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ABSTRACT

Pellet fueling experiments have been carried out on the Joint European Torus
(JET) tokamak with a multi-pellet injector. The pellets are injected at speeds
approaching 1400 m/s and penetrate deep into the JET plasma. Highly peaked
electron density profiles are achieved when penetration of the pellets approaches
or goes beyond the magnetic axis, and these peaked profiles persist for more than
two seconds in ohmic discharges and over one second in ICRF heated discharges.
In this dissertation, analysis of electron particle transport in multi-pellet fueled

JET limiter plasmas under a variety of heating conditions is described.

The analysis is carried out with a one and one-half dimensional radial particle
transport code to model the experimental density evolution with various particle
transport coefficients. These analyses are carried out in plasmas with ohmic heat-
ing, ICRF heating, and neutral beam heating, in limiter configurations. Peaked
density profile cases are generally characterized by diffusion coefficients with a
central (r/a < 0.5) diffusivity ~ 0.1 m?/s that increases rapidly to ~ 0.3m?/s at
r/a = 0.6 and then increases out to the plasma edge as (r/a)?. These discharges
can be satisfactorily modeled without any anomalous convective (pinch) flux.
Auxiliary heated peaked density profile discharges with MHD activity that is
measurable at the edge show rapid redistribution of central density which can be
explained by temperature-dependent changes in the transport coefficients. Par-
ticle balance calculations of particle diffusivity in the plasma core region show a
reduction in diffusivity with density peakedness. Correlation with locally deter-
mined 7). shows a general increase in diffusivity as 7. increases above ~ 1.5. In

xiii



all cases, neoclassical particle diffusion coeflicients are substantially smaller than
the determined values.

Fluctuation induced transport is frequently suggested as the mechanism for
the anomalous particle and heat fluxes in tokamaks. As part of our analysis,
we compare the calculated anomalous electron particle and heat fluxes with the
theoretical fluxes from the neoclassical quasilinear formulation of fluctuation in-
duced transport using electron and ion drift waves as the dominant fluctuation
mechanism. The Onsager symmetry found in this fluctuation induced transport
theory is then used to examine the correlation between the anomalous electron

particle and heat flux.
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CHAPTER 1

PELLET FUELING OF TOKAMAKS

The task of fueling a magnetically confined fusion plasma has become one
of many problems that need to be solved to satisfy the requirements for the
attainment of an economical power producing fusion reactor. In a reactor there
will be a continuous loss of fusion fuel due to containment losses and fusion
reactions. These losses of fuel particles will have to be replenished by the injection
of fuel mass to keep the reacting plasma ignited. One method of injecting fuel

mass that has been developed is the injection of a high speed pellet of solid fuel.

1.1 Introduction to Pellet Fueling

In this section we introduce the physics aspects of {ueling magnetically con-
fined hydrogenic plasmas with frozen pellets of deuterium. The injection of solid
deuterium pellets for the fueling of a plasma was first advocated by Spitzer [1]
in 1954. He argued that injection of pellets of fuel would be more efficient than
gas puffing fuel close to the walls of the device, as these particles would be the
first to be lost from the containment volume. Since that time, plasma fueling by
injection of frozen hydrogenic pellets at high speed has been proposed and used
to overcome the limitations of edge gas puff fueling. The technical development of
pellet injectors and their use on plasma confinement devices has advanced to the
point of being able to demonstrate the capacity to fuel a plasma and even improve
plasma performance. A neutral pellet with speeds of a few hundred meters per

second will easily penetrate the scrape-off layer plasma and penetrate into the



confining magnetic fields to deposit virtually all of its particles in the main dis-
charge as it completely evaporates from the plasma heat. Pellet fueling has thus
become one of the primary methods available to replenish the charged particles

that constitute the plasma as they are lost from the containment volume.

In addition to pellet fueling, edge gas puffing, wall recycling, and neutral
beam injection (NBI) make up the fueling mechanisms in the present day set
of experimental plasma confinement devices. Recycling is the process of mate-
rial surfaces absorbing fuel gas and releasing it back into the plasma. Kdge gas
puffing and wall recycling are similar in that neutral hydrogenic gas (the fuel)
originates near the solid surfaces that surround or are in contact with the plasma.
Gas puffing is accomplished by injecting gas through an electronically controlled
small orifice valve near the plasma edge. The valve is either preprogrammed or
servo controlled to maintain a preset plasma density. Recycling always plays an
important role in fueling through particle trapping and diffusion in the wall and
limiter which then eventually desorb and release cold gas. Neutral beam injection
provides a fuel source, but the source rate is not very large and the beam pene-
tration is reduced with higher density, and therefore less fueling is accomplished

in the plasma center.

The neutral gas at the edge from gas puffing and recycling is transported
into the plasma by a diffusion-like movement. Charge-exchange processes act to
perpetuate the existence of a neutral particle, but ionizations destroy the neutral.
In tokamak plasmas with a large radius, very few neutrals reach the core of the
plasma, and therefore charged particle transport must be responsible for central
plasma fueling. The inward charged particle transport in tokamaks has been
proposed to be the result of an inward particle convection that can be anomalously

larger than the theoretically predicted convection due to collisional transport and
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is not yet completely understood. Since this process is not fully understood, there
is some question as to whether the iransport mechanism respensible for inward
charged particle transport in experimental devices will scale to reactor conditions.
This makes it uncertain whether edge gas puffing would be able to fuel a plasma
under reactor conditions.

Although gas puffing is much simpler than pellet fueling or NBI, iis efficiency
for fueling has been shown {0 have limitations. During gas puffing, large quantities
of the fuel (up to 80%) end up embedded in the limiter and wall of the vacuum
chamber, reducing the fueling efficiency to as low as 20%. Pellet fueling deposits
the fuel in the confined plasma rather than the recycling layer at the plasma edge
and therefore has a much higher fueling efficiency. The pure fuel of the pellet
also dilutes the impurities in the plasma and may reduce the impurity influx
that is related to the recycling process. A final advantage to pellet fueling is
the capability of controlling and peaking the density profile by tailoring the local
deposition to obtain an advantageous shape.

Replenishment of the charged particles that constitute the plasma is required

on the order of the characteristic particle confinement time given by

N
Tp = —7

LA
P~ Z4N,/dt’ (1.1)

where —dN,/dt is the loss rate of plasma particles and N, is the total number of
plasma particles (electrons) in the absence of fuel sources. Measurement of 7, as
defined is virtually impossible because the continuous influx of plasma particles
and neutrals from the surrounding walls gives rise to a residual source of fuel that
cannot be entirely eliminated. The relationship between the confinement time 7,

and the fueling rate ¢ can be written as

N,

— = TA+én+d+ 6 (1.2)



N N
= —=F + R(t)=2 + ¢ + 65
Tp Tp

= “TJI;[B + ¢y + ¢p,
where 7, = 7,/[1 — R(t)] and R(t) is the global recycling coefficient which is
defined as the fraction of particles lost to the limiter and wall that return to the
plasma containment volume. The terms ¢, and ¢, are the influx of particles from
gas puff and pellet fueling, respectively, I is the outward particle flux, and A is
the plasma surface area.

A number of questions remain regarding pellet fueling of fusion relevant de-
vices. Some of these questions are: what effect does pellet penetration have on
plasma performance, what improvements do pellet fueled plasmas demonstrate
for particle and energy confinement over gas puff fueled plasmas, can pellets fuel
the central plasma sufficiently to make an impact on fusion reactions, what is
the maximum permissible pellet size, and can repetitive pellet fueling sustain a
steady-state plasma. These are all questions that the current set of pellet fueling

experiments on JET are designed to address.

1.2 Tokamak Confinement Devices

The tokamak confinement device is now the most advanced magnetic confine-
ment concept. Current operating tokamaks obtain well confined, stable plasmas
with densities and temperatures approaching those required for fusion breakeven
(where the fusion power output equals the input power). There are still, however,
many problems that remain to be solved to reach the performance required for
a safe, reliable, and economical power producing fusion reactor. In this section
we describe the fundamental features of tokamaks, which have been extensively

reviewed in the literature [2-5].
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The tokamak (a Russian acronym for toroidal chamber of magnetic coils)
is a toroidally shaped plasma confinement device that uses a toroidal eleciric
field to break down a gas in the toroidal vacuum chamber. As shown in Fig.
1.1, the toroidal plasma is confined in a helical magnetic field produced by the
superposition of a strong toroidal field, By, generated by external coils, and a
poloidal field, By, produced by a current driven within the plasma itself. The
toroidal geometry and coordinate system of the tokamak are shown in Fig. 1.2.
The variables r, 8, and ¢ are the radial coordinate, the angle in the poloidal
direction, and the angle in the toroidal direction, respectively.

The toroidal plasma current is deiived from the transformer action of a pri-
mary coil on the inside of the torus which changes the magnetic lux that links the
toroidal plasma and produces a toroidal electric field. The resulting toroidal elec-
tric field drives the plésma current, thus producing the poloidal magnetic field.
The poloidal magnetic field within the plasma provides a radially inward (—~#)
equilibrium force to balance the outward expansion forces. The poloidal field is
smaller than the toroidal field in order to meet the Kruskal-Shafranov criterion

[2] for stability from helical perturbations, which in circular geometry is

gla) = == > 1, (1.3)

where ¢ is the “safety factor” (defined as the number of times a magnetic field
line winds toroidally, divided by the number of times it winds poloidally), « is the
minor radius, Ry the major radius, m is the minor azimuthal mode number, and
n is the toroidal mode number. At rational surfaces, r = r,, the magnetic field

lines close on themselves, and the safety factor satisfies the condition



ORNL-DWG 90-5577

Fig. 1.1  Schematic representation of a tokamak confinement de-
vice. This figure shows the pulse transformer used to induce a
plasma current I, parallel to the large externally applied toroidal
field B4. Outer polou:lal field coils sghape the cross-section of the
current carrying plasma ring and maintain it in radial and vertical
equilibrium. Not shown is the vacuum vessel inside the toroidal
field coils. Figure courtesy of JET Joint Undertaking.
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Fig. 1.2 Tokamak geometry and coordinate system.

g(r,) = m/n, with m and n being integers. A vertical magnetic field, generated
from toroidally wound coils, is also applied to counter the outward (+#) expansion
tendency of the entire plasma produced by (1) the plasma pressure gradient,
(2) poloidal current crossed with the toroidal magnetic field, and (3) toroidal
current crossed with the poloidal magnetic field. This vertical field strengthens
the poloidal magnetic field on the outside of the torus and weakens it on the
inside, hence causing the inner magnetic surfaces to be shifted out relative to the
outer surfaces.

Ohmically heated tokamaks typically reach an electron temperature of 1-3
keV. Because the electrical conductivity is proportional to T:'/ % Joule heating

becomes less effective at higher temperatures. It follows that auxiliary heating



is required to reach the necessary temperatures for breakeven energy from D-
T reactions (~ 10keV). The primary methods used in tokamaks for auxiliary
heating are injection of neutral particle beams that give up their energy through
collisions primarily with the ions and ion cyclotron radio frequency (ICRF) wave
heating that couples energy to particles (ions) in resonance with the wave; their

subsequent collisions transfer this energy to the nonresonant particles (electrons).

1.3 Pellet Injection in Tokamaks

In this section, we examine the general results of pellet injection experiments
that have been done on tokamaks. Detailed reviews have been published in the

literature [6,7].

The first pellet injection experiments on a tokamak were done at Qak Ridge
National Laboratory on the Oak Ridge Tokamak (ORMAK) (8] in 1976. Since
that time, studies of pellet fueling have been performed on a number of tokamak
devices, including ISX-A [9), ISX-B [10], PDX [11], Alcator-C [12], TFTR [13,14],
ASDEX [15,16], Doublet III [17,18], and TFR [19]. These studies have shown
that substantial fueling of particles can be accomplished with pellets that have
speeds in excess of a few hundred meters per second. Increases in plasma mass by
as much as 100% of the pellet mass have been observed, and increases in particle
confinement time, 7,, and energy confinement time, 7z, have also been observed.
In the Alcator-C experiments, 7 in pellet fueled plasmas showed an improvement
over gas puffed discharges, and at very high densities led to record values of n.mg
beyond the Lawson criterion limit [12]. The beneficial improvements in confine-
ment properties that have been observed experimentally on several tokamaks are

generally associated with modification to the plasma density and/or temperature

profiles as a result of the pellet particle deposition profile.



Particle transport after pellet injection in ohmic plasmas gives a relatively
homogeneous picture. The global particle confinement time is increased com-
pared to edge fueled cases, partly as a consequence of the deeper fueling. In
cases where pellet injection is accompanied by reasonably low edge recycling, the
plasma density builds up much faster and significant changes in the particle dif-
fusion coefficient D and inward particle convection v have been seen [12,16]. The
density profile has been seen to modestly peak on axis with moderate or even
shallow pellet penetration in multiple pellet fueled plasmas [16,17]. The com-
plete physical explanation for this phenomenon has yet to be determined. Peaked
density profiles following pellet injection are frequently seen to be followed by
an accumulation of impurities in the center. The increase in density seems to
be limited by these impurities, which radiate away substantial power. In most
cases analyzed, the plasma energy confinement has shown similar behavior to the
plasma particle confinement. Improved global energy confinement times in ohmic
plasmas are always accompanied by buildup of average density and especially
central density by the pellets. At high densities, the energy confinement time
of gas puffed discharges saturates, while pellet fueled discharges have exhibited
improved confinement [12]. In some cases, improvements of 70% relative to gas
fueling have been reported, particularly in ohmically heated discharges. The po-
tential for improving the confinement properties of the plasma and the benefits
from such improvements have generated a high level of interest in pellet fueling.
While the cause of the enhanced confinement has not been identified conclusively,
it is apparently associated with a central peaking of the plasma density profile
and/or a reduction in recycling of ions in the plasma edge region. Strong peaking
of the plasma density profile is accomplished in present experiments as the high

speed pellet penetrates the plasma and deposits fuel preferentially in the hotter,
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denser central plasma core, where the ablation rate of the hydrogenic pellet is
greatest.

Various pellet ablation models [20-23] have been proposed to predict the pellet
penetration and lifetime in the plasma. Comparison of experimental studies of
pellet ablation with theory demonstrates that pellets are shielded from the hot
electrons of the plasma. The neutral shielding theory of pellet ablation and the
neutral and plasma shielding theory have been used successfully to model pellet
ablation in several experiments [24-26]. In these models, the incident plasma
electrons interact with the ablated particles, which expand spherically with high
density and low temperature near the pellet surface, and the ablated particles low
along the magnetic field lines. The pellet surface is protected by a neutral gas
shield, with a thickness given by the hydrodynamic solution of the gas expansion
assuming spherical symmetry, and by a tube of cold ionized plasma, which extends
along the magnetic field. The incident electrons provide the dominant heat flux
because they have a much larger velocity than that of the ions. The heat flux
to the pellet surface is calculated from convective flows of electrons along the
magnetic field through both the tube of cold plasma and the dense neutral gas
shield and fast neutral beam ions normal to the magnetic field only through the
neutral gas shield, which they can enter since their gyro-orbits are larger than the
effective pellet ionization radius.

The deposition of particles into the plasma from the pellet is related to the
change in pellet radius through the approximate expression from the neutral gas
shielding model (for deuterium) [21] given in terms of the local electron temper-

ature T, (eV) and plasma electron density n.(m™2) as:

dN d
= B, T = 15 10RO TI 3 (atoms/s), (1)

dt
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where n, = 3.1 x 10*® m~3 is the molecular number density of the solid pellet and
7, is the pellet radius in meters. This differential equation must be solved at each
location in the plasma to keep track of the pellet radius. This expression, which
is valid in the high-temperature regime (T, > 1 keV), forms a qualitative scaling
law taking into account shielding from the neutral gas cloud around the pellet. If
the injection velocity is high enough to permit penetration to the plasma center,
the strong electron temperature dependence will ensure a centrally peaked ion
source term.

Pellet fueled tokamak plasmas have been shown to give improved plasma
performance and greatly extend the experimental parameter space and thus con-
tribute to a better understanding of plasma transport phenomena. The prospect
of higher energy and particle confinement due to more central deposition of fuel
particles might open the possibility of maximizing the fusion performance at
higher #i. as obtained with pellet fueling. Experiments with pellet fueling on
the present-day larger tokamaks such as JET will hopefully resolve some of the
remaining questions and enable the extrapolation of pellet fueling results to the
next generation of ignition devices. These results may then help us determine
whether pellet fueling will be necessary to supply the makeup fuel in a fusion

reactor.
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CHAPTER 2

MULTIPLE PELLET INJECTION
ON THE JET TOKAMAK

2.1 JET Tokamak Configuration

In this section we describe the JET tokamak in its configuration during the
multiple pellet injection experiments. The Joint European Torus (JET) is cur-
rently the largest tokamak plasma confinement device in the world [27]. The JET
tokamak shown in Fig. 2.1 can drive a toroidal plasma current of up to 7MA,
which resistively heats the plasma to temperatures of a few keV. In addition
to ohmic heating, JET also has available 20 MW of ion cyclotron resonance fre-
quency (ICRF) heating and 20 MW of neutral beam injection (NBI) heating that
are needed to reach the relatively high plasma temperatures required for fusion
breakeven (where the fusion energy produced equals the energy used to heat and
confine the plasma).

The toroidal magnetic field on JET is generated from 32 D-shaped copper
coils that produce a maximum of 3.5 T at the magnetic axis. The vacuum vessel
of JET during the initial pellet fueling experiments was covered with graphite
tiles and coated with carbon to provide a low-Z material wall boundary to the
plasma. The inner wall was covered with armored carbon tiles, and the outer wall
has two water-cooled toroidal belt limiters approximately 1 m above and below
the horizontal midplane. The wall and limiters were coated with evaporated
beryllium in the later pellet fueling experiments in 1989. Eight ICRF antennas

sit between the belt limiters on the outer wall. Each antenna is surrounded by
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water-cooled carbon tiles and has a carbon-coated nickel screen. The plasma fuel
is provided by a programmable gas introduction system which puffs in gas at rates
up to ~ 1 x 10?2 particles per second. The NBI heating system also provides a
particle source of approximately 1 x 102? neutrals per megawatt of power injected
into the plasma.

A plan view of the JET vacuum vessel in Fig. 2.2 shows the locations of the RF
antennas, neutral beam ports, pellet injection port, gas introduction valves, and
important diagnostics. The parameters of the JET tokamak during the multiple
pellet injection experiments are given in Table 2.1. The coordinates refer to a

vessel at room temperature.

Table 2.1 The JET tokamak parameters during the pellet fueling experiments.

Parameter Symbol Value
Toroidal Field B, (T) <3.4
Plasma Current I, (MA) <7.0
Discharge Duration ty (s <30
Flattop Duration tre s% <20
RF Heating Duration try (s <20
Minor Radius (Horizontal) a (m 1.2
Plasma Major Radius Ry (m; 2.96
Plasma Aspect Ratio Ry/a >2.37
Plasma Elongation b/a <1.68
Electron Temperature T. (keV) <12
Electron Density ne (m™3) <2 x10%°
ICRF Power Prr (MW; <20
NBI Power Png (MW <20
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2.2 JET Multiple Pellet Injection System

In 1986 the United States Department of Energy and the JET Joint Un-
dertaking began an international pellet fueling collaboration that provided for a
multiple pellet injector to be designed and built at Oak Ridge National Labora-
tory (ORNL) for pellet fueling experiments on JET. The injector was installed
on JET in May 1987 and, after an initial commissioning period, was used in a
series of pellet fueling experiments through 1989. This dissertation is the result
of analysis on the first year and a half of experiments carried out with the ORNL

injector by a joint team of U.S. and JET scientists.

