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Abstract
Fast ions, generated by e.g. neutral beam injection (NBI). radio frequency (RF)

heating or nuclear reactions, play an important role in all large tokamaks. Several
issues related to fast ions and burring fusion plasmas are addressed in this thesis.

Firstly, a new model of sawtooth oscillations is developed which explains the re-
cent observations that qo remains below unity during the entire sawtooth cycle. The
model features full reconnection in two current layers and provides a self-consistent
description of the plasma states before and after the sawtooth crash. It is applied to
the redistribution of fast NBI-ions in JET and comparisons are made with global as
well as line-of-sight integrated D-D neutron measurements. Both the new model and
the classical Kadomtsev model are found to be in agreement with the measurements.
A simplified redistribution model is developed and applied to the redistribution of tri
tons and thermal ions, again giving reasonable agreement with D-T / D-D neutron
measurements. Using a separate method, earlier results on expu'sion of NBI-ions are
confirmed.

Secondly, a numerical study has been carried out of the coupled nonlinear evolution
of alpha-particle driven kinetic Alfvén wave turbulence and associated alpha transport.
The saturated fluctuation spectrum consists of two peaks and results from nonlinear
ion Compton scattering-induced transfer of energy from longer to shorter wavelengths.
An analytical solution of the saturated spectrum, and estimates of the anomalous alpha
diffusion coefficient, are given.

The final paper addresses the problem of determining whether an initial temper-
ature profile, established by e.g. auxiliary heating, will evolve to thermonuclear burn
or quench under the influence of alpha-particle heating and thermal conduction. Ex-
plicit burn criteria are presented and the beneficial effects of density and temperature
peaking are discussed.
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I. INTRODUCTION

The most successful fusion devices of today are
based on the tokamak magnetic confinement concept.
The performance of present-day large tokamaks such
as JET, TFTR and JT-60 is approaching relevant fu-
sion conditions, and the requirements for a reactor are
expected to be met in the currently planned ITER1

device.
The presence of fast ions plays several important

roles2"4 in these large tokamaks and will do even more
so in future fusion reactors. The inherent ohinic heat-
ing of a tokamak is insufficient for heating a plasma
to ignition and several methods for additional heating
have been developed. Most of these involve the gener-
ation of a fast ion species in the plasma by e.g. neutral
beam (NB) or radio-frequency (RF) heating. A burn-
ing fusion plasma on the other hand is self-heated by
the fusion-produced high-energy alpha-particles and
additional external heating may in a steady-state fu-
sion reactor only be necessary for burn control pur-
poses. Common for non-ignited as well as ignited
plasmas is the presence of fast ion populations with
low particle densities but with energy densities which
may be comparable to that of the thermal background
plasma.

In connection with fast ion physics, another issue
of importance is the transport of fast ions. The
transport mechanisms may be the same as for ther-
mal ions, e.g. classical, neoclassical, turbulent and
sawtooth, but the effect may be different due to for
instance larger orbit widths. In addition, the fast
ions may themselves excite plasma instabilities, e.g.,
fishbones. Alfvén-turbulence and TAE-modes, which
cause anomalous fast ion losses. Such losses have two
effects: decreased plasma heating efficiency and in-
creased wall loading. The impurities sputtered from
the walls by escaping high-energy ions may contam-
inate the bulk plasma, with a concomitant adverse
impact on the plasma energy balance. While these
effects may not rule out ignition, they will require
either operation at higher density and temperature,
closer to beta and density limits, or larger machine
size, which is associated with increased costs. Two
of the main objectives of the present and future fu-
sion experiments are to demonstrate thermonuclear
ignition and to display the essential features of the
physics of alpha-particle heating (it is also possible
that hitherto unknown fast-ion instabilities will ap-
pear). An understanding of the influence of fast ions
on instabilities and transport, and vice versa, is thus
of large interest both before and after the construction
of ITER.

A particularly violent instability in tokamak • is the
sawtooth collapse, connected with very rapid redis-
tribution of particles and energy within the plasma.
Since the associated redistribution of fast ions can
be expected to affect the ignition conditions, further
analysis is called for. Papers A-E of this thesis present

theoretical models for such redistribution, and sev-
eral quantitative comparisons are made with neutron-
sawtooth data from JET.

Another process considered to be significant for
transport is the alpha-particle induced destabilization
of Alfvén waves. Results on the coupled nonlinear
evolution of kinetic Alfvén turbulence and associated
alpha-particle transport, as well as analytical expres-
sions for the saturated fluctuation amplitudes, are pre-
sented in Paper F.

While the overall effects of anomalous transport are
negative, it should be noted that some beneficial ef-
fects may be found as well. The removal of near-
thermalized alpha-particle ash apd other impurities
from the core plasma has a positive impact on the
energy balance, and may be useful for steady state
operation of a tokamak and concomitant burn con-
trol.

Finally, it is well known that the non linearity of
the alpha-particle heating term in general provides for
two equilibrium operation points in an ignited toka-
mak. Since the lower one is thermally unstable, some
form of burn control will most likely be required. In
the process of heating to burn, it is thus essential to
approach the (lower) equilibrium with some care. On
the other hand, by initially creating a rather peaked
temperature profile, qualitatively different from the
equilibrium one, the plasma energy content, required
for ignition i« decreased and the requirements on the
auxiliary heating system could be reduced. A study
of such profile effects is carried out in Paper G.

II. SAWTOOTH OSCILLATIONS

Sawtooth oscillations were first observed on the ST
tokamak in 19745 and ever since then new experimen-
tal observations have been made. The name used in
Ref. 5 for this phenomenon, internal disruptive insta-
bility, hints at its dramatic impact on the plasma. It
is usually referred to as sawtooth oscillations, which
depicts what is seen in experimental measurements
of e.g. ion and electron temperature and density, neu-
tron emission and soft X-ray emission, cf. Fig. 1 (from
Ref. 6).

