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Chapter 1

Introduction

1.1 Nuclear fusion

The world’s energy demand is growing while the supplies of fossil fuel such as
coal, oil and gas are shrinking. The environmental pollution and irreversible
influence on climate that are the result of the use of these conventional energy
sources are becoming a problem as well. To satisfy the future energy demand
and simultaneously protect the environment, alternative energy sources that
are clean, safe and sufficiently available in the next centuries, are searched
for. One of the candidates of new energy sources for the future is nuclear
fusion. Fusion is a very natural process: It provides the stars with energy.

Fusion is the process where two nuclei melt together under release of an
enormous amount of energy. The reaction that is least difficult to initiate
in a fusion reactor is the one between the two hydrogen isotopes deuterium
D = iH and tritium T = 3H:

D+ T ~ 3He(3.5 MeV) + n(14.1 MeV)

where jHe stands for helium and n is an energetic neutron. Deuterium is
present in water. Tritium is bred from lithium §Li which is present in sea
water or can be mined. The amount of released energy in a fusion reaction is
enormous: one liter of water contains an amount of deuterium (about 33 mg)
that will produce as much energy as burning 260 liters of oil. Because the fu-
els are cheap and widely accessible, nuclear fusion is an almost inexhaustible
energy source.

How clean and safe is fusion energy? Tritium is a radioactive hydrogen
isotope with a half-life of about 12 years. The ash of the fusion reaction he-
lium is a harmless inert element. The energetic neutron has the disadvantage
to make the innermost parts of the fusion reactor radioactive. As long as the

1



2 CHAPTER 1. INTRODUCTION

tritium is produced in the reactor vessel itself and is kept in a closed system
and as long as the half-life of the materials that are used to build the reactor
vessel are relatively short (< 100 years), nuclear fusion is a relatively clean
energy source.

The quantity of nuclear waste is small with respect to that of nuclear
fission. An additional advantage of fusion above fission is the continuously
flow of fuel into the reactor instead of a storage of fuel for years in the reactor:
there is no possibility of explosion or melt-down. Moreover, nuclear fusion
is not based on a chain reaction as fission is. Nuclear fusion is, therefore,
inherently safer process than nuclear fission.

1.2 Tokamak

A fusion reaction only takes place at velocities that are large enough to over-
come the repelling forces between the nuclei. These high velocities can be
achieved by heating the fusion fuels. The burn temperature of the D — T
reaction in a reactor is 10® K. At such high temperatures, atoms are fully
ionized and form a gas of ions and electrons, a so-called plasma. A hot fu-
sion plasma is confined in a magnetic field to avoid contact with the vessel
wall. The most promising results in the field of nuclear fusion have been
achieved in a test reactor of the type tokamak (derived from the Russian

coils wound around torus to
produce toroidal magnetic field

transformer
winding

I~ plasma current

magnetic field
iron transformer core

toroidal

magnetic field plasma particles contained by

magnetic field

helical field

Figure 1.1: Schematic overview of a tokamak.
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Figure 1.2: (a) Nested magnetic surfaces (b) Perturbed magnetic field

’toroidal’naya kamera i magnitnaya katushka’, which means toroidal cham-
ber with magnetic coils), which is schematically shown in figure 1.1.

In a tokamak [1], a plasma is confined by a helical magnetic field in a
toroidal shaped vacuum vessel. External coils induce a toroidal field com-
ponent B and a plasma current [, induces a much weaker poloidal field
component B,. This plasma current is generated by using the plasma as the
secondary winding of a transformer. The helicity of the resulting magnetic
field is characterized by a winding number ¢, which indicates the number of
toroidal turns that a field line makes to complete one poloidal turn.

The early years of tokamak research until now show an enormous increase
in performance whereas the size has grown from a table-top experiment to
almost full reactor size with plasma volumes of more than 100 m®. Nowadays,
the star among the tokamaks is JET (Joint European Torus) in England.
Records recently obtained in this largest tokamak in the world (major radius
Ry = 3 m and minor radius ¢ = 1 m) are

e a fusion power of 16.1 MW,
¢ a fusion energy of 21 MJ, produced in quasi-steady state in 3 seconds,

e a ratio between fusion power and input power of Prs/ Py ~ 0.65.

1.3 Transport

The magnetic field topology in a tokamak consists of a set of nested toroidal
surfaces spanned by field lines of equal winding number g as shown in figure
1.2(a). Transport of heat along the field lines is very fast, but because of
the toroidal shape no losses occur in that direction. Transport perpendicular
to the magnetic surfaces is expected to be governed by collisions and the
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effects of the toroidal geometry. However, experiments show energy losses
via electrons that are up to two orders of magnitude larger, and via ions less
than one order of magnitude larger than theory predicts. This is the reason
why no net energy production has been achieved yet by nuclear fusion in the
tokamaks of a size presently operational.

When nuclear fusion should serve as a future energy source in reactors of
acceptable size, it is important to understand the enhanced heat transport.
Therefore, much effort is put into the study of this anomalous transport. Tur-
bulent fluctuations in either the electric or magnetic field are held responsible
for the enhanced transport. Electric field fluctuations move particles across
the surfaces and the magnetic field keeps its topology of nested surfaces.
Magnetic field fluctuations, however, break up the symmetry of the nested
magnetic surfaces (see figure 1.2(b}). Magnetic field lines make radial ex-
cursions as do the particles that follow these lines. Especially magnetic field
surfaces with low order rational values of the winding number ¢ are sensitive
to the perturbations. Small perturbations already change the topology of
nested surfaces into a mixture of good surfaces, chains of magnetic islands
and stochastic regions. For larger magnetic perturbations, the size of the
magnetic islands increases. Where islands on different flux surfaces overlap,
large stochastic layers exists. The behavior of the magnetic field lines in
stochastic regimes cause an increased radial transport. A total description
of the heat transport in a tokamak plasma probably unites aspects of both
electrostatic and magnetic fluctuations.

Transport by electrostatic fluctuations has been extensively investigated.
Magnetic turbulence is more difficult to diagnose because small perturbations
of the order of 107° to 107 of the toroidal magnetic field B; are sufficient
to enhance the heat transport significantly. Hence, what the contribution
of magnetic turbulence to heat transport is, is still an open question. This
question will be investigated in this thesis.

1.4 Runaway electrons

In a tokamak plasma, a current is driven by the electric field induced by the
transformer principle. Electrons are accelerated by the electric field, but they
experience also friction due to collisions with ions and other electrons. The
friction is inversely proportional to the square of the electron velocity. Only
a small part of the total electron population has a sufficiently large velocity
to escape from the influence of the friction. Once the acceleration is larger
than the slowing down of the friction, electrons 'run away’ from the thermal
bulk electron population. These electrons are called runaway electrons.
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Runaway electrons can be regarded as effectively collisionless. This makes
them a suitable probe for investigating the non-collisional, turbulent, trans-
port. Transport induced by electrostatic fluctuations is inversely proportional
to the particle velocity, whereas transport induced by magnetic fluctuations
is proportional to the particle velocity. Because of their large velocity, trans-
port of runaway electrons is mainly determined by the magnetic perturba-
tions. Therefore, the determination of the runaway electron transport gives
a possible tool to probe the magnetic fluctuations.

However, there is a complication. The electrons in a tokamak do not
follow magnetic field lines exactly because of the toroidal geometry. The
magnetic field B is stronger at the inner side (the ’high field side’) of the
torus, which gives rise to a gradient in B. Furthermore, the magnetic field
lines are curved. As a result of this gradient and curvature in B, the runaway
electron orbits are shifted outward with respect to the magnetic field surfaces.
This shift can be a few cm which is larger than the typical scale size of the
magnetic turbulence. The sensitivity to magnetic fluctuations of high energy
runaway electrons is, hence, strongly reduced.

The question how to diagnose the turbulence with runaway electrons is
discussed in this thesis.

Electron runaway is subject of research, ever since the first publication
by Giovanelli in 1949 [2]. Besides the use of runaways as possible probe
for magnetic turbulence, other fields of interest are the runaway generation,
acceleration and loss processes. Motivation for these particular fields of in-
terest is found in the damaging effect of energetic runaways on reactor vessel
components when they are lost. Especially during a sudden and violent loss
of the energy confined in a plasma, a so-called disruption, large numbers
of energetic runaways can be generated. In future reactors, these electrons
could cause severe damage.

Detection of runaway electrons is usually done by measuring x-ray radi-
ation emitted when runaways are lost from the plasma and hit a solid mate-
rial. Runaway electrons also emit radiation themselves due to their toroidal
motion. In TEXTOR-94 (Tokamak EXperiment for Technology ORiented
Research, last upgrade (pulse lengthening) in 1994) which is a medium-sized
limiter tokamak with circular cross section (for typical parameters, see ta-
ble 1.1), this radiation - synchrotron radiation - is measured with an infrared
camera. The first detection of runaway electrons by means of infrared mea-
surements instead of the usual x-ray measurements from runaway losses was
reported in 1990 by Finken et al. [3]. Since those pioneering measurements, a
more systematic study was made by Jaspers [4]. New information was found
on the runaway generation in general and during disruptions in particular,
on instabilities from interaction between runaways and waves and on the
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Table 1.1: An overview of the machine parameters of the TEXTOR-9/ toka-

mak.

TEXTOR-94 parameters 1

major radius Ry 1.75 m
minor radius a 0.46 m
toroidal magnetic field B, 1.3-2.9 T
standard operation 2.2 T
plasma current I, |200-800 | kA
standard operation 350 kA
loop voltage : Vioop 1 \Y%
pulse duration ) Tpulse 10 s
standard operation 5 s

oy . PNBI 2 x 1.5 | MW
auxiliary heating Promn |2 % 2.2 TMW

capability of runaways to probe magnetic turbulence.

In summary, one of the biggest issues in plasma physics is the anomalous
heat transport. Turbulent fluctuations in magnetic field could be one of the
causes of this anomalous transport. Runaway transport is dominated by
magnetic turbulence. Investigation of this runaway transport is a possible
way to measure the magnetic turbulence level and scale size.

1.5 This thesis

This thesis deals with a detailed study of runaway transport. It is tried to
find answers on the following questions:

e What is the runaway electron transport under different plasma condi-
tions?

o How are scale size and level of magnetic turbulence derived from the
runaway transport measurements?

o What is the contribution of magnetic turbulence to anomalous heat
transport?

In TEXTOR-94, one has the unique capability to detect runaways in the
plasma core by the synchrotron radiation measurements. With an infrared



1.5. THIS THESIS 7

camera viewing tangentially into the plasma in the direction of electron ap-
proach, poloidal projections of the radiation coming from the toroidal run-
away beam are observed. From these measurements, time evolutions and
radial profiles of runaway electron distribution can be derived.

First, the runaway transport in an Ohmic plasma (i.e. a plasma only
heated by the plasma current) is estimated. Use is made of the measured
synchrotron radiation evolutions and profiles. The profile measurements al-
low the determination of the radial profile of the diffusion coefficient. A
model that prescribes the diffusion of test particles as a result of magnetic
field line diffusion gives an estimate of the level of magnetic turbulence in an
Ohmic plasma. Secondly, the runaway transport is studied in plasmas with
different externally applied perturbations. The plasma is perturbed by the
application of additional heating, either by means of injection of a neutral
particle beam or by means of emittance of waves into the plasma that are res-
onant with the frequency with which ions gyrate around the magnetic field
lines. Previous experiments [4] already showed that runaway confinement
degrades with additionally applied heating. A systematic study presented in
this thesis shows that the runaway confinement is energy dependent as can
be expected from the energy dependent reduction in sensitivity to magnetic
turbulence of higher energetic electrons due to a large orbit shift. In other
experiments, the plasma is disturbed by injecting a small frozen hydrogen
pellet or by shifting and compressing the plasma to the inner wall, which leads
to the formation of magnetic islands. In those cases, the rather spectacular
phenomenon of a runaway ’snake’, a narrow toroidal runaway beam confined
in a magnetic island, occurs. Finally, the results of these runaway transport
measurements are discussed and interpreted in the frame of different models
about transport due to magnetic fluctuations.

In the first part of this thesis, a short overview is given of the phenomenon
of electron runaway, the theory and the method of the synchrotron radiation
measurement are discussed. In chapter 4, it is investigated with help of
simulation codes what radiation evolutions and the poloidal projections of
synchrotron radiation look like in TEXTOR-94. The main work on runaway
confinement is described in chapter 5, 6 en 7. Chapter 8 discusses a few
topics that are too speculative for publication in a journal at this stage, but
are worth a short presentation.
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Chapter 2

Runaway electrons

This chapter summarizes the basic properties of runaway electrons. Gener-
ation processes, electron orbits, energy limits and transport properties are
discussed. In [1], a specific study of the runaway electrons in TEXTOR is
given. A more general review is given in e.g. [2].

2.1 Electron runaway

First, the phenomenon of electron runaway is treated in 1-dimensional phase
space to define the basic runaway electron terminology. Later in this section,
a 2-dimensional model is presented which is more accurate.

The phenomenon of electron runaway is a result of the toroidal electric
field F in a tokamak. Electrons experience an accelerating electric force
F. = eE. On the other hand, electrons are slowed down by a drag force Fy.
A (relativistic) derivation of the drag force [3], including electron-ion and
electron-electron collisions, yields

Fy= (2.1)

eln.in A Zeg +1
T dmedmou? ( + 0% )
where e and mg are the electron charge and rest mass, n. is the electron
density, InA the Coulomb logarithm, ¢, the vacuum permittivity, v the elec-
tron velocity, Zeg = 3, n:Z2/ne the effective charge of the ions with ¢ the
different ion species and v = (1 — (v/c)?)~Y/? the relativistic factor with ¢
the speed of light. The first term in (2.1) accounts for the energy exchange
in electron-electron collisions, the second term accounts for the pitch angle
scattering (both due to the electron-ion and electron-electron collisions) and
disappears for higher energies (v > 1).

11
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For a non-relativistic electron with ¥ — 1, the collision frequency in a
Maxwellian distributed plasma when no electric field is present follows from

V= |dp/dt| _ | Fal _ e*nnA(2 4+ Zeg) (2.2)

p Yo 4reimivd
In presence of an electric field, the effective collision frequency becomes
Veet = |dp/dt|/p = |eE + Fa|/ymov. In a tokamak, the parameters E,
ne, 1. and Z.g are usually of a value that eF <« Fy, so that the collision
frequency is veer = |Fa|/ymov. Balancing the drag force and electric force
for the test electron yields a critical parallel velocity

s = J €nelnA(2 + Zer) 03

dmetmoF

Electrons with a velocity v > v will be effectively accelerated and are called
runaway electrons. These electrons have a (non-relativistic) kinetic energy

of at least ‘
EnJnA(2 + Zegr)

8neE
The critical electric field for which a thermal electron with velocity vy, =

\/kTe/mo (k the Boltzmann’s constant and 7. the electron temperature)
becomes a runaway electron, is

I/Vcrit: = (24)

*nelnA(2 + Zeg)

4 edmovd,

Ecrit = (25)

(which is about twice the Dreicer field [4] often encountered in literature).
As long as the applied toroidal electric field is much smaller than this critical
field, ¢ = E/E.; < 1, the distribution function of the electrons is approxi-
mately Maxwellian and only a small fraction of the electrons will run away.
Note that several publications give a factor Zg instead of (2 + Z.g) in the
above given expressions for ve, veig, Werie and Eeye, neglecting the electron-
electron collisions in the derivation of the drag force (2.1).

For typical TEXTOR-94 parameters (n. = 10*® m™2, InA = 16, Z.g = 2,
E = 0.1 V/m), the critical velocity is ves/c /2 0.6. This velocity corresponds
to a critical energy of the order of 100 keV. Note that a value of vi/c = 0.6
corresponds to v & 1.25 and that for this value of v, the relativistically correct
expression for kinetic energy, Weus = (7 — 1)moc?, does not differ much from
the above classical approximation. For the above mentioned TEXTOR-94
parameters and T, = 1.5 keV, an critical electric field of about 6 V/m is
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P

pJ_max

Ii

Figure 2.1: Electron phase space; electrons with momentum above the sepa-
ratriz s1 will run away.

calculated. Therefore, ¢ ~ 0.02, so in TEXTOR-94, the electron distribution
indeed stays close to Maxwellian.

A 2-dimensional treatment of the electron runaway phenomenon is found
in [5,6]. The electron motion in phase space (p1,p)), with p; = ymgv, the
perpendicular and py = ymov|| the parallel electron momentum with respect
to the magnetic field, is described by

dp » v’ pype Zor + 1) ~
dt ‘ (p +p1)°2 g >0
d 2.2 Z. 2
pln _ BT ((1 Lot )8 _y) 27)
dt P v p

with total momentum p = /pf + p] and p’, = (’lnAnemo)/(47eGE). The
curves dpy/dt = 0 and dp, /dt = 0 divide the phase space in 4 regions as
shown in figure 2.1. They intersect at a saddle point. Also indicated in
figure 2.1 are the two separatrices s; and sy. Electrons with initial momentum
(P10, Pjo) above separatrix s; will run away. It is clear that for small pitch
angle, i.e. p; < py, the above expressions of electron motion in phase space
lead to a force balance |dp/dt| ~ |dp/dt| = |eE + Fy| = 0 with a drag force
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as given by (2.1). The critical (parallel) electron velocity as given by (2.3)
corresponds to the point where the curve dp;/dt = 0 intersects the pj-axis
and where approximately v — 1. Figure 2.1 shows that also electrons with
v < Vet Can runaway, as long as their perpendicular momentum is non-zero.

2.2 Generation

In theory, two runaway electron generation mechanisms are known. In the
following, the basic formulas concerning these generation processes are pre-
sented.

Primary generation

In section 2.1, the phenomenon of electron runaway in a tokamak plasma has
been explained. The production rate of the runaway electrons is calculated
from a solution of the electron distribution function using the Fokker-Planck
equation. This equation gives a kinetic description of the plasma including
multiple small angle collisions (large impact parameters). The diffusion rate
in velocity space of electrons with velocities around v = vg determines the
creation rate. The runaway production due to the diffusion in velocity space
is referred to as primary generation. It is found that the electron flow into
the runaway region, i.e. the growth of the distribution with v > vy, is given
by [7-10]

dt

where v, is the collision frequency of thermal electrons® (2.2) and n. the
electron density and where A, is the runaway birth rate

= M Velle (2.8)

A = K(Zeﬂ)a_g(zeﬁﬂ)/lsexp (—% — (Zﬁ——*_l) . (2.9)
€ €

The birth rate is a strongly exponential function of ¢ = E/E.. Here, the crit-
ical electric field E, is defined without any Z.g-dependence, unlike (2.5), as
E. = ®InAn./(4me2mev3) to give the birth rate an explicit Z.g-dependence.
K(Z.g) is a weak function of Zg (see [10]: K(1) = 0.32, K(2) = 0.43).

For highly relativistic runaways (v =~ ¢, v > 1), the drag force (2.1)
is approximately constant. This limits the runaway production when £ <

IHere, it is assumed that the electron velocity distribution is close to a Maxwellian
distribution despite the induced electric field. Because in TEXTOR-94, ¢ « 1, this
assumption is justified.
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Figure 2.2: Runaway birth rate as function of the parameter ¢ = E/E.y for
different values of Zeg. The lines show the non-relativistic birth rate, the
symbols show the relativistic birth rate.

Fy/e = 8 x 107 V/m (with n. ~ 1 x 10* m™3). In other words, since
in TEXTOR-94 during steady state operation £ ~ 0.1 V/m, no runaway
production occurs if n, > 4retmec? E/e®lnA ~ 1.2 x 10%°° m~3. This density
is, however, higher than the Ohmic density limit. Nevertheless, the effect is
noticeable at lower densities as a reduction of the runaway production. The
relativistic birth rate is given by

T, 2 9:3/2
Arrel = Ar€Xp (— (% + 2 1+ Zeﬂ»)) (2.10)

moc?

which gives for TEXTOR-94 parameters a birth rate that does not signifi-
cantly differ from the non-relativistic birth rate (2.9). Figure 2.2 shows the
non-relativistic (lines) and the relativistic (symbols) birth rate as function of
¢ for different values of Z.g.

Secondary generation

Apart from the primary generation, a second generation mechanism of run-
aways exist [5,11,12]. Already existing runaway electrons can kick thermal
electrons into the runaway regime by close Coulomb collisions (small impact
parameter). Note that in the derivation of the runaway birth rate A, only
the small angle collisions were taken into account. The energy-differential
cross section for a Coulomb collision between a fast electron with velocity v
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and an electron with velocity vy, < v is given by [12]

do et

——— 2.11
dW  8meédmoviW? ( )

where W is the energy of the secondary electron. The increase of the runaway
number due to this secondary process is given by

do
dw’

where P(W’) is the probability that an electron that has energy W' after the
collision, becomes a runaway electron. In [12], the simple model P(W') =0

for W' < W and P(W') =1 for W’ > W, is used. This model gives

dnr,sec
dt

= nynev / “ Pw) g (2.12)
1]

d r,s8ec T E
Troee i : (2.13)
dt mevInA(2 + Zeg)
which is more conveniently written as
d r,sec r 3
Proee _ o (2.14)

dt o

where #; is the avalanche time within which a runaway electron creates an-
other, secondary, runaway electron. This process is referred to as secondary
generation. Note that this secondary generation is independent of the elec-
tron density ne.

In the previous section, a more detailed treatment of electron runaway
was shortly discussed. Figure 2.1 showed the region in two-dimensional phase
space at which electrons will run away. The secondary electrons are found
in phase space on ellipses with major axis equal to the momentum of the
incident high energetic runaway. An example is shown in figure 2.1. Most
of the knocked-out electrons have relatively large perpendicular momentum,
pL > pj- A determination of the runaway region of the knocked-out electrons
follows from the inequality p; > piert With picit & Pimax which is the
maximum value of perpendicular momentum in the curve dpy/dt = 0. This
last approximation is valid for Z.s < 10 (in TEXTOR-94, typically Z.s =
2 — 4). In that approximation, the avalanche time ¢, is given by [13]

\/ﬁhlAmgc(Z + Zesr)
to =
9el

(2.15)

Because the secondary electrons have p; > p, there is the possibility of
particle trapping. Trapped particles do not participate in the acceleration
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until they are converted into passing electrons as a result of distant collisions
with thermal particles. Hence, the trapping may increase the above value of
to.

In [1], the runaway density was calculated analytically as a function of
time, including primary and secondary generation and runaway losses,

n:(t) = Avencteg(exp(t/teg) — 1) + ne(0)exp(t/teq) (2.16)

An effective time t.g was introduced, t;# = t5' — 7=, where T is the runaway
confinement time. A small {5 means a relatively strong exponential rise in
n,. When ¢y and 7 are such that t.g becomes negative, n, decays in time.

It is expected that the runaway generation is concentrated in the center of
the plasma, because the temperature profile is more peaked than the density
profile. In [1], the width of the runaway creation zone is estimated using
different parametric forms for the T.- and ne-profiles, e.g. profiles as follow
from the profile consistency principle [14] that have been shown to describe
the experimental tokamak T, and n. profiles well: T, = T.(0)(14q.(r/a)?)~/®
and ne = ne(0)(1 + gu(r/a)?)7%/3 with g, the edge safety factor. It is found
that in that approximation for typical TEXTOR-94 parameters, the creation
zone has a half width at half maximum (HWHM) of approximately 7 cm.

2.3 Orbits

The orbit of an electron in a tokamak is given in a toroidal coordinate

system?. Unit vectors in toroidal, poloidal and vertical direction are de-

noted by ¢, @ and 2 as shown in figure 2.3. The direction of the he-
lical magnetic field in this coordinate system is approximately given by
(T/Roq(?"))’lg + ¢ where g(r) is the safety factor which is a function of radial
position® because of the non-uniform induced current density in tokamaks.

For a parabolic current density profile, a parabolic magnetic g-profile is found

*The relation between toroidal coordinates (r, 9, ¢) and Cartesian coordinates (z,y, z)
is

Il

—cost¥cosp@® — cosvsingy + sin¥z

= sindcosg@ + sindsingy + cos¥z

D S W

I

—singa + cospy

3Actually, ¢ is also a function of 9. The field lines at the inner side of the torus (high
field side (HFS)) make a smaller angle with the equatorial plane than those at the outer
side. This effect is not taken into account here.
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Figure 2.3: Cartesian (z,y, z) and toroidal (r,9, d) coordinate systems

q(r) = qo + (g2 — q0){r/a)? with gy and g, the safety factor at the magnetic
axis and at the plasma edge.

The electron orbit in a tokamak plasma is a superposition of three differ-
ent motions. First, the electron gyrates around its guiding center, i.e. the
center of mass of the electron averaged over the gyration motion, with a
cyclotron frequency

B
Wee = — (2.17)
Ymo
and Larmor radius SO
UL
L= 2.18
PeL B (2.18)

where B is the magnetic field strength and v, = 6v, the perpendicular
electron velocity with respect to the magnetic field direction. The velocity
due to this gyration motion is given in the toroidal coordinate system by

%)) (2.19)

r

(I(T')RU

vy (cosad + sina(® —

where the angle « is the phase angle of the cyclotron gyration and given by
& = —wee. Secondly, the guiding center of the electron follows the helicity of
the magnetic field lines

r ~ A N
'UgC = v‘l(mﬁ + ¢) + V. Z (2.20)

where v, results from the vertical magnetic field that is needed in tokamaks
for stability reasons. Finally, the test electron orbit is displaced from the
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magnetic field surface due to curvature and gradient magnetic field drifts.
The drift velocity is given by
1 1
Vg = m(vﬁ + 5?}3) (2.21)
and points in direction of R, x B/(RnB) ~ 2 where Ry, is the radius of
curvature of the magnetic field. The E x B drift can be neglected because
it is generally much smaller than the other terms.
In summary, the total electron velocity vector can be written in the form

[15]

Roq(r)

The position of the electron is given by

D+ )+, (cosai +sina(d— @) +(v.+va)2 . (2.22)

v = ’U”(

g(r)Ro

:;(cosa(@ - m&ﬁ) —sinaf) . (2.23)

R = Ry(cosoi + singy) + v +

The drift velocity vg results, for runaways with v) > v, in an outward
shift of the runaway orbit surface away from the magnetic field surface. This
drift orbit displacement is given in first-order approximation by

gymovy _ GWh
eB ecB

~
~

(2.24)

where W, is the runaway energy and g the average safety factor of the shifted
drift surface. In [16,17], a Hamiltonian description of the drift orbit topology
of relativistic particles in a tokamak is given. The rotational transform wp
of the particle orbit, the (dimensionless) minor radius of the drift orbit pp
and the (dimensionless) outward shift of the drift orbit §p are expressed in
the variable I and the dimensionless energy parameter A

wp(I)) = ——+0()) (2.25)
q(I)

po(l,)) = (2DY2 4+ 0()) (2.26)

Sp(1,X) = X(I)+0(N\?) . (2.27)

Here, A = ymov;/eB Ry is a measure of the particle energy and I = 1(r/Ro)*+
O()) is a canonical momentum introduced in the Hamiltonian description,
which is proportional to the toroidal magnetic flux for A = 0. ¢(I) is the
safety factor of the magnetic field at the position of the drift orbit, whereas
go(I,X) = 1/wp (I, X) denotes the structure of the drift orbit itself. When
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a parabolic g-profile is assumed, q(r) = go + (¢. — qo)(r/a)?, we can write
q(1) = qo+ 2(qa — @) I(Ro/a)? because of the characteristic I = 1%+ O(X).
It is not important to know the exact dependences of I on physical quanti-
ties. When the topology of the drift orbit gp = 1/wp and the energy of the
particles A is known, the corresponding I = I, (}) can be calculated from
(2.25) and the result can be used to determine pp and §p with (2.26) and
(2.27).

The classical view on drift orbits is obtained by taking only the zeroth
order terms in A in rotational transform (2.25) and drift orbit radius (2.26),
and by taking the first order term in the shift (2.27). With I = 1(r/Ro)?,
it is indeed found ¢p = ¢, pp = r/Ry and ép = d/Ryg, i.e. the drift orbit
topology is equal to the magnetic field topology apart from a shift d. Higher
order terms in energy A make the real behavior of the drift orbits more
complex. First, the rotational transform decreases, that is ¢p increases, with
increasing particle energy. The drift orbit radius is almost constant during
the acceleration. As a consequence, the minor radius of the drift surface with
a fixed ¢p is smaller than the minor radius of the magnetic field surface with
g = gp from which the particle started with zero energy. Secondly, the shift
of the drift orbit surface from the corresponding magnetic surface is larger
than the shift that would follow from the classical view.

2.4 Energy limits

An electron with a velocity v > vyt is effectively accelerated. The energy
that a runaway electron reaches can be limited by the synchrotron radiation,
the drift orbit radius and shift, the flux swing, the magnetic field ripple and
instabilities.

Synchrotron radiation

Because of the toroidal acceleration of the runaway electrons, they emit elec-
tromagnetic radiation. The change in energy W, for one runaway electron
is determined by the difference between the amount of power that is ab-
sorbed from the accelerating electric field, which is approximately Pr =~
ecVioop/ 2 Ry, and the amount of power lost by radiation P & 2mocrey?/3 R2.
The energy loss due to friction can be neglected in comparison with the ra-
diation loss. Here, Vioop is the loop voltage, r. = e?/4megmoc? the classical
Thomson electron radius, v the relativistic factor and R. can be approxi-
mated by [18]

1 1-0* B

~
R. Ry ymge

(2.28)
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with 8 = v, /v the runaway pitch angle. From

d~y :
L _—p._p 2.9
di E (2.29)

daw,
dt

m002

the energy evolution of one runaway electron is calculated. The maximum
energy that can be reached is given by the equilibrium Pg — P = 0. For
the TEXTOR-94 parameters and the experimentally observed pitch angle
8 = 0.1 [1], the equilibrium is reached at 7eq & 60 which corresponds with an
energy of about W, ~ 30 MeV. Note that for this energy and pitch angle, and
B =22T, vy =c it follows wee = 1 GHz and per, = 5 mm. Furthermore,
from (2.25), (2.26) and (2.27), it follows that for the TEXTOR-94 runaway
energy range the correction on the drift surface shift ép due to higher order
energy terms is negligible. These higher order energy terms, however, do
have an effect on ¢p = 1/wp and the drift surface radius pp in this energy
range. In section 3.1, the synchrotron radiation emitted by runaway electrons
is discussed in detail.

Drift orbits

Runaways can be confined within the tokamak as long as the sum of their
orbit shift and drift orbit radius is smaller than the minor radius a. In
zero-order approximation, the drift orbit radius is equal to the radius of the
magnetic surface with ¢ = ¢p, so an energy limit for a runaway with its
orbit on the magnetic axis, follows from the shift (2.24) Wiax = aecB/q, ~
80 MeV where ¢, = 3.8 for a plasma current [, = 350 kA and B = 2.2 T.
In section 2.3, we have seen that the drift orbit radius and shift are in fact
a function of the particle energy parameterized by A and of the canonical
momentum /. The minor radius of a drift surface with a fixed gp becomes
smaller than the minor radius of the magnetic surface with ¢ = ¢p with
increasing particle energy. This shrinking of drift surface radius goes faster
than the increase in drift orbit shift. Eventually the drift surface falls entirely
within the magnetic flux surface. Hence, the energy limit is not so much
determined by the drift orbit shift but more by the decreasing drift surface
radius. The energy at which a drift surface with gp = 1 ceases to exist (for
I, = 350 kA, i.e. ¢, = 3.8), is Whax & 60 MeV. For higher ¢p and for lower
qa, this critical energy is larger.

Acceleration time

The energy that a runaway can reach depends on the time that is available
for its acceleration. When no radiation losses are considered in (2.29), a
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maximum energy follows from

ec

tdW ec [t N
dt /0 Vioup (1)l = 3750 (1) (2.30)

dt’ - 27TRO

VVmax (t ) =
JO

where ®(t) is the flux swing applied to the plasma. This leads to Wiax(t) =
27®(t) MeV. The radiation limit already occurs at 30 MeV, so only when
®(¢) < 1.1 Wh, it will determine the maximum runaway energy. This value
is already reached at approximately 1 s whereas the typical duration of a

TEXTOR-94 discharge is 6 s.

Magnetic field ripple

The toroidal magnetic field is generated by a finite number of coils N. This
slightly modulates the magnetic field and runaways experience this modula-
tion at frequencies wypple = RN ¢/ Ry with n the harmonic number. In [19], a
mechanism is described in which the relativistic electron cyclotron frequency
(2.17) is resonant with the magnetic field ripple. A resonance occurs for
Yres = €BRg/nNmoc which corresponds to an energy W,es = 70/n MeV. The
second and higher harmonics are in the same range of energy as the radia-
tion limit. According to [19], the strength of the resonance decreases with
increasing harmonic number. In TEXTOR-94, only the second harmonic is
expected to be of any importance in blocking the energy increase of runaways.

When a resonance occurs, the electrons are scattered in pitch angle 0.
Because of the increase in 8, the power radiated per electron P will increase.
This increased P leads to a lower radiation limit. In [1], this pitch angle
scattering effect is estimated by a Monte Carlo simulation. It was found that
an effective energy blocking due to the increase in 8 occurs already before the
resonance energy Wies. For n = 2, an radiation equilibrium is found at about
25 MeV with a pitch angle distribution centered around 6 = 0.13. Maximum
energy that can be reached is about 30 MeV, where 6 = 0.10.

Instabilities

The free energy in the plasma due to the non-Maxwellian component in the
electron velocity distribution can be exchanged between resonant electrons
and plasma oscillations. Above a certain threshold, instabilities can be ex-
cited which can limit either the runaway energy or the runaway confinement.

The general resonance condition is wy — nwee = kv with wi the wave
frequency, k) the wave number parallel to the magnetic field, n the har-
monic number, we. the electron cyclotron frequency and v the electron ve-
locity (parallel to the magnetic field). When n = 0 the interaction is called
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Cerenkov resonance. The wave grows unstable if the electron distribution
function has a positive slope, df(v)/dv > 0. This leads to an energy ex-
change between the electrons and the wave. When df (v)/dv < 0, the wave
will be damped (Landau damping). For negative n, the anomalous Doppler
resonance, longitudinal energy of the electron is converted into transverse
energy. For positive n, the interaction is called normal Doppler resonance.
These waves convert transverse energy of the electron into longitudinal en-
ergy. Because of the comparatively small perpendicular energy of runaways,
runaways are not expected to excite unstable waves by this last resonance.