2.2.1 Pellet injector description

The ORNL multiple pellet injector is a repeating pneumatic injector with
threec independent guns and has been described by Combs and Milora [28,29].
The three guns produce multiple right cylinder pellets of frozen deuterium that
nominally have a diameter and length of 2.7 mm, 4 mm, and 6 mm. An artist’s
depiction of the injector in cutaway view is shown in Fig. 2.3. The maximum
repetition rates of the guns are 5Hz, 2.5 Hz, and 1 Hz, respectively, for quasi-
steady-state conditions (> 10s). The approximate number of deuterium atoms
contained in each size pellet based on ideal size is 9.29 x 102°, 3.08 x 102!, and
1.04 x 1022, respectively, using 20.089 x 107 m3/mol as the molar volume of
deuterium at a temperature of 14K [30).

The principle of operation of the injector is pneumatic acceleration. Each of
three independent injectors is cooled by liquid helium to below 20K to condense
deuterium to a solid slush which is then extruded past a chambering mechanism

by a motor-driven piston. A solenoid-driven chambering mechanism cuts a
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cylindrical pellet out of the extrusion and loads the pellet into the barrel mil-
liseconds before the pellet is fired. A high-pressure fast solenoid valve is operated
when the chambering mechanism is engaged and propellant gas (typically 70 bar
hydrogen) accelerates the pellet down the barrel. The hydrogen propellant gas
and deuterium fuel gas are introduced to the injector through a gas manifold
which regulates pressures and allows purging of the system between operations.
A 100 £/s turbomolecular pump is used to keep the injector enclosure pressure

well below 1072 mbar.

2.2.2 Pellet injector installation and operation

The injector is installed on the JET tokamak on the rear panel of a large
cryocondensation pump box known as the Pellet Injection Box (PIB). The PIB
is mounted to a horizontal midplane port on JET through a 6in. diameter line
through which the pellets are injected. Inside the 50m?® PIB is a liquid helium
cryopump with a pumping speed of 8.6 x 10% £/s for Hy. The PIB provides pump-
ing to prevent the propellant gas following the pellet (approximately 30bar - £
of hydrogen) from reaching the tokamak plasma, and it pumps the excess solid
deuterium extruded through each gun during a firing sequence of pellets (approx-
imately 5 bar - £ per extrusion). A flow restrictor tube (6 cm diameter, 1 m long)
for each gun is also located at the exit of the PIB to limit the gas flow to 60 £/s.
A schematic representation of the pellet injection lines through the PIB is shown
in Fig. 2.4, and Fig. 2.2 shows where the PIB is connected to the tokamak. A
photograph of the pellet injector installation on the rear of the PIB is shown in
Fig. 2.5. A detailed account of the pellet injector interface to the JET machine
is given by Kupschus in Ref. [31].

The injector is operated through a stand-alone control and data acquisition

system that is based on a programmable logic controller (PLC) and a Digital
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Equipment Corporation MicroVAX II computer [32, 33]. The computer uses a
CAMAC link to transmit operator commands through an RS-232 CAMAC mod-
ule to the PLC, display injector status on CAMAC driven color graphic mimic
displays, acquire data from transient digitizers, and transfer commands and data
to the JET Control and Data Acquisition System (CODAS) computers. The fir-
ing of pellets is controlled by a microcomputer based firing sequencer which sends
precise timing pulses to the power supplies that drive the injector mechanisms
and also sends clocking pulses to the transient digitizers. Once a pellet firing se-
quence is programined in, the operation of the injector is automatically controlled
through the discharge including a real-time protection system that monitors im-
portant plasma parameters and will inhibit pellet injection if it threatens plasma
operation. The transient data collected from pellet diagnostics are used to deter-
mine pellet speed, mass, and pellet penetration depth into the plasma. These data

are archived with the JET experimental data on the JET mainframe computer.

2.3 Pellet Diagnostics

The JET multi-pellet injection system has diagnostics for measuring pellet
parameters and injector performance. These diagnostics consist of a video moni-
tor of the extrusion to check the quality of the ice, a barrel pressure transducer,
an accelerometer on the injector chambering mechanism, a fiber-optic pellet in-
terrupter triggering system, a microwave bridge for determining pellet mass, and
a photodiode for measuring pellet ablation line emission. The double microwave
cavity bridge is a direct measure of the pellet mass [34]. The fiber-optic inter-
rupter triggering system is used to trigger a flash lamp and video frame store

camera system to provide shadow-graph pictures of the pellets in flight. Typical



22

video pictures of the three sizes of pellets in flight after they leave their respective
barrels of the injector are shown in Fig. 2.6. The speed of the pellet is deter-
mined from the time delay between the fiber-optic interrupter trigger signal and
the microwave bridge signal of the first cavity.

The photosensitive diode is attached to the bottom of the torus through a
periscope and is used to measure the Balmer alpha (D,) line emission from the
ablation of the pellet, i.e., the red line of the Balmer series at 6563 A, correspond-
ing to the transition between the upper quantum state n = 3 to the lower state
n = 2. The fiber-optic trigger, microwave bridge, and D, signals are summed
through a summing amplifier and digitized at a 1 MHz sampling rate with a
LeCroy 8210 transient digitizer. A typical set of data taken by the pellet data
acquisition system for an injected pellet is shown in Fig. 2.7. A timing signal
corresponding to the time the pellet crosses the limiter is generated electronically
from the pellet speed measurement and is shown in the D, trace of Fig. 2.7.
The penetration is then determined by the time duration from the limiter timing
signal to the end of the D, signal.

Measurements of the pellet diagnostics have provided useful performance data
from the large number of pellets fired. In particular, the pellet speed from the
guns is typically ~ 1230 m/s at an operating pressure of 70 bar and is quite
consistent. The pellet mass is similarly quite consistent, with over 85% of the

pellets during a typical 240 pellet run having a mass within 4:5% of the average.

2.4 Plasma Diagnostics
The JET experiment has been built with a comprehensive set of plasma and

machine diagnostics which produce high-quality data. A general survey of these
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diagnostics and the data they produce is given in Ref. [35]. Some of the diagnos-
tics have specific importance to the pellet fueling experiments and are described

in more detail in this section.

2.4.1 Far-infrared interferometer

The far-infrared (FIR) interferometer diagnostic on JET [36] is a multichannel
interferometer used to measure the change of phase experienced by a coherent
beam of radiation propagated through the plasma which is proportional to the
line integral of electron density. The interferometer light source is a deuterated
hydrocyanic acid (DCN) laser which operates at a wavelength of 195 um. The
light source is modulated at 100 kHz with a rotating cylindrical grating and split
into six vertical chords and a vertical reference leg as shown in Fig. 2.8. The FIR
interferometer has a measurable range from 108 to 2 x 102 m~3 and has time
resolution of = 107% s,

An inversion of the interferometer data using a generalization of the Abel
inversion technique for the non-circular flux surface geometry is routinely done
to give density profiles. It is assumed in the inversion that the electron density
is a constant on the flux surfaces. This has been verified by comparison of the
inverted interferometer electron density profiles with Thomson scattering data
from the JET LIDAR diagnostic [37] which is capable of measurements every
two seconds throughout the discharge. An example of a comparison of the two
measurements is shown in Fig. 2.9. The two experimentally determined profiles
generally show good agreement; however, the inverted profiles cannot reproduce
fine structures in the density profile owing to the sparse number of interferometer
chords. Typically the line integral of the density is measured to an accuracy of

1%, which after inversion gives an accuracy on the central density of ~ 5%.
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2.4.2 Electron cyclotron emission spectrometer

The primary method used for electron temperature measurement on JET is
electron cyclotron emission (ECE). A radial profile of electron temperature is de-
termined with data from a scanning Michelson interferometer system {38]. The
second harmonic emission intensity is proportional to the electron temperature
from the blackbody level relation I(w) = w?T'/8n%c?, and thus an inversion must
be performed to obtain the local temperature. The inversion must use the mag-
netic field geometry determined from an equilibrium calculation to determine the
radial position of emission and is therefore subject to error. The absolute accu-
racy is estimated to be within +10%, and relative accuracy between spatial points

is within +5%.

2.4.3 Soft X-ray detector arrays

A set of soft X-ray detector arrays has been installed on JET and is primarily
intended for fluctuation and instability studies. The single vertical and three
horizontal arrays are located on the same octant of JET as the pellet injection
system as shown in Fig. 2.2. This fortuitous location makes it possible to view
the ablation of the pellet with 200 kHz fast digitization windows around the pellet
events. Figure 2.10 shows typical soft X-ray data from an injected 4mm pellet.
The penetration of the pellet can be determined from the contour plot of the data
as shown in the figure. The major radius at which the signal ends along the line
of trajectory is the furthest point of pellet penetration. The soft X-ray diagnostic
is also useful in determining light impurity behavior. Since high-Z contributions
to the soft X-ray radiation are small, the radiation is primarily due to carbon and

oxygen bremsstrahlung.
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2.4.4 D, and visible bremsstrahlung detection
Detection of D, light and visible bremsstrahlung emission from the plasma is
accomplished with a number of discrete detectors and a poloidal array of detec-
tors. The total bremsstrahlung emissivity given from the plasma with electron
temperature T, (eV), electron and ion densities n.,n; (m™3), and ion charge Z; is
given by [39]

‘ gl{ NeM; Zi2gff e-—hc/)\Tc

Eyrem = A Tel/z

(photons/s/m’/A/s — 1),  (2.2)

where C} is 9.5 x 1072% /47, and gg is the free-free Gaunt factor. The Gaunt

factor used in the integrated analysis of JET data [40] is

2368) —0.149

gy = 1.456(» T (2.3)

The expression then used to derive Zeg, the effective ionic charge of the plasma,

is

4N Eprem [ [7° -
Do = —nirbrem (/ n? gﬁT:l/ZdZ) : (2.4)
. Zv

Determinations of Z.g are made using this expression for both a vertically
and a horizontally measured chord of bremsstrahlung using the measured electron
temperature and density profiles.

Hydrogenic particle fluxes from the wall and limiter are also determined from
the D, measurements by assuming that the emitting shell in the plasma extends

into 0.9 of the minor radius. The fluxes are then given by

®, = 2B AT (particles/s)

&; = 4nB ALF (particles/s), (2.5)
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where A, is the wall surface area calculated with an effective minor radius of
~ 0.9(a), Ay, is the surface area of the belt limiters, B,, and By, are the brightness
in photons/s-m?-s — r as measured from the D, array from the wall and limiter,
respectively, and F is the ratio of total number of ionizations to the number of
photons emitted from 3 — 2 transitions taken from the Johnson-Hinnov factor
[39] with corrections for molecular dissociation.

The particle confinement time as defined by Eq. (1.1) is calculated from the

particle fluxes by the expression [40]

K ¢+ Sw + &, + &yp — dN./dt’

(2.6)

where N, is the total number of electrons, ®xp is the flux from neutral beam
injection, and ®; is the impurity flux. The impurity flux is assumed to be equal
to the product of the concentration of a given impurity in the plasma and the

hydrogenic particle flux from the wall and limiter and can be written as

@jZijj(‘I’L+@W~—dNe/dt), (2.7)

where f; is the concentration of the jth impurity. The relative impurity concen-
trations f; are taken from an average of spectroscopic measurements over a large

number of discharges.
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CHAPTER 3

EXPERIMENTAL OBSERVATIONS

In this chapter we describe several general experimental observations made
from several of the measurements taken during the multi-pellet fueling experi-
ments. The large number of pellet injection events and generally high-quality
data have made possible a comparison of several observations for a variety of con-
ditions. We concentrate on observations of relevance to pellet fueling and particle

deposition and transport.

3.1 Pellet Penetration and Deposition

One of the important parameters measured in these experiments is the pene-
tration of the pellets into the plasma. We define penetration as the distance into
the plasma that the pellet reaches when all of the pellet mass has been ablated
away and deposited into the plasma. The pellet penetration was measured by
the duration of the D, light signal and also from soft X-ray measurements as de-
scribed in Sect. 2.4. Neither measurement was available for every pellet injection
event, but in the cases where both measurements were available, good agreement
was obtained. Figure 3.1 is a plot of the soft X-ray determined penetration ver-
sus the D, determined penetration. The data lie on a straight line within the

experimental errors.

The measured pellet penetration has been compared with the theoretically
predicted penetration using the neutral and plasma shielding (NPS) ablation
model [24] and was found to agree well in most cases. Figure 3.2 is a plot of

the measured penetration versus the predicted penetration for 2.7mm and 4 mm
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pellets in both ohmic and auxiliary heated plasmas and shows generally good
agreement. The penetration calculation uses electron temperature profiles gen-
erated from second harmonic ECE data and electron density profiles determined
from the FIR interferometer chordal data. The pellet mass is compensated for
in the calculation by using the measurement from the microwave bridge pellet
mass diagnostic to determine the equivalent spherical radius for the pellet. A
free parameter exists in the ablation model, namely, the neutral cloud radius sur-
rounding the ablating pellet. This radius was fixed in the calculation to 1.0 mm,
which was found to give good agreement with earlier ablation modeling [25]. Al-
though the calculated penetration in these cases agrees with the measurement,
the calculated ablation rate does not agree as well with D, measurements. Strong
striations are seen in the ablation light emission, as can be seen in Fig. 2.8, which
may be due to hydrodynamic instabilities or rational magnetic flux surfaces in
the plasma. The pellet velocity dependence predicted by the NPS model is neg-
ligible and was tested by injecting pellets at velocities of 500 m/s and 1400m/s
into similar ohmic plasma conditions. The results of this experiment, shown in
Fig. 3.3, indicate that the slower pellet penetration is consistently overpredicted
by the model. This indicates a deficiency in the NPS model that needs to be
rectified for accurate prediction of higher speed pellet penetration. The neutral
shielding ablation model [21] used to derive Eq. (1.4) does not provide enough
shielding from the plasma electrons and consistently underestimates the pellet
penetration.

The particle deposition from the ablating pellet has been determined for a
number of pellet injection events and in general agrees reasonably well with ab-
lation calculations of the particle source. The deposition is determined by the

LIDAR Thomson scattering diagnostic, which was triggered 20 ms after the
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pellet was injected. The electron density profile before the pellet injection event
was taken from the inversion of the 6-channel FIR interferometer data. The dif-
ference of the density profiles at these two times gives a reasonable measurement
of the particle deposition from the ablating pellet. An interesting difference in
pellet depositions has been found to exist in cases where pellets reach near or
beyond the magnetic axis between discharges that have a ¢ = 1 rational mag-
netic surface (as determined by sawtoothing in soft X-ray signals) and discharges
without a ¢ = 1 surface. The pellet D, emission and particle deposition near the
q = 1 surface are greatly reduced from the case with no q = 1 surface, as shown
in Fig. 3.4. This reduced emission seems to indicate that there is strong mixing
of the cold ablated pellet mass near the q = 1 surface that reduces the pellet ab-
lation and hence the particle deposition. Measurements of D, emission from the
ablating pellet typically show a strong reduction in emission as the pellet crosses
the ¢ = 1 surface; however, no similar strong reduction is seen at other rational
surfaces. Fluctuations in the D, emission are seen during the pellet ablation, as
can be seen in Fig. 3.4. These fluctuations are similar to those seen in previous
pellet injection experiments [10, 19] and are thought to be due to instabilities
related to plasma shielding of the ablating pellet.

Another observation of the pellets that are injected beyond the ¢ = 1 surface is
a measured drop in the soft X-ray emission in vertical soft X-ray channels looking
within the ¢ = 1 surface. An example of this observation is shown in Fig. 3.5 for
a 6 mm pellet injected in an ohmic discharge. This drop in soft X-ray emission
occurs before the pellet reaches inside the ¢ = 1 surface, possibly indicating a
rapid collapse in electron temperature within the ¢ = 1 surface on a time scale of
~ 10 us. Such a temperature perturbation will affect the peliet by reducing the

ablation rate as it continues traveling within the ¢ = 1 surface.
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3.2 Pellet Fueling Efficiency

The pellet fueling efficiency is defined as the ratio of the number of pellet
deuterium atoms that are deposited in the plasma and the number of deuterium
atoms originally in the pellet. It is a measure of the percentage of pellet particles
that are deposited in the plasma. The mass of each pellet is measured as it is
injected into the plasma by the microwave cavity system described in Sect. 2.3.
The number of electrons in the plasma, N,, is determined by Simpson integration

of the line integral densities and multiplication by the plasma volume {40]:

J ne(z)(z)dz

Ne — 27('R()Ap fﬂ(g})dm ;

(3.1)

where {}(z) is the area Jacobian and A, is the cross sectional area. The incremen-
tal number of electrons has been determined for a large number of pellets and
the associated pellet fueling efficiency determined. Figure 3.6 shows the pellet
fueling efficiency plotted as a function of pellet penetration for a variety of pellet
sizes and plasma conditions. From this plot we can see that pellets injected in
ohmically heated plasmas show a very high fueling efficiency (> 75 % and in some
cases virtually 100 %) independent of pellet penetration. However, pellets that
are injected during neutral beam heating and ICRF heating show an expected
drop in penetration due to the higher temperatures and also show a reduced fuel-
ing efficiency of below 60 %. This means that more of the pellet is being eroded
in the plasma edge and scrape-off layer and pumped away before being deposited
in the plasma. Some of the additional ablation at the plasma edge is possibly due
to energetic ions and electrons from the neutral beam and ICRF heating. The
implications of this result for fueling a high-temperature fusion reactor plasma are
that pellet sizes will have to take into account the fueling efliciency to

adequately fuel a reactor plasma. A reactor may also need to be able to
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pump a moderate fraction of the pellet particles that are not confined in the

plasma volume.

3.3 Electron Density Profile Evolution

A temporal evolution of the electron density profile is obtained by inversion
of the FIR interferometer data as described in Sect. 2.4.1. The electron density
profile has been found to change dramatically in pellet fueled plasmas with deep
pellet penetration. An example of the density profile evolution for an ohmic
plasma with two pellets is shown in Fig. 3.7.

The penetration depth of the pellet has a dramatic effect on the peaking
of the density profile, as one would intuitively expect. The central to volume
average ratio [n.(0)/(n.)] 200ms after pellet injection normalized to the pre-
pellet value is found to have a strong dependence on pellet penetration. Figure
3.8 shows that penetration of the pellet to within 20 cm of the axis is required
to achieve a significant increase in the density peaking. In cases when there is
partial pellet penetration it takes more than 100 ms for the maximum density
peakedness to occur as the density perturbation diffuses into the core of the
plasma. In experiments where pellets were injected into plasmas that already had
peaked density profiles from previous pellets, no significant increase in peaking
was observed despite penetration of the pellets to the magnetic axis. The limit in
central to average ratio of ~ 3.5 was found in these multiple pellet fueled cases.

It is possible for the small 2.7 mm pellets to penetrate to the axis if they are
injected early in the discharge when the electron temperature is still relatively low.
In discharges where a number of 2.7 mm pellets were injected into the current rise,
the electron density was found to peak dramatically and continue to stay peaked

following the injection of subsequent pellets. In these cases, the temperature is
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maintained fairly low (~1-2 keV), and the subsequent pellets all penetrate to the
axis or beyond. Figure 3.9 shows an example of the electron density evolution for
a multi-pellet fueled case compared to a gas-puff only fueled case. It can be seen
that the peaked density profile persists for over 2 s after the last pellet and ends

as auxiliary heating is applied.

In discharges that lead to a peaked density profile from pellet fueling, a
pedestal in the density profile is seen to form on the outer half of the minor
radius, as is shown in Figs. 3.7 and 3.9. This pedestal, which is seen in both the
FIR profile inversion and the LIDAR measured density profile, forms soon after
pellet injection and remains in auxiliary heated discharges with peaked density
profiles as shown in Fig. 3.10. This pedestal may be related to the ¢ profile as
shown in Fig. 3.10, where the ¢ = 2 rational surface (as determined by equilibrium
calculation) is in the region where the pedestal forms. One possible explanation
for this local flattening of the density profile is the formation of magnetic islands

at the ¢ = 2 surface, which leads to enhanced diffusion of particles.

