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I
Voor een serieuze bestudering van de diffusie van warmte via de elektronen in tokamaken stellaratorplasmas dient men de snelheid en de uitdemping van warmtepulsen te analyseren.
hoofdstuk 3 van dit proefschrift.

II
In tegenstelling tot de bewering van Janicki vormt de onvolledige reabsorptie van elektronencyclotron-emissie in kleine tokamak- en stellaratorplasmas gM-Л wezenlijk obstakel voor
een betrouwbare meting van het warmtetransport via de elektronen.
С Janicki, Nucl. Fusion 33 (1993) 513.
M. Peters et al., Nucl. Fusion 35 (1995) 873.

Ill
Gebruikmakend van periodieke verhitting van de elektronen kunnen in principe structuren
in de warmtediffusiecoefficient van de elektronen worden opgelost die kleiner zijn dan de
spatiele resolutie van de gebruikte diagnostiek.
hoofdstuk 5 van dit proefschrift.

IV
De door Efthimion et al. gevonden sterke temperatuurafhankelijkheid van de warmtediffusiecoefficient van de elektronen wordt niet bevestigd door metingen in de RTP tokamak.
P.C. Efthimion et al, Phys. Rev. Lett. 66 (1991) 421.
hoofdstuk 6 van dit proefschrift.

V
Voor een efficiente experimentele studie naar de kwaliteit van de opsluiting van toroidale
plasmas is het een vereiste dat alle betrokken experimentatoren opgesloten worden in een
controlekamer die zoveel als mogelijk de cirkelvorm benadert.

VI
Atmosferische turbulentie- en refractieverschijnselen net boven het zeeoppervlak kunnen
aanleiding geven tot een schijnbare versterking van infraroodstraling.
P.B. W. Schwering, in "Infrared Technology XXI" eds. B.F. Andresen, M.S. Schol,
San Diego California, SPIE 2552 (1995) 247.

VII
Het is een hele opgave om snel voortschrijdende wetenschap te volgen. Het volgen van
traag voortschrijdende wetenschap is nog lastiger.

VIII
De aanwezigheid van vrije carbonzuren in de natriumzeep van onvertakte middellang- en
langketenige carbonzuren vermindert de kans op huidirritatie, echter niet vanwege een
verlaging van de zuurgraad.
R.E. Murahta en M.P. Aronson, J. Soc. Cosmet. Chem. 45 (1994) 239.

IX
Gezien het in de toekomst relatief kleine aandeel van Nederland en West-Europa in de
wereldwijde uitstoot van vuil, dienen Nederland en West-Europa zieh primair te richten
op het ontwikkelen en exporteren van duurzame technologie. Ieder beleid dat slechts
gericht is op het verduurzamen van de eigen huishouding is derhalve onder de maat, en
bovendien economisch gezien weinig creatief.

X
De opmerkelijke observatie van Mooij et al. dat het elektrische geleidingsvermogen van
een twee-dimensionaal netwerk van metaal-isolator-metaal-overgangen, in het geval dat
het metaal zich in de supergeleidende toestand bevindt, ordes van grootte lager is dan
in het geval dat het metaal in de normale toestand is, toont aan dat ladingseffecten het
elektronische gedrag van het netwerk domineren.
J.E. Mooij et al, Phys. Rev. Lett. 65 (1990) 645.

XI
De vroeg of laat in te voeren verplichte snelheids-begrenzer/regelaar voor personenauto's
zal de automobilist helpen bij zijn verwoede pogingen om samen met andere automobilisten op een trein te lijken.
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Chapter 1
Introduction
1.1

Nuclear fusion for viable power generation

The fusion of light nuclei is the energy source of the stars and is considered to be an
attractive future energy source for mankind. Compared to nuclear fission, which is the
current source of nuclear power, fusion has advantages with respect to fuel, safety and
waste. Furthermore, fusion has the same advantages over fossil fuels as fission has. However, a reactor in which controlled nuclear fusion takes place will be considerably more
difficult to develop than a nuclear fission reactor.
There are a number of fusion reactions between the nuclei of light elements that yield
net energy. A promising approach to fusion is to heat the fusion fuel (hydrogen isotopes) to
a temperature exceeding 10 keV (or equivalently 100 million degrees centigrade), at which
the fuel is completely ionized and called a plasma. At these temperatures the thermal
energy of the charged fuel nuclei is sufficient to overcome the repulsive electrostatic force
between them and nuclear fusion takes place. This approach is called thermonuclear
fusion. The fusion reaction with the largest cross section is
H? + Hj -> (He£ + 3.5 MeV) + (nj + 14.1 MeV).