An example of an energy limiting instability is the so-called Parail-Po-
gutse instability [20]. The anomalous Doppler resonance is responsible for
an unstable interaction between accelerating runaways exceeding some crit-
ical energy Wheam and plasma waves. The excited waves are simultaneously
damped on the thermal electrons at the Cerenkov resonance. When the
damping saturates (which happens when the distribution function at the
thermal resonance becomes flat), the growth rate of the waves increases and
runaway electrons are pitch angle scattered by the anomalous Doppler mech-
anism. The mechanism has a repetitive character because after the energy
isotropization, the runaway electrons are accelerating exceeding Wheam again.
The range of runaway energies for which this instability occurs, is 0.1-1 MeV.
The synchrotron measurements as described in this thesis require the pres-
ence of runaway electrons with an energy of about 20 MeV. Plasma pa-
rameters in typical runaway discharges are chosen in such a way that these
instabilities at lower energy do not occur.

In [1], the observation of an instability at higher energy is presented. The
infrared pictures show an increase in pitch angle § = v, /v within a few
hundred microseconds, which gave this instability the name ’fast pitch angle
scattering event’ (FPAS). The most plausible explanation of this FPAS is that
due to a change in plasma conditions, the Parail-Pogutse instability occurs
at which a broad spectrum of waves is excited, among which lower hybrid
waves. In [1], it was estimated that runaway electrons of 23 MeV energy will
be pitch angle scattered by these lower hybrid waves. Experimentally, it is
determined, that the pitch angle scatters from about 0.1 to a value of 0.17.
This will decrease the radiation limit to 20 MeV. The FPAS instability is
discussed in more detail in chapter 8.

2.5 Transport

The experimentally observed cross field energy transport via electrons is up
to two orders of magnitude larger than predicted by neoclassical theory (col-
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lisional transport in toroidal geometry). This enhancement in transport is
called anomalous transport and is caused by turbulence, of either electrostatic
or magnetic nature. In case of electrostatic turbulence, the magnetic field
topology is intact and fluctuating electric field drive particle fluxes. In the
picture of magnetic turbulence, magnetic field fluctuations destroy the topol-
ogy of nested surfaces. Field lines can make radial excursions and particles
moving along the field lines show an enhanced radial transport. Because it
is assumed, that runaway electrons are mainly sensitive to the magnetic tur-
bulence, a thorough study of the runaway transport under different plasma
conditions could lead to conclusions on the role of magnetic turbulence in
anomalous transport. Before going into that detailed study, a short overview
of these transport mechanisms is given below.

Collisions

The collisional diffusion of particles can be regarded as a random walk process
and is characterized by a coefficient D determined by a radial step size Az
and a time 7 equal to the collision time of the particle

((Az)?)

T

D= (2.31)

In classical transport theory, a plasma in a cylindrical system is consid-
ered. For electrons, the radial step size is then equal to the electron Larmor
radius pey, (2.18) with which the electrons gyrate around the magnetic field
lines. The electron collision time 7, follows from the collision frequency (2.2)
Te = 1/ve.

In neoclassical theory, the toroidal geometry of a tokamak is included.
The main consequence of the toroidal geometry is the existence of ’banana’
orbits of electrons. Because the toroidal magnetic field strength decreases
with increasing major radius, the inner side of the torus functions as a mag-
netic mirror and electrons can be trapped on the outboard side. Such trapped
electrons carry out a banana-shaped orbit. In a toroidal system the appro-
priate radial step length is the width of the banana orbit, which is typically
one order of magnitude larger than pe L.

In the regime of low collisionality, the electrons are free to complete their
banana orbits. The typical distance along a field line from the inside to
the outside of the torus is ~ Rg with R major radius and ¢ safety fac-
tor. Hence, this regime of low collisionality is determined by collision times
T > Rq/(vine*/?) where vy, is the (thermal) electron velocity and ¢ = r/R.
Because the electrons can complete their banana orbits, this regime is called
the banana regime. In a plasma with high collisionality, a particle suffers a



2.5. TRANSPORT 25

collision before it moves the typical distance along a field line from the inside
to the outside of the torus. The particles cannot carry out banana-orbits.
Typical collision time is 7 < Rq/vg. The diffusion coefficient is the classical
one increased by a factor (1 + ¢?). This regime is called the Pfirsch-Schliiter
regime. The regime of intermediate collisionality, Rg/vm < 7 < Rq/(vine*/?)
is referred to as plateau regime. The diffusion coefficient is independent of
collisions and matches the coefficient found with low and high collisionality
at the appropriate collision frequencies.

Because for high energetic runaways in TEXTOR-94, p.1, & 5 mm and
TR I/e_,rle] ~ 10 s (where v, is estimated from equation (2.2) with v =
60), the order of magnitude of the classical runaway diffusion coefficient
Dy = pZ; /7 ~ 1078 is expected. Runaway collisionality is low, but runaway
electrons can not be trapped because of their high parallel velocity and,
hence, they do not carry out banana orbits. Because of the curved magnetic
field lines in toroidal geometry, runaway electrons experience an outward
drift orbit displacement, that is typically one order of magnitude larger than
the Larmor radius. When this orbit shift is taken as a measure of the typical
neoclassical step length (although it is only an overall outward shift), the
neoclassical runaway diffusion coeflicient is estimated D, peo ~ 10~* which is
still very small.

Electrostatic fluctuations

Apart from collisions, also fluctuations in the electric field can decorrelate
particles from the magnetic field lines by fluctuating E x B drifts. Fluctuat-
ing electric fields E, perpendicular to the magnetic field, give rise to a drift
velocity & ~ E/B. In a random walk estimate, the drift velocity causes a
displacement Az & 0Tipans With transit time Tians = wqR/v“. This leads to a
diffusion coefficient

o2
_{(Az)y o, _TqR (E o 26
D= = UV Tirans ~ o 5 . (2.32)

When the anomaly of the measured heat diffusivity in TEXTOR-94, y. ~
1 m?™!, is assumed to be caused only by electrostatic turbulence, runaway
transport due to these electric field fluctuations is at least a factor ¢/vy, ~ 30

smaller. The runaway diffusion coefficient due to electrostatic turbulence is
then Dy es & 0.03 m?s~1.
Magnetic fluctuations

Electrons follow the magnetic field lines, when collisions and the drift motion
due to the magnetic field gradient and curvature are neglected. When these
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field lines ’diffuse’, the particles that follow those field lines diffuse as well.
Rechester and Rosenbluth [21] give a quasilinear estimate for the diffusion
coefficient of the field lines in a fully stochastic, static magnetic field B

Dy ~ L (%)2 (2.33)

where L) & mqR is the correlation length of the fluctuations along B and B
is the radial magnetic field fluctuation. The diffusion coeflicient for electrons
is, according to [21], proportional to the parallel velocity, D ~ v Dy. Hence,
when the anomalous heat conductivity, e ~ 1 m?™', is assumed to be
caused only by magnetic turbulence, the runaway diffusion coefficient due to
magnetic turbulence is D, ~ 30 m?s~!.

In [22], it is shown that magnetic field lines in a stochastic region do
not make a Gaussian random walk as is assumed in [21]. Furthermore, in
typical tokamak conditions, magnetic shear can not be neglected in models of
transport in chaotic magnetic fields as is usually done. Test particle transport
treated in a sheared and non-Gaussian behavior of magnetic field lines shows
a smaller scaling with velocity than the treatment in [21]. It is calculated D ~
vﬁ/ SUJI_/ ®Dy. This model gives an estimate of the runaway diffusion coefficient
Dym ~ 3 m%~! when it is assumed that x. is determined completely by
magnetic turbulence.

Several processes are thought to reduce the diffusion of relativistic run-
aways by magnetic field fluctuations. In e.g. [23,24], the effect of the drift
orbit displacement of the electrons is discussed. If the drift orbit shift d is
large compared to the typical scale size of the magnetic turbulence, d > 4, the
effect of the turbulence on the runaway transport is small. With increasing
drift orbit displacement, i.e. with increasing energy, the runaway electron is
less sensitive to the turbulence, which results in a reduction in transport due
to the magnetic turbulence. In [23], this reduction is expressed in an energy
dependent drift parameter T, so that the diffusion coeflicient is written as
D ~ ToyDy. This drift parameter is calculated as function of the ratio be-
tween orbit shift and typical mode width d/§. In [24], the ratio between the
runaway confinement time, 7, including the effect of drift orbit averaging,
and the confinement time without this effect, 79, is numerically calculated
as function of the ratio d/§. The relation is approximated by

. d 5.7
= (1+115 (2.34)

Tr,O

which is plotted in figure 2.4. In [24], the driftless case is calibrated to thermal
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Figure 2.4: Runaway confinement time 7. as function of the ratio between
the orbit shift d and the typical size of magnetic turbulence &, normalized to
the “driftless’ case, T,0. This curve is an approzimation of the numerically
calculated curve shown in figure 2 in [24].

transport with a correction factor for velocity, 7.0 = Tevin/c. In chapter 6,
the drift orbit averaging is discussed more extensively.

Most models of test particle transport describe the transport in chaotic
magnetic fields. In a tokamak, however, the magnetic field can be consist of
regions with good magnetic surfaces and regions with a slightly perturbed
magnetic field. In [25], the transport properties of fast electrons in such a
mixed magnetic field topology was studied. It was found, that transport of
fast electrons is already considerably reduced when only a small number of
good magnetic confinement regions are present.
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Chapter 3

Runaway detection

In TEXTOR-94, runaway electrons are detected by measurement of the syn-
chrotron radiation that they emit. This chapter presents the theory of syn-
chrotron radiation. It is discussed how the synchrotron radiation is observed
in TEXTOR-94. Other runaway diagnostics are shortly mentioned.

3.1 Synchrotron radiation

A brief summary of synchrotron radiation is given in a classical treatment
[1-4]. Quantum effects do not come into play for electrons with energies less
than 200 MeV [4]. This energy is far beyond the maximum that runaways
can reach in TEXTOR-94. Hence, the classical treatment is justified.

Radiation from a moving charged particle

The Liénard-Wiechert potentials for the field produced by a point charge ¢
that is moving along a path (¢) are given by

1 q
= Ire BI—v njo (3-1)

47 R(1 —v-njc)

where R = Rn = R — 7 is the distance taken from the point charge to
the point of observation at Rs, €g the vacuum permittivity, po the vac-
uum permeability and the quantities on the right-hand sides of the equa-
tions must be evaluated at the time ¢’ = ¢ — R(¢')/c. Using the formulas

E=—(0A/0t)~V¢and B=V x A, it is found

g (1—=2v*/*)(n—-v/c) Hog (n X ((n —v/c) x v)) (3.3)

E
dreg R (1—m-v/c)® 4n R(1—-n-v/c)

31
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B = \//joﬁanE (34)

where again the quantities on the right-hand sides refer to the time #/. At
large distances, only the terms of lowest order in 1/R remain, i.e. only the
second term in (3.3). The electromagnetic field takes at large distance the
form of a plane wave which propagates in direction of m. The energy flux
carried off by the waves is given by the Poynting vector which, for a plane
wave, has the form

S = ceE*n = —Bn (3.5)

Ho

where ¢ = 1/,/fio€o is the speed of light. The power dP radiated into the
element of solid angle d? is defined as the amount of energy passing in unit
time through the element B2, d§) (where Rops & R+ 7 -1, Ry, > 1) of the

spherical surface with radius Rgps
dP = ccoE*R2, dQ . (3.6)

The energy during the time dt that is radiated into the element of solid
angle d€} is then dPdt. Here, d¢ is the time interval at the field point of
observation at R,,s. Because of the retardation during the propagation of
the wave from the particle to the field point, the interval dt is not the same
as the time interval dt’ during which the energy dPdi was radiated by the
particle. Because dt = (9¢/0t")dt' = (1 — n - v/e)dt’, the power defined as
the energy radiated by the particle per unit time is

d_P
dQ

ceoB* (1 —n-v/e)RE,,

ceopgq® (n x ((n —v/c) x ©))*
(4m)? (1-m-v/c)®

Circular motion

A particle that executes a circular motion at radius R, has a velocity per-
pendicular to its acceleration. When ¢ denotes the angle between n and v,
and ¢ denotes the azimuthal angle of n with respect to the plane through v
and v, then the power per unit solid angle is

(3.8)

dP cq? 54 sin®dcos?p
-5

an (4meg)dm R2 (1 — Beosd))? (1 — Bcosd)?

where 8 = v/cand v = (1—32)~'/2 is the relativistic factor. In the relativistic
limit, 8 = 1. The radiated power is largest at those angles for which 1— Bcos?}
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is small, i.e. when ¢ = 1/+. A relativistic particle radiates mainly along the
direction of its own motion. The total power radiated at time ¢ by an electron
moving on a circular path is given by

P = 2remoc®3*y*/(3R2) (3.9)

where r, = €?/4megmoc? is the classical electron radius.

Spectrum

The radiated energy is spread over a wide range of frequencies. Using Fourier
analysis, the spectrum can be estimated. In [1,3], the energy radiated per
unit solid angle per frequency interval, by a relativistic particle moving on a
circular orbit is derived

d21 ¢ 1 [wRN?[1 o, 92 -
dwdQ ~ 4meg 3niec (T) (? + 19) K35(8) + mhlm(g)
(3.10)

where ¢ = (wR./3¢)(1/4% + 9%)%/2, and K3 and K3 are modified Bessel
functions. Integration over the solid angle yields the spectrum. Using rela-
tions of modified Bessel functions, it is found

dI g 2Rw oo .

— = KZ5(6)d 3.11
o = T T f KO (3.11)
with C' = 2wR./3v%. To obtain the power detected at observation point
at Rops per frequency interval, the above result should be multiplied by the
repetition frequency of the particle circular motion, ¢/27 R,

dP q* w o0
—_— = _— K. . 12
dw  4meg m/3v2¢ /c sa(E)dE (3.12)

The spectrum as function of wavelength X is obtained by substituting

w = 2mc/A. The result still contains the modified Bessel function Kss(z).
When z > 1, this function can be approximated by

< TT - 5 b
Kg/s(z) — 1/2—:56 . (3.13)

The power radiated by an electron with charge —e moving in a circular orbit
with radius R. per wavelength interval is therefore

dP 3 2 4r R, .
I N T Ty / RC)\SW'eXp <— 3)\73> . (3.14)

This approximation is valid as long as C = 47 R /373X > 1, ie. A <
4m R./3~3.
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Radius of curvature in a tokamak

The electrons in a tokamak do not execute a pure circular orbit with R..
First, the guiding center of the electrons follows the helical topology of the
magnetic field lines and, secondly, the electrons gyrate around the field lines.
Furthermore, runaway electron experience a considerable drift motion due to
the gradient and curvature of the magnetic field.
The vector equation for the radius of curvature of a bent helix is given by
1 (v x9v)?

Tt (3.15)

This expression is approximated by an average radius of curvature R, ,, [5]

1 1—6? BY
L0=0) e

Rc,av RO mocy

(3.16)

where § = v, /v is the runaway pitch angle and Ry is the major radius of
the tokamak. In this approximation, a purely toroidal motion in combination
with the gyration is taken into account.

In section 2.3, an expression was given for the velocity of electron velocity
in a tokamak according to [6]. In tokamaks, terms of the order of r/Ry < 1
can be neglected (7 is the minor radius of the magnetic surface). Furthermore,
we consider the case vy > v,. Including the helical motion of the guiding
center, the gyration and the drift, equation (3.15) can be written as

1 1 . -
= I_%Z(l +n? + 2nsin(d + @) (3.17)
where n = v, fvg with drift velocity (from (2.21)) vq = *yvﬁmo/eBRo and ¥ is
here the poloidal angle of the particle guiding center averaged over the period
of cyclotron gyration, and « is the phase angle of the gyration, & = —we..
Note that (3.16) can be rewritten, with v ~ ¢, as

1
R?

c,av

1
= 'J%Tg(H"z”"(l —0%) 4 6* — 26%) (3.18)

which gives for small  the (maximum) value of (3.17).

The above approximations of the radius of curvature can be applied to the
power per wavelength interval (3.14) to obtain the spectrum of synchrotron
radiation in a tokamak. This equation (3.14) is, however, still based on
the assumption of a pure circular motion of the particle. The above ap-
proximations of radius of curvature should actually be used in the general
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Figure 3.1: Spectrum of a runaway electron with energy W, = 30 MeV (v =
60) for pitch angle 0 =0 and 0 = 0.1 (recall that n = eBORy/mocy).

formula (3.7). In [7], the spectrum of synchrotron radiation for runaways in
TEXTOR-94 is calculated, using radius (3.17) and starting from the power
distribution of an arbitrarily moving charged particle. The result is

dP 3 [2¢/1417?

ﬁ R TMMeC Te RO/\5’\/

. 4 47TRO
X ([U(Q + 1—_*_‘7%511(0) €xp (—m> (3.19)

where ¢ = 47 Ron/3\y3(1 + 1?)%/2, I and I, are modified Bessel functions
and r, the classical electron radius. The spectrum is shifted to smaller wave-
lengths compared with the case n = 0 as is shown in figure 3.1 for a run-
away electron with energy W, = 30 MeV. Note that n can be written as
eBORy/mocy with 6 the runaway pitch angle, so that the case § = 0 corre-
sponds to n = 0.

3.2 Infrared measurements

Experimental set-up

The synchrotron radiation from the runaway electrons in TEXTOR-94 is
emitted in the infrared (IR) spectral range [8]. A thermographic camera
(Inframetrics 600) is used for the detection of the radiation. The camera
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consists of a liquid nitrogen cooled HgCdTe detector, a focusing lens and two
scanning mirrors. One mirror scans horizontally, one vertically. In this way, a
two dimensional TV picture is generated according to NTSC standard. One
horizontal line is scanned in about 65 us, a complete picture consists of 256
lines and is scanned in 16.7 ms. Each point of the observed area is probed
once in the 16.7 ms. One complete frame contains, therefore, information on
space and time simultaneously.

The synchrotron radiation of the runaways falls onto a concave mirror
mounted in the vacuum vessel in the equatorial plane. The radiation is
guided through an optical system, consisting of the concave mirror, a lens
at the vessel window, a plane mirror, and is finally projected on a field lens.
The IR camera focuses on this field lens. A sketch of the experimental set-up
is drawn in figure 3.2.

holes in
liner

i IR-camera

Figure 3.2: Schematic top view of TEXTOR-94 with experimental set-up for
infrared measurements.
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The detector in the IR camera is sensitive in the wavelength range of
3 —14 pm. The use of CaF, for the lenses and window limits this range to
about 3 —8 pm. Thermal radiation from the limiter, liner or RF antennas in
TEXTOR-94 has its maximum emission in the wavelength range where the
camera is sensitive. Because this radiation is not absorbed by the plasma, it
is present in the camera picture. On the one hand this limits the sensitivity
of synchrotron radiation measurements when at low runaway intensity the
radiation is lost in the thermal background. On the other hand, the thermal
background provides a tool for aligning the camera and it is used for position
calibration in the two-dimensional synchrotron projections. In figure 3.3,
first a picture made with a visible light camera is shown. Here, the liner and
limiter can be observed clearly. The same picture, now made with the IR
camera is also shown. Because the temperature differences in the background
are not large, it is difficult to distinguish the different objects (holes in the
liner, the limiter) in the IR picture. In figure 3.4, an IR picture of synchrotron
radiation is shown (including thermal background). The IR pictures are
recorded on video tape during the experiments and analyzed afterwards.

(a) (b)

Figure 3.3: (a) View into TEXTOR-94 with normal camera. High field side
(HFS) is on the left hand side. Indicated are a few holes in the liner (circles)
and the limiter (below). (b) View into TEXTOR-94, now with an infrared
camera, taken from same point as picture in (a). Also, same holes and limiter
as in (a) are indicated in the thermal background.
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Figure 3.4: Typical infrared picture during a runaway discharge (att =4 s).
The darker spot is synchrotron radiation.

Analysis

Position of holes in the liner and the limiter are used to calibrate the IR
pictures of the synchrotron radiation projections. The toroidal position in
the equatorial plane is estimated by drawing the tangents from recognizable
objects in the thermal background to the concave mirror along toroidal ’or-
bits’. In this way, objects in the thermal background, i.e. pixel numbers in
the IR picture, correspond to toroidal positions R. Interpolation between
these points using a continuous function gives the position R of every pixel
in the equatorial plane. This calibration construction is shown in figure 3.2.
In vertical direction of the IR pictures, an analogous method is used that
gives the correspondence between pixel numbers and positions in toroidal
geometry in that direction.

The time evolution of the synchrotron radiation is deduced by integration
of the synchrotron intensity within a software defined box in the IR pictures.
This box can contain the complete synchrotron spot or only a small part of it.
When a narrow slit-shaped box is taken, at the equatorial plane, it is possible
to measure synchrotron radiation profiles. An example of a defined box in
an IR picture and the resulting radiation evolution is shown in figure 3.5.

Interpretation

The detected power from a beam of runaway electrons is dependent on the en-
ergy spectrum of the runaway electrons and the number of runaways. Apart
from previous rough measurements and from Monte Carlo simulations of the
energy distribution [9], the exact distribution is not measured. The measure-
ments and simulations in [9] and the calculated energy distribution in section
4.1 indicate that the assumption of a mono-energetic distribution is justified
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Figure 3.5: (a) IR picture of synchrotron radiation with software defined
box. Thermal background is subtracted. (b) Typical radiation evolution. At
t = 5.5 s, the current decay phase starts.

within an error of 15%.

Under the assumption of mono-energetic energy distribution, the mea-
sured intensity evolution can be interpreted as the evolution of total number
of runaways. When the volume of the toroidal runaway beam does not change
significantly, the measured intensity is proportional to the total runaway den-
sity ny.

In [8-10], the absolute number of runaway electrons N, is calculated from

dP
N, f STV = 40 / LST(N)dA (3.20)

where T'(}) is the transmission function of the optical system, A the cross-
sectional area of the ring filled with runaways, {} = 27 x 260 the solid angle
into which the synchrotron radiation is emitted and L3 the measured spectral
radiance of synchrotron radiation. dP/dX is the average of equation (3.14)
over the energy distribution function. [ L3T(A)dX is obtained by compar-
ing the synchrotron radiation with the thermal radiation of the limiters of
which the temperature is independently measured (about 450 K in normal
discharges) and the emissivity is known (graphite limiter surface, emission
coefficient ~ 0.8). Although the absolute intensity can be determined rather
accurately, N, can only be estimated within an order of magnitude due to the
uncertainty in the exact energy distribution function. Nevertheless, in [10], it
was estimated N, & 2 x 10", in an Ohmic runaway discharge!. The runaway

'In [10], it was noted that this estimate is a factor 50 less than the value derived in [8]
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current, I, = N.ec/27 Ry, is, therefore, about 1 kA in an Ohmic runaway
discharge, which is less than 1% of the total plasma current. Furthermore,
the above estimate implies that the runaway density n, is approximately
Ne/(7rE)(2m Rg)) = 1 x 10'* with r, = 0.20 m the radius of the runaway
beam. In normal runaway discharges n,/n. ~ 107°5. The runaway electrons
can be regarded as test particles, not bound to the ion cloud by ambipolar
effects. However, in case of a rapid loss of runaway electrons, ambipolar
effects can become more significant.

3.3 Other runaway diagnostics

When runaway electrons are lost from the plasma, they hit the limiter and
generate hard x-ray radiation. These hard x-rays can produce neutrons by
photo-nuclear reactions. The threshold energy for carbon, the limiter mate-
rial, is about 10 MeV. The loss of runaways with an energy of at least 10 MeV
is clearly visible on the neutron signal. Note that under the plasma condi-
tions of runaway generation (low density) the amount of fusion neutrons is
negligible.

In TEXTOR-94, the presence of large numbers of low energetic runaway"
electrons that are not observed by detection of synchrotron radiation with
the IR camera, can be recognized from the electron cyclotron emission (ECE)
measurements. Under plasma conditions of large production of lower ener-
getic runaways, the so-called slide-away regime (e.g. [11]), the ECE signals
show a strong rapid rise and get into saturation. This regime occurs in plas-
mas with low density and low loop voltage. The formation of the regime is
explained by Parail and Pogutse [12]. Their model involves an instability
which causes pitch angle scattering of runaway electrons. This instability
limits the runaway energy. Therefore, no synchrotron radiation is measured
in a plasma in the slide-away regime.

There is always the possibility that during low density runaway experi-
ments, the density is chosen too low and that the plasma goes into the slide
away regime. Hence, to protect the ECE detection system from too extensive
exposure of radiation, only a few ECE channels are available during most of
the runaway experiments. In discharges with sufficient generation of high en-
ergetic runaways, where synchrotron radiation is observed, the ECE signals
normally do not show a saturation.

The interpretation of the ECE signals in a plasma with high energetic
runaways is not so straightforward as in a normal plasma. The signals con-
sist of a thermal and non-thermal contribution. Normally, the absorption

because of an incorrect normalization of the synchrotron power in {8].



3.3. OTHER RUNAWAY DIAGNOSTICS 41

and emission of ECE in a plasma is in equilibrium. Therefore, ECE is a
measure of temperature. In the presence of runaway electrons, down-shifted
(due to the relativistic motion) higher harmonics are measured too. An
exact temperature measurement is, therefore, difficult during the runaway
experiments.
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Chapter 4

Simulations

In this chapter, a closer look is taken at what can be expected from the syn-
chrotron measurements in TEXTOR-94. The formulas presented in chapter 3
are implemented into a computer code to simulate the time evolution of the
synchrotron radiation. Also, it is investigated how the emitted synchrotron
cone is projected on the poloidal cross section in the TEXTOR-94 geometry.

4.1 Radiation evolution

In this section, a code is presented that simulates the synchrotron radiation
evolution. The calculated evolutions that are expected to be measured in

TEXTOR-94 are discussed.

Code

The energy evolution of one electron in a tokamak, v(¢), is determined from
the difference in power gained from the electric field and the power lost by
radiation, dW/dt = moc*(dy/dt) = Pg — P. The power gain from the
electric field is Pg = eEc. For the power lost by radiation, equation (3.9)
is used with the approximated radius of curvature (3.16), which means that
only the toroidal motion and the cyclotron gyration of the electron are taken
into account. In this way, a v; for every jth time step is calculated for
one runaway electron. The maximum energy that is reached by a runaway
electron, follows from the equilibrium Pg — P = 0 Because the energy loss
due to collisions is small compared to the radiation loss, it is not taken into
account.

The total amount of power radiated by one electron P; is given by (3.9) for
every ;. It is assumed that all the emitted radiation falls into the detector,
but only a fraction of the total emitted wavelength spectrum is detected with

43



44 CHAPTER 4. SIMULATIONS

the infrared camera used at TEXTOR-94 (X € [3,8] pm). With the spectral
power density (3.14), the power per electron per wavelength interval is calcu-
lated for every ;. Integration over the detected wavelength range gives the
amount of power that is actually detected. For every electron energy +;, the
integrated power Per; = [5(dP/d)\) Ream(X)d) is determined, where Ream())
denotes the response function of the camera. In the model, Ream(A) =1 is
taken for the whole detectable wavelength range. In the simulation, the in-
tegral of detected power is approximated by Pyer,j = Yx(dP/dN) Ream (A)ANg
where the detectable wavelength range is divided in k£ = 50 intervals.

At every time step, dn,;; runaways are born, by both primary (2.8) and
secondary generation (2.14). After this runaway birth, every ith fraction
of density is followed in time. Because the runaways in TEXTOR-94 carry
a negligibly small current, no decrease in electric field is considered in the
model during the acceleration of the density fractions. At later time steps,
a finite confinement time 7, results in a continuous loss of runaways. In this
way, a matrix of density fractions is generated. At every ¢ = jth row a new
fraction of density is added, which is followed in time (matrix elements dn,;;
with j > ). The matrix elements dn,;; with j < 7 are all equal to zero.

Every jth time step now corresponds with i = j fractions of density
dn,;; and an electron energy +;, and, therefore, with an amount of power
per electron P; and detected power per electron Pge ;. The total density at
time ¢; = j dt follows from the summmation over all ¢ fractions of density at
that particular time j, 3.; dny;. The total power radiated by ore density
fraction (that has energy «;) is equal to the product dn,;P;. Here, it is
assumed that the distance between relativistic runaways within one density
fraction is sufficiently large to neglect the mutual interaction between the
electric and magnetic fields of the electromagnetic waves emitted by the
runaway electrons. The total amount of power radiated at a time ¢; is the
summation of these products over all density fractions ¢, 3; dn.;; Pj. For the
total detected power, it is found }; dny; Paer,j- The simulated evolution of
the synchrotron radiation, detected in TEXTOR-94, is given by this sum
calculated for every time j.

After a certain time span, an energy distribution can be calculated. For
each energy interval dv, the density fractions of runaways with an energy
within the energy interval are summed. Also, a distribution of radiated
power and of detected power can be estimated by adding the corresponding
power per energy interval.
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Results

The maximum v that is reached in TEXTOR-94 according to the above de-
scribed model is about 60 (see figure 4.1), which corresponds with an energy
of 30 MeV. This energy limit is a consequence of the radiation equilibrium.

60

40
>

20

Figure 4.1: Energy development of one runaway electron in TEXTOR-94.

In the calculation, § = v/c &~ 1. Furthermore, no evolution of the runaway
pitch angle distribution is taken into account, but = 0.1 for all energies. At
the time of runaway birth, however, 6 & vg/vens. During the acceleration,
the pitch angle decreases, so that at the moment when the electrons are ra-
diating significantly, the distribution peaks at # =~ 0.1. An increase in § due
to the ripple resonance (see section 2.4) is not taken into account. Finally,
no possible density dependence of § is taken into account. Other parameters
are chosen to be £ =~ 0.1 V/m, Z.g = 2, InA = 16. These values are typical
in TEXTOR-94.

In figure 4.2, the radiated power of one electron and the detected power
(wavelength range 3 — 8 pm) of one electron, both as function of time, are
shown. These evolutions are based on radiation calculations of an electron in
circular motion with an averaged radius of curvature due to toroidal motion
and cyclotron gyration (3.16).

The evolution of total runaway density is shown in figure 4.3. When the
runaway confinement time 7, is shorter than the avalanche time %, needed
for existing runaway electrons to kick out thermal electrons into the runaway
region (see figure 2.1), then the runaway density n, saturates. At the level
of saturation, the runaway generation equals the runaway loss. In the sim-
ulation, 7 = 0.1 s and ¢, = 0.5 s were taken. When, on the other hand,
the avalanche time ¢ is much smaller than the typical runaway confinement



46 CHAPTER 4. SIMULATIONS

-12

5X1 0 T T T T T
4x107"
—-12
S 3)(1 O
o 2x107?
1x107"

Figure 4.2: Total power radiated by one electron (P;) and power emitted by
one electron as detected by the IR camera (Pye, ;).
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Figure 4.3: FEvolution of runaway density for to = 0.5 s and (a) constant
runaway time 7, = 0.1 s, (b) constant runaway time 7. = 5 s and energy
dependent confinement time according to [1] with & = 0.2 ¢m. (Curves are
all normalized at same value of n,.)



4.1. RADIATION EVOLUTION 47

time, the secondary generation process is dominant. This is clear from the
exponential rise in density n, in figure 4.3. In this particular case, 7, = 5 s
and g = 0.5 s were taken.

In section 2.5, a description of an energy dependent runaway confinement
time by Mynick and Strachan [1] was discussed. A density evolution accord-
ing to that model is also shown in figure 4.3. The confinement reduction
curve is calibrated to thermal confinement of 20 ms, scaled with a velocity
factor veh/v, with v, the runaway velocity. A mode width § = 0.2 cm is
taken.

The simulated evolutions of the synchrotron radiation for an Ohmic run-
away discharge are shown in figure 4.4. In figure 4.4(b), a dominant secondary
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Figure 4.4: Simulation of the total power emitted by all runaways as detected
by the IR detector for a typical Ohmic runaway discharge (a) with constant
= 0.1s, (b) with constant 7, = 5.0 s and with an energy dependent con-
finement time according to [1] with § = 0.2 cm.

generation mechanism was assumed which is usually the case in TEXTOR-
94. Observations of a steady state radiation signal are scarce. An example
is found in [2]. The radiation evolutions in figure 4.4 are calculated for a
density development where tg = 0.5 sand . = 0.1 s, 7w =5sand § = 0.2 cm
as shown in figure 4.3.

Finally in figure 4.5, the energy distribution and radiated and detected
power distributions at ¢ = 5 s are shown. When secondary generation is the
dominant generation process, the energy distribution is much broader than is
the case when primary generation is the dominant production mechanism. At
v = 60 the radiation limit is reached. When the runaway confinement time 7,
is small, the energy spectrum remains narrow because of the small available
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Figure 4.5: (a) Distribution function and (b) power distribution (emitted and
detected) for 7, = 0.1 s (¢) Distribution function and (d) power distribution
(emitted and detected) for . =5 s

time for acceleration. The distribution of emitted synchrotron power differs
from the distribution of detected power, because in the latter case only a
small fraction of the total wavelength spectrum is observed. The spectra
show that runaways are significantly radiating when they have at least an
energy of 10 MeV. The distribution of detected power Pye; (wavelength range
A € [3,8] um) show that most of the detected radiation is, however, emitted
by the highest energetic runaways. This justifies the assumption of a 'mono-
energetic distribution’ in the interpretation of the radiation measurements.
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4.2 Poloidal projection of radiation cone

The synchrotron radiation is measured with a camera that views tangentially
into TEXTOR-94 in direction of electron approach. In this section, it is
investigated what is observed from the radiation cone emitted by the runaway
beam.

Code

The guiding center of runaway electrons follow the magnetic field lines. Lo-
cally, these field lines make a smaller angle with the equatorial plane at the
high field side (HFS) than at the low field side (LFS). At normal TEXTOR-
94 operation (plasma current I, in counter clockwise direction, toroidal mag-
netic field in clockwise direction), the field lines at the HFS point upwards.
The guiding center of a runaway electron has a similar topology.

From [3], we know that in case of relativistic particle energy, the topology
of the particle drift orbits differs from the topology of magnetic field lines.
The particle topology is characterized by a drift orbit safety factor gp which
is, however, still a function of » and 4. So, also in higher order approximation,
the drift orbits have a smaller inclination at the HFS with respect to the
equatorial plane than at the LFS.

A runaway electron gyrates around its guiding center. The gyrating ve-
locity vector forms a cone with vertex angle 26, i.e. twice the runaway pitch
angle. In [4], the effect of the pitch angle on the synchrotron spot was al-
ready studied. The horizontal extent of the synchrotron pattern was found
to be broader at the HFS than the diameter of the original runaway beam
by R(1 — cos ) where R is the major radius of the runaway orbits forming
the beam.

In the first section of this chapter, it was derived that for relativistic
electrons, the radiation is emitted in a small cone with half vertex angle
of 1/v. The runaway electrons that contribute significantly to the detected
synchrotron radiation have energies of more than 20 MeV. These electrons
have an total vertex angle of about 2° or even less. Hence, runaways that
are detected by the IR camera emit their radiation practically along their
velocity vector.