In discharges with peaked density profiles from pellet injection that persist
until the onset of sawteeth oscillations [g(0) reaches 1], the density profile is ob-
served to undergo a reduction in the peakedness in the center of the discharge
within the sawtooth inversion radius and remain less peaked through the remain-
ing sawteeth. It is hypothesized that the initial sawtooth crash expels particles
from the plasma core and that there is not sufficient inward convection of particles
in the plasma core to repeak the discharge before the next sawtooth crash, which

typically occurs in 100 ms.

3.4 Heating of Pellet Fueled Plasmas

One of the principal goals of the multi-pellet fueling experiments on JET was

to determine the effect of high-power auxiliary heating of pellet fueled plasmas.



46

ORNL-DWG 89-2933 FED

No. 14960

Pellets

EN 3 4 No. 14961

Ne(10"m-3)
oN O @

(107
P

[t 0 AlnuL:x:::H 1 ;::III!IILLT' 2
2 3 4
R(m)

Fig. 3.9 Electron density evolution of a multi-pellet fueled 4 MA
discharge (14960} and a similar gas fueled discharge (14961). Aux-

iliary heating power of 5MW ICRF and 5 MW NBI is applied at
6s.



47

ORNL-DWG 90-5584

No. 16211
8 < l Y
Vdu \\ o-——@ 370s 7]
~ \ A——aA 410s
6l ¢——& 4355 ]
R m—— 4755
E 5._\- -
o, l
2 4
S 3t _
2_ -
1 1 !
0 05 1.0
Horizontal Minor Radius (m)
No. 16211
5 T OI 6
o-—— 3.70s
A—A 410s
S 4 e—— 4355 )
o "—-—a 4755
L
B 3 :
ks
L2
O
2_ .
0 05 1.0

Horizontal Minor Radius (m)

Fig. 3.10 Electron density profile and g profile (from TRANSP)
in an ICRF heated pellet fueled discharge. The pedestal in the
density profile is in the region of ¢ = 2 and ¢ on axis is near 1.5 at
the time of the temperature collapse (4.4s).



48

The very high ICRF and NBI power available on JET was used to heat pellet
fueled plasmas with peaked density profiles and reduced impurity concentrations.
Experiments were carried out to determine the parameters under which the high-
est fusion yield in deuterium plasmas could be obtained.

The optimization of plasma heating performance is aimed at maximizing Qpr,
the ratic of total fusion power production to total input heating power for a

deuterium-tritium plasma:

Ppr ~ [ dVnpnr{ov)Y
Pin fdVnT /s

Qor = o n;(0)T3(0)7g , (3.2)

where Ppr is the thermal fusion power production of a deuterium-tritium plasma,
Pin is the externally applied heating power, (ov) is the reaction rate coeflicient
averaged over a Maxwellian ion distribution at temperature 73(0), 7 is the energy
confinement time, and Y is the 17.6 MeV energy yield per reaction, which consists
of a 14.1 MeV neutron and a 3.5 MeV alpha particle. Clearly, to maximize Qpr,
the central ion density, central ion temperature, and energy confinement time
must be maximized.

The pellet fueling experiments on JET have attempted to optimize the heating
profile by using central ICRF heating on dense peaked profile plasmas. The results
been improvements in n;(0)7}(0)rg over the non-pellet case up to a value of 2x10%°
keV-m™2.s [41], which extrapolates to an equivalent Qpt of ~ 0.1. ICRF heating
has been applied at power levels up to 16 MW in combination with NBI and has
produced D-D reaction rates in excess of 1 x 10!% 5!, The temporal evolution of
the key plasma parameters in a heating experiment are shown in Fig. 3.11. Two
types of heated discharge have been observed in these heating experiments. One

type, as shown in Fig. 3.11, maintains a peaked density profile over 1.5s into



49

ORNL-DWG 89-2895 FED

No. 17279

ne(0) /<ny

<]

{keV)

T; {0}
[¢,]

NEUTRONS T(0)
(1015 5-1)

SO M H» O M B O

Wp (MJ)

-

o
(4]
T

i

Tels)

(MW)
onbsoO O

POWER INPUT

O

TIME (3)

Fig. 3.11 Temporal evolution of plasma parameters with ICRF
and NBI heating after pellet injection. A 4mm and a 2.7 mm pellet
were injected at 3s. A collapse in central temperature and density
is observed at 4.7s.
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the heating pulse. The peaked density profile and high temperatures are then
abruptly terminated when an internal collapse of the temperature and density
is observed (at 4.7 s in Fig. 3.11). The other type of heated discharge shows a
rapid decay of the electron density, does not reach as high a central temperature,
and has no abrupt collapse of central temperature and density. The mechanisms
behind these two types of heated discharge are not yet fully understood.

A distinctive characteristic of the two types of heated peaked density profile
shots is the MHD activity that is measured during the heating pulse by the array
of magnetic loops used to measure magnetic activity in JET [39]. A common
characteristic of the discharges that show a rapid decay of the central density is
a small but measurable increase in the signal of the n = 1 and higher n mode B,
coils. An example of this signal is shown in Fig. 3.12, where the n =1 and n = 3
By signals show an increase during the time the density profile becomes very
flat. The amplitude of the By signals shows good correlation with the increase in
central electron temperature and not with the magnitude of input power. This
characteristic MHD activity is seen in discharges both with and without NBI
heating. In cases where the peaked profiles persist longer in both auxiliary heated
and ohmic discharges, the MHD signals remain very low and do not show an
increase until the collapse in temperature and density occurs in the high power
IORF heated cases. In Fig. 3.13, we show the By (n = 1) signals overlaid for
four discharges with similar pellet deposition from a 4 mm pellet injected at 3s.
The discharges that show rapid density decay (No. 16235 with 10 MW ICRF and
6.5 MW NBI heating, and No. 16228 with 10 MW ICRF heating) have a larger
MHD signal than either the ICRF heated discharge (No. 16211 with 8 MW ICRF)
or the ohmic discharge (No. 16226), which both retained a peaked central density

(until the collapse in No. 16211 and until sawtocth oscillations begin in
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No. 16226). It is interesting to note that internal disruptions (sawteeth) are de-
tected by this external magnetic loop measurement and typically have a signal 2-3
times larger than the signal from the rapidly decaying discharges or the collapse
in the ICRF heated cases (as in No. 16211). If this By signal is representative of
an internal disturbance, then it would be expected to have a less dramatic effect
on transport in the plasma core than sawteeth. It should be pointed out that
these collapses seen in the high power ICRF heated discharges are not sawteeth
(g is > 1 on axis), but rather show a characteristic m = 3,n = 2 behavior and are

thought to be caused by a ballooning mode {either ideal or infernal) instability,

3.5 Energy and Particle Confinement

The effect of particle fueling on global plasma confinement is an issue that has
been carefully studied in past experiments and is of particular interest in the cur-
rent tokamak devices with parameters reaching reactor relevant levels. Determi-
nation of the energy confinement, g, is made from the diamagnetic measurement

of total stored energy and the total input power by the relation

W,

In the ICRF heated peaked density profile discharges described in the previous
section, the energy confinement is seen to be improved over similar non-pellet
fueled discharges. This improvement is due to the central power deposition and
improved confinement and lasts up to the period of the temperature collapse. The
energy confinement can be seen in Fig. 3.11 to decrease after the collapse at 4.7s.

The diamagnetic stored energy as a function of the denominator in Eq. (3.3)

is shown in Fig. 3.14 for similar pellet and non-pellet fueled discharges. An
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improvement in global confinement is seen for a few of the pellet discharges with
peaked density profile. Most of the discharges show better confinement than the
empirical scaling law used to describe a number of tokamak experiments [42]. The
confinement after the collapse is seen to be significantly worse and can be as bad
as in the worst non-pellet fueled discharges.

The particle confinement in JET is determined as part of the integrated analy-
sis of the D, visible bremsstrahlung data as described in Sect. 2.4.4. The particle
confinement time as defined by Eq. (2.6) is calculated and has been compared
for pellet fueled and non-pellet fueled discharges. An example of this comparison
for ohmically heated discharges with multiple 2.7 mm pellet injection with central
penetration is shown in Fig. 3.15. We see from this comparison that immediately
after pellet injection, 7, shows a sharp increase, due to the increase in N,, which
decays back to the pre-pellet value within a confinement time. The edge particle
flux shows an increase shortly after the pellet injection and thus tends to reduce
any improvement in 7,. The total number of electrons is increased in the pellet
fueled case, but the limiter particle flux is also increased. The average particle
confinement time (7,) is increased by about 20% over the non-pellet fueled dis-
charge for only a ~ 10% increase in the total particle source. In auxiliary heated
discharges, a substantial increase in the edge particle flux is seen during both NBI
and ICRF heating, which tends to reflect a reduction in 7, below 500 ms. The
pellet fueled discharges with auxiliary heating show no substantial increase in 7o,
even in the heated peaked density profile discharges discussed in the previous

section.

3.6 Impurity Effects

One of the important advantages that pellet fueling provides over gas puff

fueling is the deposition of fuel particles into the plasma without the introduction
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of any non-fuel impurity particles. This can be seen by observing the global
impurity content of the plasma in the Z effective measurement which is defined

as
n; 22 EniZf
En;Z; - Ne !

Zegt = (3.4)

where the summations are over all species of charge Z;. Z.g is then the average
ionic charge, weighted by a Z; factor.

The measured global Z.g from visible bremsstrahlung measurements shows
a sudden decrease after pellet injection followed by a slow gradual rise back to
the pre-pellet value as shown in the discharge in Fig. 3.11. In some of the pellet
fueled JET discharges, determination of Z.g profiles has been carried out using a
poloidal array of visible bremsstrahlung detectors [43]. Immediately after pellet
injection with central deposition, the central Z.£(0) can reach values less than 1.5
and the Z.g(r) profile is initially very hollow. As the electron density decays, the
Zew(r) profile has been seen to build up in the center to values of ~ 3, showing
an accumulation of impurities. After the density has decayed, the peaked Z.g(r)
profile can be seen to return to the pre-pellet slightly hollow profile.

Despite the reduction of Z.4 seen immediately following pellet injection due
to dilution effects, an accumulation of impurities has been seen in the core of the
discharge when the electron density is peaked on axis. This accumulation can
be seen from soft X-ray and bolometry measurements, which show an increase
in central radiated power due to increased line radiation and bremsstrahlung.
An example of this impurity accumulation is shown in Fig. 3.16 for the same
discharge as is shown in Fig. 3.11, where the soft X-ray profiles in a 4 mm pellet
fueled discharge with peaked central electron density are shown before the pellet

injection and after the pellet injection when the density profile is peaked. By
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scaling the pre-pellet soft X-ray profile to the electron density and temperature
values [using the bremsstrahlung formula Eq. (2.2)] after peliet injection in Fig.
3.16b, we see that the post pellet profile is much more peaked and with ~ 10
times the magnitude, indicating strong central accumulation of low-Z impurities.

Spectroscopic measurements from a VUV spectrometer [39] show radiation
from high-Z impurities such as nickel, with much stronger line intensities in the
innermost shells, which are predominantly due to centrally located ions where the
temperature is highest. An example of the spectroscopic data is shown in Fig.
3.17, where the temporal evolution of intensity from Ni XXV and Ni XVIII line
radiation is plotted with the electron density and soft X-ray intensity. The peak
in Ni XXV radiation is seen when the central soft X-ray signal is at its maximum
and the electron density profile is peaked on axis. The amount of power radiated
from this impurity accumulation can reach as much as 45 kVV/m3 but is usually
not significant enough to cause a problem with the power balance and lead to a
radiative collapse. This accumulation does, however, mask the high value of the
fusion product that would otherwise be achieved in ICRF heated peaked density

profile discharges if the impurities were not there.
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CHAPTER 4

PARTICLE TRANSPORT IN TOKAMAKS

In this chapter we examine the theoretical models for particle transport in
tokamaks. We start with the classical transport, which predicts the diffusion in
a cylindrical plasma. When corrections to the classical transport due to toroidal
geometry and applied electric fields are incorporated, we arrive at neoclassical
transport theory. The transport of particles and energy in tokamaks has been
found to be highly anomalous, especially for electrons. This anomalous trans-
port behavior is presumed to be caused by fluctuation driven turbulence in the
plasma; therefore, we examine the effect of fluctuations on particle transport.
Both neoclassical transport theory and fluctuation induced transport theory of
tokamaks are thoroughly discussed in the literature, and we present here only
enough of the framework of these subjects to assist in the understanding of the

present investigation.

4.1 Classical Transport

Classical transport is the transport in cylindrical geometry that arises from the
scattering of electrons and ions in their gyro-orbits by Coulomb collisions. This
diffusive process is a random walk where the step size is the particle gyroradius,

given by
TL = WeeVth , (4.1)

where w.. is the electron cyclotron frequency and vy is the thermal velocity.
This diffusion, which is driven by its own density gradient, follows Fick’s law of

diffusion [44], for species a,
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'y = ~DVn,, (4.2)

where the parameter D is the diffusion coeflicient and is given by

(Ar?)

b
21,

D=

(4.3)

where /Ar is the radial excursion between scattering times 7,. The classical diffu-
sion coeflicient for electrons is therefore
2 2
r v
D=L = _th (4.4)
2r. 2w,
A rigorous derivation of classical transport can be obtained from the Boltz-

mann equation for species a

oy g, ey FOh_ ()
coll

ot t or m, Ov  \ Ot Sas (4.5)

where fo(r,v) is the N particle distribution function, (8f,/0t)con represents
change in the distribution function due to collisions, and S, is a term due to
sources and sinks of particles. It is the collisional term that determines the trans-
port properties of the plasma. The velocity ¥ of a particle of species a can be
decomposed into the average velocity, ¥,, and the random thermal velocity about

the average, Vi,

=T, + Ui (4.6)

To derive the transport properties from the Boltzmann equation, it is neces-

sary to take the velocity moments of this equation. The even moments (v® = 1
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and %mvz) express the conservation of particles and energy and may be written

as

a a —

gt + V- (nad,) = §°, (4.7)
1 6 —~ -' 2 2
Eé;(Tr M)+ V-Qo =neeaba-E+ R, + S, (4.8)

where Tr M, = nom.(¥ - ¥), is the trace of the momentum stress tensor, Q}, =
I mana((¥-9)v)a is the energy flux, R2 is the second moment of the collision term,
and 52 is the second moment of the source term. The odd first moment (m¥)

expresses the conservation of momentum, which can be written as

ma-gzn,if,, +V-M, - n,,e,,(l-'f1 + U, X I§) = Rz + Si. (4.9)

Similar expressions arise for the higher order moments. Closure of these moment
equations can only be made for a specific form for (8f,/0t)con- These equations
can be transformed by using the velocity decomposition to decompose the terms
into parts with the net flow of plasma (v,) and parts associated with the ran-
dom thermal motion of the particles (vs1,). For example, the momentum balance

equation becomes

manaa—a’it‘i + Mang(Fy - V)ig + Vpa + V - 7, = ngeqa(E + 7, x B)
+R¢11 + (S’i - ma'aasg)y (410)

where the momentum stress tensor M = n,m, v, - ¥, + P,, and 7, represents the

off-diagonal components of the pressure tensor P,.
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If we consider a source-free plasma with isotropic pressure, the momentum

balance for species a becomes

Vpa :naea(E—{—ﬁa X §)+ﬁl (4.11)

In a simple cylinder of plasma, the radial component of Eq. (4.11) becomes, in

(r,0,z) coordinates,

Opa
“Pa o nea(Er + vas By — vasBg) + R (4.12)

01_ ar?
and the poloidal component is

10p,
r 08

=ngea(Eg — varB.) + Rly. (4.13)

By assuming poloidal symmetry in p, and ®, the poloidal component equation

can be written as

l?l)f’_ — na,ea.EG =0 = -naeava,-Bz + Rig 3 (414)
r 08

from which the radial flux can be seen to be driven by the poloidal collision

operator

NV, = —28 (4.15)

Hence it is necessary to evaluate this collisional friction operator, given by

Ri=m,)_ / Cab(far fo)i d®v . (4.16)

a7#b
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In this evaluation, the Lorentz form of the collision operator can be used; it models
energetic electrons scattering off cold infinite-mass ions, m, < my and v, > v.

This gives for the collisional friction operator [45]

Ry =" namovey(fa ~ B). (4.17)
a#b

Substitution of this expression into Eq. (4.15) gives the expression for the radial

particle flux,

— NaMgylyp 1 8}3,,, 1 3175 0
e ; e B [naZa or mazi oy T (e W) ], (4.18)

where the last term is small for tokamaks. The radial flux can be seen to be driven
by differences in radial pressure gradients among the particle species present. In
the absense of sources, a steady-state solution requires the radial particle flux to

vanish. This implies that for T, = T}, and By <« B,

na(r) [nb(r)r“’z“ (4.19)

14(0) - np(0)
From this equation one can see that in an electron-ion-impurity plasma with ion
density peaked toward the center, impurities will tend to accumulate on axis;
however, temperature gradients and particle sources that are always present in

the system may tend to reduce this effect.

4.2 Neoclassical Transport in Tokamaks

In a tokamak plasma with nested toroidal magnetic surfaces, there is an ad-
ditional loss rate of particles resulting from Coulomb collisions that is known as
neoclassical transport and is due to the toroidal geometry and subsequent non-

uniformity of the magnetic field as described in Sect. 1.2. An analogy is that the
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gyromotion collisions lead to classical transport and the guiding center motion
gives rise to neoclassical transport.
The toroidal magnetic field in a tokamak is proportional to 1/R and can be

approximated by

By
B = 1+ (r/R) cos 8§’

(4.20)

This leads to two classes of particles in tokamaks: those that are free to follow the
helical field lines around the torus (passing particles) and those that are trapped in
the magnetic well formed by the poloidal variation of the magnetic field (trapped

particles), as shown in Fig. 4.1.

ORNL-DWG 89M-2652 FED
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Fig. 4.1 Magnetic well caused by nonuniform magnetic field.
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4.2.1 Electron and ion transport

Neoclassical transport takes on different forms, depending on the collision
frequency between the species in the plasma. Three collisional regimes have been
identified to describe neoclassical transport. The collisional, Pfirsch-Schhiter,
regime is where a particle suffers a collision before it moves along a field line from
the inside to the outside of the torus. The banana regime is sufficiently collisionless
that a trapped particle completes a bounce orbit in less than a collision time. The
plateau regime is where the collision frequency lies between the limits of the other
two regimes. In all regimes, the particle flux is limited by the electron transport.

In the calculation of the neoclassical fluxes, a more elaborate collisional fric-

tion term is used:

R, = — Ry = ~CimaNovapu — 21, V| Ty, (4.21)

where a and b are unlike species and

uy = ua“ - ub”. (4.22)

The first term is essentially the friction term derived for the classical case. A flux
surface average of the radial flux is evaluated, where the flux surface average for

a parameter A is defined by:

(4) = o /0 " b(r,8)A(r, ), (4.23)

v

where h(r,8) = 1+ Fcos @ = 1+ ecos 8. It can be shown [45,46] that the

flux-surface-averaged Pfirsch-Schliter lux is given by

PSS Ps
Fa = (n’avar )



68

Mg or Z(, or

N —2eznamauab[( Cz)( 18p.  Za ap..> gg: a{;z;,,},

(Z,,(iBg)2 Cl te,

. (4.24)

where C'1,C,, and Cj are constants of order unity, which were introduced through
the collision operator. This expression has a form similar to the classical expres-

sion and can be written as

2
rPs = 2(‘—?‘3) ¢l = 24?1, (4.25)
@

Although Pfirsch-Schliter transport is present in all collisionality regimes,
the low-collisionality regime is dominated by banana transport arising from the
scattering of guiding centers between trapped orbits. The velocity of a particle

parallel to the nonuniform magnetic field is given by

» 2B 1 1/2

v (6) = [v m h(r,0)

(4.26)

It can be shown that for a particle to be trapped in the well it must satisfy the

condition

4/.LOBE

vﬁ(at) < ~ 2evd,. (4.27)

While the particle is trapped, it experiences a V B drift velocity given by

1<mv2)_BxVB (4.28)

YVB = 9\ eB Bz

which spreads the orbit in radius giving the characteristic “banana” orbit as
shown in Fig. 4.2. The bounce time between end points of the orbit is given by
the length of the closed orbit for a marginally trapped particle, 2 g Ry, divided by

the parallel velocity from Eq. (4.27),
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Fig. 4.2 Schematic of trapped-particle orbits in a tokamak. The
banana width is given by rg = 2Ar.

