths in the absence of
flow shear, r is the minor radius, and ug is the equilibrium poloidal velocity.

Carrying out the calculation in flux coordinates [115, 35] ensures that radial derivatives
account for the varying spatial distance between surfaces of constant poloidal flux. It was also
suggested that the effect of equilibrium velocity shear on turbulent transport is significant
when the shearing rate due to velocity shear wgxp becomes comparable to the ambient
nonlinear decorrelation rate Awr in the absence of velocity shear. The radial correlation
length in the presence of flow shear A1, with 9 the poloidal magnetic flux, is reduced relative
to its ambient value 1y according to [35]

(R2y'= (14 ‘*f;;)‘l, @

where the ambient correlation length Aty is itself significantly reduced during nonlinear

saturation relative to its linear value. However, most applications of the shearing rate wgxp
compare it to the maximum linear growth rate, with the assumption that the maximum linear
growth rate approximates the nonlinear turbulent decorrelation rate Awr.

The toroidal generalization [116, 115, 35] for the nonlinear shearing rate [42], for fluctu-
ations elongated in the direction of the magnetic field, is

Ay 02®o(y)
Ao Ovr (3)

WExB =

where Aty and A¢y are the ambient radial and toroidal correlation lengths measured in units
of poloidal flux and radians, respectively, and ®; is the equilibrium electrostatic potential.
Here the contribution of shear in the parallel velocity has been neglected for field-aligned
fluctuations, and the sign of wgxp is irrelevant.

This can be expressed in simple terms for a shifted-circle magnetic equilibrium (to which
TFTR plasmas conform within a few percent). Considering a toroidal annulus of radius R
and width dr, one finds the poloidal flux through the annulus to be diy = RBy dr, or as can be
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shown more formally, |V4)] = (RBg)~!. For fluctuations elongated parallel to the magnetic
field, we have A(¢g — gp) ~ 0 along B, where q ~ rBy,/RBy. This yields

Ao _ R%B,? ( Arg ) @
A¢0 Bq, ’I"A90 ’
which with Ary ~ rA6y gives
RBy 0 ¢ E,
WExB = _B:E(RB(;)' (5)

Generally speaking, the assumed nonlinear evolution tends to isotropize the turbulence in
the plane perpendicular to the magnetic field, so that the width of the k. and kg spectra
become comparable. This is supported by beam emission spectroscopy measurements in
TFTR plasmas [117, 118], as well as by the results of existing nonlinear simulations ([96, 20]
and many others), and by particle simulations that incorporate the same effects [94] (see for
example, the references discussed in the summary paragraphs of Ref. [97]).

Taking the derivative with respect to major radius R would result in an overestimate of
weExB by up to 40% as follows. A shifted circle equilibrium with R = Ry + A(r) + r cos 6,
with Shafranov shift A(r) ~ Ag (1 — r2/a?), where in typical TFTR supershot plasmas
Ag/a ~ 0.2, yields on the outer midplane

dR 2001

# =~ (-2 ®
which is 0.8 at the half-radius and 0.6 at the edge. This could be more significant in ERS plas-
mas, which have large Shafranov shifts. All TFTR comparisons to date, using the NCLASS
code to evaluate shearing rates, have taken the derivative of E,./RBy with respect to major
radius on the outer midplane. This should be kept in mind if comparisons are made between
our results for the shearing rate and those of the NCLASS code.

Next we demonstrate that the linear Doppler shear rate resulting from the spatial variation
of the Doppler shift is in fact equal to the nonlinear shearing rate for isotropic turbulence
as given in Eq. (5). We begin with an equilibrium velocity V = Vi€ + vExs. We then
consider an expansion about a particular rational surface rg, with z = r — ry, taking a
concentric circular magnetic geometry for simplicity. In the frame moving with velocity V,

the frequency w relative to its value in the laboratory (non-moving) frame is given by
d
w=wiap k- V(0) ~z (k- V)] (7)
where k is a wavevector. The F x B drift velocity is then

__ETA . r . _E, R ro.
VExB= g erx(e¢+qReo)— B( eo+qRe¢) (8)
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where B is the magnetic field, E, is the radial component of the electric field, R is the
major radius, ¢ is the magnetic field inverse pitch, and é, x & = &, are the unit vectors
in the radial, poloidal, and toroidal directions, respectively. Then, for fluctuations for which
ki > k), where k; and k are the wavenumbers normal and parallel to the magnetic field,
we assume an eikonal description with variation proportional to ¢(8) exp in[p — q(6 — 6o)],
where $(6) is a slowly varying function of § which accounts for varation along field lines (the
same end result is obtained from the ballooning representation [119, 120] or the “disconnected
mode approximation” of Coppi [121, 122, 123]) and n >> 1 is the toroidal mode number. Then

the wavector becomes

_a 10 n.  ng,
k=g o 90 + gé & +2 3(0 o) &, 9)
where § = (r/q)(dg/dr), and the Doppler shift can be computed as
V) & ng T 91 Er
- V - —— — — — —
k iE5t [1+(qR 3 (10)
so that to lowest order in r/qR we find
d . d V” g d qE’

To evaluate Eq. (7) in k-space, we take the Fourier transform with respect to z. Then z

transforms according to x — 0/0(ik,), and using k, = §k¢(0 — 6p), where kg = nq/r, we can

write
0 -1 0
Ok, ~ ko 803’ (12)
where both derivatives are taken at constant (8, kg). Defining
@ = wrpaB — k- V(0), (13)
we have
ird /Vjyo rd
n . 14
w=w nqdr(qR)60+qdr(rB)]890 (14)

For large toroidal mode number n >> 1 (field-aligned fluctuations; typically n ~ 20 — 100
for the fastest growing ITG modes in typical experiments), we can neglect the first term to

obtain

i 0

= W — —_— 1
w w+§wE600, (15)

where, taking the cylindrical approximation ¢ = rB,/RBy, we find
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wp="L (4L _RBed (D) (16)

~ qdr\r B B, dr \RB,

The latter is equal to the Hahm-Burrell shearing rate wgxp [115, 35] when the turbulence is
isotropic in the (r,8) plane. Again, the two rates, although equal, describe different phenom-
ena. The linear Doppler shear rate is not particularly meaningful by itself, but enters the
gyrokinetic equation as a Doppler shift operator, which is added to the real frequency. The
effect on linear stability can then be found by solving the resulting dispersion relation.

3.4 Neoclassical Corrections and the Well Structure in FE,

In the TFTR experiments we discuss, only the toroidal velocity of the carbon impurity
ions is presently measured. The equilibrium radial electric field is inferred from the radial
momentum balance, which must be satisfied for each ion species with a common electric field
E;,

_L dpi
Zien; dr

The first order flows were derived from this equation, so the resulting F, is independent of

E, =V,;By—ViB, + (17)

the species used to infer it for any self-consistent calculation of the velocities.
A relatively simple argument shows that the radial electric field profile has a well shape in
the core for quasi-balanced neutral beam injection. First, the parallel viscosity for impurity

ions with Z, > 1 is much larger than for hydrogenic ions, as can be seen from the ratio

NgMy N mgz\1/2 1 T;\3/2

e o (2 (R, =
where ;; is the ion-ion momentum transfer time in collisions with species j, & = ny;Z2/n; Z? 2
1 and T; ~ T typically, and (m;,n;i, Z;,T;) are the hydrogenic ion mass, density, charge,
and temperature, and similarly for the impurity. Then the impurity poloidal velocity is
well-damped by parallel viscosity, and its residual flow is small to satisfy the viscous stress
constraint. Then the pressure gradient term in Eq. (17) is inversely proportional to Z, so

that
E, = V,; By + {neoclassical corrections}. (19)

From Eq. (19) it is immediately apparent that, when a notch feature exists in the impurity
toroidal velocity profile, a corresponding well exists in the radial electric field profile. Consid-
ering Eq. (17) for the hydrogenic species (Z; = 1), we find the hydrogenic poloidal velocity,
driven by the ion temperature gradient, cancels the contribution from the temperature gradi-
ent part of the pressure gradient. Using the results derived in Chapter 2 for the neoclassical
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velocities, an expression for the neoclassical corrections to the impurity velocity term in the
radial electric field can be readily derived,

E, = (1-as) %%ﬁ Ll o2 f 1+—a:2/ 2 %ﬁ' + Vi By. (20)
Here the units are E.(V/m), Vyi(m/s), r(m), By(T), and T;(eV). From Eq. (20) it is also clear
that a well exists in the radial electric field profile. The profile shape of V,;; is determined by
the beam momentum deposition profile and the anomalous momentum diffusivity x, =~ xi,
and takes a monotonically decreasing shape very similar to that of the ion temperature
profile [124, 64]. Then the negative gradient terms, large in the inner half-radius of supershot
plasmas, create a well in the radial electric field profile.

This analytical form can be used to accurately infer the radial electric field in high
temperature plasmas, with quasi-balanced or unbalanced neutral beam injection, from a
measurement of the impurity toroidal velocity. The results of Sec. 2.3.3 were used for the
velocities, which give the same E, expression when the impurity radial momentum balance is
considered. Here we used the coordinate system Vr x rV8 = RV, with Vo in the direction
of the toroidal plasma current, and Vj < 0 in the banana regime, and considered a circular
magnetic geometry.

The neoclassical terms involving oy 2 3 describe the effect of parallel viscosity, heat vis-
cosity, friction, and heat friction in response to the diamagnetic flows caused by density and
temperature gradients. The poloidal flows are assumed to have come to equilibrium, e.g., on
timescales longer than 7;;/+/€. It is often assumed, particularly in studies of rotational effects
on drift waves, that the poloidal flows are completely damped by parallel viscosity, so that
the remaining flow is purely toroidal under realistic experimental conditions. In very high
temperature plasmas, “residual flows” [69, 125] are often significant, especially for balanced
neutral beam injection.

In Ref. [126] the charge separation due to the outward shift of the ions caused by the
centrifugal force is addressed. This is also mentioned in Ref. [10]. On the basis of Refs.
[126, 127, 128], we find this correction can be included in E, by the substitution

ViiBo = ViiBod L (1 — ag)ay cos 6 (21)
€ Qg
where ) is the toroidal angular velocity, Q¢ = Z;eB/m;c is the ion cyclotron frequency,
e = /Ry is the inverse aspect ratio, 6 is the poloidal angle, and o, = Z;7/(1 + Z;7) and
ag = —(2r/Q)dQ/dr, T = T, /T;, and g ~ rB/RBy is the inverse rotational transform. This
correction is generally small, especially for balanced beam injection, so we neglect it here.

The poloidal flow for low-Z ions makes a contribution to the radial electric field that

nearly cancels the temperature gradient part of the their pressure gradient. In addition,
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the terms due to the toroidal angular velocity difference ((ul| — uyc)B), or equivalently the
carbon poloidal rotation, oppose the density gradient part of the hydrogenic ion pressure
gradient. This is conveniently described in terms of 7; = d InT;/d Inn;, the well-known slab

ion temperature gradient drift wave criticality parameter, giving

T; dn;
E; = o (n; = 1) === + Vo B, (22)
1

where nf = (1—a3)(1+a2)/(a1 —1+0a2/2) and o, = (2/2)/(1+ a2). The critical parameter
75 depends almost entirely on the local minor radius. For the discharges we consider, 7§ ~ a/r
to within a few percent in equilibrium.

In the outer half-radius of supershot plasmas, where the local confinement trends are
unfavorable and resemble those for so-called L-mode plasmas [34], we find E, ~ V,,; By, even
for quasi-balanced neutral beam injection. This relation provides a good approximation to
E, in L-mode plasmas over the entire cross-section. However, in the enhanced confinement
region of supershot plasmas, typically the inner half-radius, 7; ~ 1. This gives a significant
residual flow contribution to E, especially for balanced neutral beam injection. Together
with the effect of the temperature and density gradients on V,, this creates a well structure
in E, centered near the radius of strongest temperature gradient. The well structure in E,
appears even in the absence of the velocity profile notch in cases where the density profile
is strongly peaked. Typically, a3 < 1, so the density gradient makes a dominant negative
contribution to E,, which is weakly opposed by the ion temperature gradient term.

Figure 1 shows the results of the neoclassical numerical calculations from the TRV code,
valid for arbitrary collisionality, for the high-performance, high power discharge #73268
discussed previously in Chapter 2. Frame (d) shows the notch prediction, where a monotonic
toroidal velocity profile for the hydrogenic ions is inferred. Frame (b) shows the well structure
in the radial electric field, which is associated with a region of strong positive shear (shaded
area). The analytical results of Eq. (20) and the term V,;By are shown for comparison.
The neoclassical corrections amount to the difference E, ~ V,zBy. Frame (c) shows this
shear layer is associated with a large peak in the shearing rate wgxp. The radial electric
field shear layer and peak shearing rate are in the region separating the core, which displays
enhanced confinement properties, and the outer, degraded region. The contributions of the
impurity and hydrogenic toroidal rotations to the shearing rate, via the respective radial force
balances for each species, are shown separately in Frame (c). The hydrogenic temperature
profile, shown in Frame (a), calculated from classical collisional heating and interspecies
energy exchange, was used in the calculation of E,.

Figure 1(c) shows the effect of co-injection on the shearing rate of Sec. 3.3. In this near-

balanced case, the co-rotation of the hydrogenic ions V,,; makes a negative contribution to the
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Figure 1. Radial electric field and shearing rate for TFTR #73268. (a) Measured impurity ion temperature
T, classically inferred hydrogenic ion temperature T;, and electron temperature 7. (b) Radial electric fields
inferred from the TRV code compared with analytical result of Eq. (20). The shaded area indicates the shear
layer location. (c) Shearing rates showing the opposite contributions of the impurity toroidal velocity and
the hydrogenic toroidal velocity via their respective radial momentum balances. Note the shearing rate is
maximum at r/a ~ 0.4. (d) The toroidal velocities from the numerical and analytical solutions shown with
the measured carbon toroidal velocity. The toroidal velocity difference is largest at r/a ~ 0.25, where the
temperature gradient is strongest.
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shearing rate, using the radial momentum balance for hydrogenic ions. This diametrically
opposes the contribution of V,,z, using the impurity radial momentum balance to infer E,
and the shearing rate. We have shown in earlier sections that the behavior of V,,; is an
artifact produced by the temperature and density gradients, working against friction with
the hydrogenic ions, and that its behavior is effectively decoupled from the beam torque in
quasi-balanced cases. At the same time, V,; By qualitatively resembles the radial electric
field. On the other hand, the hydrogenic velocity is influenced by the beam torque (and
parallel electric field), but not strongly by the impurity species. Therefore the same process
that gives rise to the notch in the impurity toroidal velocity results in a well in the radial
electric field profile with co-injection acting to reduce the peak shearing rate.

Figure 2 shows the shearing rates from the TRV code for the first pair of discharges used
to demonstrate the isotope effect in TFTR [129], also discussed in Chapter 7. The tritium
discharge has a bulk toroidal rotation twice that of the deuterium discharge, as well as larger
temperature and density gradients associated with the isotope effect. The peak shearing
rates of the two discharges are essentially equal as shown in Fig. 2(a). This remains true
throughout beam injection. This illustrates that the larger bulk toroidal rotation of #73268
compensates its larger temperature and density gradients to give the same peak shearing rate.

Figure 3 shows the radial electric fields from a recent comparison of the two-ion species
TRV code developed in this thesis, the analytical result of Eq. (20), and the multi-species
NCLASS code (discussed in Chapter 2). For the extreme case of balanced beam injection
(zero net torque input), a discrepancy exists near the magnetic axis (for r/a < 0.25) in
the radial electric fields from the NCLASS code relative to our calculations. Generally we
compute a slightly deeper well in the radial electric field in this region. The difference in
hydrogenic poloidal velocities obtained from the two codes is larger as discussed in detail in
Chapter 2. In cases where the toroidal rotation is significant and the density and temperature
profiles are not as strongly peaked, the agreement with the NCLASS radial electric field is
quite good.

We use the analytical result of Eq. (20) for the transport calculations in the remainder of
the thesis. In the degraded outer region, the measured impurity toroidal velocity component
Voxe By is a very good approximation to the neoclassical radial electric field. In the core, the
neoclassical corrections of Eq. (20) become important. The discrepancy we find does not
significantly impact the strength of the radial electric field shear layer or the shearing rate,
as evident from the agreement in the radial electric fields obtained for the region r/a > 0.25.
Therefore, it does not significantly affect our conclusions on the effect of radial electric field

shear on supershot confinement.
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Figure 2. The Comparison of TFTR #73268 (40% tritium) and #73265 (deuterium only) after 450 ms of
NBI. The shearing rates are identical in the inner half-radius despite a central toroidal velocity twice as large
in #73268 relative to #73265. The steeper ion temperature gradient in #73268 overcomes the reduction in
wEgxB due to toroidal rotation. The analytical estimates well-reproduce the numerical results.
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Figure 3. Comparison of radial electric field calculations for a high temperature supershot plasma, showing
results from the two ion species TRV code, the multispecies NCLASS code, and the analytical result of Eq.
(20).
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3.5 Formation of the Radial Electric Field Well

The edge influx has been shown experimentally to be of great significance in determining
TFTR supershot confinement [47, 48, 1], and similarly for VH-modes in the DIII-D Tokamak
[130, 116], and many other enhanced confinement regimes as discussed later in Chapter 4.
During run sequences in which lithium pellets are injected into the ohmic heating phases
of supershots [47, 15], some discharges develop dramatically improved ion thermal energy
and particle confinement during the beam heating phase. These improvements, relative to
neighboring comparison discharges, appear to be associated with increased radial electric
field shear. However, as we show, this “open loop” comparison leaves unanswered questions
that require a comparison of shearing rate and growth rate, or better, a fully nonlinear
simulation of the ion temperature. Both are formulated here carried out in later chapters.

Figure 4 shows the temporal development of a comparison pair of 1992 discharges taken
following an extensive lithium-pellet campaign [47] (#68244 and #68230: P, = 21 MW
in deuterium, I, = 1.6 MA, Ry/a = 245/80 cm, B, = 4.8 T). The measured carbon ion
temperature T, at the one-third radius reaches values 70% greater in #68244, which had
two pre-beam lithium pellets injected, and followed a sequence of discharges with lithium
pellets, than #68230, which had no lithium pellets. Figure 4(e) shows a similar improve-
ment in the central electron density n(0). Figure 4(c) shows the global energy confinement
time 7g reaches values 50% greater for #68244 before beginning a decline at 3.55 seconds to
values equal to that of #68230 at 3.8 seconds. This decline is evident in the density peaked-
ness parameter shown in Figure 4(f), followed by a sudden drop in the central density, ion
temperature, and density peakedness at 3.75 seconds which is not yet understood.

Figure 4(b) compares the shearing rates at r/a = 0.425. The improved ion thermal
energy confinement and particle confinement in #68244 are temporally correlated with a
larger E x B shearing rate at first. At 3.55 seconds, the difference in the shearing rate
begins to diminish together with the particle and energy confinement. Frame (d) shows that
incidentally, the TRANSP neutron production rate drops more sharply at this time than
the measured rate. This suggests that TRANSP overestimates the drop in the thermal ion
density, so the change in wgx p at 3.55 seconds may not be as sharp as it appears in frame (b).
The diamagnetic flux comparison in frame (h) shows reasonable overall agreement between
TRANSP and magnetics for both discharges.

Figure 4(g) shows the Ho line intensity, which is proportional to the influx of neutrals
at the edge, is lower in #68244 during the time the confinement is improved and the E x B
shear is larger. At 3.55 seconds, the Ho intensity begins to rise to that of #68230, mirrored
by the convergence of the density peakedness parameter, wgxp, 7, Spp, and T. The
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improvement in the ion thermal energy transport in #68244 relative to #68230 begins in the
range 100-150 ms (e.g., an equilibrium beam ion slowing-down time) after the start of NBI,
and expands outward from the axis. This is consistent with the temporal evolution of the
radial electric field profile. As the ion temperature and density gradients increase, the radial
electric field is driven more negative, creating the well structure we discuss, and forming an
outwardly expanding shear layer.

Figure 5 shows the formation of the radial electric field well over a period of 300 ms,
starting 100 ms from the start of beam injection. Frame (d) shows that x; decreases first
near the axis, and that the reduction expands radially outward. Frame (b) shows that the well
in E, grows deeper as the ion temperature gradient increases, resulting in radially outward
motion of the shear layer. Frame (c) shows the associated peak in the shearing rate also moves
radially outward. The improvement in x; is localized within r/a < 0.6, where the shearing
rate becomes large. All of the profiles shown evolve over the same timescale, reaching steady
state 400 ms after the start of neutral beam injection.

In Fig. 6, the radial profiles of the shearing rate and ion thermal diffusivity for #68244 and
#68230 are compared. At a time 100 ms after the start of NBI, the ion thermal diffusivities are
equal, while the shearing rates differ over the entire cross-section. At 150 ms, the difference
is evident in both wgxp and x;. The expansion in minor radius continues at successive
intervals. The expansion is not a simple direct artifact of the Shafranov shift, which increases
with increasing stored energy, because it is apparent as a function of minor radius.

While suggestive at first that radial electric field shear may be important in supershot
core confinement, an examination of later times raises questions. At 400 ms, for example,
the shearing rates are nearly equal, while the ion thermal diffusivities are very different over
the entire cross-section. This suggests that no definite conclusion can be reached regarding
the role of radial electric field shear without some more direct assessement of its effect on
and changes in the underlying turbulent transport. It has become customary to make a
primitive assessment of the relevance of E x B shear by comparing the E x B shearing rate
for turbulence with the maximum linear growth rate for toroidal drift modes [37, 111]. The
shearing rates calculated from the neoclassical radial electric field, using measured profiles,
are of the same order as the growth rates for toroidal drift instablilities in supershots calcu-
lated by comprehensive gyrokinetic codes [131, 132, 89]. However, as accounted for in later
sections, the proximity to marginal stability with respect to toroidal ITG modes complicates
the picture, requiring their evaluation to separate the effects of radial electric field shear. In
following chapters, we make a detailed assessment for a large number of discharges in fully

nonlinear calculations of the ion temperature.
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Figure 4. Evolution of TFTR #68244 (deuterium, 2 Li pre-beam pellets, solid line) and comparison discharge
#68230 (deuterium, 0 Li pellets, dotted line). (a) Measured carbon temperature at the one-third radius. (b)
Calculated shearing rate at 7/a = 0.425, near the radial maximum for #68244. (c) Global energy confinement
time from magnetics together with injected beam heating power. (d) Measured neutron production rate
compared with TRANSP. (e) Central electron density. (f) Electron density peakedness parameter. (g) Ho
line emission intensity, which is proportional to the influx of edge neutrals. (h) Measured diamagnetic flux
compared with TRANSP.
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Figure 5. Formation of radial electric field well for TFTR #68244. Profiles shown 100 ms through 400 ms
after the start of NBI, in 50 ms intervals. (a) Measured carbon temperature profile. (b) Neoclassical radial
electric field profile. (c) Shearing rate. (d) Ion thermal diffusivity from TRANSP.
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Figure 6. Comparison of shearing rate and ion thermal diffusivities for TFTR #68244 (deuterium, 2 Li
pre-beam pellets, solid line) and #68230 (deuterium, 0 Li pellets, dotted line).

3.6 Model for Supershot Core Ion Thermal Confinement

Here we investigate the hypothesis [133] that a positive feedback mechanism in which
“E, shear raises T;, which increases the gradient of T;, which increases the Er shear, and
so on” explains the favorable confinement properties of the supershot core. We assume at
first that nonlinear turbulence saturation effects are relatively unimportant in the core. This
assumption is supported by the fully nonlinear simulations later performed. We start by
imposing the practical stability criterion found by taking the maximum linear growth rate
equal to the Doppler shear rate in the core.