A sawtooth oscillation commences with a slow and
continuous increase of e.g. the central electron den-
sity p.nd temperature, lasting longer than ~ 100 ms
in present-day tokamaks. At the end of this period,
small oscillations (precursors) are often seen. This
is followed by a violent drop, occuring on the time
scale of a few hundred (is. The corresponding expul-
sion of energy and particles from the plasma core to
the outer plasma (and concomitant influx of colder
plasma to the center) leads to inverted sawteeth in
the outer region. All plasma profiles are thus flat-
tened or even inverted by the crash. After the crash,
further small oscillations can often be seen (postcur-
sors). Sawtooth oscillations can occur alone or repete-
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FIG. 1. Sawtooth oscillations as a function of line in-
tegrated electron density and for several values of plasma
current.

tively, during most of the discharge. Crashes occuring
after a long sawtooth free period are often referred to
as giant, or monster sawteeth. These are usually par-
ticularly violent, and are characterized by sawtooth
periods of the order of or exceeding one second.

Obviously the redistribution of plasma at sawtooth
crashes affects the performance of present-day exper-
iments, and is expected to do so also in future fu-
sion experiments and reactors. Not only does the fuel
ion temperature profile become broader, but also the
density profiles of fast ions such as alpha-particles and
neutral beam injected ions become flattened/inverted.
This implies that the heating of the fuel ions is broad-
ened, leading to a slower recovery of the central ion
temperature. Furthermore, the particle and energy
confinement times decrease, due to the sudden trans-
port of particles and energy from the plasma core. As
a result, ignition becomes more difficult to achieve.

Another important consequence for fusion reactors
is the possibly increased particle flux to the first wall.
Although thermal particles seem to be redistributed
within the plasma, there is evidence that some frac-
tion of the fast ions may be expelled to radii where
their banana orbits intersect the plasma boundary.78

The high energy ions may damage the wall, and, de-
pending on the efficiency of the divertor configuration,
sputter impurities into the plasma, leading to a fur-
ther degradation of fusion performance.

However, useful features of sawtooth oscillations
have been pointed out as well. Naturally occur-
ing or triggered sawteeth would expel thermalized
alpha-particles from the plasma core to the outer re-
gions. Due to the continuous diffusion process, these
particles would eventually leave the plasma, obvi-
ously faster than without sawteeth. It was shown in
a numerical study for ITER-like conditions910 that
although the alpha power decreased with sawteeth

present, burn could still be sustained for 200 s. with
a lower Ztjj. Furthermore, in an analytical study of
Ref. 11 it was found that sawteeth are useful to re-
move He-ash if the temperature profile is parabolic or
flatter, particularly in connection with strong helium
pumping at the plasma edge.

A. Theory of sawtooth oscillations

The multitude of experimental sawtooth observa-
tions appearing since 1974 has forced a continuous
development of sawtooth theory. The perhaps still
most recognized model was proposed by Kadomtsev
in 1975.12 In this model the initial state with q(0) < 1
(q(0) is the plasma safety factor at the magnetic axis)
evolves with a n m = n = 1 helical displacement of
the plasma core. Although the instability responsi-
ble for this was not specified, it has often later been
associated with the resistive internal kink mode.

The subsequent evolution of the plasma was ana-
lyzed assuming conservation of helical magnetic flux
and assuming the helical field lines to be frozen-in in
the plasma, as shown in an earlier work.13 As this
approach is used not only by Kadomtsev and several
others, but also in Paper A of this thesis, its main
ideas will be reviewed here.

The derivation is performed in cylindrical geome-
try using the equations of ideal MHD and neglecting
the pressure as small. The energy required for field
line bending implies that the main interest in the case
of helical instabilities lies in perturbations that vary
slowly along the lines of force. The motion of the
plasma can therefore approximately be considered as
planar (ti|| <fC ri) . The magnetic field is expressed
as B = (Bo + B\)z + Bj., where it is asssumed that
Bj. < Bo and Bx is of the order of Bi/B0 ( < Bo).
Here, Bo and B\ are the equilibrium and perturbed
parts of the axial magnetic field, respectively, while
B i is the perpendicular magnetic field. Turning to
the equation of motion of ideal MHD,

£ = i l ( V * B)
(1)

where p and v are the plasma density and flow veloc-
ity, respectively, and to the equation describing the
freezing in of the magnetic field lines in the plasma,

at (2)

it is now possible, using the above mentioned order-
ings, to obtain new equations for the plasma evolution.
We introduce the auxiliary magnetic field

B. = B - B H = Bo. - '-^-9 = i x
rBp

(3)

where B H is the helical magnetic field characterized
by q(r) = 1, R is the major radius of the plasma, and



i: is the helical flux function. Equations (1) and (2)
then vjeld. to lowest order.

V v = 0

V • B . = O

dB.
dt

- T x ( v x B.)

where the "pressure" P is now defined as

(4)

(5)

(6)

(7)

(8)

Note that in these equations v = v x , and also that
the last term in the brackets in Eq. (8) is erroneously
multiplied by a factor 4 in Ref. 13. Within the ap-
proximations made, the three dimensional problem of
Eqs. (1) and (2) has been reduced to a two dimensional
one. that of an ideally conducting incompressible fluid
moving with a frozen-in field B . . Equations (4)-(8)
imply that not only the number of particles residing
at a particular value of v . • but also the volume of this
region of flux, are conserved. We may further conclude
that a particle moving radially, under the influence of
a helical instability will be characterized by a constant
helical flux. We note that even if we would have kept
the small pressure term it would have had no effect on
the main result, namely, that the magnetic field B» is
frozen-in the plasma.

Returning to the sawtooth model of Kadomtsev,12

it can be found that due to the changing topology
(m = n = 1), the magnetic field lines near r, (the
radius of the 9 = 1 surface) become denser, and non-
linear stabilization sets in. However, due to the fi-
nite resistivity, the magnetic field lines begin to re-
close in a narrow reconnection layer around r,. Dur-
ing this process, regions with equal helical flux unite,
and eventually an axisymmetric mixed plasma with
q(r) > 1 is obtained. It is quite remarkable that the
Kadomtsev model manages to predict the final result
of the sawtooth in this simple manner, without, having
or needing detailed knowledge of the actual nonlinear
evolution of the crash.