(1.1)

Of the energy released in this reaction 80% is carried by the uncharged neutrons, the
remaining 20% by the charged He nuclei. In a reactor the fusion power must be sufficiently
large to replace the plasma energy losses. To this end the number of fusion reactions per
volume unit is maximized by taking a high fuel particle density, while at the same time
the energy losses from the plasma must be minimized.
Lawson [1] derived a condition for a reactor to produce net useful energy (break even).
Assuming that 1/3 of the sum of fusion power and the power that leaves the plasma
through energy losses can be recycled and put into the plasma again, Lawson found
nrE > 0.6 x lO^m^s,

T = 25 keV,

(1.2)

where n is the hydrogen nuclei number density, T the thermal energy of the hydrogen
nuclei and TE the energy confinement time of the fusion plasma which in steady state is
defined as
TE = y ,
(1.3)

where W is the total stored energy in the plasma and P the total power put into the
plasma. The recycling of power would be unnecessary if the energy transfer from the Yie\
fusion product to the fuel would exceed the power losses from the plasma. This situation is
called 'ignition'. Assuming that every Hej particle thermalizes completely before leaving
the plasma, ignition requires
UTE > 1.5 x 10 20 m- 3 s,

(1.4)

T = 30 keV.
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Figure 1.1: Progress in magnetic confinement research since 1965. QDT = 1 means 'break
even'.
Nowadays nuclear fusion research is mainly aiming at reaching these conditions in a
controlled way for which very effective plasma confinement and heating methods must become available. A few contending methods exist for heating and confining a thermonuclear
plasma of which the two main ones are
• Magnetic confinement: A gas is ionized, heated and turns into a plasma. The
plasma is contained by means of magnetic fields. This method has been worked on

since the 1950's and is the context of the work presented in this dissertation. Fig. 1.1
shows that progress has been made steadily in the field of magnetic confinement since
1965 and that magnetic confinement research is approaching its goal. In the early
1990's scientific break even (i.e. fusion power generated equal to heating power) was
achieved in the largest experiments [2].
• Inertial confinement: Powerful lasers or particle beams are used to bombard and
heat a frozen hydrogen pellet which turns into a plasma only confined by its inertia.
This line of research has gained momentum since the 1980's and is catching up with
magnetic confinement.
The development of controlled thermonuclear fusion is a matter of decades. This
is partly due to the fact that the new and complex field of plasma physics must be
explored before an application like fusion power generation can be developed. Secondly,
developments in the fields of novel materials and superconducting magnets are under way
for the development of a reactor.

1.2

Magnetic confinement

The plasmas in magnetic confinement research are hot, pure and have a density of about
one millionth of the density of atmospheric gases. The high temperature creates a plasma
pressure of several atmospheres. The plasmas are generated in high vacuum ( < 10~9 Bar
background pressure) and are kept away from the material walls by means of magnetic
fields.
Toroidal

Figure 1.2: Schematic representation of a toroidal magnetic confinement device. The
plasma is generated inside a vacuum vessel. Major (R) and minor (a) radius and toroidal
and poloidal directions are defined.

Charged plasma particles are tied to magnetic field lines by the Lorentz force but move
freely along them. Collisions drive transport across the field lines. The presence of the

field causes transport of energy and particles across the field lines to be roughly ten orders
of magnitude smaller than transport parallel to the field. This is the rationale behind the
magnetic confinement principle. This also explains why end-losses must be avoided. As
a result, the basic shape of a reactor based on magnetic confinement is the TORUS.
Stellarators and tokamaks are the main magnetic confinement fusion reactor concepts.
Both consist of a toroidal vacuum vessel and a toroidal magnetic field structure containing
a toroidal plasma (Fig. 1.2). In both concepts the main component of the magnetic
field is directed toroidally and generated by poloidal currents in external coils. The
main difference is that a tokamak plasma carries a strong toroidal electrical current that
both induces the poloidal component of the magnetical field and heats the plasma via
dissipation (Ohmic heating), whereas a stellarator is essentially currentless. The poloidal
field and the plasma heating in a stellarator are provided for by external means.
Usually the magnetical fields in stellarators and tokamaks are thought to form a set
of nested tori (Fig. 1.3). This implies that individual field lines are confined to twodimensional magnetic surfaces. Hence, only cross field transport limits confinement. The
strong anisotropy in transport implies that the magnetic surfaces are equi-temperature,
-density, -pressure surfaces. Therefore, these parameters may be averaged over magnetic
surfaces, which reduces the spatial dimension of the transport problem to one.

Figure 1.3: Magnetic surfaces forming a set of nested toroids.