In conclusion, the synchrotron radiation of one electron is in good approx-
imation emitted along its velocity vector. Due to the gyration of the electron,
the velocity vector runs along along the surface of a cone with vertex angle
26. The top of the cone follows the guiding center motion, which is similar to
the helical topology of the magnetic field lines. The synchrotron radiation is
observed by looking tangentially into the tokamak in direction of electron ap-
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proach. The infrared camera records a poloidal projection of the synchrotron
radiation coming from the toroidal runaway beam. The synchrotron radia-
tion emitted along the electron velocity vector v (see equation (2.22)) falls
into the detector when v x (D — R) = 0, where D denotes the position of
the detector and R is the runaway position (see equation (2.23)), both with
respect to the axis of symmetry of the tokamak. This condition is treated
analytically in [5] where use is made of certain assumptions on position of
detector and runaway beam size compared to toroidal geometry. Results of
a numerical calculation are presented below.

Results

Figure 4.6 shows a few examples of calculated synchrotron patterns coming
from a set of nested runaway drift surfaces (y = 60) with radius rpay =
15 c¢cm and pitch angle § = 0, § = 0.05 and # = 0.1. D is taken in the
equatorial plane. In figure 4.7, the positions of the runaways from which
these patterns originate are shown in a schematic top view of TEXTOR-94.
In the calculation, a parabolic ¢(r) = gp(r) profile was assumed with edge
safety factor ¢, = 3.8. No drift orbit shift was taken into account.
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Figure 4.6: Poloidal projections of emitted synchrotron radiation for pitch
angle § =0, 6§ = 0.05 and 6 = 0.1 (rpax = 15 cm). The azes correspond to
the Cartesian coordinate system as given in figure 2.3.

The effect of the helical topology of the drift orbits on the synchrotron
pattern becomes clear from the runaway beam with pitch angle § = 0. Only
the velocity vectors of the lower left and the upper right part of the circular
runaway beam point into direction of the detector. The angle that the veloc-
ity vector, which is tangential to the helical drift orbit in case of § = 0, makes
with respect to the equatorial plane varies for different minor radius with ap-
proximately r/Rogn(r). Hence, the part of the circular runaway beam of
which the velocity vector hits the detector changes with minor radius. This
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Figure 4.7: Position in toroidal geometry (top view) of the runaway electrons
(dotted region) from which the synchrotron radiation falls into the detector
when § = 0. When 8 > 0, the region of runaway electron positions becomes
broader.

is clearly seen when a strongly varying gp profile is considered in the pattern
simulation. The synchrotron pattern from the circular runaway beam has in
that case a wave shape. In [5], the angle of the observed inclination with
respect to the equatorial plane is derived analytically, tan8 ~ (D — R)/qp.

The angle of the velocity vector with the equatorial plane, determined by
the ratio between the poloidal and toroidal magnetic field strength, is at the
HFS smaller than at the LFS. This causes an asymmetry in the synchrotron
pattern. For TEXTOR-94 geometry, the upper half of the pattern is larger
than the lower part. Because the difference between the HFS and LFS an-
gles is small, this effect is hardly observed from the calculated patterns in
figure 4.6.

The effect of a finite pitch angle ¢ is a broadening of the synchrotron
pattern in direction perpendicular to the line that matches the inclination of
the pattern. When 6 is chosen large enough, the radiation from the complete
runaway beam can fall onto the detector.
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Chapter 5

Runaway transport in Ohmic
plasmas

In this chapter, a method is presented how to derive the runaway diffusion
coefficient from the synchrotron measurements. We first restrict ourselves to
Ohmically heated plasmas. In the next chapter, the runaway transport prop-
erties during auxiliary heating are discussed. This chapter is a reproduction
of the article Diffusion of runaway electrons in TEXTOR-94’ by I.Entrop,
N.J.Lopes Cardozo, R.Jaspers and K.H.Finken, published in Plasma Physics
and Controlled Fusion 40 1998, 1513, reproduced with kind permission of
the journal editor.
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Abstract

In the TEXTOR-94 tokamak, radial profiles of synchrotron radiation from
relativistic runaway electrons have been measured. From these and mea-
surements of the evolution of the radiation, a radial profile of the diffusion
coefficient for the runaway electrons in the plasma core with W, =~ 25 MeV
was derived. At half radius, D, < 0.01 m%~! was found. This result is
compared with several other measurements of runaway diffusion coeflicients
derived mainly from runaway losses at the plasma edge.

5.1 Introduction

It is well known that thermal electron diffusivity in a tokamak plasma is
much larger than neoclassical theory predicts. A possible source for this
anomalous loss are magnetic field perturbations. In the study of the magnetic
perturbations runaway electrons could be helpful. Highly energetic runaways
are almost collisionless. They experience a drag force [1]

e*nelnA ( N Do + 1>

A edmev?

Fdrag,rel = (51)

where e and m, are the electron charge and the electron rest mass, n. is the
electron density, In A the Coulomb logarithm, v the electron velocity, Z.g the
effective charge and v the relativistic factor. The first term is due to collisions
with bulk electrons and will limit as v — ¢ to a smaller value as for electrons
with thermal velocity. The second term comes from collisions with ions and
will be negligible small for relativistic runaways. The runaway dynamics, e.g.
diffusion, is therefore mainly determined by magnetic turbulence.
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In the past, many experimental and theoretical studies on runaway trans-
port have been made, e.g. [2-10], of which several concentrated on the estima-
tion of the magnetic turbulence level with the help of runaway measurements
in tokamaks, for both the plasma edge and the plasma core. It has been
pointed out that a potential difficulty with using runaways as a probe for
magnetic fluctuations is the fact that the topology of runaway trajectories is
not necessarily the same as the topology of the magnetic field lines [11]. Also,
the large drift displacement of runaway electrons could decouple them from
field lines and so make them less sensitive to magnetic turbulence [11-13].

Most experiments on edge runaway transport are based on measurements
of hard x-ray bremsstrahlung. In [2], this x-ray bremsstrahlung comes from
a tungsten probe. For stable discharges with runaways of energy W, < 300
keV, a runaway diffusion coeflicient is found D, = 1 — 50 m?%~!. Runaway
flux fluctuations due to machine-driven oscillations were studied at PLT [3]
to deduce D, = 0.05 — 0.1 m%s~! for runaways with W, ~ 0.4 — 1 MeV. The
plasma column in ORMAK [4] was shifted inward, which decreased the ma-
jor radius. The shift left the runaways a longer distance at the low field side
to diffuse, and from the resulting changes in the hard x-ray bremsstrahlung,
an estimate of D, = 1072 — 1 m?%~! was made. A similar experiment was
done in TEXT [5,6] with the result D, ~ 2 m?~!. Other experiments in
TEXT concerning runaway diffusion are the generation of a stochastic layer
in the plasma edge by applying resonant magnetic fields. Switching on and
off the coils that produce these resonant magnetic fields caused changes in
the hard x-ray bremsstrahlung signal. From these changes, D, ~ 0.25 m?~!
could be estimated, determined at r ~ 0.9, i.e. a few centimeters more in-
ward than with the shift experiment. Finally, in ASDEX [7], the hard x-ray
bremsstrahlung at a radially movable target at the plasma edge was mea-
sured, produced by runaways that are generated only in the start-up phase
of discharges and that reach an energy of about 1 MeV. The characteristic
time for the decrease of the x-ray bremsstrahlung was interpreted as the run-
away confinement time 7. For Ohmic discharges, a value of 7, = 600 ms
was measured, about 12 times the energy confinement time. Photoactivation
measurements on the PLT limiter [8] lead to estimates of 7. = 50 — 90 ms
for runaways with W, = 8 — 23 MeV, which is in the range of 2-10 times the
thermal electron energy confinement time.

Diffusion of core runaways has been studied in JET and TEXTOR. In
JET [9], the perpendicular x-ray emission of runaways with energies up to
a few MeV was measured. A diffusion model simulating the evolution of
the line integrated x-ray signals was used to determine D, ~ 0.2 m?~! for
r < 0.5a. In the TEXTOR tokamak, runaways with energies larger than
20 MeV have been observed with an infrared (IR) camera [10,14-16], which
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Figure 5.1: Summary of results on runaway diffusion in tokamaks, including
the resull in the present paper for TEXTOR-94. For calculation of a diffusion
coefficient from confinement time (in case of ASDEX and PLT), the relation
(5.13) is taken.

measures the synchrotron radiation these highly relativistic electrons in the
plasma core emit. For Ohmic discharges, 7 > 1 s [10]. In a so-called runaway
snake [16], D, < 0.02 m?s~! is estimated. In figure 5.1, the above mentioned
results of the different runaway experiments are summarized.

Figure 5.1 shows that in the high energy range, a lack of experimental
data exists, mostly because of the differences in tokamak sizes and because
of limited working ranges of diagnostics. In that energy range, runaway
dynamics is the least influenced by collisions and, therefore, could be most
useful for turbulence measurements. Drift effects, however, will probably play
a significant role in this high energy range and could reduce the applicability
of runaway measurements for turbulence estimation, depending on the kind
of turbulence model that is assumed.

Runaway confinement in TEXTOR [10,16] was not studied in great detail
and only roughly estimated. The previous runaway experimentsin TEXTOR
were, furthermore, limited by the fact that only a small part of the plasma
cross section could be viewed. This inhibited the determination of radial
profiles of runaway densities. The present paper reports on experiments in
which the field of view was expanded to cover the full plasma. This allows
the determination of the profile of the runaway diffusion coeflicient.
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In section 5.2 a detailed description of the experimental set-up for the
observation of runaways, the image processing and a typical example of a
runaway discharge are given. In section 5.3, a simple diffusion model and
the assumptions needed for applying that model to the runaway case are
discussed. Measurements and the corresponding estimate of the runaway
diffusion coefficient are presented in section 5.4. The magnetic turbulence
level at the TEXTOR-94 plasma core is estimated and discussed in the last
section.

5.2 Experiment

5.2.1 Set-up

Experiments were performed in the TEXTOR-94 tokamak, which has a major
radius Ry = 1.75 m and minor radius @ = 0.46 m. Typical plasma parame-
ters used for this set of experiments are: toroidal magnetic field Bt = 2.25 T,
plasma current I, = 350 kA, flat-top time of about 5 s, flat-top loop volt-
age Vieop = 1.0 V. The line averaged electron density 7. was kept below
1.0 x 10" m™ to obtain typical Ohmic runaway discharges. The syn-
chrotron radiation, originating from the movement of the highly relativistic
runaways, is measured with an Inframetrics thermographic camera. This
camera uses a single HgCdTe detector and a scanning mirror (NTSC-TV
standard, i.e. one two-dimensional picture in 16 ms). It is sensitive in the
wavelength range of 3 — 14 pum, but as CaF, optics are used, the working
range is 3—8 pm. The line of sight of the camera is tangential to the plasma
in the direction of electron approach. Figure 5.2 shows a schematic set-up
used for synchrotron radiation measurements.

The difference of the present set-up with earlier experiments [10,14-16],
is the use of a concave mirror (see figure 5.2). This mirror views a complete
poloidal cross section instead of only a part of it. This complete overview
enables us to study the radial distribution of the synchrotron radiation.

5.2.2 Image processing

In figure 5.3, a typical example of an image made with the NTSC infrared
camera is shown. In this image taken at ¢ ~ 4 s, the synchrotron radiation
originating from the runaways is visible as a clear spot. The images are
deformed due to the concave mirror. In images taken before the synchrotron
radiation is observed, thermal radiation from the ALT limiter and windows
in the liner is detected. Using these window and limiter positions as points of
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Figure 5.2: Schematic set-up for synchrotron measurements. The plasma
current direction is counter-clockwise, the direction of the toroidal magnetic
field is clockwise. Using reference points in the vessel wall, the runaway orbits
are constructed for pitch angle 8 = 0.

reference, it is possible to correct for the image deformation. Figure 5.2 shows
this construction of the major radii of runaway orbits. For this construction,
a pitch angle of the runaways 8 = v, /v = 0 is assumed, which means that
the synchrotron radiation would be emitted only in forward direction. In
TEXTOR, typically § = 0.12 [10] which leads to an error in orbit major
radius of only a few percent.

During a discharge, an image is scanned every 16 ms and recorded on
video tape. The images are software processed afterwards. Integration boxes
are defined, e.g. a box which contains the total synchrotron spot or a narrow
slit across the image in the equatorial plane (see figure 5.3). The integrated
signal within the boxes can be used as a time trace of the synchrotron radi-
ation intensity, after background correction.

In case a narrow slit in the equatorial plane is considered, it is possible
to obtain the intensity as a function of horizontal, i.e. radial, position. For
every position in horizontal direction, the image signal is integrated only in
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Figure 5.3: (a) Typical IR image of a runaway discharge, here att = 4 s, with
synchrotron radiation as the brighter spot. In the IR image, 2 examples of
software defined integration bozes are shown, 1) including total synchrotron
spot and 2) a narrow slit in equatorial plane. (b) A view inside TEXTOR-
94, made with a normal photocamera from the same position and in the same
direction as the IR camera takes its pictures.

the vertical direction over the slit width. The error made in the obtained
profile due to the finite width of the slit is small when the slit is narrow. The
result from this kind of image processing is a radial distribution profile of the
synchrotron radiation.

5.2.3 Typical measurement

From the integration box that includes the total synchrotron spot (see fig-
ure 5.3(«)), the evolution of synchrotron radiation for two different discharges
normalized to number of pixels is plotted in figure 5.4. For one of the dis-
charges, also the result taken from the slit-shaped integration box is shown.
In one case (#62788), the radiation level reaches a steady state at ¢ ~ 4
s. Other cases have been observed where the synchrotron radiation does not
reach a steady state, but rises continuously, which is ascribed to secondary
generation [15]. An example of this is also shown in figure 5.4 (#64720).
In this paper, we will not address the question why those two modes exist.
Only cases for which the radiation reaches an equilibrium are considered.

In figure 5.5, the radial distribution at ¢ ~ 4 s, taken from the narrow
slit in figure 5.3(a), is shown. The maximum is shifted due to the Shafranov
shift and the large drift of the runaway orbits. These and other aspects of
the measurements are treated in detail in section 5.4.
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Figure 5.4: Two types of evolution of synchrotron radiation taken from the
total spot integration boz (see figure 5.3(a)) and the evolution of synchrotron
radiation taken from the slit integration box (intensity normalized to pizel
number). In the present paper, discharge #62788 is considered.

5.3 Method of data analysis

5.3.1 Transport model

In this paper, we assume that the transport of the runaways is diffusive. In
general, diffusive processes are described by the diffusion equation

on
—=-V.-I'+S§ 5.2
o * (5:2)
where n is the particle density, I' the particle flux and S a source density.
Possible convection is not taken into account, therefore the particle flux is
related to the gradient of the density by Fick’s law only

I'=-DVn (5.3)

where D is the diffusion coefficient. For the tokamak case, an axisymmetric
cylindrical coordinate system is chosen. We consider the diffusion during
steady state, where the loss of particles equals the generation, i.e. %n = 0.
Assuming the source density of the particles is only a function of r, i.e.
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Figure 5.5: Radial distribution of synchrotron radiation, taken from narrow
slit (see figure 5.3), as function of minor radius.

S(r,8,z) = S(r), and taking the volume integral of (5.2), an expression for
the radial particle flux is found

r

I(r) = % f P S(r) (5.4)

Jombining (5.3) and (5.4), the relation between the radial diffusion coefficient
to the (integrated) source density and gradient of the particle density is

D(r) = (% / r'dr'S(r')) / (%%ﬂ) . (5.5)

If the source density and the gradient of the particle density could be mea-
sured, (5.5) provides a direct way of deriving the diffusion coefficient profile
for particles under consideration.

5.3.2 Relation between intensity of radiation and num-
ber of runaways

To calculate the diffusion coeflicient profile (5.5) for runaway electrons, the
gradient of the runaway particle density n, and information about the source
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density has to be known. In this and the next subsection we will give a thor-
ough justification, how to derive these runaway quantities from the intensity
measurements.

According to Schwinger [17], the power emitted by one electron in a
circular orbit in all directions and per wavelength interval is

dpe AT mecire b . . )
o= [ Kaps(t)de (5.6)
) _ 4R

v 33

where m, is the electron rest mass, ¢ the speed of light, r. is the classical
Thomson electron radius, v the relativistic factor and a measure of the elec-
tron energy, A the wavelength of the emitted synchrotron radiation, R the
radius of curvature and Ky/3 the modified Bessel function. The effect of
changes in energy (i.e.’in v), pitch angle (which influence the effective radius
of curvature R) and energy distribution on the synchrotron spectrum (5.6)
was studied in [10]. With decreasing A, the spectrum strongly decreases and
because of strong energy and pitch angle dependence, the highest energy and
largest pitch angle dominate the spectrum. Runaways that emit radiation
in the wavelength range of the IR detector (i.e. 3 — 8 um), have an energy
of at least 20 MeV. Therefore, all conclusions derived from the IR measure-
ments only apply to these high energetic electrons. When a source profile is
mentioned, then the source of these runaways with energy W, > 20 MeV is
meant, i.e. it is not the same as the birth rate of runaways [15]. Another
consequence is that the effect of energy loss of a runaway below the 20 MeV
limit is treated as a ‘particle loss’.

The power of the synchrotron radiation is determined by the number of
runaways N, and by their energy W; (see (5.6)), P = P(N;,W,). In fact,
not the power, but the intensity of the synchrotron radiation is measured.
This radiation is emitted in a cone shape as a consequence of the relativistic
runaway energies. The pitch angle § could in addition enhance the vertex
angle of the radiation cone. This pitch angle does not change significantly
after runaways reached energies of ca. 25 MeV and, therefore, approximately
a constant part of this cone falls within the detector size. Averaging over a
full toroidal transit of an electron, the measured intensity is proportional to
the emitted power, and, hence, I = I(N,, Wy;r,8). To relate the measured
intensity time trace to runaway quantities, it is necessary to know the en-
ergy distribution of the runaway population. However, this distribution is
unknown and, therefore, assumptions concerning the runaway energy distri-
bution function need to be made. To interpret the radial intensity profiles
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as particle density profiles, the shape of the radial energy profile must be
assumed as well.

In [10], a mono-energetic and a flat energy distribution have been con-
sidered. Measurements with three different filters in front of the IR camera
showed that the determination of the energy is not very sensitive to the exact
shape of the distribution function; the results for the two different extreme
cases differ only 15%. Monte Carlo simulations show a fairly peaked en-
ergy dependence in the synchrotron radiation, with a maximum at 25 MeV.
Moreover, runaways are first detected by the IR camera at an energy of about
20 MeV. They will gain only a few more MeV, up to an energy of about 25
MeV, because an equilibrium between energy gain from the accelerating elec-
tric field and energy loss because of interaction between magnetic field ripple
and runaway motion is reached after At ~ 1.5 s [10]. In addition, as we
noted before, the highest energy will dominate the spectrum. If we consider
the measured data at t > 2 s, the assumption of mono-energetic distribution
function will lead to a maximal error of 15%.

Such a mono-energetic distribution function implies a constant radial run-
away energy profile. However, from drift orbit calculations [18], it is well
known that the higher the runaway energy, the larger the drifts are that
the orbits experience. For runaways with different energies, this leads, in a
poloidal cross section, to a configuration of shifted, non-concentric, orbits.
The energy profile of the runaways is therefore in the case of nonmono-
energetic electrons an increasing function of major radius. Because the emit-
ted intensity is energy-dependent (from (5.6)) and the density of higher ener-
getic runaways is larger at the low field side, the nonmono-energetic case leads
to an asymmetric I-profile. This gives a systematic error in determining Vi,
from VI, assuming a mono-energetic distribution function. However, such
a strong asymmetry is not observed, which is consistent with assumption
of mono-energetic energy distribution and, therefore, also of the constant
energy profile.

Based on these considerations, a mono-energetic distribution is assumed
for the present experiment, so that the radiated power is a direct measure
of the number of runaways N,, or, the measured intensity is a measure of
runaway density n,. The gradient of the particle density, needed to determine
the diffusion coefficient profile (5.5) for runaways, is therefore estimated from
the intensity profiles I(r) = Iyi(r) normalized to the profile maximum g,
where i(r) defines the profile shape.
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5.3.3 Source density profile

The complete expression for the diffusion coefficient profile (5.5) in measured
quantities is obtained by additionally determining the integrated source den-
sity of the 25 MeV runaways. First, we assume that the source is constant
in time. This is justified, because only discharges that reach a steady state
are considered.

The strength of the source density profile follows from the diffusion equa-
tion (5.2),

on .

— =5 5.7

ot|,_,, (5.7)
where ¢y is when the IR signal starts to rise and, therefore, the first term
of the righthandside of (5.2) —V - I is negligible small (negligible amount
of 25 MeV runaways). The total source, i.e. the volume integrated source
density, is determined from the intensity time trace I, by measuring the time
derivative at ¢y and normalizing to the value in steady state. Unfortunately,
a calculation of the source density strength from the birth rate A [15] using
the plasma parameters is only possible within large uncertainty.

Because the shape of the source density profile can be derived only rather
inaccurately, two extreme forms are considered, leading to an upper and
lower limit of the diffusion coefficient. A self-consistent solution is found by
iteration.

The first approximation of the source profile is given by a § function

é
Supper(r) = ST(T) , e<r<a (5.8)

where a is the minor radius of the tokamak and ¢ > 0 small !. The source is
located at r = 0, i.e. at the cylinder axis, and has an amplitude s. Earlier
experiments [10] show that the birth rate A is a strongly increasing function
of the parameter €, which scales with T,n;!. Because temperature profiles
are more peaked in the plasma center than density profiles, A is largest at
the center. Consequently, runaways most likely reach the 20 MeV-threshold
of the detection system first at the center of the plasma, which justifies
(5.8). For this extreme of the source density profile, an upper limit Dy ypper is
found, because at a surface at radius r clearly too much of the source density
is assumed within the cylindrical volume enclosed by the surface compared
to a more realistic case with broader profiles and finite diffusion.

!This footnote is not part of the reproduced paper. Actually, the source Supper 1S zero
on the given range of » because the delta function is only non-zero at » = 0. The source
should be defined for all 0 < r < a. Because of the cylindrical coordinate system, there is
a factor 1/7 in the definition, which drops out when Sypper is volume integrated.
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The other extreme is a constant profile

2
Slower(T) = “:i’ 5 r<a

P
This extreme case of source density profile leads to a lower limit of the dif-
fusion coeflicient D, jower of the runaways.

A self-consistent solution is found by assuming that the runaway distribu-
tion has a given width at the critical energy, and that this profile broadens
during the acceleration due to diffusion with a constant D,. In [10], it is
derived that the width (HWHM) of the runaway creation zone is approx-
imately 7 ¢cm in TEXTOR. Therefore, for the third approximation of the
source profile, a Gaussian birth rate distribution is assumed

Sy = sCexp (— <Uil)2) (5.9)

where C' is a normalization constant and o1 = [(Argwawm)?/In2]/? with
Argwam = 7 cm. This iteration process converges to D, i, with the cor-
responding width of the 25 MeV runaway source profile.

We remark that it is likely that the diffusion coefficient is a decreasing
function of the runaway energy (e.g. because larger orbit drifts result in a
stronger averaging over fluctuations that could cause the diffusion). There-
fore, D,; is still an upper estimate.

5.3.4 Diffusion coefficient

Now, the different estimates of the runaway diffusion coefficient can be ex-
pressed in terms of the measured quantities / (from the profile measurements)
and / (from the time trace measurements) depending on which shape is taken
for the source density profile. From section 5.3.2, the density gradient

on Ot

— ~ [y

or or

From section 5.3.3, the total source is given by
/ S(r)dV; ~ 1(@)izto /1(a) im0
0

where V, is the volume within a surface with radius r, a is the minor radius
and oo denotes steady state. For Sypper we finally find a diffusion coefficient
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D upper(r) = _M—:—%_SL

where k is a constant depending on the chosen parametrization of the mea-
sured intensity profile :(r). For Siower,

profile

(5.10)

r\2

Dy jower(r) = <E) Drupper(T) - (5.11)

Since the upper limit is obtained for a narrow source profile, which implies
a low D, in the accelerating phase, whereas the flat source profile leading to
Dy jower implies a high D, it is ensured that a self-consistent solution exists
that is in between Dy jower annd Dy ypper-

For the third approximation, C in Sj (5.9) is calculated from the total
source strength. The expression for the diffusion coefficient becomes

A ol PR
e @I

where o, is the width calculated from D, -, after At.

5.4 Results

Figure 5.6 shows the line integrated density, the current, the loop voltage
and the neutron signal for an Ohmic runaway discharge. The density is kept
below 1.0 x 10'® m™ to get a reasonable amount of high energetic runaways.
The typical operation scenario for runaway discharges may be different from
that in other tokamaks: in TEXTOR-94, it was verified that the runaways
are not predominantly born at the start of the discharge during the high loop
voltage phase, but throughout the low density discharge. The sudden bursts
in the neutron signal at the end of the discharge are a result of runaway loss.
For this shot, an evolution of the synchrotron radiation is measured within a
slit as is discussed in section 5.2. In figure 5.4 the result was already shown
(#62788). The figure shows that for this particular discharge, it takes about
0.5 s before the first synchrotron radiation is to be seen, i.e. before the 20
MeV energy threshold is reached. The amount of radiation is rising, until it
becomes constant and a steady state is reached at ¢ ~ 4 s. At t ~ 5.5 s, the
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Figure 5.6: 7., I, Vieop and neutron signal of the analyzed discharge

(#62788).

current decays a,ncl the synchrotron radiation disappears rapidly. From this
figure, to = 0.5 s, ilt:0,55 and flt_,oo are measured. At this time #g, the first
synchrotron radiation appears, while the quantities n., T, and electric field
E are approximately in steady state.

In figure 5.7, the radial distribution profiles at different times of this shot
are plotted. The dotted vertical line corresponds to the geometrical center of
TEXTOR-94. The difference between the maxima of the profiles at ¢t = 4 s
and t = 5 s is 15 %, which is equivalent to the 'noise’ in figure 5.4 (#62788)
for t > 4 s. The maxima of the distributions are shifted by § = 14 + 2 ¢m
to the low field side. This shift is a combination of the Shafranov shift (in
TEXTOR-94 approximately 4 cm) and the drift due to the high energy of
the runaways from which the radiation originates. Considering the profile at
1 =55, i.e. at steady state, a triangle profile is a good first approximation, if
the gradient J:/0r is determined only in the range r € [20,35] cm. For this
parametrization, k in diffusion coefficient (5.10) is a?/6.

The effect of the pitch angle 8 is, according to [10], only measurable at the
high field side of the tokamak. For this experiment, it means a correction of
only a few centimeters. There is a negligible effect on the determination of the
gradient Jn/0r by measuring 01/0r, because in the range that we consider,
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Figure 5.7: Radial profiles of synchrotron radiation at different times as func-
tion of minor radius.

f has the same effect for all r € [20,35] cm. The intensity measured at a
radius r; € [20,35] cm originates from runaways at r; < 7 < Tmax, Where
Tmax depends on 8 and 1y, — r1 = Ar is constant for all ry € [20,35] cm.
From the linearity of the gradient in I, it follows that the same must be
valid for the gradient in n,, so that the relation between 81/dr and dn/0r is
independent of 4.

The measurements give the following upper limit for the runaway diffusion
coefficient (using (5.10))

2.2+0.1) x 1073
prper(r):( 2:4£0.1) x 107,

r[m]
The lower estimate of the diffusion coefficient is (from (5.11))
Dy jower(r) = (10 £1) x 107*r[m] m?*s™

Starting with Sj;, the iteration converges at a width of ¢ &~ 23 cm. The
results for the different estimates are plotted in figure 5.8. At r = 0.5a, we
find for the different coefficients

Dypper =~ 10 x 1072 m?s™!
Dilower = 2% 1073 m?%~!

Dt 6 x 107% m%~!

%
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Figure 5.8: r-dependence of radial runaway diffusion coefficient. The figure
shows the upper limit, lower limit, and the self-consistent solution found by
iteration. The curves are based on measurements in the range r € [20,35]
em.

The runaway diffusion coefficient D, in the range r € [20, 35] cm is, therefore,
to be expected to be of the order 1072 m?%s~!.

A rough estimate for the corresponding runaway confinement time (in the
cylindrical case)

a2

5.6D (5.13)

TR

gives 7. > 3.5 s, derived from Dy ypper-

5.5 Discussion

With the use of a simple diffusion model, it is possible to give an estimate
of the radial diffusion coefficient for runaway electrons in TEXTOR-94 for
the range of radii r € [20,35] cm. Figure 5.8 shows that for r = 0.5a this is
2x 107 m% ! < D, < 10 x 1073 m2s™1.

Earlier runaway experiments at TEXTOR [10,15] show for Ohmic dis-
charges a lower limit of runaway confinement time of 7, > 1 s. This corre-
sponds (using (5.13)) to an upper limit of the diffusion coefficient of D, <
0.04m?™'. In a so-called runaway snake [16], this upper limit was found



70 CHAPTER 5. RUNAWAY TRANSPORT IN OHMIC PLASMAS

to be even lower, D, < 0.02m?s™!, at » ~ 0.3¢. The result derived in the
present paper is in good agreement with these earlier results.

Runaway diffusion is best compared to thermal transport. Since runaways
are effectively test particles, they are not subjected to ambipolar diffusion.
Furthermore, runaways do not experience recycling effects as thermal parti-
cles do. Electron heat transport as determined by power balance analysis,
for the type of discharges at had, typically has x. ~ 1 m2%~! [19], where Y.
denotes the electron diffusivity.

Hence, the measured runaway diffusion coefficient is found to be two to
three orders smaller than the thermal electron diffusivity, a result that is in
qualitative agreement with earlier experiments [5,6]. There are several pos-
sible causes for this difference. Firstly, if classical, collision induced diffusion
were prevailing, a similar difference would be expected. However, in that
case both D, and x. would be orders of magnitude smaller than the observed
values. So, mechanisms are required to enhance both D, and x.. In [5],
it is suggested that thermal electron diffusion is dominated by electrostatic
turbulence, which leaves the runaways unaffected. However, this leaves open
the question of the small but finite runaway diffusion. Magnetic turbulence is
another possible cause of enhanced transport of both runaway electrons and
heat. Estimates of runaway diffusion in the presence of magnetic turbulence,
commonly follow [20], which presumes a fully stochastic field throughout the
tokamak. The test particle diffusion coefficient is estimated by

where v is the velocity along the magnetic field lines. For the magnetic
diffusion coefficient Dy is taken the quasilinear estimate

Dy = mqRo(b?) (5.15)

where { ) denotes a flux surface average and b, = (B,)/(Br) with B, the
radial component of the perturbing magnetic field. This estimate leads to a
higher diffusion rate for runaway electrons than thermal energy, in disagree-
ment with the experimental result. Moreover, according to this estimate, the
allowed level of b, < 107® for the measured runaway diffusion rate. Such a
low level of magnetic turbulence is not expected in view of the measurements
in Tore Supra [21]. However, there are several mechanisms that can reduce
the effect of magnetic turbulence on runaway electrons.

It is unlikely that at acceptable perturbation levels of b, < 1072 the
entire field will be chaotic. Instead, chains of islands and good surfaces will
remain [22]. As was pointed out in [23], in this situation the net diffusion
of runaway electrons is determined by the insulating layers. Since in those
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layers the runaway diffusion is much lower than that of the thermal electrons,
the net value of D, may be lower than x.. In this picture of turbulent layers,
profile measurements of synchrotron radiation interpreted as runaway density
profiles, would show steps in the gradient, which has not been observed. We
note, however, that due to their high curvature B drift velocity runaway
electrons do not follow an individual field line but average the B field over
their drift orbit and have a smoothing effect on the measured profiles. The
reduction of transport due to this averaging is estimated in [13], and could
amount to two orders of magnitude for the 25 MeV runaway electrons in
TEXTOR-94.

Another view of turbulent structure are stochastic cells, which exist for
some time randomly distributed in space, decay and reappear at another
location. This model is inspired by the observed filaments of the plasma
current in'RTP [24,25]. Filaments are observed with a width of the order of
5-10 mm with a lifetime of hundreds of microseconds. Runaways complete
a toroidal circle in ca. 30 ns. If a stochastic cell with a width of 1 cm
lives for a few 100 us, the runaways will sufficiently often pass the cell to
be deflected by one cell diameter Az ~ 0.01 m. For D, < 10 x 1073 m?%*~!
and with D, ~ (Az)?/7en, a time scale 7.y > 10 ms is obtained. This time
Teell 18 interpreted as the time after which a new stochastic cell close to the
old one is born. The creation time of neighboring cells should be of the
same order of magnitude as the decay time of the cell, to maintain a finite
number of filaments. The measured lifetime of filaments and 7. differ a few
orders of magnitude, which is not in favor for this turbulence model. It could
be expected that the lifetime of filaments in TEXTOR-94 is larger than in
RTP, which would lead to more consistency. It may be worth noting that a
transport reducing effect of drift orbit shifts will be smaller in this turbulence
model than the case of turbulent layers due to the randomness of the cells.

Finally, (5.14) is derived for conditions that may not be satisfied in a
tokamak. In [22] the collisionless test particle diffusion is estimated based
on a numerical treatment of the chaotic magnetic field. This resulted in a
different scaling, with DrU|1|/ 3, which strongly reduces the enhancement of
runaway diffusion with respect to thermal diffusion. In conclusion, in the
absence of a quantitative theory for test particle transport in a mixed field
topology, it is not possible to estimate the magnetic turbulence level on the
basis of the runaway confinement measurements.

At first glance, large differences exist between the results on runaway
transport, quoted in the introduction. Figure (5.1) shows, however, that
the runaway diffusion coefficient tends to decrease with increasing energy.
Furthermore, we note that most of the prior experiments deal with runaway
transport in the plasma edge. It is expected that the magnetic turbulence
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Table 5.1: Summary of results on runaway diffusion and corresponding drift
orbit shifts.