Another reconnection based sawtooth model was
proposed by Parail and Pereverzev14 in 1980. It was
the first work considering non-monotonic 9(r)-profiles
having two q = 1 surfaces. The main objective was
to obtain a self-consistent model without free parame-
ters (such as q(0) or r,), with the period and location
of the oscillations determined. Another consequence
of the two or more q = 1 surfaces, discussed in de-
tail in Ref. 15, is that partial reconnection may take
place in an annular region not involving the magnetic

axis. This represents a reasonable explanation for
partial sawteeth, incomplete collapses occuring dur-
ing the sawtooth ramp phase which cause only small
changes of the plasma profiles.

The time scale of most interest for tokamak de-
sign, is the sawtooth repetition time T$T- A senii-
empirical expression for T$T was obtained by Park
and Monticello"* Based on neo-classical resistivity,
and fitted to experimental data from a broad range
of tokamaks (albeit, without fast particle stabilizing
effects), they found

Here, R is measured in meters, the peak electron tem-
perature T in keV and TST is given in milliseconds.
Unfortunately JET data were not included in the fit-
ting procedure, and the predicted values seem some-
what large in comparison with observations on JET.

The sawtooth crash time derived by Kadomtsev was
determined by the total reronpection time. It com-
pared well with the experiments of the early seventies.
However, the predictions for large present-day devices
give much too high values. Several recent modifica-
tions of the original reconnection process have there-
fore been suggested,1''18 giving better agreement with
experimental time scales. In these papers. Ohm's law,
determining the rate of reconnection. has been mod-
ified to take into account electron inertia. The lat-
ter work further includes anomalous current diffusion,
due to the current convective instability.

Another important sawtooth model based on ideal
MHD was proposed by Wesson19 in 1986. It was de-
veloped in response to the very short crash time scales
observed in JET experiments. The very short crash
times are reproduced by an idea! quasi-interchange in-
stability, and the reconnection process, restoring ax-
isymmetry, is expected to take place after the crash.
This can be understood from the expression for the
change of potential energy due to a linearized ideal
MHD perturbation in a cylindrical plasma,2021

Specializing to m = n = 1 instabilities, the radial
displacement, £r can br expressed as £r <x e.zp(i$ —
iz/R) and one obtains

/(>•) = (ID

9ir) =

(12)

where F = k B = -B./r+Bs/r = -Bt(q - l)/qR.
The first term of g(r) drives interchange-type insta-
bilities, the second represents the stabilizing effect



of magnetic field line bending and the third excites
internal kink modes when 9(0) < 1 and 3 is zero.
3 = 8irp/B2. Including toroidal effects adds new
terms of the same order as g(r) which may in fact
stabilize the internal kink mode also for finite 3"
Turning to equation (10) we note that since f(r) is
of 0{F2) while g(r) is of O((2F2). t = r/R < 1,
minimization of f>W requires either f(r) or d£r/rfr
to be small. In the well known case of the internal
kink mode, featuring a rigid shift of the plasma core,
d£r/dr = 0 everywhere except at r, (q(r,) = 1) where
F{r,) = 0. Wesson argued that if q is very close to
unity inside r, (implying F(r) « 0) the linearized dis-
placement £r may instead be of a quasi-interchange
character and the sawtooth crash proceeds due to
pressure driven interchange of flux tubes rather than
resistive reconnection, hence, at a faster rate.

The plasma flow pattern of this model evolves in a
distinctively different manner than in the Kadomtsev
model. Experimental results from tomographic recon-
structions of soft X-ray observations can be used for
comparisons. However, the results are inconclusive:
there are several examples of both kinds of flow pat-
terns.2324

In Paper A we analyze further the implications of
the Kadomtsev and Wesson models. A new model,
including the Kadomtsev and Wesson models as limit
cases, is developed. It is consistent with recent q-
profile measurements, and although the model pre-
dicts a large plasma redistribution, the ^-profile may-
remain aimos' unchanged.

There are also other theoretical models not based on
field line reconnection. In the model of Lichtenberg25

a precursor helical magnetic island is present at the
q = 1 surface. Higher-order islands are then generated
by resonances between the toroidal field components
and the primary island. The sawtooth collapse is due
to the interaction of islands, causing stochastization
of magnetic field lines and subsequent rapid flatten-
ing of the plasma profiles around the 9 = 1 surface. In
another model, proposed by Dubois and Samain,26 it
is argued that the presence of the precursor magnetic
island renders the configuration metastable with re-
spect to microturbulence. The turbulence is triggered
by a singular current, layer at the separatrix of the is-
land, but expands into a large domain of the plasma.
The model has recently been modified27 and it is sug-
gested that the field line ergodization is intrinsic to
the problem.

Extensive and very useful reviews of sawtooth the-
ory have been published by Kuvshinov2" and Migli-
uolo.21 The latter gives a broad overview of the results
of more sophisticated sawtooth models based on two-
fluid theory and also in some cases featuring kinetic
theory and sawtooth stabilization due to fast parti-
cles.

B. Sawteeth and fast ion»

The potentially most deleterious effect of large saw-
teeth in future large devices, is the redistribution of
fast ions, because of the concomitant increased wall
load and decreased heating efficiency. Papers B, C and
D of this thesis deal with fast-ion redistribution due
to sawteeth and comparisons are made with neutron
measurements. Paper E represents an application of
the theory in papers C and D to Ihrrmal neutron saw-
teeth in ohmic plasmas.