For toroidal ITG modes in the absence of rotation, the linear growth rate can be approx-
imated [24],

7y =~ \/2enTwZ; (M5 — Mic) = %%\/biran (% — %), (23)
where L}l = —dInT;/dr,n; = dInT;/dInn;, en = rn/Ro, r;} = —dlnn;/dr, Ry is the major
radius, v = (2T3/ms)Y?, T = Te/T;, b; = k% p?/2, k. is the perpendicular wavenumber,
and p; = v/, U = ZieB/m;c, and n;. is the critical value of ; = dInT}/dIlnn;. The
parameter Ro/L$" is the critical temperature gradient, which we assume to be given by the
IFS-PPPL parameterization derived from the results of a comprehensive linear gyrokinetic
code [16] for cases in which the density gradient is relatively flat. In this expression, we note

ngigt «(z)" 2y
where B = 0.52 ~ 1/2. Next, there exists a recent IFS-PPPL parameterization of the
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gyrokinetic initial value code [21] results for the maximum linear growth rate for all values
of b;, with approximations discussed in Sec. 1.1. This corresponds roughly to

ma.xNEUthi(RO Ry )7

max o, ¢ Bthi (T0 0 2
Nin 4{1—11 RO LT L%lt ( 5)

where we have redefined v,;2 = T;/m; without the factor of two, and use this definition in
all later sections. Next we are led to consider a simplified expression for the shearing rate
that makes use of the cancellation of the temperature gradient part of the poloidal flow with

the pressure gradient [29]. It is useful to expand the shearing rate in the form

_RByd E, \ 1dE, E,dIn(RBy)
WExB = —B_dr(RBg) “Bda B & (26)
so that using Eq. (20) we have
Ti Bg dln(RBg) 1 d(Vng) 1d T, 1d a9 dT,
= (= -V, =2 — -2 () + == e
WEXB (Brn V“”B) i B dr Bdr(rn) Bdr(1+a2 dr) @7)

1 = —dlInn;/dr. In the following we neglect the term proportional to ag ~ v/7/Ry,

where 7,
which allows us to reduce the resulting differential equation from second to first order. In
principle this is not necessary. Then to avoid confusion arising from the velocity profile
notch, which we have shown is an artifact of the impurities, we approximate the toroidal
velocity of the hydrogenic ions as

Ti(r) — Ti(a)

Vei(r) = Vwi(o)m

(28)

and we take Vi,;(0) =~ V,,;(0). In addition, we note that the region of interest happens to lie
near the maximum in the radial profile of By, so that 9,(V;Bg) ~ Bg0,V,;. Then

Woi , _Vol® dT _ . dTy
dr  T,00)=Ty(a) dr ' dr

(29)

where the dimensional constant £y depends on the beam directionality. The growth rate close

to marginal stability, maximized over kgp;, becomes

max __

Nin — ZT—,

Te 1 T;\1/2 1 dT; 1 T.\1/2
7 () T; dr 4L§~m(Te=Ti)( ) ‘ (30)

mg

Then we write the practical stability criterion as wgxp = f(B,...) VX,

where in general
f(B,...) ~ 1 accounts for variable dependences not well-described by the criterion in its
basic form, e.g., dependence on the toroidal magnetic field. This can be written as a first

order differential equation for T;(r):
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dh;, | T _
@ s D (31)
where
Ei(i) ~(E-Ly )dln(RBe) (_:_Fg)l/z f(B,..)
1 _ B d Brn qR pi d'l" m; Lcrzt(Tz — Te) (32)
Lte T; 1/2
Brn EVT + ( ) (B,

where £y depends on the beam directionality. We have temporarily included a term in the
numerator proportional to V,,; for discussion purposes, but drop this in all future evaluations.

In the flat density gradient limit, Eq. (32) reduces to the condition for marginal stability
of the odd-parity toroidal ITG mode when wgxp — 0. The shearing rate determines the
deviation from toroidal ITG marginal stability (as described by the IFS-PPPL parameter-
ization, in the absence of sheared flows). According to this criterion, finite shearing rates
allow the ion temperature gradient to steepen beyond that which is marginally stable to the
toroidal ITG mode in the absence of sheared flows.

Equation (31) can be readily integrated from the half-radius toward the axis to obtain the
ion temperature profile in the core. Figure 7 shows Eq. (32) evaluated for a supershot plasma
(#79011a02, I, = 1.6 MA, B, = 4.75 T, Ry/a = 2.52/0.87 m/m, fie = 3.0 x 10!° m™3
Zeg = 2.74, Ey = 98.7 keV, P, = 20.2 MW, n.(0)/(ne) = 2.56, 75 = 145 ms), and Figure
8 shows the corresponding temperature profile in the inner half-radius, found by integrating
inward from the measured value. The agreement with the experimental profile is quite good.

The marginally stable ion temperature profile, in the absence of radial electric field shear,
for the toroidal ITG mode in the approximation discussed in Sec. 1.1, is readily calculated
by integrating the equation

dInT; 1
dr + L§t

=0. (33)

The result for the ion temperature at a radius r < ry is

Ti(r) dx T;(ro) 1 1/8
Ti(ro) {1+ / LFYT; = Te,nb—O)(Te(w) l—nb(x)/ne(x)) } (34)

where 3 = 0.52 and np/n, is the ratio of the beam density to the electron density. Figure 9
shows the strongly nonlinear effect of the radial electric field on the central ion temperature
calculated from Eq. (32). The result of Eq. (34), found by integrating the toroidal ITG
marginal stability condition inward from the half-radius without shear flow stabilization,
is shown for comparison. In the presence of radial electric field shear stabilization, small

variations in the ion temperature at the half-radius are strongly and nonlinearly amplified
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Figure 7. The inverse ion temperature gradient scale length calculated from Eq. (32) for TFTR discharge
#79011a02 900 ms following the start of neutral beam injection.
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time = TBI + 900 ms

30 1 ' J I 1 I 1 I 1 I | I 1 I L) I 1 I ¥
| 79011a02
_ O—-0 T; (CHERS) -
y &~ T, (Practical Stability -
20 Criterion) =
7z - i
A -
10— -
i &
O 1 ‘ ¥ I 1 l ] l 1 I i I J l 1 l ] I 1 ?
00 02 04 06 038 1.0

Figure 8. Ion temperature profile calculated from the practical stability condition compared to the measured
profile, for #79011a02, 900 ms after the start of NBI.
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time = TBI + 900 ms
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Figure 9. Ion temperature on axis verus ion temperature at the half-radius calculated from the practical
stability criterion (with E,) and the toroidal ITG marginal stability condition (no E,, adiabatic electrons,
both parities). The radial electric field amplifies the sensitivity of the central temperature to the temperature
at the half radius in a strongly nonlinear fashion. The effect of the radial electric field is to increase the
central temperature by a factor of two relative to toroidal ITG marginal stability.
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toward the axis. This is shown to amplify the isotope effect in supershots in Sec. 7, which
explains the relatively strong effect observed relative to that in L-Mode plasmas.

Equation (32) can be seen to be qualitatively consistent with the dominant confinement
trends of supershots as follows:

1. The basic nonlinearity in ion temperature explains the favorable power scaling of the

core.

2. The first term in the numerator depends on the curvature of the ion density profile,
which is large near the half-radius and increases with density peakedness n¢(0)/(ne).
This underlies the scaling of energy confinement time with density peakedness as well
as the favorable core power scaling.

3. The second term in the numerator, the Shafranov shift nonlinearity, is non-negligible
and contributes favorably to the nonlinearity in T;. This term is made slightly less
favorable by toroidal rotation in the direction of the plasma current. The importance of
this reduction overall depends on the strength of the density gradient, the ion temperat-
ure, and the Shafranov shift. In ERS plasmas, which have large density gradients and
large Shafranov shifts, this is an important term. In supershot plasmas, the Shafranov
shift nonlinearity is non-negligible, but the effect of V,,; on it is small.

4. The last term in the numerator expresses the influence of the critical gradient depend-
ence on T;/T, and density peakedness, as discussed in Refs. [16, 17], and the isotope
effect. The terms in the numerator are all comparable in the core.

5. The first term in the denominator may be responsible for masking the isotope effect
in ERS plasmas, and is a diamagnetic velocity much smaller than the last term in the

denominator, which is of order the ion thermal velocity.

6. The second term in the denominator describes the preference for co-dominated beam
injection, and can be a 30% effect for discharges with co-only neutral beam injec-
tion. This explains the preference for co-dominated beam injection arising from E x B
shear stabilization in supershot plasmas.! This is a striking confirmation given the con-
ventional wisdom that co-directed neutral beam injection reduces the effect of radial

electric field shear, as shown in Fig. 1(c). The apparent conflict with our results may

*Some recent work suggests that the stability properties of radially nonlocal trapped ion modes are more
favorable for co-injection than counter-injection [100] in L-Mode plasmas, assuming pure toroidal rotation
(the trapped ion mode in the fluid limit is a close cousin of the toroidal ITG mode, for which 7% ~ 2e,mpiw?;,
and has a growth rate 72 ~ v/2e.niw?;, as one may expect ).
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be reconciled by the fact that this conventional wisdom is relevant to the strong density

gradient limit only.

7. The last term in the denominator is the dominant term, and strongly influences isotope
scaling and the scaling with T;/T,.

Finally, because the coefficients of f in Eq. (32) are dominant, the effect of varying f is not
as strong as one may at first expect. Clearly the effect of varying f is important to the extent
that E x B shear matters relative to the linear stability properties of the toroidal ITG mode.

In the following chapters, this equation is evaluated for over 50 supershots assuming f ~ 1,
with the magnetic field held constant in each scan, and found to result in generally good
agreement with the measured ion temperature. An important point is that this calculation
does not rely on estimates of nonlinear saturation levels of turbulence or radial correlation
lengths. In this sense, it serves to support the results of the fully nonlinear simulations
described in the next section. The fully nonlinear simulations, in turn, support the use of

this approximate criterion in the core.

3.7 Fully Nonlinear Simulations with Self-Consistent Radial
Electric Field

3.7.1 Previous Simulations of Supershot Temperatures

The consistency of the IFS-PPPL model [16] with the confinement trends of beam-heated
L-Mode plasmas supports the postulated dominant role of the toroidal ion temperature gradi-
ent instability, discovered in Ref. [18] (p. 983), as a determining factor in the ion thermal
confinement trends in toroidal, beam-heated L-Mode plasmas. The model does not generally
work well in situations where trapped-electron modes are important, such as in ohmically
heated plasmas [88]. This model consists of a parameterization of the critical gradient for the
toroidal ITG instability calculated by a comprehensive linear gyrokinetic initial value code
[21, 90, 27], together with a parameterization for the ion thermal diffusivity calculated by
nonlinear gyrofluid simulations [20, 96]. The form of the linear parameterization, for example
the model for dilution by impurites, appears to be guided somewhat by the existing literat-
ure. The saturation level of the turbulence is determined by nonlinearly-generated, fine-scale
sheared flows,2. The version of the code on which the parameterization is based does not

include the effects of trapped electrons or large scale equilibrium sheared flows.

2These are assumed to be rapidly damped by collisionless magnetic pumping, as inferred from the con-
stancy of the magnetic moment and toroidal canonical angular momentum(20]. However, there is an ongoing
discussion in the community regarding the damping mechanism and final equilibrium state of the flows, which
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These calculations of the ion temperature [16] generally find that the core of L-Mode
plasmas is close to toroidal ITG marginal stability, while the deviation from marginal stability
increases with minor radius in the outer half. This underlies the correct simulated increase
of the ion thermal diffusivity x; with minor radius, and demonstrates the importance of the
nonlinear part of the model [16]. This part of the model is also important to describe the
outer half-radius of supershot plasmas, which has local confinement properties qualitatively
similar to the L-Mode regime (but with higher ion temperatures).

Reference [16] also contains a preliminary comparison of the L-Mode and supershot re-
gimes with roughly similar machine parameters (TFTR discharges #68208 and #68244).
In this simulation, the ion temperature for the supershot #68244 is lower than measured.
The data used for this comparison was taken from the SNAP code [134, 135], which uses a
Fokker-Planck treatment of the beam thermalization and heating. The most important point
is that reliable Z.g profile data was not available at that time, so that artifical profiles had to
be used. The artificial profiles were chosen to qualitatively reproduce data from the Visible
Brehmstraahlung array, which may be influenced by wall reflections. Relative to the Z.g
profiles now available from cross-section corrected CHERS data [59], the artificial ones were
much more hollow. On the other hand, the Z g profile from CHERS depends on a calculation
of the neutral beam attenuation at each radius, and a confirmation of the accuracy of this
calculation has not been given. Artificially hollow Zg profiles tend to improve the agreement
in supershots by increasing depletion by impurities. Figure 7 of Ref. [16] shows the simula-
tion for discharge #68244 with two Z.g profiles. The first rises parabolically from 2 to 5,
and results in a calculated central temperature of 27 keV. The second, rising parabolically
from 2.5 to 4, gives a calculated central temperature of 22.5 keV. Both are lower than the
1992-3 measured value of 29 keV. The correction for background light in the CHERS dia-
gnostic data analysis has been improved since then. This, and perhaps other improvements,
has generally increased the latest measured values of the ion temperature on axis by several
keV. Figure 10 shows the revised ion temperature measurement for #68244 is now 10 keV
larger on axis, while the Z.g profile increases from 2.6 to 4.0 from the half-radius to the
three-quarter radius. This corresponds to the lower IFS-PPPL estimate for T; of Ref. [16].
The new measured value on axis is 39 keV, so the model gives a central ion temperature 31%
low while using a somewhat realistic Zg profile.

In addition, as stated in Ref. [16], trapped-electron destabilization (of the even-parity

mode [18]) was not accurately included because, in addition to finding the parameterization

determines the turbulence saturation level. Suggestions have been made that the saturation level is signific-
antly lower than estimated by the IFS-PPPL model. Initial comparisons with gyrokinetic particle simulations
do not appear to show large discrepancies, but work is ongoing.
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Figure 10. Revised data, with new CHERS background model and other changes in the analysis, for the TFTR
discharge #68244 used in the initial 1994 comparison of L-Mode and Supershot IFS-PPPL simulations.
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near the flat density gradient limit, adiabatic electrons were assumed in the nonlinear code
at that time. This prevents a prediction of particle transport, and is particularly relevant to
supershots, where the core ion thermal transport is dominated by convection [136, 14]. Work
toward an improved model including trapped electrons has progressed [98, 20]. The present
parameterization, and the version we use, both use the radial particle flux inferred from
particle beam source rates, and no predictions of particle transport, which would require a
more complete treatment with trapped-electron destabilization, are made.

All of these effects tended to make the preliminary comparison between the measured and
calculated ion temperatures and supershot plasmas look better in Ref. [16] than more recent
data suggests. Consistent with this, we find the IFS-PPPL model, without sheared rotation,
underestimates the temperature of supershots by roughly 45%, depending on the injected
power and other parameters. For this more recent analysis, we had CHERS ion temperature
data reanalyzed, and carried out TRANSP Monte Carlo analysis to infer the thermal density,
g-profile, heating power densities and losses, etc. We then developed an independent trans-
port code “TRV” to calculate the ion temperature while simultaneously accounting for the
difference in ion temperature between carbon and hydrogenic species, among other correc-
tions. The TRV code is used throughout this work to perform the transport and neoclassical
calculations, using the TRANSP code to infer the thermal densities, power deposition profiles,

and magnetic geometry.

3.7.2 Shear Flow Stabilization Model

To account for the transport reduction due to E x B shear, the present model multiplies
the nonlinear diffusivity of the original IFS-PPPL model [16] by (1 — wgxB/7>*) [45], where
YA is the maximum linear growth rate from the parameterization, and wgx p is the shearing
rate from the sheared perpendicular velocity (the sheared parallel velocity is ignored). It is
an approximate fit (a straight line between two points) to nonlinear four-moment gyrofluid
simulations by Waltz, which can underestimate the growth rate by up to a factor of two [36].
In addition, Ref. [36] does not include impurities or trapped electrons, and assumes purely
toroidal rotation (although this does not appear to affect the conclusions). Virtually all IFS-
PPPL simulations to date include only the toroidal velocity component of the radial electric
field in wg« B, and the only simulations that have been done with this shear-flow stabilization
model have been carried out in beam-heated L-Mode and H-Mode plasmas. Here we use an
accurate characterization of the neoclassical radial electric field which includes the effects of
pressure gradients and poloidal rotation.

A-priori, one cannot expect to use the coefficient 1 — wgxp/Y>* to model shear flow
stabilization unless the effect of sheared flows on the toroidal ITG mode threshold is small,
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and the destabilization from the gradient of the parallel velocity is also small. These issues
are addressed to some extent in the work of Ref. [110].

3.7.3 Radial Electric Field Model

We find it is necessary to allow the radial electric field to evolve with T; during the simu-
lation to achieve convergence as well as to avoid influence from the measured ion temperature
profile. The core (inner half-radius) of supershot plasmas is not far from marginal stabil-
ity to odd-parity toroidal ITG modes, assuming no equilibrium flows. Because in general
veni/ R % WEx B, small deviations from such marginal stability cause wild swings in the ratio
of shearing rate to growth rate according to Eq. (25). This makes it necessary to close the
loop and perform a fully nonlinear simulation of 7; while simultaneously determining the
radial electric field. Accordingly, open-loop comparisons of shearing rate and growth rate
using measured profiles are generally inconclusive, as shown earlier.

In Sec. 3.4 we developed an analytical expression for the neoclassical radial electric field
that reproduces the numerical results of Chapter 2, which are valid for arbitrary collisionality,
quite accurately (see Fig. 1, this Chapter). To evolve the the neoclassical radial electric field
together with the ion temperature profile in our simulations, we use this expression, given
by Eq. (20). This is computationally much more efficient than solving the matrix equations
for the neoclassical velocities while performing multiple integrations over velocity space to
obtain the viscosity coefficients. The analytical expressions for the neoclassical velocities of
Chapter 2 were developed with this application in mind.

3.7.4 Transport Code

We have developed a large, modular transport code (the TRV code) to perform the neo-
classical calculations and transport simulations in this work [75, 76, 77]. The ion energy
conservation equations are solved separately for the impurity and hydrogenic species, with
classical collisional energy exchange between species and to electrons, as well as beam dif-
ferential heating terms [137, 63]. The power densities coupled from viscous, compressional,
alpha particle heating, charge-exchange, ionization, beam anomalous diffusion, beam thermal-
ization, electrons, and beam collisional heating are each separately partitioned to impurities
and hydrogenic species according to their differing density, mass, and charge. The same
ion thermal diffusivity is used in the respective power balance equations. The hydrogenic
temperature is then used in the IFS-PPPL parameterization [16] to obtain the calculated
ion thermal diffusivity, which is multiplied by the factor 1 — wgxp/¥* and used to obtain
the ion temperature profiles from the power deposition profiles calculated by TRANSP. The
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coupled transport equations are formulated in general flux-surface geometry, and routines
for computing the various metric coefficients from flux-surface moments are used. A fully
implicit, multi-dimensional partial differential equation solver (Appendix A) was written to
solve the system of transport equations, which are then iterated until convergence is achieved.
Because the system can be quite stiff, the code has a graphical interface that allows one to
step manually through each iteration while observing the results. All of the simulations in this
work were carried out manually in this fashion, and the convergence was carefully monitored
with both relative and absolute criteria. Convergence would often not be achieved without
careful monitoring of the step size and radial smoothing. Typically 100-150 iterations were
required. We have chosen to use r/a = 0.85 as the edge boundary, taking the simulated
ion temperature equal to measured there. The convective heat transport is calculated by
assuming a convective multiplier of 3/2 while using the radial particle flux calculated by
TRANSP Monte-Carlo analysis of the neutral beam and wall fueling sources. Portability is
achieved by preparing input data from TRANSP analysis in netCDF files [138, 139, 140],
which allows random access to array elements. The code is modular in the sense that new
calculations can be readily added as subroutines which access common blocks of input and
output channels. Groups of channels can be plotted in a variety of ways, and new channels
are added somewhat automatically. The temporal grid and smoothing are user-defined, and
a given calculation can be performed for an arbitrary selection of times in a discharge. The

algorithm developed to solve the transport equations is described in Appendix A.



Chapter 4

Lithium Conditioning, Density

Peakedness, and Energy Confinement

4.1 Introduction

The scaling of the maximum energy confinement time with the peakedness of the electron
density profile /75 M ~ n,(0)/(ne) has remained a salient but unexplained feature of
supershot confinement. Recent experiments [47, 141] in which lithium pellets were injected
during the ohmic heating phase, prior to the start of neutral beam injection, have extended
the range of this scaling by almost a factor of three. Empirically, lithium pellet conditioning
reduces the edge influx of both hydrogenic and impurity species during the heating phase of
succeeding discharges. The edge influx is of paramount importance in supershot confinement
[48, 47], and is often inversely correlated with density peakedness. This is the case in these
experiments. We choose to regard lithium conditioning as simply a means of reducing the edge
recycling, and ascribe no special properties to the use of lithium, other than its efficacy over
other wall conditioning techniques. We carry out a transport analysis of wall conditioning
experiments in which various conditioning techniques were used, including ohmic helium
discharges, boron pellets, and lithium pellets, and find that they show the same scalings with
density peakedness, regardless of conditioning technique.

We begin with a review of peaked density profile regimes observed in various experi-
ments following the discovery of the supershot regime, with an emphasis on plasmas with
T; > T.. These experiments share many features in common with supershot plasmas in
addition to having peaked density profiles. Generally, performance is quite sensitive to edge
recycling, and hot-ion regimes are initiated with low target density that is either associated

with low plasma current or extensive wall conditioning or both. Significant improvements in

89
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confinement are observed relative to L-Mode plasmas. Strong correlations of particle and ion
thermal transport are observed in most of the regimes reviewed, which is consistent with the
model we discuss. Many of the regimes are neutral beam heated with strong core fueling. On
the other hand, several cases illustrate that changes in particle transport, rather than specific
source profiles, can cause the peaking of the density profile. This helps reinforce our point
that supershot confinement is more than a simple linear consequence of strong core fueling
by neutral beams.

Transitions to H-Mode are often seen to occur from hot-ion regimes in which the edge
ion temperature increases as well as the edge density. The hot-ion character is preserved
following the H-Mode transition, perhaps because of the increase in the edge temperature.
This supports the notion that improved confinement in the core may result from elevated
edge ion temperatures [16]. On the other hand, we find the edge ion temperature does not
change with lithium conditioning in supershots, while the central ion temperature doubles.

In this chapter, we propose instead that radial electric field shear, through the nonlinear
coupling of ion thermal and particle transport, stimulated by changes in the thermal ion
density profile, underlies the strong improvements with lithium pellet injection.

The thermal ion density profile changes significantly during the scan, and the point of
maximum curvature, which is the important contribution to the E x B shearing rate, coin-
cides with the crossover radius where the beam fueling source and the wall source are equal.
The beam fueling rate does not change significantly, and the ion density profile changes much
more strongly than the electron density profile with further lithium conditioning.

Lithium pellet conditioning diminishes the wall fueling source, which reduces the thermal
ion density in the outer half-radius, tending to increase its curvature near this crossover point.
This increases the central ion temperature according the equation for the ion temperature pro-
file of Sec. 3.6, which further increases the radial electric field shear. As a result, the particle
confinement improves inside the crossover point, and the density profile steepens there, fur-
ther increasing its curvature. This nonlinearity results in a heightened sensitivity of core
ion thermal and particle transport to the edge fueling. We propose that lithium conditioning
acts as the seed for strong nonlinear changes that accompany the increased shearing rate,
which increases quadratically with the number of lithium pellets, further reducing particle
transport, and so on. The transport analysis we perform supports the correlation between
core ion thermal and particle transport. The increases in ion temperature and density profile
peakedness are mutually reinforcing through radial electric field shear stabilization, which is
at least as important as the effect of the density gradient on linear stability to toroidal ITG
modes at higher temperatures.

To illustrate this mechanism, we simulate the ion temperature profiles, using the nonlinear
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model with self-consistent radial electric field, in a sequence of four consecutive supershot
discharges in which the additional pre-beam lithium pellets are injected into each successive

discharge.

4.2 Peaked Density Profiles

An early suggestion [142] that peaked density profiles might improve thermal confinement
by stabilizing the ion temperature gradient mode [109, 143, 18, 144] was confirmed in exper-
iments [145] on the Alcator-C tokamak. These experiments created centrally peaked density
profiles by fueling the plasma core directly using hydrogen pellet injection instead of gas
puffing. The global energy confinement time, which in Alcator-C ohmically heated plasmas
scaled in proportion to the density, ceased to increase with density with modest gas fueling
rates (Saturated Ohmic Confinement). Pellet fueling in Alcator-C ohmic plasmas extended
the saturation of 75 to much higher densities, as would be consistent with the stabilization
of ion temperature gradient driven modes by the increased density gradient. In addition,
the mechanism (e.g., variants of the ion-mixing mode [146]) underlying the inward flow of
particles during gas fueling may simultaneously carry thermal energy outward, making edge
fueling intrinsically undesirable.

The supershot regime on TFTR [147] appears to be the next case in which peaked dens-
ity profiles, in the presence of central fueling by neutral beams rather than pellet injection,
appeared to play a role in improving thermal confinement. Repeated ohmic helium discharge
cleaning of the limiter was also required to reduce the target electron density (as later dis-
covered [148], it is not the target electron density per se, but rather limiter recycling, that
is the controlling factor). The energy confinement times obtained in early supershots (~170
ms) were three times the corresponding L-Mode scaling, with central ion temperatures three
times the electron temperature, the highest produced in a tokamak at that time (~ 20 keV
for 15 MW heating power). A continuous distribution of confinement times was observed
depending on limiter conditioning, beam torque, and the MHD activity, in contrast with the
discrete bifurcation of H-Mode plasmas [5]. Sawteeth were present before and after beam
injection, but not during it. In addition, the confinement time did not degrade with beam
power for quasi-balanced beam injection, in contrast with the L-Mode regime under similar
operating conditions, for which 7¢ o I, /Pb1 / 2, where I, is the plasma current and P, is the
beam power. With pure co- beam injection, however, the degradation with power appeared
to return (primarily as a result of the reduction in beam penetration caused by rotation away
from the beams). The neutral beam configuration at that time prevented a comparison with

counter-dominated beam injection.
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Other early observations [149, 150] indicated that toroidal velocities (650 m/s) of the
order of the sound speed were typical, as were beam densities comparable to the thermal
ion density. Nevertheless, the classically computed differences between measured carbon
and inferred hydrogenic ion temperatures [137] were small, supporting a picture of strongly
improved ion thermal confinement. The toroidal velocity increased linearly with the torque
per particle [149, 151], independent of plasma current, which hinted that transport in the ion
channel had departed from traditional L-Mode scaling.