(4.29)

Hence the radial excursion, A\, when a particle is scattered between adjacent

banana orbits is:

mv? Rq g
eBR el/2y  ¢/2’

Ab = UpDTH = (430)

where 7, is the Larmor radius. The transport arising from scattering between

orbits can be estimated using the random walk expression:
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D= 2b (4.31)

where 1/7 is the effective collision frequency 1/€ 7. The factor € is included to

take account of particles that are scattered into a trapping well. This gives:

Ve _’.‘_1:2)2_1_
D=¢ (61/2 o (4.32)
where €*/? is the fraction of particles which lie in trapped orbits. Comparison

between Pfirsch-Schliter and classical diffusion shows an enhancement due to

this process:

DB~ ¢73/2DP5 » ¢73/24°DCL. (4.33)

A formal derivation of banana transport follows the analysis of the Pfirsch-
Schhiter case with a different form of the collision operator and transformation of
the Boltzmann equation to guiding center coordinates [45].

All regimes of collisionality may be relevant in a given plasma at different
minor radii, since the collisionality is a function of minor radius, density, and
temperature. Furthermore, given any Maxwellian distribution at a given temper-
ature, some particles in the distribution are in each regime. The results of the
neoclassical theory [46,47] have been expressed as continuous functions of colli-
sionality through least-squares fits to the results for the different regimes. The
transport calculations yield a resulting expression for the flux-surface-averaged

radial electron particle flux

26 2nemeTe 10T,
Ief o= — e —— K14 Kiy—
er (639)2 Ve( 11<1le + (12 Te 8’!‘ )
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neel/?

- K13 BB

(Ey/h). (4.34)

The term A4,. in Eq. (4.34) is given by

0 501In T,
=y -2 e
Ate or 1 Pe 2 Or

(B1,92:) 9ln T
14+v2e or |’

e

(/AT | 2o g (435)

where (81, ¢2:) is a dimensionless coefficient dependent on the ion collisionality
and where the collisionality parameter v}, is the ratio of effective electron collision

frequency to electron bounce frequency. This parameter is defined as

v, = \/5TB¢/(Bovtthe€3/2)’ (436)

where vy = (2T, /m.)*/? and 7. is the electron-ion momentum exchange time or

electron collision time and is defined as

Te = 67(2nm. )22 T2/? In; Z2e* In A. (4.37)

The resulting ion particle heat flux is given by ambipolarity constraints to be

Tip = — 2 Ter. (4.38)

The coeflicients, K,,p, for n or m = 1,2 are fit by

1 €(c2, ./ bmn V2
Kpn = K¢ mn Mhle 4.3
mn [1 + Cnn/VE + bnt? + 1+ cmnrred/? |’ (4.39)

and by

Kms = K2, (1 + amar /U2 + bmau:) - (1 + cm3u:63/2)w1, (4.40)



72

for n = 3. The numerical ceefficients a¢;mn,dmn, 2nd cnp are given in Ref. [46].
The last term of the particle transport equation, ---—K13n,el/2(E”/h)/Bg , arises
from the trapped particles, which spend unequal amounts of time in the upper
and lower halves of the torus when a toroidal electric field is present. The drifts
do not exactly cancel, which leads to a net radial inward particle drift known as
the “Ware-pinch” effect [48]. This can be seen in the banana regime from the

conservation of toroidal canonical momentum for trapped particles, given by

d
a(mvd, +edy) =0, (4.41)

where A4 is the vector potential. Averaging over the bounce motion of the trapped
particles leads to
0 04y

—Ay tv,—— =0, 4.42
ot ¢tV Or 0 ( )

Therefore, the trapped particles have an inward radial drift v, ~ —E4/Bg and,

since the trapped fraction is €!/2, the Ware pinch flux is given b
p p g y

I' = —¢'/2nE/Bsg (4.43)

in the banana regime. The term K3 in Eq. {4.34), which is expanded in detail in
Eq. (4.40), then takes into account the change in trapped-particle effects, which

diminish as v "' in the plateau regime.

Similarly, the neoclassical electron heat flux has been derived using the mo-

ments method and has the form
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5 26/ *nom, T2 1 8T,
er ATl = — e LS el K e+ Koz =
ger + 5 (eBa)? v ( 12416 + 27 Br)
CTe
— K3 e/ "Ba (Ey/h). (4.44)

The terms of Eqs. (4.34) and (4.44) can be written in the form of a diffusivity
(D) or heat conductivity (x) times a density or temperature gradient. The de-
pendence of the these transport coefficients on collision frequency is illustrated
qualitatively in Fig. 4.3. In both the banana (collisionless) and Pfirsch-Schliter
(collisional) regimes, the transport coefficients are proportional to v}, but they
are independent of v} in the plateau regime. The classical transport coefficients
are shown in the figure to be much smaller than the neoclassical terms.

The neoclassical fluxes (moments of the distribution) can then be written in

matrix notation [49] with the forces in Onsager symmetry as

dn
L. D, Ly, W dr T
4e =— 1 Lay  Xe Lys % s Qi = nxi-‘;—l, (4.45)
i - o Ejf To Laa veoy/ | pa i

where I', is the particle flux, ¢ is the heat flux, D, is the electron particle dif-
fusivity, x. is the electron heat diffusivity, W is the Ware pinch effect, J; is the
bootstrap current, € is the inverse aspect ratio r/R, E“4 is the parallel inductive
electric field, o) is the parallel conductivity, and L;; are low-order cross terms.
Both the bootstrap current and the electrical conductivity have been measured in
tokamaks and have been found to agree reasonably well with neoclassical theory.
The radial heat and particle transport, however, has been determined to be highly

anomalous. Thus, the electron collisional processes parallel to the magnetic
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field agree well with neoclassical theory predictions, while the perpendicular trans-

port is highly anomalous.

4.2.2 Impurity transport
The neoclassical theory of impurity transport is highly developed despite the
complexity of dealing with an arbitrary number of species [50]. For simplicity, we
discuss a single impurity species in one charge state in a background hydrogenic
plasma. The impurity flux I’y can be written as the sum of three terms which

exist in all collisionality regimes:

I'y=IfL 4+ 1f% + PP, (4.46)

where FICL is the classical flux driven by the perpendicular friction force, FIPS is
the Pfirsch-Schliter neoclassical flux driven by poloidal variation of the parallel
friction force, and TEF is the banana-plateau neoclassical flux driven by pressure
anisotropy associated with viscous forces and is important in low collisionality of
the impurity ions.

The frequency of ion collisions with impurities can greatly exceed that of
collisions between ions and electrons, so the former induce a greater impurity flux
and an oppositely directed ion flux. Impurities tend to lie in the Pfirsch-Schliter
(collisional) regime due to their mass and charge. The component of plasma. ion
transport due to collisions with impurities is also in the Pfirsch-Schliter regime
since the impurities experience only Pfirsch-Schliter transport.

The full neoclassical treatment gives the following expression for the radial

impurity flux in the Pfirsch-Schliter regime, including the classical value [51]:

o mzior \27%Z)Tor

2 2
Ps _ pi(l +2¢°) | O n; Ong 1 1\ n; 0T;
Iy” = 0.5*~~~~-—-——~—~7_HZI o miZ or , (4.47)
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where the subscript i refers to the hydrogenic ions and the subscript I refers
to the impurity ions. The impurity temperature is assumed to be equal to the
hydrogenic ion temperature Tt = 1}. The steady-state (I't = 0) solutions of the

equation for the Pfirsch-Schliter impurity flux give:

-1

n:(0) Ti(r)

) (4.48)

The ion temperature gradient in the usual direction will then act to drive impu-
rities out of the central region.
Similarly the full neoclassical treatment gives the following expression for the

radial impurity flux in the banana-plateau regime [51]:

T_3/2 2 7z i : 1
i ¢ ZeOny 1 Ony 1_5(21_31‘)}_ (4.49)

rBP =125 Sl e
‘ R™  Bizle|m or mor | C\T or

The steady state (I'1 = 0) solutions of the equation for the banana-plateauw impu-

rity flux give

ni{r) [ni(r)]zl/zi[ﬂﬂ] 32/2. (4.50)

ni(0) [ ni(0) T:(0)

In the banana-plateau regime, then, with density and temperature gradients in the
usual direction (negative), the impurities will be strongly peaked on axis relative
to the hydrogenic ions.

In the absence of temperature gradients, the neoclassical prediction is clear
for all collisionality regimes: impurities are expected to peak strongly on axis
as compared to the hydrogenic ion density. The total impurity flux is usually
written as a sum of a diffusive component and a convective term proportional to

the density:
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I't = ~DI%:~1 — v, (4.51)

where vy is radially inward if positive. Neoclassical values of D and v can be given
for the above expressions of the fluxes. Note that gradients in the temperature in
the usual direction give rise o outward convection in the classical Pfirsch-Schliter
regime; however, in the banana-plateau regime the convection from temperature

gradients is inward.

4.3 Fluctuation Induced Transport in Tokamaks

Fluctuations in the density, i, electrostatic potential, ¢, and magnetic field,
B, are known to exist in tokamak plasmas and are presumed to be caused by
collective instabilities in the plasma. These fluctuations will have an effect on
transport through enhanced collisions and will lead to anomalous transport. In
this section we discuss the basic physics of fluctuation induced transport and show

how it is applied to tokamaks.

The electron particle flux perpendicular to the magnetic surface can be ex-

pressed as

T, = (fie - B,) (4.52)

where the angle brackets denote a flux surface average and time average over a
time scale long compared to the frequency of the fluctuations. ¥, is the fluctuation

of the fluid velocity perpendicular to the flux surface given by

10

|
=
Fc

<
-

(4.53)
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where B, is the radial perturbation to the magnetic field and vy is the particle
velocity along the unperturbed magnetic field B. The contribution of the fluc-
tuation to the transport of particle and heat depends on the correlations of the
fluctuating quantities,

(e - Bg) {51 Br)

r. = - : 4.54
B eB (4.54)

where _;" is the fluctuation in the parallel electron current. An anomalous effec-
tive particle diffusion coefficient can then be defined as D = —I'/(dn/dr). The
particle flux from the fluctuation driven turbulence is expected to be ambipolar
irrespective of the radial electric field in quasi-neutral plasmas due to charge con-
servation and the quasi-neutrality constraint [52] given in the charge conservation
equation:

9p(r, 1)

With the quasi-neutrality condition, p(r,t) ~ 0, the divergence of the current

density j in Eq. (4.55) is zero, which leads to

/j’-da:/(nai—na;).da:o. (4.56)
¥ ¥

The jon and electron fluxes are seen to cancel; therefore the turbulent particle
fluxes under quasi-neutral conditions must be ambipolar.

The fluctuation induced contribution to the heat flux can be similarly derived.

The total heat flux is given by

5 5(p- Eg)
r::-TF r oo T qr
@ 2 +a 2 B tq

(4.57)
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where the first term is a convective flux driven by the turbulent particle flux and
the second term is the radial turbulent conductive heat flux. The conductive

contribution to the radial heat flux can be approximated to second order as

ool )

where & is the classical conductivity along the magnetic field. Very low levels of

-

By

5 ‘-i-T-> , (4.58)

dr

magnetic fluctuation, B,/B ~ 1074, can lead to anomalous thermal conductivities
on the order of those observed in tokamaks.

The implication of fluctuations in the plasma is that time-dependent fields
can cause anomalous particle and thermal transport across mean magnetic sur-
faces in magnetic confinement devices such as tokamaks. There are two regimes of
fluctuation induced transport as deduced from Eqs. (4.54) and (4.57): one where
the E¢ x B transport dominates and one where the B, driven transport domi-
nates. The difficulty lies in determining the source of the free energy that drives
the fluctuations in the first place. A number of possible candidates have been
identified. More experimental evidence is needed to determine which mechanisms
are responsible and the magnitude of the anomalous transport they generate. To
assess the transport due to the fluctuations, one needs to measure the quantities
#i,$, B with their relative phases. Digital spectral analysis techniques have been
developed [53] to quantify the statistical properties of fluctuations and have been
used to determine particle and heat fluxes driven by electrostatic fluctuations
near the plasma edge.

Up to now measurements of density fluctuations have been made in the core
of tokamaks; however, density and potential fluctuations and their correlations
in the core region have not been measured and therefore direct determination

of the transport caused by the fluctuations remains unknown. Measurements
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of magnetic fluctuations and resulting transport are even more difficult because
there are no developed experimental techniques to carry out such measurements
inside a hot plasma. Only pickup coils located at the plasma edge have been used

to detect magnetic perturbations on rational surfaces inside the plasma.
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CHAPTER 5

PARTICLE TRANSPORT IN JET PELLET
FUELED DISCHARGES

The particle transport in pellet fueled JET limiter discharges is examined in
this chapter. The methods used to analyze the transport are particle balance
calculations and modeling of the electron density evolution with different empir-
ical and theoretical transport coefficient models. In the first section the particle
balance calculation method is discussed and typical results obtained from these
analyses are shown. In the second section, the particle transport modeling code
is discussed and the results from the modeling are compared with results from
earlier tokamak experiments. In the last section, the scaling of the effective trans-
port coefficients with various plasma parameters is shown and the implications
are discussed.

The particle transport in a number of JET pellet fueled discharges has been
studied to determine how the particles, particularly electrons, behave in pellet
fueled plasmas under different conditions. Two types of pellet fueling experi-
ments have been investigated extensively. These types of experiments are multi-
ple 2.7 mm pellet injection during the current rise and single 4 mm pellet injection
at the beginning of the current flattop. Both of these types of experiments are
performed before sawteeth appear [¢(0) > 1] with the plasma positioned against
the two outer toroidal belt limiters and, with central pellet penetration, can lead

to highly peaked electron density profiles as discussed in Sect. 3.3.
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5.1 Particle Balance Analysis

The electron particle transport is analyzed by making a particle balance cal-
culation of the electron particle lux to determine the magnitude of the different
flux components. This calculation is done with a modified version of the time slice
interpretive transport code QFLUX [54]. This code calculates the local particle
flux for the electrons by taking the volume integral of the rate of change of the
density plus any net volume-integrated particle sources and sinks divided by the

flux surface area,

(o) = { [ aV[-dnelo)/it +6200) - 2o }/AGR) (5)

where A(p) is the flux surface area, si"(p) is the net local source of electrons

out

due to neutral ionization, and s?

(p) is the net local sink of electrons due to
recombination with the main plasma species. This net source of electrons can be

expressed as

8. = 81 — go¥t NeNp (V) — Neni{ov),, (5.2)

where n., n;, and n, are the electron, ion, and neutral density, respectively, and
(ov); and (ov), are rate coefficients for electron impact ionization and recombi-
nation with the plasma ions. The net electron source is calculated within QFLUX
using a neutral transport model to calculate the neutral density by applying the
appropriate cross sections for the ionization and recombination reactions. The
neutral transport model uses a slab geometry and assumes the neutral density is
made up of a distribution of “cold” neutrals with a temperature in the range of
10eV and a distribution of “hot” neutrals near the local ion temperature. The

ionization and recombination rates are then calculated from these distributions.
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The total ionization rate is then normalized to the measured ionization rate as
described in Sect. 2.4.4. This electron source calculation has been compared to
the results of a three-dimensional Monte Carlo neutral deposition code NIMBUS
[565] and found to give reasonable agreement. Both codes show that the source is
highly localized at the edge. In general, the edge source is found to fuel only the
outer quarter of the minor radius of the plasma due to the relatively large size
and high plasma temperatures of JET.

The source of electrons from neutral beam heating deposition is calculated by
the neutral beam deposition code PENCIL [54] and is included in the electron
source profile. The neutral beam source component in these experiments is not
generally a very significant fraction of the total source due to the high density
and relatively poor penetration of the beams. A plot of the local electron source
profile for an auxiliary heated discharge is shown in Fig. 5.1. As can be seen
in this plot, the neutral beam source (for 7MW NBI) is small compared to the
edge neutral source as calculated by QFLUX. The neutral beam fueling is much
stronger in the center than the edge fueling, but the central fueling source is more
than an order of magnitude smaller than the edge source.

The magnetic surface geometry in QFLUX is represented in the moments

representation given in Ref. [56]. The equations for a flux surface are given by

R = Ry(p) + ap cos(8) + Ry(p) cos(26) (5.3)

and

z = E(p)[ap sin(f) — R, sin(26)] , (5.4)

where a is the minor radius at z = 0, such that 0 < p <1, and the functions
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Fig. 5.1 The local electron source profile for an NBI and ICRF
heated discharge. The edge influx is calculated by QFLUX and the
neutral beam source by PENCIL. The edge source is normalized to
the measured D, source.
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Ro(p), Ra(p), and E(p) are determined using a cubic spline interpolation to fit the
experimentally derived shift of the magnetic axis, triangularity, and elongation,
respectively. The flux surface area, volume, and associated derivatives are then
determined from the equations for the magnetic flux surfaces. In particular, Vp
is determined from the relation |Vp| = [ gﬁ-)z + (gf)z] '/2 and from the Jacobian

given by 7 = %%{5 - %%g—:. We are then able to calculate the terms of Vp from

the relations 8p/8R = 182/00 and 0p/0z = =1OR/B8. The derivative of the

flux surface volume with respect to p, dV(p)/dp, is given by

dV(p)/dp =2 /OzﬁdORT. (5.5)

For the calculations presented here, the magnetic surface geometry has been rep-
resented by 21 such magnetic surfaces.

The neoclassical particle transport coeflicients are calculated in QFLUX and
are used to determine the fluxes due to the neoclassical collisional transport. By
far the dominant neoclassical term for the electrons is the Ware pinch described
in Sect. 4.2. The total electron flux and the neoclassical particle flux are shown
for a typical pellet fueled discharge in Fig. 5.2. We see in this figure that the
Ware flux is much larger than the neoclassical diffusive flux. Clearly, if the only
transport processes were collisional, the electron profiles would be very peaked
due to the dominant inward Ware pinch flux.

As part of the neoclassical coeflicient calculation, the collisionality parameter
v} [as defined in Eq. (4.41)] is calculated across the profile of the discharge. In
Fig. 5.3 we show the calculated value of ¢} for both an ohmically heated and an
ICRF heated pellet fueled discharge. In both cases v} is well below 1 before the

pellet is injected, and only in the ohmic case does v} go above 1 during the
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Fig. 5.2 Results of a particle balance calculation of electron parti-
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particle flux. T, is the measured net total flux, T¥¥ is the calcu-
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reheat period. The discharges are thus in the banana (collisionless) regime except
when the temperature drops after pellet injection before heating is applied, in
which case the center of the discharge is in the plateau regime. The parameter

e—3/2

in these discharges is generally > 10 in the central region of the plasma,
and thus the plasma is well out of the Pfirsch-Schliter (collisional) regime.

The Ware pinch is driven by the parallel electric field supplied by the trans-
former action of the poloidal field coil. This electric field is larger during the
current ramp-up phase and, since the resistivity is a function of electron temper-

ature, this electric field is found to vary as ~ T, 3/

. Roughly speaking, then, the
Ware pinch velocity would be expected to decrease throughout the current rise
and also to decrease whenever strong auxiliary heating is applied. This is in fact
what calculations of the Ware pinch velocity exhibit, as shown in Fig. 5.4. In these
calculations the current is determined from the magnetic equilibrium calculation,
and the parallel electric field is determined by applying corrections to neoclassical
resistivity. The poloidal magnetic field is determined from the current density,
which in turn is taken from the equilibrium calculation. These calculations of the
Ware pinch have been compared to the more detailed calculations done with the
transport code TRANSP [57], which actually solves for time-dependent magnetic
field diffusion. The agreement between the two Ware pinch velocity calculations
is in general good and only differs at most on the order of 10% over the entire
plasma minor radius.