IT-3 PLT ORMAK TEXT ASDEX JET TEXTOR-94

W, (MeV) | <03 041 10 1 1 1 25
8-23

D, (m%~T) | 1-50 0.06-0.1 0.01-1 0.25-2  0.07 0.2 <0.01
0.4-0.8

d(cm)| 03 03 15 0.5 05 05 15
411

dja (%) | 4 1 65 2 1 0.5 10-30
10-30

in the plasma edge is higher than in the plasma core, which leads to a larger
transport in the edge region than in the core. This, however, can not account
for all the differences and certainly not for the differences between experi-
ments both concerning the plasma core (e.g. in JET and TEXTOR-94). If
we assume that the magnetic turbulence occurs as chains of islands between
good surfaces, we can compare the transport reducing effect of the drift orbit
shift for the different experiments. According to [10], the drift displacement
can be given by W
gy
d= ocBr (5.16)

where § is the average safety factor along the runaway orbit and W, the run-
away energy. In table 5.1, an overview is given of d and of the drift compared
to minor radius. From [13], it follows that the reduction of transport due
to the drifts in ASDEX, TEXT, LT-3 and JET could amount up to only
one order of magnitude, whereas the reduction in TEXTOR-94 is two orders
of magnitude. In [12], it is actually shown that in TEXT drift corrections
are small. In ORMAK and PLT (results from photoactivation of limiter),
the drift effect is comparable with that in TEXTOR-94. We suggest that
in ORMAK and PLT (in case of high energy runaways), different from the
other experiments, drift effects play a non-negligible role and that the differ-
ences in diffusion coeflicient estimates between ORMAK and TEXTOR-94
are mainly due to a difference in turbulence level respectively in the edge and
the core of a plasma. Note that most results of larger D, for lower energetic
runaways, as shown in fig 5.1 and again in table 5.1, are consistent with the
statement in section 5.3.3 that during the acceleration phase runaways in
TEXTOR-94 have a larger D, than is assumed for calculation of D, .

In conclusion, using synchrotron radiation profiles and evolution of the
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synchrotron radiation from runaways, an upper limit of the runaway diffu-
sion coeflicient could be made, D, < 0.01 m?s~!. The measurement method
we used in our experiments, gives, compared with most of the methods used
in other tokamaks, direct information from the runaways and enables us to
determine a relatively accurate diffusion rate of these runaways. Unfortu-
nately, these runaway confinement measurements turn out to be less suitable
for estimating the magnetic turbulence level, first of all because of failing
quantitative theory of test particle transport in mixed field topologies, but
also because of the large energy of the runaways in TEXTOR-94 which leads
to a large reduction in diffusion in case of turbulence as chains of islands
between good surfaces.
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Chapter 6

Runaway transport during
additional heating

In this chapter, runaway experiments with auxiliary heating are discussed.
The first part of this chapter presents experimental evidence of the energy
dependence of the runaway confinement time which is expected when mag-
netic turbulence is the main cause for runaway transport. This section is
a reproduction of the letter ’Scale size of magnetic turbulence in tokamaks
probed with 30 MeV electrons’, by L.Entrop, N.J.Lopes Cardozo, R.Jaspers,
K.H.Finken, that is submitted to Phys. Rev. Letters. The second part of
this chapter is a more detailed discussion of the runaway transport measure-
ments during heating. This part is meant to be submitted to Plasma Phys.
and Contr. Fusion and, therefore, presented in paper format.
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6.1 Scale size of magnetic turbulence in toka-
maks probed with 30 MeV electrons

I.Entrop!, N.J. Lopes Cardozo!, R. Jaspers!, K.H. Finken?
Partners in Trilateral Euregio Cluster:

'FOM-Instituut voor Plasmafysica 'Rijnhuizen’, Association
Euratom-FOM, P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands
Institut fiir Plasmaphysik, Forschungszentrum Jilich GmbH, EURATOM
Association, D-52425 Jiilich, Germany

Abstract

Measurements of synchrotron radiation emitted by 30 MeV runaway electrons
in the TEXTOR-94 tokamak show that after switching on Neutral Beam In-
jection (NBI), the runaway population decays. The decay only starts after a
significant delay, which decreases with increasing NBI heating power. This
delay provides first direct evidence of the energy dependence of runaway con-
finement, which is expected if magnetic modes govern the loss of runaways.
Application of the theory by Mynick and Strachan (Phys. Fluids 24, 695
(1981)) yields estimates for the 'mode width’ (§) of magnetic perturbations:
¢ < 0.5 cm in Ohmic discharges, increasing to § = 4.4 cm for 0.6 MW NBIL

One of the outstanding issues in thermonuclear fusion research remains
the anomalous conduction of heat by the electrons in the plasma. In a toka-
mak, the hot plasma is confined in a toroidal geometry by means of magnetic
fields. The field topology is such that field lines lie on nested toroidal sur-
faces. Transport in the direction perpendicular to the surfaces is reduced by
many orders of magnitude by the presence of the field. However, the mea-
sured heat fluxes carried by the electrons exceed the theoretically achievable
minimum by 1-2 orders of magnitude. This anomaly is generally ascribed
to turbulence, which may be of electrostatic or of magnetic nature, or both.
There has been extensive research into transport caused by electrostatic fluc-
tuations. Recently, means have been found to greatly reduce the heat loss
caused by these [1]. Magnetic turbulence is more difficult to diagnose, since
perturbing fields of the order B/B = 107° can already contribute significantly
to the heat flux carried by the electrons. The only direct measurements of
B in the core of a tokamak plasma, using the cross-polarization scattering of
microwaves, did show the presence of B at transport relevant levels in Tore
Supra [2,3].

Electrons with energy much higher than the thermal energy in principle
can provide a probe to study magnetic turbulence, since diffusion due to
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electrostatic turbulence scales with v~!, whereas the magnetically induced
diffusion scales as v, where v is the electron velocity. Moreover, since in a
plasma the mean free path of an electron scales as v%, collisional transport
is negligibly small for high energy electrons. The absence of collisions is also
the reason why in tokamak plasmas of sufficiently low density a small fraction
of the electrons (so-called runaway electrons) undergo a free fall acceleration
and can reach energies in the MeV range, in a background plasma with a
temperature of ~ 1 keV.

In several studies runaway electrons have been used to assess magnetic
turbulence. One principal difficulty is that runaway electrons in the 1 MeV
energy range cannot be diagnosed until they leave the plasma and hit the wall
and produce X-rays. Thus, in [4] experimental techniques have been used to
probe magnetic turbulence in the edge of the plasma. Direct observation of
runaway electrons in the center of the plasma column has been performed at
the TEXTOR-94 experiment, making use of the synchrotron emission. This
method diagnoses runaway electrons in a much higher energy range, typically
25—30 MeV. The high energy poses another problem. The orbits of electrons
of such high energy are shifted with respect to the magnetic field topology by
a few cm, which strongly reduces their sensitivity to magnetic perturbations
with a radial correlation length smaller than this orbit shift [5]. In fact, this
orbit shift is the reason why high energy runaway electrons are often observed
to have much better confinement than thermal electrons (e.g. [6,7]).

So, the question is: how can the observable high energy runaway electrons
be used to probe magnetic turbulence with a scale much smaller than their
orbit shift.

In this Letter, an analysis is presented based on a novel observation:
when auxiliary heating is applied to a plasma with a pre-existing runaway
population, this population is observed to decrease. Clearly, the runaway
confinement is deteriorated by the power input, which is expected since it
is well known that confinement of heat and thermal particles also degrades
with increasing heating power. However, the decline of the runaway popu-
lation does not start instantaneously after the heating is switched on, but is
significantly delayed. It is shown that this delay is due to loss of runaway
confinement at a lower energy, which only later appears as reduced influx of
observable runaway electrons at high energy. If there is a critical energy be-
low which the runaway electrons are lost, the delay time is the time electrons
at the critical energy need to be accelerated to the energy where they become
observable. Thus, the delay time can be related to the critical energy, and
so to the radial scale length of the magnetic turbulence.

In [5] the energy dependence of runaway confinement, based on the aver-
aging effect of the orbit shift, is calculated and related to the mode width’ §
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of the magnetic perturbations. This theory has been applied to the present
data to refine the estimate of the radial scale length of the magnetic pertur-
bations. Since the delay depends on the level of NBI, so does the §. Thus,
from the dynamic evolution after NBI switch-on, of a runaway population at
30 MeV, conclusions can be drawn on the grain size of magnetic turbulence
as a function of NBI power.

The experiments were carried out in the TEXTOR-94 tokamak, with
major radius Ry = 1.75 m, minor radius ¢ = 0.46 m, toroidal magnetic field
By = 2.2 T, toroidal plasma current I, = 350 kA, circular cross section.
The target plasmas had line averaged electron density 7, = 0.6 x 10*® m~3.
In such discharges a runaway population develops which is diagnosed by
measuring the synchrotron emission with an infrared camera viewing the
plasma tangentially, in the direction of electron approach (see Fig. 6.1). The
measuring technique is described in Refs. [7-9].

In these discharges, both the primary generation (electrons in the tail of
the velocity distribution crossing the critical runaway energy) and secondary
generation process (in which an already existing runaway kicks a thermal
electron across the critical runaway energy [10]), are important. The latter
process results in an exponential growth of the population, as witnessed by
the infrared signal (Fig. 6.1) [11], and is independent of the plasma density.

The balance between the energy gain from the toroidal electric field and
the energy loss through synchrotron radiation is reached at ~ 30 MeV [9].
Monte Carlo simulations showed that the velocity distribution develops a
broad peak near this energy. The synchrotron emission is a strong function
of the runaway energy, so that the infrared signal is dominated by the most
energetic electrons in the distribution.

In the experiments described in this paper, additional plasma heating is
applied using NBI, with power levels up to 0.6 MW. The Ohmic dissipation
in the target plasma is ~ 0.4 MW. The NBI is switched on at ¢t = 3 s, for an
interval of 1.5 s. For comparison, the energy confinement time of the target
plasma is 7z = 20 ms, the global current diffusion time 7. &~ 300 ms. After
the switch-on of the NBI, i increases. This is a spurious effect in the present
experiment, which will be discussed later.

In the Ohmic phase the runaway confinement time (7,) is excellent, 7 >
3.5 s [7], and the infrared signal shows an exponential rise. During the NBI
interval, the infrared signals start to decrease, with a rate depending on the
NBI power. Typical traces are shown in Fig. 6.2.

Note that, especially for the lower power levels, the signals continue to
rise for up to 1 s, before the decay starts. It is this continued rise for which
a physical mechanism must be found.
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To interpret these signals, a simulation code has been used which caleu-
lates the synchrotron emission taking into account the primary and secondary
generation, the evolution of the runaway population in velocity space, and
the diffusion in real space.

First, the effects of i) a change of the runaway diffusion coefficient, and
ii) a change of the toroidal electric field as a result of NBI (either due to
heating, or to current drive) were investigated. Also the combination of i)
and 1i) was studied. It was found that while these mechanisms do lead to a
decay of the synchrotron emission, the response is immediate. The continued
growth of the signal could not be reproduced.

Secondly, the possible increase of 7. is considered. Since the signals are
well into the domain where secondary generation dominates, an increase of
ne does not affect the generation rate. Experiments were carried out in
which gas puffs were applied to a target plasma without additional heating,
to study the effect of the density increase alone. In those experiments the
7, increase was typically 200%. It was found that the gas puff did result
in a roll over of the IR signals, with delay times of 0.6 to more than 1.5 s.
In comparison, for the NBI discharges presented here, the increase of #, is
negligible for < 0.2 MW NBI, about 70% for 0.4 MW, increasing to 100%
at 0.6 MW. We conclude that the contribution of the spurious 7, increase to
the roll over of the signals is small. Finally, since an increase of 72, does not
affect the runaway generation its effect on the IR signal must be ascribed to
a deterioration of runaway confinement. It can therefore be treated on the
same footing as the application of NBI power.

As a third possibility, an energy dependent change of runaway confine-
ment was investigated, along the lines set out in the introduction. Simula-
tions were performed in which it was assumed that before NBI, 7. = 5 s inde-
pendent of the electron energy, whereas during NBI 7, = 0.1 s for W < Wiep,
and 7, = 5 s for W > Wyep,, where W is the energy of the runaway electron.
Typical results are given in Fig. 6.3, showing that this energy dependence
does produce signal shapes very similar to those observed in the experiment.

From these simulations we conclude, that of the various mechanisms that
were considered, only an energy dependent runaway confinement can quali-
tatively reproduce the observations. This constitutes the first experimental
proof of an energy dependent runaway confinement such as might be expected
due to the averaging effect of the orbit shift.

There is a degree of arbitrariness in the choice of 7. below Wetep. Fur-
ther, the step function is only the simplest choice to test the viability of the
concept, and has no physical justification. Nonetheless, the result is fairly
robust: to achieve delay times that are in the range from 1 s (which is approx-
imately the time a 100 keV electron needs to be accelerated to the ’visible’
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Figure 6.1: (a) Set-up for detection of runaway electrons in TEXTOR-94.
(b) Typical IR picture showing the synchrotron radiation in a poloidal pro-
jection. Indicated is a software defined integration box. The evolution of
the synchrotron radiation follows from the integrated signal within this boz.
Thermal background is subtracted. (c) Time evolution of synchrotron radi-
ation, line averaged density, loop voltage and plasma current in an Ohmic
runaway discharge.
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Figure 6.2: Measured radiation evolutions of runaway discharges. Att =3 s,
NBI is applied for 1.5 s, as indicated by the lines. The current flat top ends
at about t = 5 s. The curves are normalized at their synchrotron radiation
level at t = 3 s.
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Figure 6.3: Simulated radiation signals where at t = 3 s the confinement time
of runaways changes from 5 s to 0.1 s for runaways with W < Wi,
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30 MeV) down to 0.1 s or less, clearly the critical energy must vary in the
range 100 keV to 30MeV. The orbit shifts corresponding to these energies
are 0.02 — 6 cm.

To estimate the grain size of the magnetic turbulence, a further analysis
has been made adopting the theory of transport reduction due to orbit shift
averaging by Mynick and Strachan [5]. This gives a prescription of the run-
away confinement as a function of energy, determined by two parameters: a)
the width ¢ of the magnetic mode; b) the background transport, i.e. the con-
finement of runaway electrons at an energy at which no transport reduction
occurs. Further, the discharge parameters Ry, B, and I, are used to evaluate
the absolute value of the orbit shift d, according to d.(W) = ¢W/(eByc) with
¢ the average safety factor. The energy dependent reduction of confinement,
presented in a graph in [5], is represented by the expression

. dr 5.7
LIPS (1+1.1—)

Tr,O 5

in the present simulations. Simulations are made in which the mode width & is
a control parameter, which is systematically varied between simulations. The
reduction curve is calibrated in absolute sense by equating the test particle
transport at low energy (7,) to thermal confinement, with a correction factor
for velocity, as is prescribed in [5].
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Figure 6.4: Simulated radiation signals where at t = 3 s the averaged mode
width § is changed. Beforet =3 s, 6 =0.2 ¢cm, aftert =3 5,8 =0.5—5 ¢m.
5 = 20 ms.

Figure 6.4 depicts examples of simulated signals, showing that with the
theoretical expression for the energy dependent confinement reduction indeed
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Figure 6.5: Relation between averaged mode width § and additional heating
power Pogq derived from a comparison between simulated and measured radi-
ation signals.

signals are obtained that are similar to the observed ones. From a comparison
of the simulated and measured signals, the free parameter §, i.e. the width
of the perturbing modes is found for the different NBI power levels used in
the experiment. The result is given in Fig. 6.5.

The figure shows that § is an increasing function of the NBI power. The
absolute values depend on the calibration of the reduction curve, which is
rather uncertain. However, since the reduction curve is very steep, the ab-
solute calibration is not a sensitive parameter; varying it by an order of
magnitude changes the resulting value of § by only a factor two.

The values are quite similar to measurements of the radial correlation
length of density fluctuations measured with correlation reflectometry in JET
[12].

Interpreting the mode width as the width of chains of magnetic islands,
the perturbing field can be estimated. Here it is important to note that in
order for the runaways to be lost due to magnetic turbulence, the plasma
must be filled with chains of islands. A region with good surfaces would act
as a very effective transport barrier {13]. This, together with the estimated
mode width of several cm, implies poloidal mode numbers of at least ~ 10.
The typical perturbing field is then estimated at B/B = 2 x 10~ for Ohmic
discharges increasing to B/B = 1073 for 0.6 MW NBIL This compares well
with the values of B/B measured in Tore Supra [2,3].

In conclusion, we have shown that upon application of NBI, the popu-
lation of 30 MeV runaway electrons in TEXTOR-94 decays, but that this
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decay only starts after a delay of up to 1 s. Simulations showed that only
an energy dependent runaway confinement can account for this delay. The
delay times are associated to critical energies below which the increased run-
away loss sets in. Electrons at these energies have an orbit shift of typically
0.02 — 6 cm. By application of the theory for orbit shift suppression of run-
away transport in the presence of magnetic turbulence, it was found that the
perturbing magnetic modes have a typical mode width of < 0.5 cm in Ohmic
discharges, increasing to 4.4 cm at 0.6 MW NBI.

This work was done under the Euratom-KFA and Euratom-FOM associ-
ation agreements with financial support from NWO and Euratom.
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Abstract

Measurements of synchrotron radiation emitted by 30 MeV runaway electrons
in the TEXTOR-94 tokamak are reported. The effect of auxiliary heating
(neutral beam injection (NBI) and ion cyclotron resonance heating (ICRH))
on the confinement of runaways is investigated. In the Ohmic phase of the
discharge runaway confinement is extremely good, and the population grows
exponentially. Some time (up to 1 s) after the heating is switched on, the
runaway population starts to decrease. The time delay and the rate of decay
are functions (decreasing and increasing, resp.) of the heating power.

The signals are interpreted using a simulation code, in which various
loss processes can be implemented. To explain the delayed reaction of the
synchrotron radiation signal after switching on the heating, an energy de-
pendence of runaway confinement must be invoked; the loss of lower energy
runaways appears as a lack of radiating high energy runaways only after the
time necessary for acceleration.

This energy dependent confinement has been predicted theoretically by
Mynick and Strachan, Phys. Fluids 24 (1981) p. 695, based on the energy
dependent orbit shift which averages out the effect of magnetic perturba-
tions. Application of this theory to the present data leads to an estimate
of § < 0.5 cm in Ohmic discharges, to § = 4 cm for 0.6 MW neutral beam
heating, & being the typical 'mode width’ of the magnetic perturbations.
Correspondingly, typical magnetic field perturbations B,/B = 2 x 107> for
Ohmic discharges and 1 x 1072 for 0.6 MW NBI are estimated.

6.2.1 Introduction

The phenomenon of electron runaway plays a role in different fields of re-
search within plasmaphysics. For future fusion reactors, it is important to
avoid large amounts of runaway electrons with high energy, because they can
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severely damage the reactor vessel. A good understanding of the different
generation processes is therefore necessary [1-3]. Another field of investiga-
tion concerns the understanding of anomalous transport. Because runaway
transport is assumed to be mainly dominated by magnetic field perturba-
tions, the study of runaway confinement could be a tool to investigate the
role of magnetic perturbations in anomalous transport [4-6]. Also, large
magnetic structures can be studied using runaways [7]. This paper concen-
trates on the study of runaway transport during additional heating. The aim
is to investigate the influence of the heating on magnetic turbulence.

In [8], measurements of runaway transport in Ohmic runaway discharges
have been described. An expression was found for the diffusion coefficient as
function of minor radius. At half radius, typical values are 0.002 m?s~! <
D, < 0.010 m?s~!. Following [9], the upper limit for the runaway diffusion
coefficient led to an extremely low estimate for the magnetic turbulence level
B./B of 107, where B, is the radial component of the perturbing magnetic
field and B the magnetic field. Suggested explanations for that were, first,
the drift orbit averaging effects due to the relatively large orbit shift of the
high energetic runaways and, secondly, the fact that the magnetic field struc-
ture during a steady state, non-disrupting, discharge is far from completely
stochastic as is the starting point for the derivation in [9].

Despite the drift orbit averaging effects of high energetic runaway elec-
trons, it is interesting to study runaway confinement during additional heat-
ing. First experiments [10,11] have shown a degradation of runaway confine-
ment when increasing amounts of heating power were applied. In this paper,
a detailed study of runaway discharges with additional heating is presented.
The main questions to be answered are: What is the effect of additional
heating on runaway confinement? How is this effect related to magnetic tur-
bulence? Can high energy runaway electrons, with an orbit shift of several
cm, be used to probe magnetic turbulence with a scale smaller than that?

To answer these questions, additional heating at different amounts of
power, either by neutral beam injection (NBI) or by ion cyclotron resonance
heating (ICRH), is applied to typical runaway discharges. The synchrotron
radiation emitted by the relativistic runaways is measured. The behavior of
the runaway electrons under heating conditions is derived from the radiation
signals. To account for the different effects in the interpretation, a simula-
tion code has been developed which computes the evolution of the runaway
population in phase space, accounting for possible variations in the source
(generation) and loss (enhanced transport) terms, as well as the measured
loop voltage. It is essential to carefully model the evolution in velocity space,
since e.g. a loss on runaway electrons at low energy only shows up in the
synchrotron emission after this ’gap’ in distribution function has been ac-
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celerated to the energy where significant synchrotron radiation is emitted,
typically 25 — 30 MeV. In the measured signals, indeed a delayed response is
observed after the auxiliary heating is switched on. This delay is character-
istic of a reduction of confinement of runaways at low energy. The theory of
Mynick and Strachan [4] is used to relate the energy dependence of runaway
confinement time to the typical size and level of magnetic turbulence.

In section 6.2.2, relevant formulas concerning runaway generation pro-
cesses and synchrotron radiation which are implemented into the code for
simulating the radiation evolutions are presented. Runaway electron trans-
port is shortly discussed. The detection method of runaways in TEXTOR-94
and the observations are presented in section 6.2.3 and 6.2.4, respectively. In
section 6.2.5, simulations of radiation signals of runaway discharges with ad-
ditional heating that qualitatively explain the observed shape of radiation
signals are shown. In section 6.2.6, the theoretical model of Mynick and
Strachan is used to derive size and level of magnetic turbulence from the
observed shape of radiation evolutions. Finally, in section 6.2.7, the results
are discussed.

6.2.2 Theory
Runaway generation

Two runaway generation processes are known. First, there is the primary
generation where the change in runaway density n, is given by

dnypr
dt

with A, the runaway birth rate, v, the collision frequency of (thermal) elec-
trons and n. the electron density. Birth rate A, is an exponential function of
¢ = E/E., with the critical electric field £, = e’ InAn./(4meimevw), where e
and m, are the electron charge and mass, InA the Coulomb logarithm and vy,
the thermal electron velocity (to give the birth rate an explicit effective ion
charge number Z.g-dependence (see for instance [12]), the above definition

= A\ leNle (6.1)

of E. does not contain Zeg).
Second, already existing runaway electrons can kick thermal electrons
into the runaway regime by close Coulomb collisions

dnpgec My
Zmsec T 2
dt to (6:2)

where according to [13]

V12InAmec(2 + Zog)
t(] =
9eE

(6.3)
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is the time within which a runaway electron creates another runaway electron.
This process is referred to as secondary generation. The secondary generation
process is in first approximation independent of n.. The n. dependence in
the collision frequency of the already existing runaways, vsee & (AW )nec
with o the cross section, cancels out when the critical electron energy at
which a runaway is created, W, & €’lnAnc(2+ Zeg)/(87€2E), is taken for the
minimum energy transfer, AW ~ W.. In TEXTOR-94, the critical energy is
about 100 keV.

In [12], the runaway density is calculated analytically as function of time,
including primary and secondary generation,

n(t) = Mvenete(exp(t/teg) — 1) + n.(0)exp(t/teq) (6.4)

An effective time t.q was introduced, t;f = t5' —7!, where 7, is the runaway
confinement time. A small t.q means a relatively strong exponential rise in

n.. When ¢y and 7, are such that .z becomes negative, n, decays in time.

Synchrotron radiation

The power radiated by one electron that moves on a circular orbit per wave-
length interval is approximated by [14,15]

dp 3 2 3 <
=y N TMeCTey /Wexp(—4ﬂR/3A7 ) . (6.5)

with re the classical Thomson electron radius, v the relativistic factor and
measure of runaway electron energy and R the radius of curvature. The
power of a runaway electron in a tokamak is approximated by eq. (6.5) with
R the helical runaway orbit, R™! &~ (1 — 6%)/ Ry + eB08/(m.cy). Here, Ry is
the major radius and # = v, /v is the runaway pitch angle. Integration over
the full wavelength spectrum gives Py = 2remec®y*/(3R?). The energy
evolution of one electron, ¥(t), is determined from the difference between
the amount of runaway energy W, gained from the electric field and the
amount of energy lost by radiation, dW,/dt = m.c*(dy/dt) = Pg — Pyn with
Pg = cEc. In TEXTOR-94, the radiation equilibrium (Pg — Praa = 0) limits
the runaway energy at 30 MeV (6 = 0.1).

Several other mechanisms can limit the runaway electron energy. In
TEXTOR-94, the most relevant of these mechanisms is a resonance between
the runaway electron motion and the magnetic field ripple [16]. Monte Carlo
simulations [10] have shown that an effective energy blocking occurs already
at energies < 30 MeV. This is approximately equal to the radiation energy
limit (for = 0.1).
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Runaway transport

A quasilinear collisionless estimate of the perpendicular electron transport co-
efficient due to magnetic perturbations is given by [9] as D ~ wqRUv”(Br/BV
with v the electron velocity parallel to the magnetic field and ¢ the averaged
safety factor along the runaway electron orbit. Transport due to electrostatic
. fluctuations is proportional to v;'. Because of the relativistic energies of run-
away electrons, we assume that the runaway transport is mainly determined
by magnetic fluctuations.

In [4,5], it is pointed out that the electron drift orbit shift, d,, due to
magnetic field gradient and curvature, averages the effect of magnetic field
perturbations on runaway transport. A particle without drift runs along
a constant-phase line in the (¥, ¢) plane of the mode rational flux surface.
The magnetic field runs parallel to the lines of constant phase. The driftless
particle receives a kick from the mode in the same direction at all points
along its trajectory. Particles with large orbit shifts, i.e. particles with
large energy, have an oscillating trajectory in the (¥, $) plane. Hence, these
particles experience perturbations from the mode of varying phase in one
transit period. This phase average of the radial displacement due to the
mode is less than the maximum amplitude of the mode for drifts d, > 7 /k,
where k, is the perpendicular wave number of the perturbation. Secondly,
a runaway electron with d;, > §, where § is the average mode width of the
perturbation, senses the mode only a fraction of its transit period due to the
shift. This causes an additional reduction in coupling strength of the electron
with the mode. The total transport arising from the sum of the contributions
of all modes, is therefore reduced.

The runaway electrons in TEXTOR-94 reach relativistic energies which
lead to a considerable drift orbit shift, in first order approximation given by

d, = ¢W,/eBc = gymec/eB (6.6)

where again ¢ is the averaged safety factor along the runaway electron orbit
and « is the relativistic factor. In [17], in which the drift orbit topology of
relativistic particles is described, it is shown that higher order energy effects
increase the drift orbit shift. For the energy range of the runaway electrons
in TEXTOR-94, the correction to eq. (6.6) due to these higher order energy
effects is, however, smaller than 1% and negligible for the purposes of this

paper.
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6.2.3 Runaway detection in TEXTOR-94

Runaways in TEXTOR-94 are detected by the measurement of the syn-
chrotron radiation they emit forwardly in a small cone with half vertex angle
1/v. The radiation is in the infrared (IR) range of wavelengths. With an
IR camera, viewing tangentially into the plasma in direction of electron ap-
proach, poloidal projections of the synchrotron radiation cone coming from
the toroidal runaway beam are made (detected wavelengths at TEXTOR-94
A € [3,8] pm). The IR pictures are stored on video tape during the ex-
periments and processed afterwards. The time evolution of the synchrotron
radiation is deduced by integration of the synchrotron intensity within a soft-
ware defined box in the IR pictures. Figure 6.6 shows the set-up, a typical
IR picture of the poloidal projection and the evolution of the radiation for
an Ohmic runaway discharge. Also, the evolutions of line averaged density
Tie, loop voltage Woop en plasma current I, are shown.

When a constant part of the synchrotron radiation cone is falling into the
detector and when we average over a full toroidal transit of an electron, then
the measured intensity is a function of the total number of runaway electrons
and of their energy. No measurements on the exact energy distribution are
available. In the interpretation of previous experiments [7,8,11], a mono-
energetic energy distribution of 25 MeV runaways was assumed. Monte Carlo
simulations show a peaked energy dependence of synchrotron radiation with
a maximum at 25 MeV and also measurements show- that within an error
of 15%, no difference between a flat or a mono-energetic distribution can be
recognized from spectral measurements [10]. Under the assumption of mono-
energetic energy distribution, the intensity evolution can be interpreted as
the evolution of total number of runaways N,.

6.2.4 Observations
Experiments

Experiments were done in the TEXTOR-94 tokamak, which has major radius
Ry = 1.75 m and minor radius ¢ = 0.46 m. During the experiments, the
toroidal magnetic field was B = 2.2 T, and the plasma current [, varied
from experiment to experiment in the range 350-450 kA. Ohmic runaway
discharges can be made very reproducible in TEXTOR-94. As long as the
line averaged density is kept low, fie < 1 x 10'® m™2 the generation of
runaways in the plasma center during the flat top phase of the discharge is
achieved. For the experiments presented in this paper, NBI was applied in
a power range from 0.1 to 1.3 MW. The beam was injected in co-direction
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Figure 6.6: (a) Set-up for detection of runaways in TEXTOR-94. (b) Typ-
ical IR picture showing the synchrotron radiation in a poloidal projection.
Indicated is a software defined integration box. Thermal background is sub-
tracted. (¢) Time evolution of synchrotron radiation, line averaged density,
loop voltage and plasma current in an Ohmic discharge. In this plot of the
synchrotron radiation signal, the thermal background is not subtracted.
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with respect to the plasma current. ICRH was applied in a power range from
0.15 to 0.85 MW. There are a few discharges with both NBI and ICRH.

During application of NBI, i, rises. The increase in n, is depending
on the injected power and is in the range 0% up to 190%. It takes up to
300 ms to reach the maximum density. For comparison, also discharges were
made with a 7, increase by means of a gas pufl without any heating. The
Ne-increases in these gas puff experiments were in the range of 135% up to
340%.

In table 6.1, an overview is given of the discharges analyzed in the present
paper. Indicated are density 7. and loop voltage Voo, both before and
after the heating or gas puff, and the time at which the heating or gas puff
starts, theat OF tpus, and the length of the heating or gas puff interval, Atpeat
or Atpug. Also, the energy confinement time determined from diamagnetic
energy measurements, 7g, is indicated for several discharges. Because of
the low densities, the error in 73 is relatively large, about 25%. During
all runaway discharges, at the most two channels of the electron cyclotron
emission (ECE) system were available. The central temperature in Ohmic
runaway discharges can only be roughly estimated to be 1 —2 keV. In several
discharges with NBI heating, a density increase was programmed to avoid
the beam shine through. An additional density increase during heating can
be caused by the heating mechanism itself and its effect on the vessel wall.
The radiation signals of a few typical discharges with increasing amounts
of applied power either by NBI or ICRH listed in table 6.1 are shown in
figure 6.7.

Ohmic part of discharge

All of the discharges listed in table 6.1 exhibit an approximately exponential
rise in the radiation signal in the Ohmic part of the discharge. So, the
secondary generation process is the dominant generation process in these
series of experiments, i.e. {y < 7.. The effective rise time f.g varies from
0.3 s to 0.8 s depending on the plasma parameters. The avalanche time
is tg = 0.42 s according to eq. (6.3) with InA = 16, £ = 0.1 V/m and
Zeg = 2. The avalanche time is of the same order as the measured t.g.
Because ¢t = t;' — 77!, that implies that the runaway confinement time
is large compared to t5. For example, when 7. = 5 s and t; = 0.42 s, it
follows that tes ~ 0.46 s. In [8], it was indeed estimated 7, > 3.5 s in Ohmic
discharges. Note that the avalanche time is, hence, well estimated by eq.

(6.3).
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# NBI-co | ICRH | fiep, fle,a Vioops | Vicop,a | theat OT | Atpear OT | T
(MW) | (MW) | (10" m~%) | (10" m~®) | (V) (V) toutt (8) | Atpug (s) | (ms)
61977 |- - 0.70 1.9 0.95 1.03 |25 2 -
61980 | - - 0.70 1.9 1.00 1.00 |25 2 -
61981 |- - 0.70 1.9 1.02 1.02 |25 2 -
61985 | - - 0.70 2.5 1.12 1.03 |25 2 -
61987 |- - 0.70 3.1 0.99 1.05 |25 2 -
62790 |- - 0.51 1.2 0.86 1.08 | 2.5 2.5 24
64721~ | 0.09 - 0.63 0.63 1.13 1.10 |3 2.5 -
64717 | 0.14 - 0.63 0.63 1.12 1.08 |3 2.5 -
67607 | 0.14 - 0.67 0.70 1.17 109 |3 1.5 10
73207 | 0.16 - 0.60 0.78 1.07 099 |3 1.5 -
73751 | 0.17(D) | - 0.63 0.78 1.03 1.03 |3 1.5 16
67608 | 0.24 - 0.67 0.70 1.16 1.00 |3 1.5 12
73209 |0.32 - 0.59 1.0 1.06 092 |3 1.5 18
62795 | 0.39 - 0.50 1.4 0.82 090 |27 1.0 M
73210 | 0.39 - 0.59 1.1 1.06 |08 |3 1.5 21
73212 | 0.59 - 0.59 1.3 1.04 082 |3 1.5 25
62791 | 0.60 - 0.50 1.3 0.81 0.90 |27 1.0 31
551807 [ 1.3 - 0.59 1.7 1.06 047 |2 1.5 -
67599 |- 0.17 0.67 0.73 1.11 1.16 |3 1.5 10
73764 | - 0.26 0.61 0.70 1.04 1.03 |3 1.5 -
67600 |- 0.34 0.67 0.84 1.13 1.07 |3 1.5 14
67601 |- 0.51 0.67 0.90 1.10 1.13 |3 1.5 16
73763 | - 0.51 0.62 0.83 1.06 097 |3 1.5 7
67602 |- 0.68 0.67 1.0 1.10 1.13 |3 1.5 16
67603 |- 0.85 0.67 1.0 1.12 1.09 |3 1.5 16
73752 | 0.17(D) | 0.17 0.63 0.84 1.05 093 |3 1.5 14
73753 | 0.17(D) | 0.34 0.63 1.0 1.13 098 |3 1.5 18

Table 6.1: Overview of the analyzed runaway discharges with gas puff and
additional heating. Ohmic heating is Po < 0.4 MW. Indicated are n. and
Vioop, both before (subscript '6’) and after (subscript ’a’) the puff or heating.
The Vieop is estimated after a typical current diffusion time of 300 ms. Also
the time interval of puffing or heating is shown, as well as 5. Hydrogen was
used for the neutral beam, except for the cases marked with a ’D’ at which
a deuterium beam was injected. The stars at the shot numbers denote those
cases where I, = 450 kA. In all other discharges, I, = 350 kA. The dagger
denotes a discharge in TEXTOR, where the the current flat top phase ended
at 2.5 s (so only 0.5 s of the heating interval coincidences with this phase).
The other discharges are done in TEXTOR-94 where the flat top phase ended
at about 5 s.
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Figure 6.7: Measured radiation evolutions of runaway discharges at which
fromt =3 s until t = 4.5 s heating is applied as indicated by the lines. The
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Additionally heated part of discharge

In all discharges, it is observed that, directly after the auxiliary heating is
switched on at ¢ = fpeat, the radiation signal continues to rise. The more
power is applied, the shorter the continuation of the rise is. After that initial
rise, the signal either continues to rise, now with another effective rise time
compared to the Ohmic part, or it decays (i.e. t.g becomes negative). The
decay is delayed by At = fax — theat, indicated in figure 6.7, where ¢,y is
the time of maximum in the radiation signal. Figure 6.8 shows that At is
rapidly decreasing with input power P, and density f2,. The Ohmic heating
power is Po < 0.4 MW for these discharges.
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Figure 6.8: The delay of the mazima in the radiation signals, At = tax—Theat
both as function of total heating power and density.