In the following we review various regimes that show improved thermal confinement with
peaked density profiles. Another review up to the year 1990 can be found in Ref. [152].
Confinement times in the L-Mode regime are discussed in terms of the ITER-89P empirical
scaling [4], which is given by 7TER8% = 0.038B,22n0;1 1085 P R1-20-3£0-5 495, where
By(T) is the toroidal magnetic field, figp(10'° m~3) is the line average central electron density,
I,(MA) is the plasma current, Pio,(MW) is the heating power, {R,a}(m) are the major and
minor radii, k = b/a is the elongation, and A; is the ion atomic mass. This scaling was derived

from the data of many tokamaks and provides a common empirical basis for comparison.

4.3 Related Regimes

4.3.1 ASDEX Counter NBI

A beam-heated regime showing improved thermal confinement with peaked density pro-
files was discovered on the ASDEX tokamak [153]. This regime, accessible only with counter-
dominated neutral beam injection, developed gradually improved energy confinement, relative
to that for coinjection at the same power, together with a gradual peaking of the electron
density profile. Additional transitions to the H-Mode [5] with counter-NBI were observed in
which the density peaking occurred more rapidly. In this regime, heavy impurities are also
well-confined, which results in their accumulation in the plasma core as observed in ISX-B
with counter-NBI [154, 155, 156], with Zg increasing from 2.0 to 2.7 as the density profile
peaked. When sawteeth, which were normally present, ceased, the discharges were termin-
ated by a radiative collapse. Apart from the difference in beam directionality relative to
TFTR supershots, the regime had roughly equal ion and electron temperatures, of the order
of 1 keV for 1 MW of heating power, but had toroidal velocities, density profile shapes, and
global confinement times [157] comparable to moderately performing TFTR supershots. In
particular, the ion thermal energy confinement improved as the density profile became more
peaked [153]. The global momentum confinement [158] showed an even stronger improve-
ment than the global energy confinement. This suggested the improvement was in the ion

channel primarily. In general the parameters of these experiments were density peakedness
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ne(0)/(ne) ~ 2, where () is the volume average, toroidal velocities V,, ~ 150 km/sec, plasma
currents I, = 420 kA, toroidal magnetic fields B = 2 T, neutral beam powers P, = 0.9 MW,
energy confinement times 75 ~ 50 — 150 ms, central ion temperatures T;p ~ 1 keV, edge
do =~ 2.3, and aspect ratio Ry/a = 1.65/0.40.

4.3.2 DIII-D Hot-Ion L-Mode

The Hot-Ion L-Mode (as opposed to H-Mode) on DIII-D also has a peaked density profile
with T; > T, [159, 160], although not as peaked as in TFTR due to the unidirectional beam
injection on DIII-D. Access to this regime required low target density and the use of limiter
discharges to prevent the H-Mode transition, which flattens the density profile by creating
an edge pedestal. Sawtooth suppression was evident as in supershots. No improvement
was observed with counter-dominated neutral beam injection as on ASDEX, apart from a
20% lowering of the H-Mode power threshold [161]. No peaking of the density profile over
that of co-injected L-Mode plasmas was observed with counter-injection, however it is not
clear whether low target density, hot-ion scenarios were investigated in this regard. It is
interesting that in the H-Mode regime, the ratio of T;/T, appears to increase in the inner
half-radius even though the density profile is flat relative to the L-Mode case [160]. Thermal
transport improves over the entire cross-section more slowly than at the edge following the
H-Mode transition, consistent with fluctuation measurements [162]. In the outer half-radius,
the larger density in the H-Mode appears to strengthen the ion-electron energy exchange
so that T; ~ T, there. The ion temperatures reported for the DIII-D Hot-Ion mode [160]
were one-third those of TFTR supershots, and the density gradient, while more peaked than
in H-Mode plasmas, remains rather weak, so the radial electric field is approximated by
E, ~ V3B, with a broad profile in the core.

4.3.3 JFT-2M Switchover Experiments

A regime similar to that of ASDEX with counter NBI was discovered on the JFT-2M
tokamak [163] during “switchover” experiments in which the beam directionality was changed
from co- to counter- in the middle of the heating phase. Following the switchover, the electron
density became gradually more peaked, and the central ion temperature, line-average density,
and toroidal rotation speed nearly doubled, while the central electron temperature slowly
decreased by a factor of two. The radial electric field E, >~ V,,; By develops a well shape over
much of the cross-section. Earlier results on JFT-2M [164] showed that counter-injection led
to improved particle and ion thermal confinement in L-Mode plasmas, without edge pedestals.
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4.3.4 TEXTOR I-Mode

The I-Mode of TEXTOR [165, 166, 167] also bears a resemblance to the supershot regime.
Co-injection (with or without counter-injection or RF), low wall recycling, and the absence of
MHD activity are necessary conditions to obtain the I-Mode. While the machine parameters
are quite similar to those of ASDEX and JFT-2M (Rp/a = 1.75/0.46, I, =200-500 kA,
B, = 225 T, P®* = Pf* = 1.7 MW in hydrogen or deuterium, circular cross-section,
toroidal belt limiter similar to TFTR), TEXTOR has an additional 4 MW of H-minority
ICRF power, and perhaps most important, boronized walls. With balanced beams, very
peaked density profiles are obtained with n.(0)/(n.) < 2.5 (3.5 with ICRH), T; 2 2T, and
TR/ TH ER89 ~ 1.7, There is no power threshold. The current scaling of 7 is characteristic
of L-Mode plasmas, while the power scaling is somewhat more favorable. Finally, as in
supershots, 7g/7H P22 o n,(0)/(n.) at the time of peak stored energy, and 7n(0)/(n.)

decreases with density.

4.3.5 JET Hot-Ion Regimes

The JET Project, with the aim of exploring reactor-relevant regimes in deuterium-tritium
plasmas, has incentive to operate at high ion temperatures with peaked density profiles
[168]. Hot ion regimes may provide an energy-efficient route to ignition [169] because the
electrons do not have to be heated to the temperature of the ions to achieve ignition. The
Hot-Ion H-Mode regime of JET is attained by fueling low density target plasmas (17, ~
1.5 — 2.0 x 10'°m—3) with neutral beams under low-recycling conditions, resulting in T; ~
(1.5 — 3.0)T. and moderately peaked density profiles n.(0)/(ne) ~ 1.5 and unidirectional
beam injection in the direction of the plasma current. The discharges used a divertor with at
least one X-point. The highest ion tempertures achieved correspond to the convective limit
(3/2)(T; + T.) = (W}), as in supershots, where (W) is the average energy of slowing-down
beam ions.

Early JET hot-ion plasmas [170, 171] were produced under conditions similar to of TFTR
supershots, and were small bore plasmas with dimensions similar to TF'TR. The plasma was
in contact with carbon tiles on the inboard side or rested on the outer belt limiter. Extensive
helium conditioning was used to remove deuterium from the carbon tiles before neutral beam
injection. With 21 MW of neutral beam power, T;(0) S 20 keV and T,(0) ~ 8 keV were
produced with n.(0) ~ 2 x 10!® m=3, I, = 3 MA, and B, = 3.4 T. The inner wall plasmas
had effectively tangential neutral beams as in TFTR, while the outer wall plasmas may have
shown weakly improved confinement due to major radius scaling [172]. The density and

beam ionization source profiles were quite peaked, and the ion toroidal angular velocity and
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ion temperature profiles had similar shapes [173].

The early JET hot-ion discharges were strongly degraded by a sudden large influx of
carbon from the limiter. Later refinements, using feedback to control the plasma shape,
eliminated the carbon bloom problem [174]. The use of overnight beryllium evaporation on
the inner wall carbon tiles produced significant improvements as well, lowering the target
density to n.(0) < 0.7 x 10! m~3, allowing the plasma current to be extended up to 5
MA [174]. Confinement times were three times those of early TFTR supershots and scaled
similary with heating power. ICRH was used to create hot electron plasmas as well [170], with
T.(0) S 12 keV and T;(0) = 7 keV at densities n.(0) ~ 3.5 x 10!® m~3. Interestingly enough,
with beryllium conditioning, some hot electron plasmas displayed spontaneous transitions to

enhanced particle and energy confinement [174] after reaching steady state.

4.3.6 JT-60U Hot-Ion Regimes

The first hot-ion enhanced confinement plasmas on JT-60 were obtained in 1989 after
with a modification of the divertor geometry to lower single-null, and with eztremely low
plasma currents [175]. These discharges, having high poloidal beta, were unique in the sense
of having bootstrap currents up to 80% of the total plasma current. The initial hot-ion
plasmas were characterized by T; ~ 12 keV, T, ~ 6 keV, TE/TE._MOde S 1.6, Bp ~ 2.9,
B, =4-45T, I, =0.3-1.2 MA, Ry/a =2.9/0.65 m/m, P, up to 20 MW in hydrogen, 65 keV
beams with (Peo — Petr)/(Peo + Petr) =0.1-0.25 with perpendicular injection at angles +15
degrees, nt8' ~ 0.5 x 101 m~3, 7, = 4 x 10!° m~3 , and Zeg ~ 3 — 4 dominated by carbon.
With balanced NBI and V,,(0)/vhi(0) < 0.2, very hollow carbon toroidal velocity profiles
were observed, bearing a striking resemblance to the notch we discuss on TFTR. The central
toroidal velocity was = 1.0 x 10° m/s, dropping to ~ 0.25 x 10° m/s at r/a = 0.25, then rising
again to ~ 1.0 x 10° m/s at r/a = 0.64, as shown in Fig. 2 of Ref. [175]. The steepest ion
temperature gradient occured at r/a ~ 0.2. The velocity profile is monotonic, or only slightly
concave, in L-Mode plasmas. An attempt to infer the radial electric field is made in Ref. [175],
assuming V,,; = Vi,z, in contrast with our interpretation. Not surprisingly, and consistent with
our model for the notch, the change in the carbon toroidal velocity from the axis to r/a = 0.4
(effectively the depth of the notch feature) is strongly correlated with the ion temperature
gradient as shown in Ref. [175]. In a subsequent study [33], hot-ion mode plasmas with
density, temperature, and carbon toroidal velocity profiles, with notches, strikingly similar
to TFTR supershots were shown. Density peaking parameters up to n.(0)/(n.) ~ 3 were
observed. An attempt to explain the velocity profile notch on the basis of torques from ion
losses is made in Ref. [33], however the predicted feature is much more broad, extending over

the outer three-quarter radius. The assumption V,;; = V,; was made, in contrast with our
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model of Chapter 2.

Hot-Ion L- and H-modes have been routinely produced on the JT-60U Tokamak with a
graphite first wall and extensive ohmic conditioning [176], with B, =2-4 T, I, =1-4 MA,
P, =5-25 MW (15% ripple loss), 90-95 keV beams, 78% full energy component, H-factors
up to 2.2, ni8 < 1 x 10" m=3, A, = 2 x 109 m=3 (at 2.7 MA, 4.2 T) and large poloidal
fields By ~ 0.9 T at I, = 4 MA. The temperature profiles in these regimes bear strong
resemblance to the supershot regime, but the density profile is not as strongly peaked with
ne(0)/(ne) = 1.3 — 1.5 [177]. The particle and energy confinement times were comparable,
Tp = Tg, and ion thermal conduction was the major loss channel. In the L-Mode case a
relatively weak scaling with plasma current was observed 7z o IJ® and attributed to poor
current penetration [178]. Growing plasmas improved performance. Other scalings in the
L-Mode regime were similar to ITER89P, such as 75 o< B,22P; 05 [176].

Hot-Ion H-Mode plasmas with T;/T, ~ 3 were also created [179] with I, = 3 MA,
B, =4.2T, ne = 2.5 x 10!° m™3, and T;(0) ~ 30 keV. Most interesting was a “transition-
free H-Mode” that did not show an abrupt change in Ha light or edge ion temperature (but
did have Edge Localized Modes (ELMs)). This mode had a favorable power scaling relative
to ITER89P above about 10 MW of heating power, similar to supershots. Performance was
better than the high-Gp mode and similar to high-Gp H-Mode (sharp transition in edge T;).
The most striking feature relative to ordinary H-Modes was that the edge ion temperature
T;(0.95) increased steadily following the start of beam injection to values as high as 7 keV.
The sudden change in edge T; at the H-Mode transition was comparable to this, but occurred
after 800 ms of beam injection. The large core ion temperatures were attributed in both cases
to the change in edge ion temperature, rather than peaked density profiles [179).

Other experiments on JT-60U [180], at lower currents I, = 0.37 — 1.2 MA, produced
hot-ion modes with T;(0) < 13 keV using 18 MW of quasi-balanced 65 keV H? beams into
hydrogen plasmas with target densities i, < 1 x 10'® m=3, with B, = 4.5 T, in the so-called
high-q regime with g, ~ 4 — 10. The divertor configuration was single null with Ry/a =
2.9/0.7, and ellipticity b/a = 1.3. The beams consisted of eight co- and six counter-injection
sources with approximately perpendicular injection angles balanced at +15 degrees. These
plasmas more closely resembled traditional Hot-Ion modes [33]. Extensive glow discharge
conditioning and titanium flash of the graphite tiles was carried out to minimize recycling.
The density rose to 7 x 10 m~3 in the heating phase. Confinement times 7 /75 M°% ~ 1.6
were obtained in the presence of sawteeth. A good correlation T;(0)/(T;) ox ne(0)/(ne) was
observed, similar to supershot plasmas. The toroidal velocity and ion temperature profiles
both peaked inside the same radius, in the vicinity of the ¢ = 1,2, 3 surfaces [180].

In 1992, a high Gp enhanced confinement regime (HPEC) was achieved in smaller bore
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plasmas (Rg/a =3.05/0.71 m/m, b/a = 1.7, B, = 4.4 T, and I, =0.6-1.9 MA, with 90 keV
deuterium beams, 22 MW perpendicular and 6 MW tangential) that did not suffer significant
ripple losses of the beam ions and allowed beam penetration closer to the magnetic axis
[181, 182]. The density and ion temperature profiles were highly peaked, with T; ~ 38
keV, T, ~ 12 keV, and confinement times three times L-Mode were achieved. Moreover,
the scaling TE/TE_MOde x g0p was observed. As in supershots, recycling was found to
be an important influence on confinement; helium glow discharge cleaning was carried out
nightly, and between-shots ohmic helium discharge cleaning was used as well. Confinement
was degraded when Ho emission increased [181].

More recently, internal ion thermal energy transport barriers were observed to form
suddenly in the HPEC regime [9] near the three-quarter radius. The machine paramet-
ers were the same as those discussed above, and initial heating phase was characterized by
ne(0)/(ne) < 3.7 and 75/TH ERE%® = 1.4, A transition occurred in which the ion temperature
gradient in the region r/a = 0.65—0.8 suddenly increased, accompanied by the formation of a
counter-directed notch in the carbon toroidal velocity profile and a large spinup of the carbon
poloidal velocity to ~ 50 km/s. The global confinement time increased to 7g/ T},;TERSQP = 2.5.
The V x B term of the radial electric field was evaluated, but no conclusion as to its role in
the improved confinement was drawn [9]. The improved confinement phase was terminated
by a (-collapse, after which the edge ion temperature, which was previously unchanged dur-
ing the confinement transition, jumped to H-Mode values and the density profile broadened.
This phase, following the formation of the ion transport barrier, was dubbed the “high-Gp
H-Mode.” Confinement remained well above L-Mode during this time but suffered Edge
Localized Modes (ELMs). Further studies of the internal transport barrier [32] showed that
it was a barrier to particle transport (of carbon ions) as well as thermal energy. In these later
studies, the unexplained velocity profile notch, located at the position of the barrier, was
striking. The radial location of the notch moved with the transport barrier and was not tied
to any particular rational surface. Recent experiments in the hot-ion H-Mode and high-Gp
H-Mode regimes have achieved ion temperatures up to 45 keV with neutral beam powers up
to 41 MW and plasma currents up to 4.5 MA [183].

4.3.7 JET PEP Modes

The Pellet Enhanced Performance (PEP) mode discovered on JET serves as a clear
demonstration that confinement properties, rather than source profiles, can determine the
shape of the density profile [168]. The first PEP modes were obtained with ICRH heating. The
PEP mode is initiated by pellet injection near the time auxiliary heating begins, establishing a
peaked density profile a-priori [184, 185], which upon heating is sustained for several particle
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confinement times. This very peaked profile shape is superposed on an almost completely
flat H-Mode density profile. Significant improvements in core energy confinement are evident
[186]. The PEP mode has been achieved in H-Mode plasmas independent of heating method,
including with neutral beams only. Large bootstrap currents are associated with the large
pressure gradient in the core, and are sufficient to produce negative magnetic shear, which
may partly underly the improved confinement [187]. The ion and electron temperatures are
approximately equal in PEP discharges.

4.3.8 Heliotron-E High Ion Temperature Mode

A regime resembling the supershot was created in the Heliotron-E [188], a heliotron/torsatron
with poloidal number 2 and toroidal number 19, Ry/a = 2.2/0.214 m/m, B = 1.9 T, and
total perpendicular neutral beam power 3.2 MW. The beams were injected into a low-density
target plasma with n.(0) = 1 x 10!® m~3, heated by ECH with boronized walls. When gas
puffing was turned off during the beam heating phase, both the central density and ion tem-
perature increased slowly in time by factors of more than two. The same transition can be
provoked by pellet injection, and in both cases T;(0) « n.(0)/(n.) during the improvement.
Transport analysis shows an improvement in ion thermal diffusivity underlies the change in
ion temperature. In a heliotron/torsatron V, ~ 0 due to parallel viscosity, so the radial
electric field is determined by the pressure gradient and the poloidal velocity [188]. The
measured poloidal velocity did not change relative to gas-fuelled plasmas, so the increased
pressure gradient created a broad negative well in the radial electric field profile E, in the
region r/a < 0.6, which was not present in the gas-fueled case. The fact that the E, changed,
while the velocity did not, served as a basis to suggest that radial electric field shear, rather
than velocity shear, underlies the improved confinement [188]. However, the impact of the

observed radial electric field on confinement was not assessed.

4.4 Supershot Confinement and the Density Profile

The initial perception was that the TFTR supershot regime depended on low target dens-
ity, which allowed deep beam penetration [189] (which depends on the number of electrons
encountered by incoming beam neutrals along their straight paths), resulting in peaked dens-
ity profiles. Continued studies of supershots [148] revealed a scaling for the enhanced energy
confinement time over that of L-Mode plasmas TE/TE_MOde ~ ne(0)/(ne) [148, 189, 190],
as observed in the ASDEX counter-NBI regime [157]. More specifically, a scaling 75 =
0.024 (ne(0)/(ne)) 61318 P; %12 can be found [189], showing the weak dependence on heat-
ing power and plasma current. The ion thermal diffusivity x; at the half-radius scaled in-
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versely with n¢(0)/(n.) [190], while the heating effectiveness [191] did not change much with
variations in n.(0)/(n.), indicating a change in transport, rather than heating profile, was
responsible for the change in ion temperature [190].

Experiments [148] in which the major radius or current in the target plasma was changed
to change the target density had no effect on the maximum n.(0)/(n.) attained during beam
heating. When the target density was increased by deuterium gas puffs, the maximum 75
during beam heating was also unchanged. However, puffs of helium (~100% recycling) prior
to beam injection did degrade performance. The conclusion, which is particularly relevant
to the following sections, was that “These results suggest that the variation in n.(0)/(n.) is
not simply due to changes in the target density but is caused by changes in the underlying
transport properties coupled to the edge recycling conditions. At each plasma current, the
density achieved without additional gas fueling is simply a measure of the overall recycling
level [148].” A careful study using pre- and mid-beam helium puff (recycling) and lithium
pellet (non-recycling) perturbations [48] to decouple wall recycling from target density clearly
demonstrated that the edge conditions during neutral beam injection, rather than target
density per se, is the dominant influence on supershot performance.

Transport analysis of supershot plasmas [149, 136] showed that the core ion thermal dif-
fusion in supershots was essentially negligible, leaving only the residual outward convection
that is necessary in equilibrium with central beam fueling. In addition, the convective mul-
tiplier ¢;/T';T;, where g; is the radial ion heat flux, I'; is the radial ion particle flux, and T; is
the ion temperature, could not be as large the 5/2 of neoclassical theory [136], and multipliers
below 3/2 were in fact observed. Subsequent analysis [14] by the author of more extreme
lithium-conditioned cases, with refined CHERS analysis, gave an ion convective multiplier of
3/2 (discharge #77309).

Early analysis of co-only and near-balanced injection cases showed that the thermal dif-
fusivities are not enormously different in the two cases [67, 192], or at least were not worsened
with co-dominated injection, so that the worsened global performance with pure co-injection
could be attributed largely to the classical effects of rotation away from the incoming beams,
which broadened the heating and fueling profiles [63]. Changes in particle transport with ro-
tation were not addressed, however. The global energy confinement time 75 from magnetics
measurements does not subtract the effects of rotation, and is reduced in strongly rotating
plasmas for this reason as well. However, early plots of 7z vs. beam directionality {30, 193]
show that global 7g is maximized with slightly co-dominated beam injection. The trend is
asymmetric; counter-injection is observed to worsen supershot performance. This indicates
that an underlying improvement in thermal transport with co-rotation apparently exists to

offset the deleterious classical effects. In addition, the transport of heavy impurities followed
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this same rule [194]. Both results are in marked contrast with the results of the ASDEX and
JFT-2M experiments [153, 157, 156, 163].

Transport experiments comparing supershot and helium-spoiled L-Mode plasmas [34]
demonstrated the favorable scaling with heating power of core x; and n.(0)/(n¢) in super-
shots, over the range 7-21 MW. The density peakedness improved with beam heating power,
in contrast with L-Mode plasmas, above about 15 MW. At lower powers, the scaling of
n¢(0)/(ne) with power resembled that of L-Mode plasmas. The diffusivity for toroidal angu-
lar momentum X, in power scans at constant torque, showed a scaling with ion temperature
similar to that of x;. Therefore the core particle, ion thermal [51], and toroidal momentum
diffusivities [34], all scale favorably with beam heating power in supershots, in contrast with
the L-Mode regime.

Further experiments [124, 64] confirmed that the ion thermal and toroidal momentum
diffusivities are approximately equal over a wide range of plasma conditions, in both supershot
and L-Mode plasmas, as would be consistent with simple quasilinear arguments assuming
electrostatic modes [195]. This suggested the toroidal momentum diffusivity as a diagnostic
for ion thermal transport in supershots, where the core is dominated by convection. The
momentum balance is never convection-dominated [136, 64], making the inference of x,
more direct than that of x; in the core of high-performance supershots.

When discussing improved confinement in connection with the peakedness of the electron
density profile, or equivalently the beam fueling profile, circular arguments tend to arise.
The first question that must be addressed is whether changes in source profiles or changes in
the diffusivity dominate the resulting density profile shape. This was considered initially in
edge versus central heating experiments [196, 197], where the resulting density profiles were
indistinguishable. This indicates that the details of the source profile may not be as important
as other influences. Studies of the peaked density profile regimes on ASDEX [198], including
the Improved Ohmic Confinement (IOC) regime [199], which can be provoked by a sudden
reduction of the gas puff rate during density ramp-up, demonstrated that “in no case could
the changes be explained solely by changes in the charged particle deposition profiles. They
imply rather a change in particle transport.”

Second, the density profile shape in supershots directly influences the source profile
through the beam penetration depth, and as we show, influences particle diffusivity (e.g.,
possibly through the even-parity toroidal ITG mode destabilized in part by trapped elec-
trons [18], and perhaps the ion-mixing mode [146] near the plasma edge). In addition, the
core particle (and thermal transport) is strongly correlated with the edge hydrogenic influx,
which is correlated with the loss power density delivered to the limiter. Perturbation experi-

ments, discussed in Chapter 5, have demonstrated hysteresis in the energy confinement with



Sec. 4.5. Transport Analysis of Wall Conditioning Experiments 101

respect to the density peakedness parameter ne(0)/(ne). Accordingly, a direct causative role
of peaked fueling profiles per se in supershot confinement has not been demonstrated.

Nevertheless, the empirical correlation 7g /TE’MM" ~ ne(0)/(ne) [148, 189, 190], charac-
teristic of supershots and other regimes with peaked density profiles, demonstrates a connec-
tion between particle and thermal energy confinement. This, as well as the hysteresis with
respect to density peakedness, is consistent with our model of Chapter 3, arising from both
the stabilizing effect of the density gradient on the toroidal ITG and trapped-electron modes
and an equally important effect of radial electric field shear stabilization.