The particle balance calculation enables a profile of the effective electron
particle diffusivity to be determined from the particle flux. In our calculations we
have assumed that the inward particle convection is solely due to the neoclassical
(Ware) pinch. By taking the measured net particle flux and subtracting the

inward convective flux from the Ware pinch, we are able to then derive the
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remaining diffusive lux. We then divide this flux by the local density gradient

and arrive at the effective local particle diffusivity,

D(p) = ~Te(p) — v, °(p) ne(p)| / Vne(p), (5.6)

where the pinch velocity is inward, v’rfc < 0. The particle balance calculation of
the electron diffusivity is incorporated into the modified version of the QFLUX
transport code. A typical calculation for the effective diffusivity in a multiple-
pellet fueled discharge that develops a peaked density profile is shown in Fig.
5.5. (The density evolution of this discharge is shown in Fig. 3.7). We see in
this discharge that before the auxiliary heating is applied, the effective diffusivity
remains relatively constant and shows a distinct drop in the central core (r/a <
0.5) of the plasma. After the heating is turned on, we see a rise in the central
diffusivity to over 0.4 m?/s. This increase in effective diffusivity follows the rise
in electron temperature and not the applied power.

By plotting the effective diffusive particle flux [[.(p) — v™(

p)ne(p)] as a
function of density gradient [Vne(p)] at a specific radius (p), we can see if the
diffusivity at that radius is a constant and what the magnitude is. In Fig. 5.6 we
show an example of a plot of I' vs Vn, for a discharge that has a peaked density
profile decaying in an ohmically heated plasma. We see that the diffusivity at
r/a = 0.33 in this case is relatively constant and has a magnitude of 0.086 m?/s.
The y-intercept of the plot is virtually zero, indicating that there is no large
anomalous convective flux and that the net flux is diffusive during the time shown
at this radius in the discharge. This technique of plotting the flux as a function of

the density gradient is a useful way of quickly determining the effective particle

transport diffusivity.



ORNL-DWG 89M-2991 FED

—

cZ 7K. /4///

'}.‘" A(v 2
T

|
NO. 14960

0.2

Fig. 5.5 Results of a particle balance calculation of the effective
particle diffusivity in a multi-pellet fueled peaked density profile
discharge. ICRF heating (5.5 MW) and NBI heating (4 MW) start

at 6.0s.



92

ORNL-DWG 89M-2993 FED

8 I T | I
NO. 14958
t=48-6.0s
- r/a=0.33
T 7 —
[72)
o
&
[eo]
()
6 ]
Cd)
2
>Q.
I
5 - —
L:D
4
4 9

—Vne (10" m™#)

Fig. 5.6 Plot of diffusive particle flux as a function of density
gradient during ohmic heating decay of a peaked density profile. A

best fit slope gives D*f(r/a = 0.3) = 0.08. The density peaking
factor [n.(0)/(n.)] varies from 2.7 to 2.3 during this period of the

density decay. The neoclassical flux (vII;Ic ne) is approximately 25%
of the total flux at this radius during this period.



93

The energy balance calculation of the electron heat flux is also performed in.

QFLUX. The heat flux is calculated from the energy balance equation,

(neTe) — PeOH + PCICRF + PCNBI - Pee*—i . PeRAD I v/ Qe s (5'7)

CTEX
Qlo

where the total heat flux is split into a conductive part and a convective part,

ge = ¢ + ¢S (5.8)

The convective part is simply the kinetic energy carried by the net particle flux,

given by ‘gTe I'.. The conductive heat flux is generally written as

gt = —nex VT, — gP™h, (5.9)

In calculations presented here, the term for the heat pinch ¢f*°* in Eq. (5.9)
is ignored, although it should be noted that heat pulse propagation studies have
given evidence for an existing heat pinch. In actual practice, the heat flux is
calculated from the energy balance by volume integrating the energy sources and
sinks and dividing by the flux surface area as was done for the particle flux in Eq.
(5.1). The electron heat diffusivity x. is then computed as the particle diffusivity
is in Eq. (5.6). There is more uncértainty in calculating the heat diffusivity,

Xe, than the particle diffusivity, however, primarily because of the uncertainty in

power deposition calculations.

5.2 Particle Transport Modeling
An interpretive particle transport analysis code (PTRANS) has been devel-
oped by the author at JET to model the particle transport in pellet fueled plasmas.

The code is used to model the electron density evolution for different transport
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coefficients in JET pellet fueled plasmas to determine which transport models
duplicate the experimental results. The PTRANS code can be similarly used for
any tokamak experiment. In this section we describe the code and discuss the
results of its use in determining transport coefficients for different types of pellet

fueled discharges.

The motivation for developing this code has been the multiple deuterium pel-
let injection experiments on JET [41]. These experiments have produced dense
plasmas with a variety of density profiles under various machine conditions. Some
of these density profiles are dramatically more peaked than before pellet injection,
as shown in Fig. 3.8, and can persist for several seconds. These pellet fueled plas-
mas are particularly well suited to the study of particle transport because of the
readily measured changing densities produced with relatively small dependence
on external sources. These plasmas are of interest because of their high density,

peaked profile, and long density decay times that change with auxiliary heating.

PTRANS is a 1!/2-D (non-circular geometry) radial transport code that cal-
culates the evolution of density by solving the continuity equation for up to 32
particle flux models independently and in parallel. The magnetic surface ge-
ometry used in PTRANS is the same as that used in QFLUX, as described in
Sect. 5.1. The particle flux models in PTRANS have individually specified par-
ticle transport coefficients that may include neoclassical contributions as well as
anomalous contributions. The particle sources are determined by an external
neutral deposition calculation (QFLUX) and neutral beam deposition calculation
(PENCIL). The magnitude of the edge particle source is adjusted based on the
global Z.¢ measurement to account for the influx of impurities. Specifically, a
ratio of carbon to oxygen of 3:1 is assumed from spectroscopic measurements,

and the impurity influx is assumed to be proportional to the the global Z.g mea-
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surement. The number of electrons from the impurity influx is then added to the
neutral particle source. Optional source feedback is built into the code, and can
adjust the magnitude of the edge source profile for each model to keep the total
number of particles in the plasma the same as that determined from experimen-
tal density profiles. This is used in ICRF heated plasmas when the RF power is
initially turned on since the D, detectors used to measure the source magnitude
are located away from the antennas (see Fig. 2.2) and do not see the particle

source from the antennas until a particle confinement time later.

5.2.1 Theoretical foundation
In this section we describe the theoretical background behind the PTRANS
code that is used to model the density evolution. We start with the full kinetic

Fokker-Planck equation for species a given in terms of the distribution function

fa 1—‘.717’t)’

Oe 4 5.

at 67‘ Mg . 5‘; = Cna + snav (5.10)

where ¢, is the Coulomb collision operator and s,, is an external source term.
Following Ref. [45], we take the zeroth velocity moment of the Fokker-Planck

equation and obtain the law of particle conservation for species a,

Ong /Ot + V - (nalia) = 8na, (5.11)

where n, = [ d%v f, is the density, @, is the flow velocity, and s,, = f d®v s, are
particle sources (due to ionization, recombination, charge exchange, etc.). The
collision term of the kinetic equation integrated over all velocity space is zero

since the number of particles is conserved in collisions. Integrating this equation
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over the region interior to a surface of constant magnetic flux ¢ (or p = const)

and using the divergence theorem, we have

/da:lr:gf-l—'1 + f |$i| c(natly) = /dsm Sna, (5.12)

where dS is the area element on the flux surface ¢. This can be rewritten by

taking the time derivative at constant z as

8 dS
i [ Fenet f ogmatia i) Fo= [ Eoon, (5:13)

where i, is the flux surface velocity. By using the definition of flux surface

average,

(ng) E/;Vd zvza/AVd3m— (d¢/dV) léZ! (5.14)

and differentiating with respect to p, we can rewrite Eq. (5.11) as

5 |V O)na)] + oV P nali ) ) = Vioomal (515)

where V'(p) = 0V/8p and [d*zn, = [ dpV'(p)(n,). Thus the surface-averaged
particle density satisfies a continuity equation in which the effective particle flux,

relative to the surface, is defined by

<na(ﬁa — ) ‘—7'P
(IVel)

) . I,. (5.16)

The denominator in Eq. (5.16) ensures that the particle flux has dimensions of

particles per area per second, independent of the definition of p. If we ignore
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the motion of magnetic surfaces (i, ~ 0) and assume that the density and par-
ticle source are approximately uniform on the surface ((n) ~ n), the continuity

equation may be written as

ana(;‘f’t) + V’(i’)t).a(?; V'(p,t)<|Vp|>Pa(P,t) - Sna(P,t) =0. (5'17)

It is worth noting that in the large-aspect-ratio circular-cross-section case, where

V' x p~r, Eq. (5.17) takes the more familiar form in cylindrical coordinates

Ong(r,t) +1 10

3 . =7 Ta(r,t) — 8pa(r,t) = 0. (5.18)

The particle flux in the continuity equation is defined by

= "‘D(P) )an(l’;

(IVol) + n(p, t)o(p, 1), (5-19)

where the first term is the diffusive flux and the second is the convective flux.
Both the diffusion coefficient D(p,t) and the convective velocity coefficient v(p, )

may contain neoclassical and anomalous contributions:

D(p,t) = DN%(p,t) + D*N(p, 1)  w(p,t) = " (p,1) + AV (p,2).  (5.20)
The neoclassical electron particle flux [46] is given by

C ane _ DNC 3T,

FNC DN
Bp T 8p

- W Ey, (5.21)

where the last term is the Ware pinch given in Eq. (4.39). The neoclassical

contributions that we use here are:
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oT. / on.

DNC — DI;IC + DNC ,
T 8p/ 8p

WNC = W E|, (5.22)
with the coefficients given in detail in Eq. (4.33).

5.2.2 Modeling results

The modeling of the electron density evolution has resulted in a better under-
standing of the possible transport coeflicients needed to reproduce the anomalous
particle transport behavior seen in JET. A general result that has come out of this
analysis is that in both types of pellet fueled discharge studied, a large anomalous
inward pinch velocity is not necessary in the inner half of the discharge to repro-
duce the density profile evolution. The modeling of the two types of pellet fueled
discharge and comparison with existing transport models are discussed below.

In the multiple-pellet current-rise experiments it has been experimentally seen
that pellet penetration to the magnetic axis or beyond has led to highly peaked
profiles that are kept peaked by subsequent pellets that also reach the axis. By
modeling the density evolution and using the measured pellet deposition (the
density profile immediately after the pellet injection minus the pre-pellet density
profile), we have been able to model the profile evolution by using the calculated
Ware pinch velocity and an anomalous diffusivity of the form DAN = 0.08 m?/s
inside 7/a = 0.4, rising to 0.30m?/s at r/a = 0.6 and increasing as (r/a)? at
r/a > 0.6. This model, as shown in Fig. 5.7, reproduces the measured density
evolution very well.

The same transport model can be used to effectively model the post-pellet

decay after all the pellets are injected in the same experiment. This indicates
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that there is no dramatic change in particle transport in these discharges during
pellet injection in the current rise and at the beginning of the flattop after the
pellet injection has ceased. When strong auxiliary heating is applied to these
discharges, there is seen an increase in MHD activity as measured by the magnetic
loops and a subsequent flattening and broadening of the electron density profile.
The source of electrons is increased both from direct neutral beam deposition and
“from increased influx from the wall, limiter, and ICRF antennaé.

As a comparison, we have also modeled a non-pellet fueled discharge with the
same conditions as the multi-pellet fueled case. In Fig. 5.8 we plot the output
from the modeling code, which shows a diffusivity that is a factor of 2 higher
in the core #egion of the plasma than the peaked profile case and has a similar
rise in diffusivity at r/a ~ 0.5 although not as pronounced. This calculation also
does not use an anomalous inward pinch velocity as has been suggested by others
[58]. It should be noted that it is possible to find a suitable diffusive model that

yields a suitable density evolution with an anomalous inward pinch of the form

AN
’Up jd

(r/a)?, and therefore these empirical models for v, cannot be excluded.
The experimental uncertainty in the density profile, especially in the flat non-
pellet or shallow pellet penetration cases, does not make it possible to say for
sure whether or not an anomalous inward pinch is required to explain the data.

The period of the peaked density profile in sawtooth-free limiter discharges
has been analyzed and the electron profile evolution modeled by the use of a
neoclassical pinch velocity and a time-independent diffusion coefficient with a
strong increase at the radial position of the density pedestal formation, as shown
in Fig. 5.9. The diffusion model used is more than an order of magnitude larger

than the neoclassical value, as shown in Fig. 5.10. This same transport model is

found to be applicable in both ohmic and ICRF heated discharges, although the
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heated case shows slightly higher central diffusivity. Calculations of the density
evolution using the (r/a)?-dependent diffusion coefficient suggested by Hulse [59]
for TF'TR ohmic pellet fueled discharges do not yield the observed density pedestal
on the cuter portion of the minor radius.

In discharges where a strongly peaked electron density profile rapidly redis-
tributes to a flat profile and low levels of low wavenumber spectrum MHD activity
are present (as described in Sect. 3.4), the diffusion coefficient can be modeled
as a function of local electron temperature. In these cases, the central diffusivity
rapidly evolves from the ohmic post-pellet case [D(0) ~ 0.1 m?/s] to a diffusion co-
efficient profile which is more nearly flat as shown in Fig. 5.11 [D(0) ~ 0.3 m?/s].
This temperature-dependent medeling of the diffusivity gives an increase in cen-
tral diffusivity of a factor of ~ 3 in going from a central temperature of ~ 2
keV to ~ 8 keV which is a much stronger temperature dependence than sug-
gested in previous work at JET [60]. This rapid change in diffusivity suggests
the presence of another mechanism in these discharges that further accelerates
the central electron density decay. In a discharge where a clear transition from
the ohmic-like transpert to one in which central MHD activity is seen from soft
X-rays, the profile evolution can be modeled by a transition from the chmic-like
diffusion to the temperature-dependent diffusion. The diffusion coefficients deter-
mined from particle balance calculations of the electron flux agree well with the
best-case diffusive models used in the discharges that have been modeled. The
discharges that can be modeled with temperature-dependent diffusivity alse show
similar increases in diffusion coefficient from particle balance calculations.

A comparison of measured profile evolutions and calculations using the two

types of diffusivity model for the two different types of discharge is shown in
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three-dimensional plots of the density evolution in Fig. 5.12. We see that there is
good qualitative agreement between the measured and calculated density profile
evolutions in both the slow ohmic density decay (No. 14960) and in the rapid
density decay with a temperature-dependent diffusivity that characteristically
shows enhanced MHD activity (No. 16228).

The PTRANS code, with its simultaneous calculation of up to 32 transport
models, makes it possible to carry out a sensitivity study of the transport coef-
ficients used in the models. This has been done for a number of discharges and
has led to results typical of those shown in Fig. 5.13 for a peaked density profile
decay. We see that the core region of the discharge is sensitive to variations of
the diffusivity of the order of £20%. The outer region of the discharge is not as
sensitive due to the strong edge source. This leads to generally larger error bars
(£30%) on the outer half of the diffusivity profile than on the inner half (+15%),
even taking into account the uncertainty in the measured deunsity profile.

A large number of empirical particle transport models developed from other
tokamak experiments have been used to calculate the electron density profile
evolution in a variety of JET pellet fueled discharges. Among these models are
three which assume an inward-directed anomalous pinch velocity. A model used
by the TFR group [19] to model pellet injection data uses a diffusivity and an

inward velocity that are given, respectively, by

5D4D r
_nhNc , 2Y4aAVUB — z
D=D +DA+5DB’ v 0.24a (m/s), (5.23)
where
6 x 1020
D4= x (5.24)

ne(r) a(r) Tu(r)?/t”
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and
T,

Do =108

(5.25)

which is the Bohm diffusivity with n. in m™3, 7, in €V, and B in T. g is the
safety factor and DNC is the neoclassical diffusion coefficient. Another model that
is commonly used in predictive studies that has been developed from Alcator-C
results [61] gives an inverse density dependence to D(r) . This model uses D =
[ne(m™2)/10'®]"! and v = —2Dr/a?. A third model developed by Coppi and
Sharky [62] to explain high-density discharges in Alcator-C and FT uses a model

in which the diffusivity and inward velocity are given, respectively, by

D= ~c_2_Q a3qo eg Y,
sz

Be ’
pe rdq, 87 ap

v:2D%aw (5.26)

where T, & 3.6(n.Z%/4:)'/%, o = 4(1/:*)0'5, where v)* is the collisionality
parameter for untrapped particles, w,. is the electron plasma frequency, Qg is
the poloidal electron gyrofrequency, and ap is a weak function of r/a which is
close to unity. €, and €; are constants with values of 1 and 0.4.

The results of calculations using these three models applied to JET data
are shown in Fig. 5.14 for a typical pellet fueled discharge with partial pellet
penetration followed by 4 MW of ICRF heating. These models typically yield
peaked density profiles when the measured profile is seen to remain essentially
flat in the center. This density peaking calculated from these transport models
comes from the strong anomalous inward velocity and the large edge and low
central diffusivities. The diffusivity in the Coppi-Sharky model was even lowered

by a factor of 5 to give closer agreement to the measured profiles. The poor
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agreement of the density evolution from these models with the actual density
evolution suggests that these and similar models with strong edge diffusivity and
anomalous inward velocities are not appropriate for high temperature tokamak
plasmas in large machines like JET. The higher temperature (and hence lower
collisionality) plasmas in JET, as compared with earlier smaller tokamaks, may
be responsible for the different particle transport seen in these JET pellet fueling
experiments. Predictive modeling of particle transport in future tokamaks using
these transport models may not yield very accurate results if the plasma behavior
in JET scales to future devices.

The hypothesis that there exists an inward thermal pinch effect has been used
to explain particle transport in various tokamaks such as Alcator-C [63]. Using
the phenomenological transport relations proposed by O’Rourke [63], we have at-
tempted to model the density evolution assuming that there is an inward-directed
pinch velocity proportional to VT, /T, = LTT‘: and a temperature-dependent dif-
fusion coeflicient such that the particle flux is given by

VT,

e

I'.=a - D(T.) V. + vN%n.. (5.27)

The results of modeling the density profile evolution of discharges with peaked
density profiles during high-power auxiliary heating has shown that a strong in-
ward thermal pinch does not reproduce the measured density evolution even with
a temperature-dependent diffusion coefficient such that D(r = 0) evolves from
~ 0.1m?/s to ~ 0.4m?/s. The resultant profiles from these calculations do not
lead to as much central density peaking as measured due to an off-axis maximum
in VT /T, at r/a ~ 0.3. Only with an inward thermal pinch with a magnitude
on the order of the neoclassical inward pinch is the density evolution modeled

well for the discharges which show strong central density decay.
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In analysis of Alcator-C pellet injection results, Foord [64] proposed using the

spatial and temporal forms for D and v of

D(r,¢) = Do v(r,t) = vo 2 (5.28)
He was able to apply these results analytically and come up with a best fit for Dy
and vy for a given discharge. An attempt to model the JET data with this same
parameterization for D and v was made, and it was found that it is not possible
to reproduce the density evolution for a reasonable range of Dy and vg in any of
the discharges studied. This parameterization typically leads to parabolic profiles
and does not lead to the peaked profile on an outer density pedestal. It seems
that the highly anomalous inward pinch hypothesized in this model and predicted
theoretically [65] is not needed to explain the JET data.