In figure 6.9, t; (the inverse of the effective rise or delay time) is plotted
as function of additional power P,qq for all discharges listed in table 6.1.
The figure shows that te'ﬂl decreases with increasing P,qq. The results for the
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Figure 6.9: Inverse of the effective time teg as function of additional heating
power. There is no density correction made in this plot. Positive effective
times correspond to rising radiation signal during heating, negative times
correspond to a decaying radiation signal.

ICRH discharges show a less strong dependence on P,yq. However, in this
plot no correction for the density increase is made. The increase in 7, is
typically larger in case of NBI than in case of ICRH. Figure 6.10 shows that
the absolute value of the effective time of only the decaying signals, |teq|, is
decreasing with increasing 7, as well as increasing Pis.

The parameters At and [feg| are mainly introduced to characterize the
measured signals. Later, the measured signals are compared to radiation
signals calculated with a simulation code. This comparison is done on the
basis of these characteristic parameters of measured and simulated radiation
signals.

During additional heating, a decrease in electric field E is expected be-
cause of a decrease in resistivity due to a temperature increase or because of
changes in bootstrap current and current drive effects.

We assume that the loop voltage Visop is a measure of the electric field in
the plasma center after a current diffusion time ~ 300 ms in TEXTOR-94.
From table 6.1, it follows that the change in Vioop and, therefore, in F is
mostly relatively small, about 20%. The discharge with 1.3 MW NBI power
is an exception, with a 50% drop of the electric field. Three examples of
time traces of Vo are shown in figure 6.11. While in the Ohmic part of the
discharge the sawtooth activity is low (AT./T. < 10%), the amplitude and
the repetition time of the sawteeth increase during NBI. In the discharge
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Figure 6.10: The absolute value of the decay itime, |ten|, of the decaying
radiation signals as function of total power and line averaged density.

with 0.6 MW heating, AT./T. ~ 15%, the discharge with 1.3 MW shows
AT, /T, = 40%.

Gas puff experiments

In the gas pufl experiments (with no additional heating), the i increases
in the range 135% to 340%. When the density increase is only 135%, the
radiation signal continues to rise during a time > 1.5 s and does not show
a maximum. Larger gas puffs show a roll over in the radiation signals, after
delay times At of > 0.6 s. Hence, the radiation signals depend on 7. From
figure 6.10, it is derived |tem| oc .72

When it is assumed that the effect of a density increase on |teg| in these
gas puff experiments is similar to the effect of the density increase during
the heating interval, the n.-corrected dependence of |teg| on P is derived



6.2. RUNAWAY TRANSPORT DURING HEATING 99

T T

0.16 MW NBI

Figure 6.11: Loop voltage signals for three different discharges with neutral
beam injection (73207, 73209 and 73212). The loop voltage decreases during
the heating interval up to approzimately 20%.

for the experiments with auxiliary heating. It is found that approximately
ltegr| x A72P52 for the NBI and ICRH experiments. The effect of Pio; with
ICRH is somewhat smaller than with NBI. However, the ICRH data consists
of only three data points, which gives a relative large uncertainty in the exact
P,or-dependence.

6.2.5 Simulations

All the observed radiation signals show a dominant secondary generation
process in the Ohmic phase of the discharge. Therefore, a code has been
developed that simulates the amount of measured radiation, including both
the primary and secondary generation mechanism. The energy evolution of
one runaway electron is calculated including the radiation limit as discussed
in section 6.2.2. The power emitted by one runaway electron that is measured
with the IR camera, P, is obtained from eq. (6.5) with wave length A €
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[3,8] um. The total detected synchrotron radiation Py at a time #; follows
from the integration of all runaway density fractions at ¢; having some energy
¥(¢1) multiplied by corresponding runaway power P(v(¢1)).

Ohmic discharge

Simulated evolutions of the synchrotron radiation for an Ohmic runaway
discharge are shown in figure 6.12. Also, the energy distribution and the
detected power distribution are shown. Experimentally, a pitch angle § ~ 0.1
is estimated for the high energetic runaways in TEXTOR-94, which can
be explained by electron-ion collisions [10]. Therefore, a constant § = 0.1
is chosen in the simulations. The runaway confinement time 7, is chosen
constant 7. = 5 s, based on estimates in previous experiments [8,10]. Other
parameters are £ = 0.093 V/m, Zss = 2, InA = 16, which are typical in
TEXTOR-94.

A runaway electron in TEXTOR-94 reaches an energy of about 30 MeV
{i.e. v = 60) after approximately 1.5 s. Figure 6.12(a) shows that the
simulated radiation signal is exponentionally rising as long as ¢y < 7, i.e. the
secondary generation is the dominant generation mechanism. When ¢y > 1, a
steady state situation is reached as shown in figure 6.12(b). In this particular
example, 7, = 0.1 s is chosen. Observations of a steady state radiation signal
are scarce. An example is found in [8].

Figure 6.12 also shows the energy and detected power (wavelength range
A € [3,8] um) distributions after 5 s. When secondary generation is the
dominant generation process, the energy distribution is broad. Because of the
exponential character of the population growth by secondary generation, no
accumulation at the maximum reachable energy, v &/ 60, occurs. When the
runaway confinement time 7. < g is small, the time available for acceleration
is small as well and the energy spectrum remains narrow. The distributions
of detected power show that most of the detected radiation is emitted by the
highest energetic runaways.

Additionally heated discharge

Figure 6.9 shows that with increasing additional heating, the inverse of effec-
tive time decreases. Because t7 = 5! — 77! where avalanche time tq ~ 1/E
is given by eq. (6.3), and runaway confinement 7, is an unknown parameter,
a decrease in tg suggests a decrease in confinement 7, or a decrease in elec-
tric field E. Recall that the secondary generation mechanism is dominant in
these series of experiments. Because this generation process is independent
on electron density 7., a change in 7, is not considered in the simulations.
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Figure 6.12: The evolutions of the simulated radiation in an Ohmic runaway
discharge, including secondary generation. Avalanche time is ty = 0.42 s.
(a) 7. =5 s, s0 tg < 7 and the signal rises exponentially. (b) 7, = 0.1 s, so
to > T and the radiation signal reaches steady state. (c) Energy distributions
after 3 s, both for 7, >ty and 1, < to. (d) Detected power distributions after
& s, both for . >ty and 1, < ty.
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However, the radiation signals did show a response on a density increase
(gas puff experiments). The physical mechanism behind that observation is
not really understood. Because of the observed weak response of the signal
at density increases of < 135% (no roll-over), we assume that the density
increase effect may be neglected in the interpretation of the synchrotron ra-
diation measurements during auxiliary heating, as long as we consider the
discharges with an density increase < 135%.

A change in Z.g influences both the primary and secondary generation
process. Simulations show, however, that the effect on the generation pro-
cesses of an increase or decrease in Z.g of more than 50% does not result in
radiation signals that roll over. The effect of a change in Z.g on the electric
field is treated explicitly as a change in E.

Change in runaway confinement time During its acceleration, a run-
away runs through the whole energy spectrum. A priori, it is unknown in
what stage of the acceleration the electron experiences a bigger loss when
heating or a gas puff is applied. Therefore, a runaway confinement that is a
step function of energy parameter v is implemented into the radiation code
as shown in figure 6.13. The energy of the step, Ysiep, can be varied over the
whole runaway energy range in different simulations.

5 e
w
~ IR
R N [
Af— B —
0.1 |
1
Ystep
Y

Figure 6.13: Before the heating starts, t < tneas, runaways have all the
same confinement time 7, = 5 5. When t > tpea, confinement time be-
comes 7, = 0.1 s for runaways with energy v < vsep. For runaways with
Y 2 Yetep, the confinement time remains 7. = 5 s. The step can vary in
different simulations.
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In figure 6.14(a), simulated radiation signals are shown, where at ¢ < tjea
the confinement time is constant 7, = 5 s and at ¢ > tpes

Y < Ystep:Tr = 0.1s

7275&;)371‘ = 5s

The lower 7. is chosen in such a way, that it is significantly smaller than
the time needed to reach the equilibrium runaway energy (at the most 1.5 s).
Examples are shown with vsep = 0,20, 40, 50, 60. €2 denotes the case Ysep =
0, as already shown in figure 6.12. When vy, = 60, runaways of all energies
have 7, = 0.1 s at ¢ > theas as no particles with v > Ystep €Xist.
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Figure 6.14: (a) Simulated radiation signals where at t = 3 s the confinement
of runaways changes from 5 s to 0.1 s for runaways with v < ~Ysep. Simula-
tions with yeep = 0,20,40,50,60 are shown. N’ denotes the case without any
changes as shown in figure 6.12(a) (b) Simulated radiation signals, where at
t =3 s the electric field changes from 0.093 V/m either to 0.079 V/m or to
0.051 V/m. (c¢) Simulated radiation signals where att = 3 s, both the electric
field is decreased from 0.093 V/m to 0.051 V/m and 7. changes from 5 s to
0.1 s for runaways with v < Ystep where ystep = 0, 20, 40, 50, 60.

The simulated radiation signals corresponding to Ystep = 20 and ~gpep = 40
show at t > theat an initial continuation of the rising signal, after which
the radiation eventually decays. When Ystep = 90 and 60, the simulated
signal immediately shows a decay. The delay in decay At is smaller when
Ystep 18 larger as can be recognized from figure 6.14(a). Because the largest
contribution to the total detected radiation comes from the runaways with
the highest energy according to eq. (6.5), a stronger loss of lower energetic
runaways at ¢ > fheat does not directly affect the radiation signal. The loss of
the low energetic runaways becomes only apparent after the time needed to
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accelerate them to higher energies of largest radiation contribution. When
Ystep 15 chosen successively higher, also runaway electrons are lost that already
contributed directly to the radiation signal.

In the simulations shown in figure 6.14(a), the confinement time 7, for
runaways with energy v > vsep remained unchanged. Simulations where at
t > theas for runaways with v > 7gep a confinement time . = 1 s was taken
instead of 5 s, were similar to the signals in figure 6.14(a).

Change of electric field In figure 6.14(b), a simulation is shown in which
only a decrease in electric field is taken into account (runaway confinement
time is chosen constant 7, = 5 s). The change in E is 15% and 50%, i.e. from
E =0.093 V/mto £ =0.079 V/mor to £ = 0.051 V/m at t > theas- Note
that in the experiments, the observed change in electric field is about 20% (see
figure 6.11, although a lower £ on axis is possible due to NBI current drive
or due to the skin effect when a time scale At < Ty, is considered), apart
from the one discharge into which 1.3 MW NBI power is injected (change in
E about 50%).

When the electric field decreases, the maximum reachable energy for one
runaway electron is decreased and therefore also the emitted power per elec-
tron P(v(¢)). So, the radiation signal is expected to change immediately
after the change which is clearly visible from figure 6.14(b). The effect of
the decreased field on the primary generation (the birth rate A, is a strong
exponential function of £(E)) is hardly noticeable, as long as the secondary
generation is dominant, i.e. as long as ¢o(E) < 7. Figure 6.14(b) shows that
even a change of 50% in E is not sufficient to have to(E) > 7 (when 7, = 5 5),
which would lead to a negative t.g, i.e. to a decaying radiation signal.

Simultaneous change in electric field and confinement time A sim-
ulation of radiation evolutions combining the effects of the changes in elec-
tric field £ and in confinement time 7, is shown in figure 6.14(c). In this
particular simulation, 7 = 5 s and £ = 0.093 V/m, when ¢ < fheas- At
Lheat, Tr changes from 5 s to 0.1 s for runaways with energy v < ~etep with
Ystep = 0,20,40,50,60. E changes from 0.093 V/m to 0.051 V/m.

In figure 6.14(c), the initial dip in the radiation signal is a consequence of
the change in equilibrium runaway energy because of the change in electric
field £. When 7gep, = 20, the signal rises again. After that rise, the strong
loss of the lower energetic runaways due to the energy dependence of =,
becomes apparent as a global maximum in the radiation signal. When e, >
40, the combination of the increased #3(E) and the energy dependent 7
results in a signal that immediately decays at t = tpea;.
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A large decrease in electric field in the simulations can not explain the
continuation of the signal before the decay sets in. Moreover, the measured
decrease in electric field E is about 20%, apart from one extreme case, so the
effect of this change is expected to be small. It is therefore not surprising, that
the observed features in the measured radiation signals are mainly recognized
in the simulations where only the confinement time changed. Even when a
change in F of 50% is considered in the simulations, corresponding to the
case of 1.3 MW NBI injection, the shape of the radiation signal is primarily
determined by a change in runaway confinement.

Summary In summary, the measured radiation signals of heated runaway
discharges show a decrease, characterized by |t.q| after a time delay At with
respect to the switching on of the heating, depending on the applied heating
power. Simulations of radiation signals demonstrate that such a time delay
appears when an energy dependent confinement time is implemented into the
simulation code. Using a step function as the relation between confinement
time 7. and energy v, we find that delay times of less than 0.1 s up to
1 s, which is approximately the time needed to accelerate an electron in the
observable range of energy, correspond to a step at energies of about 100
keV, which is the critical runaway energy, up to 30 MeV.

Such an energy dependence in confinement time is to be expected from
theory when transport is mainly determined by magnetic turbulence as is the
case for runaway electrons. The shift of the electron drift orbit, which is pro-
portional to energy, causes an averaging of the effect of magnetic turbulence
on runaway transport which depends on the ratio between shift and average
magnetic mode width. Runaway electrons with energies of 100 keV up to 30
MeV have drift orbit shift displacements of 0.02— 6 cm To refine the function
7:(7) and to relate the drift orbit shift to a scale size of magnetic turbulence,
we apply the theory of transport reduction by Mynick and Strachan in the
next section.

6.2.6 Relating the energy dependence of runaway con-
finement to the average width of perturbing mag-
netic modes

Drift orbit averaging

In [4], the enhancement of runaway electron confinement due to drifts and
finite Larmor radius over the value ignoring these effects, 7./7:0, is numeri-
cally calculated. In this calculation, it is assumed that electron transport is
completely determined by magnetic perturbations.
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This enhancement factor 7,./7. is given as function of ratio between run-
away drift and averaged mode width, d,/§, and can be approximated by

. dr 5.7
LY <1+1.1—) (6.7)

Tr,[) 5

in case of purely even-parity turbulence (see figure 2 in [4]). In [4], it was
found that experimental values of confinement enhancement correspond best
with this theoretical curve of even-parity turbulence. The enhancement
of runaway electron confinement is calibrated with respect to the driftless
case. In [4], this driftless runaway transport is equated to thermal electron
transport scaled with the ratio between the runaway and thermal velocity,
Tr,0 = TEVsh/Ur With v, the runaway velocity. To estimate the runaway con-
finement time 7, it is, therefore, necessary to know the thermal confinement
TE-

In the region of the detected runaway population, the average ¢ value is
taken to be 1.5 and B = 2.2 T, so according to eq. (6.6), d, = 1.2 x 1073y m.
The relation between runaway confinement time and energy is, therefore,

; 1.3 x 1073\ >’
(7, 8) = f%ﬂ (1 + ﬁ(—é—o—V) s (6.8)

where ¢ is the average mode width of the turbulence.

Table 6.1 shows that for the low density runaway discharges, 75 = 10 —
30 ms. The thermal electron velocity is typically vy, & 1 x 107 ms™! (cor-
responding to an electron temperature T, ~ 1 keV). In figure 6.15(a) and
6.16(a), the runaway confinement time 7, according to eq. (6.8) is shown as
function of energy parameter v for different values of mode width §. In these
calculations, 7 = 20 ms is taken.

Simulations based on drift orbit averaging theory

The energy dependent confinement time described by eq. (6.8) has been
implemented into the simulation code. A comparison between simulated and
measured radiation signals, based on the typical parameters At and |teq],
allows the estimation of the average mode width §.

(i) Ohmic runaway discharges. Figure 6.15(b) shows simulated radiation
signals in an Ohmic discharge. The runaway confinement time used in these
simulations is shown in figure 6.15(a). An exponential rising signal, as ob-
served in radiation measurements in Ohmic runaway discharges, is obtained
for § < 0.5 cm. For a larger &, the corresponding confinement time becomes
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(a) (b)

Figure 6.15: (a) Runaway confinement times 7. are shown for different values
of averaged mode widths § and with thermal confinement 15 = 20 ms. (b)
Simulated radiation signals based on runaway confinement time for different
mode widths é.

small with respect to the avalanche time ¢5. Then, the secondary generation
process is no longer the dominant generation mechanism.

(it) Additionally heated runaway discharges. In the simulation of radia-
tion signals in figure 6.16(b), a value of § = 0.2 cm is taken in the Ohmic
part (¢ < 3 s). The heating phase (¢ > 3 s) is simulated by taking a larger
average mode width, in the range § = 0.5 — 5 cm. The confinement time
corresponding to those mode widths is shown in figure 6.16(a). The radia-
tion signals show a decay after some time delay that depends on the size of
the input average mode width 6. A systematic study of a stepwise increasing
mode width yields the relation between delay At and mode width § as well
as the relation between |t.¢| and §, shown in figure 6.17 for 75 = 20 ms.

(iii) Runaway discharges with gas puff. The radiation signal during a gas
puff shows similar features as the radiation signal during additional heating.
Following the previous line of argumentation, it should be concluded that
also a large increase of density leads to a loss in lower energetic runaways,
which was interpreted as an increase in average mode width of magnetic
turbulence.
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Figure 6.16: (a) Same as figure 6.15(a) but now the confinement time is
calculated for larger values of averaged mode widths, § = 0.5 — 5 cm. (b)
Simulated radiation signals where at t = 3 s the averaged mode width § is
changed. Before t = 3 s, 6 = 0.2 e¢m, aftert = 3 s, § = 05 -5 cm.
T = 20 ms.
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Figure 6.17: (a) Delay in decay At and (b) effective time |te| as function of
mode width 6. 75 = 20 ms. The horizontal line in (a) corresponds with the
mazimum of the heating interval in the experiments.
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Relation between mode width and heating power

From the simulations and the experimental data, we determined an average
mode width of the magnetic turbulence for Ohmic low density plasmas and
for low density plasmas with auxiliary heating. Figure 6.17 shows that At
and [t.g| are decreasing with increasing average mode width § according to
our model. Figure 6.8 shows the measured relation between At and the addi-
tional heating power Pogq. A comparison of simulated with measured signals
on basis of the characteristic parameters At and [tcq| yields the relation be-
tween additional heating power P,gq and average mode width §. Figure 6.18
shows a few examples of measured radiation signals and of the corresponding
simulated radiation signals. Figure 6.19 shows that ¢ increases with increas-
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Figure 6.18: Ezamples of comparison between measured signals (symbols)
and the corresponding simulated signals (lines). The measured signals are
from the NBI experiments, and also shown in figure 6.7. The vertical lines
indicated the heating interval.

ing Phaq or P Here, only those discharges are considered with a maximum
increase in density of 120%, which corresponds to a maximum additional
heating power of 0.6 MW. We recall that an increase of 135% in the gas puff
experiments resulted in a radiation signal that kept on rising after the den-
sity increase for more than 1.5 s. Therefore, it is assumed that the observed
effects in the heating experiments are mainly caused by the applied heating
power and not by the simultaneous density increase.

In summary, we now can directly relate the additional heating power to
an average mode width from figure 6.19. As before, in an Ohmic plasma § <
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Figure 6.19: Relation between averaged mode width § and (a) additional heat-
ing power Poa and (b) total input power P derived from a comparison
between simulated and measured radiation signals.

0.5 cm. For 0.6 MW NBI heating, é = 4.2 cm. A small amount of additional
heating power already enlarges the averaged mode width considerably.

6.2.7 Discussion

We have interpreted the delay in the synchrotron radiation signals after
switching on auxiliary heating as a larger loss of lower energetic runaways.
The physical mechanism that can explain the energy dependence of run-
away confinement time is the drift orbit averaging that reduces the effect of
magnetic turbulence on runaway transport. This interpretation implies that
runaway transport is mainly determined by magnetic turbulence, which is
expected to be the case.

Using the model given in [4], we found a relation between the delay in
the radiation signals and the scale size of the magnetic perturbing modes.
During the heating interval of the discharges that were compared with the
simulations, the density increased up to 120% and the heating power was
in the range from 0.14 MW to 0.59 MW. Gas puff experiments showed that
a large density increase (> 170%) influences the synchrotron radiation, but
that an increase of 135% does not show a significant effect. Therefore, we
related the average mode width to the heating power as shown in figure 6.19.

The absolute values of § depend on the calibration of the confinement en-
hancement curve in eq. (6.8). This calibration is rather uncertain. However,
since the enhancement curve is very steep, the absolute calibration is not a
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very sensitive parameter. In the simulations, we took as calibration factor
a global energy confinement time of 20 ms, assuming that the electron heat
diffusivity, xe, is dominated by magnetic turbulence (7 = 20 ms corresponds
roughly with x. & a?/4mz ~ 1 m?s™!, which is measured in TEXTOR-94).
This assumption is questionable. When the the contribution of magnetic tur-
bulence to thermal transport is one order of magnitude lower, § is a factor 2
smaller.

From table 6.1, it is seen that the energy confinement time increases
with increasing heating power. According to the common scaling laws, it is
expected that 7 decreases with increasing heating power. Apparently, in
experiments with low auxiliary heating power into low density discharges, 75
is stronger affected by the density increase than by P,,. On the other hand,
we found that é increases with heating power. When magnetic turbulence
would be the only possible loss mechanism, this leads to the inconsistency
that 7g increases with increasing §. When heat transport is dominated by
other turbulent transport mechanisms, an increase in magnetic mode width
does not exclude a simultaneous increase in energy confinement time.

Comparison with other experiments

The derived é are quite similar to measured values in JET. Correlation reflec-
tometer measurements [18] showed the existence of fine-scale density struc-
tures. Under Ohmic conditions, the radial extent of these structures was
less than 0.5 cm. Under L-mode conditions, the radial extent of the density
structures depends on the beam power and for 15 MW of NBI power the
radial extent typically was equal or larger than 3 cm.

Interpreting & as the width of chains of islands, the magnetic turbulence
level, B,/B, can be estimated. The width w of a magnetic island is related
to the radial component of the fluctuating field B, (see e.g. [19])

- mg Byw? .

B, = Torq (6.9)
where m is the poloidal mode number, ¢ = m/n, ¢’ = dg/dr the shear of the
magnetic field and B, is the poloidal field. For a runaway electron to be lost
due to magnetic turbulence, the plasma must be filled with chains of islands.
A region of good surfaces would act as a transport barrier {20]. Poloidal mode
numbers of approximately 10 are assumed. For ¢, a parabolic profile can be
taken with ¢o = 0.8 and ¢, = 3.8. At 7 =15 cm, B, ~ 0.1 T. In an Ohmic
runaway plasma with § = w < 0.5 cm, it is found B,/B ~ 2 x 1075, For a
heated discharge (0.6 MW NBI) with § = w ~ 4.2 cm, B,/ B ~ 1x10~%. Note
that when § is a factor 2 smaller, the turbulence level is Br/B ~ 3 x 1074,
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A previous estimate of B’r/B in TEXTOR-94 from runaway measurements
[8] was in the order of 107%. That estimate was made, however, without
taking into account the transport reducing effect of the drift orbit shift.
The present estimate includes the drift orbit averaging and compares well
with the estimate from cross polarization scattering measurements in Tore
Supra [21,22)].

Differences betweeg NBI and ICRH

The measurements show that the runaway confinement during ICRH is less
deteriorated than during NBL This difference can have several causes. First,
the applied heating power with ICRH couples not so well in the low density
runaway discharges and it is unclear exactly how much of the power is de-
posited in the plasma center where the runaways are confined. Also, neutral
beam injection increases the plasma rotation. What the effect of rotation is
on confinement of runaway electrons is not clear.

6.2.8 Summary and conclusion

In this paper, measurements of synchrotron radiation, emitted by relativis-
tic runaways, during additional heating are presented. A power scan with
NBI and ICRH heating is made. The radiation signal in an Ohmic run-
away discharge rises exponentially due to the dominant secondary generation
mechanism. The application of additional heating leads to eventually decay-
ing radiation signals. The decay in the radiation signal is observed after a
time A¢ measured from the start of heating. This delay At decreases with
increasing applied heating power.

The shape of the observed radiation signals is qualitatively reproduced
by simulations where at the time that the heating starts a sudden loss of
low energetic runaways is introduced. The main contribution of the observed
radiation originates from the highest energetic runaway electrons. Therefore,
a loss of low energetic runaways becomes apparent only after a time that a
low energetic runaway electron needs to reach an energy where it contributes
significantly to the total radiation.

The physical mechanism that provides an energy dependent confinement
of runaway electrons is the averaging of magnetic turbulence due to the
drift orbit shift [4,5]. Here, it is assumed that runaway transport is mainly
determined by magnetic field perturbations. When the drift orbit shift that
is increasing with electron energy, is larger than the average mode width
of the perturbations, the runaway transport due to these perturbations is
strongly reduced.
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Simulations of radiation signals are done where the runaway confinement
time is based on the numerical calculation of the drift averaging effect pre-
sented in [4]. A comparison between these simulated radiation signals with
measured radiation signals allows a relation between the additional heating
power and an average mode width of the magnetic turbulence. In this in-
terpretation, it is assumed that the contribution of the simultaneous density
increase during heating to the roll-over of the synchrotron radiation is small.
In an Ohmic plasma, it is estimated that the mode width is less than 0.5 cm.
An additional heating power of 0.6 MW can enhance the average mode width
up to several cm.

In conclusion, the observed synchrotron radiation signals during addi-
tional heating are explained by a degradation of runaway confinement time.
The runaway confinement time is energy dependent due to the averaging ef-
fect of the electron drift orbit shift. Because of the additional heating, the
average mode width of magnetic perturbations increases. This makes the
drift averaging effect less effective for runaways with the smaller drift orbit
shifts. Hence, the applied power causes larger runaway losses in the lower
part of the total energy spectrum of the electrons. Relating the averaged
mode width needed to explain the shape of the observed radiation signals to
a magnetic island width, an estimate of B,/B is deduced. In Ohmic plas-
mas, B,/B ~ 2 x 1075; in additionally heated plasmas, B,/B ~ 1 x 1072 at
0.6 MW neutral beam injection.
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Chapter 7

Runaway snakes

This chapter presents observations of runaway electrons in a perturbed mag-
netic topology. Due to injection of pellets or due to a shift of the plasma
column, the magnetic field surfaces break up and magnetic islands are formed.
The drift orbit surfaces of runaway electrons also break up and show a simi-
lar island structure. A narrow beam of runaway electrons confined inside an
island is called a 'runaway snake’. This chapter investigates the transport
properties of runaway electrons inside and outside islands. It is a reproduc-
tion of the paper ’Runaway snakes in TEXTOR-94’ by 1.Entrop, R.Jaspers,
N.J.Lopes Cardozo, K.H. Finken, published in Plasma Physics and Con-
trolled Fusion 41 1999, 337, reproduced with kind permission of the journal
editor.
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Runaway Snakes in TEXTOR-94
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Abstract

Observations of a runaway beam confined in an island-like structure, a so-
called runaway snake, are reported. The observations are made in TEXTOR-
94 by measurement of synchrotron radiation emitted by these runaways. A
full poloidal view allows the study of the synchrotron pattern of the snake
to estimate runaway energy, pitch angle and the radius, shift and safety
factor of the drift surface ¢p at which the runaway beam has developed.
The runaway snake parameters are investigated under different current and
magnetic field strength conditions. Examples are found of a runaway snake
at the gp = 1 and the gp = 2 drift surface. The radial diffusion coefficient
of runaways inside a snake is D, &~ 0.01 m%~!. The rapid runaway losses in
regions of (macroscopic) magnetic perturbations outside a snake and the good
confinement inside an island assumed to consist of perfect nested surfaces are
consistent with magnetic turbulence as the main cause for runaway transport.

7.1 Introduction

The phenomenon of electron runaway [1] in tokamak plasmas is a conse-
quence of the fact that the mean free path of electrons in a plasma is a
strongly increasing function of their velocity. Electrons with a velocity larger
than that for which the electric force - due to the electric field that drives
the plasma current - balances the drag force due to collisions, are effectively
accelerated and reach energies of the order of MeV. Runaway electrons are
investigated for several reasons. For future fusion reactors, it is of major in-
terest to know the processes of runaway generation after disruptions, because
the highly energetic electrons could cause severe damage to the reactor [2-5].
Secondly, runaway transport is believed to be dominated by perturbations
of the magnetic field. In that way, runaways could provide a tool to study
magnetic structures in the plasma. The diffusion of runaways can be utilized
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to probe the magnetic turbulence that is suggested to be one of the causes of
the anomalous heat transport in tokamak plasmas [6-10]. Macroscopic MHD
modes will also largely effect the runaway confinement [7]. The presence of
magnetic islands gives rise to drift islands. The drift islands can be visualized
by the synchrotron radiation emitted by energetic runaway electrons [11]. In
this paper, we will concentrate on experimental investigations of the latter
phenomenon in TEXTOR-94.

During a typical runaway discharge in TEXTOR-94, synchrotron radi-
ation emitted by the runaways is observed. This radiation is emitted in a
narrow cone into forward direction due to the relativistic motion of the run-
aways (energy W, =~ 25 MeV) and is measured with an infrared (IR) detec-
tor [11-13]. Using this method of runaway detection, earlier experiments [11]
have shown that after injection of a pellet in an Ohmic runaway discharge a
large fraction of the runaway population is lost. This rapid loss is attributed
to temporary stochastization of the magnetic field. A small fraction, how-
ever, survives the pellet injection and remains as a narrow runaway beam,
confined in an island structure that still exists after the stochastization. The
toroidal rotation frequency of the runaways is much higher than the rota-
tion frequency of the island structure, so that the runaways effectively form
a solid toroidal tube. Because of a clear relation with the ’density snake’
observed in JET [14,15] (a m = 1, n = 1 tube of high density which can
occur if a pellet penetrates to the ¢ = 1 surface) this phenomenon was called
a 'runaway snake’. '

Since those first observations of runaway snakes, more observations have
been made and studied in a systematic manner. First, the IR detection
systern in TEXTOR-94 has been improved. Whereas in the previous set-up
only part of the poloidal cross section was imaged on the detector, now a full
view is obtained. This full view allows a more accurate study of runaway
parameters such as radius and shift of drift orbit surface at which the runaway
snake develops. Secondly, from the previous runaway snake observations, it is
known that the runaway snake phenomenon is related to magnetic topology
in the plasma and, hence, to the g profile. A study of the runaway snakes is
made by investigating the effect of changes in the g profile through changes
in plasma current and magnetic field.

The present experiments allow to study several aspects of the runaway
drift orbit topology. Classically, the drift orbit surfaces are shifted from the
corresponding magnetic field line surfaces [16]. A relativistic Hamiltonian
description of drift orbit topology [17] including higher order energy terms,
predicts that shift and radius of drift surfaces are different from the ’classical’
approximation. In this paper, it is tried to answer the question, whether
the drift surface parameters that are measured under different conditions
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correspond with theory.

From the plasma physical point of view, the study of runaway confine-
ment in a snake could give insight in the heat transport mechanisms in toka-
mak plasmas, because runaways act like test particles not bound to the ion
cloud by ambipolar fields. Runaway snakes are especially interesting for this
purpose because of their localized nature. Another question that is to be
answered, is what can be learned about transport mechanisms in tokamak
plasmas from the confinement properties of the runaways inside a snake.

The study of topology requires an accurate calibration and a careful con-
sideration of the position of synchrotron signal and the position of runaway
beam that gave rise to that signal. This is discussed in detail in section 7.2. In
section 7.3, a previous snake observation [11] is summarized and the new ob-
servations, divided into three categories: runaway snake at full poloidal view,
during different current values and after a plasma shift at higher magnetic
field, are presented by giving an example of each category. In section 7.4,
the interesting runaway parameters derived from the measurements are pre-
sented: the safety factor ¢p, the radius rpeam and shift § with respect to the
magnetic axis of the drift surface at which the snake has developed; energy
W: and pitch angle 6 = vy /vy, i.e. the ratio between the perpendicular and
parallel velocity component of the runaways; rotation frequency of the mode
structure and confinement properties of the runaways in- and outside the
snake. These parameters are discussed in section 7.5, giving answers to the
main questions as stated above. A summary and conclusion are given in the
last section.

7.2 Runaway detection

7.2.1 Experimental set-up

In TEXTOR-94 (major radius Ry = 1.75 m, minor radius ¢ = 0.46 m),
runaways are detected by measuring the synchrotron radiation with an In-
frametrics thermographic camera. The camera is positioned to view tangen-
tially into the plasma towards electron approach as shown in fig. 7.1(a). It
uses a single HgCdTe detector and two scanning mirrors, one in horizontal
and one in vertical direction. One image is scanned in 1/60 s from top to
bottom, in NTSC-TV standard. The radiation is detected in a wavelength
range of 3 — 8 um. Typical conditions for Ohmic runaway discharges in
TEXTOR-94 are a line averaged density fi, < 1 x 10'® m™3, a loop voltage
Vieop = 1 V, a toroidal magnetic field By = 2.2 T, and a plasma current
I, = 250 — 350 kA. Fig. 7.1(c) shows a typical IR picture of a runaway
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Figure 7.1: (a) Schematic setup of runaway detection system with construc-
tion of horizontal runaway position (top view); (b) view from the position of
IR camera taken with a visible light camera, in the upper left corner the view
is partly cut off by a part of the neutral beam injection system; (c) typical
ezample of an IR picture taken during a runaway discharge in an unperturbed
plasma (thermal background is subtracted).
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discharge in an unperturbed plasma with subtraction of the thermal back-
ground. During the experiments, the IR pictures are recorded on video tape
and are processed afterwards.