4.5 Transport Analysis of Wall Conditioning Experiments

The motivation to reduce the wall influx stemmed from the desire to increase the DT neut-
ron rate, which in supershots scales approximately in proportion to the square (1.8 power) of
the plasma stored energy Wiot [200] (more recent analysis also indicates an inverse depend-
ence on /T, [201]). Simultaneously, the best discharges suffered disruptions in accord with a
Troyon-type beta limit, limiting the plasma stored energy to Wigi* o I, B,. This suggested
operation at higher plasma current [200], which required a better method for reducing the
wall influx than ohmic helium discharge cleaning.

Analysis of the CY1990 TFTR supershot data [202] revealed that the maximum energy
confinement time attained during beam injection was correlated with the hydrogenic influx
(Ha light) during beam injection, and with the carbon (CII) light in the target plasma, but
not with the Ha light in the target plasma or with the CII light during beam injection (except
at a fixed time). Furthermore, during beam injection, the instantaneous energy confinement
time scaled with the instantaneous hydrogenic influx according to

TR X H;O'M. (1)

This held for CY90 supershot plasmas with blooms, with MHD, or supershots free of both
MHD and blooms. The effect described by Eq. (1) is quite strong given the wide variations
in Ho emission commonly observed. It was also found that ohmic helium discharge cleaning
did not reduce the carbon influx, acting primarily on the hydrogenic influx [202]. In addition,
carbon blooms in preceding plasmas were found to be beneficial, as described by the following

empirical scaling [202] for the CII light in the ohmic target plasma,

CIT o I} / dt (CII)~"(p), )

prev

where the time integral is over the preceding discharge. The associated effect on the peak
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energy confinement time was found to scale as 75 o< (CIT)~932 in discharges without lithium
pellets.

Initial results using lithium pellet injection were described in Ref. [203], where it was
found that lithium or boron pellets injected into the ohmic phase, several particle confinement
times before the start of beam injection, reduced the carbon content of the plasma during
beam heating and improved global performance by 15-20%. Preliminary results indicated
that boron pellets reduced the carbon influx, but not the hydrogenic influx, while lithium
pellets appeared to reduce both carbon and hydrogenic influxes.

The lithium was shown to have a coating effect on the carbon tiles [203], reducing the
wall influx, rather than having a beneficial presence in the plasma:

e The number of Li atoms in a single pellet was much larger than the number of Li ions
in the plasma, even after 23 successive discharges, each with a Li pellet.

e The amount of Li not remaining in the plasma after a single pellet was sufficient for a
coverage of 1-2 monolayers of the limiter active surface.

e Spectroscopic measurements indicated that the decrease in the total number of carbon
ions in the plasma was several times the number of Li ions present after the same series

of 23 discharges. The Li ions were not simply replacing carbon ions.

e The target electron density was lower following the exponential decay of the pellet
contribution, indicating most of the Li left the plasma prior to beam injection.

e Sputtering calculations showed that a layer of Li on C significantly reduces the sput-
tering yield.

In addition, the beneficial effects of lithium were found to persist over 3-4 discharges to
follow, which suggested injecting lithium pellets into the post-beam heating phase of preceding
discharges [203].

Detailed experiments, in which the author participated, to assess the efficacy of boron
and lithium pellets in various sequences were carried out and described in Ref. [47]. This
work clearly demonstrated an apparently boundless efficacy of lithium relative to modest
improvements possible with boron. Here we reconsider these experiments, which effectively
varied the edge influx and target electron density while keeping the same machine operating
parameters. Because n.(0)/(n.) at the time of peak stored energy is well-correlated with
the edge hydrogenic influx and with the energy confinement time, these experiments provide
a convenient framework to discuss the energy and particle confinement as a function of
ne(0)/(ne). This variation is described by the model presented in Chapter 3. We emphasize
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however, as previously discussed, that the controlling parameter is in fact the edge hydrogenic
influx.

The first transport analysis demonstrating improved ion thermal and particle confine-
ment with lithium pellet injection was given in Refs. [46, 204]. This analysis of 210 dis-
charges showed that the ion thermal and electron particle diffusivities were strongly reduced
by lithium pellet injection while the electron thermal diffusivity showed no definite trend.
Here we present a more controlled subset of this data, recently reanalyzed using the SNAP
equilibrium transport code [134, 135].

The machine operating parameters were held constant (Ry/a = 2.45/0.80, P, = 18 or 21
MW, I, = 1.6 MA, B, = 4.76 T) while various wall conditioning techniques were employed.
Here we consider sequences 1 and 3 of Ref. [47]. Three sets of consecutive discharges are
analyzed. The first set consisted of discharges without pellet injection. The second set had
boron pellets injected during the ohmic heating phase, prior to beam injection. The third
set had lithium pellets, usually one (sometimes two) preceding beam injection, sometimes
one following beam injection (for the benefit of the succeeding discharge) and in two cases
(68244 and #68242), two lithium pellets preceding beam injection after a sequence of
lithium pellets both before and after beam injection.

Figure 1 shows the well-known correlation of energy confinement time with n.(0)/(n.)
[148, 189]. The boron pellets result in a modest improvement in peformance, while the
lithium pellets have a dramatic effect. The best discharges with lithium pellets qualitatively
resemble those without, and follow the same trend. Discharges #68242 and #68244 had two
pre-beam lithium pellets and were preceded by discharges with post-beam lithium pellets.
This not only illustrates the simultaneous improvement in particle and energy confinement,
but that the nature of the improvement depends only on the efficacy of the conditioning
method. This is consistent with the notion that the lithium and boron do not persist in
the plasma but instead coat the limiter surface [203]. This coupling of energy and particle
transport is qualitatively consistent with the model presented in Chapter 3.

In Figure 2, the dependence on target conditions is illustrated in agreement with Ref.
[202]. Frame (a) shows the density peakedness 400 ms after the start of NBI is inversely
correlated with target density, following early notions, invalidated in Refs. [148, 48], that
supershot confinement depends on beam injection into low density targets. In Frame (b), the
peak energy confinement time is inversely correlated with carbon light in the target plasma.
Frames (c) and (d) show that the density peakedness and energy confinement time 400 ms
after the start of NBI are not correlated with hydrogenic influx in the target plasma. Frame
(e) shows the target density is not correlated with hydrogenic influx in the target plasma.
Finally in frame (f) the target density is well-correlated with carbon light in the the target
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Figure 1. Scaling of global energy confinement time, near the time of maximum stored energy, with the
peakedness of electron density profile. A sequence of discharges without pellets is compared to a sequence
with boron pre- and post-beam pellets and another sequence with lithium pre- and post-beam pellets. The
boron pellets result in a modest improvement in peformance, while the lithium pellets have a dramatic effect.
The best discharges with lithium pellets qualitatively resemble those without, and follow the same trend.
Shots 68242 and 68244 had two pre-beam lithium pellets and were preceded by discharges with post-beam
lithium pellets. Both plots show the same data.
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plasma. Boron does not appear to suppress the carbon influx.

In Figure 3, the global energy confinement time at the time of peak stored energy is
well-correlated with the instantaneous hydrogenic influx and with the carbon light. The first
is expected to hold on the basis of previous data described by Eq. (1). The latter may hold
as a result of Eq. (2) and the fact that the discharges are in sequence, but is not expected to
hold in general.

The results of the transport analysis are shown in Figure 4. Transport coefficients inferred
using the SNAP code are shown near the third-radius (r/a = 0.375) as a function of the
density peakedness parameter me(0)/(ne). The analysis was performed at a time 400 ms
after the start of beam injection. Most of the boron pellet cases failed to converge, perhaps
indicating significant boron concentrations that needed to be accounted for. These are not
shown. Frame (a) shows the electron particle diffusivity decreases by a factor of two over
the scan, while frame (b) shows the ion thermal diffusivity (without convection) decreases by
a factor of five, and frame (c) shows the electron thermal diffusivity is not correlated with
density peakedness or edge influx.

The discharges we have shown represent studies during the early optimization of pel-
let conditioning techniques, and serve to demonstrate the strong sensitivity of ion thermal
and particle confinement to relatively small variations in limiter recycling. Following this,
other techniques such as “painting” [15] the limiter surface through a sequence of lithium
pellet injected plasmas which are moved or shaped to change the points of contact, and the
use of a laser blowoff (DOLLOP) apparatus to release very large amounts of lithium, have
been successfully used with dramatic results, producing energy confinement times as large as
330 ms.

4.6 Improved Ion Thermal Confinement with Lithium Condi-
tioning

Here we consider a sequence of four consecutive TFTR supershot discharges [14] in which
the number of pre-beam lithium pellets injected increases by one with each consecutive dis-
charge. The first discharge has no lithium pellets, while the final discharge was preceded by a
conditioning shot with two lithium pellets in addition to having two pre-beam lithium pellets
itself (roughly equivalent to three pre-beam lithium pellets). The increase in performance
is dramatic [141], and is correlated with increased peakedness of the electron density profile
ne(0)/(ne). Overall, a factor two range in central ion temperature is achieved over the scan.
The temperature range is an ideal test of our model, starting at temperatures where we pre-

dict that radial electric field shear stabilization is weak, and reaching ion temperatures where
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Figure 2. Correlation of peak performance with target conditions for the set of discharges shown in Fig.
1. (a) Density peakedness 400 ms after the start of NBI is inversely correlated with target density. (b)
Peak energy confinement time is inversely correlated with carbon light in the target plasma. (c,d) Density
peakedness and energy confinement time 400 ms after the start of NBI are not correlated with hydrogenic
influx in the target plasma. (e) Target density is not correlated with hydrogenic influx in the target plasma.
(f) Target density is correlated with carbon light in the the target plasma. Boron does not appear to suppress
the carbon influx.
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Figure 3. Correlation of peak energy confinement time with measures of instantaneous recycling for the set
of discharges shown in Fig. 1 (at TBI + 400 ms, near the time of peak stored energy). Energy confinement
time is inversely correlated with hydrogenic influx (a) and carbon influx (b).

it should be an effect of order unity.

Figure 5 [14] shows the global evolution of the discharges in the scan. The change in
performance as a function of the number of pre-beam Li pellets is shown in Fig. 6. The density
peakedness parameter n.(0)/(n.) increases by 40% over the scan. The improved performance
is associated with reductions in the edge recycling and impurity content. The edge ion
temperature does not change. Figure 7 shows the change in performance as a function of the
density peakedness parameter n¢(0)/(ne). It is interesting that the global energy confinement
time improves by 25% while the value from L-Mode scaling does not change at all. The central
lon temperature increases almost linearly with peakedness, as does the kinetic energy stored
in the ions in the inner half-radius. The electron thermal confinement is not strongly affected
by lithium conditioning as shown in Sec. 4.5. The calculated nonlinear shearing rate [35] (or
equivalently, linear Doppler shear rate) is evaluated using the neoclassical radial electric field
from the TRV code with measured profiles from TRANSP analysis,

RBy d ( E, )’

WExB= "B dr\RB,

(3)

near its radial maximum at r/a = 0.4. It increases quadratically with the density peakedness
because of the associated linear increase in the ion temperature. This can be seen by observing
that the radial electric field at the half-radius remains relatively constant, while the depth of
the radial electric field well increases. The shear in the outer part of the well is proportional to
the depth of the well. This follows from the the simplified expression (neglecting the toroidal
velocity for discussion)

_ Tudn;

E, ~ :
"= n; dr

(4)
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Figure 4. Correlation of local diffusivities at the third radius with density peakedness as inferred from the
SNAP code near the time of peak stored energy. (a) The electron particle diffusivity decreases by a factor
of three over the scan. (b) The ion thermal diffusivity (without convection) decreases by a factor of five over
the scan. (c) The electron thermal diffusivity is not correlated with density peakedness.
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This nonlinear increase is suggestive of a simultaneous reduction in particle and energy
transport associated with radial electric field shear stabilization. We have demonstrated in
Fig. 4 that the particle and energy transport in the core are well-correlated, but have not
proven this is associated with radial electric field shear. Figure 8 shows the profile of the
shearing rate wgxp for each case, evaluated from the TRV code. The neoclassical radial
electric field is inferred from the numerical solution of Chapter 2 for arbitrary collisionality.
At the low end of the performance spectrum, the peak shearing rate is quite small. Evidently
the negative offset due to the co-directed toroidal velocity is relatively constant over the scan.

Figure 9(a) shows the inverse ion temperature gradient scale length and toroidal ITG crit-
ical gradient scale length evaluated from the IFS-PPPL parameterization [16], using the ex-
perimental profiles. This shows the toroidal ITG mode (under assumptions clarified Chapter
1) is estimated to be strongly unstable over a significant fraction of the cross-section, and
progressively more unstable as the ion temperature gradient increases. Figure 9(b), shows
the corresponding toroidal ITG mode linear growth rates maximized over kgp;, obtained
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Figure 7. As a function of density peakedness, (a) Global energy confinement time increases by 50%, while
the L-Mode scaling result does not seem to know the difference. (b) Central ion temperature increases
somewhat linearly by a factor of two. (c) Kinetic energy stored in thermal ions increases strongly, while
that stored in the electrons doesn’t appar to be strongly affected. (d) The E x B shearing rate increases
quadratically.
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Figure 8. Shearing rate increases with the number of lithium pellets beyond a certain performance level.

from the same parameterization. If this were true in reality, then the simulated trend in ion
thermal confinement would be opposite that observed. Fully nonlinear simulations show that
this behavior is consistent with a possible role of shear flow stabilization, which becomes
progressively more important as the ion temperature increases. Effectively, shear flow sta-
bilization allows deviations from toroidal ITG marginal stability (considered in the absence
of sheared rotation in the flat density gradient limit), without increased transport.

Another apparent contradiction arises. The maximum value of the growth rate is five
times the maximum shearing rate for the best performance case. However, this open-loop
comparison is relatively meaningless when one considers that vy /R ~ wgxp, so that small
deviations from marginal stability result in wild swings in the growth rate. Because the core
region is found to be close to marginal stability to odd-parity toroidal ITG modes, a shearing
rate and growth rate comparison using measured profiles is very sensitive to experimental
errors, and therefore not particularly enlightening. These issues are readily addressed by
closing the loop to calculate the radial electric field and ion temperature self-consistently in

fully nonlinear simulations.
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profiles. Note it is as much as five times the calculated shearing rate shown in Fig. 8.
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4.7 Nonlinear Simulations of Lithium-Enhanced Confinement

The modified IFS-PPPL model as described in Chapter 3, with self-consistent neoclassical
radial electric field [29], successfully reproduces the large variation in ion temperature during
the scan as shown in Figure 10. Here the ion temperature profile is simulated over the
region r/a < 0.85, taking the calculated temperature equal to the measured temperature at
the boundary r/a = 0.85. The simulations calculate the carbon and hydrogenic temperatures
simultaneously, with classical beam differential heating and interspecies energy exchange. The
calculated hydrogenic temperature is used in the IFS-PPPL parameterization to obtain the
critical gradient, growth rate, and nonlinear ion thermal diffusivity, and is used to determine
the radial electric field self-consistently. The densities of the various plasma species and
magnetic geometry are taken from TRANSP Monte Carlo analysis, and are not predicted.
Without shear-flow stabilization, the original IFS-PPPL model cannot reach the measured
temperatures or span the improvement in temperature. The growth rate and shearing rate
increase together inside half-radius, where one clearly sees an outward expansion of the E,.-
stabilized region as the number of lithium pellets increases, as shown in Fig. 11. This behavior
is remarkably similar to that observed in a beam power scan, as we demonstrate in Chapter
6. The model predicts increasing deviations from toroidal ITG marginal stability in the core
as the temperature increases. This is compensated by radial electric field shear stabilization
as shown. Again, as discussed in Chapter 1, the phrase toroidal ITG marginal stability
here refers to the linear stability of toroidal ITG drift modes of both parities in the near-
flat density gradient limit, without including sheared flows, as described by the IFS-PPPL
parameterization.

Interestingly, the edge ion temperature is nearly constant throughout the scan. The in-
crease in edge ion temperature is a leading explanation for the improved thermal confinement
over the entire cross-section following the H-Mode transition (e.g., Refs. [205, 206, 207, 208,
162]), possibly by propagation into the core through toroidal ITG marginal stability. This
argument does not seem to be relevant to the improvement with lithium conditioning we
have considered, first because the edge ion temperature does not change, and second, be-
cause the nonlinear simulations show that the outer half-radius is far from toroidal ITG
marginal stability (this does not preclude a conveyance of differences in edge ion temperat-
ure to the half-radius, where they would be amplified under the practical shear-flow stability
criterion toward the axis). Differences in edge ion temperature associated with differences in
edge recycling were proposed to explain the core L-Mode to supershot core ion temperature
difference through toroidal ITG mechanisms in Refs. [34, 48, 16].

We propose that the strong improvements with lithium pellet injection are due to the
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Figure 11. Comparison of shearing rates and growth rates for lithium pellet scan from fully nonlinear
simulations with self-consistent neoclassical F,. Also shown are significant deviations from toroidal ITG
marginal stability corresponding to the locations where shear-flow stabilization is important.
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nonlinear coupling of improvements in core particle confinement and core ion thermal con-
finement, stimulated by changes in edge fueling. The thermal ion density profile, which
influences the radial electric field, changes strongly with lithium conditioning. We find that
the inflection point of the thermal density profile corresponds to the radius where the fueling
rates from the edge and the neutral beams are equal. Inside this radius, the beam fueling rate
is unaffected by lithium pellet injection and the changes in the shape of the thermal density
profile are due to changes in the particle diffusivity. Outside this crossover radius, the op-
posite prevails. The thermal density profile is relatively flat, changes in particle diffusivity
with lithium pellet injection are small, and the density is determined by the edge fueling
source rate. This leads us to propose a model, based on strong nonlinear coupling between
particle and ion thermal transport by radial electric field shear, to explain the improvements
with lithium pellet injection. In essence, lithium pellet injection reduces the edge fueling,
which lowers the thermal ion density outside the crossover point, increasing the curvature
of the thermal ion density profile at the crossover point. The practical shear-flow stability
condition of Sec. 3.6 shows that increases in the curvature of the thermal ion density profile
result in large increases in the ion temperature. The nonlinear coupling of the ion thermal
transport and particle transport, shown by their empirical correlation, results in a heightened
sensitivity to such changes in edge fueling. This is supported in part by the observation that
the peak E x B shearing rate increases quadratically with the density peaking parameter
ne(0)/(ne) and with the number of pre-beam lithium pellets. Figure 12(a) shows that the
thermal ion density profile changes significantly during the scan, and that the inflection point,
which is the important contribution to the shear-flow marginal stability condition, coincides
with the crossover point where the beam fueling source dominates the wall source. Figure
12(b) shows that the electron density profile changes less drastically than the thermal ion
density. Figure 12(c) shows that the beam fueling source changes little. The wall fueling
source changes more strongly, and determines the behavior of the thermal ion density outside
r/a = 0.4. This is supported by the behavior of the inferred electron particle diffusivity as
shown in Figure 12(d), which is significantly reduced inside the half-radius, but not outside
it. Changes in the thermal density in the outer region are source-driven, while changes in the
inner region are confinement-driven.

If the outward particle transport is determined by electrostatic modes, it is similarly
reduced by radial electric field shear (the leading explanation for the H-Mode edge particle
transport barrier [84, 60, 209]). We have illustrated a mechanism in which the increased
ion temperature and thermal ion density gradient are mutually reinforcing through radial
electric field stabilization. This results in a strongly nonlinear dependence of the central ion
temperature on the temperature near the half-radius, amplified by radial electric field shear,
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and a similar dependence of the particle transport. As shown by the increasing deviation from
toroidal ITG marginal stability at high temperatures, the effect of the radial electric field
becomes dominant over that of toroidal ITG marginal stability in the core as the temperature
increases. However, the stabilizing effect of the density gradient on the toroidal ITG mode
also contributes to the mutually reinforcing character. Our model describes a situation in
which the ion thermal energy transport and particle transport are strongly coupled through
the effect of the radial electric field (as well as through toroidal ITG marginal stability),
resulting in a strong nonlinearity that tends to amplify small changes, in either the ion
temperature or the thermal ion density or both, that arise in the outer half-radius. Lithium
pellet conditioning diminishes the wall fueling source, affecting the density profile in the outer
half-radius, providing the seed for strong core improvements.

Although we have not modeled the density profile, as a consequence of ignoring trapped
electron destabilization and other modes such as the ion-mixing mode, the effect of radial
electric field shear on particle transport is supported by a vast H-Mode literature.

4.8 Conclusions

In this chapter we have considered the correlation between ion thermal energy and particle
transport observed empirically in a variety of peaked profile regimes. Performing a transport
analysis of conditioning experiments in TFTR supershots, we demonstrated this coupling
over wide variations in the density peakedness parameter induced by ohmic conditioning,
boron pellet injection, and lithium pellet injection. Specifically, the ion thermal diffusivity
and electron particle diffusivity varied strongly together in the core with changes in the
edge recycling, while no correlation was observed in the electron thermal transport. Our
transport analysis results confirm the statements of Ref. [47], “The improvement in the plasma
performance associated with Li pellet injection is correlated to changes in the same parameters
that correlate with 7 in supershots without Li pellets. In this regard, the Li pellets seem
to result in an extension to higher currents and higher confinement times of the supershot
regime rather than in a fundamentally new confinement regime.”

On this basis, we considered controlled experiments in which the number of pre-beam
lithium pellets was varied, resulting in factor of two variations in central ion temperature. In
these experiments we successfully simulated the ion temperature profiles and radial electric
field simultaneously, demonstrating a nonlinear increase in the importance of radial electric
field shear stabilization with temperature. We have proposed an explanation for the strong
sensitivity of supershot core particle and energy confinement to edge recycling. In this model,
we have referred to lithium pellet conditioning as a method for reducing the edge particle
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influx, with no other distinguishing characteristics. The model we propose, to be complete,
should be augmented with a treatment of trapped-electron modes, trapped ion modes, and
modes related to the ion-mixing mode, so that the density profile can be accurately predicted.
The basic mechanism we have suggested can be described without relying on estimates of

ITG nonlinear saturation via the expedient stability condition of Sec. 3.6.



Chapter 5

Perturbation Experiments

5.1 Helium Puff Perturbation

5.1.1 Plasma Response

Because of the strong sensitivity of core supershot confinement to edge recycling, small
amounts, of order 10 Torr-liters, of 100% recycling helium gas have drastic effects on perform-
ance when puffed into the edge of robust supershot plasmas. The degradation in confinement
varies roughly in proportion to the size of the puff. Small helium puffs have been used in
perturbative transport studies of supershots with the aim of testing the proximity to toroidal
ITG marginal stability [210, 178] in the abstract sense, examining the effect of edge recyc-
ling on edge ion temperature [48], perturbing the g-profile [211], and testing the effect of ion
Landau damping on the stability of TAE modes [212]). Gas puff perturbations have not yet
been used to isolate the effect of radial electric field shear.

Here we reconsider high-performance discharges originally taken under rather robust con-
ditions as part of the TAE mode study [212] (#75830, P, = 21 MW, I, =20 MA, B, =5
T, Ro/a = 2.52/0.87, fi = 3.15 x 10'° m~3, E, = 100 keV, Zeg = 2.2, slightly co-dominated
NBI). Tail-end lithium pellets were injected into the post-heating phase of preceding dis-
charges. The reduced recycling and high power operation resulted in well-performing super-
shot plasmas prior to the perturbation. This provides a wide variation in plasma performance
associated with the perturbation, and provides starting conditions in which we predict radial
electric field shear stabilization provides for factor of two increases in the ion temperature.

To provide input data for the ion temperature simulations and to infer the ion thermal
diffusivity, we carry out TRANSP Monte-Carlo analysis [50, 213]. The CHERS ion temper-
ature and velocity data have been reanalyzed with the most recent models for the background
light correction and cross-section energy dependence [59]. In the TRANSP analysis we use

121
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the Zeg profile from CHERS normalized to the chordal visible Brehmstraahlung emission,
electron temperature profiles from the second harmonic ECE grating polychrometer, and
electron density profiles from the laser interferometer. The helium puff is ignored in the
TRANSP analysis as discussed below. Figure 1 compares the neutron production rate calcu-
lated by TRANSP compared with the measured rate, and the diamagnetic flux calculated by
TRANSP with that measured directly from the diamagnetic loop. Following the helium puff,
the calculated neutron rate is a factor of two too large. This indicates potentially significant
dilution by helium, which was not accounted for in the analysis. We show in the following,
however, that ignoring helium is not expected to have any other significant impact on the
results.