Fast ions are important in connection with saw-
teeth also because they may affect the instability it-
self. High power combined RF and neutral beam aux-
iliary heating in JET29 has suppressed the oscillations
for periods up to 3 s. Nearly perpendicular neutral
beam injection in JT 60, of up to 21 M\V. has also
produced significantly extended sawtooth periods.30

Theoretical models for suppression of sawteeth due to
fast ions have been proposed, cf. Refs. 31, 32. These
consider the interaction between internal (m — n — 1)
kink modes and trapped fast ions, and show that the
fast ions may both stabilize the sawtooth instability
and excite fishbone oscillations, depending on the beta
value of the fast ions. The threshold values for these
effects are increased when finite banana width effects,
of e.g. fusion produced alpha-particles and to some ex-
tent strongly RF heated minority ions, are taken into
account.33

Paper C is based on a more extensive report of
a JET-contract34 which also contains an overview of
various observations concerning the redistribution of
fast ions. Among the most important, observations are
the changing fluxes of 2.45 MeV neutrons stemming
from the D(D,n)3He-reaction. Global measurements
of this quantity in JET, PLT, DIN-D and TFTR" 35

show that, the reaction rate drops at, a sawtooth col-
lapse. However, much more detailed information, par-
ticularly concerning fast ions, can be obtained from
line-of-sight integrated 2.45 MeV neutron measure-
ments.736 Observations from the JET 19-channel neu-
tron profile monitor have been analyzed tomographi-
cally,36 indicating expulsion of fast. NBI ions from the
central plasma at a crash. Paper B of this thesis con-
firms this conclusion, using a different approach. In
Paper C we analyze data from the profile monitor fur-
ther, using a new model of sawtooth oscillations and
concomitant fast ion redistribution.

The neutron profile monitor has also recently been
used to investigate the 14 MeV neutron emission aris-
ing from T(D, n)4#e-reactions. The measurements
show indirectly that the triton density profile is broad-
ened at a crash.37 In Paper D we show that this is
consistent with the previously mentioned theoretical
model of fast ion redistribution. Other results from
JET38 are less conclusive regarding the redistribution
of tritons and only a weak effect is seen when the ini-
tial density profile is sufficiently flat.

The behaviour of < 1 MeV tritons, produced by



the D(D.pV7"-reaction. has further been analyzed by-
measurements of the particle flux to the wall. Bursts
were observed in TFTR at sawteeth.8 consistent with
first orbit losses of tritons expelled from the center of
the plasma to radii where their banana orbits inter-
sect the wall. Later observations.3* indicate that the
time-averaged losses are small. The behaviour of tri-
tons is particularly interesting because they have ap-
proximately the same orbit characteristics as fusion
produced alpha-particles.

Two final observations concerning fast ions relate to
ICRF heated plasmas. Firstly, the flux of 15 MeV pro-
tons {3He(D,p)AHc) to the wall at a sawtooth crash
has been found to increase in JET' and increase or de-
crease in PLT.35 The varying behaviour in PUT was
explained by different locations of the RF-resonance
layer with respect to the sawtooth inversion radius.
Secondly, in JET plasmas the total fast ion energy-
content of 3He minority ions was found to decrease
in connection with sawteeth.40-41 The decay rate was
in Ref. 40 found to be consistent with the enhanced
slowing down of the fast ions ejected outside 9 = 1.

As a conclusion, there is concerted experimental ev-
idence that fast ions are redistributed by sawtooth
crashes. This seems to be particularly true for NB-
injected ions, which appear to be redistributed like
the thermal plasma Regarding fast particles with
very high energy and large orbit widths, smoothing
effects may result from the fact that the ions are not
clamped to a single flux surface and thus sample the
conditions of different radial locations during a bounce
period. Spatially resolved observations in addition to
neut ronics include measurements of the electron tem-
perature reheating. The reheating is near the axis
largely determined by the power transfer from the fast
ions.43

Paper A. Sawtooth oscillations with the central safety
factor, 7o. he low unity

Recent major improvements in experimental tech-
niques for meat-u/ing g(r) include Faraday rota-
tion (JET43 ,TEXTOR44) and motional Stark(DIII-
D15.TFTR4S) measurements. These all indicate that
7(0) is well below unity ( a 0.6 — 0.8) before as well as
after a sawtooth collapse, in strong contradiction with
the Kadomtsev12 and Wesson19 models (note however
that DII1-D have recently presented new observations
indicating that g(0) may after all be close to unity47).
The change of q(0) was found to be only a few per-
cent.43"4" Pellet ablation measurements48 4:> further-
more indicate that the shear, d\nq/dlnr. at the q = 1
surface is very low.

Combining these experimental features of the q(r)-
profile it has been suggested that, the 7"1(r)-profile
may have a head-and-shoulder shape. In this work we
show that such a profile will be vulnerable to plasma
flows of both the Kadomtsev and Wesson type, al-

lowing these to occur simultaneously, in agreement
with tomographic reconstructions of soft X-ray emis-
sion .23-24 There will thus b» a rigid shift of the central
high shear region and a quasi-interchange flow in the
low shear region near q = 1. The former process will
expel the central, hot plasma, whereas the latter will
create a cold plasma center.

The subsequent evolution is described in terms of
conservation of the helical flux, as discussed in Sec-
tion II A . 1 1 ' 3 and is directly dependent on the pre-
crash f(r)-profile. We further propose that full recon-
nection takes place in two current layers. One layer
dissolves the previous hot core, mixing it with external
plasma with the same helical flux (Kadomtsev-type
reconnection). The other layer splits flux surfaces in
two parts and creates a cold bubble with q(0) < 1.
An axisymmetric state characterized by large plasma
redistribution is thus obtained. Furthermore, due to
the second current layer the f(r)-profile may be al-
most unchanged, in agreement with experiments. The
time scale for this crash is related to the time scales
of Ref. 12 and Ref. 19 and is expected to depend on
the relative sizes of the regions of high and low shear.

The linearized displacement and flow pattern for a
head-and-shoulder ?-profile was calculated in Ref. 50.
in toroidal geometry. The vanishing of the shear near
q = \ was found to be destabilizing, with a pro-
nounced mode localization near 9 = 1 .

Paper B, Modelling of fast ton redistribution due to
sawteeth in neutral beam heated plasmas

The flux of 2.45 MeV neutrons produced in D-D
reactions is the perhaps most useful observable for
studying fast neutral beam injected deuterium ions
in sawtoothing discharges. If the density of fast ions
is sufficiently high, the emission will be dominated
by beam-beam and beam-thermal reactions, and will
thus provide information on the redistribution of fast
ions at sawteeth.