From the neoclassical theory discussed in Chapter 4 we would expect impurity
density profiles to be highly peaked on axis whenever the electron density pro-
file is peaked. Examples of experimental evidence for impurity accumulation were
shown in Sect. 3.5. Behringer et al. [66] have examined the transport of impurities
in these pellet fueled peaked density profile discharges with suppressed sawteeth.
For high-Z impurities (namely Ni), the impurity ions are in the Pfirsch-Schliter
regime at the plasma periphery and are in the plateau regime in the plasma inte-
rior. In the interior, then, the ion temperature gradients are expected to lead to
moderate inward driving forces. Their analysis used an anomalous diffusion coefli-
cient that drops to a low value in the plasma core region during the peaked profile
period. In the simulations, the anomalous diffusivity was reduced to 0.001 m?/s
in the core region (r < a/2 initially, shrinking to » = 0) and was 1 m?/s in the
region outside the core. Their results show good agreement with the measured

soft X-ray profiles and impurity line radiation. The anomalous transport
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coeflicient used in their work correlates well with the anomalous electron diffu-
sivity reported here. The primary difference is the shifting inward of the reduced
diffusivity region with time. It is interesting to note that no anomalous inward
velocity was assumed in their analysis, as is the case in the electron transport
analysis here. It is also interesting to note that the neoclassical theoretical VT
convective velocity is experimentally confirmed by the impurity behavior during

the later phases of these heated plasmas.

5.3 Particle Transport Scaling

The scaling of transport coeflicients with plasma parameters is of importance
in predicting performance of future experiments and in extrapolating JET results
to other tokamaks. A relatively small window of parameter space was used in
these pellet fueling experiments, and therefore a complete investigation of trans-
port scaling with all relevant parameters is not possible. Previous work by others
[60] has shown weak scaling of global particle diffusion with plasma current. The
higher currents in JET lead to different profile shapes (more peaked) and higher
temperatures, and these may be the underlying causes that affect the transport.
Sawteeth have also been shown to affect the transport in the core of the discharge,
and for this reason we will concentrate on sawtooth-free discharges. It has been
determined by others [60] that sawtoothing in the flattop of the discharge en-
hances the effective central particle diffusivity to values greater than the 0.4 m?/s
determined here.

The magnitude of central diffusion is found to be a function of the electron
density profile peaking, as shown in Fig. 5.15. By using the particle balance
diffusivity calculated, as described in Sect. 5.1, we can compare the diffusivity

near the center of the discharge (r/a = 0.3) with the density peaking factor
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[2(0)/(ne)]. We see that for discharges where there is strong peaking, the diffu-
sivity is much lower than for cases with no peaking. The data shown are limited
to times early in the discharge before sawteeth appear. It is also seen that even
in discharges where pellet injection with partial pellet penetration does not lead
to increases in the density profile peakedness, the particle diffusivity in the core
of the discharge is still of the same range as the non-pellet fueled case. The min-
imum central effective particle diffusivity seen is on the order of 0.04 m?/s. This
is found in discharges where the peaking factor is on the order of 3.5 for more
than 400 ms.

As a check that the diffusivity is not simply an inverse function of density,
we plot the diffusivity as a function of both local density and volume-averaged
density in Fig. 5.16. We see from these plots that there is no clear dependence of
diffusivity on density; clearly, it does not follow the proposed Alcator scaling of
D ~ 1/n.. The implication of the diffusion scaling with density peakedness is that
peaked profiles should tend to remain peaked for a reasonable length of time due
to the reduced central diffusivity compared to the nonpeaked case. This is in fact
what is observed. When the peaked profile is ohmically heated, it can be seen to
persist for more than 2s, which implies central particle confinement times of that
order. Only when auxiliary heating is applied that leads to possible temperature-
dependent MHD disturbances do we see a rapid decrease in the central density.
In these cases the density peaking factor can be seen to drop from 2.8 to 1.8 in
only 200 ms.

It is also interesting to compare this diffusivity scaling with the scaling of den-
sity peakedness from pellet penetration, shown in Fig. 3.5. The two results when
taken together suggest that the electron particle diffusivity should be a function

of pellet penetration. One would expect that pellets with central penetration,
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which generate peaked density profiles, would lead to plasmas with lower central
particle diffusivity than plasmas that have partial pellet penetration and no sig-
nificant increase in density profile peakedness. Except when the peaked density
profile decays quickly due to perhaps an internal MHD instability as discussed
in Sect. 3.4, the peaked density remains for over 1.5s and the central diffusivity
remains low until the peaked profile has dissipated.

We have also examined the diffusivity in the same data set to look for any
kind of temperature dependence. When the particle balance diffusivity is plotted
as a function of local electron temperature, as in Fig. 5.17, we see no trend for the
diffusivity to increase with temperature except in the discharges that show the
enhanced MHD activity (marked within circles in the figure) during the auxiliary
heating phase of the discharge. These discharges show a larger diffusivity by a
factor of ~2-3 at temperatures above 4 keV than the discharges with low MHD
activity. Even the low-temperature discharges with enhanced MHD activity above
the nominal ohmic value show a larger diffusivity than the low MHD level cases.

It is also possible to compare the determined diffusivities with the locally

%%%, which is the ratio of density scale length to

determined parameter 7. =
temperature scale length. It is assumed that the value of 7; is somewhat similar
to 5. Figure 5.18 shows a plot of diffusivity versus 7., and one can see generally
a linear trend of higher diffusivities with values of 7. up to ~ 2. The data show a
tendency to perhaps saturate at diffusivities on the order of 0.24 m?/s as 5, goes
above ~ 2. This may indicate an actual saturation in the turbulence generated by
7; modes in the plasma, or it may just be related to the experimental uncertainty
associated with the 7, parameter.
In addition to the scaling for the particle diffusivity, we have calculated the

local effective electron thermal diffusivity for the same discharges using the in-

terpretive transport code QFLUX as described in Sect. 5.1. There is much more
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uncertainty in the thermal diffusivity calculation because of uncertainty in the
ICRF power deposition and in the split between electron heating and ion heat-
ing. The calculations done here assumed ion temperature profiles with the same
profile shape as the electron profile with magnitude scaled to the central ion tem-
perature. The ICRF power split was assumed to be 60% to the electrons. The
local effective thermal diffusivity of the auxiliary heated discharges is plotted in
Fig. 5.19 as a function of the density peakedness. The times chosen are during
the steady-state period of the ICRF heating. We see that the effective thermal
diffusivity shows a trend similar to the particle diffusivity at this radius. The nor-
mal L-mode limiter behavior is seen to yield effective thermal diffusivities on the
order of ~ 1.5m?/s when the peaking factor is on the order of 1.4. The discharges
with more peakedness due to pellet injection with central particle deposition show
a decrease in effective thermal diffusivities to ~ 0.5m?/s for discharges with cen-
tral to volume-averaged electron density ratios greater than 2.5. The ratio of the
effective electron thermal diffusivity to the effective particle diffusivity for these

discharges is in the range of 3 to 5.
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CHAPTER 6

ANOMALOUS PARTICLE TRANSPORT

The transport of particles and energy in tokamaks is generally recognized as
being highly anomalous, especially for electrons. In this chapter we examine some
of the most plausible theoretical models for anomalous particle transport in toka-
maks and discuss their relevance to the particle transport determined in the pellet
fueling experiments on JET. In the first section, calculations of particle diffusion
coeflicients for different theories of anomalous transport are compared with the
experimentally determined effective diffusivity. In the second section, we present
calculations of fluctuation induced particle and heat fluxes from electrostatic fluc-
tuations using a recently developed fluctuation induced neoclassical quasilinear
transport theory. These calculated fluxes are then compared to the experimen-
tally determined anomalous particle and heat transport fluxes to determine if the

relationship predicted between them is upheld.

6.1 Anomalous Transport Mechanisms

Particle and heat transport have been analyzed in a number of tokamak ex-
periments [49,67) over a wide range of conditions and have often shown good
agreement with the neoclassical ion heat transport under some conditions, but
have shown a large anomaly in both heat and particle transport for electrons.
Explanations of the observed anomalous electron behavior usually depend on
fluctuations of electric and magnetic fields [67,68] as discussed in Sect. 4.3. The
fluctuations are believed to be generated by many different instability mechanisms

causing plasma turbulence.
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In this section we introduce the basic features of some of the most likely
instability mechanisms that are thought to cause fluctuations and discuss their
relevance to the particle transport in the JET pellet fueling experiments. Some
of the models of turbulence and anomalous transport from these instabilities
in tokamaks are introduced and their predictions are compared to the observed

particle transport.

6.1.1 Electron drift wave instabilities

The most frequently mentioned cause of anomalous transport in tokamaks is
the electron drift wave instability. The drift instability in magnetically confined
plasmas has been believed to enhance the particle and/or thermal diffusivity
across a confining magnetic field by orders of magnitude. The presence of plasma
density fluctuations with frequency spectra that have dominant frequency com-
ponents in the range of the drift frequency has been experimentally confirmed in
CO; laser scattering experiments. The direction of poloidal propagation of these
fluctuations has often been found to be in the electron diamagnetic direction [67].
The mechanism reponsible for this instability is the diamagnetic drift velocity,

which is given by

) 1 & oz
Ude = mVpe X B, (61)

where e is the electron charge, n. the electron density, and p. the electron pres-
sure. It is clear that the diamagnetic drift velocity given in Eq. {6.1) is not a
guiding center velocity. The diamagnetic current is simply due to the nonuniform
magnetic dipole moment density, as is shown in Fig. 6.1, and is primarily directed
perpendicular to the magnetic field.

If we consider a wave with low phase velocity along By that does not perturb

By but allows thermalization along the field line, we get in slab geometry from
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linearization of the ion continuity equation

—twny + ;- Vng =0,

(6.2)

where n; is the perturbed ion density and ng is the unperturbed density. Since
v; results primarily from the ExB drift, we have

1. ExB, -1-. V¢xB
ny, = —Vng - ><2 L —Vng - .._@(___.._9.
1w B{ w

2 ?
BO

(6.3)

where ¢ is the scalar potential associated with the density perturbation. If both

the density n and potential ¢ have a space-time dependence given by

e[i(E-i:‘—wt)] :

(6.4)
with k; >> k|, Eq. (6.3) becomes

w -ino ’ (65)
where
T, L T,
Wyie = BBg [V(ln no) X Bg] . k_J__ =

(6.6)

is the electron diamagnetic frequency, and the density scale length is given by

L7l = —~—|V”0I >0.

11

6.7
A (6.7
For electrons, with finite kj such that thermal equilibrium can be established
along field lines (kv >> w), the Boltzmann relation is obeyed:

(6.8)
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Then by invoking quasineutrality (equating n; to n.), we get the relation

W= Wye - (6.9)

Drift waves are so called because their propagation velocity across the mag-
netic field is of the order of the electron diamagnetic drift velocity. We notice
that the drift frequency depends on the density gradient scale length and not
on the temperature gradient. Dependence on the temperature gradient appears
as a higher order effect. The exchange of energy between the plasma and drift
wave is controlled by the phenomenon of Landau damping. Interaction with ions
damps the wave, but since the phase velocity of the wave paralle] to the magnetic
field, w/kyj, is greater than the ion thermal velocity, only the ions in the energetic
tail of the distribution have an effect, and the damping is weak. The Landau
resonance with the electrons provides an energy input to destabilize the wave.
Theory predicts that the toroidal variations in tokamaks can be strong enough
to destabilize the drift wave [67]. Although the drift wave is primarily an elec-
trostatic disturbance, a small magnetic component is also present and may drive
anomalous electron thermal transport. This magnetic component is a function of
B and therefore is expected to be more prevalent in high-temperature (pressure)

cases.

6.1.2 Ion pressure gradient driven instabilities
Another important relevant instability mechanism is the ion pressure gradi-
ent driven mode or ion mixing mode (n;-mode) [69,70], where n; = L. /Ly, =
dln Ti/dlIn n;. It is essentially an electrostatic mode resulting from the coupling
of sound waves with frequency w? = kﬁcf to an ion diamagnetic thermal mode

w & w,; 7; that is driven by the radial ion temperature gradient. It is predicted by
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the fluid equations in a shear-free slab model with Vn — 0, with the dispersion

relation being [4]

2 p2.2)q  WHTH .EZTL
w = k"C‘ [1 w (1 + 3 Te)] ) (6.10)

which predicts unstable modes when kﬁcf &K w,iM;. The mode with magnetic shear
has a threshold for n; > 7. ~ 1.5, so that it is expected to be important with
broad density profiles (; > 1.5). Ultimately, ion Landau damping truncates the
spectrum at kgp, ~ 1. The n;-mode propagates in the ion diamagnetic direction
(opposite the electron diamagnetic direction). It is expected to be difficult to
distinguish 7;-modes from drift wave modes except in regard to the direction of
propagation. However, in flat density regions, drift wave turbulence is expected to
be weak, so that 7;-modes should dominate in these regions. It is also interesting
to note that edge-peaked impurity concentrations enhance the turbulence, while
centrally peaked concentrations tend to quench it [70]. This mode has also been
assumed to be responsible for anomalous inward particle pinches that have been
inferred by others [65].

It is important to note that ion pressure gradient modes have been experimen-
tally inferred in the TEXT tokamak microturbulence spectrum from far-infrared
scattering measurements [71]. The modes observed on TEXT propagated in the
ion propagation direction and existed in high-density discharges where the density
scale length L, was relatively large. With pellet injection, the density profile was
measured to be sharply peaked as compared to the gas fueled discharge, and the
presumed 7;-mode features were not observed. The existence of the ion pressure
gradient instability was also correlated with the saturation in energy confinement

seen in TEXT with higher density. These results are consistent with other
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tokamak results, which have seen improvement in confinement with pellet injec-
tion that leads to peaked density profiles.
The particle flux predicted by the 7;-mode transport theory of Lee and Dia-

mond [70} can be written (for 7. ~ 7;) as:

g 1 6Te‘>

where D, is nonzero only for the case 7 > 7criv &~ 1.5 and positive values of cr
imply inward particle convection.

In the collisionless or banana regime (v} < 1), the dissipative trapped-electron
response results in a phase shift between the fluctuating particle density and
the fluctuating electrostatic potential of the wave. The net particle flux, in this
regime, is found to be directed radially outward (er < 0). Assuming that 7 = 7.,

D, can be written as [70]:

2 A\ 3 2,2
Dn(p):2e3/2[gln(1-+‘ﬂi)] (Ltl‘) Sl (6.12)

T v L2’

where ¢, is the ion sound speed (¢, = M), r = T./Tj, p, is the ion Larmor
radius with the electron temperature, p, = c¢,/w.;, where w,; is the ion cyclotron
frequency, € is the inverse aspect ratio (¢ = r/Ry), and L, is the magnetic shear
scale length [L, = 9;—(%%)'”1 ].

Another recently proposed model for anomalous transport based on 7;-mode
driven microinstabilities is that of Romanelli and Briguglio [72]. In their model
the effect of trapped electrons on the #; stability and the effect of the ion magnetic
drift (wg4;) resonance are considered. In particular, the value of the critical #; is
found to be affected by the trapped electrons. The critical 7; from this theory for
JET plasma conditions can be well above the nominal value of 1.5, as is shown in
Fig. 6.2 along with the density and temperature scale lengths for a pellet fueled

discharge.



129

ORNL-DWG 89M-2656 FED

|
6 ~NO. 17279

| 365

Lt, (m)

\

Lng (M)
o N & 0O
i

0.2

0.4 0.6 0.8 1.0

r/a

Fig. 6.2 Experimental 5. profile and calculated ™7 from Ro-
manelli and Briguglio {72] along with temperature and density scale

lengths. Note that 7

value.

CRIT
i

can be far in excess of the nominal 1.5



130

The particle flux predicted by this n;-mode transport theory can be written

(for n; = 7.) as:

2
vapi Ti 1/2
= 43— = 2 i
. =43 R cheVn( €)'/*T, (6.13)
where T" is given by the expression
R T.

with L, being the density scale length. The terms P, and P, are given by the

expressions

0.1(1 + 5¢,,) 60¢,/€nc 10
P, = 1- 15
T 140.04v [ (1~66n/enc)10+1/]’ (6.15)
0.05 3
o 81— 2[1 (1 — €/ €nc)? , 6.16
2 1+O.011/{ - (1 =en/e ”3+u} (6.16)

where the terms v = 500} T, /T;, €, = L,/ R, and €,,. is given by

CaN2e)1/2 T

From the particle flux relation in Eq. (6.13), we can see that there are two

terms, a diffusive term proportional to Vn and a convective term proportional to

nVT/T. The diffusivity given by this relation can then be written as
v pf T 1

7 (26)V/2 P, —, (6.18)

D. = 4. o
3 R T 2¢n

and the convective term can be written as
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vy p? 1
—%—;‘—UCZVn (26)1/2 P2§—€: . (619)

v, = 4.3
From these relations we can see that both the diffusivity and the convective
velocity scale as T}a/ Lt and therefore would be expected to be peaked toward
the center of the discharge as the value of n; rises above the critical value.
Another theory of ion pressure gradient driven instabilities by Biglari, Dia-
mond, and Rosenbluth [73] that has been recently introduced takes into account
trapped ion effects when the collisionality is low (5/€ < w.;). A scaling of particle
diffusivity is obtained by making the usual mixing-length assumptions about the

turbulence and is given by

g Wielde 1+ T

D, ~ € -
K Ps bed?v. T

(6.20)

In this expression, by = (kgp;)?/2, wae is the magnetic drift frequency given by
wye = kgpevie/ R, 3 is the magnetic shear given by § = dln g/dIn r = rq'/q, and
1 = T./T;. We have calculated the particle diffusivity based on this scaling using
the experimental data and typically find diffusivity profiles much the same as
those for the Lee and Diamond theory. This is not surprising, considering that
both theories predict a similar (1 4+ 7;)/7 dependence on the diffusivity.

An example of calculations of the diffusivity based on these collisionless 7;-
mode theories is shown in Fig. 6.3 for the peaked density profile discharge de-
scribed in Fig. 3.11. The values of D, calculated from the three theories in
Eqs. (6.12), (6.18), and (6.20) are shown along with the neoclassical diffusivity,
Bohm diffusivity, and experimentally determined diffusivity for reference. The
maximum diffusivity for the Lee and Diamond model is at 7/a ~ 0.6 and has a
value within an order of magnitude of the experimentally determined

diffusivity; however, the profiles of the experimentally determined D and D,
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are significantly different. This comparison holds true also in the nonpeaked pro-
file cases. In all cases, though, there is significant uncertainty in the measured
7; due to uncertainty in the ion density and temperature profiles, and therefore
large uncertainties exist for D, and v,. The convective velocity predicted by the
Lee and Diamond 7 theory [70] is outwardly directed and has a magnitude and
profile similar to the D, prediction, since the temperature scale length is of order
1 across most of the discharge minor radius. D, and v, are both predicted to be
zero near the center of the discharge, which does not agree with the experimen-
tally determined anomalous central diffusivity but does agree with the negligible
anomalous convective velocity.

It is particularly interesting to look at the calculated particle transport coeffi-
cients from the 7; theory of Romanelli and Briguglio [72]. The particle diffusivity
D and convective velocity v from this theory are driven primarily by the temper-
ature gradient. The values calculated for D and v from this theory are shown in
Fig. 6.4 for the same discharge whose temporal evolution is shown in Fig. 3.11.
The value of diffusivity calculated from this theory is also plotted in Fig. 6.3 with
the experimentally determined value, the neoclassical value, and the value from
the other 7; theories. The evolution of the value of 7, is shown for this discharge
in Fig. 6.5 for the same time steps as in Fig. 6.4. We can see that the value of
electron diffusivity predicted by this theory is larger than the experimental value
and becomes even greater as the temperature is increased due to the temperature
gradient dependence of D. The convective velocity predicted from this theory is
inward and has a large magnitude that is also due to the strong temperature
gradient dependence. Clearly, the values of D and v predicted for the pellet fu-
eled discharges are much larger than the determined values from the modeling

described in Chapter 5.
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None of the 7; transport theories investigated give particle transport coeffi-
cients that compare well with the determined values; however, strong inferences
should not be drawn since the experimental ion profiles were not available. The
different assumptions about the turbulence generated by the modes and their ef-
fect on particle transport can make a large difference in transport coefficients, as
the comparison in Fig. 6.3 shows. All of the theories investigated show quali-
tative agreement with the increase in diffusivity as the density profile becomes
less peaked. However, the very strong inward convective velocity predicted by
the Romanelli and Briguglio theory is clearly not supported by the experimental

data.