Figure 2 shows the global effects of the 17.5 Torr-liter helium puff 620 ms after the start
of neutral beam injection. The density peakedness n.(0)/(n.) drops by a factor of two in
a particle confinement time and does not recover. A similar discharge without perturbation
(#75832) is shown for comparison. The global energy confinement time in the supershot
phase is twice that of L-Mode ITER89P scaling before the puff. After the puff, it decays
to the L-Mode scaling value in one energy confinement time, on the same timescale that
characterizes the change in peakedness. The loss of plasma stored energy occurs over a time
roughly twice as long. The evolution of the electron density indicates increased edge recycling
following the puff. The rise during the first particle confinement time following the puff is
due in part to the helium and in part to increased hydrogenic and carbon influxes, where the
relative contributions are not directly measured.

Figure 3 shows the edge conditions during the helium puff perturbation. The Ha and
CII light increase by a factor of five and remain elevated with a very slow relaxation. The
observed increase in the edge Ha and CII light occurs on the more rapid timescale during
which the energy confinement time changes, rather than the longer timescale over which most
of the energy is lost. Surprisingly, the hydrogenic edge influx (proportional to the Ha light)
slowly decreases during the same time the plasma stored energy decreases. Nevertheless,
immediately following the perturbation, the increase in the Ha light projects to 47% decrease
in confinement time using the scaling 75 o< (Ha)~%24 [202]. This is quite close to the -49%
observed change in 7g, which goes from 175 ms to 90 ms following the puff. This may be
related to the fact that transport analysis of helium-spoiled supershot plasmas [34] shows
that the confinement trends are indeed characteristic of the L-Mode regime as described
by, e.g., the ITER-89P empirical scaling. The only pronounced difference between helium-
spoiled L-Mode plasmas and comparable high-recycling deuterium plasmas seems to be that
the helium-spoiled cases reach significantly higher ion temperatures. This may be related to
dilution as discussed in the following sections.
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Figure 1. Agreement between kinetics and magnetics. (a) DD neutron rate calculated by TRANSP from
measured profiles compared with that measured directly. Following the helium puff, the calculated neutron
rate is a factor of two too large. This indicates significant dilution by helium, which was not accounted
for in the analysis. (b) Diamagnetic flux from TRANSP agrees well with result from diamagnetic loop
measurement.
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Figure 3 also shows that the 25% drop in edge ion temperature following the spoiling is
associated with a more drastic 71% drop in central ion temperature that occurs over a time
scale 150 ms following the puff. Most interesting, the drop in central ion temperature begins
immediately at the time the puff begins, rather than following the change in central density,
which actually decreases, as shown in Fig. 3. This decrease in central density may be due to
the loss of beam penetration to the core that results from the increased electron density in
the outer region. The total stored energy does not change much during this time.

This behavior is consistent with the destruction of a transport barrier located near the
half-radius. Figure 4 shows the drastic factor of four change in the ion temperature profile is
localized primarily to the inner half-radius. The evolution of the electron density profile shows
the gas puff has reached the half-radius in 40 ms, and that it effectively removes the region of
positive curvature from the density profile there in a period of 120 ms. The practical stability
condition of Chapter 3 would predict an immediate decrease in central ion temperature in
accord with that observed.

Figure 5 shows the radial electric field profile calculated from measured profiles using the
TRV code, valid for arbitrary collisionality. Prior to spoiling, a shear layer exists over the
radial range r/a = 0.3 — 0.4. Following spoiling, the radial electric field profile is effectively
flattened in the core, relaxing to a broad profile determined by the toroidal velocity. Figure
6 shows the corresponding evolution of the peak shearing rate from the TRV code and ion
thermal diffusivity inferred from the TRANSP code. The localized peak in the shearing rate
near the third-radius disappears while the ion thermal diffusivity inside this radius sharply
increases in the first 120 ms following the puff.

5.1.2 Temperature Profile Simulations

Here we estimate the effect of radial electric field shear by calculating the ion temperature
profile both with and without it, using the models described in Chapter 3. Figure 7 shows the
temporal evolution of calculated and measured central ion temperatures. The model with self-
consistent neoclassical radial electric field reproduces the high-performance supershot phase
and the L-Mode phase following the helium puff quite well. Without radial electric field
shear, the original IFS-PPPL model reproduces 63% of the difference between the L-Mode
and supershot phases, and reasonably matches the temperature in the spoiled L-Mode phase.
The emerging importance of radial electric field shear at higher temperatures, predicted in
Chapter 3, is apparent from the contrasting results of the IFS-PPPL model without shear-flow
stabilization, which is 36% low in the supershot phase.

The details of the ion temperature calculations before (3.45 sec) and after (3.85 sec) the

helium puff perturbation are shown in Fig. 8. The carbon temperature profiles calculated
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from the practical stability condition in the inner half-radius are shown, as well as those from
the fully nonlinear simulations with self-consistent neoclassical radial electric field for r/a <
0.85. The agreement is reasonable and the difference between the L-Mode and supershot
phases is well-reproduced. The comparison of calculated growth rate and shearing rate
shows that strong or nearly complete shear-flow stabilization is estimated in the region r/a =
0.25 — 0.50 before spoiling. This stabilization is entirely and permanently eliminated by the
helium puff, effectively causing the energy stored in the core to spill into the outer region
in our interpretation. The outer region suffers a loss of toroidal velocity as well in the
L-Mode phase. The volume-integrated thermal ion kinetic energy is the same before and
after the perturbation, expressing a tradeoff of ion density and temperature. The change in
temperature gradient scale lengths show that toroidal ITG marginal stability, in the sense
described by the IFS-PPPL parameterization, is also influential as described in Sec. 3.6.
The effect of the flattened electron density profile is coupled strongly to the temperature
gradient scale length in the inner half-radius. Shear-flow stabilization maintains stronger
temperature gradients before spoiling than mandated by toroidal ITG marginal stability
(under the approximations discussed in Chapter 1).

Next we justify our neglect, for simplicity, of finite concentrations of helium in the plasma.
mixture. Figure 3(a) shows that significant hydrogenic recycling accompanies the recycling
of the helium following the puff. However, we presently have no direct means of separating
the contributions of helium, deuterium, and carbon to the electron density rise following the
puff. Two constraints on the helium concentration exist. First, assuming all helium atoms
are absorbed by the plasma, and given the measured increase in the total number of plasma
electrons, the number of helium atoms in the plasma cannot exceed half this value. We find,
with a measurement of the gas valve pressure and its volume, that 19.63 Torr-liters at room

020 electrons were contained in the puff. The measured increase in the

020

temperature, or 6.87x 1
total number of plasma electrons was 7.49 x 10, which leads to an estimated concentration
Nge4/ne =~ 0.46. However, this is larger than the number of plasma electrons left over after
subtracting the beam and carbon impurity contributions from the electron density. Second,
to determine a more realistic upper bound on the helium density, we perform a sequence
of SNAP analyses while artificially varying the helium concentration, assuming a helium
density profile in the shape of the electron density profile (this is in general supported by
more elaborate simulations of the helium transport using measured diffusion coefficients and
pinch velocities [214]). We find an upper bound of 37% helium using this technique. Starting
by neglecting helium, we determine the ion thermal diffusivity x; from TRANSP. Holding x;
constant, we predict T;, using the SNAP code, for various helium concentrations up to 37%.

Because a similar helium plasma has half the number of ions, V7T; must be more negative
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to maintain constant —n;x;VT;, assuming x; is unaffected by the presence of helium. If
the ion heat transport followed Bohm scaling, then y; would be a factor of two lower in a
helium plasma relative to deuterium, while gyro-Bohm scaling predicts a stronger decrease of
1/23/2. We assume x; remains unchanged for simplicity, in view of the fact that the mixture is
dominated by deuterium and the behavior of x; in helium relative to deuterium plasmas is not
well-documented or included in the IFS-PPPL parameterization we use. Varying the helium
concentration in SNAP, starting from zero, takes the calculated central temperature from
12.25 to 15.75 keV. Adding this range of temperatures gives the error bars on the calculated
ion temperature in Fig. 7 following the helium puff. The helium fraction is predicted to be
20% for a similar discharge #61206, using a more detailed model [214] that assumes the
initial electron density rise is due entirely to helium and the diffusivity and pinch velocity
are typical of those measured by the CHERS diagnostic [215].

These results provide experimental evidence that shear flow stabilization is an effect strong
enough to double the ion temperature in high-performance supershot plasmas. Perturbations
that flatten the density gradient, and the radial electric field profile, while simultaneously
increasing the linear toroidal ITG growth rate, result in a decay to L-Mode performance
within a confinement time. The evolution of the temperature and density profiles is consistent
with a sudden release of stored energy from the plasma core to the outer region. The overall
effect of the perturbation is consistent with the sudden removal of a transport barrier, or
near transport barrier, just inside the half-radius.

Finally, Fig. 9 demonstrates that the parameter characterizing the radially and poloidally
local effect of perpendicular shear flow on the local linear stability of the toroidal ITG mode
with adiabatic electrons [110, 105] does not change as a result of the perturbation.
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Figure 2. Global effects of helium puff in lithium-conditioned supershot. (a) The density peakedness drops
to 1/2 its pre-puff value in a particle confinement time and does not recover. Shown relative to a similar
discharge without perturbation (#75832). (b) The global energy confinement time in the supershot phase is
twice that of L-Mode ITER89P scaling, decaying to the L-Mode scaling value after the puff. The confinement
is lost in one confinement time. (c) The total stored energy and injected neutral beam power. (d) Evolution
of the electron density. Note the rise during the first particle confinement time following the puff can be
assumed to be due primarily to the helium. Significant helium remains in the plasma.
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Sec. 5.1. Helium Puff Perturbation

129

TFTR #75830
L DL DL DL DL DL DL L
40 T; (CHERS) -
1 1 —— 345s
30 i -—--3.83s
7 1| -
I I )
20— | —
: iaXlS :
- i -
= -
104 TH# ]
1 )
111 i
- ’i -
O ‘FI 1 | 1 I | | 1 | 1 | T I ] I LI

7 I |

Ne (MIRI) (b) -
3.72s

2 — pu—
- 3.60s

1 —
1 (20 ms intervals)

O ] I ] I 1 l I I 1 I ] I 1 I
2.60 2.80 3.00 320 340

Major Radius (m)

30L69190°1P

Figure 4. Profile evolution during helium puff into lithium-conditioned supershot. (a) Measured ion temper-
ature profile before and after shows nearly a factor of four decrease as as result of the puff. (b) Electron

density profile evolution, showing the profile flattening from the outside in.



130 Chapter 5. Perturbation Experiments

TFTR #75830N02

OT T T T T T T

4 E _
50 I A 3.45 sec

40 — 0 3.85sec _
§30_' i
2 0. :

10 _

) :

9Z0L6L19031p

Figure 5. Radial electric field profile, evaluated from TRV code using measured profiles (neoclassical, valid
for arbitrary collisionality). Shear layer in supershot near r/a ~ 0.35 is flattened after helium puff.



Sec. 5.1. Helium Puff Perturbation

131

5830N
1.0 L L L I L LB l | I L L L L I7l LI ?2
4 i _
1 1
| 1 1
1
- I
1 ]
1 | |
0.5 I ]
- i : :
g - L\
z .
% 0.0- | !
- ] 1 -
1 1
- 1
Z L (@
'0.5 | L L L I TT1T 11 I %l LI ; L LI L I | L L)
1.5 LI l Frnria I l | L L = LI DL L I | L
. xi r/a i i -
1 0—>00175 | .
1 &=—2(0.225 |
1.0q o—00.275 |
o 1 *»—x0325 |
8 -
€ ]
0.5
i (b) %
- 3
I | g
0.0 rrri l LI l rrri I L LI L ' L L L]
34 35 36 37 38 39

Time (sec)

Figure 6. Ion thermal diffusivity and shearing rate evolve together in the core during helium spoiling. (a)
Peak shearing rate, evaluated from measured profiles using the TRV code, drops drastically, eliminating
region of strong shear-flow stabilization. (b) The ion thermal diffusivity from the TRANSP code increases
simultaneously by a large factor within the radius corresponding to the peak shearing rate.



132 Chapter 5. Perturbation Experiments

TFTR #75830N02

— CHERS ]
® Model w/Er 4
O IFS-PPPL

keV
S
|

i Beam Helium :
- notch Puff E
€

1 I LILELL I LI
3.6 3.7 3.8 3
Time (sec)

I 1
3.4 3.5

Ne

Figure 7. Temporal evolution of simulated and measured central ion temperature. The model with self-
consistent neoclassical radial electric field well-reproduces the high-performance supershot phase and the
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Figure 8. Details of ion temperature simulations before (3.45 sec) and after (3.85 sec) helium puff perturb-
ation. (a) Dashed line is carbon temperature from experiment, dotted line is temperature calculated from
shear-flow marginal stability condition in inner half-radius, solid line is from model with self-consistent ra-
dial electric field. (b) Comparison of growth rate and shearing rate. Strong or nearly complete shear-flow
stabilization is estimated in the region r/a = 0.25 — 0.50 before spoiling. The outer region indicates a loss of
toroidal velocity following the puff as well. (c) Volume-integrated thermal ion kinetic energy indicates the ion
thermal energy is unchanged by the perturbation. This is consistent with the simulations. (d) The inverse
and inverse critical temperature gradient scale lengths. The effect of the flattened electron density profile
influences toroidal ITG marginal stability in the inner half-radius. Shear-flow stabilization maintains stronger
temperature gradients before spoiling than mandated by toroidal ITG marginal stability ( as described by
the IFS-PPPL parameterization, discussed in Chapter 1).
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5.2 Deuterium Pellet Perturbation with Balanced Neutral Beam

Injection

Perturbation experiments with balanced beam injection are ideal tests of the model for the
notch and radial electric field proposed in Chapter 2. Here we consider shot #75936, which
has almost exactly balanced NBI, slightly counter-dominated. Following the perturbation,
the density profile recovers entirely, while the ion temperature profile suffers a lasting factor
of three degradation. Comparing the two times when the density profile is the same isolates
the effect of VT, on the impurity toroidal velocity, which closely resembles the radial electric
field profile with balanced beam injection. By isolating the effect of the ion temperature
gradient, this provides an experimental illustration of the connection between ion thermal
confinement and the radial electric field proposed in Chapter 3.

The global effects of the deuterium pellet perturbation are shown in Fig. 10. Two similar
discharges are shown, one with a helium puff (#75932) and one with a deuterium pellet
(#75936). The machine parameters are #75936: P, = 26.2 MW (11 MW tritium), I, = 2.0
MA, B, = 5 T, Ro/a = 2.52/0.87, Teorr = —0.05, fie = 3.8 x 10! m~3, E}, = 100 keV,
and Zeg = 2.6, where Teorr = (Teo — Tetr)/(Tco + Tetr) and T is the beam torque. Fig.
10(a) shows the density profile peaking factor n.(0)/(n.) drops by a factor of two for both
the helium puff and pellet perturbation. While the effect of the helium puff is felt after
a confinement time, the pellet causes instantaneous flattening of the density profile. The
helium causes a permanent flattening, while the pellet case recovers in a particle confinement
time. As shown in Fig. 11(a), the Ha light decays on this same timescale in the pellet case,
and remains elevated in the helium case, demonstrating their different recycling behaviors.
Figure 10(b) shows the effect on the global energy confinement time. The helium puff degrades
performance permanently to L-Mode levels, while the pellet appears to make a long, slow
partial recovery during the remaining 400 ms of beam injection. The total stored energy and
neutral beam power for the pellet case are shown in Figure 10(c). Figure 10(d) shows the
effect of the pellet on the electron density measured by fast laser interferometry, at chords
intersecting the magnetic axis, the half-radius, and near the edge. The increment in density
at the half-radius is slower than near the edge, indicating the pellet does not penetrate beyond
the half-radius. The extra electrons near the outside increase the ionization rate of incoming
beam neutrals, diminishing the beam penetration to the axis. This results in a decrease in
the central density.

The effect of the perturbation on the edge conditions is shown in Fig. 10. As discussed
above, the helium puff results in increased carbon light and hydrogenic recycling with a lasting
effect. The deuterium pellet, on the other hand, only transiently increases the recycling, with
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a smaller permanent effect primarily on the hydrogenic influx. There is no lasting effect of
the pellet on the carbon influx. The evolution of the ion temperature at the magnetic axis,
half-radius, and near the edge is shown in Fig. 10(c). The central temperature drops by a
factor of three, while the temperature at the half-radius drops by only a factor of two, and
as shown in Fig. 10(d), the temperature at the edge by only 20%. The ion temperature does
not show signs of recovery within the remaining 400 ms of neutral beam injection.

The density profile recovers relatively quickly and completely, while the ion temperat-
ure profile suffers a large and lasting degradation, demonstrating hysteresis of the energy
confinement time with respect to the peaking factor n.(0)/(ne). This violates the empir-
ical relation 7g/7L 889 ~ n,(0)/(ne) discussed in Chapter 4. This phenomenon was first
observed in Ref. [216] for the case of carbon pellet perturbations. This study confirmed pro-
file resiliency of the electron temperature [217] following the pellet, in addition to observing
that the electron stored energy actually increases transiently as a result of the perturbation.
Most interesting, however, was that in contrast with the large degradation and slow recovery
suffered by supershots, L-Mode plasmas suffered no loss of stored energy during deep carbon
pellet perturbations. We consider this supporting evidence for the fundamental difference in
core confinement characteristics between L-Mode and supershot plasmas resulting from radial
electric field shear stabilization. These 1990 experiments were also carried out with balanced
neutral beam injection, and our reanalysis of the velocity data finds a similar velocity profile
notch after the CHERS cross-section correction is applied, confirming the results of Chapter
2 with a different CHERS viewing geometry.

The electron density and ion temperature profiles before and after then perturbation are
shown in Fig. 12. A fortuitous loss of one neutral beam source following the perturbation
allowed the electron density to recover a profile virtually identical with the one prior to the
pellet. Despite this, the ion temperature takes on an effectively L-Mode profile with T; ~ T,
following the perturbation, while the electron temperature is not strongly affected.

Figure 13 shows the effect of deuterium pellet perturbation on the radial electric field.
Two times, before and after the pellet perturbation, are shown. The electron density pro-
file is the same at the two times. The measured carbon toroidal velocity profile before the
perturbation has a large notch at the radius of steepest ion temperature gradient. Following
the pellet perturbation, the notch depth is a factor of three smaller, corresponding to the
remaining thermal hydrogenic density gradient contribution. The neoclassical radial electric
field profile before the perturbation has a deep well corresponding to the notch. When the ion
temperature gradient diminishes following the pellet, the depth of the well also diminishes.
The peak F x B shearing rate is a factor of two smaller after the perturbation. This demon-

strates the basic mechanism we propose through which the temperature profile and radial
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electric field are connected. For a constant thermal ion density profile, the depth of the radial
electric field well is proportional to the ion temperature gradient, as shown in Chapter 3.
This neoclassical prediction is supported by the behavior of the measured toroidal impurity
velocity in Fig. 13 together with the relation E, ~ V,,; By + {neoclassical corrections}. Be-
cause the radial electric field in the outer half-radius is determined primarily by the toroidal
velocity, which changes less drastically there during the perturbation, the shear in the radial
electric field between the bottom of the well and the half-radius is determined by the ion
temperature gradient. Assuming a stabilizing effect of radial electric field shear, a nonlinear
relation between the ion temperature gradient and the ion temperature emerges, as shown in
Chapter 3. While this demonstration is not proof of the role played by radial electric field
shear stabilization, it serves to illustrate the basic mechanism connecting the ion temperat-
ure gradient and radial electric field, independently of the neoclassical theory, provided one
believes the qualitative relation E, ~ V;By + {neoclassical corrections}. This follows from
the large Z, limit of the radial momentum balance equation for impurities.

The pellet perturbation is also a convenient test of the effect of the temperature gradient
on the linear growth rate.! Figure 14 compares the linear growth rates from IFS-PPPL
toroidal ITG parameterization and “FULL” code. The FULL code is comprehensive with
the exception of rotation and finite banana width, and the fact that it is a radially local code
employing the ballooning representation (ng > 1 to neglect radial variation, where n is the
toroidal mode number). The latter proves to be a good approximation for the fastest growing
modes in these plasmas, which have toroidal mode numbers n = 20 — 100. The FULL code
is a eigenvalue code, which requires a labor-intensive search for the fastest-growing mode
by manually maximizing the growth rate over n. This value of n is found at the radius
of peak pressure gradient, and the same value of n is then used to trace out the growth
rate as a function of radius. The code is electromagnetic, but is restricted to electrostatic
modes here. The recent gyrokinetic initial value code of Kotschenreuther [21, 90] has been
benchmarked against the FULL code [27], which improved the collision operator for electrons
in the FULL code. The present IFS-PPPL rough parameterization for the maximum (over
kgpi) linear toroidal ITG mode growth rate is based on runs of Kotschenreuther’s code.
Figure 14(a) compares the two results prior to pellet injection, when the ion temperature
gradient is large. The agreement is generally good, and the real frequency, shown in Fig. 15,
is negative, indicating a mode propagating in the ion diamagnetic direction. The FULL code

A run of the FULL code [26, 27, 28, 17] was completed on request by G. Rewoldt for the two times,
to obtain the growth rate (for TRANSP run N02, which used an older CHERS ion temperature analysis
than NO3, resulting in a lower central ion temperature in N02). We compare this with the simple IFS-
PPPL expression used for 4{jx™ in the model and find reasonable agreement, although the trapped electron

destabilization of the even mode can be important.
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finds the growth rate is maximized for n = 56 corresponding to kgp; = 0.79. Figure 14(b)
compares two results after pellet injection, when the ion temperature gradient is reduced,
and the electron density profile is the same as in Figure 14(a). Here a discrepancy is apparent
where the real frequency is positive, e.g., when trapped electron destabilization of the even
parity (about the midplane) mode becomes important. The parameterization, found in the
near-flat density gradient limit, does not accurately describe trapped electron destabilization,
consistent with the form assumed, which involves a hard threshold in the ion temperature
gradient. At this later time, the FULL code finds the growth rate is maximized for n = 84
corresponding to kgp; = 0.86. Note these runs are based on TRANSP run N02, which used
an older version of the CHERS ion temperature, which is significantly lower near the magnetic
axis than the present one. Overall, the parameterization appears adequate to describe the
growth rate when the ion temperature gradient is strong and trapped electron destabilization
is not important. Finally, the consistency of the data used in TRANSP run NO3 is shown in
Fig. 16.
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Figure 10. Global effects of supershot perturbations. (a) Comparison of effects of deuterium pellet and helium
puff, 600 ms after the start of neutral beam injection on the electron density profile peaking factor. The
density profile more than fully recovers from the pellet perturbation in approximately a particle confinement
time. (b) Effect on global energy confinement time 7. While the density profile recovers from the pellet,
the energy confinement suffers a lasting degradation with a possible slow recovery. (c) Evolution of the
total stored energy from magnetics and the neutral beam power for the pellet perturbation. One neutral
beam source was lost following the pellet, increasing the beam torque slightly in the counter direction. (d)
Evolution of electron density chords during the pellet perturbation. The magnetic axis corresponds roughly
to R = 2.65 m, while the edge is near R = 3.35 m.
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Figure 12. Profiles before and after deuterium pellet perturbation at 3.6 seconds. (a) Ion temperature profile
at 3.45 sec. and at 3.87 sec. The electron temperature, also shown, does not change much. (b) Electron
density profile is flattened by the pellet and recovers, by 3.87 sec, to a profile identical with the one at 3.45
sec., prior to the perturbation.
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Figure 13. Effect of deuterium pellet perturbation on the radial electric field. Two times, before and after
the pellet perturbation, are shown. The electron density profile is the same at the two times. (a) The
measured carbon toroidal velocity profile before the perturbation has a large notch at the radius of steepest
ion temperature gradient. Following the pellet perturbation, the notch depth is a factor of three smaller,
corresponding to the remaining density gradient contribution. (b) The measured ion temperature profiles
before and after the perturbation. (c) The neoclassical radial electric field profile before the perturbation
has a deep well corresponding to the notch shown in Frame (a). When the ion temperature diminishes, the
depth of the well also diminishes. (d) The peak E x B shearing rate is a factor of two smaller after the
perturbation.



Sec. 5.2.