Paper B represents an extension of an earlier work
on ohmic plasmas.51 where the volume integrated
emission was investigated. In this paper we obtain
radial information by analyzing the line-of- sight in-
tegrated neutron flux to the 19 channel JET neu-
tron profile monitor.' Semi-analytical expressions are
obtained for the fusion reaction rates of the beam-
beam, beam-thermal and thermal-thermal reactions.
The fast ion radial density profile before and after
a sawtooth crash is modelled as a Gaussian with a
characteristic width W and a maximum at the radius
xn - rn/a. All pre- and post-crash plasma profiles
are assumed known from measurements, apart from
the post cash fast ion density. By varying the post
crash parameters W and Xa, to obtain the best, fit
with the measured changes of the neutron flux to the
profile monitor, we can determine the density profile
after the collapse.



Results are obtained for two JET discharges and
it is found that the peaked beam profiles evolvr into
hollow ones at the sawtooth crash. A large fraction
of the fast ions are expelled to r/a Ä 0.4. in good
agreement with Ref. 36. The results do not imply
different behaviours of the fast and thermal ions.

Paprr C. Influence of sawtoelh oscillations on fast ton
spottat distribution

This work b the result of a JET theory- con-
tract (JT1/13435). carried out as a collaboration be-
tween the Institute for Electromagnetic Field Theory.
Chalmers Univ. of Tech. and the Institute for Nuclear
Research. Kiev. The main result is a theory for the re-
distribution of fast ions during sawtooth oscillations.
The derivation is similar to that of a previous work52

where it was shown that a large majority of fast ions,
except possibly those with large perpendicular energy
or situated near the 9 = 1 surface, follow the magnetic
field lines. This implies tha» they behave like thermal
ions and that their redistribution at a sawtooth crash
is determined by the conservation of volume and he-
lical flux. The helical flux before and after the saw-
tooth is dependent on the pre-rrash ^(r)-profile and
the sawtooth model used. e.g. Ref. 12 or Paper A.

The theory is applied to predictions of the sawtooth
induced change of 2.45 MeV neutron emission from
neutral beam heated plasmas. Analytical expressions
are found for the change of local and global emission at
a crash, and the implications of the sawtooth models
of Kadonitsev12 and Paper A are compared.

An extensive numerical investigation of neutral
beam heated JET discharges is also carried out. with
the objective of comparing the above mentioned saw-
tooth models. The line-of-sight integrated fluxes to
the 19 channel JET neutron profile monitor, as well
as the global yield, are calculated and compared with
experiments. A detailed sensitivity analysis is also
performed. It is found that within the error-bars,
both sawtooth models are consistent with experi-
ments. However, only the model of Paper A is si-
multaneously in agreement with general observations
of q{r)- profiles.

Paprr D. Fast ion redistribution at sawtooth crn.ihrx a*
inferred from triton burn-up measurements

In this work we investigate the redistribution of the
14 MeV neutron emission stemming from D — T reac-
tions. The tritons present in the plasma are created in
D(D, p)T-re.action» and are thus very few in number.
The integration lime for 14 MeV neutron measure-
ments is hence rather long, 100 ms in Ref. .17. Due to
diffusion and post-crash production of tritons, the ra-
dial profile evolves significantly during this time. Fur-

thermore, the measurements are presented as a leasi-
square fit of the neutron emission data.

With this in mind we derive a simplified model of
fast ion redistribution at sawteeth, by combining the
ideas of a previous work51 with the most essential fea-
tures of the model presented in Paper C. As we found
in Paper C that the Kadomtsev model,1-as well as the
model of Paper A. were consistent with the detailed
data considered there, we have in this work used the
somewhat simpler model of Ref. 12 (having fewer pa-
rameters). A convenient relation, depending on r,
(the radius of the q=l surface), is found between the
triton density profile before and after the crash.

Using this and including the finite orbit effects as-
sessed in Ref. 53 we obtain expressions for the change
of the peaking factor of the 14 MeV neutron emission
at a sawtooth crash. The result compares well with
the measurements of Ref. 37 (for a reasonable value
of rs/a « 0.4) as well as with the more detailed theo-
retical model of Paper C-

Paper E. Effects of sawteeth on neutron emissivity
profiles in ohrntc discharges

Due to the low fusion reaction rates of ohmic JET
plasmas, the line integrated neutron emission mea-
sured by the profile monitor is of too low resolution
to provide good data on sawteeth. In a recent JET
paper54 data from several consecutive and similar saw-
teeth in the same pulse were therefore summed up in
30 ms bins to filter out useful averaged information.

The simplified sawtooth redistribution model of Pa-
per D is ideally suited also for an analysis of the ther-
mal sawtooth data of Ref. 51. Quantitative compar-
isons with this model and the experiments yields good
agreement for reasonable values of r,.

III. ALFVÉN TURBULENCE

It is now more than 50 years since (torsional) Alfvén
waves were predicted by Hannes Alfvén.55 within the
framework of the newly developed theory of magne-
tohydrodynamics. The same basic phenomenon has
recently gained considerable attention in connection
with fast particle transport due to Alfvén wave in-
stabilities. The reason for this is that the fast ions
may excite the shear, or torsional, Alfvén waves which
are associated with fluctuating magnetic and electric
fields. These fluctuations interact with the fast as well
as thermal particles which thus become subject to a
random walk in the radial configuration-space direc-
tion, a particle diffusion process that is often described
by quasi-linear theory.

The basic equations that may be used for the study
of Alfvén instabilities within the framework of MHD
are the equation of motion. Ohm's law, and Maxwell's



equations. These may be combined to yield an eigen-
mode equation for Alfvén waves. When analyzing
Alfvén waves in experimentally relevant situations,
e.g. including effects of geometry, plasma current and
density gradients, several complications appear. For
instance, the Alfvén velocity, vA = B/(4^m,nj)1/2,
where m, and n, are the ion mass and density, re-
spectively, is in a tokamak a function of radius. The
MHD second-order differential equation for the eigen-
mode structure of the magnetic fluctuations may be-
come singular, for a given frequency u and parallel
wavenumber /t||, if there is an Alfvén resonance point
defined by u — k\\vA somewhere in the plasma. The
unphysical singularity can be removed by using ki-
netic theory and keeping finite ion Larmor radius ef-
fects, which transforms the eigenmode equation to a
fourth-order non-singular differential equation. This
is referred to as the Kinetic Alfvén Wave (KAW).56