6.1.3 Magnetic field stochasticity

When the magnetic surfaces in a tokamak have a radial perturbation B, su-
perimposed on the ideal magnetic surfaces, the resulting particle motion along
the field lines will have a radial component 7, which will lead to enhanced radial
transport as discussed in Chapter 4. If the perturbation is large enough and many
of the magnetic surfaces are involved, the field lines become stochastic. Calcula-
tions of the particle diffusion resulting from the diffusion of the stochastic field
lines have been done [67], and it is found that the particle diffusion is limited
by the ion diffusion, which is much slower than the electron diffusion because of
the lower ion velocities. If the electrons attempt to diffuse faster than the ions,
ambipolar electric fields will arise that serve to restrain the electrons and leave
the particle lux ambipolar.

There have been several calculations of transport in specified stochastic mag-
netic fields. The particle transport calculations by Boozer and White [74] show a

diffusion coeflicient in the stochastic regime given approximately as
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Dy =0y Dm = 2= N [mama(¥)]’, (6.21)

where a, » is the magnitude of the perturbation, ~ (1/m)(6§B/B), p is the gyro-
radius, and D,, is the diffusion coeflicient for the magnetic field itself. Diffusion
coeflicients for electrons were calculated to be several orders of magnitude above
neoclassical values for modest fluctuation levels (@ ~ 107°) in the magnetic field.

Measurements of magnetic fluctuations at the plasma edge on JET have been
made, and two types of fluctuation activity have been found [75]. Modes were
found with relatively high m (up to m ~ 100) that propagated in the electron
diamagnetic drift direction. It is quite possible that these modes are of a turbulent
drift wave type as discussed in Sect. 6.1.1. There were also fluctuations observed
with low m,n modes that appear as standing waves and dominate the magnetic
spectrum in discharges with additional heating. It is this mode that is more likely
similar to the MHD activity observed in the pellet fueled heating experiments
discussed in Sect. 3.4. The cause of the mode may be low-n resistive modes or
low-m tearing modes [75]. These magnetic fluctuations have been estimated to
produce a radial perturbation that is large enough to produce a stochastic field.
The transport from this stochasticity as discussed above is likely to be in excess of
the neoclassical predictions. The actual level of the transport from the magnetic
fluctuations is difficult to estimate, however, without more detailed measurements

of the modes and their fluctuation amplitudes {i.e., 37 [m am,n(gb)] ? from Eq.

(6.21)}.

6.2 Calculations of Fluctuation Induced Transport in JET

In this section we analyze the particle and heat transport in JET pellet fu-

eled discharges by examining the relationship between the anomalous electron
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particle and the anomalous electron heat flux with the recently developed neo-
classical quasilinear theory of fluctuation induced transport [76]. In this theory,
the methodology developed for neoclassical transport theory is used to calcu-
late the transport fluxes induced by electrostatic and magnetic fluctuations. The
perturbed particle distribution function is substituted into the flux-force relation-
ships. Only the coherent response is included, therefore leading to a quasilinear
theory. The fluctuation spectrum is assumed as given with a real frequency w
(without a growth rate), as is appropriate for saturated turbulence. The fluctua-
tion collisionality regime is assumed to be in the plateau regime in this formula-
tion of the theory (i.e., the fluctuation is not far removed from the mode rational
surface).

The complete set of transport fluxes induced by fluctuations in this theory

satisfies Onsager symmetry. The anomalous electron transport matrix is given by

(76]

(TaN) D. -iD. w Xir
(@N/T), [ =] -§P. D —087TW || Xor ), (6.22)
Jy/Te W -08TW  o./T. ) \Fi

where the forces are given by

. T.Bdr T.dr | T. Padr’

wmn\eBr T 1dP. edd T.+T1dP
) - --

m

1 dT,

Xop = — %,
T de

and the coeflicients for electrostatic fluctuations are
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m,n,w
where m and n are poloidal and toroidal mode numbers of the fluctuation ampli-
tude ® with frequency w, P is the plasma pressure, v, is thermal electron veloc-
ity, N is the density, By is the poloidal magnetic field strength, ¢, is the Spitzer
conductivity, p. is the electron cyclotron radius, v,; is the electron-ion collision
frequency, and E| is the inductive parallel electric field. The term (wmn/m> is
actually a summation over all modes given by

()= 2 m S |mm2nqlq’3""“]_l (623)

m,n,w

In our analysis of the anomalous transport, we examine the anomalous particle

and heat flux calculated in JET pellet fueled plasmas and determine whether the

relationships
AN = DXy, - gDeXZ, + W Ejf
AN 3o v 18 A
e /Te = '“'i'DcJ\lr + ZDeer - 0.87TW E” 3 (6.24)

hold for specific cases. It is reasonable to assume that the last terms due to
the so-called Ware pinch effect should be small since measurements of fluctua-
tions on tokamaks have shown kj < kg [77] and W is proportional to kek)/k,

whereas the coefficient D, is proportional to k}/k;. The fluctuation spectrum
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. 2
Em'n’w(mz/hn ~ng|) (e@mnw/\/iTe) is assumed constant during the time the
flux is calculated. It should be noted that the corresponding results for magnetic
fluctuations 1_1” can be obtained by making the substitution for the electrostatic

fluctuation amplitude given by [76]

®nw — Amnww? / [e(A - VO)m — ng)] . (6.25)
The transport matrix in Eq. (6.22) is then the same for electrostatic and magnetic
fluctuations with the only change being in the fluctuation spectrum amplitude.
The measurement of the radial electric field, d¢/dr, is not available for JET,
so a calculated radial electric field is used. This field is calculated from force
balance considerations. For a single species of mass m; and charge e; the force is
given by
F= mjin; [6_17,1_' + (U5 V)'Jj] +m;7; [Bn +vj - ﬁnj]
ot (6.26)
= —VP; +enj(E +7; x B) - V-1l + RS,
where Tl is the viscosity tensor and R° is the collisiona) friction between different
ion species. The rotation velocities of impurities and ions are not necessarily the

same but can differ only by a few percent. In the flux surface geometry the force

balance from Eq. (6.26) can be written as

Ui (L) ((B) | eld)
~Uig + —';é = ( ) ’ (6.27)

eBy \ (P)  (Ti)
where Ujg and U;y are the poloidal and toroidal rotation velocities. We assume
that there is no poloidal rotation (Ui, ~ 0) and use the measured toroidal rota-
tion from Doppler-shifted impurity ions from the charge-exchange recombination

spectrometer diagnostic when neutral beam injection heating is used. Therefore,
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the radial electric field used in the calculations is given by

v Uit (7))
(¢) = p By + elni)

(6.28)

In cases where there is no neutral beam heating, the poloidal and toroidal rotation

is assumed to be negligible. In these cases the radial electric field is given by

1=

(¢) = égi’ : (6.29)

—

In our analysis we assume that the anomalous transport in JET plasmas is
driven by electrostatic drift wave fluctuations. Since we have no measurement
of the fluctuation spectrum, we assume that the fluctuations have a frequency
spectrum dominated by either the electron or the ion diamagnetic drift frequency
given by Eq. (6.6). In our analysis, we avoid using any discharges with enhanced
levels of low-m MHD fluctuations (as discussed in Sect. 3.4) so as not to mask
the transport possibly caused by the higher m mode electrostatic drift wave tur-
bulence.

In calculating the diamagnetic drift frequency, we use measurements of plasma
turbulence that have been made on other tokamaks. In particular, the perpen-
dicular wavevector spectrum, &k, , has been determined in a number of fluctuation
measurements on different tokamaks and a relatively homogeneous picture has
emerged. The wavevector spectrum in these experiments has generally been a re-
lationship between k; and p, such that the mean wavenumber falls in the range
67)

(ki)ps = 0.1-0.3. (6.30)

In this expression, p, = ¢,/w.;, where c, is the sound speed [¢c, = (T./m;)!/?] and

w,i is the ion cyclotron frequency. The wavevector parallel to the magnetic field,
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k, has been measured to be much smaller than the perpendicular wavevector,
k) < ky [67,77]. The perpendicular wavevector, k|, is a combination of a radial
component k, and a poloidal component k9. Measurements of k; on TEXT using
a heavy-ion beam probe have suggested that there is little contribution to k; from

k, [53,77]. The poloidal wavenumber, kg, satisfies the relation
ke =m/r, (6.31)
where m is the poloidal mode number and 7 is the minor radius.

For our fluctuation spectrum in Eq. (6.23) we choose a discrete frequency

based on the diamagnetic frequency such that

Ymn Tekﬂ 1 Te

= = — 6.32
m eBylL, rke eBoL,r’ ( )

where we have used the relation in Eq. (6.31). Therefore, we can see that as
long as the dispersion relation between w,,, and kg yields the diamagnetic drift
velocity [defined in Eq. (6.1)], we will have a single value of w,,,/m at each radial
location in the plasma.

The calculated magnitude of the different generalized forces in Eq. (6.22) for
the case of electrostatic drift wave driven fluctuations is shown in Fig. 6.6 for a
pellet fueled peaked density profile discharge with ICRF heating. We see from
this figure that the fourth term in the generalized force X;, labeled Xj,4 is the
dominant term and is larger than the first term X;,, which is proportional to the
fluctuation frequency wmn/m. The term Xy, is effectively equal to — L from
Eq. (6.32) and therefore has a relatively small magnitude since L, is generally of
order 1 or larger as shown in Fig. 6.2. The second and third terms, which have
the opposite sign (due to the gradients), are effectively inward driving forces since

they give an inward particle flux. These pinch terms are, however, smaller than
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Fig. 6.6 Profiles of the calculated generalized forces in the quasi-
linear fluctuation transport theory for an ICRF heated, pellet fueled
discharge. The forces are defined in Eq. (6.22). The electron dia-
magnetic frequency is used for wp,,/m in Xqn.
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the first and fourth terms, which give a net outward driving force and cancel each
other when there is no rotation from Eq. (6.29). The outward force terms are
seen to dominate especially in the outer half of the minor radius.

The amplitude of the fluctuations is calculated such that the anomalous par-
ticle flux is given by Eq. (6.24). Essentially, the value of the summation in the
coefficient for D, is adjusted to yield the measured anomalous particle flux. An
example of the results of such a calculation is shown in Fig. 6.7, where both the
electron diamagnetic drift frequency and the fluctuation amplitude profiles are
shown for an ICRF heated pellet fueled discharge. For the same discharge, we
show in Fig. 6.8 how the different terms of the calculated anomalous particle flux
compare. We see that the dominant outward flux term is the D.X;, term, while
both the —%Deer and VVEI’[1 terms give an inward particle flux that is of much
smaller magnitude than the outward term. As expected, the Ware pinch effect
term, WE‘l‘f, is insignificant.

The same fluctuation amplitude that yields the anomalous particle flux is
substituted into the equation for the anomalous heat flux [Eq. (6.24)] and used
to calculate the fluctuation induced heat flux. This heat flux is then compared to
the power balance calculated heat flux to determine whether the relation between
the particle and heat flux predicted by this theory holds. A typical example of
this heat flux comparison is shown in Fig. 6.9 for the same pellet fueled discharge
shown above. We see that the power balance heat flux is larger than the calculated
heat flux by about a factor of 2 in the core of the discharge and by a factor of 5 or
more in the outer half of the discharge. The error bars on the power balance heat
flux are primarily determined by the uncertainty in ICRF power deposition to
QE“LUCT'

the electrons. The curve labeled in Fig. 6.9 is generated by increasing

the coeflicient 13/4 in Eq. (6.24) to 5, which is an estimate of the coeflicient if
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Fig. 6.7 Profiles of electron drift frequency and fluctuation am-
plitude calculated for an ICRF heated, pellet fueled peaked density
profile discharge. The fluctuation amplitude is that necessary to
account for the determined particle flux.
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flux and the calculated fluctuation induced heat flux. The total
calculated heat flux, QFYUCT, and terms Q}, QZ, and Q?, are from

the neoclassical fluctuation theory of Shaing [76]. QFYYCT" is the

total calculated heat flux assuming the coefficient for Q2 is increased
from 13/4 to 5.
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the fluctuation collisionality regime were in the banana regime (further away from

the mode rational surface) [76].

Calculations of the fluctuation induced transport using this theory have been
performed for over 10 of the pellet fueled JET discharges and have typically
shown that electron drift wave driven electrostatic fluctuations in the quasilin-
ear approximation do show some correlation between the determined anomalous
electron particle and heat transport. The power balance electron heat flux is
typically over a factor of 2-3 higher than the calculated fluctuation driven heat
flux in the plasma core and a factor of 5 or more higher in the outer part of the
discharge. The calculated heat flux does in general show a qualitatively similar
profile shape to the power balance heat flux. In all the discharges studied, the
calculated fluctuation amplitude shows a strong increase with increasing minor
radius, as shown in Fig. (6.7). This is in qualitative agreement with the spatial

variation in fluctuation amplitudes experimentally measured on TEXT [77].

Similar calculations have been done assuming that the fluctuation propagation
isin the ion drift direction, as is the case for fluctuations driven by the ion pressure
gradient driven instability (Sect. 6.1.2). The term with (wm,/m) in Eq. (6.22)
for the ion drift case has the opposite sign to that for the electron drift case
due to the propagation in the opposite direction. These calculations have been
performed for plasmas with relatively flat density profiles where the parameter 7;
is large and the 7;-mode driven turbulence is expected to be large. The results
show very little difference from the electron drift wave case since the first term of
Xy, with <wmn/m> in it is smaller in magnitude than the fourth term, as pointed

out above.

Transport calculations utilizing quasilinear neoclassical fluctuation driven

transport theory in the plateau regime indicate that electrostatic fluctuations



149

driven with an electron or ion drift wave spectrum are not sufficient alone to fully
correlate the resulting anomalous electron particle and heat transport. Other
mechanisms driving magnetic fluctuations presumably exist in parallel especially
in the outer portion of the discharge, and may contribute more to the anomalous
heat transport. It is also possible that the turbulence is not adequately described
by a quasilinear theory or that the fluctuation collisionality is not in the plateau
regime. An extension of the theory to the collisionless banana fluctuation col-
lisionality regime is needed to determine if that more adequately describes the

data.
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CHAPTER 7
DISCUSSION OF RESULTS

Peaked electron density profiles are generated in JET discharges from pellet
injection with central penetration. These density profiles are frequently found to
slowly decay to a peaked profile on a broad pedestal. The decay of the peaked
profile is sometimes accelerated by the application of ICRF heating on axis and
NBI. In the cases where accelerated profile decay is seen, an enhanced level of
MHD activity is measured at the plasma edge, and a broad, flat density profile
quickly appears that is characteristic of all auxiliary heated limiter discharges. It
is found that the neoclassical (Ware) pinch velocity is reduced when the auxiliary
heating is applied due to the change in electric field and collisionality. This
reduced pinch velocity appears to play a role in the peaked profile decay.

The period of the peaked density profile in sawtooth-free limiter discharges
has been analyzed and the electron profile evolution modeled by the use of a
neoclassical pinch velocity and a time independent diffusion coefficient that has
strong increase at the radial position of the density pedestal formation near the
g = 2 surface, as shown in Fig. 5.9. The diffusivity in the model used is more
than an order of magnitude larger than the neoclassical value. This same trans-
port model is found to be applicable in both ohmic and ICRF heated discharges
although the heated case shows a slightly higher diffusivity. Calculations of the
density evolution using the (r/a)?-dependent diffusion coefficient suggested by
Hulse [59] for TF'TR ohmic discharges do not yield the observed density profile

pedestal on the outer half of the minor radius.



151

In discharges where the peaked density profile rapidly decays to a flat one, the
diffusion coeflicient can be modeled as a function of local electron temperature
such that the diffusivity in the core rapidly evolves from the ohmic post-pellet
case to a diffusivity profile that is more nearly flat, as shown in Fig. 5.11. This
rapid change in diffusivity suggests that another mechanism is present in these dis-
charges that further accelerates the central electron density decay. In discharges
where there is a clear transition from the ohmic-like transport to one in which
MHD activity is observed in the external loop measurements, the profile evolution
can be modeled by a transition from the ohmic-like diffusion to the temperature-
dependent diffusion. The effective diffusivity determined from particle balance
calculations of the electron flux agrees well with the best-case diffusive models

used in the discharges that have been modeled.

A large number of particle transport models have been used to analyze a
variety of JET pellet fueled discharges including a model that originated from
ALCATOR-C results [61] and has been used to predict the performance of future
ignition machines. This model uses D = [n(m™3%)/10'®*]"! and v = —2Dr/a’.
The results from this model, as shown in Fig. 5.14, typically yield peaked
parabolic density profiles when the measured density profile is seen to remain
flat in the center. If these JET results scale to smaller ignition machines now

being designed, the currently predicted performance may be overestimated.

The implications of these results for future tokamaks are perhaps not as
promising as one would like. First of all, the lack of a strong inward pinch velocity
in JET pellet fueled discharges (either thermally driven or otherwise) leads to the
observation that central deposition of pellet mass is needed to result in highly
peaked profiles. Since pellet ablation is a strong function of electron temperature

and has been shown on JET to have a velocity dependence similar to the neutral
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shielding model, pellets with much higher speeds than those currently produced
will be needed to penetrate deeply into a fusion-grade plasma. The improvement
in confinement and reduction in transport coefficients has been observed to be
a function of increased density peakedness. The necessity of central pellet pene-
tration to produce peaked density profiles makes the task even more difficult in
future devices, with plasma temperatures ~ 10 keV, than it is in JET. Secondly, a
lack in obvious confinement improvement with shallow penetrating pelletsin JET
makes the need for pellet fueling as a performance enhancement less certain than
other experiments have shown. Further research into this area is needed to as-
certain what advantages pellet fueling provides in partial penetrating conditions
and what the fueling efficiency from pellets fueling is in reactor grade divertor

plasmas.

Analysis of the experimentally determined anomalous fluxes has been done us-
ing the quasilinear neoclassical fluctuation transport theory {76] to compare with
the relationship predicted between the anomalous particle and heat flux. Calcu-
lations have been performed for a number of different pellet fueled discharges and
have typically shown that electron drift wave driven electrostatic fluctuations in
the quasilinear approximation show some qualitative agreement with the theo-
retical relationship predicted between the anomalous electron particle and heat
transport. The experimental power balance heat flux is typically a factor of 2-3
higher than the calculated fluctuation driven heat transport in the core of the
discharge but shows a qualitatively similar profile shape. An anomalous inward
pinch driven by temperature gradients that is predicted from this theory is not
very significant when compared to the diffusive transport. An enhancement to
the Ware pinch due to fluctuations is also very sinall compared to the neoclassical

value. The relatively small inward particle flux calculated from this neoclassical
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fluctuation theory supports the modeling results of the density evolution, which
shows good agreement without a large anomalous inward pinch. Also, the fluc-
tuation amplitude calculated to yield the anomalous particle flux increases with
minor radius, as shown in Fig. 6.7. This agrees qualitatively with measurements

of the spatial variation in fluctuation amplitude on TEXT [77].



CHAPTER 8

SUMMARY AND CONCLUSIONS

The pellet fueling experiments on JET have shown that the fueling efficiency
of pellet injection is much greater than that of edge fueling. The pellet fueling
efficiency is near 100% with ohmic heating; however, it is seen to drop to ~ 60%
during auxiliary heating. This implies that edge ablation of the pellet may be
enhanced by both neutral beam injection and ICRF heating. Future reactor-
relevant machines may need to be able to handle the extra fuel exhaust from
pellet fueling during auxiliary heating. The electron density is found te pesk
dramatically only when the pellet penetiztes near or beyond the plasma magnetic
axis and shows no increase in peaking with partial penstrating pellets. This
implies that a strong inward particle pinch does not exist in the core of IET
plasmas. The desitability of peaked density profiles then implies that for future
reactor-grade machines, more exotic pellet injection techniques will be required
to obtain central pellet penetration and peaked density profiles.