Deuterium Pellet Perturbation with Balanced Neutral Beam Injection

143

Max. Linear Growth Rat

5
x 10 3

ce.al
»

75936n02

3.45 sec
N ax = 6

(a)

x1

Y

"FULL"

—&— ITG Parameterization
— ITG with same kgpj

Code

3.87 sec
noax = 84

kgpi=0.86 -

o > 0 ®)

910L6T090°Ip

r/a

o
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parameterization was obtained from cases with relatively flat density gradients, and therefore does not
accurately describe trapped electron destabilization. The latter is evident when the real frequency w, > 0.
The agreement is good when trapped electron effects are not important. The parameterization is also shown
with the value of kgp; adjusted to equal that found using the FULL code.
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measured.
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5.3 Deuterium Pellet Injection with Recovery

Among the last experiments performed on TFTR were a series of perturbation experi-
ments motivated by the suggestion, made in this work, that pellet and helium puff perturba-
tions could be used to study the effect of radial electric field shear on ion thermal confinement
in supershot plasmas. Here we consider a supershot pellet perturbation experiment similar to
the one of the preceding section. This experiment, however, was performed with an extended
period of neutral beam heating following the perturbation. The purpose of this was to look
for signs of a possible long timescale recovery of the ion temperature. The plasma parameters
for discharge #104700 were I, = 1.6 MA, P, = 12.1 MW, B, = 4.8 T, Rp/a = 2.51/0.86
m/m, fe = 2.4 x 10} m~3, E, = 100 keV, and Tyor = 0.25 co-dominated neutral beam
injection. The slow recovery is indeed observed on a timescale several energy confinement
times, twice the time required for the recovery of the density profile. We show that the model
with E, successfully reproduces the observed hysteresis with respect to the density peaking
factor during this slow recovery. The longer timescale for energy recovery is shown to consist
of two stages:

1. An initial period during which the density profile recovers entirely and the ion temper-
ature increases, and during which radial electric field shear is unimportant, and

2. A roughly equal period following this in which radial electric field shear becomes im-
portant and leads to further increases in the ion temperature of up to 40%.

The differing timescales for the recovery of density and temperature profiles in this experiment
help separate the estimated effect of shear flow stabilization from the calculated influence of
toroidal ITG marginal stability. The progressive importance of radial electric field shear at
higher temperatures therefore provides an explanation for the slow recovery of the plasma
stored energy relative to more rapid recovery of the density profile.

The global evolution of the discharge #104700 perturbed by a deuterium pellet 700 ms
after the start of beam injection is shown in Fig. 17, together with a similar discharge #104697
that did not have a perturbation. The density profile recovers in 300 ms to a slightly more
peaked shape in 300 ms, matching the long-term evolution of the unperturbed discharge. On
the other hand, the global energy confinement time recovers on a timescale twice as long.
The recovery is not complete, but matches the “rollover” in performance associated with a
gradually increasing edge influx as indicated by the unperturbed case. The unperturbed case
had slightly higher heating power. The electron density evolution at the magnetic axis, the
half-radius, and the edge shows that the pellet penetrated beyond the half-radius but not
all the way to the magnetic axis. The central density increases slightly following the pellet
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and remains elevated for 800 ms. Virtually identical behavior was obtained in a subsequent
discharge #104710.

The edge conditions are shown in Fig. 18. Following the pellet, the hydrogenic influx
settles to a slightly higher value than before the pellet on the 300 ms timescale characterizing
the density equilibration. The carbon light is actually lower following the pellet. The edge ion
temperature recovers on the longer 600 ms timescale on which the energy confinement time
recovers. The central temperature also recovers on this timescale, but not completely. The
increased hydrogenic recycling following the pellet is consistent with the incomplete recovery
of the energy confinement, according to the empirical scaling 7 o< (Ha) %24 [202].

The ion temperature and electron density profiles before, during, and after the pellet
perturbation in #104700 are shown in Fig. 19. The pellet penetrates to r/a ~ 1/3, and
actually steepens the ion temperature gradient inside this radius, while cooling the plasma
outside this radius. Following the pellet, the temperature profile recovers nearly the same
shape but a lower temperature over the entire cross-section. The electron density profile is
made somewhat parabolic by the pellet, and recovers with a 20% higher central density and a
more peaked profile. Interestingly, the density gradient is larger inside the half-radius upon
recovery. The inverse ion temperature gradient scale lengths are shown in Fig. 21. The ion
temperature gradient inside the third-radius steepens following the pellet. This is consistent
with the behavior of the critical gradient for the toroidal ITG mode, which also increases in
the inner third-radius.

The effect of the pellet on the E x B shearing rate is shown in Fig. 20. The radial electric
field and shearing rate profiles are flattened immediately following the pellet. The toroidal
ITG linear growth rate and E x B shearing rate are driven in opposite directions during
the perturbation. The shearing rate, evaluated using the TRV code from measured profiles,
recovers on the slow 600 ms timescale to attain a 40% lower peak value. This slow evolution
is consistent with that of the energy confinement time.

We now turn to simulations of the slow ion temperature evolution using the model with
self-consistent neoclassical radial electric field. Figure 22 shows the results of the original
IFS-PPPL model and the model with self-consistent radial electric field. The top frame
compares the simulations with the measured carbon temperature at the magnetic axis. Al-
though at both radii, the model signficantly underestimates the central ion temperature, the
model with self-consistent radial electric field does reproduce the correct slow timescale for
recovery of the ion temperature. The neutron rate calculated by the TRANSP code strongly
overestimates the measured neutron rate, while Z.g ~ 1.2. A more recent analysis using the
SNAP code indicates Zeg ~ 2, suggesting a problem with the normalization of the visible
Brehmstraahlung emission in the TRANSP run on which the simulation is based. This may
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underly the discrepancy near the magnetic axis, because dilution by impurities is generally
stabilizing [90] and would raise the predicted ion temperature. The resolution of this minor
discrepancy is in progress and will be left for a future publication.

The Figure 22(b) compares the simulated and measured ion temperatures at r/a = 0.2
with better results. The model with self-consistent radial electric field reproduces the evolu-
tion of the ion temperature at this radius, including the long time scale recovery. Before the
pellet, the original IFS-PPPL model predicts a temperature 35% lower than the model with
shear flow stabilization. Immediately following the pellet, the two models find similar temper-
atures, consistent with the predictions of Chapter 3 that radial electric field shear stabilization
becomes progressively more important at higher temperatures. The slow recovery following
the pellet conveniently delineates the effect of radial electric field shear. At 3.7 seconds, 500
ms after the pellet perturbation, the temperature calculated by the IFS-PPPL model satur-
ates while the measured temperature continues to increase for another 500 ms. The model
with self-consistent radial electric field successfully follows this continued evolution.

Finally, because the TRV code is not fully time-dependent (modifications are in progress
to add this capability), it is prudent to examine the approximations made along these lines.
Because we do not predict the density, the time-dependence arises through the thermal inertia
term (3/2)0;(n;T;). In the TRV code, this term is included in the ion power balance as read
from TRANSP; it is not simulated. While at first this treatment may appear to unfairly
influence the simulation with information from the T; measurement, this is not a significant
effect during the slow recovery following the pellet. The size of the thermal inertia term,
relative to the total power density delivered to the ions, scales as the ratio of the ion thermal
energy confinement time to the characteristic time for slow ion pressure changes. In the
pellet perturbation experiment, we consider a slow recovery of the ion temperature lasting
several (between three and six) energy confinement times. Accordingly, the thermal inertia
term should be of order 25% or less of the total ion power density. Figure 23 shows the
thermal inertia term (3/2)8:;(n;T;) as a fraction of the total power density conducted and
convected by the ions, taken from TRANSP. During the time 3.4 to 3.7 seconds, the fraction
increases from -20% to +10%, and diminishes thereafter. Therefore, using the measured ion
temperature to evaluate the thermal inertia term in the power balance does not influence the
evolution of the calculated ion temperature strongly. The simulation successfully follows the
slow recovery of its own accord.

Further work might test against “supershot overdrive” experiments, which provided per-
turbations essentially opposite the gas puff and pellet perturbations. The observed hysteresis
is qualitatively consistent with the coupling of particle and ion thermal energy transport by

radial electric field shear as discussed in Chapter 3. These experiments [200] made use of
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Figure 17. Global effects of deuterium pellet perturbation 700 ms following the start of neutral beam injection
(#104700). (a) The electron density profile recovers on a timescale 300 ms, and is more peaked after the
pellet. (b) The global energy confinement time recovers much more slowly than the density profile, on a
timescale twice as long. (c) The beam power is constant and the stored energy does not fully recover. (d)
Electron density chords near the magnetic axis, the half-radius, and the edge.
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a initial doubling of the neutral beam power for roughly an energy confinement time. The
initial beam powers were well beyond levels which would cause a disruption if maintained in
equilibrium. The technique produced highly peaked density profiles which were associated

~Mode | 16(0)/(ne) ~ 3.5. In some cases,

with enhanced energy confinement times 75/ TE
the improvements were sustained for several energy confinement times, demonstrating a re-
markable hysteresis. The fact that the peaked density profiles were self-sustaining, well after
the increased fueling ceased, illustrates another case where the the density profile shape and
beam fueling profile are decoupled. The energy confinement time follows the shape of the

electron density profile.
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Figure 18. Edge conditions during deuterium pellet pellet perturbation in #104700. (a) Ha and CII light.
The increase in Ha light projects to a -4% change in 7, but the observed change is -18%. (b) The change
in edge ion temperature is of order -13% upon recovery. (c) The change in central ion temperature upon
recovery is -13% as well. The ion temperature at the half-radius and edge are also shown.
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Figure 19. Ion temperature and electron density profiles before/during/after pellet perturbation in #104700.
(a) The pellet penetrates to r/a ~ 1/3, and actually steepens the ion temperature gradient inside this radius,
while cooling the plasma outside this radius. Following the pellet, the temperature profile recovers nearly the
same shape but a lower temperature over the entire cross-section. (b) The electron density profile is made
somewhat parabolic by the pellet, and recovers with a 20% higher central density. The density gradient is
larger inside the half-radius upon recovery.
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Figure 20. The deuterium pellet flattens the radial electric field profile and transiently eliminates the peak
in the shearing rate in the core. The shearing rate does not fully recover following the pellet. The growth
rate, due to density profile flattening, moves strongly in the opposite direction during the perturbation.
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Figure 21. Evolution of ion temperature gradient scale lengths during deuterium pellet perturbation. (a)
Temperature gradient steepens following the pellet for r/a < 1/3. (b) Critical gradient also steepens at the
same radii, suggesting an influence of toroidal ITG marginal stability in response to the density gradient.
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Figure 22. Calculated and measured ion temperatures for the deuterium pellet perturbation experiment
#104700. (a) Both the model with self-consistent radial electric field and the original IFS-PPPL model
fall short of the measured temperature at the magnetic axis. The TRANSP agreement indicates potential
inconsistencies in the input data. (b) The agreement between the calculated and measured temperatures
is better at 7/a = 0.2. The model with self-consistent radial electric field successfully reproduces the slow
recovery of the ion temperature profile (relative to the density profile) following the pellet. In addition,
the difference between the results of the original IFS-PPPL model and the model with self-consistent radial

electric field is small at low temperatures.
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Chapter 6

Favorable Power Scaling

6.1 Introduction

On the basis of the radial electric field calculations of Chapter 3, which predict a large
well structure in the radial electric field inside the half-radius in supershots, one may expect
some qualitatively different behavior in the transport characteristics of the core and the
edge. This is indeed observed {51, 218]. Globally, supershots display weak or favorable
global power scaling as reviewed briefly in Chapter 4, evident in the empirical global scaling
75 = 0.024 (ne(0)/(ne)) 61318 P12 [189]. The variables in this scaling are themselves
strongly correlated, i.e, n(0)/(ne) increases strongly with beam power. This is in marked
contrast with the behavior of L-Mode (degraded) regimes, which are self-defeating to the
extent that 7p o< P, 12, Figure 7 of Ref. [34] demonstrates the favorable core scaling of
the experimentally inferred x; and ne(0)/(n.) with heating power in supershots, relative to
helium-spoiled L-Mode plasmas, over the range of heating powers 7-21 MW. We suggest in
this chapter that the nonlinear coupling of improvements in particle and energy transport,
taking place through radial electric field shear stabilization, underlies these observations. In
the plasmas studied there, n.(0)/(n.) begins to improve with power, departing from L-Mode
behavior, for P, 2 15 MW. At lower powers, the scaling of ne(0)/(ne) with power is similar
to L-Mode. It is also shown, in Fig. 6 of Ref. [34], that the line-average density increases
strongly with beam power. The scaling of the momentum diffusivity x, with temperature is
also addressed in Ref. [34] by carrying out power scans at constant torque with and without
helium spoiling. The resulting behavior of x, was found to be very similar to that of x;.

Because the majority of the kinetic energy, typically 75%, is stored inside the half-radius
in supershot plasmas, where the temperature and density are large, the weak or favorable

global scaling with heating power must be an indication of favorable behavior in the core.

157



158 Chapter 6. Favorable Power Scaling

Table I. Discharges in supershot beam power scan.
Shot P,(MW) Teotr Zew e 10°(m™3) n.(0)/(n.) 7g(ms) rhermal(mg) 7g/7LTERSOP

79118 5 -0.07 3.30 1.7 1.77 151 102 1.08
79121 8 031 285 2.0 1.94 161 109 1.41
79014 13 0.15 264 2.5 2.40 164 99 1.72
79084 18 0.14 262 29 2.61 158 94 1.92

This is indeed the case; in the core a very rough effective scaling x; o< 1/T; is inferred
experimentally at fixed radius, while in the outer region, x; degrades with 7T; as in the L-
Mode regime [51, 218]. Effectively, the favorable scaling of the core and the unfavorable
scaling of the outer region combine to give a weak global scaling of 7 with P,. Here we
demonstrate that radial electric field shear stabilization is necessary to reproduce the the
favorable scaling of ion thermal confinement in the core. We emphasize that the experimental
result x; < 1/T; is not in fact a local scaling law, but an approximate indication of favorable
temperature scaling in the inner half-radius. The exponent of this inferred scaling changes
with radius, for example. We speak in terms of this result simply to illustrate that our model

reproduces this observation but with an entirely different interpretation.

6.2 Model Simulations

We have selected four deuterium supershot discharges with the same machine setup para-
meters, but differing injected neutral beam powers, ranging from 5-18 MW. The global para-
meters are I, = 1.6 MA, B, = 4.7 T, Ry/a = 2.52/0.87, fie ~1.7-3x101% m~3, Z.g ~ 2.6-3.2,
and quasibalanced NBI with —0.1 < Ttofr < 0.3, where Toofr = (Teo — Tetr) / (Teo + Tetr) Where
T is the beam torque, and beam voltage 100 keV. The parameters are shown in Table I. Here
the thermal confinement time is taken from SNAP analysis [134]. Both the line-average elec-
tron density and n.(0)/(n.) increase significantly, and Z.g decreases with beam power. The
global energy confinement times show no correlation with beam power, presumeably because
the unfavorable scaling of the outer region and the favorable scaling of the inner region coun-
terbalance. However, nearly a factor of two improvement with respect to the confinement
time from L-Mode scaling is observed over the scan.

Next we simulate the ion temperature profiles over the region r/a < 0.85 using the
modified IFS-PPPL model with self-consistent neoclassical radial electric field as described
in Chapter 3. In Figure 1(a) the ion temperatures from the experiments are shown together
with the simulated ion temperature profiles. The agreement is quite good. Here we use the
diffusivity from the TRANSP code in the TRV code, which more accurately calculates the
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Figure 1. Results for supershot beam power scan. (a) Simulated hydrogenic ion temperature profiles for
r/a < 0.85 compared with experiment. (b} Ion thermal diffusivity simulated by the model with radial electric
field shows the expansion of the region of enhanced confinement with heating power.
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Figure 2. Parametric variation of the ion thermal diffusivity with ion temperature simulated by the model
with self-consistent neoclassical radial electric field as a function of heating power. The simulated scaling in
the inner half-radius is progressively more favorable toward the magnetic axis, while unfavorable behavior is
simulated outside the half-radius.

interspecies ion temperature difference, to obtain the “experimental” hydrogenic temperature
profiles for comparison. This helps to eliminate subtle errors from geometrical factors, source
terms, etc., between the two codes as well. Frame (b) shows the ion thermal diffusivity
simulated by the model with self-consistent radial electric field. The model reproduces the
outward expansion with heating power of the enhanced confinement region r/a < 0.4, while
little change is simulated for the region r/a > 0.4.

Figure 2 shows the simulated behavior of the ion thermal diffusivity x; at various radii
as a function of ion temperature for the beam power scan. The simulated scaling with
temperature in the inner half-radius is progressively more favorable toward the magnetic
axis, while unfavorable behavior is simulated outside the half-radius. The figure bears a
strong resemblance to the results in Ref. [34, 218], which were inferred from experimental
data by transport analysis using the SNAP code. Figure 3 compares the same plot of x;,
frame (a) as inferred from the experimental data, and frame (b) as simulated by the model.
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Here we infer the ion thermal diffusivity using TRANSP Monte Carlo analysis, assuming a
convective multiplier of 3/2. The convective heat transport is treated separately, and does not
contribute to the y; shown. The model reproduces the scaling of the ion thermal diffusivity
with ion temperature at each radius. Given the difficulty in generating this comparison, which
is sensitive to local gradients, the qualitative agreement is taken to be quite reasonable.

Figure 4 compares the ion hydrogenic temperatures simulated using the original IFS-
PPPL model with the values from the experiments. The original model does not reproduce
the favorable power scaling without radial electric field shear stabilization, except at the
lowest temperatures. The agreement is good for P, <5 MW.

In Fig. 5, the comparison of growth rate and shearing rate for the members of the power
scan is shown. At very low powers, both growth rate and shearing rate are quite small. As
the injected power increases beyond 13 MW, a shear layer is present, initially very near the
magnetic axis. As the power is further increased, the region of strong flow shear expands
toward the half-radius. The comparison of the inverse temperature gradient scale length and
critical inverse scale length are shown also in Fig. 5. The behavior of the toroidal ITG critical
gradient scale length appears to be influential as well, and dominates the simulation at low
temperatures and heating powers in the inner half-radius. As the power increases, shear-
flow stabilization makes the necessary deviation from toroidal ITG marginal stability, in the
sense clarified in Chapter 1, possible so that the measured temperatures are reached. The
qualitative effects shown here are quite similar to those observed with lithium pellet injection,
as shown in Chapter 4. Figure 6 shows the radial electric field E, evaluated from measured
profiles using the TRV code. As the heating power increases, the temperature and density
gradients give increasingly negative contributions in the core, superposed on the broad profile
due to the toroidal velocity. This creates a shear layer that moves outward in radius as the
beam power increases. The important contribution to the shearing rate in Fig. 5 comes from
this shear layer. The lowest power case has very slightly counter-dominated NBI. Similar
co-dominated cases have a broad radial electric field profile with no shear layer.

The three models described in Chapter 3, the modified model with self-consistent neo-
classical radial electric field, the IFS-PPPL model, and implications of the practical stability
condition are compared in the following. Figure 7 shows the agreement of the central tem-
peratures through the scan. The model with self-consistent radial electric field agrees very
well with the experimental values, and therefore reproduces the favorable power scaling of
supershots. The IFS-PPPL model agrees reasonably for very low powers, but progressively
falls short of the experimental temperature as the power increases. This demonstrates that
the influence of the critical gradient is less significant relative to that of the radial electric
field at higher powers. This behavior is also evidence for the nonlinearity in the ion temper-
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Figure 3. Comparison of simulated and experimental scalings of ion thermal diffusivity x; with hydrogenic
ion temperature T;. (a) Experimental values as inferred from TRANSP Monte-Carlo analysis. (b) Simulated
values from the modified IFS-PPPL model with self-consistent radial electric field.
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Figure 4. Ion temperatures simulated by the original IFS-PPPL model without shear flow stabilization.
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Figure 5. The shearing rate and growth rate comparison for the supershot beam power scan. At low powers,
shear flow stabilization is unimportant. As the power increases, the shear-flow stabilized region expands
outward toward the half-radius. The increased ion temperature is partly due to the increased critical gradient
together with a comparable contribution of shear-flow stabilization with increased heating power.
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Figure 6. Radial electric field evaluated from measured profiles using the TRV code. As the heating power
increases, the temperature and density gradients give increasingly negative contributions in the core, super-
posed on the broad profile due to the toroidal velocity. This creates a shear layer that moves outward in
radius as the beam power increases.

ature expressed in Sec. 3.6. The analytical practical stability condition reproduces the power
scaling with a slight offset. At 18 MW, which is approximately 1/2 of the total beam power
available on TFTR, the difference in central ion temperatures due to FE, is approximately
45%. Thus the effect of radial electric field shear stabilization increases strongly with heating

power.

6.3 Conclusion

Figure 8 compares the model with self-consistent E, to the original IFS-PPPL model as
a function of heating power. This clearly shows, because the model with E, shows excellent
agreement with the experimental values of the ion temperature over this range, that radial
electric field shear stabilization is unimportant at low heating powers P, S 5 MW, where
the two models give the same temperatures. As the heating power is increased, the results

of the model with and without shear-flow stabilization diverge, and are nearly a factor of
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Figure 7. Comparison of central ion temperatures simulated and from the experiments. The model with
self-consistent radial electric field accurately reproduces the favorable power scaling over a factor of three
variation in heating power. The original IFS-PPPL model agrees at very low heating powers, but falls
progressively short at higher powers, demonstrating the increasing importance of radial electric field shear
at higher temperatures.
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two different at the highest power (18 MW) in the scan. We will see in Chapter 7 that the
power level where the two models diverge is approximately the same power level at which
the isotope effect begins to become noticeable. In addition, the qualitative behavior shown
by the practical shear-flow stability condition of Chapter 3 with increasing power is similar
to that for increasing numbers of pre-beam lithium pellets, as shown in Chapter 4.

Favorable power scaling is also characteristic of the hot-ion H-Mode regime. In JT-60U,
for example, the hot-ion H-Mode regime shows favorable power scaling relative to ITER-89P
for P, 2 10 MW of heating power, qualitatively similar to that of TFTR supershot plasmas
[179]. Much of this can be attributed to the incremental energy stored in the H-Mode edge
pedestal, because the edge pressure increases exponentially with heating power [179]. This
may be explained using an approach similar to ours by integrating the practical stability
criterion inward across the transport barrier. In supershots, the edge density is actually
lower than in similar L-Mode plasmas [196], so there is no large edge pedestal. However, the
pressure in the core increases with beam heating power nonlinearly in a way resembling the
H-Mode edge. We suggest this is due to the nonlinear coupling of reductions in ion thermal
and particle transport by radial electric field shear stabilization.

In summary we have demonstrated that radial electric field shear stabilization is neces-
sary to reproduce the favorable scaling of supershot core ion thermal confinement with beam
heating power, in the case where the toroidal ITG mode (in the approximation with adiabatic
electrons) is assumed to be the dominant instability in the core region. Both the linear (for
r/a < 0.5) and nonlinear (for r/a < 0.85) simulations well-reproduced the variation in ion
temperature over a factor three variation in heating power. The expansion of the region of
enhanced ion thermal confinement with heating power was demonstrated and reproduced. In
addition, we were able to qualitatively reproduce the inverse variation of the core ion thermal
diffusivity x; with ion temperature by including the effect of radial electric field shear stabil-
ization. Finally, the comparison of the model with and without shear flow stabilization shows
that radial electric field shear is unimportant at the lowest heating powers, and gradually
gives rise to factor of two increases in the ion temperature even for moderate heating powers

of 18 MW.
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Figure 8. (a) Comparison of central ion temperatures simulated by the model with shear-flow stabilization
and the original IFS-PPPL model. The increasing importance of shear-flow stabilization with heating power
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Chapter 7

The Isotope Effect in

Deuterium-Tritium Plasmas

7.1 Introduction

The isotope effect in observed in deuterium-tritium supershot plasmas is significantly
stronger than in the L-Mode regime. The global scaling of the energy confinement time is
given by 75 « A?.80—0.89 in TFTR supershots, while on the other hand, TFTR deuterium-
tritium L-Mode plasmas show the scaling 75 o< A9 typical of other experiments, where
A; is the volume average thermal hydrogenic atomic number [52]. Further, the effect in
supershot plasmas is primarily in the ion channel, while in the L-Mode case, it is in the
electron channel. Our first analysis [219, 220, 221, 53, 222, 223] of TFTR deuterium-tritium
supershots revealed this strong effect in supershots in the ion channel, which was a surprise
in light of the 75 ox AY? scaling obtained in a large number of other experiments comparing
hydrogen and deuterium mixtures [224, 54].

In this chapter we propose an explanation for the apparent discrepancy between the
isotope effect in TFTR supershot and L-Mode deuterium-tritium plasmas on the basis of
amplification by radial electric field shear. In addition, this chapter provides useful tests of
the models introduced in Chapter 3, with wide variations in heating power, toroidal rotation,
and isotopic mass in deuterium-tritium plasmas. We demonstrate that both the modified
IFS-PPPL model, with self-consistent neoclassical radial electric field, as well as the practical
stability criterion of Chapter 3, well-reproduce the ion temperature profiles in the majority
of 45 supershot discharges. Accordingly, the models including a self-consistent radial electric
field distinguish the isotope effect from favorable power scaling. This confirms our original
hypothesis [75] that radial electric field shear stabilization amplifies the isotope effect in the

169
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supershot regime.