The optical system used to image the synchrotron radiation on the de-
tector gives rise to deformations of the IR pictures. Fig. 7.1(b) shows this
effect with a photograph taken from the IR camera position. A calibration
from picture pixel to poloidal position is made as shown in fig. 7.1(a): pixels
that correspond with objects in the thermal background (e.g. liner windows,
belt limiter), are related with a major radius R by constructing circles in
the equatorial plane tangent to the lines connecting these objects and the
first mirror. The plot of R against corresponding pixel number is fitted with
a continuous curve. Interpolation gives R for every pixel. The intensity is
corrected for the transformation from pixel to position in toroidal geometry.
Position in vertical direction z is constructed in an analogous way. After cal-
ibration, IR pictures are obtained that show the synchrotron radiation signal
in a 2D poloidal plane spanned by R and =.

7.2.2 Synchrotron radiation pattern
Scanning a rotating object

The derivation of runaway parameters from the calibrated synchrotron pat-
tern requires an investigation of the effects that influence the pattern. First
of all, the scanning nature of the used IR camera implies simultaneous knowl-
edge about time and position. When a rotating object in a 2D plane per-
pendicular to the line of sight of the camera (e.g. the projection of a toroidal
rotating drift island (solid tube of runaways) on the poloidal cross section} is
detected, it is possible to derive a rotation frequency fio; of the object (drift
island) by determining the time derivative of the rotated angle a.

Other effects are the multiple detection of one rotating object when f.o; >
Soict, where fie; denotes the number of IR pictures per second scanned by
the camera. Also, there is an elongation of the object image in case the
vertical scan velocity, defined as number of lines per second multiplied by
the vertical extent of one line in toroidal geometry, is in same direction as
the vertical velocity component of the rotating object. This last feature
gives the possibility of a unique determination of rotational direction in the
poloidal projection.
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Effects of the runaway orbit geometry on the synchrotron radiation
pattern

More interesting are the effects on the shape of synchrotron pattern of phys-
ical nature. In first order approximation, runaways follow the magnetic field
lines. Locally, field lines make a smaller angle with the equatorial plane at
the high field side (HF'S) than at the low field side (LFS). For the conditions
used in this paper, the field lines at the HFS point upwards. The particle
guiding center trajectories have a similar topology.

Runaways emit their synchrotron radiation in a small cone with vertex
angle 2/v, where v is the relativistic factor and a measure of energy. For
the high energetic runaways in TEXTOR-94, the vertex angle is very small
(~2°). Hence, runaways emit their radiation practically along their velocity
vector. The gyrating velocity vector forms a cone with vertex angle 26, where
8 = vy /v is the pitch angle. The effect of only the pitch angle on the shape
of synchrotron spot was already studied in [13]. The horizontal extent of
the synchrotron pattern was found to become broader at the HFS than the
diameter of the original runaway beam by R(1 — cos §) where R is the major
radius of the runaway orbits forming the beam.

Synchrotron radiation pattern simulations

A computer code was written to calculate the runaway positions in toroi-
dal geometry of which the emitted synchrotron radiation is detected by the
IR camera, taking into account the effect of pitch angle ¢ and the pitch of
the helical guiding center orbits. The resulting synchrotron pattern was also
calculated. Fig. 7.2 shows a few examples of calculated synchrotron patterns
coming from a set of nested runaway drift surfaces with radius rm.« = 15 cm
and pitch angle # = 0 and 6 = 0.08. Because a runaway snake is a closed
tube, rotating along the torus, the synchrotron spots originating from the
snake appear in a 2D poloidal projection as the pattern coming from a shell
T € [Tmin, "max] of runaways. In fig. 7.2, also a pattern coming from a runaway
shell rpin = 10 cm < 7 < rpay = 15 cm with @ = 0.08 is shown.

In [18], the calculation of the pattern was treated analytically. Approxi-
mate expressions were found that give, under certain assumptions on position
of detector and runaway beam size compared to toroidal geometry, the run-
away positions for which synchrotron radiation falls into the detector. In
the cases in which the analytical expressions can be used, the results of the
numerical calculation were in agreement with the analytical ones.

All calculated patterns in fig. 7.2 show an inclination with respect to
the equator, which is a consequence of the helical structure of the runaway
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Figure 7.2: Calculated shape of the synchrotron spot (poloidal projection)
resulting from runeways (v = 50) on nested drift surfaces in a toroidal helical
geometry, taking into account pitch angle and the pitch of the magnetic field.
(a)r €[0,15] cm and 0 =0, (b) r € [0,15] em and 6§ = 0.08 and (c) runaway
shell r € [10,15] em and 8 = 0.08. No shift of the runaway beam was taken
into account in the simulations (R = 1.75 m). A parabolic ¢ = gqp-profile was
assumed (qo = 0.88).
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guiding center orbits. In [18], the angle 8 in the poloidal plane between
equator and a line in direction of the inclination is given by

tan 8~ D/(q(r)Ro) (7.1)

where D is the distance between the observed runaways and the detector and
g(r) is the local safety factor of the magnetic field. This relation follows from
a simple geometrical argument: tan 8 = Az/AR; in a plane perpendicular
to the poloidal plane Az = DB, /B, (where B, is poloidal and B; toroidal
magnetic field) and using ¢(r) = (rB;)/(RoB,) with » = AR the above
expression (7.1) is found.

In [17], it has been found that the rotational transform 1/qp of the orbit
for a runaway electron decreases, when the runaway energy increases, while
the radius of the orbit is almost constant during the acceleration. For the
more usual runaway regimes with lower energies, there is no significant dif-
ference between the safety factor of the magnetic field lines q and that of the
particle drift orbits gp when equal radii of magnetic field line surface and
drift surface are considered (r = rp). However, for particles at rp = r that
were accelerated from almost zero energy to an energy of several MeV, the
final gp is larger than ¢. Or, the orbits of high energetic runaways with equal
safety factor as that of magnetic field lines (gp = ¢) have a smaller minor
radius than the magnetic field lines. In this paper, where high energetic run-
aways are considered, we expect a difference between drift surface topology
(which is measured) and magnetic surface topology and we, therefore, take
gp where ¢ is written in the literature (as e.g. in [18], (7.1)).

A second order effect caused by the locally dependent angle of the drift
orbits with the equatorial plane, leads to an additional asymmetry in the
synchrotron pattern. For the TEXTOR-94 geometry, it means that the upper
half of the synchrotron pattern is larger than the part below the equatorial
plane. For the gp and runaway beam dimension presently considered, the
difference between the HFS and LFS angles is of the order of a few degrees.
Therefore, the effect of that difference on the synchrotron pattern will be
hardly measurable (see fig. 7.2).

Fig. 7.2 shows that the synchrotron pattern is only a narrow curve in the
case of a runaway beam with . = 15 cm for 6 = 0. If 6 is larger, this curve
broadens in the direction perpendicular to the line that fits the inclination
of the pattern. The effect of the pitch angle is that, depending on its value,
only part of the total synchrotron radiation emitted by the runaways falls
onto the detector. If @ is sufficiently large, the total amount of radiation
would be detected.

In fig. 7.3, the characteristic dimensions of a synchrotron radiation pattern
are shown: a radius r), parallel with respect to the line corresponding to the
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inclination prescribed by (7.1) for a certain gp, and a radius r, , perpendicular
to that line. From the synchrotron pattern parameters measured from the

Figure 7.3: Definition of ri and ry. Angle § is given by the expression (7.1).

observed IR pictures, runaway parameters (Tmax, *min and ) can be derived.
From the simulated patterns, it is known that the 7 corresponds to the
maximum of the runaway beam radius . for all possible pitch angle values.
In case of a runaway shell, r; corresponds to the minimal shell radius rmin.

7.3 Runaway snake observations

7.3.1 Observation of runaway snake in part of poloidal
cross section

In [11], a description is given of a discharge which revealed a runaway snake,
which we will shortly summarize. Recent observations are discussed more
detailed in the next few sections.

The IR camera view used in [11] covered only a part of the poloidal cross
section. The IR pictures taken during a steady Ohmic runaway discharge,
showed one bright spot and changed only slowly corresponding to the growth
of the runaway population. After the synchrotron radiation was well estab-
lished, a pellet was injected from the LFS. The pellet injection was followed
by oscillations in the magnetics, density, ECE and hard x-ray signals. As a
result of the injection, the synchrotron radiation pattern showed three dis-
tinct phases. First, after the pellet injection, the radiation decreased within
about 0.6 ms. Only a small part of the runaways remained confined showing
a synchrotron spot strongly reduced in size. Secondly, about 100 ms after
the pellet injection, the spot of synchrotron radiation broke up into many
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smaller ones. This is caused by the scanning of the camera. This breaking up
was visible for several frames. The oscillations of the synchrotron radiation
showed the same time structure as the magnetics, density, ECE and hard
x-ray signals that are a sign for high MHD mode activity. Finally, after the
decay of the MHD modes, again one large synchrotron spot was detected,
which stayed in same position without change of intensity or size for more
than 600 ms, up to the end of the discharge.

A typical IR picture of a runaway snake is shown in fig. 7.4. The runaway
snake event in this figure is described in detail in section 7.3.3. In this single
frame (¢t = 5.800 — 5.816 s), the background is subtracted and the contrast of
the IR spots enhanced, so that the spots resulting from the rotating runaway
drift island are clearly visible.

The spots at the multiple spot pictures in [11] were determined to lie on
a circle with a radius comparable with the inversion radius of the sawteeth
before the pellet injection. This led to the conclusion that the synchrotron
radiation originated from a beam of runaways at the gp = 1 drift surface.
The beam was rotating around the torus with a frequency exceeding the
picture frequency fpice of the IR camera causing the multiple spot pictures.
The rapid loss of a large fraction of the runaway population was ascribed to
stochastization of the plasma after the pellet injection during a short time
interval. It was hypothesized that this stochastization was due to an overlap
of large, low m magnetic islands. The fact that a small beam of runaways
survives the stochastic period, shows there is still a big m = 1 island confining
the runaways.

7.3.2 A: Observation of a runaway snake in full poloi-
dal view

In contrast to the previous example, we now describe a runaway snake obser-
vation in full poloidal view. Fig. 7.5 shows fie, Ip, Vigop, and the synchrotron
signal from the runaways (without background radiation subtraction) of dis-
charge #73189. After 1 s, the first synchrotron radiation is measured as a
bright spot in the center of the plasma which grows relatively slowly. Saw-
tooth activity is absent or otherwise very low (< 10%), as usual in typical
runaway discharges. At t = 2.5 s, after a steady synchrotron spot estab-
lished, a pellet is injected from the LFS, which penetrates the plasma to a
minor radius of approximately r ~ 23 cm as determined from H, light mea-
surements. The pellet causes the density to rise with ca. a factor 2, and,
therefore, it changed, in combination with the rise in Woop, the conditions
for runaway generation compared with the period before the pellet injection.
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Figure 7.4: (a) Schematic view of am = 1,n = 1 runaway tube in a tokamak;
(b) Poloidal cross section, schematically showing a magnetic field surface
(dashed line) characterized by r and g with an island, and corresponding
drift surface (solid line) characterized by rp and qp, also with an island,
shifted over distance &; (c¢) One IR picture is build up by scanning from
top to bottom. One rotating object (in poloidal projection) can in case of
sufficient high rotation frequency sweep across the detector more than once.
Spot 2 is originating from the same structure as spot 1, after a rotation
of about 4m[3(+2km) (for integer k) during the time of the relatively slow
scanning of only a few camera lines; (d) Typical IR picture (not calibrated)
taken at t = 5.8 s during a runaway snake event (described in section 7.3.3)
after subtraction of the background and optimizing the picture. During the
scanning of this single frame (one frame is scanned in ca. 16 ms), the rotating
tube of runaways sweeps across the camera view several times.
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Figure 7.5: 7ie, Iy, Vieop and synchrotron radiation signal for example A, i.e.
discharge #73189. Ry = 1.75 m, a = 0.46 m, B, = 2.2 T, g, = 3.8. The
tail of the I, signal is an offset error. The synchrotron radiation is shown
without subtraction of background radiation. The bold bar on the time axis
(t € [2.87;4.03] s) indicates the interval during which the runaway snake is
observed.
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On the density signal, a large oscillation is detected after the pellet injection.
The synchrotron radiation vanishes within a few 100 us. After ca. 400 ms a
small synchrotron radiation spot is detected again, rotating as deduced from
subsequent IR pictures. At ca. 4 s, the discharge disrupts.

Fig. 7.6 shows an overlay of subsequent (calibrated) IR pictures in the 2D
poloidal cross section, of which a single one is shown in fig. 7.4, for the time
interval ¢ € [2.87;4.03] s. Every dot corresponds to the central position of

z (cm)

150 160 170 180 190 200 210
R (cm)

Figure 7.6: Calibrated synchrotron spots of several subsequent IR pictures
(ezample A, #73189) taken during t € [2.87;4.03] s (ca. 70 frames); in
the upper left corner the poloidal view is obscured by part of the neutral beam
injector. The line indicates the inclination calculated from (7.1) using ¢gp = 1.

a spot and does not give information about the size of the spot. The shape
formed by the spots makes an angle with the equatorial plane of ~ 30°. In
the upper left corner, part of the poloidal view is obscured by one of the
neutral beam injectors. The vertical extent of spots at the left hand side (i.e.
HF'S) of the IR picture is larger than that of those at the right hand side.
The view in a full poloidal cross section leads to the following conclusions.
First, from the overlay of subsequent IR pictures in fig. 7.6, it is observed
that the synchrotron spots form an ’ellipse’ rather than a circle. As was
pointed out in section 7.2, the ’ellipse’ shows an inclination. In fig. 7.6 only
the central positions of spots are shown. The original IR pictures show that
the spots corresponding to the HFS are more elongated, and, therefore, are
'moving’ in the scan direction. From that, it is derived that the synchrotron
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spots arise from a structure in the plasma, rotating anti-clockwise in the
poloidal projection plane, i.e. in electron diamagnetic direction. Finally, in
the example shown, no multiple spot pictures are detected, which implies
that the rotation frequency is apparently smaller than the scan frequency of
the IR camera.

7.3.3 B: Influence of plasma current on a runaway
snake

In this example a change in the g profile by changing I, is investigated. In
fig. 7.7, fie, Ip, Vioop, neutron signal (measure of runaway loss) and the syn-
chrotron signal (again without background radiation subtraction) are shown
(#66526). After 1 s, the first synchrotron radiation is seen as a bright spot
at steady central position. At ¢ = 3.5 s, two pellets are injected after a gas
puff. The first pellet penetrates to a minor radius of r ~ 32 cm, the second
to r &~ 24 cm. The synchrotron radiation vanishes in ca. 30 ms, stepwise
from frame to frame. Note that this time is 2 orders of magnitude longer
than in example A. After the pellet is injected, oscillations appear, disappear
and reappear on the density and magnetic signals, whereas no synchrotron
signal is detected. At ¢ = 4.5 s, runaways have apparently been (re)generated
inside the island because synchrotron radiation reappears, now as a smaller
spot, rotating around the plasma center. At ¢ = 5.3 s; the current starts to
decrease with ca. -230 kA/s. During the current decay, synchrotron radia-
tion is still visible as one rotating spot. At ca. ¢ = 5.75 s, the spot breaks
up into several smaller ones in one single IR picture. The spots disappear,
when the discharge ends at t = 6.27 s.

For t € [4.467;4.683] s where I, = 350 kA (denoted by example B1) and
t € [5.80;5.92] s where [, = 200 — 170 kA (example B2), spot positions of
subsequent (calibrated) IR pictures are shown in fig. 7.8. The synchrotron
pattern in example B2 shows a slight inclination. Spots detected in example
B1 are more elongated at the HF'S than at the LFS of the IR pictures. Hence,
the rotation of the runaway beam is counter clockwise as in example A. The
vertical extent of the spots becomes smaller the more spots are visible per
IR picture, up to a few scanned lines corresponding to about 2 cm (or 390
us).

From the fact that the number of spots is increasing in subsequent IR
pictures, it is concluded that the rotation frequency is increasing at about
400 ms after the current signal is decaying. Furthermore, it is clearly observed
that the radius of the drift surface at which the runaway beam is confined in
a drift island shrinks with decreasing current (see fig. 7.8).
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Figure 7.7: 7, Ip, Vioop, neutron signal and synchrotron radiation signal for
ezample B, i.e. discharge #66526. Ry = 1.7 m, a = 0.4 m, B, = 2.2 T.
In example Bl, during the flat top phase q, = 2.9, in ezample B2 during
current decay g, = 5.2. The synchrotron radiation signal is again shown
without background subtraction. The bold bar on the time azis (1 € [4.5;6.27]
s) indicates the interval during which the runaway snake is observed.
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Figure 7.8: Calibrated synchrotron spots of subsequent IR pictures (ezample
B, #66526) taken at the intervals ¢ € [4.467;4.683] s (14 frames) and t €
[5.8,5.917] s (8 frames). The line indicates the inclination calculated from
(7.1) using gp = 1.

7.3.4 C: Non-pellet induced runaway snake

To study the magnetic field strength dependence of snake parameters, the
plasma was shifted to the HFS starting from an Ohmic runaway discharge
(#73150). Fig. 7.9 shows 7, I, Vieop and the synchrotron signal for this
case. From ¢t = 1 s to t & 3.5 s, the plasma column is shifted inward from
R=17mto R~ 1.58 m, ie. from B, =22 T to B, = 2.5 at the plasma
center. At the same time, the minor radius shrinks from ¢ = 0.46 m to
a~ 0.29 m. From ¢ =~ 1 s, also the first synchrotron radiation is detected.
The intensity of the radiation increases slowly to an (overexposed) steady
spot. The plasma shift induces MHD activity, shown at other signals. The
discharge ends with a disruption at ca. t = 3.79 s (gyep1 = 2.3). Before the
disruption, a part of the large (overexposed) synchrotron spot is rapidly lost
at t = 3.667 s, leaving a column of small synchrotron spots at the LFS of
the torus and, in the same picture, a smaller bright (overexposed) spot in
the plasma center region. At the HFS, no small spots can be recognized,
possibly due to the overexposure of the detector by the central spot. At the
next IR picture, the bright central spot suddenly disappears, together with
the spots at the LFS, leaving small spots at both the HFS and LFS observed
at a smaller radius than that of the former LFS spots. These spots remain
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Figure 7.9: nie, I, Vioop and synchrotron radiation signal (without background
subtraction) for example C, i.e. discharge #73150. After the shift (fromt = 1
stot~35s), Ro=16m, a~030m By=25 T, q, = 2.8. The I, tail
is again an offset error. The bold bar on the time axzis (t € [3.667;3.79] s)
indicates the interval during which the runaway snakes are observed. During
this interval, the plasma is not shifted anymore and q, is constant.
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Figure 7.10: Three subsequent IR pictures during MHD activity after plasma
shift to the HFS and the corresponding calibrated pictures (example C,
#78150) showing spots coming from runaway snakes. The arrow in the IR
picture at t = 3.683 s points to the spots that are most clearly visible.

visible at a few subsequent IR pictures and then disappear just before the
disruption. Fig. 7.10 shows the series of IR pictures as described above. As
for example B2, no visible difference in spot length can be recognized between
spots at the left hand side and the right hand side of the IR picture.

Fig. 7.11 shows the position of synchrotron spots of a few subsequent
IR pictures, observed just before the disruption. At the frame for which
the smaller spots at larger radius are visible (referred to as example C1),
one big synchrotron spot in the central region is observed, not shown in
fig. 7.11. The spots of the following IR pictures (referred to as example C2)
form approximately an ellipse with an inclination of about 50°. During the
time the runaway snake is observed, the plasma was not significantly shifted
anymore.

This example shows the rather spectacular coexistence of a central run-
away beam (central synchrotron spot), and a runaway snake (small spots at
the LFS) of ¢p > 1.
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Figure 7.11: Calibrated synchrotron spots of subsequent IR pictures (ezample
C, #73150) taken at t = 3.667 s (one single frame) and the interval t €
[3.683;3.717] s (2 frames). The lines indicates the inclination calculated from
(7.1) using gp = 2 for interval (1) (open circles) and gp =1 for interval (2)
(filled circles).

7.3.5 Summary of observations

From the above described observations of runaway snakes, the conditions of
appearance of a snake are deduced to be large MHD mode activity in a run-
away discharge and the loss of a large part of the runaway population. The
remaining runaways are confined in an island. When the current decreases,
we see that the radius of the drift surface at which the island has developed,
becomes smaller. In the experiment where the plasma was compressed, two
different snakes, at different drift surface radii, were observed. This experi-
ment further showed that pellet injection is only a way to disturb the plasma
and not essential for creating a runaway snake.

7.4 Derived parameters

7.4.1 Drift surface parameters

Because the high energetic runaway electrons experience a large orbit shift,
they are only sensitive for magnetic fluctuations with large correlation length,
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Table 7.1: Clulculated angle of inclination 8 with respect to the equatorial
plane using (7.1), measured v, and v of synchrotron pattern, and estimated
drift surface shift § and runaway pitch angle 6.The radii are measured with
help of the lines that corresponds with gp = 1 in example A, B1, B2 and C2
and the line that corresponds with gp = 2 in ezample C1. The correspond-
ing figures and time intervals during which the runaway snake is visible are
indicated.

example figure t(s) BC) | re(cm) r (em) | & (cm)| @

A 7.5,7.6 2.87-4.03 ||444+3|144+£1.2]185+08 | 541 |0.10
Bl 7.7,7.8 4.467-4.683 | 45 £ 2 | 13.2 £ 1.2 14 £ 2 4+1 |0.07
B2 7.7,7.8 5.800-5.917 /45 £ 2| 7.0+ 1.2 |103+1.2| 44+ 1 |0.07
C1 7.9,7.10,7.11 3.667 30 £2 - 32.1 + 0.8 - 0.10
C2 7.9,7.10,7.11 | 3.683-3.75 || 49 £3| 9.9+ 1.2 | 1234+ 1.2 - 0.10

i.e. low mode numbers. The drift surfaces at which a runaway snake has
developed, have most likely ¢p = 1, or in case of example Cl ¢p = 2 .
The inclinations § calculated from (7.1) are listed in table 7.1 for the three
different examples. Lines with slope tan 8 through the midpoints (the average
of horizontal and vertical spot positions) are shown in the synchrotron spot
plots (fig. 7.6, 7.8 and 7.11). The calculated inclinations (assuming gp = 1)
fit the orientation of the measured radiation patterns fairly well. Only in
example B2 (fig. 7.8), the predicted inclination does not fit the measured
one. The predicted inclination is based on the assumption of a circular
runaway beam. Probably, during the current decay phase, this assumption
is not valid anymore, giving rise to the difference in calculated and measured
inclination. For the runaway snake in example C1, only spots at the LFS are
visible. It is not possible to see an inclination in that case.

The determination of rmin and Tmayx of the runaway island follows from
the measurement of r; and ry of the shell shape in the calibrated IR pictures
formed by the the rotating spots in poloidal projection. The results for each
example are listed in table 7.1. The determination of r and r, in example B2
was done in the current decay phase. The current decay was only 15% of the
maximum value during that time interval, leading to a theoretical decrease
in radius of the corresponding magnetic surface of the same order, which is
as large as the error in the measurements. Hence, in example B2, although
during current decay, still one value is given for both r; and r;. From the
measured radii, widths of the runaway islands can be estimated, that lie in
the range 2 to 4 cm.

Also in table 7.1, the shift of the drift surface ¢ with respect to the mag-
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netic axis is shown. This shift is determined from the distance between the
midpoints of the ’elliptical’ structures that are shown in the IR pictures and
the geometrical tokamak axis. A Shafranov shift of 3 £ 1 cm is estimated
between geometrical axis and magnetic axis. Because of relatively large un-
certainties concerning the magnetic field topology and plasma position after
pellet injection and after the plasma shift, the Shafranov shift is not known
more accurately.

The question may arise, why under normal conditions, with an unper-
turbed plasma, the synchrotron spot shape does not have a clear inclination
as in the case of a runaway snake. This may be because in case of a snake the
runaways with only one gp value exist. In an unperturbed runaway discharge,
runaways at different -gp surfaces exist, and therefore the total synchrotron
spot is an overlay of different shapes as shown in fig. 7.2. Also, a more varied
pitch angle distribution in a runaway beam in a unperturbed plasma could
result in a spot shape without a detectable inclination.

7.4.2 Runaway energy and pitch angle

The drift surface is shifted from the magnetic surface by a distance § given
in first order approximation by

§ = qymecfeB . (7.2)

The shift § is therefore a measure of runaway energy W,. In example A, it is
found W, =33 £ 7 MeV and in example B, W, = 26 £ 7 MeV, which agrees
with previous energy determination [11,13] based on a crude resolution of
the IR spectrum. No independent energy measurement has been made for
the runaway snakes.

All measured poloidal projections of the synchrotron spots during a snake
show complete ’elliptical’ shapes. From section 7.2.2, it is clear that this is
only possible, if the pitch angle is sufficiently large so that radiation coming
from the runaway orbits at ry;, falls on the detector. Comparison between
calculated and measured synchrotron patterns leads to an estimation of a
pitch angle 6 of the order 0.1 in example A and C. This is in agreement
with previous measurements and Monte Carlo simulations [13]. In example
B, 8 = 0.07 is found. In this example, the inclination did not fit quite well
with the assumed one corresponding to the ¢ = 1 drift surface as well. Both
the pitch angle estimation and the calculated inclination are based on the
assumption of circular drift surfaces. Possibly, in example B, during the
current decay phase, the plasma shape is no longer circular. For W, = 30
MeV and @ = 0.1, there exists an equilibrium between energy gain from the
electric field and energy loss due to radiation [13].
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7.4.3 Frequency

An estimate of fo is made by determining the slope of the rotated angle as
function of time. In example A, f ~ 7 Hz was found, corresponding with
density and Mirnov coils signals. In example Bl, f ~ 26 Hz was obtained.
Oscillations on density and magnetic signals have equal frequency during
that time interval. In fig. 7.12, the time derivative (in Hz) of the rotated
angle is plotted against time for example B2 and C2, together with the
frequency derived from other signals of the interferometer, Mirnov coils and
ECE measurements. In example C1, f ~ 3 kHz was found.

The frequencies of the IR signal are for all examples in agreement with
the frequencies on the density and magnetic signals originating from rotating
islands in the plasma This is consistent with the picture that the runaways
are confined in an island. The frequencies coming from the rotating islands
in the examples A and Bl are much lower than in the other cases, where the
frequencies have values that are more typicalform=1,n=1orm =2,n =
1 modes in TEXTOR-94. Especially in example A, the mode is rotating
slowly for a long time without locking.

7.4.4 Confinement

The loss of runaways after pellet injection and after the plasma, shift to the
HFS is ascribed to a short period of strong ergodization of the magnetic field.
Effective radial diffusion coeflicients of Deg = a?/(4At) =~ 1 — 300 m% ! are
required for the observed losses, where At is the time within radiation disap-
pears. The time it takes for the radiation to disappear, varies strongly from
discharge to discharge. Apparently, the ergodization is not equally strong in
every example. Moreover, the pellets in the examples A and B penetrated to
a (minimal) minor radius of about 24 cm, which would correspond roughly
to a ¢ value of 2. Still, this is enough to disturb the plasma in the central
region where the runaways are confined before pellet injection.
In [11], a radial diffusion coefficient of the runaways in the snake is esti-

mated by

D, = A(w®)/4At (7.3)
where A(w?) is the difference in the square of the horizontal extent of the
spots, with the result D, ~ 0.01 m?~!. The poloidal diffusion coefficient
was given by

Dy = A(lg)?*/4At (7.4)
where [y is the filling up of the gaps between the different spots, interpreted
as the smearing out of the runaway beam over the drift surface. This last esti-
mation can only be made, when runaways are still present after the magnetic
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Figure 7.12: Frequency of different signals for ezample B2 (#66526) and C2
(#73189). The rotation frequency of the synchrotron radiation spots (IR’)
is a measure of the rotation frequency of the runaway snake. The oscilla-
tion frequency of the magnetic field is derived from the signal of the Mirnov
coils. Density and temperature oscillation frequencies are derived from the
interferometer and ECE signals.
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perturbations have decayed, smearing out poloidally over the drift surface.
It was found Dy = 0.015 m?s~!. As reported in [11], it was observed in a few
cases that after the magnetic modes had decayed in about 0.2-0.3 s, indeed
the multiple spots form one large spot again. That spot stays approximately
in same position without large changes in intensity and size for more than
0.6 s, that is up to the end of the discharge. In other cases, the synchrotron
radiation disappeared after the decay of the modes.

Of the examples A, B and C that are discussed in the present paper, only
the discharge in example B did not end in a disruption. In that discharge,
magnetic perturbations are seen on the magnetics until the end of the dis-
charge. When the magnetic modes decay, the formation of one spot after the
snake event would be observed as reported in [11]. This is not the case in
example B: the runaway snake is visible until the discharge disrupts. Also,
in other similar experiments, no observations have been made of a poloidal
smearing out of the runaways over the drift surface, giving rise to a complete
shell of synchrotron radiation.

7.5 Discussion

7.5.1 Runaway parameters

Classically, the radius of the drift surface equals that of the magnetic field
line surface with same ¢ value. Unfortunately, no accurate experimental data
concerning the ¢ profile was available because of the low density conditions
of runaway discharges. For the ¢ = 1 surface, a radius is estimated with
r = a/q,. Using the appropriate parameters for each snake example and
compare these results with the measured (r. + ))/2, we see that for the
examples B1, B2 and C1 the measured average radius is in good agreement
with the estimation. In example A, (r; + r)/2 ~ 16 cm is found, whereas
r = afqg, =~ 12 cm. A possible cause for this difference is that the current
density profile is more peaked due to the presence of large MHD islands,
so that the ¢ = 1 surface lies further out and matches the data better. In
example C2, ry = 32 cm and this very likely corresponds to the ¢ = 2 surface.
In this case, the discharge disrupts shortly after the snake observations have
been made because the ¢ = 2 limit has been reached.

From the comparison between the calculated inclinations 3 for the syn-
chrotron pattern and the overlayed spot pictures, and from the considerations
concerning the calculated and measured drift surface radii, it is concluded
that in example A, B1, B2, and C2 a ¢ = 1 snake and in example C1 a ¢ = 2
snake was observed.
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7.5.2 Higher order theory

From a relativistic Hamiltonian description of drift orbit topology of rel-
ativistic particles [17], it was concluded that if higher order energy terms
become significant, the radius of drift surfaces is smaller than that of mag-
netic surfaces with equal ¢ value. Also, the shift of the drift surface with
respect to the corresponding magnetic surface is larger than predicted in the
first order approximation. Fig. 7.13 shows that the effect of the higher order
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Figure 7.13: Shift § and radius rp of the drift surface with qp = 1 as func-
tion of runaway energy W,, in ’‘classical’ approzimation and when higher
order energy terms are taken into account ("Hamiltonian description’). In
the ’classical’ approzimation, rp = r when gp = ¢. This ezample is calcu-
lated for a parabolic q profile, with qo = 0.88, I, = 350 kA, Ro = 1.75 m and
a = 0.46 m (parameters of ezample A). From this, it follows ry=q = 12 cm.

energy terms {parameters taken from example A) for the energy range of the
runaway electrons that we observe (20-30 MeV) is for the drift surface radius
of the order of a few cm. Fig. 7.13 further shows, that the effect on the drift
orbit shift, for the energy range that we consider, is too small to be measured
with the experimental accuracy we have.

Although the runaways reach relativistic energies in TEXTOR-94, the
measurements of the drift surface radius do not show a significant difference
from the classical approximation as far as the experimental accuracy allows
such a comparison.
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7.5.3 Island width

The difference w = 7| — r, (2 to 4 cm for the different examples) is inter-

preted as the minimal width of the drift island in which the runaway beam is

confined. Assuming that the drift island and the magnetic field island have

equal width, an estimate of the magnetic perturbation (tearing mode) can

be made by (see e.g. [16])

mq' Byw?
16rq

B= (7.5)
where B is the amplitude of the radial magnetic field perturbation, m the
poloidal mode number, B, the poloidal magnetic field strength and ¢’ =
dq/dr the shear of the magnetic field. In example A, B ~ 5 x 107 T is
found.

7.5.4 Changes in ¢ profile

The snake examples B and C were studied to investigate the effect of changes
in current and magnetic field strength on the synchrotron pattern or runaway
parameters. Because the exact ¢ profile could not be measured, only quali-
tative statements can be made.

In example B, it was measured that with lower current the radius of
the ¢gp = 1 surface decreases. This is what one expects for the magnetic
field surfaces of corresponding ¢. The increase of the magnetic field strength
in example C by the plasma shift was only about 15% compared with the
typical field strength. The effect on the g profile with ¢, = 2ra?B; /(o R1,)
is, however, dominated by the changing @ and R due to the plasma shift. In
the case of a parabolic profile, the magnetic surface radii in the plasma before
the shift and after the shift differ only a few cm. The increase in By only by
shifting the plasma is not sufficient to measure an effect of the changing ¢
profile on the snake parameters.

7.5.5 Transport

From the examples, it is seen that the runaway drift islands are shifted from
the magnetic islands to which they correspond. Although the runaways are
well confined in a drift island, they actually move in regions where magnetic
surfaces are perturbed.

Classical, collision induced transport of runaway electrons would be of
the order of D, = 0.001 m?s~! or even less. In unperturbed Ohmic runaway
discharges it is found D, < 0.01 m2~" [19], which is comparable with the
measurement of D, in a runaway snake. For comparison, in Ohmic discharges
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thermal transport is of the order x. ~ 1 m?~!. One mechanism to enhance
runaway transport from the classical estimation is magnetic turbulence since
electrostatic turbulence should have negligible effect on the high energetic
runaways. In a model, where the magnetic topology in an unperturbed
plasma is described by regions of good surfaces and of stochasticity [20],
D, is found to be predominantly determined by the transport in the good
zones and to be lower than x., as is in fact measured. The similar runaway
transport coefficients in unperturbed plasmas and inside runaway snakes (i.e.
drift islands assumed to consist of good surfaces) are fully consistent with
this picture.

In [11], cases are discussed in which the magnetic islands decay and the
runaway tube spread out over the drift surface to form a shell. Shell shaped
synchrotron patterns have not been detected with the full view set-up, be-
cause the MHD activity in the snake discharges did not develop in similar
ways and often the discharges ended with a disruption.

7.5.6 Acceleration inside a runaway snake

In examples A and B, synchrotron radiation reappeared after the loss shortly
after the pellet injection. This reappearance can have several causes. First,
newly born runaways could be generated inside the snake after the total run-
away population was lost shortly after the pellet injection. In that case, the
ne-dependent primary generation of runaways - acceleration by the electric
field taken into account Coulomb collisions - is negligible, because n, was
increased up to a factor of 2 due to the pellets. The secondary generation
process, at which already existing runaways kick (thermal) electrons into the
runaway regime by close collisions is the main source. Inside a drift island,
runaways remained confined and form the seed population needed for the
secondary generation. Qutside a drift island, however, runaways are absent
because of the losses by magnetic turbulence shortly after the pellet injection
or plasma shift and, therefore, there is no runaway population to create new
runaways by secondary generation. Although no synchrotron radiation was
observed by the eye in the IR pictures, a very small number of runaways
should be still confined in the remnants of an island after the period of er-
godization. The radiation they emit should be of too low intensity to be
detected.