Solving the eigenmode equation for Alfvén fluctu-
ations requires specification of proper boundary con-
ditions at the plasma edge, usually done by assum-
ing a perfectly conducting metal wall in which the
radial component of the perturbed magnetic field van-
ishes. If the frequency is such that there is no Alfvén
resonance layer in the plasma, i.e. the MHD eigen-
mode equation is non-singular, the boundary condi-
tions determine the discrete eigenvalues of the equa-
tion, namely, the allowed values of u for a given
k±,. If there is such a resonance layer however, the
eigenmode equation becomes singular and the fact
that the Alfvén velocity and the Alfvén frequency
varies continuously with radius implies that there is
a continuous spectrum of allowed frequencies - the
Alfvén continuum.57 When analyzing frequencies just
below the Alfvén continuum it is found that certain
mode structures are close to resonance over a wide
region of space, so called global Alfvén eigenmodes
(GAE58-5i<). These modes are radially non-localized.
Including toroidal effects leads to another type of
discrete eigenmodes, the toroidicity induced Alfvén
eigenmodes (TAE60"62). The poloidal variation of the
magnetic field causes coupling between modes with
different poloidal mode numbers m and m + 1, an
effect which breaks up the Alfvén continuum and cre-
ates gaps in which only discrete frequencies are al-
lowed. Other geometrical effects which break up the
continuum and allow only for discrete modes within
the gaps are the ellipticity and non-circular triangu-
larity induced Alfvén eigenmodes (EAE63,NAF64).

A. Alpha-particle destabilization

We now focus our attention on plasmas with a
hot ion component, here taken to be alpha-particles.
The Alfvén eigenmode equation, whether derived from
MHD or kinetic theory, is modified with new desta-
bilizing kinetic terms arising from the free energy as-
sociated with the alpha density gradient. The main

effect of the alphas lies in their contribution to the
perturbed current, caused by their large toroidal drift
velocity. The first reports on fast ion-driven Alfvén in-
stabilities were given by Rosenbluth and Rutherford65

and Mikhailovskii66. The former used drift kinetic
equations for the electrons, ions and alphas together
with quasineutrality and the parallel component of
Ampere's law to form the eigenmode equation, while
the latter (in tne local approximation) used MHD
equations for the thermal plasma and drift kinetics
for the evaluation of the perturbed fast ion pressure.
Tsang, Sigmar and Whitson67 employed gyrokinetic
equations for all species, appropriate for considering
eigenmodes with short radial wavelengths, i.e. KAW,
for which the drift kinetic ordering fails.

The destabilizing terms due to the alpha-particle
gradient may excite shear Alfvén modes if the energy
content of the alphas, 0a, is sufficiently high, and if the
alpha density gradient scale length, — (dlnria/dr)'1 is
sufficiently short to overcome the various linear damp-
ing mechanisms. GAE-modes were found by Li, Ma-
hajan and Ross68 to be driven unstable by passing
alphas, also in the presence of linear electron Landau
damping. Weiland, Lisak and Wilhelmsson69 found
that destabilization may occur also for trapped par-
ticles, due to resonance with the precessional drift.
However, when taking account of the toroidal side-
band couplings of the background plasma it was soon
discovered that the GAE modes were stabilized.70

TAE modes were suggested by Cheng and Chance62

to be vulnerable to fast ion destabilization, and this
was shown more rigorously for passing particles by Fu
and Van Dam71 who obtained a critical Qa for the on-
set of TAE instability by matching the linear alpha
drive to the electron Landau damping. Another lin-
ear damping mechanism which seems to be of impor-
tance, unless the magnetic shear is small, is continuum
damping.72 The damping results from the fact that
the discrete eigenfrequency of a TAE mod^, existing
in the gap of the m and m + 1 modes, may intersect
the continuum resonance curves of other poloidal har-
monics, at other radii. Energy is thus transferred to
the resonant continuum modes, i.e. KAW, and even-
tually dissipated due to e.g. Landau damping. In ad-
dition to these collisionless damping mechanisms it
has been suggested that Landau damping on trapped
electrons, which in turn are subject to strong colli-
sional interaction with ions and passing electrons, is
of importance.73 Experimental observations of TAE
modes have b ;en made in for this purpose dedicated
experiments in TFTR74 and DIII-D,75 featuring par-
allel neutral beam injection and low magnetic fields.
No TAE activity was seen in the very recent D — T
experiments in TFTR, carried out at the end of 1993.



B. Nonlinear saturation

Finally, once the limit of linear stability has been
passed the fluctuations start to grow, until satura-
tion sets in. A nonlinear interaction mechanism of
TAE modes was by Berk and Breizman76 found to
be coherent wave-particle trapping, i.e. particles with
velocities close to the phase velocity of the wave be-
come trapped by the wave. The resultant interaction
leads to a quasi-linear flattening of the distribution
function near resonant velocities, and thus to a non-
linear reduction of the alpha-drive. This may lead to
saturation or oscillations, dependig on the ratio of the
alpha slowing down rate to the dissipation rate. Mode
coupling is another nonlinear saturation mechanism of
TAE modes, discovered by Gang and Leboeuf.77 Inde-
pendent of the mechanism responsible for saturation it
is of interest to understand the effects of a saturated
spectrum of a certain amplitude on the motion and
diffusion of alphas during slowing down. A numerical
study78 shews tb=».t for a full spectrum of poloidal har-
monics and 6Br/Bo £ 10~3, alpha orbit stochasticity
may lead to substantial losses of energetic alphas.