Improvements of thermal confinement with isotopic mixtures of increased mass were first
reported in Ref. [224]. Subsequently, the effect on was observed on a variety of tokamaks
around the world, as reviewed in Ref. [54]. In beam-heated, degraded confinement regimes,
when hydrogen is replaced by deuterium as the primary thermal species, the global energy
confinement time is observed to increase roughly in proportion to 75 ~ A} / 2, where A; is
the average atomic mass, in ASDEX, DIII, DIII-D (ECRH), JFT-2M, and JT-60U. These
experiments, except in the ECRH case, use hydrogen neutral beam injection into gas-fueled
deuterium or hydrogen plasmas. In similar beam-heated L-Mode regimes, improvements of
order half this are observed in JET [225], which compared nearly pure hydrogen and deu-
terium plasmas using the either hydrogen or deuterium neutral beam injection, and TFTR,
using deuterium beam injection into hydrogen plasmas. No improvement was observed in
DIII-D L-Mode plasmas, on the other hand, with deuterium beam injection relative to hydro-
gen beam injection. The TFTR L-Mode experiments were performed with deuterium neutral
beam heating up to 7 MW, in mixtures containing as much as 65% hydrogen to as little as
10%, varied by saturating the limiter with hydrogen. The results showed only a 15% change

0.41+0.12
Ai

in global energy confinement time [226], similar to JET, corresponding to 75 and

o AP0 iy deuterium relative to hydrogen plasmas with matched electron density
profiles. Moreover, the effect was entirely in the electron channel.

In beam-heated plasmas, the beam stored energy is larger for heavier isotopes, injected
at the same voltage, because the slowing-down rate on ions decreases. Assuming the injection
energy FE is the same for different isotopes, the beam stored energy W, is proportional to
the stopping time 7gop (Ang /2 /Z2ne) In(1 + El?,’/ 2 /Eg/ 2), where A is the atomic mass of
beam ions, E, is the critical energy at which the slowing down rate on electrons and ions is
equal, where E), < E, typically, T, is the electron temperature, and n. is the electron density.

The critical energy is
E. =148 A4, [Z]*? T, (1)

where A; is the average hydrogenic mass, and T, is the electron temperature. The definition
of [Z] is

(thermal ions) N 72
— 223
[Z] - Z Tle A] (2&)
1 6—Zg mpy 1 Zeg—1
—Ai( 5 ne)+2( 5 ) (20)

where in the second expression a two species plasma composed of a hydrogen isotope and a
carbon impurity has been assumed, where n; is the density of beam ions, n. is the electron



Sec. 7.1. Introduction 171

density, and Zeg = 3; anf /ne. For typical values in L-Mode plasmas np/ne ~ 0.1 and
Zegg ~ 2, we have [Z] = 0.05 + 0.7/A4; x 1/A;. Expanding the stopping time Tgop o
(Ang' /2 /neZE) In(1 + EE/ 2 /Ec3/ 2) for Ey < E., with constant injection energy and Z, = 1,
gives

W, o« AZ3 412, (3)

The ratios of the beam stored energy W, for pure (hydrogen:deuterium:tritium) plasmas
are then approximately (1.00:1.12:1.20). Isotopic increases of order 10%-20% are typical
as calculated by the SNAP [134, 135] and TRANSP [50] codes. This small increase is in
principle reflected in the total stored energy from magnetics measurements, and a transport
analysis is required to separate the increase in the energy stored in the thermal plasma, which
is determined by changes in heat and particle transport and to a much lesser extent, changes
in heating and fueling. In principle, the injection voltage could be adjusted to compensate
this classical increase in beam stored energy in experiments designed to isolate an isotope
effect in the thermal energy confinement. On the other hand, this would tend to increase
differences in the deposition profile that arise from the lower injection velocities and reduced
penetration of heavier isotopes. In addition, for heavier plasmas, the critical energy is larger.
For experiments injecting below the critical energy, this shifts power delivery toward the
ions [219]. This is not a strong effect in deuterium-tritium plasmas, and is fortunately in a
direction opposite increases in the thermal stored energy.

More recent experiments [227], using ICRF heating alone, which is subject to similar
considerations for the slowing-down minority tail, have confirmed an effect in the electron
channel in deuterium and deuterium-tritium L-Mode plasmas of order 75 ~ A?'35'0‘5°, which
appears to be weaker with increased heating power. The advantage of ICRF heating is that,
because the tail ions are born perpendicular, the resulting anisotropy is an indication of the
tail stored energy as measured by magnetics. In addition, the average energy of tail ions is
considerably larger than E,, so they slow down primarily by collisions with electrons. Sim-
ilarly, many smaller tokamaks achieve temperatures less than 5 keV, so that beam injection
is typically at energies above E,.

The supershot regime, during the first high power DT experiments on TFTR, displayed
a surprisingly strong scaling 7 A?'8°"°'89. where A; is the average hydrogenic atomic
number. The first analysis of this effect [219, 220, 221, 53, 222, 223] using the SNAP equi-
librium code [134, 135}, which performs a Fokker-Planck beam slowing-down and deposition
calculation separately in each radial zone, together with neutral wall deposition calculations,

and particle, momentum and energy balance calculations, showed that:

e The improvement was in the ion channel with little effect on electron energy transport.
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o A significant part of the increase in stored energy could be accounted for by the thermal
ions, consistent with the apparent increase in ion temperature observed.

e A reduction in the ion thermal diffusivity x; of roughly a factor of two over much of
the plasma cross-section was evident.

e The partitioning of beam power was shifted more toward the ions slightly with tritium

neutral beam injection.

e The a-particle heating was offset by a comparable reduction in beam to electron heating
[228].

e The fraction of thermal tritium was inferred by finding the point of intersection of the
neutron rate curves for 50:50 and 100:0 ratios of the injected neutral beam powers

Pr: Pp.

The second item above was important because the effect of the beam isotope on the ion
temperature, as measured by the CHERS diagnostic, was not well-characterized at the time.
These results were obtained from the first high power deuterium-tritium experiments, which
were designed to achieve maximum fusion power, rather than to provide controlled condi-
tions for the study of transport. In particular, heating powers were restricted to the range
20-30 MW to provide high neutron rates while avoiding disruptions. In addition, the first
comparison pair of discharges, 73265 (DD) and 73268 (DT), benefitted from preceding dis-
charges with two tail-end lithium pellets. The machine parameters were generally robust
(Ppj = 20 — 30 MW, Ry/a = 2.52/0.87 m/m, I, = 1.8 — 2.0 MA, ng = 7.5 x 10!® m™3,
B, =5 T). These discharges, while not affected by MHD tearing-type modes [229], did suf-
fer degradation during beam heating due to moderately increasing edge hydrogenic influx, in
accord with the empirical scaling 75 o< (Ha)~%2* [202]. Although the widest possible range
of isotopic mixtures on TFTR (1.9 < A; < 2.6) was attained in the first high power DT ex-
periments, the limited range of heating powers prevented a determination of the importance
of the favorable scaling of core ion heat transport with ion temperature x; o< 1/T; [51]. This
issue needed to be addressed to ensure that the “isotope effect” was not an artifact of some
small effect, perhaps indirectly associated with isotope, which was then made to appear large
through the favorable dependence on T;.

Further extensive experiments in the supershot regime were dedicated to the isotope
effect in deuterium-tritium plasmas [55] under more controlled conditions. In particular
a power scan in deuterium, paralleled by one with pure tritium neutral beam injection,
confirmed the suprising strength of the effect in conditions better suited to transport studies
[65, 56). These experiments also revealed an apparent power dependence of the isotope effect
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in supershot plasmas. The power scan was carried out in order to distinguish the isotope
effect from the favorable approximate scaling x; « 1/T; in the core, and successfully resolved
the two effects. Accordingly, the increase in ion temperature with tritium neutral beam
injection was attributed to the change in isotope alone. Momentum transport was studied in
parallel DD/DT sequences with co-only beam injection as well and showed a rather strong
improvement with tritium neutral beam injection. The TFTR results in various regimes are
further reviewed in Refs. [230, 52].

7.2 Mechanism for Amplification of the Isotope Effect in Su-

pershot Plasmas

The first theory proposed to explain the ohmic heating results can be found in Refs.
[231, 232]. This work captured the Z.g dependence as well as the isotope effect. Another
similar theory describes the isotope effect but not the Z.g part [233] relevant to helium
plasmas. An analogous argument, for the toroidal case, compromising the resonance of
the toroidal ITG mode, was proposed in Refs. [234, 235]. Very recently, the IFS-PPPL
model, with shear-flow extension, was applied to explain the isotope effect in a pair of L-
Mode plasmas on TFTR, using the static radial electric field as inferred from measured
profiles [52]. This was motivated by the well-known observation [54] that the isotope effect
is opposite the gyro-Bohm scaling of x; calculated by the original IFS-PPPL model [16] and
most other drift-wave models. Including shear-flow stabilization broke gyro-Bohm scaling
and showed promise to explain the isotope effect in the L-Mode regime. We point out that
the radial electric field in L-Mode plasmas is determined to a very good approximation by
the toroidal velocity alone, as shown in Chapter 2, where E, ~ V,,; By ~ V,; By. Because the
radial electric field (toroidal velocity) was calculated from measured profiles in Ref. [52], the
results demonstrated consistency with the trend observed, but were not truly predictive. In
the supershot case, the strong dependence of shear-flow stabilization on the ion temperature
requires a simultaneous determination of the radial electric field, both for proper convergence,
and to avoid undue influence from the measured ion temperature.

It was suggested in Ref. [75] that radial electric field shear stabilization, nonlinearly
coupled with increases in the ion temperature, could provide the mechanism for amplifying
the isotope effect in supershots, given a weaker intrinsic scaling of the variety 75 o A:/ 2,
Here we provide a conclusive answer to this hypothesis, which proves to be true.

The practical stability criterion discussed in Sec. 3.6 provides the framework for ampli-
fication of an intrinsic isotope effect. Figure 1 shows the strongly nonlinear behavior of the

central ion temperature as a function of the ion temperature at the half-radius, for a compar-
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Figure 1. Mechanism of the strong isotope effect in TFTR supershots: Nonlinear amplification by radial
electric field shear. The central ion temperature is shown as a function of the ion temperature at the half-
radius, for a comparison pair of discharges having the same injected beam power and directionality. The
dotted curves show the profiles corresponding to toroidal ITG marginal stability, while the solid curves show
the result from the shear flow marginal stability criterion wexB = Ymax- In this comparison, a difference in
Ti(r/a = 1/2) of only 0.6 keV corresponds to a measured increase in 7;(0) of 8 keV and a predicted increase
of 7 keV. Without the effect of radial electric field shear, the estimated difference in central ion temperature
is only 1.5 keV.

ison pair of discharges having the same injected beam power and directionality. The dotted
curves show the profiles corresponding to toroidal ITG marginal stability as described by the
IFS-PPPL parameterization, while the solid curves show the result from the practical sta-
bility criterion. If the L-Mode like outer region showed a small improvement corresponding
to, e.g., T ~ A} 2 scaling, then this would be amplified nonlinearly to create large increases
in central temperature. In this comparison, a difference in T;(r/a = 1/2) of only 0.6 keV
results in a measured increase in T;(0) of 8 keV and a predicted increase of 7 keV. Without
the effect of radial electric field shear, the estimated difference in central ion temperature is
only 1.5 keV.

Figure 2 shows the original pair of discharges used to demonstrate the isotope effect.
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The ion temperature profile in the deuterium-tritium discharge is clearly more broad, while
some small improvement is evident in the electron density. In this comparison, we perform
a careful TRANSP analysis, using CHERS carbon density profile data for Z.g, normalized
to the chordal visible Brehmstraahlung emission (see Fig. 3). The latest available CHERS
analysis was carried out to obtain the ion temperature, carbon density, and carbon toroidal
velocity profiles with cross-section correction [59]. Figure 4 shows the kinetic (TRANSP)
vs. experimental (magnetics) comparison of the diamagnetic flux and neutron rate for both
cases is quite good. This demonstrates an excellent level of self-consistency in the input
data, which was taken immediately following a concentrated effort in preparation for the
high-power deuterium-tritium campaign on TFTR.

7.3 Simulations of Temperature Profiles

7.3.1 Initial DD/DT Comparison Pair

Next we turn to the nonlinear simulations of the ion temperature using the modified
IFS-PPPL model with self-consistent radial electric field, as described in Chapter 3. For
this comparison, the CHERS data was reanalyzed with the most recent background model
and the data analysis is fairly comprehensive. Accordingly, it provides a useful benchmark.
Figure 5(a,b) show the comparison of simulated and experimental temperature profiles for
r/a < 0.85. The experimental profiles of hydrogenic ion temperature were obtained by
using the ion thermal diffusivity from the TRANSP code in the TRV code to obtain the
temperatures of hydrogenic and carbon ions. The carbon temperatures obtained using this
technique are close to the measured values as will be shown in the following sections. In
addition to providing a more accurate hydrogenic temperature for comparison, this helps
renormalize subtle errors in the comparison resulting from differences in geometric factors
and power deposition profiles between the two codes. Note the hydrogenic temperature is
used in the IFS-PPPL parameterization and the calculated radial electric field, making it
the more fundamental quantity in comparisons of the model with experiments. Respectable
agreement with the measured carbon temperature is also obtained. The corresponding ion
thermal diffusivities are shown in Figure 5(c,d). The agreement is very good, and the isotope
effect in the ion channel is successfully distinguished.

Figure 6(a) shows the inferred impurity-hydrogenic ion temperature difference arising
from classical collisional beam heating and classical interspecies energy exchange. Frame (b)
shows the growth rate and shearing rate comparison. Evidently the behavior inside the half-
radius is quite similar in the two cases. However, a significantly larger effect of shear-flow

stabilization is evident in the outer half-radius in the DT case. Because the outer half-radius
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in TFTR. (a) Measured ion temperature profiles. (b) Measured electron density profiles. Shown 450 ms
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has local transport characteristics similar to L-Mode plasmas, this is consistent with the
suggestion for L-Mode plasmas posed in Ref. [52] using a static radial electric field. Then the
mechanism illustrated in Fig. 1, involving the self-consistent radial electric field, amplifies
this difference in the core for r/a < 0.5. Frame (c) compares the volume-integrated thermal
ion kinetic energy, showing the model with self-consistent radial electric field reproduces the
isotope effect quite well. Frame (d) shows the inverse temperature gradient scale lengths.
The critical gradients for the toroidal ITG mode (without an accurate treatment of trapped
electron destabilization or including rotation effects) from the IFS-PPPL model [16] are
almost identical. The original IFS-PPPL model finds an insignificant isotope effect. The
effect of shear-flow stabilization is clearly evident over the radial range 0.2 < r/a < 0.5,
where the ion temperature gradient significantly exceeds the critical gradient. In the outer
half-radius, the nonlinear saturation level becomes important. There the deviation from
toroidal ITG marginal stability (as described by the IFS-PPPL parameterization near the
flat density gradient limit, in the absence of sheared flows) is progressively stronger toward
the edge, and not strongly compensated by shear-flow stabilization, and the simulated ion
thermal diffusivity increases monotonically with minor radius as observed [16].

7.3.2 Parallel Supershot Beam Power Scans in DD/DT (45 Discharges)

Next we consider the same set of 45 discharges studied in Refs. [55, 56], using the same
set of TRANSP analyses carried out as a part of that work. In cases with pure tritium
beam injection, the thermal deuterium density was effectively measured via neutron rate
profiles from the neutron collimator [56], and in all cases, the Z.g profiles were assumed
flat. Although it would be quite straightforward to use more recent carbon density profile
data from the CHERS diagnostic, we did not consider the issue important enough to merit
reanalysis of all 45 discharges. As a basis for this, we point to our having obtained very
good agreement between the simulation and the measurement in a number of comparison
pairs (e.g., in the preceding section) while including Z.g profiles, and also in this section
while assuming flat Z.g. As discussed in Chapters 3 and 4, this issue is more important if
one considers Zgg profiles from the visible bremsstrahlung chordal array, rather than carbon
density profiles from the CHERS diagnostic, which are less hollow. The global parameters
are I, =1.6 MA, Ry/a = 2.52/0.87, B, = 48 T, P, =5-23 MW, and a range of beam
directionalities, including many shots with balanced and co-only injection. The basic purpose
was to carry out a power scan with deuterium neutral beam injection and a parallel power
scan with tritium neutral beam injection so that the favorable temperature scaling of ion
thermal confinement could be separated from the isotope effect [55]. The edge hydrogenic
recycling remains constant to within 5-10% in DD/DT comparisons at the same heating
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Figure 5. DD/DT comparison pair: simulated and experimental temperature profiles for r/a < 0.85 from
the modified IFS-PPPL model with self-consistent neoclassical radial electric field. The corresponding ion
thermal diffusivities are shown in Figure 5(c,d). The agreement is excellent, and the isotope effect in the ion
channel is successfully distinguished.
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Figure 6. DD/DT comparison pair: details of simulated temperature profiles. (a) Simulated carbon and
hydrogenic temperatures. (b) Comparison of toroidal ITG growth rates and E x B shearing rates. (c)
Volume integrated thermal ion kinetic energy simulated and from the experiment. The isotope effect is
well-reproduced. (d) Inverse ion temperature gradient scale lengths of the simulation with self-consistent
radial electric field together with the critical ion temperature gradient scale lengths from the IFS-PPPL
parameterization.



182 Chapter 7. The Isotope Effect in Deuterium-Tritium Plasmas

power, while the CII emission is often 20% higher in tritium-injected plasmas. However, the
correlation of this with performance during beam injection has not been established [202]. In
addition, the radiated power fraction does not change appreciably over the data set [55].

Figure 7 shows the ratio of the simulated central hydrogenic ion temperature to the
experimental value, averaged over all 45 discharges, regardless of conditions. This shows
that the model with self-consistent radial electric field reproduces the central hydrogenic ion
temperature to within +745% on average. The original IFS-PPPL model, without E,, gives
temperatures 35-40% low relative to the experimental value on average, and temperatures
40-45% low relative to the model with self-consistent radial electric field, in the core. This
demonstrates that radial electric field shear stabilization is an typically an effect important
enough to double the ion temperature in the core.

Figure 8 shows the distribution of the errors for the original IFS-PPPL model, the model
with self-consistent radial electric field, and the result from the practical stability criterion.
Here the radii are not considered separately. The original IFS-PPPL model has a large
variance and median considerably below unity. The model with self-consistent radial electric
field has a median very near unity, and a much smaller variance. A small tail of overestimated
ion temperatures is apparent which will be discussed in the following. The analytical theory
for r/a < 0.5 of Chapter 3 also has a median close to unity and a small variance. Both
models with shear-flow stabilization are apparently quite good for this set of 45 discharges.

Figure 9 compares the thermal ion and total stored energies calculated by the models
and inferred from the experiments. A trend toward disagreement at higher powers is clear,
indicating an emerging role of radial electric field shear stabilization as the power and ion
temperature increase. Figure 10 shows the TRANSP-calculated diamagnetic flux relative to
the measured values, indicating possible errors for strong rotation. The Mach number here
is defined M = V,,/vipni, where vyi? = 2T;/m;.

Figure 11(a) shows that the model with E, reproduces the isotope effect and its apparent
dependence on heating power as in Refs. [55, 56]. Frame (b) shows that the original IFS-PPPL
model estimates a factor of two lower thermal ion energy confinement time and essentially
no isotope effect. This is consistent with the results of Chapter 6, which demonstrated the
importance of shear-flow stabilization in achieving the favorable scaling of core ion thermal
confinement and the observed expansion of the region of enhanced confinement with heating
power. Figure 12 shows quite good agreement between the global stored energy calculated
by the model and the experimental data as a function of heating power. This is the simulated
rendition of the experimental data of Fig. 1 of Ref. [55, 56] with fewer constraints on rotation.

It is also interesting to consider the case of Ref. [57] where two discharges (#79099 (DD)
and #79021 (DT)) were selected in which the temperature and density profiles were almost
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identical, but the heating power for the DT case was 15 MW and 20 MW for the DD case.
This provided direct experimental evidence that the ion thermal diffusivity is indeed lower
in plasmas containing significant concentrations of tritium. Figure 13 shows the simulated
carbon temperatures from the model with radial electric field are nearly identical. The
measured carbon temperatures, shown below, are also nearly identical.

Of the 45 discharges simulated, 11 showed excellent agreement with the hydrogenic tem-
peratures from the experiments (of order 10% for all radii), 17 were within 20% over the
entire cross-section, 6 underestimated the temperature by more than 20% only within the
inner third-radius, and 5 strongly overestimated the temperature over most of the cross-
section. Six of the 45 shots were not compared due to large MHD activity or other problems.
At low densities (low heating powers) and for pure co-injection, destabilization due to the
parallel velocity gradient appears to be important. The five discharges for which the sim-
ulated temperatures strongly overestimated the actual ones were localized to this region of
parameter space, as shown in Figure 15. The destabilization by the parallel velocity gradient
is theoretically most important in regions where the density gradient is small, i.e., the outer
region 7/a > 0.5. This is consistent with our obtaining good agreement in the core where
the density gradient is large, despite neglecting this effect. However, at low density, the frac-
tion of beam ions is larger, and the thermal density is often inferred to be negligible. This
depletion, if overestimated, would also result in strongly overestimated temperatures in the
model calculations. Therefore, we cannot ascribe the errors to destabilization by shear in the
parallel velocity immediately. Finally, Figure 16 compares both the simulated and measured
carbon temperatures as well as the simulated and inferred hydrogenic temperatures, at the
axis, 1/3, 1/2, and 3/4 radius. Because the hydrogenic ion temperature was used in the IFS-
PPPL parameterization and neoclassical radial electric field during nonlinear simulations, we
regard the comparison with the hydrogenic temperature as a more direct test of the transport
model. The carbon temperature calculated by the TRV code, using the ion thermal diffusivity
from TRANSP, agrees reasonably well with the measured carbon temperature, as shown in
Figure 14. While the simulated central carbon temperature agrees well with the measured
temperature, the simulated carbon temperature is 20-30% higher than measured at the third-
and half-radius. Because the carbon density is small, the errors produced in the simulated
carbon temperature may be more sensitive to errors in the model for the interspecies ion
temperature difference. Had we ignored the interspecies ion temperature difference, a better
comparison with the measured carbon temperatures would probably have been obtained.

Figure 17 shows that the nonlinear simulations find that the growth rate is roughly equal
to the shearing rate on average in the radial range r/a = 0.2—0.6, and that the growth rate is

progressively larger than the shearing rate toward the edge, where confinement is degraded.
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Figure 16. Comparison of simulated and measured carbon temperatures as well as the simulated and inferred
hydrogenic temperatures, at the axis, 1/3, 1/2, and 3/4 radius. Symbols are the same as in Fig. 15. Because
the hydrogenic ion temperature was used in the IFS-PPPL parameterization and neoclassical radial electric
field, we regard the comparison with the hydrogenic temperature as more significant. Because the carbon
density is small, the errors shown in the simulated carbon temperature may be more sensitive to errors in
the model for the temperature difference. The axis T;(Experiment) represents the hydrogenic temperature
calculated as a small departure from the measured carbon temperature, calculated from the TRV code.
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Figure 17. Median ratio of max. linear growth rate of the toroidal ITG mode, assuming adiabatic electrons,
to E x B shearing rate for ensemble of 45 supershot discharges, as determined by nonlinear simulations.

This outer region requires a model for ITG nonlinear saturation.

The power scaling of the isotope effect is reproduced in a series of DD /DT pair discharges
as the power is increased. Each pair of discharges has matched beam directionality, where
balanced beam injection was preferred. Figure 18 shows the isotope effect gets stronger with
increasing power and this is reproduced by the model. Apparently the isotope effect suddenly
appears between heating powers of 10-12 MW. This behavior is well-reproduced by the model
with self-consistent neoclassical radial electric field. The strength of the effect increases with
heating power, as is qualitatively consistent with the underlying mechanism we suggest.

A more detailed comparison is shown in Fig. 19 at 15 MW of heating power. The
ion temperature profiles show a strong isotope effect and are well-reproduced. The inverse
ion temperature gradient scale length calculated, together with the toroidal ITG critical
one from the IFS-PPPL parameterization, show that the core is not far from toroidal ITG
marginal stability as described by the original IFS-PPPL parameterization. There, toroidal
ITG mode linear stability appears to play a role in the isotope effect in addition to shear-flow
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Figure 18. Power scaling of isotope effect: comparison temperatures simulated vs. experiment. (a) At
the lowest powers, 5.3-6.4 MW, sawteeth are present, and the difference shown may be due largely to the
difference in beam power. (b) At the 10 MW level, the isotope effect is quite small, both simulated and
measured. (c) The effect seems to be suddenly apparent at 12.3-12.7 MW, and the DD/DT difference is
well-reproduced. (d) The effect is strongest at the highest power, 18 MW, and is again well-reproduced by
the model with shear-flow stabilization.
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stabilization, which is required to maintain marginal stability. In this case, the effect of shear-
flow stabilization appears to be important in the outer half-radius, where the shearing rates

are roughly equal but the growth rate is lower in the DT case according to Ymax o< 1 /m,1 / 2,
where Ypax is the linear growth rate maximized over kgp;. Note the maximization changes the
mass dependence by eliminating that in kgp;. Here relatively large ion temperature differences
between DD and DT are apparent in the outer half-radius, which are also well-reproduced

by the model.