It also could be that runaways that were generated before the pellet in-
jection, are still present after the injection but have lost energy. Because
the wavelength of the synchrotron radiation is energy dependent, it could be
out of the range that is detected by the IR camera. After a re-acceleration,
runaways could again gain enough energy, resulting in the reappearance of
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Figure 7.14: Local evolution of the synchrotron radiation (ezample A) within
a small fived area in the IR pictures, at which, after the pellet injection
at t = 2.5 s, the runaway snake appeared (shown here without background
subtraction). The generation rate of runaways before the snake and the gen-
eration rate inside a snake, given by a curve through the mazima that cor-
respond to the spots originating from the runaway snake, can be compared.
The decrease of the mazima towards the end of the discharge is caused by the
enhanced magnetic turbulence leading to the disruption at t =~ 4 s (see also

fig. 7.5).

synchrotron radiation.

Finally, the wavelength of the synchrotron radiation is not only dependent
on the runaway energy, but also on the pitch angle §. The reappearance of
synchrotron radiation could also be the effect of an increased 6 instead of an
energy gain.

The typical time scale for runaway generation is larger than the in exam-
ple A measured time interval between pellet injection with the corresponding
radiation loss and the reappearance of radiation, as can be seen from fig. 7.14.
In this figure, the local synchrotron radiation evolution is shown before and
after pellet injection within a small area in the IR pictures where the runaway
snake appeared after the pellet injection. The rise in radiation takes longer
before the pellet injection than after the pellet injection. Furthermore, 6 of
the runaways inside the snake is estimated to be of similar value as before
the pellet injection, for both example A and B. This leads to the conclusion
that the reappearance of synchrotron radiation in the case of example A is
caused by the re-acceleration of the runaways after they have lost energy
by the pellet injection. In example B, both generation and re-acceleration
can cause the reappearing synchrotron radiation. During the generation or
re-acceleration phase, runaways should be confined inside the island, which
shows a low radial diffusion rate.
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7.6 Summary and conclusion

We have presented new observations of the runaway snake phenomenon. Of
these new observations we discussed three examples in detail, distinguishing
three different situations: a runaway snake viewed in the full poloidal cross
section under similar plasma conditions as previous runaway snake observa-
tions domne in only part of the poloidal cross section [11]; a runaway snake at
different plasma current; a runaway snake at high magnetic field strength.
Necessary conditions for creating a runaway snake are MHD activity and an
initial loss of a large fraction of the runaways. Methods that were used to
excite the necessary MHD activity were pellet injection and plasma shift to
the HFS. In all the three examples, a ¢ = 1 runaway snake was observed, in
the case of the plasma shift also a ¢ = 2 runaway snake appeared.

Synchrotron patterns are calculated taking into account the pitch of drift
orbits, in first approximation equal to the pitch of the magnetic field lines,
and the gyration motion of the electrons. The simulations agree with the an-
alytical expressions [18] concerning the shape of the synchrotron spot. From
the simulations and the measured synchrotron pictures, runaway parameters
as for instance drift surface radius and shift, energy and pitch angle due to
the gyration have been derived. In first order approximation, the measure-
ments are understood quite well. Effects due to the relativistic energies on
drift surface radius were not measured.

The short phase after pellet injection or plasma shift is characterized
by ergodization. Due to macroscopic magnetic turbulence, a large number of
existing runaways is lost. In several cases, a small fraction of runaways remain
confined inside islands that exist after that period. Transport of runaways
that are confined inside such an island structure is very low, of the order of
0.01 m2s~!, which is comparable with the runaway transport coefficient in
unperturbed plasmas. This result fits into the picture of a plasma in which
runaway transport is dominated by magnetic turbulence, and in which the
magnetic topology is described by bands of stochasticity and good surfaces.
In that model, the effective runaway diffusion coefficient is mainly determined
by the zones of good surfaces, which explains the comparable estimates of D,
in perturbed and unperturbed plasmas. The rapid loss outside and the good
confinement inside a drift island are fully consistent with magnetic turbulence
as the main cause of runaway transport.

Finally, the study of the runaway snakes in general does not only give
the opportunity to check several models concerning drift orbit and magnetic
field topology and it could not only give more insight into tokamak transport,
it also could provide a tool to make island structure visible in the plasma
interior. This could be interesting for studies of ergodic divertors, like the
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planned dynamic ergodic divertor (DED) in TEXTOR-94 [21].
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Chapter 8

Disruptions, fast pitch angle
scattering and transport
barriers

In this chapter, several topics are discussed that are only marginally related
to the main questions of this thesis. Nevertheless, they are worth a short
presentation because of major importance for future tokamaks or because
of better insight into runaway behavior in tokamaks in general. First, the
observations of runaway electrons during disruptions are presented. Then, it
is investigated how a possible electron transport barrier affects the runaway
measurements. Finally, observations of fast pitch angle scattering (FPAS)
are discussed.

8.1 Disruptions

8.1.1 Introduction

A disruption is a sudden loss of energy confinement of the plasma. In [1], the
loss is ascribed to a turbulent destruction of the magnetic surfaces. Before
a disruption, often magnetic modes are observed. These modes can grow
and eventually overlap, which leads to stochasticity of the magnetic field
structure. The plasma energy is lost and the temperature rapidly drops. The
plasma resistivity strongly increases, which leads to a fast decay of plasma
current and very large toroidal electric fields.

A disruption can be disastrous for a future reactor tokamak. First of
all, enormous heat loads on wall components can evaporate, crack or melt
the wall materials. Because the plasma position varies, large electric fields
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are induced that give rise to large currents in the vessel. These currents
induce enormous j x B forces on the vacuum vessel structure. Secondly, the
induced toroidal electric field after the sudden temperature drop can generate
and accelerate runaway electrons. The runaway electrons generated in a
disruption are especially dangerous because the energy in the runaway beam
can be deposited very locally due to the outward drift or a position instability.
Also, the runaway electrons could possibly reach such high energies (hundreds
of MeV) that they penetrate the first wall and cause leakage into the vacuum
vessel of the cooling system of the plasma facing components.

It is of major importance to avoid or control disruptions in future toka-
maks. For that reason, much effort is put into investigations to understand
the actual mechanisms leading to a disruption [2]. Several classes of disrup-
tions are distinguished, such as the low ¢, limit or the so-called density or
radiation limit. In case of a low ¢, limit, the edge safety factor is close to
two. Magnetic modes (m = 2,n = 1) are growing and the plasma disrupts.
In case of a density or radiation limit, a certain critical density is reached at
which the radiation power of impurities (due to bremsstrahlung or line radi-
ation) that is proportional to the square of the density, exceeds the amount
of input power by Ohmic heating and additional heating. This mostly leads
to an MHD unstable situation.

Part of the disruption studies concern the particular problem of runaway
generation during disruptions [3-9]. Especially, the question is discussed
whether the runaways are primarily generated by the primary generation
or by secondary generation. In [3,4], observations of disruption generated
runaway electrons in TEXTOR and TEXTOR-94 are discussed on basis of
synchrotron radiation measurements. Runaway electrons can indeed reach
relativistic energies of at least 20 MeV during disruptions, otherwise these
synchrotron radiation measurements were not possible. In [5,9], methods to
avoid the production of runaway electrons during a disruption are presented.
Recently, also in JET [6], runaway electrons generated during disruptions
have been observed by means of soft x-ray measurements.

In this section, a summary is given of the observations of disruption gen-
erated runaways by means of the synchrotron radiation detection, including
the observations discussed in [3,4]. Several sessions have been dedicated to
the investigation of runaway generation during disruptions in TEXTOR-94.
These experiments were, however, not very successful, in the sense that in
none of the discharges, disruption generated runaways were observed.
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8.1.2 Observations

Since the observation of disruption generated runaways by means of syn-
chrotron radiation measurements in TEXTOR, [3], only two more observa-
tions have been made in TEXTOR-94. The discharges are listed below with
a short summary of typical parameters.

e #55860: in this discharge, no synchrotron radiation was measured dur-
ing the stable phase before the disruption. B = 2.25 T and [, = 275
kA. A large deuterium pufl caused the disruption. The line averaged
density after the puff is roughly 7. ~ 5 x 10'® m=3. The thermal
quench is at about ¢t = 2.846 s. Some 6 ms after the thermal quench,
synchrotron radiation is measured during 3 ms. After the thermal
quench and about 0.9 ms before the IR signal is visible, the ECE signal
(130 GHz), that is dominated by down-shifted suprathermal radiation,
starts to increase again. After the IR radiation (and the ECE signal)
disappeared, the plasma current shows a larger decay for ca. 2 ms, after
which it shows the former decay rate again. The current decay time di-
rectly after the thermal quench is 7oy & 4.5 ms. From Teur & poa?/4n
with n &~ 1.65 X 107° In A Z.g /T.[keV]*/? the Spitzer resistivity and with
Zeg /= 2, this leads to an estimate of electron temperature of T, ~ 25
eV. In [4], an accurate investigation of this disruption showed that the
runaway electrons are mainly produced by the secondary generation
process.

o #64845: in the stable phase before the disruption, B = 2.25 T and
I, = 360 kA. No synchrotron radiation was measured. Before the
thermal quench at ¢ = 1.467 s, MHD activity was observed. Some
30 ms after the thermal quench, synchrotron radiation is measured
during two subsequent frames of the IR camera (one frame per 16 ms).
After accurate analysis, the ECE signal (130 GHz) is visible after the
quench up to 1.53 s at a very low level. No phase of larger current
decay is seen after disappearance of the IR radiation. The loop voltage
before the disruption was 1.5 — 2 V which is rather high for a normal
Ohmic discharge. It indicates a relatively high value of Z.g. Directly
after the disruption, roughly f. & 1 x 10! m~2 and 7.y ~ 5 ms, from
which the electron temperature T. ~ 37 eV is estimated (with Zeg ~ 5).
In [4], it was concluded that in this case, the secondary generation was
only weak and that the runaway electrons could have been generated
already before the actual disruption.

® #63763: in this discharge, synchrotron radiation was measured be-
fore the disruption. About 2.5 s before the disruption, the discharge
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reaches the slide-away regime. The plasma current then increases with
roughly 12%, up to 400 kA. B = 2.25 T. At ¢t = 3.03 s, the plasma
disrupts. About 64 ms after the thermal quench, synchrotron radi-
ation is measured during three frames of the IR camera. An ECE
signal (130 GHz) is visible after the quench at a very low level up to
approximately ¢ = 3.09 s. No phase of larger current decay is seen
after disappearance of the synchrotron radiation. The disruption was
triggered by the injection of a pellet. Directly after the disruption,
roughly #i, = 3= 4 x 10" m™3, 7., = 5 ms, from which the electron
temperature T, &~ 25 eV is deduced (again Zeg =~ 2).

In summary, all the disruption generated runaways measurements are
done at disruptions with a very fast current decay. This rapid current decay
is related to a very cold phase directly after the disruption. The resistivity
increases enormously. For example, when T, drops by a factor 40 (from
typically 1 keV to about 25 eV), the resistivity n increases with a factor
40%/% =~ 250 without taking the rise in Z.g into account. This high 7 is
observed from the loop voltage Vioop that saturates shortly after the thermal
quench. A saturation occurs when V,op > 40 V. The above discharges do
not show minor disruptions before the final major disruption.

8.1.3 Experiments

Several disruption programs have been carried out at TEXTOR-94 to in-
vestigate disruptions in general, e.g. mode locking [10] and Greenwald den-
sity limit or radiation limit [11,12]. During these programs, the IR camera
was always running to detect synchrotron radiation coming from disruption
generated runaways. The different disruption programs lead to about 80
disruptions. Unfortunately, none of these resulted in more observations of
disruption generated runaways. Below, the experiments on disruptions are
shortly described.

Different methods have been used to make the plasma disrupt. First,
several series of disruptions were made at which the edge safety factor g,
gets close to 2. Because g, o« B/I,, this g, = 2 limit can be reached by a
decrease of the toroidal magnetic field B at constant plasma current I, or
a current ramp at constant B. Another way of reaching the low ¢, limit is
by compressing and shifting the plasma inward or outward. Typical plasma
parameters at the low ¢, limit disruptions:

e constant current operation at I, = 350 kA, decreasing B from a maxi-

mum field B =1.8 T}
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e constant current operation at [, = 250 kA, decreasing B from a maxi-
mum field B = 2.2 T;

o constant magnetic field operation at B = 1.2 T, current ramp starting
from I, = 250 kA, with and without additional heating by means of
1 MW NBI (co-direction with respect to plasma current);

e constant current operation at I, = 250 kA, compressing and shifting
the plasma outward or inward at a magnetic field of B = 2.6 T and .

B=22T.

Secondly, many discharges were devoted to the study of the density or
radiation limit. Typical plasma parameters:

e constant current and magnetic field operation at I, = 250 kA and
B = 2.0 T, density ramp, both with and without additional heating by
means of co- and counter-injection of NBI.

8.1.4 Discussion

The question arises whether we could have measured runaway electrons at all
in the disruptions presented in the previous section. The presented observa-
tions of disruption generated electrons suggest that a fast current decay, i.e.
a very cold phase after the thermal quench, that produces a large toroidal
electric field is important. In {3], a model for runaway generation during dis-
ruptions is presented which calculates the maximum runaway energy and the
runaway current as function of the parameter e = F/E . with E.y; the crit-
ical runaway field. An estimate for ¢ is given by ¢ &~ 4.6 x 107% Z.gjo/n.v/Ts
where jg is the central current density approximately equal to that just be-
fore the disruption and n. is measured in 10*® m~2 and 7, in keV. When
ne & 2 —3x 10" m™3 T, = 0.05 - 0.10 keV, jo ~ 1.5 — 2 MAm~? and
Zeg ~ 2 — 3, then ¢ = 0.02 — 0.04, which leads according to the model
in [3] to a maximum runaway energy of 15 — 30 MeV. Runaway currents
of 0 — 25 kA are reached for ¢ ~ 0.02 — 0.04. The above mentioned pa-
rameters are not untypical for the presented disruptions. Therefore, it is
concluded that it should have been possible to observe disruption generated
high energetic runaway electrons. The maximum energy can also be esti-
mated directly from the energy gain that comes from the decaying poloidal
field, via inductively generated parallel electric field E. This yields [3]
W = ec[ Edt = ecLél,/2n Ry ~ 21 MeV, with L the total inductance
and ¢/, the current loss between thermal quench and the time at which the
energy content is determined.
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The presented observations suggest that high energetic runaway electrons
during disruptions are observed as long as the magnetic field structure is
not completely destroyed during a disruption. Generated runaway electrons
should be confined at few intact magnetic field surfaces for some time to
reach ’observable’ energies of 25 — 30 MeV. This is consistent with the ob-
servation in JT-60 [5], where the generation of runaways after fast plasma
termination is suppressed by applying external magnetic perturbations, i.e.
by destroying magnetic surfaces. In stochastic magnetic fields, runaways are
badly confined. This was already observed in chapter 7: runaway electrons
outside an island topology are rapidly lost with diffusion coefficients up to
300 m™2s™L.

At Tore Supra [7], it is found that the runaway generation at disruptions
is a strong function of magnetic field. After an increase of the field with a
factor 2.5, many more runaways were generated at disruptions derived from
higher neutron rates. Because ¢ ~ jp ~ B/Ry, a stronger field can indeed
lead to a larger runaway current during disruptions according to the model
in [3]. On the other hand, a stronger toroidal magnetic field could also reduce
the relative effect of perturbating fields and, therefore, keep the magnetic
structure better intact during a disruption resulting in a better runaway
confinement. In most of our experiments, the magnetic field is rather low,
B =1.2—-2.0 T. Unfortunately, in the only experiments at high magnetic
field (B = 2.6 T), the disruptions are preceded by relatively large mode
activity. It is very likely that this leads to the destruction of all magnetic
surfaces during the disruption, so that no runaway electron can be confined.

The role of Zeg is not clear at the generation of runaways at disruptions.
A high Z.g causes more (edge) radiation, which could lead to a faster tem-
perature decay, i.e. a colder post-quench plasma. Also, plasma resistivity
increases with higher Z.g, which leads to a faster current decay. On the
other hand, the effect on the primary and secondary generation is found to
be rather negative. The birth rate A, decreases with increasing Zeg. In [13],
runaway generation is investigated in high Z.g plasmas. It was concluded
that an increase in Zeg suppresses the secondary generation. In JT-60, it
is observed, however, that the injection of an impurity pellet to get a fast
plasma shutdown actually favors the generation of runaway electrons by sec-
ondary generation. In [13], it is suggested that the very high electric field
caused by the high level of Z.g is dominating a reduction of the secondary
generation process.
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8.2 Runaway electrons as probe for barriers?

8.2.1 Introduction

Measured heat transport in tokamak plasmas exceeds the neoclassical esti-
mates with one or two orders of magnitude. In recent years, in various toka-
maks, conditions have been reached for which regions in the plasma develop
with an ion diffusivity that is reduced to the neoclassical level [14]. These
plasma regions are called ion transport barriers and can be as large as the
entire plasma. Electron thermal transport appears to be driven by different
mechanisms than that of ions, because the existence of an ion temperature
barrier does not imply an electron transport barrier.

Electron transport barriers have been definitely demonstrated at the Rijn-
huizen Tokamak Project (RTP), both in Ohmic and electron cyclotron heated
(ECH) plasmas [15-17]. The barriers exist in the vicinity of low order rational
numbers in the ¢ profile, e.g. ¢ =1, 4/3, 3/2, 2, 5/2 and 3. The barrier in
the vicinity of the ¢ = 1 surface is found to be the strongest. The data
shows that the barriers extend at maximum over 10% of the minor radius.
In [16], a barrier model is presented where the electron heat diffusivity y. is
prescribed as a function of g. The diffusivity between the barriers that are
positioned near ¢ =1, 4/3, 3/2,... is Xeou = 10 m% ™!, the diffusivity in the
barriers increases from Xeim = 0.35 m?s~! near ¢ = 1 till yejn = 1.8 m%™!
for outer barriers. This interpretative model surprisingly well reproduces the
measurements.

It is pointed out in [17] that many of the experimental features of the ob-
served transport barriers resemble the magnetic field topology in a tokamak.
In the following, the region of the very low transport is, therefore, interpreted
in a magnetic topology picture as a region of good magnetic surfaces near
perturbed, stochastic regions.

In this section, a closer look into the IR pictures and into synchrotron
radiation profiles (taken at the equatorial plane) under different plasma con-
ditions is made. The analysis of profiles is motivated by the question whether
evidence for electron transport barriers can be found in runaway electrons
measurements.
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8.2.2 Effect of a barrier on runaway electron measure-
ments

Runaway electrons are effectively test particles, not bound to the ions by
ambipolar effects, as long as no rapid changes in runaway density occur.
Therefore, runaway transport can be compared to heat diffusivity. Simula-
tions with the model presented in [16] can reproduce the measurements when
a heat diffusivity inside the barriers is assumed that is roughly one order of
magnitude higher than the neoclassical value. It was found that the value of
the diffusivity outside the barriers was not very critical in the simulations,
but at least half an order of magnitude larger than the averaged x. as follows
from a power balance. We will now investigate what these findings imply for
the case of runaway electrons.

The neoclassical runaway diffusion coefficient is estimated in chapter 2,
Dipeo ~ 107% m?s7'. The diffusion coefficient inside a barrier is there-
fore taken D, i, ~ 107 m?s7!. In Ohmic plasmas, it is measured that
the effective runaway diffusion is Dyeg < 0.01m?s™!. Outside the barrier,
we take, therefore, D,ou = 0.1 m%~!, which is even more than half an
order of magnitude larger than this averaged diffusion coefficient. Using
Dresr 7 (wo/Dyjn + (1 — wp)/ Dyous) ™" with wy, the total barrier width, it
is estimated that the barriers when existing roughly extend over 10% of the
minor radius. For a more accurate estimate, the actual width of a barrier
should considered as well.

In the above calculation, it is assumed that, in the interpretation of barri-
ers as good magnetic surfaces within regions of stochasticity, the mechanisms
that cause a Xe,in of one order of magnitude higher than the neoclassical value,
apply to same extent to the runaway electrons. However, when e.g. electro-
static turbulence is the cause for this enhanced X inside a barrier consisting
of good surfaces, runaway electrons are affected roughly one order of magni-
tude less (see chapter 2, Des o 1/v). This would imply that Dy & Dy peo-
The estimated total barrier width is in that case only 1% of the minor radius.
When D, o is taken one or two order of magnitude higher, same result was
found for wy,.

Because of the ¢ dependence of the barriers, one of the possibilities to
observe evidence for an electron transport barrier in runaway electron mea-
surements is the behavior of the synchrotron spot in the current decay phase.
When the current decays, the g value on axis, ¢o, eventually increases to a
value above 1. Hence, the ¢ = 1 surface vanishes. A possible transport bar-
rier close to this surface then disappears as well. If runaway electrons were
confined in the region within the barrier close to the ¢ = 1 surface, they would
spread out when this barrier disappears, up to a possible next barrier. This
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would be observed as an increase of the synchrotron spot on the IR pictures
during current decay. Because outside a barrier at least D, ous = 0.1 m%s~!,
the spot should increase on a time scale of at the most 500 ms after the bar-
rier at ¢ = 1 vanished. Observations of an increase in synchrotron spot have
indeed been done and will be presented in section 8.2.3. It will be shown in
section 8.2.4 that there are different ways to interpret the observations.

Other evidence for an electron transport barrier could be provided by
synchrotron radiation profiles. Let us assume a low density plasma with
a few electron transport barriers. The electron temperature profile of this
plasma shows very steep temperature gradients [16,17] close to the barriers.
Runaway production is strongly concentrated in the plasma regions where the
Te-profile is more peaked than the n.-profile. Hence, runaways are, as usual,
mostly generated in the plasma center, inside the first barrier. Because the
transport in this region is very high, the newly born runaways will spread over
the whole region up to the barrier. Outside the first barrier, the generation
of runaways is expected to be lower and when runaways are generated they
are rapidly lost from the plasma or will be kept within the next barrier when
present. The resulting runaway source density profile is a staircase profile,
i.e. flat in the regions between the barrier position. Qutside the last barrier,
no runaways are present. The profile is more peaked than the temperature
profile because the birth rate of runaway electrons is much more peaked.

The orbit shift of 25-30 MeV runaways is ~ 6 cm. This is larger than the
expected width of the barrier and therefore, these high energetic runaways,
born in the region within the barrier, are, partly, moving in a stochastic
region outside the transport barrier. When more barriers are present that
are only several cm apart, the runaway electrons could even shift across more
than one barrier. During its acceleration, i.e. along its increasing orbit shift,
a runaway produces new runaway electrons by secondary generation. When
the distances between barriers are of the same order of magnitude as the
runaway drift orbit shift, a smoothing of the steps of the staircase can occur.
Nevertheless, outside the last barrier, no runaways are confined. The 30
MeV runaway density profile is, therefore, at least top-hat shaped. Recall
that not the actual magnetic field structure at the position of the runaway
orbit, but the actual drift orbit topology is important. This has been shown
in chapter 7 where runaways are confined in a drift island that is shifted
from the corresponding magnetic island into a stochastic magnetic region.
The steep edges in the high energetic runaway profile are shifted from the
actual position of the transport barrier.

Only runaway electrons of high energy contribute significantly to the ob-
served synchrotron radiation. Therefore, the observed radiation profiles can
be interpreted as the runaway density profiles of 'mono-energetic’ runaway
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electrons of high energy. Hence, an investigation of these radiation profiles
could show evidence for electron transport barriers.

8.2.3 Observations

In this section, we investigate whether evidence of electron transport barriers
as discussed in the previous section can be found in the runaway experimental
data. In the next section, we discuss to what extent the observations can be
interpreted as evidence for transport barriers.

In the current decay phase of most runaway discharges, it is observed that
the (small) sawteeth disappear. Although the absence of sawteeth does not
necessarily mean that go > 1, it is expected that at some time in the current
decay phase, where ¢, is increasing, qo > 1. When a transport barrier close
to ¢ = 1 disappears as well, an increase in synchrotron spot is expected.
In [18], observations of rapidly increasing synchrotron spots in the current
decay phase of normal Ohmic runaway discharges are presented. Normally
in the current decay phase, a stable synchrotron spot is observed. The spot
slowly moves outward because the drift orbit drift is inversely proportional
to the plasma current. In some discharges, however, the synchrotron spot
size suddenly increases within approximately 0.1 ms during the current decay
phase. Simultaneously, the synchrotron spot increases in intensity. After this
increase, the ECE signal shows a stepwise increase which is characteristic for
the Parail-Pogutse instability [19] (see also section 2.4).

Two radiation profiles in the Ohmic phase of two different runaway dis-
charges are shown in figure 8.1. Because the intensity of the synchrotron
radiation in the tails is just above the intensity of the thermal background,
the typical error in intensity in the tails is relatively large, up to 50%. In the
highest intensity part of the profile, the typical error in radiation is typically
10 — 15%.

The profile of #62791 taken at ¢ = 2 s is flat in the highest intensity part
and shows steep gradients. The discharge #62791 shows an exponentially
rising radiation evolution up to the moment of NBI at ¢ = 2.7 s. In almost
all Ohmic runaway discharges, such an exponential rise of radiation signal is
observed, which is interpreted as a dominant secondary generation process.
There are, however, few observations of radiation signals that reach a steady
state. An example of such an Ohmic runaway discharge is #62788. The
profile of #62788, also taken at ¢t = 2 s, is rather peaked. This is one of
the profiles already shown in chapter 5 where a profile of runaway diffusion
coefficient is derived from radiation profile and evolution. This discharge
#62788 has a radiation evolution that shows a flat plateau when ¢t >4 s,
after an initial rather linearly rising signal.



8.2. RUNAWAY ELECTRONS AS PROBE FOR BARRIERS? 157

300 T

—— #62788
- -~ - #62791

200

P (a.u.)

100 |

R-R, (cm)

Figure 8.1: Synchrotron radiation profiles at t = 2 s for two different dis-
charges. #62788 (see figure 5.4 and 5.6) has a radiation evolution that
reaches a steady state at t = 4 s, whereas #62791 (see table 6.1 and fig-
ure 6.7; the case with largest total input power (NBI) has similar radiation
evolution as #62791) has an ezponentially rising radiation evolution up to
the moment of NBI (at t = 2.7 s). The relative shift of the profiles is due
to different central plasma positions in the different discharges. In both dis-
charges, q, = 3.8. In #62788 small sawteeth (AT,/T. = 10%) are present;
for #62791, no temperature measurements are available.

8.2.4 Discussion

The exact time at which ¢g rises above unity in the current decay phase
can not be derived from the moment of disappearance of sawteeth. The
fact that the increase in synchrotron spot is observed after the disappear-
ance of sawteeth, at least does not contradict a possible relation with the
disappearance of a barrier near ¢ = 1. The observed time scale of the syn-
chrotron spot increase in the current decay phase (0.1 ms) is smaller than
the estimated maximum time scale of spot increase after disappearance of
transport barrier (500 ms). However, the latter is based on a diffusion coef-
ficient, Dy out = 0.1 m2%™!, which was rather arbitrary. The value of Dy out
in the barrier model is not very critical. When the observed spot increase
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is caused by runaway diffusion, the time scale of 0.1 ms corresponds to a
diffusion coefficient D, ~ 300 m?s~! which would fit into the model as well.

However, the simultaneous increase in intensity during the spot increase
and the stepwise rising ECE signal that is observed after the spot increase,
can not be explained only by a loss of electron transport barrier. Moreover,
because observations of sudden synchrotron spot increase are done in a steady
current flat top phase, the events do not depend on changes in the current,
or ¢ profile. These observations make the interpretation of the spot increase
as a result of a transport barrier loss not very likely, but definite conclusions
can only be drawn after more accurate investigation of the events. In [18],
a possible explanation is given based on interaction between runaways and
plasma waves. In the next section this phenomenon, together with new
observations, is discussed in detail.

The profile of #62791 in figure 8.1 has a shape (top-hat) as was expected
when at least one electron transport barrier exists in the plasma. The first
and strongest barrier is expected near ¢ = 1. The runaway beam radius
is approximately Tbeam &~ 15 cm. In a plasma with ¢, = 3.8, the radius of
the ¢ = 1 surface is approximately at r = a/g, = 12 cm. Outside approx-
imately r & 30 cm, no runaways are observed. This corresponds roughly
with the position of the ¢ = 2 surface. The barrier hypothesis could ex-
plain the rising radiation evolution in the Ohmic phase of #62791. The only
possible transport across the barrier, by collisions or electrostatic turbulence
(Drjn = 107 m? ! or even less), is small for these high energetic electrons
with respect to the diffusion rate outside the barrier. Hardly any runaway
electrons are lost and, therefore, the radiation evolution shows an exponential
growth.

The peaked profile shape of #62788 leads, according to the above ar-
gumentation, to the conclusion that in that discharge, no electron transport
barrier is present. The radiation evolution of this discharge, reaching a steady
state at ¢ = 4, is most likely explained by a balance between source of run-
aways and runaway loss mechanisms. The relative shift of the profiles in
figure 8.1 is due to different central positions of the plasma in the different
discharges.

The above interpretation of the profiles in terms of an electron transport
barrier is rather speculative. The profile and radiation evolution of #62791
can be interpreted in terms of several electron transport barriers between
g =1and ¢ = 2. A big difference in plasma conditions up to ¢t = 2 s, the time
of the profiles, could not be recognized between #62788 and #62791. The
(possible) formation of barriers in one discharge while in the other no barriers
are formed, in spite of similar initial conditions, is a kind of bifurcation that
is more often observed in connection with transport barriers [17].
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In conclusion, from IR pictures taken during the current decay phase,
possible evidence for the existence of an electron transport barrier has been
found. However, the observation of the increase in synchrotron radiation
spot is accompanied with other phenomena. Most measurements lead to a
more consistent picture when they are interpreted as a runaway electron-wave
interaction than when they are interpreted in terms of electron transport
barriers. The profile measurements show evidence of barriers by means of
the typical hat-shape. To give a final judgment on the existence of an electron
transport~barrier on basis of runaway electron measurements, a much more
detailed investigation should be done on radiation profiles.

8.3 Fast pitch angle scattering events

8.3.1 Introduction

In the previous section, observations of a rapid change in synchrotron spot
and intensity, presented in [18], were already mentioned. These observations
are done during the current decay phase. An example is shown in figure 8.2.
A possible explanation for increase in the spot size was given by the loss

Figure 8.2: Three subsequent pictures taken with the IR camera showing a
fast pitch angle scattering (FPAS) event.

of an electron transport barrier. Another interpretation of the phenomenon
is presented in [18] which leads to a more consistent picture with other si-
multaneous observations, such as the increase in intensity and the stepwise
increasing ECE signal.

The intensity can change by a change in energy W, number of runaways
N, or pitch angle §. Because the short time scale on which this event occurs,
it is concluded that the increase in intensity can only be caused by a fast
pitch angle scattering (FPAS). The pitch angle increases with a factor of
about 1.5.
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A possible mechanism to explain an FPAS event, based on interaction of
runaways with plasma waves, is discussed in [18]. Starting point is the Parail-
Pogutse instability [19] (see also section 2.4) which occurs in the so-called
slide-away regime. This regime is characterized by a large suprathermal
electron population [20], low density and low loop voltage. These condi-
tions occur for instance during the current and density decay phase of a
discharge. If a runaway beam that is being accelerated reaches some crit-
ical energy Wheam, waves are excited at the anomalous Doppler resonance.
Resonance between thermal electrons and these waves lead to a plateau in
the distribution function. This flattening of the distribution function causes
a broad spectrum of waves to become unstable. These waves isotropize the
complete runaway region in energy. After that, the waves are damped. Be-
cause the runaways accelerate again and exceed Wheam, this whole process
repeats itself. This repetitive nature of the instability becomes very clear
from ECE measurements. The ECE signals show a stepwise rise until they
are saturated.

Among the waves excited in the second stage of the Parail-Pogutse insta-
bility, lower hybrid waves are present. These waves can pitch angle scatter
the runaway electrons by anomalous Doppler resonance when the runaways
have an energy (in MeV) of [18]

70
(N” — 1)\/Zeffne

where n. is expressed in 10" m™® and N} is the parallel refractive index.
In TEXTOR-94, typically N = 4, ne = 0.5 x 10" m™ and Z.g = 2, so
Wies = 23 MeV. This energy is exactly in the range of the electrons observed
by synchrotron radiation measurements.

The suggested explanation for an FPAS event is based on the Parail-
Pogutse instability, which is of repetitive nature. In the synchrotron radiation
signal [18], however, only one single FPAS event per discharge was observed.
It was suggested that this is related to the observation in other tokamaks that
the Parail-Pogutse instability is strongest at its first occurrence. Another
suggestion is that because the density is decreasing during the FPAS event,
the resonance between lower hybrid waves and the runaways takes place at a
higher energy. On top of that, runaway electrons radiate more strongly after
a pitch angle increase and have less energy.

It may be interesting to note that, as is discussed in chapter 2, the Parail-

Woes = (8.1)

Pogutse instability excludes the presence of high energetic runaway electrons
because of the repetitive resonances that lower the energy of the suprathermal
electrons. Hence, a fast pitch angle scattering event can only occur, when
high energetic runaways are present already before the instability sets in.



8.3. FAST PITCH ANGLE SCATTERING EVENTS 161

Table 8.1: Overview of FPAS event observations in one single IR picture.
In all cases, By = 2.2 T. Error in determination of fi, is £0.05 x 10'® m~3;
error in determination of I, is £5 kA.

# | multiple | I, rpas | dI,/dt)rpas Tie,FPAS dne/dt)rpas
(kA) (kA/s) (x10" m=3) | (x10' m~3s71)
62781 - 350 0 0.60 0
62785 X 350 0 0.50 0
350 0 0.60 -1.78
(after pellet)
64727 X 300 -163 0.40 0
217 -163 0.40 0
64728 X 395 -217 0.45 0
317 =217 0.45 0
66519 - 233 -273 0.40 0
72038 - 161 -644 0.30 0
73206 - 169 -177 0.30 -0.45
73207 - 200 -182 0.30 -0.41

8.3.2 New observations

Several new FPAS event observations occurred in runaway discharges during
a variety of experimental programs. These observations are presented below.