Regarding the nonlinear saturation of KAW the sit-
uation is quite different. While the poloidal wavenum-
bers of most interest for TAE modes correspond to
\m\ < 8, the relevant poloidal wavelengths for KAW
lie in the range of the ion and alpha Larmor radii
pi.a (kiPi.a = Pi,am/r > 1) and the corresponding
m-numbers are thus much larger, except close to the
axis. Also, as the wave frequency w is primarily de-
termined by the parallel wavenumber jfc||, modes with
different poloidal wave number Jkj. are closely packed.
Hence, a broad spectrum of kinetic Alfvén waves are
to be expected - KAW turbulence. We note that the
energy input to the KAW may come from energetic al-
phas, as well as from the continuum damping of TAE
modes mentioned previously. The nonlinear dynamics
of KAW is detei nined by nonlinear ion Compton scat-
tering,56'7980 i.e. nonlinear ion Landau damping. The
thermal ions are too slow to interact directly with the
Alfvén waves, but they may interact with the lower
frequency beat of two Alfvén waves. The condition
is u! — u)' < (ik|| — k'.,)v,, where i>, is the ion thermal

speed. Gang80 analyzed this process in detail start-
ing from the nonlinear gyrokinetic equations.79 Ap-
plying quasi-neutrality and the parallel component of
Ampere's law, a reduced set of turbulence equations
were obtained and qualitative features of the satura-
tion process and estimates of the saturation ampli-
tudes were given. Paper F of this thesis represents a
quantitative continuation of this work.

Paper F, Nonlinear evolution of alpha-parttcle-driven
Alfvén turbulence from a reduced model

Th>; nonlinear saturation of kinetic Alfvén turbu-
lence (KAW) is analyzed using the reduced turbulence

equations of Gang.80 The dominant nonlinear inter-
action, nonlinear ion Compton scattering, is in itself
non-dissipative but it serves to transfer energy from
longer to shorter wavelengths where linear electron
Landau damping is stronger. The saturated fluctua-
tion spectrum is found to consist of two peaks, one
in the linearly unstable and one in the linearly sta-
ble part of the spectrum. The linearly unstable peak
corresponds to wavelengths of the order of the alpha
Larmor radius and represents the alpha energy source,
while the other peak corresponds to the electron en-
ergy sink.

The turbulent alpha transport coefficient is found to
be of the order of D£n ~ 1 m2 / s for reasonable reactor
size plasma parameters, and examples are given of the
alpha density evolution both in the presence of, and
without, an alpha-particle source.

IV. ENERGY BALANCE AND BURN
CONTROL

This thesis has so far largely dealt with fast ion
transport. Generally, the key motivation for under-
standing plasma transport lies in its impact on plasma
confinement, energy balance and thermonuclear burn.
In this section we will discuss issues rel.vted to plasma
energy balance, e.g., the evolution cf plasma parame-
ters during the initial evolution to burr, and the subse-
quent methods of sustaining and controlling this burn.
A good starting point is the plasma energy balance
equation, summed over species,
n I

- Ve, Pa+Pn + Pour-PK-Prad-

(13)

Here, the left hand side of the one-dimensional equa-
tion is the time rate of change of the total plasma en-
ergy, which is often simplified by writing j ^ k ntTk =
2nT. The right hand side contains the energy source
terms from alpha, ohmic and auxiliary heating as well
as the energy sink terms due to conduction/convection
and radiation (bremsstrahlung, synchrotron and line
radiation). The factor r)a < 1 is the alpha coupling
efficiency and represents the fraction of alpha energy
at birth actually delivered to the plasma during si-
multaneous diffusion and slowing down.81 The zero-
dimensional, volume averaged version of Eq. (13) is
often used for basic studies of plasma thermal sta-
bility and burn control. Using this equation, some
considerations concerning the efficiency of electricity-
conversion, and writing the loss term as PK = 3nT/r£,
where TE is the enrgy confinement time, Lawson ob-
tained the basic condition for thermonuclear break-
even.82

The different terms on the RHS of Eq. (13) may
vary strongly with temperature. This is particularly
true for Pa = TI2{<TV)DT/4, cf. Fig. 2, where we note
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FIG. 2. Fusion reactivity {<TV)DT for a thermal plasma.

the strong dependence at lower temperatures and the
weak at higher.

Different stationary solutions of Eq. (13), defined
by d(nT)/dT = 0, may have different stability prop-
erties. Considering low temperatures around 10 keV,
where Pa is roughly proportional to T2, we note that
small perturbations from the equilibrium temperature
are unstable. Thus, positive as well as negative per-
turbations tend to grow. If we consider higher temper-
atures, where the dependence of ((TV)DT on T is much
weaker, we find that positive as well as negative per-
turbations from an equilibrium are damped, i.e., the
operating point is stable. There are thus usually two
different operating points, one at lower temperatures
which is unstable, and one at higher temperatures
which is stable. The situation with positive temper-
ature perturbations growing away from the unstable
working point is referred to as the thermal instability.
The characteristic growth time is determined by the
energy confinement properties of the plasma, and is
roughly given by 2TE-

A. Burn control schemes

For burn control purposes the high temperature sta-
ble equilibrium is preferable. However, this equilib-
rium may be associated with violation of beta limits,
as well as other technical constraints such as unac-
ceptable wall loading, and is in general not accessi-
ble. Thus, from a technological point of view the low
temperature burn is prefered, although it will most
likely require stabilization through active burn con-
trol. Various schemes of active burn control have been
suggested, see Ref. 83 for a good review. A common
feature of these is that they monitor some diagnos-
tic signal and take appropriate action. The resolution
of the diagnostics and the ability to recognize spe-

cial events such as sawtooth crashes, in combination
with the finite response times of the control measures
taken, determine the requirements on the control sys-
tem.

A simple burn control scheme is density controPA~Si

through gas puffing and/or pellet injection. This may
directly affect the energy confinement time, but it may
also increase the burn through the increased fuel con-
tent, as well as temporarily reduce the fusion rate due
to the overall cooling of the fuel. The fuel content
and temperature may also be changed by adding hy-
drogen gas,86 a method which does not lead to in-
creased Zejj. Another scheme consists of injection
of small quantities of impurities,84"87 preferably of
high Z materials, which serve to radiate excess power
from the core plasma. The amount of impurities re-
quired are estimated to be small, and the insignif-
icant dilution of the fuel decays further as a func-
tion of the impurity confinement time. Yet another
way of controlling the burn, through control of the
plasma density and temperature, is obtained by adia-
batic compression/decompression.89-8487

Some burn control schemes, aim at stabilizing the
thermal instability through increased plasma parti-
cle and energy transport. For instance, by control-
ling/increasing the toroidal field ripple86 a strong in-
fluence on particularly fast ion transport can be ob-
tained. A convenient alternative approach is to apply
a bias voltage on the poloidal divertor plates.90 The
resulting electrical current causes an additional con-
vective heat loss. Finally, the plasma itself has an in-
ternal control mechanism, the soft beta limit.8486This
is a result of the degradation of the energy confine-
ment time with temperature, i.e. a positive tempera-
ture perturbation is damped due to increased energy
losses. The reliability of this process is however un-
certain, as it implies operation in the vicinity of hard
beta limits, i.e. disruptions.