Particle transport analysis of JET sawtooth-free discharges has shown that the
density evolution following peaked profiles from pellet injection can be modeled
with & neoclassical pinch velocity and a diffusion ceefficient that is low in the core
and increases steeply at the radius of the density plateau (near the g = 2 surface).
This type of transport model works in both ohmic and central ICRF heated
dischiaiges that have low levels of MHD activity. Soine of the auxiliary heated
cases show tapld central density decay, which is correlated with higher levels of
edge measured MHD activity. The profile evolution in these discharges can be

modelzd with a temperature-dependent diffusion ceefficient and the necclassical
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pinch velocity. Discharges with noncentral pellet penetration show no significant
density peaking and cannot be modeled with the same transport models as the

peaked profile cases.

The scaling of the determined particle transport diffusion coefficient shows
that there is a strong correlation of lower electron particle and thermal diffusiv-
ity in the core region of the plasma with increased density profile peakedness.
The particle diffusivity also shows an increase with the local parameter 7. It is
possible that suppression of 7;-modes in the plasma core during peaked profile
periods is responsible for the improvement observed in particle and energy con-
finement. It is clear, however, that if 7; turbulence is being suppressed, then other

mechanisms are responsible for the underlying anomalous electron transport.

Transport analysis utilizing the theory of quasilinear neoclassical fluctuations
in the plateau regime indicates that electrostatic fluctuations driven with an elec-
tron or ion drift wave spectrum are not sufficient alone to fully explain the experi-
mental relationship between the anomalous particle and heat transport, especially
in the outer half of the plasma. Other mechanisms driving magnetic fluctuations
presumably exist in parallel and may contribute more to the anomalous heat

transport.

Recommended future work consists of further analysis into the mechanisms
behind the anomalous transport. Measurements are needed of density and po-
tential fluctuations in the interior of JET and can be made with various electro-
magnetic scattering techniques. These measurements would make it possible to
determine what kind of fluctuation spectrum exists in the JET plasmas and what
effect pellet injection and peaked density profiles have on them. Further detailed
measurements can also be made of the magnetic fluctuations detected at the edge

of the plasma. Correlation of such fluctuation measurements with the determined
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transport may shed more light on the mechanisms behind the anomalous particle
and thermal transport. Without such measurements, one can only speculate that
the reduced particle diffusivity seen after pellet injection with central deposition

is the result of a damping of one or more fluctuation mechanisms.
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APPENDIX A
PTRANS NUMERICAL METHODS

In this appendix we describe the PTRANS code and show the numerical
methods used to solve the continuity equation. PTRANS works by starting at
a known density profile and solving Eq. (5.16) for a series of time steps. The
calculated density profile is then compared with the experimentally measured
density profile at a number of time steps after the start of the calculation. By
comparing the results for a large number of trial particle transport models [D(p, t)
and v(p, )], it is possible to find a reasonable model fairly quickly.

For the purposes of a numerical solution, Eq. (5.16) may be written in the

form

on:  —1 i+1/2
T (V' l : A.
ot AVi( Ve ) i-1/2 s (A-1)

where the subscript i corresponds to the ith point on a radial grid. If we define
a radial mesh such that the index ¢ = 1 defines the magnetic axis and 1 = N is
the last closed flux surface as shown in Fig. A.1, we may write Eq. (A.1) in the

following differencing scheme:

i+ j _

At N Viviyz = Vicaye (V'VPF) '

2
) + 8;, (A2)

where the superscript j refers to the current time step and j + 1 is the next time

step that we are solving for. This differencing scheme is subject to the boundary
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conditions that ny =0 and I'y_;,, = 0. lf welet AV; =V, /5 — V;_y/; then we

may rewrite the differencing scheme as

; ~ Al

nf“ —ny = Vitr/z - Vie1/2 (V}'H/zvpiﬂ/zriﬂ/! - Vi'——l/zVPi—l/2P='-l/2)
+ 8; AL
(A.3)
We use the following differencing scheme for I';1;/,:
(nj+1 - ) Jill - n" ]
|\ = —-D; 1—-/\-—‘—---—~‘—~V, + A - Vp;
+1/2 +1/2 [( ) (pit1 — pi) Pit+1/2 (Pir1 — pi) Pit+1/2
nf +nd 3+1 + n.7+1
+Ui+1/2[(l_A) +12 ‘1)+/\( 1 5 )],
(A.4)

and similarly for I';_; /5. By introducing a weighting factor X into the differencing
equation for I', we may adjust the relative weighting between the implicit (n?+1)
and explicit (n?) terms of the differencing equation and end up with a fully implicit
equation, an explicit equation, or anything in between [78]. A = 0.5 yields the
well-known Crank-Nicholson scheme and is usually the weighting factor that is
used. To solve Eq. (A.3), one has to solve a set of simultaneous linear equations
at each time step for the n;7*1. This is a simple problem because the system is

tridiagonal. The terms in Eq. (A.3) may be grouped appropriately:

AX'.l 1n7+]+X ]+ +X1+1n1+1 = Y. ln 1+Yn +Y2+1Tl 1+B.ijAt, (A.5)

where

At ~Di1/2 Vi-1/2
Xi1= AV iLI/zvpi—1/2A(mVPi~1/z =5 )
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. At Div1/2 Vit1/2
Xit1 = AV, V1+1/2VP-+1/2f\<( t2 —~=Vpit1/2 + 2],

Pi+1 — Pi) 2
At Divy Vi_1/2
Xi=1 Vi L2V Pt s\ 1jp— o
+AV ~1/2 VPi-1/2 (( il I)VP /2= T,
At Diy1/2 Vit1/2
SV o Vi | g, Bit1jz )
+ AV, /2 Pit1/2 ((Pi+1 — o) Pit1/2 + 5

At D; /2 Vi1/2
Yio ! ic1/2(1 = A)| 7/ Vp,_
1 AVV 1/2VP 1/2( )((Pi"l)i—l)vp 1/2+ )

At Diy1/2 Vit1/2
Yig1 = —V!  ,.Vp; 1 -2 ———Vp; - ’
+1 AV, 1/ Pit1/2( )<(Pi+1 —p3) Pit1/2

, At D1—1/2 Vi_1/2
Yi=1+ AVV 172V Pi-12(1 —/\)(— ——== Vi 79 +

A.6
LT (1= ) _‘h/z_v _ Yiy2 (40
AV, 172 Pit1/2 (Pit1 — p3) Pit1/2 5 .
This tridiagonal set of equations may be written in matrix form as
X11 x\rlz 0 o 0 ( ’Il'{ii
Xa Xz Xos : ny
: : ) 0 i |
0 XN-an2 Xnoivaa Xnoaw N_1
0 0 XN,N- NN nitt
N
Yiu Yoo 0 - 0 n{ \ s‘{
Yo Y o Y : ny .
. . 0 1 E At,
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which can be solved by decomposition followed by forward and back substitution
[79].

The code is written to solve up to 32 independent models for D(p,t) and
v(p,t) in parallel by iterating through each model at every time step. Each of
these models may include the neoclassical terms as calculated by the interpretive
code QFLUX and read in by PTRANS. The geometry data used in PTRANS
(AV, V', and Vp) are also calculated externally from an equilibrium magnetic
representation (in QFLUX) and read in. The radial shape of the edge source
s(p,t) is obtained from external neutral deposition calculation (QFLUX) using
H, edge measurement to determine the magnitude. Optional source feedback
capability built into the code can adjust the magnitude of the source profile
for each model to keep the number of particles in the plasma the same as that
determined from the experimental density profiles. This is used in ICRF heated
plasmas when the ICRF is initially turned on since the H, detectors used to
measure the source magnitude are located away from the antennas (as shown in
Fig. 2.2) and do not see the particle source from the antennae until approximately
a particle confinement time later.

PTRANS is run at JET on the IBM 3090 mainframe computer in batch mode.
A control namelist file that contains the controls for running the code and switches
for the 32 models is embedded in the JCL file that is submitted to run the code.
An output file is used for debug information and error logging. A log file is kept
that is updated after every run with information about that run. The results may
be stored in a PPF (JET specific postprocessed data file) for later examination
of the output data, and a plot file (GHOST grid file) may be created and plotted

after the run.
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APPENDIX B
PTRANS SOURCE CODE LISTING

In this appendix we present the pertinent subroutines used in the particle
transport modeling code PTRANS used to solve the system of equations, Eqs.
(A.1)-(A.7). It is written in FORTRAN and is run on the JET IBM 3090 main-
frame computer.

The PTRANS code loops through each of the transport models and loads in
the transport coefficients and input data for that model as shown in the flow chart
in Fig. B.1. The main computational subroutine CALDEN is called for each time
step in the calculation for each transport model. The coeflicients to the difference
equations [Eq. (A.6)] are then calculated in the subroutine CALCOF. Then a
numerical subroutine TRIDAG is called from within CALDEN and performs the
matrix solution to the tridiagonal set of equations [Eq. (A.7)]. The calculated
density for each point in the radial grid is then saved and the new total number
of particles for that model is calculated. The measured number of particles is
then calculated for that time step and saved. If source feedback is enabled, the
feedback gain factor is determined for each model and used in the next time step.
The variables used in the calculation are in one of several COMMON blocks which

are saved for output or use in the next time step.
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c
c SUBROUTINE CALDEN
(o
C
C Calculate new density from finite difference equation.
C See TM for description of method used.
C
C Revisions:
C wommm—————
Cc 1-SEP-1988 Fixed GRHO problem with Gamma.
o e e e s o o kA e S S S e o . A e ) o e
SUBROUTINE CALDEN
c
C Include files
c
INCLUDE (COMGVL)
INCLUDE ({COMCON)
INCLUDE { COMGOM )
INCLUDE ({ COMCAL)
INCLUDE { COMSAV)
c
C Local data
c
INTEGER*4 I, J, X
REAL*4 MAXFB
PARAMETER (MAXFB = 5.0)
c
£ o e e o i T 0 A A S 2 s e e e
C 1. LOOP THROUGH EACH TRANSPORT MODEL
C
DO 10 I=1,NMODEL
IF (MERFLG(I)) GOTO 10
c
Com e e e e e e o e e 2 2 2 e o o
C 2. LOAD IN APPROPRIATE TRANSPORT COEFFICIENTS AND INICOND FOR MODEL
C (NOTE: V2MDL IS NEGATED HERE )
Cc
DO 20 J = 1, NPSI
NE(J) = NEMDL(J,I)
SE(J) = SEMDL{J,I)*DELTIM
D2(J) = D2MDL(J,I)
V2(J) = -1.0 * V2MDL(J,I)
20 CONTINUE

IF (DEBUG) THEN ,
WRITE(DUNIT,*) ‘CALDEN N,S’', (NE(K),SE(K),K=1,3)
ENDIF

QOO
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3. CALCULATE COEFFICIENTS TO DIFFERENCE EQUATION

CALL CALCOF (IERR)
IF (IERR.NE.0) THEN
WRITE (DUNIT,*) ‘ERROR IN CALCOF: ITSTEP, MODEL’, ITSTEP, I
MERFLG(I) = .TRUE.
GOTO 10
ENDIF

4. CALCULATE DENSITY PROFILE

CALL TRIDAG(AI, BI, CI, RE, NPRME, NPSI, IERR)

IF (IERR.NE.0) THEN
CALL FRRMSG(’CALDEN’, ‘TRIDAG’, NSTR, NSTR, IERR)
WRITE(DUNIT,*) ‘AI:’,(AI(K),K=1,NPSI)
WRITE(DUNIT,*) ‘BI:’,(BI(K),K=1,NPSI)
WRITE(DUNIT,*) 'CI:’,(CI(K),K=1,NPSI)
WRITE (DUNIT,*) ‘RE:’,(RE(K),K=1,NPSI)
MERFLG(I) = .TRUE.
GOTO 10

ENDIF

NPRME (NPSI) = 1.E16

5. SAVE DATA FOR THIS MODEL

DO 50 J = 1,NPSI
IF (NPRME(J).LE.O0.) THEN
NPRME(J) = 1.0E16

ENDIF
NEMDL(J,I) = NPRME(J)
50 CONTINUE
o
(0 o e o o o s rn o e 3 T T T s S 2 T e e s 7 T e e
C 6. CALCULATE MODEL TOTAL NUMBER OF PARTICLES
c
NTOTL(I) = 0.0
STOTL(I) = 0.0
DO 60 J = 1,NPSI-1
NTOTL(I) = NTOTL(I) + NEMDL(J,I)*DELVOL(J)
STOTL(I) = STOTL(I) + SEMDL(J,I)*DELVOL(J)*DELTIM
60 CONTINUE
C
10  CONTINUE
c
o e 1 2 o T T T T AR 3 % o T T ot e e e
C 7. CALCULATE MEASURED TOTAL NUMBER OF PARTICLES
C
NATOTL = 0.0
SATOTL = 0.0
DO 70 J = 1,NPSI-1
NATOTL = NATOTL + NEACT(J)*DELVOL(.J)
SATOTL = SATOTL + SEACT(J)*DELVOL(J)*DELTIM

70 CONTINUE
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C 8. DETERMINE SOURCE FEEDBACK TO USE IN NEXT TIME STEP
c
DO 80 I = 1,NMODEL
IF (STOTL(I).LE.0.0) THEN
SCEFB(I) = 1.
ELSE
SCEFB(I1) = 1.+ ((NATOTL-NTOTL(I))/STOTL(I))*S1(1I)
ENDIF
IF (SCEFB(I).GT.MAXFB) THEN
SCEFB(I) = MAXFB
ELSE IF (SCEFB(I).LT.0.2) THEN
SCEFB(I) = 0.2
ENDIF
80 CONTINUE

RETURN
END
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SUBROUTINE CALCOF

Calculate coefficients for terms in the finite difference eqgn.
See TM for description of method used.

QoaooOonnn

SUBROUTINE CALCOF(IERR)

Include files

ann

INCLUDE (COMGVL)
INCLUDE ( COMCON)
INCLUDE ( COMGOM)
INCLUDE ( COMCAL)

Arguments

INTEGER*4 IERR

1. Calculate common coefficients used in terms

oo anon

IERR = 0
IF (DELVOL(1).LE.0.0) THEN

IERR = -1

RETURN
ENDIF
XC1(1)
XC2(1) .
YC1(1) = (DELTIM/DELVOL(1))*VPRIME(1)*GRHO(1)*(1.~WHTFCT)
YC2(1) = 0.
DO 10 I=2, NPSI

IF (DELVOL(I).LE.0.0) THEN

IERR = -1 * I

(DELTIM/DELVOL(1))*VPRIME(1)*GRHO(1)*WHTFCT
0

U I TR

RETURN
ENDIF
XC1(I) = (DELTIM/DELVOL(I))*VPRIME(I)*GRHO(I)*WHTFCT
XC2(I) = (DELTIM/DELVOL(I))*VPRIME(I-1)*GRHO(I~-1)*WHTFCT
YC1(I) = (DELTIM/DELVOL(I))*VPRIME(I)*GRHO(I)*(1.~-WHTFCT)
YC2(I) = (DELTIM/DELVOL(I))*VPRIME(I-1)*GRHO(I~-1)*(1.-WHTFCT)

10 CONTINUE
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2. Calculate implicit terms

IF (DEBUG.AND.(ITSTEP.EQ.1)) THEN
WRITE(DUNIT,*) ‘CALCOF:’,(D2(J)/((RMINOR(J+1)-RMINOR(J))/

> GRHO(J+1)) ,V2(J),J=2,NPSI-1)

ENDIF

AI(1) = 0.

CI(1) = XCl(1)*(-1.*D2(1)/((RMINOR(2)~RMINOR(1))/GRHO(2))+V2(1)/2)
BI(1l) = 1. -
> ( XC1(1)%(-1.%D2(1)/{ (RMINOR(2)-RMINOR(1))/GRHO(2))~V2(1)/2)

DO 20 I=2, NPSI-1
AI(I) = XC2(I)*(~1.*D2(I-1)/
> ( (RMINOR(I)-RMINOR(I-1))/GRHO(I))-V2(I-1)/2.)
CI{I) = XCl(XI)*{~1.*D2(X)/
( (RMINOR(I+1)~RMINOR(I))/GRHO(I+1))+V2(1)/2.)
BI(I) = 1. -
XC2(I)*(-1.*D2(I-1)/
( (RMINOR(I}-RMINOR(I~1))}/GRHO(I))+V2(I-1)/2.) -
XC1(I)*(-1.*D2(1)/
( (RMINOR(I+1)-RMINOR(I))/GRHO(I+1))-V2(I)/2.)

v

VVVYV

20  CONTINUE
AI(NPSI) = XC2(NPSI)*(-1.*D2(NPSI-1)/
> ( (RMINOR(NPSI)~RMINOR(NPSI~1))/GRHO(NPSI))+V2(NPSI~1)/2.)
CI(NPSI) = 0.
BI(NPSI) = 1. -
> XC2(NPSI)*(-1.*D2(NPSI-1)/
> ( (RMINOR(NPSI)~-RMINOR(NPSI-1))/GRHO(NPSI))+V2(NPSI-1)/2.)

3. Calculate explicit terms

AE(1) = 0.

CE(1) = YC1(1)*(D2(1)/((RMINOR(2)-RMINOR(1))/GRHO(2))-V2(1)/2.)
BE(1) = 1. ~

> YC1(1)*(D2(1)/( (RMINOR(2)-RMINOR(1))/GRHO(2))+V2(1)/2.)

DO 30 I=2, NPSI-1
AE(I) = YC2(I)*(D2(I-1)/
> ( (RMINOR{X)~-RMINOR(I-1))/GRHO(I))+V2(I-1)/2.)
CE(I) = YCL{I)*(D2(1)/
( (RMINOR({I+1)-RMINOR(I))/GRHO(I+1))-V2(I)/2.)
BE(I) = 1. -
YCL(I)*(D2(1)/
{ (RMINOR(I+1)-RMINOR(I))/GRHO(I+1))+V2(I)/2.) -
YC2(1)*(D2(I-1)/
( {RMINOR(I)-RMINOR(I~1))/GRHO(I))~-V2(I-1)/2.)

v

VVVvVy

30 CONTINUE
AE(NPSI) = YC2(NPSI)*(D2(NPSI-1)/
> ( (RMINOR (NPSI)~RMINOR(NPSI-1))/GRHO(NPSI))+V2(NPSI-1)/2.)
CE(NPSI) = 0.
BE(NPSI) = 1. =
> YC2(NPSI)*(D2(NPSI-1)/
> ( (RMINOR (NPSTI)~RMINOR(NPSI-1))/GRHO(NPSI))~V2(NPSI~1)/2.)
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c
G o e e o i o S S L L L e o i e > e
C 4. Do matrix mult to get resultant explicit vector
c
RE(1) = BE(1)*NE(1) + CE(1)*NE(2) + SE(1)
DO 40 I=2, NPSI-1
RE(I) = BE(I)*NE(I) + AE(I)*NE(I-1) + CE(I)*NE(I+1) + SE(I)
40 CONTINUE
RE(NPSI) = AE(NPSI)*NE(NPSI-1) + SE(NPSI)
IF (DEBUG.AND.(ITSTEP.EQ.1)) THEN
WRITE(DUNIT,*) ‘AE,BE,CE,AI,BI,CI,RE’
DO 50 I = 1, NPSI
WRITE (DUNIT,*) AE(I), BE(I),
> CE(I), AI(I), BI(I), CI(I), RE(I)
50 CONTINUE
ENDIF
c
C Return to caller
C
RETURN

END
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