The IR camera which is used for the synchrotron measurements is a scan-
ning camera. During a normal runaway discharge, the synchrotron spot cov-
ers about 30-60% of the total IR picture. In the current and density decay
phase of the discharge, the spot covers less. The chance that an FPAS event
is observed during the scanning of the synchrotron spot is related to the
amount of coverage of the spot. It is, therefore, not surprising that in all 28
FPAS discharges, only 8 FPAS events are observed during the scanning of
the synchrotron spot. In 20 discharges, FPAS events are recognized from a
sudden increase from one IR picture to the next. In table 8.1, the 8 FPAS
events observed in a single IR picture are listed.

The observations presented in table 8.1 are similar to those made in pre-
vious experiments [18]. After the (first) FPAS event, all discharges reach the
slide-away regime. This is deduced from the rising ECE signal or, if this sig-
nal was not available, from a significant decrease in Vioop. In five discharges,
the rise in ECE is clearly stepwise. In one discharge, no clear steps can be
recognized and in two discharges no ECE signal is available. Often, the rise



162 CHAPTER 8. DISRUPTIONS, BARRIERS, FPAS

in ECE signal is accompanied with spikes on the ECE signal. The neutron
signals, when available, show mostly a flattening or even decrease when the
discharge goes into the slide-away regime. Sometimes, a peak in the neutron
signal appears at the FPAS event.

New is the observation of more FPAS events in a single discharge. Also,
it is obvious that the plasma conditions that are needed for the instability
to develop can be reached in the flat top phase as well as in current or
density decay phase. Nevertheless, an FPAS event shows only up as long as
during the occurrence of the Parail-Pogutse instability already high energetic
runaways are present. Sometimes, discharges with FPAS events show small
modulations of the synchrotron spot before the FPAS event which are a sign
for mode activity.

Most of the other FPAS events that are observed from an increase in
synchrotron spot from-one picture to the next, take place during the current
decay phase, just before the discharge ends. After the events, the discharges
reach the slide-away regime, which is recognized from a low loop voltage,
low density and an increase in ECE. Often spikes are observed on the ECE
signals before the increase.

8.3.3 Discussion

The new observations are in agreement with the mechanism for an FPAS
event as proposed in [18]. The observations of an FPAS event during the
current flat top phase rejects, at least for these events, the interpretation
based on the disappearance of an electron transport barrier. The ’observable’
interaction between high energetic runaway electrons and waves in the plasma
depends on low n, values according to equation (8.1). The n. happens to
reach sufficiently low values mostly during the n. decay phase, during which
also the current decays. Furthermore, the observation of a multiple pitch
angle scattering proves that the FPAS of the runaway beam can be indeed a
repetitive instability, as is predicted from the suggested explanation with the
Parail-Pogutse instability as starting point. Nevertheless, in most cases the
energy density of the lower hybrid waves excited during the second occurrence
of the instability is apparently too small to pitch angle scatter the runaways
more than once.

It may be interesting for future investigations to note that in the FPAS
discharges, often magnetic mode activity is observed. Synchrotron spots are
unsteady before and after an FPAS event and often, the discharges result
in a runaway snake, when the modes have eventually developed to an island
topology in a stochastic background plasma.
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Chapter 9

Evaluation

This thesis presents a study of runaway electron transport in a tokamak
plasma. The motivation for this study was the question to what extent
magnetic turbulence contributes to the anomalous heat transport observed
in tokamak plasmas. In this evaluation, the main experimental results are
summarized and the questions formulated in the introduction are addressed.
These questions were:

o What is the runaway electron transport under different plasma condi-
tions?

e How are scale size and level of magnetic turbulence derived from the
runaway transport measurements?

o What is the contribution of magnetic turbulence to anomalous heat
transport?

Runaway transport

By means of synchrotron radiation measurements, the radial transport of
runaway electrons is determined under different plasma conditions.

In chapter 5, a radial diffusion coefficient profile for high energy runaways
in an Ohmic plasma is derived from measurements of synchrotron radiation
profiles. At half radius, »r = a/2, the runaway diffusion coefficient D, is
found to be 0.002 m?s~! < D, < 0.01 m?%~!, which corresponds to a runaway
confinement time 7; of > 3.5 s. For comparison, neoclassical theory estimates
a runaway diffusion coefficient of < 107™*m?s~!.

Experimental evidence of the energy dependence of the runaway confine-
ment time 7, is presented in chapter 6. In discharges with auxiliary heating,
the intensity of the synchrotron radiation shows a decline after the heating
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is switched on. The runaway confinement is deteriorated by the auxiliary
heating power. For confinement of heat and thermal electrons, similar ob-
servations have been made, as well as for 1 MeV runaway electrons in the
plasma edge in ASDEX [1]. In TEXTOR-94, the decline of the radiation is,
however, observed only after a delay of 0.1 — 1 s, depending on the heating
power. The delay can be explained by assuming that the deterioration of
runaway confinement is restricted to an energy range well below 30 MeV,
i.e. the energy of the observed runaways. The loss of runaways at lower
energy appears only later as a reduced number of observable runaways at
high energy. With increasing heating power, the energy range of runaway
confinement deterioration increases to higher energies resulting in a shorter
delay in radiation decline.

In chapter 7, the confinement of runaway electrons is discussed in a plasma
with large magnetic islands. The runaways are confined in drift islands of
similar topology as the magnetic islands that consist of perfect flux sur-
faces. The radial runaway diffusion coefficient inside an island is at the most
0.01 m2%~1. Outside a drift island, D, = 1 — 300 m2s~1. The drift island
is shifted from the magnetic island because of magnetic field gradient and
curvature. The well confined runaways inside a drift island are, therefore,
partly moving in a region where the magnetic field is stochastic.

Magnetic turbulence

The energy dependence of the runaway confinement is explained by the aver-
aging effect that the drift orbit shift has on the effect of magnetic turbulence
on the runaway transport. A runaway experiences the perturbations of a
single magnetic mode of various phase on its orbit during one transit time,
which causes the averaging. Furthermore, when the orbit shift is larger than
the typical scale size of the magnetic perturbation, it "feels’ the mode only
a fraction of its transit period, which further reduces the effect of magnetic
turbulence.

The typical drift orbit shift of the observable runaways is in the order of
centimeters. Because the runaway electrons are so well confined in Ohmic
plasmas, the typical size of the average magnetic mode in an Ohmic plasma
has to be significantly smaller than the drift orbit shift. The detected IR
signal of runaways at high energy reflects, however, the acceleration history
of these runaways. Hence, the synchrotron radiation measurements contain
information on runaways during their complete energy development from
100 keV to 30 MeV. These energies correspond to orbit shifts in the range
0.02 -6 cm.

In a model by Mynick and Strachan [2], the ratio between runaway con-
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finement time for the case including drift orbit averaging effects and the
runaway confinement time without these effects is expressed as function of
the ratio between drift orbit shift (d) and average mode width () of the per-
turbation. Because the orbit shift d is proportional to electron energy, the
model in [2] gives an energy dependent confinement time with average mode
width § as free parameter. Comparison between measured radiation signals
and simulated radiation signals based on that energy dependent confinement
time results in estimates for the typical scale size of magnetic perturbations.
In Ohmic plasmas, § < 0.5 cm. In plasmas with auxiliary heating, & in-
creases with increasing power. For example, with 0.6 MW NBI, § ~ 4.2 cm.
An increase in mode width up to ~ 4 cm corresponds with a reduction in
confinement time for high energetic runaways from 7. > 1 s in an Ohmic
plasma to 7, ~ 100 ms in an heated plasma. This corresponds to an approx-
imate diffusion coefficient of high energetic electrons of D, ~ 1 m%~! in an
additionally heated plasma.

The size of the perturbing field can be estimated when the average scale
size of the magnetic modes is interpreted as the width of chains of islands.
Then, in Ohmic plasmas it is found B/B ~ 2x107%, in a plasma with 0.6 MW
heating power, B/B ~ 1 x 1072. The estimates are valid at rfa = 0.3.
These estimates are rather uncertain because of the assumptions needed to
relate the scale size to the width of chains of islands. Moreover, a value of
B/B ~ 1073 seems to be overestimated: in chapter 7, a fluctuating field of
B ~ 10~* T was estimated to cause large magnetic islands, that eventually
lead to a disruption of the plasma.

Other models are investigated to find a more accurate estimate of B/B.
A model by Myra and Catto [3] also calculates the transport reducing effect
of the electron orbit shift. The starting point is the quasilinear collisionless
radial electron diffusion coefficient due to magnetic perturbations given by [4],
D, = ﬂqRovH(];’/B)2, which is multiplied by a drift modification factor Y.
This factor is given as a function of the ratio between drift orbit shift d and
magnetic mode width &. It decreases with increasing ratio. In the model,
different poloidal structures of the magnetic turbulence are considered to
calculate the transport reducing factor T. Here, we only consider the results
based on poloidally uniform magnetic turbulence, because it fits best to our
picture of magnetic turbulence.

Because both T and the radial mode width & are unknown, B/B can not
be estimated from the model by Myra and Catto [3] alone. Hence, the mode
widths that follow from comparison of experiment and simulations based on
the model by Mynick and Strachan [2] are used to give an estimate of B/B
In Ohmic plasmas, § < 0.5 cm. The diffusion coefficient of high energetic
runaways (orbit shift of ~ 6 cm) in an Ohmic plasma is 0.002 m?s~ <



168 CHAPTER 9. EVALUATION

D, < 0.01 m?~. This leads to an estimate (with ¢ = 1 and v = ¢)
5x 107 < B/B < 1 x 1075 in Ohmic plasmas. In a plasma with 0.6 MW
NBI heating, é§ = 4.2 cm. It was derived above that in a additionally heated
plasma D, ~ 1 m%~!. Then, the magnetic turbulence level is approximately
B/B ~3x 1075,

Numerical calculations of magnetic field line trajectories by de Rover et
al. [5] showed that, first, field lines in a chaotic field do not make a Gaussian
random walk as is assumed in the derivation of the quasilinear collisionless
diffusion coefficient by [4] (and therefore also in the calculation by [3]). Sec-
ondly, magnetic shear can not be neglected in studies of transport in chaotic
field as is commonly done. A magnetic field that is perturbed by small cur-
rent filaments, shows for levels of B/B ~ 2x 107 chains of small islands with
a width of approximately 0.3 cm mixed with regions of good magnetic sur-
faces.. When B/B ~ 1073, the average displacement of magnetic field lines
has increased, there are hardly any good magnetic surfaces and the islands
that can be recognized have widths of approximately 1.5 cm. Calculation of
test particle transport in these stochastic magnetic fields yields a diffusivity
x that is much smaller than the measured y. Therefore, different decorre-
lation mechanisms (time dependence of magnetic fluctuations, electrostatic
fluctuations) of particles from the magnetic field lines must be included in
the model if magnetic turbulence is to cause the thermal transport anomaly.
Unfortunately, in this test particle transport model of de Rover et al. [5],
the averaging of the drift orbit shift on the effect of magnetic turbulence on
transport has not been taken into account. Hence, a direct estimate of mag-
netic turbulence level or scale size based on runaway transport measurements
is not possible. What the model predicts for thermal transport is discussed
in the next subsection.

Table 9.1 gives an overview of the estimates of scale size and level of mag-
netic turbulence according to the different models as discussed in this section.
For comparison, measurements and estimates of core magnetic turbulence in
other tokamaks are mentioned. Zou et al. [6] estimate B/B ~ 3 —6 x 1075
from cross polarization scattering measurements in Tore Supra. In [7], ver-
tical ECE measurements lead to an estimate B/B ~ 4 x 1075 in electron
cyclotron heated plasmas in TEXT-U. In JET [8], the determination of run-
away diffusion by fast electron bremsstrahlung measurements correspond to
levels 8 x 107 < B/B < 4 x 1073 in Ohmic plasmas (based on the model
of [3]). Correlation reflectometer measurements in JET [9] showed a radial
extent of density structures of less than 0.5 cm under Ohmic conditions. For
15 MW of NBI power, the radial extent was typically at least 3 cm.



169

Table 9.1: Overview of results on scale size and level of magnetic turbulence
according to different models. Note that the results for de Rover et al. are
numerically calculated and not directly connected to Ohmic or heated plasmas,
although they are listed that way. (MS denotes Mynick and Strachan.)

models Q NBI

§ (cm) | B/B §(cm)| B/B
Mynick and || < 0.5 2 x107° 42 11x107°
Strachan [2]
Myra and (MS) [5x107%—1x107°[ (MS) [3x107®
Catto [3]
de Rover 0.3 2x 104 1.5 103
et al. [5]

Anomalous heat transport

The estimates of scale size § of magnetic turbulence according to Mynick and
Strachan [2] are based on a calculation of transport reduction normalized to
the case of runaway transport without any drift orbit averaging effects. As
in [2], this ’driftless’ runaway confinement is equated to thermal electron
transport with a correction factor for velocity in our simulations. First, it
should be noted that this calibration is rather uncertain. The calibration
factor is, however, not a very sensitive parameter: when it varies one order
of magnitude, the estimated § changes only a factor two. Secondly, because
of this calibration to thermal confinement, an estimate of the contribution of
magnetic turbulence to this thermal confinement would only result in that
value we put into the model.

According to Myra and Catto [3] a value of B/B < 10~® is found in
Ohmic plasmas. When it is assumed that for thermal confinement the drift
orbit averaging can be neglected (i.e. the drift modification factor T =~
1), the thermal electron diffusivity is y, < 0.01 m?~!. In TEXTOR-94,
Xe ~ 1 m?s™! is measured in Ohmic heated plasmas. These values imply
that less than 1% of the anomalous thermal transport is caused by magnetic
turbulence in an Ohmic plasma. In an additionally heated plasma, a value
of B/B ~ 3 x 1075 results in y. ~ 0.05 m2~!. Because the heat diffusivity
is about a factor of two to three larger in heated plasmas relative to Ohmic
plasmas, the contribution of magnetic turbulence during auxiliary heating to
thermal transport increases to a few percent.

From Mynick and Strachan [2], a scale size of magnetic turbulence of
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< 0.5 cm was derived in Ohmic plasmas. According to de Rover et al. [5]
(test particle transport in stochastic magnetic fields), this corresponds with
a magnetic turbulence level of approximately B /B ~ 107%. The heat diffu-
sivity (including decorrelation effects) is estimated ye ~ 0.01 m?s~'. During
auxiliary heating, the scale size of magnetic turbulence increases to several
cm, which corresponds to de Rover et al. to levels of B/B > 1072, This
results in x. > 2 m2s~! during heating. These results imply that the con-
tribution of magnetic turbulence to anomalous thermal transport increases
from only 1% in Ohmic plasmas to 100% in additionally heated plasmas.

As already mentioned, a value of B/B ~ 1072 can cause large magnetic
islands and can even lead to a plasma disruption (see chapter 7). It is not
very likely that such a high value occurs in steady state plasmas (see also
estimates of B/B in other tokamaks mentioned above). This high level of tur-
bulence was derived from an average mode width of approximately 4 cm. In
our calculations, we calibrated the confinement reduction curve to a thermal
confinement of 20 ms. This corresponds roughly to a x. of same order of mag-
nitude as is measured in TEXTOR-94. This calibration implies, therefore,
that in that case the measured thermal transport is completely determined
by magnetic turbulence. When in an Ohmic plasma, magnetic turbulence
is only contributing to x. for 10% or even less, the calibration factor (i.e.
the value of thermal confinement) should have been at least one order of
magnitude larger than we took. The estimated mode width § would then be
two times smaller. In an Ohmic plasma, it is then derived § < 0.3 cm. In
heated plasmas, § ~ 2 cm. Note that the values of § now compare well with
the values found according to de Rover et al. where numerically calculations
were made of perturbed magnetic fields for levels B/B ~ 1 — 10 x 10=%. So,
in comparison with other models, the possible overestimation of B/B ~ 1072
in the model of Mynick and Strachan gives a clue about the correctness of
the calibration, i.e. of the input value to what extent magnetic turbulence
contributes to thermal transport. More precise modeling of test particle
transport (e.g. including drift orbit averaging effects in the model by de
Rover et al.) in perturbed magnetic fields can give more accurate estimates
of the scale size and level of magnetic turbulence.

In conclusion, it is observed that during auxiliary heating the mode width
¢ increases, provided that our analysis revealing & is correct. Corresponding
levels of magnetic turbulence increase as well. The influence of magnetic
turbulence to the electron heat flux during auxiliary heating increases. In
Ohmic plasmas, however, the magnetic field fluctuations hardly contribute to
the electron heat flux. Other transport mechanisms are needed to explain the
measured heat diffusivity. Turbulent fluctuations of the electric field is one of
the options. The question arises, when thermal transport in an Ohmic plasma
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is determined by electrostatic fluctuations, what is the contribution of these
fluctuations to runaway transport? Recall that one of the main assumptions
in all models is that runaway transport is dominated by magnetic turbulence.
How reasonable is that assumption?

The transport due to electrostatic turbulence is proportional to the in-
verse of electron velocity. When the measured Ohmic heat diffusivity (xe ~
1 m?™') is determined by electrostatic fluctuations, the contribution to
runaway diffusion is at least a factor v./ve &~ 30 less. In that case, D, ~
0.03 m?®~!. This estimate is of same order of magnitude as the measured
runaway diffusion coefficient. Hence, electrostatic turbulence should not be
neglected in a study of runaway confinement in Ohmic plasmas. During
auxiliary heating, the runaway diffusion coefficient due to electrostatic tur-
bulence is approximately D, ~ 0.1 m?s~! (. enhances with a factor two to
three during heating). This is only 10% of the estimated runaway diffusion
coefficient during auxiliary heating (D, ~ 1 m2%™!). Magnetic turbulence
enhances the estimated runaway transport coefficient due to electrostatic
turbulence during heating. The importance of magnetic turbulence during
heating follows also from the radiation signal evolutions that are reproduced
in simulations using an energy dependent confinement. This energy depen-
dence is explained by an averaging effect that probably only works out in a
magnetic turbulence picture. It is, therefore, concluded that the contribu-
tion of magnetic turbulence to the heat diffusivity and runaway transport
increases in auxiliary heated plasmas. In Ohmic plasmas, the magnetic tur-
bulence does not contribute significantly to heat transport.
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Summary

Nuclear fusion is one of the candidates of future energy supply. It is the
process in which two light nuclei melt together under release of an enormous
amount of energy. To overcome the repelling forces of the two positively
charged nuclei, fusion only takes place at very high temperature or pressure.
In a thermonuclear reactor, a very hot, completely ionized gas is confined in
a magnetic field configuration to avoid wall contact. The presently most suc-
cessful type of reactor is the tokamak. In a tokamak, the confining magnetic
field is produced by external toroidal coils and by an induced plasma current.
The magnetic field configuration consists of toroidal nested surfaces spanned
by the helical magnetic field lines. Radial transport across the surfaces is
caused by collisions and is expected to be very small.

One of the major problems in tokamak physics is, however, the anomalous
radial heat transport via electrons and ions. When fusion should serve as
future energy source and fusion reactors should be as efficient and compact as
possible, it is important to understand this anomalous transport. Anomalous
transport is caused by turbulent fluctuations of the electric or the magnetic
field. Because already very small magnetic field fluctuations, with respect to
the confining field, can enhance the heat transport considerably, it is difficult
to diagnose especially this magnetic turbulence. Hence, the question how
much magnetic turbulence contributes to the anomalous transport, is still an
open one. It is this question that is investigated in this thesis.

One way of probing the magnetic turbulence in a tokamak plasma is the
investigation of transport of very fast electrons. The electric field that drives
the plasma current, accelerates electrons. Part of the electron population has
such a high velocity that the drag force due to collisions is too small to balance
the acceleration. These 'runaway’ electrons are effectively accelerated. They
seldomly collide and are completely decoupled from the ions. Their radial
transport is expected to be dominated by the magnetic field perturbations.

In the TEXTOR-94 tokamak, runaway electrons are accelerated up to en-
ergies of 30 MeV. These electrons emit synchrotron radiation in the infrared
wavelength range. The radiation is emitted in a very narrow cone because
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of the high (relativistic) energy. In TEXTOR-94, the runaway electrons are
observed with an infrared camera that is positioned in the equatorial plane
and views tangentially into the tokamak into direction of electron approach.
The synchrotron radiation is, hence, detected in a poloidal projection. The
detected intensity is a measure of number of runaway electrons. From radi-
ation evolutions and profile measurements, the runaway electron transport
properties can be derived.

In an Ohmic plasma, i.e. a plasma that is only heated by the plasma
current, high energetic runaway electrons are confined very well. The typical
confinement time is more than a few seconds. Also, in a plasma where large
regions of stochastic magnetic field lines are formed but in which large mag-
netic islands consisting of good surfaces survive, the transport of runaways
is very small inside the islands. In the stochastic regions, however, the run-
away transport is high. In those perturbed plasmas, the runaway electrons
are only confined in the islands.

In plasmas where auxiliary heating is applied, by means of injection of a
neutral beam or waves resonant with the ion cyclotron motion around the
magnetic field lines, the runaway confinement shows a degradation. It has
been shown in this thesis that this degradation depends on the runaway
energy. Lower energetic runaways are suffering from larger losses than the
higher energetic runaways during the auxiliary heating.

The energy dependent deterioration of runaway confinement during heat-
ing can be explained by the averaging effect of the drift orbit shift on the
runaway transport due to magnetic turbulence. Electron orbits are shifted
from the magnetic surface because of the magnetic field gradient and cur-
vature. This shift increases with runaway energy. The larger the drift orbit
displacement is, compared with the scale size of the magnetic turbulence,
the less the runaway electron performing that drift orbit is sensitive to the
magnetic fluctuations with that typical scale size. An increasing amount of
auxiliary heating power results in an increasing scale size of magnetic tur-
bulence. This causes a runaway loss in an increasing part of the low energy
side in the total runaway energy range. The loss of lower energetic runaway
electrons during the heating finally results in a decaying radiation signal af-
ter a delay corresponding to the time needed for the energy gap to ’show
up’ in the synchrotron measurements. This explanation of the energy depen-
dent deterioration of runaway confinement by the drift orbit averaging effect
requires that the loss of runaway is mainly caused by magnetic turbulence.

When runaway electrons are born in TEXTOR-94, they have an energy of
about 100 keV which corresponds to a drift orbit shift of 0.02 cm. Runaway
electrons of 30 MeV observed with the infrared camera are shifted even up
to 6 cm. This implies that the typical scale size of magnetic turbulence
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must be in the range from 0.02 cm until 6 cm. A model by Mynick and
Strachan in which the effect of the drift orbit shift on runaway transport
is numerically calculated allows a more accurate estimate of the average
scale size as function of input power. In an Ohmic plasma, this size is less
than 0.5 cm, while in a plasma with auxiliary heating, it is enhanced up to
approximately several centimeters. The exact calibration of the numerically
determined relation between the effect of the drift orbit shift and the runaway
energy is uncertain. Therefore, the estimated scale size can vary a factor of
two.

The strength of the perturbing magnetic fields can be estimated from the
typical scale size of magnetic turbulence. In Ohmic plasmas, the ratio be-
tween the perturbing fields and the confining magnetic field is 1076 —107° de-
pending on the model that is used to derive this ratio. In additionally heated
plasmas, the perturbing fields increase to one thousandth of the toroidal mag-
netic field strength.

Now, the contribution of magnetic turbulence to the heat transport, ye,
can be investigated. In Ohmic plasmas, x. ~ 1 m?%™! is measured in
TEXTOR-94. Perturbing fields that are 1075 — 1075 times the magnetic
field can cause a transport that is approximately 1% of the measured heat
transport. In additionally heated plasmas, the measured heat transport is a
factor two to three larger than the value that is measured in Ohmic plasmas.
A magnetic turbulence level of 107* — 1073 can induce a transport that is up
to several tens of percents of the measured ye.

With the estimation of the level of magnetic turbulence, the contribution
of magnetic turbulence to the anomalous heat transport via electrons can be
investigated. We find that in Ohmic plasmas, the contribution of magnetic
turbulence to the heat transport in tokamak plasmas can be neglected. When
auxiliary heating is applied, the magnetic turbulence is enhanced and its
contribution to anomalous heat transport becomes more significant.






Samenvatting

Kernfusie is een van de kandidaten voor de levering van energie in de toe-
komst. Het is het proces waarbij twee lichte atoomkernen samensmelten
en waarbij een enorme hoeveelheid energie vrijkomt. Omdat de afstotende
kracht tussen twee positief geladen kernen moet worden overwonnen, fuseren
twee kernen alleen bij zeer hoge temperatuur of onder zeer hoge druk. In een
thermonucleaire reactor wordt een zeer heet, geheel geioniseerd gas opge-
sloten in een magnetisch veld om contact met de reactorwand te voorkomen.
In een tokamak wordt het opsluitende magneetveld deels opgewekt door ex-
terne toroidale spoelen en deels door een plasmastroom. De topologie van
het magneetveld bestaat uit geneste toroidale oppervlakken die opgespan-
nen worden door de helische magneetveldlijnen. Radiaal transport, dat wil
zeggen transport van het ene naar het volgende oppervlak, wordt in deze
topologie veroorzaakt door botsingen en is naar verwachting erg klein.

Een van de grootste problemen op het gebied van de tokamakfysica is
echter het hoge (anomale) warmtetransportt via elektronen en ionen in radi-
ale richting. Als kernfusie als toekomstige energiebron gebruikt gaat worden
en fusiereactoren zo efficiént en compact mogelijk moeten zijn, is het van
belang deze anomale warmtegeleiding te begrijpen. Anomaal transport kan
worden veroorzaakt door turbulente fluctuaties van het elektrische of mag-
netische veld. Magneetveldverstoringen die erg klein zijn ten opzichte van
het opsluitende magneetveld, kunnen de warmtegeleiding al flink vergroten.
Het is daarom moeilijk deze magnetische turbulentie te meten. De vraag in
hoeverre magnetische turbulentie aan warmtetransport bijdraagt is dan ook
nog steeds niet beantwoord. Het is deze vraag die in dit proefschrift wordt

behandeld.

Een manier om de magnetische turbulentie in een tokamakplasma te
meten is het bestuderen van het transport van zeer snelle elektronen. Het
elektrische veld dat de plasmastroom drijft, versnelt elektronen. Een deel
van de elektronenpopulatie heeft een zodanig hoge snelheid, dat de wrijvings-
kracht ten gevolge van botsingen te klein is om deze versnelling voldoende
tegen te gaan. Deze runaway-elektronen worden effectief versneld. Ze botsen
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zelden en zijn geheel losgekoppeld van de ionen. Het wordt aangenomen dat
hun transport in radiale richting wordt gedomineerd door de verstoringen in
het magneetveld.

In de TEXTOR-94 tokamak worden runaway-elektronen versneld tot e-
nergieén van 30 MeV. Deze elektronen stralen synchrotronstraling in het
infrarode golflengtegebied uit. Door de hoge (relativistische) energie wordt
de straling in een smal kegeltje uitgezonden. De runaway-elektronen worden
in TEXTOR-94 waargenomen met een infraroodcamera die in het equato-
riale vlak is opgesteld en die langs de raaklijn aan de magnetische as de
tokamak in kijkt, in de richting waar de elektronen vandaan komen. De
synchrotronstraling wordt zo in poloidale projectie gedetecteerd. De waarge-
nomen stralingsintensiteit is een maat voor het aantal runaway-elektronen.
Van de tijdsverloopmetingen en profielmetingen van de straling kunnen de
transporteigenschappen van runaway-elektronen afgeleid worden.

In een Ohms plasma, dat wil zeggen een plasma dat slechts door de
plasmastroom wordt verhit, zijn runaway-elektronen met hoge energie goed
opgesloten. De typische opsluittijd is meer dan enkele sekonden. Ook in
een plasma waarin door grote magneetveldverstoringen grote gebieden met
stochastische veldlijnen zijn ontstaan maar waarin grote magnetische eilan-
den die bestaan uit goede oppervlakken zijn blijven bestaan, is het transport
van runaways in de eilanden erg laag. Het runaway-transport in de stochasti-
sche gebieden is daarentegen hoog. Runaway-elektronen blijven in dergelijke
verstoorde plasma’s alleen gevangen in de eilanden.

In plasma’s waar extra verhitting wordt toegepast, bijvoorbeeld door het
inschieten van een bundel neutrale deeltjes of door het toedienen van golven
die resonant zijn met de gyratiebeweging van de ionen om de magneetveld-
lijnen, vertoont de runaway-opsluittijd een verslechtering. Het blijkt uit de in
dit proefschrift beschreven experimenten, dat deze verslechtering afthankelijk
is van de runaway-energie. Runaways met lagere energie ondervinden tijdens
de extra verhitting een groter verlies dan de runaways met hogere energie.

De energie-athankelijke verslechtering van de runaway-opsluittijd kan ver-
klaard worden door het middelende effekt dat de verschuiving, die de opper-
vlakken gevormd door de helische deeltjesbanen ondervinden, op het run-
away-transport door magnetische turbulentie heeft. Banen van elektronen
zijn verschoven ten opzichte van het magneetveldoppervlak door de gradient
en de kromming in het magneetveld. Deze verschuiving neemt toe als de
elektronen grotere energie hebben. Hoe groter de verschuiving is in ver-
gelijking met de typische schaallengte van magnetische turbulentie, des te
minder de runaways die zich op dat verschoven oppervlak bevinden, gevoelig
zijn voor de magnetische verstoring. Een toenemende hoeveelheid extra ver-
hitting resulteert in een grotere schaallengte van de magnetische turbulen-
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tie. Dit veroorzaakt een verlies van runaways in een toenemend gedeelte
aan de kant van de lage energie in het gehele runaway-energiebereik. Het
verlies van runaways met lagere energie tijdens verhitting geeft uiteindelijk
een afvallend stralingssignaal na een vertraging die overeenkomt met de tijd
die nodig is voor het ’energiegat’ om in de synchrotronmetingen gezien te
worden. Deze verklaring van de energie-afhankelijke verslechtering van de
runaway-opsluittijd door dit middelende effekt van de verschuiving van de
baanoppervlakken vereist dat het verlies van runaways voornamelijk door
magnetische turbulentie wordt veroorzaakt.

Als runaway-elektronen ontstaan in TEXTOR-94, hebben ze een energie
van ongeveer 100 keV. Deze energie komt overeen met een verschuiving van
0.02 cm. Runaway-elektronen met een energie van 30 MeV die worden
waargenomen met de infraroodcamera zijn zelfs tot 6 cm verschoven. Dat
wil zeggen dat de typische schaallengte van magnetische turbulentie in het
bereik van 0.02 cm tot 6 cm moet liggen. Een model van Mynick en Strachan
waar het effekt van de verschuiving op het transport van runaways numeriek
is berekend, geeft een preciezere afschatting van de schaallengte als funk-
tie van het toegediende verhittingsvermogen. In een Ohms plasma is deze
lengte minder dan 0.5 cm, terwijl in een plasma met extra verhitting deze
lengte is toegenomen tot enkele centimeters. De precieze calibratie van het
numeriek bepaalde verband tussen het effekt van verschuiving op transport
en de runaway-energie is onzeker, Daarom kan de geschatte waarde voor de
schaallengte een factor twee variéren.

De sterkte van het verstorende magneetveld kan worden afgeleid van de
typische schaallengte van de magnetische turbulentie. In Ohmse plasma’s
is de verhouding tussen de verstorende magneetvelden en het opsluitende
magneetveld 107 — 107°, afhankelijk van welk model wordt genomen om
deze verhouding te bepalen. In de plasma’s met extra verhitting nemen de
verstorende magneetvelden toe tot maximaal een duizendste van de sterkte
van het opsluitende veld.

Met deze bepaling van de grootte van de magneetveldverstoringen kan
het aandeel van magnetische turbulentie aan het anomale warmtetransport
via elektronen worden onderzocht. We vinden dan, dat de bijdrage van mag-
netische turbulentie aan het warmtetransport verwaarloosd kan worden in
Ohmse plasma’s. Als extra verhitting wordt toegepast, neemt de magne-
tische turbulentie toe en haar bijdrage aan het anomale warmtetransport
wordt significanter.
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. In een tokamakplasma wordt een warmtegeleiding gemeten die
groter is dan de theorieén voorspellen. Dit kan worden veroor-
zaakt door verstoringen in het magneetveld. De ruimtelijke uit-
gebreidheid van deze verstoringen kan worden bepaald door het
transport van relativistische runaway’ elektronen te bestuderen.
Dit proefschrift, hoofdstuk 6

. In een tokamakplasma dat slechts door de plasmastroom wordt
verhit, is de bijdrage van magnetische turbulentie aan de warm-
tegeleiding klein. Deze bijdrage wordt echter heel belangrijk als
het plasma wordt verhit door middel van het inschieten van een
bundel neutrale deeltjes.

Dit proefschrift, hoofdstuk 5, 6 en 9

. Een manier om brandstof aan een fusieplasma toe te dienen is
het inschieten van ijsbolletjes van waterstof. De ongunstige netto
brandstofinjectie in plasma’s met een grote populatie van niet-
thermische deeltjes wordt vaak toegeschreven aan het onvermogen
van het ijsbolletje deze plasma’s binnen te dringen. Een net zo be-
langrijke oorzaak is echter dat de zojuist gedeponeerde brandstof
meteen weer met grote snelheid het plasma uit wordt gedreven.

. In een tokamak kan het transport van deeltjes worden onderdrukt
door een gradient in de poloidale stroomsnelheid die wordt aange-
dreven door de combinatie van een radiaal elektrisch veld en het
magneetveld. Hoe groter het magneetveld is, hoe groter de gradi-
ent moet zijn om het transport in gelijke mate te onderdrukken.

. De effectieve actie die de dynamica van een ’string’ beschrijft,
is, in laagste orde van de stringdimensie, invariant onder de zgn.
dualiteitstransformatie. Deze transformatie kan daarom gebruikt
worden om nieuwe oplossingen van de bewegingsvergelijkingen
die uit de effectieve actie in laagste orde volgen, te vinden.



10.

. Het is essentieel dat de voorziene calibratieprocedure zijn neerslag

vindt in het ontwerp van nieuwe meetapparatuur.

. Het feit dat de restauratie van Leonardo da Vinci’s 'Laatste

Avondmaal’ in de Santa Maria delle Grazie kerk te Milaan mede
door toepassing van réntgenfluorescentie-analyse op monsters van
het schilderij mogelijk was, illustreert hoe belangrijk fysisch on-
derzoek is voor het behoud van cultuurgoed.

B.J.Gonsior, Phys. Blitter 55 (1999) nr.9, p.61

. Zij P een polynoom van graad n, D de differentie-operator gede-

finjeerd door DP(z) = P(z) — P(z — 1) en |a| < 1, dan geldt

s & (DEP)(=1)
£t = £ G

. Bij het go-spel is het spelen op goede vorm een manier om het

uitrekenen van lange zettenreeksen te vermijden.

Na de succesvolle introductie in Nederland van Valentijnsdag en
het Halloweenfeest zal het vieren van de ’4th of July’ niet lang
meer op zich laten wachten.
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