There is also the alternative of subignited
operation,859192 i.e. the plasma is never allowed to
ignite. Energy balance is maintained by continuous,
but time dependent, auxiliary heating. The energy
multiplication factor Q = P]u$IPaux is thus finite,
with values of Q exceeding 20 judged to be technically
sufficient. RF heating is in this context an attractive
candidate, due to its fast response time and variable
deposition profile. In combination with one of the
above mentioned methods for controlling the thermal
instability, even larger Q-values may be considered.

Irrespective of the method of burn control however,
other important factors influencing steady-state oper-
ation need to be considered. One of these is helium
poisoning, i.e. accumulation of alpha ash, which may
eventually deteriorate or even quench the burn.93 It
was found in Ref. 94 that the alpha-particle confine-
ment time ra must not be loo good in comparison with
the plasma energy confinement time, i.e. Ta/TE )$ 10.
Hence, a certain magnitude of fast alpha losses may
bf; beneficial, although it would of course be prefer-



able to remove the alphas after they have slowed down
and become ash. Considering the thermal/fast ion
transport processes which may be naturally present
in the plasma, one finds e.g. that the (insignificant)
TAE-induced losses of alphas with energies less than
1.5 MeV78 are not useful for He-ash removal. Other
alpha loss mechanisms are ripple,95 ballooning, fish-
bone and sawtooth induced losses. Sawtooth-induced
losses are characterized by the fact that all ions seem
to be equally affected by a sawtooth crash, cf. Sec. II.
Hence, the very peaked alpha birth profile implies that
a significant broadening/flattening of the alpha den-
sity occurs at a crash. In combination with some
other transport enhancement at the edge, the he-
lium ash concentration may be reduced and the fusion
power output enhanced as compared to saw toothless
operation.10 The optimum sawtooth repetition time,
TST, representing balance between ash build up and
energy losses, seems to welJ exceed the energy confine-
ment time, i.e. the temperature profiles should have
sufficient time to recover completely between crashes.
If TST is too short, ignition may not be achievable at
ajj 96,97 - j - n e semi-empirical expression for TST (9) ob-
tained in Ref. 16 predicts rather promising values of
TST for ITER-like conditions, if the extrapolation to
such large machines and high temperatures proves to
be correct.

B. Heating to burn

Another issue of interest related to burn control is
the actual process of attaining ignition, i.e. the op-
timum scheme of initial fuelling and heating. This
depends strongly on the particle and energy confine-
ment properties of the plasma, as well as factors such
as the plasma geometry, current and magnetic field.
The large wealth of experimental as well as theoret-
ical scalings of e.g rg, x«,i,»,.. and D, iiOr , call for
clear ways of data presentation. A very useful way of
representing the results of (often extensive numerical)
calculations is through POPCON plots.98 where level
curves of constant auxiliary power Paur required for
global energy balance are plotted in a graph with axes
(n) and (T). There is often a clear path of minimum
auxiliary power, the "Cordey pass",99 which repre-
sents the path to ignition requiring minimum P0UT.
The POPCON plots are also convenient in that sta-
bility boundaries such as the Troyon beta-limit100 and
the Hugill-Murakami-Greenwald101 density limit may
bfi easily incorporated. An alternative way of repre-
senting the data, when the degradation of TE with
Paui is of interest was proposed in Ref. 102.

There are also several attempts to describe the heat-
ing to burn with analytical models.103"107 These are
usually less detailed, but may provide a more clear
understanding of the scalings with, e.g., transport pa-
rameters, density profiles and the profile shapes of
auxiliary heating. Arinichev et al.103 derived suffi-

cient conditions for the transition to bum in a plasma
with adiabatic compression, using similarity methods.
Anderson et al.105 analyzed the evolution of an ini-
tially very peaked temperature profile. They divided
the time evolution into two parts, a first phase char-
acterized by free expansion with negligible losses, and
a second phase when the profile reached the boundary
and losses became important. It was predicted that
ignition would occur if the energy content at the time
of transition exceeded the energy of the equilibrium
profile and this was found to agree well with numeri-
cal results for peaked initial profiles. A more general
approach was taken by Kolesnichenko et al.,107 who
wrote the linearized equation for a perturbation 6T{r)
from the equilibrium temperature. An expansion in
radial eigenfunctions was then carried out, and it was
found that ignition/quench would take place if the ra-
dial integral of ST(r) weighted with the first eigenfunc-
tion was positive/negative. The approach was found
to hold rather well also for initial perturbations that
varied considerably from the equilibrium profile. Pa-
per G of this thesis is based on the results of Ref. 106
and 107.

Finally we note that some of the features of burning
plasmas could be simulated in today's experiments. It
has been suggested108 to use fourth harmonic ICRF
heating of alphas to create a high energy tail with
features similar to those of a real slowing down distri-
bution. The applied fusion-simulating alpha heating
should simply be proportional to the measured neu-
tron rate. Experiments like this are planned at JET,
for the purpose of studying burn control strategies.

Paper G, Profile effects on ignition conditions in fusion
plasmas

An approximate analytical formulation of the nu-
merical ignition criterion of Ref. 107 is derived. The
variationally obtained criterion determines whether
an initial temperature profile, established by an ar-
bitrary combination of ohmic and auxiliary heating,
evolves to burn or quench under the competing in-
fluence of alpha-particle heating and thermal conduc-
tion. The usefulness of the approach lies mainly in
the clear presentation of the scaling of the ignition
criterion with plasma parameters, e.g., the functional
dependence of the heat conductivity and the peaking
of temperature and density profiles.

Previous numerical studies109110 have shown that
the total plasma energy required for ignition can be
minimized by peaking the initial density and temper-
ature profiles. This beneficial effect is discussed and
confirmed.
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