7.4 Conclusion

We have demonstrated, in detailed calculations of the ion temperature for a set of 45
supershot discharges, that

e The strong isotope effect observed in supershot plasmas, relative to that observed
in regimes of degraded confinement, is quantitatively consistent with our proposed
mechanism in which radial electric field shear stabilization amplifies small changes in
the ion temperature in the outer region to create large changes in ion temperature in
the core.

e The model using our self-consistent neoclassical radial electric field, which is supported
by the explanation of the velocity profile notch, reproduces the ion temperature profiles
of supershot plasmas over the radial range r/a = 0—0.85, encompassing wide variations
of heating power, isotopic mass, and toroidal rotation.

e The ion temperature profiles for this same set of 45 discharges are well-reproduced in
the inner half-radius by the practical stability criterion of Chapter 3.

e The model with self-consistent neoclassical radial electric field distinguishes the isotope
effect from favorable power scaling and from the favorable scaling in the core. Neither
the favorable power scaling nor the isotope effect is reproduced by the original IFS-
PPPL model (gyroBohm). As pointed out previously by many others, the isotope
effect is opposite the trend of gyroBohm scaling x; « (p;/a)(cT'/ZeB) m} /2 that
arises almost universally in collisionless models of the drift-wave type.

o The isotope effect in the ion channel appears somewhat suddenly above heating powers
in the range 10-12 MW. This behavior is well-reproduced, and is consistent with the

emerging importance of radial electric field shear as the temperature increases.

e The ion temperature discrepancy resolved by including radial electric field shear is

typically of order 45% at high temperatures and increases with heating power.
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Figure 19. Detailed simulation with self-consistent radial electric field with 15 MW heating power. (a) The
ion temperature profiles show a strong isotope effect and are well-predicted. (b) The max. linear growth
rate of toroidal ITG mode and self-consistent E x B shearing rate. (c) The ion thermal diffusivities from
TRANSP Monte-Carlo analysis and those predicted by the model. (d) The inverse ion temperature gradient
scale length and IFS-PPPL critical gradient inverse scale length.
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e The core ion thermal energy confinement time is twice as long with self-consistent shear
flow stabilization as without, demonstrating that radial electric field shear stabilization

can double the ion temperature in the presence of significant auxiliary heating power.

Although we have not modeled the particle transport in detail, a strong isotopic improvement
in particle confinement was also observed in supershot plasmas with a strong scaling of the
electron particle diffusivity D, oc A; ' [53]. This may well be the result of the coupling
of radial electric field shear stabilization in the presence of larger ion temperatures together
with an associated reduction in particle transport, as described in Chapter 4 for the case of
lithium conditioning.

The ion temperature simulations carried out here demonstrate the importance of radial
electric field shear stabilization in the core of very high temperature plasmas. This confirms
our original hypothesis [75] that radial electric field shear stabilization amplifies the isotope
effect in the supershot regime relative to that of L-Mode plasmas. This work resolves the
apparent discrepancy in the strength of the isotope effect between the supershot and degraded
confinement regimes. This resolution is possible even without relying on estimates of the
nonlinear saturation of ITG turbulence or the IFS-PPPL model.



Chapter 8
Conclusions

In this thesis we have developed and tested a model that reproduces the striking trends in
ion thermal transport observed in very high temperature supershot plasmas. Because radial
electric field shear plays an essential role in the model, giving rise to factor of two increases in
the core ion temperature, we first provide an explanation for the large notch features observed
in measured toroidal velocity profiles of the carbon impurity. In Chapter 2, we developed
a model and explanation of the notch feature starting from the neoclassical theory with
impurities. As a part of this work, we carried out numerical calculations of the neoclassical
velocities, valid for arbitrary collisionality in a plasma with two ion species. We also developed
accurate analytical expressions for velocities that well-reproduce the numerical results. The
success of this interpretation, when tested against TFTR supershot data, supports the use of
a neoclassical calculation of the radial electric field.

In Chapter 3, we developed expressions for the neoclassical radial electric field for use in
the absence of direct poloidal velocity measurements. These expressions accurately provide
the neoclassical corrections to the expression E, ~ V,, By, where V,,; is the measured impurity
toroidal velocity and By is the poloidal magnetic field. The calculation finds a well in the
radial electric field profile, in the inner half-radius of supershot plasmas, that is suggestive
of beneficial effects on thermal and particle transport. Realizing this is only suggestive, we
then made a comparison of growth rate and F x B shearing rate, accurately evaluated from
measured profiles. The comparison seemed to indicate, if taken at face value, that £ x B
shear was not the dominant influence on supershot core confinement. Further contemplation
led us to realize that this “open loop” comparison was ill-posed to assess of the relevance of
E x B shear to supershot confinement. If the core region of supershot plasmas were close to
marginal stability to the odd-parity toroidal ITG mode, then small errors in the measured

profiles or in the calculations of the growth rate and shearing rate would cause wild swings
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in their ratio. In addition, the initial results of the original IFS-PPPL model for supershot
plasmas suggest that the stability properties of the toroidal ITG mode play a significant
role. To remove this sensitivity and determine the importance of E X B shear, relative to
the stability properties of the toroidal ITG mode, we calculated both the radial electric field
profile and the ion temperature profile simultaneously and self-consistently. The resulting
model incorporates estimates of the turbulence saturation level and associated transport, and
is used to simulate ion temperature profiles over the inner 85% of the plasma cross-section.

We first hypothesized that the favorable transport properties of the core region, or in-
ner half-radius, of supershot plasmas could be described by the practical stability criterion
taking the maximum linear toroidal ITG growth rate and shearing rate approximately equal.
Formulating this criterion analytically, using the neoclassical expression for the radial elec-
tric field developed in Chapters 2 and 3, we obtained an equation for the ion temperature
gradient scale length which we then integrated inward from the half-radius. The resulting
ion temperature profile reproduces measured data. This equation appears to unify the ma-
jor unexplained ion thermal confinement trends of TFTR supershot plasmas, including the
favorable power scaling, the scaling of the energy confinement time with the peakedness of
the density profile, the preference for near-balanced neutral beam injection directed slightly
parallel to the plasma current, and the strong isotope effect. The practical stability criterion
describes a mechanism through which radial electric field shear stabilization amplifies the
sensitivity of the ion temperature in the core to that in the outer region. This results in a
strongly nonlinear relationship between the ion temperature at the magnetic axis and the ion
temperature at the half-radius. This formulation fortunately does not depend on estimates
of the nonlinear saturation level of turbulence and associated transport, but its relevance is
generally restricted to the inner half-radius of supershot plasmas. This is confirmed by the
fully nonlinear simulations.

We then developed a numerical algorithm for solving coupled transport equations in
general flux-surface geometry, and implemented this in a new predictive transport code (the
TRV code) with a graphical interface and extensive plotting capabilities. In the outer half-
radius, the density gradient is weaker and the deviation from toroidal ITG marginal stability,
as described by the IFS-PPPL parameterization, is estimated to be large. To calculate the ion
temperatures over the remainder of the plasma cross-section, including the outer half-radius,
fully nonlinear simulations that include estimates of the nonlinear saturation of turbulence
are required. To accomplish this, we make use of a modified IFS-PPPL [16] model with an
existing simple ansatz for the effect of E x B shear stabilization, x; = xio (1 — wexB/MH>),
where x;o is the ion thermal diffusivity in the absence of E x B shear, yii** is the linear

growth rate of the toroidal ITG mode, maximized over kgp; and considering both parities,
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and wgx g is the E x B shearing rate for turbulence isotropic in the plane of the cross-section,
or equivalently, the linear Doppler shear rate. Our simulations differ from previous work
first by making use of an accurate expression for the neoclassical radial electric field, which
is determined simultaneously with the ion temperature profile. Second, we simultaneously
determine the interspecies ion temperature difference, which is generally more significant in
supershot plasmas than in L-Mode plasmas. The results of these fully nonlinear simulations
confirm that the supershot core is not far from toroidal ITG marginal stability in the sense
described previously, with deviations from it as described by the rough criterion wgxp ~
"X, Further, the deviation from toroidal ITG marginal stability increases with radius
outside the half-radius, resulting in the increase of x; with radius as pointed out in Ref. [16]
for the case of L-Mode plasmas.

In Chapter 4, we studied the scaling of energy confinement in supershot plasmas with
the density peakedness parameter n.(0)/(n.). We first reviewed hot-ion regimes on other
tokamaks which may also be explained by this work, and which provide useful examples of
density profiles whose shapes are dominated by confinement properties, rather than source
profiles. Then we studied in detail the effect of various wall conditioning techniques on core
ion thermal, electron particle, and electron thermal transport. Performing a transport ana-
lysis of discharges with lithium conditioning, boron pellet conditioning, and helium ohmic
conditioning alone, we demonstrated that the scaling of energy confinement time with dens-
ity peakedness is independent of conditioning technique. This analysis also showed that
both the ion thermal diffusivity and the electron particle diffusivity, at the one-third radius,
decreased strongly with n.(0)/(n.), while the electron thermal diffusivity was uncorrelated
with n¢(0)/(ne). The discharges with lithium pellets extended the range of the scaling with
ne(0)/(ne) by a factor of two, while leaving it qualitatively unchanged.

We then focused on a sequence of four nearly consecutive discharges, each with an addi-
tional lithium pellet injected into the ohmic phase preceding neutral beam heating, starting
from a case without lithium pellets. The modified IFS-PPPL model of Chapter 3, with
self-consistent neoclassical radial electric field, reproduced the factor of two variation in ion
temperature over the scan. In contrast, the original IFS-PPPL model, without radial electric
field shear, yielded temperatures almost a factor of two lower, and an improvement over the
scan roughly half as strong. Contrary to the conventional wisdom regarding the effect of the
edge ion temperature on H-Mode core confinement, and similar suggestions for supershot
plasmas, the edge ion temperature did not change in this lithium conditioning scan. This led
us to examine the behavior of the thermal ion density profile, and to propose a model for the
improvements with lithium conditioning based on nonlinear coupling between particle and

ion thermal energy confinement through radial electric field shear. This is supported both
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by the evolution of the thermal density profile resulting from reductions in edge recycling
during the scan, the practical stability criterion and equation for T; of Chapter 3, and by
the observation that the peak E x B shearing rate increases quadratically with the density
peakedness parameter 7n,(0)/(ne). The behavior of the thermal ion density profile where wall
fueling is dominant appears to be determined by the particle source, while changes in particle
confinement appear to control the profile in the core where the beam fueling dominates. Lith-
ium pellet conditioning diminishes the edge fueling source, which affects the thermal density
profile in the outer half-radius, tending to reduce its curvature near the radius where the
beam fueling becomes dominant. The increased density profile curvature acts as the seed for
stronger nonlinear increases in the stabilizing effect of radial electric field shear.

In Chapter 5, we studied three perturbation experiments. The first, a helium-spoiling
experiment, effectively removed the influence of radial electric field shear by flattening both
the density profile and the radial electric field profile. The model with self-consistent radial
electric field reproduces the factor 3.5 reduction in ion temperature following the helium puff,
in accord with the loss of the stabilizing influence of the density gradient on the toroidal
ITG mode, and with the loss of radial electric field shear. This demonstrates that the model
with self-consistent radial electric field well-describes the difference between L-Mode and
supershot ion thermal confinement.

Next, we considered deuterium pellet perturbation experiments that demonstrate a bi-
furcation in ion thermal confinement with respect to the electron density profile peakedness
ne(0)/(ne). The injection of a deuterium pellet during the neutral beam heating phase transi-
ently flattens the density profile, which then quickly recovers its original shape after roughly a
particle confinement time. The ion temperature, however, suffered an apparently permanent
(on the scale of several energy confinement times) degradation, remaining a factor of three
lower than before the pellet. This experiment effectively removes the influence of the elec-
tron density profile on toroidal ITG stability and isolates the effects of radial electric field
shear and recycling. In addition, the neutral beams were almost exactly balanced, which
allowed us to clearly illustrate the effect of the ion temperature and temperature gradient
on the depth of the measured velocity profile notch, and the associated radial electric field
well described qualitatively by E, ~ V,; By, where V,,; is the measured toroidal velocity of
the impurity. The peak E x B shearing rate is also significantly lower following the pellet,
consistent with the stabilizing effect of E x B shear on ion thermal confinement. Finally, at
the end of Chapter 5, we simulate the evolution of the ion temperature in a similar deuterium
pellet perturbation experiment. The neutral beams remained for a longer period following
the pellet in this experiment, and a slow recovery of the ion temperature was observed. The

model with self-consistent radial electric field reproduces the slow recovery of the ion temper-
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ature following the more rapid recovery of the density profile. This experiment is particularly
useful because it separates the role of toroidal ITG stability from that of E x B shear. During
the initial part of the recovery, while the density profile is still evolving, the physics of the
toroidal ITG mode dominates the temperature increase. In the latter half of the ion temper-
ature recovery, E x B shear stabilization becomes important. Changes in the E x B shear
stabilization underly the slower recovery of the ion temperature and the apparent bifurcation
with respect to the density profile.

In Chapter 6, we simulated a neutral beam power scan, successfully reproducing the
ion temperature profiles and ion thermal diffusivities. The improvement of the ion thermal
diffusivity with ion temperature in the core is well-reproduced, as is the unfavorable scaling
in the outer region. The model reproduces the expansion of the enhanced confinement region
with increasing neutral beam power. The comparison with the original IFS-PPPL model
shows that the effect of radial electric field shear is unimportant at the lowest neutral beam
powers. The effect increases with power and results in a doubling the central ion temperature
at neutral beam powers corresponding to half the available neutral beam power on TFTR.

Finally, in Chapter 7, we studied the isotope effect in detail. The work of this chapter
proposes an explanation for the strong isotope effect observed in deuterium-tritium supershot
plasmas relative to that in the L-Mode regime. We propose that the basic mechanism for the
amplification of the isotope effect in supershot plasmas is contained in the expedient stability
condition and resulting equation for ion temperature profile discussed in Chapter 3. Under
this criterion, small changes in the ion temperature at the half-radius (less than 1 keV) are
nonlinearly amplified to create large changes in the central ion temperature of order 10 keV.
According to the mechanism we propose, an intrinsic isotope scaling of the strength observed
in regimes of degraded confinement, e.g., 7 o< A%, could be amplified by radial electric
field shear to give the strong global scaling observed in supershots, 75 A$-8°-°-89.

We then performed simulations of the first comparison pair of discharges used to demon-
strate the isotope effect in TFTR deuterium-tritium plasmas. The isotope effect is well-
resolved by the model with self-consistent radial electric field, and the agreement with the
hydrogenic temperatures inferred from the experiments is excellent. Following this initial
comparison, we analyzed an ensemble of 45 discharges comprising a beam power scan par-
alleled with pure deuterium and pure tritium neutral beam injection. This provides a test of
the models of Chapter 3 under conditions with varying heating power, isotopic mixture, and
toroidal rotation. The model with self-consistent radial electric field calculates the hydrogenic
ion temperature profiles at each radius with an average error +7%, while the original IFS-
PPPL model is on average 45% low in the core. The practical stability criterion, integrated
inward from the half-radius, also shows very good agreement. Comparing the calculated and



204 Chapter 8. Conclusions

measured thermal ion stored energies at each power shows that the model with self-consistent
radial electric field reproduces the isotope effect accurately while the original IFS-PPPL model
does not distinguish it. A small percentage (13%) of the simulations strongly overestimat-
ing the ion temperature. These cases occur for unidirectional neutral beam injection at low
densities, which may be due to their small inferred thermal ion densities.

Several issues remain to be addressed in future work, although we do not expect our
basic conclusions to change significantly. For example, the expedient stability criterion, is
approximate and not rigorously derived, and may not be well-founded. A theory addressing
the issue of normal mode existence in the presence of E x B shear was presented in Ref. [3§],
in plane geometry. A criterion of similar purpose but with a different basis was derived there,
where the normal mode is assumed to disappear when the shift, in the transverse direction,
of the mode center reaches the mode width. Future work will concern analysis of the toroidal
modes.

In this thesis, we have presented a model, based on the physics of the toroidal ion tem-
perature gradient mode together with the stabilizing effect of a self-consistent neoclassical
radial electric field, that reproduces and explains the favorable core confinement properties
of supershot plasmas. We tested the model, in two separate formulations, against data from
over 50 TFTR supershot experiments. One formulation is independent of estimates of the
nonlinear saturation level of turbulence, but is restricted to the inner half-radius. The other,
a nonlinear model, simulates ion temperatures over the inner 85% of the plasma. cross-section.

In these comparisons, we reproduced changes in ion thermal confinement with density
peakedness (lithium conditioning), isotopic mass, heating power, toroidal rotation at higher
densities, changes resulting from helium puff and pellet perturbations, and explained the
puzzling notch features observed in measured impurity toroidal velocity profiles. In addition,
we have shown that while F x B shear is relatively unimportant at the lowest heating powers,
it can double the ion temperature at higher powers. We have isolated the influence of the
ion temperature gradient from the electron density gradient, and illustrated its connection
with shear in the radial electric field through pellet perturbation experiments. We find the
effect of radial electric field shear serves to unify the favorable trends in core ion thermal
confinement in supershot plasmas that at first may appear unrelated. This common origin
is consistent with the experimental observation that the favorable trends are often mutually
reinforcing. The present work may also explain similar hot-ion regimes observed on other
tokamaks, as reviewed in Chapter 4. Our findings are unifying with regard to other enhanced
confinement regimes, such as the H-Mode, VH-Mode, and Enhanced Reverse Shear regimes,
which exhibit temporally and spatially localized transitions to enhanced confinement thought
to be controlled by radial electric field shear. While no similar bifurcation from another
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regime is generally observed in the evolution of supershot plasmas, we find the effect of radial
electric field shear is sufficiently strong to explain the observed confinement trends within the

supershot regime.






Appendix A

Coupled Transport Equation Solver

The power balance equations and heating terms are discussed in Refs. [236, 50], and
are well-known. In general, they take the form of a set of linear coupled partial differential

equations:

2 (nala) = Su + zbj{ffl—a% [V'(uvmzwabaa—(f —{IVo)Calh)] + Lalh} (1)

where p = /®7/PF2* ~ r/a is the label for toroidal flux surfaces, V(p) is the volume

enclosed by flux surface p, n, is the effective density of species a, U, is the temperature,
velocity, etc. of species a, Dy is a diffusion matrix, Cyp is a convection matrix, Lgp is a
friction matrix, and S, is a source term. We then difference the equation on a spatial and
temporal grid, where ¢ labels the radial zone, and n labels the time step. The differenced
equation is

1

nai(U;l1;+1 - U;lz) _ 1 [T+l _ g1y _ oy . n+l _ rra+l
= z raa—Y 1 QDabz(U ; Uy; ) V 2Dab1—1(U i Uy, )
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2
+ LaniUpy '} + Sas. 2)

The phrase “fully implicit” refers to the method of constructing the solution at a given
timestep in terms of the solution and coefficients of the equation of the succeeding timesteps,
and then solving backwards for the preceding timestep. There are two main advantages to this
approach. First, the Neumann stability analysis shows it is unconditionally stable. Second,
a single, very large timestep yields the equilibrium solution, with fine-scale noise vanishing
in this limit. This property makes it very convenient to include the solver in a larger global
loop that iterates on the ion temperature while separately including the coupling to electrons

and new coefficients. The equation for the n-th timestep in terms of the (n + 1)-th is then
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Us = U”+1
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Defining the coefficient matrices
At
Rai = __Saz (4)
Naj
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" Tai Vi (Ap)®
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we have the following matrix equation,
Ur =Ry + Y AigUpt] + BiapUpt + CiaUptt 1, (5)
b

which gives a block-diagonal matrix to invert if the {U,;} are grouped by radial zone. Equa-
tion (5) takes the form

R™! 4 [M] U™ = U™, (6)

where the column vector U = (U11,Ua1,...,UNn1; U2, Uss,...,UN2;...) and the matrix M
has along its diagonal the matrices Bjgp, Bagb, - - - flanked to the above-right by the matrices
Ciabs C20b, - - - and below-left by the matrices Aggp, B3gb, - - -- The matrix M is band-diagonal,
and packaged numerical routines are readily available to solve the equation (e.g., sgbco of
LINPACK, snbco of SLATEC, dgbtrs of LAPACK, sgbtrs of SCILIB, etc.) We solve the

system in double precision to avoid cumulative round-off errors.



Appendix B

DT Experiments, Isotope Effect, and

a-Heating

Here we provide a brief discussion of the first high power deuterium-tritium experiments,
which is useful to introduce the isotope effect and illustrate the dependence of the plasma
mixture on wall fueling. Recent tokamak experiments had routinely used primarily deuterium
as fuel, with the exception of an earlier “Preliminary Tritium Experiment” (PTE) performed
on the JET machine in 1991 [237]. In this experiment, 15 MW of neutral beam heating power,
13% tritium, produced a very transient 1.4 MW of fusion power, terminated by a carbon
bloom event. On December 9 and 10, 1993, the first high power, sustained, experiments using
comparable concentrations of deuterium and tritium were carried out on the Tokamak Fusion
Test Reactor at the Princeton University Plasma Physics Laboratory [62, 61, 53]. The first
experiments achieved a record fusion power of 6.2 MW, for 30 MW of auxiliary heating, and
received international news coverage. These experiments were originally designed to use a
50:50 mixture of deuterium and tritium beam fueling. Because the limiter tiles had not been
previously exposed to tritium, the wall influx was composed primarily of deuterium, which
diluted the thermal mixture and reduced the neutron rate. The following anecdote provides
a useful discussion of plasma wall fueling, an issue of paramount importance in enhanced
confinement regimes.

On December 9, 1993, an initial high power discharge, #73235 (P, = 24.4 MW, 48% in
tritium, I, = 2.0 MA, Ro/a = 252/87 cm, B, = 5.0 T), was taken with a 50:50 mixture
of deuterium and tritium beam fueling, producing 3.8 MW of fusion power. The next run
day, December 10, 1993, consisted of lithium pellet conditioning in deuterium discharges
as described in Ref. [47], together with at first three high power power discharges using a
50:50 deuterium-tritium beam fueling mixture. During this experiment, a series of SNAP
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Figure 1. SNAP simulations for the initial high power DT discharge #73235. Comparing the measured
(shown with error bars) and initial calculated DT neutron rates (dotted line) revealed a discrepancy indicating
significant core dilution by deuterium influx from the limiter. This was consistent with a thermal tritium
concentration of only half that in the beam fueling (solid line). The SNAP simulations were then carried
out assuming o = 0.50, while artificially varying the beam fueling mixture. This showed that the fusion
power would would be maximized if the beam power were made tritium-rich. This led to our suggestion that
significant improvements in the DT fusion power output would be possible with beam fueling of roughly 70%
tritium, instead of 50%. The record discharge #73268 was achieved with 66% tritium beam fueling on the
basis of this suggestion.

simulations by the author, based on the previous day’s tritium discharge, #73235, shown in
Fig. 1, demonstrated a route to improved peformance.

Adopting a simple model for the tritium concentration [53],

g, tr 1)

=0 ,
nr+np Pr+ Pp

where np and np are the thermal tritium and deuterium densities, Pr and Pp are the
beam powers, and o = 1.00 was at first assumed, the calculated DT neutron rate from the
SNAP steady state transport code was much larger than the measured value, while the stored
energy was within 4%. This indicated significant deuterium influx from the limiter, which
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had no prior exposure to tritium. Decreasing o to 0.5 improved the agreement between
calculated and measured DT neutron rates, accounting for the dilution by limiter influx.
Performing a series of SNAP simulations with ¢ = 0.5, while artificially varying the fraction
of beam power in tritium, demonstrated that the fusion power would be maximized if the
beam fueling were made 70% tritium-rich rather than with a 50:50 DT mixture, as originally
planned. As shown in Fig. 1, this information was used to change the experiment in progress,
and yielded the record fourth DT discharge #73268, with 6.2 MW of fusion power [62, 61].
The “isotope effect” on ion thermal confinement also resulted in improved performance over
similar deuterium discharges [219, 220, 238, 53]. The sum of the two effects, the increased
reaction rate resulting from optimizing the D-T mixture, and the isotope effect, resulted in
a 15% improvement in fusion power relative to discharges taken earlier that day. In DT
supershot plasmas, the ion thermal confinement time scales rather strongly as 75 ~ (4)1%,
where A is the thermal isotopic mass. The increased heating of electrons by the ions, resulting
from the isotope effect in the ion channel, together with poorer penetration of tritium neutral
beams, complicated the analysis of the a heating of electrons [219, 220, 238]. The initial
demonstration of the heating [228] of electrons by a-particles in magnetically confined plasmas
was made possible by accounting for these effects with an empirical scaling for the resulting
changes in the electron temperature.

Subsequent experiments, carried out in 1994, achieved the present record fusion power
of 10.7 MW [31] with increased plasma current and increased neutral beam power (2.5 MA,

40 MW). For a comprehensive review of the deuterium-tritium experiments, see Ref. [230].
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