1.3

Anomalous transport

Collisions between the charged particles that constitute the plasma causes them to move
from magnetic surface to magnetic surface in a random walk like fashion, thus giving rise
to diffusive radial transport and consequently to the loss of both particles and heat. The
radial diffusion coefficients are of the order of a (step length)2 x (collision frequency)
where the step length equals the radial extent of the particle orbits in the magnetic field.
Also radiation is a serious radial energy transport channel. Especially line radiation
from impurities can be a serious problem. Conditioning the vacuum vessel and optimiz-

ing the plasma wall interaction are ways to control the impurity concentration. Charge
exchange also gives an energy loss channel but only at the plasma edge. It becomes unimportant in the larger plasmas that are needed for a nuclear fusion power plant. Hence,
the main radial energy loss channel is expected to be collisional transport dominated by
the ions because their larger mass gives rise to a larger gyration radius (step length) in
the diffusive random walk process.
The experimental reality is different, however. Both in tokamaks and stellarators radial
heat transport by electrons exceeds the expectations from collisional transport theory by
1 to 2 orders of magnitude [3]. This phenomenon is called anomalous transport and is
often attributed to turbulent processes in the plasma.
Another common feature of stellarators and tokamaks is that the energy stored in the
plasma W increases less than proportional to heating power P in both devices (Fig. 1.4a).
In other words, TE decreases with P. This is called degradation of energy confinement

with heating power.

a*

P

-neVTe

Figure 1.4: (a) The plasma stored energy W increases less than proportional to the heating
power P. (b) The radial electron heat flux qe increases more than proportional to the radial
electron temperature gradient VTe. Therefore the incremental diffusivity x'"c exceeds the
steady state diffusivity \^-

Degradation of energy confinement with heating power is often thought to be due to
the fact that the radial conductive electron heat flux density (qe) increases more than
proportional to its driving force, the electron temperature gradient (VTe) (see Fig. 1.4b).
Note that the gradient across the magnetic surfaces is meant here. In principle qe can be
expected to be driven by both VTe and other thermodynamic forces [4] (see chapter 3).
A generic model for qe is:
qe = -neXeVTe + qe,offset,
(1.5)
where ne is the electron density, x« the electron heat diffusion coefficient and qttOjf,et the
contribution to qe by other forces than VTe. The challenge is to find and understand the
parameter dependencies of Xe and qe,Offset-

1.4

Measuring transport

There are two ways to measure Xe in tokamaks and stellarators. The first way is called
local power balance analysis. From the radial distribution of sources and sinks in the
electron heat balance the electron heat flux (g«(r)) is derived as a function of radius (r).
The power balance electron heat diffusivity defined as
X

'

(r)

n

can then be derived if the radial profiles of Te and nt are known. It is assumed here that
the plasma is in steady state. From Eq. 1.5 it can be concluded that x?6 is not a useful
estimator of x« in thec a s e that qe,of/tet contributes to qe.
The alternative is to observe the propagation of relatively small temperature perturbations in the plasma. The phase velocity and decay of the perturbations reflect the
incremental electron heat diffusivity defined as
d<1

^

(1 7 )

For many obvious models for qe, x'"c equals the slope of the qe versus neVTe curve:
-dqe/nedVTe (Fig. 1.4b). In an experiment, electron heat pulses are generated by periodically applying electron cyclotron heating (ECH) or by the sawtooth instability which is
an intrinsic tokamak plasma phenomenon. This approach is called heat pulse propagation
analysis. The observation that x?c has the same order of magnitude as x§* [5] has led to
the conclusion that the component of qe driven by VTe plays an important role in electron
heat transport.

1.5

The 'transport paradox'

We now come to the central paradox which inspired the work presented in this dissertation.
It has been observed in many different tokamaks under which the Rijnhuizen tokamak
RTP that xT° = (2 - 5)x?*- This is in agreement with the fact that qe increases more than
proportional to VTe which results in degradation of confinement with heating power (see
Fig. 1.4). Measurements in the Wendelstein 7 advanced stellarator (W7-AS), however,
yield that xT° always equals x?* within error bars [6] which implies a — 0. This leads
to a contradiction with the observation in W7-AS that energy confinement degrades with
heating power.
The fundamental question that is addressed in this dissertation is: "Is it possible to
construct a model for qe with Xe and ge,o//«« depending on local parameters which allows
(1) xi"c ^ X?* in stellarators (2) x?c = (2-5)xf 6 in tokamaks, and (3) power degradation
of TE in both ?"
First, the obvious hypothesis that x« increases with either Tc or VTe or both is tested.
To this end Te and VTe have been varied independently in experiments in both the RTP
tokamak and the W7-AS stellarator. Both machines have comparable sizes, magnetic
field strengths and reach comparable plasma parameters. The second hypothesis is that

a negative (inward) qe,of/»et is responsible for the observation that xT° = (2 ~ 5)x?* in
tokamaks. The result from W7-AS that xT° — XS* c a n be incorporated by assuming that
Qe,offset scales with the plasma current which is essentially absent in stellarators. To test
this hypothesis the plasma current is varied in RTP. Finally, the third hypothesis tested is
whether local transport is ruled by global parameters. To this end a dedicated experiment
was carried out in the RTP tokamak.

1.6 Methodology
To address the questions stated above similar experiments are carried out in the RTP
tokamak and the W7-AS stellarator. As said before, W7-AS and RTP are comparable
with respect to plasma size, ne, Te and magnetic field strength. Doing similar experiments
in similar plasmas, is the ideal way to study the relation between transport and the
fundamental difference between tokamaks and stellarators, the magnetic configuration.
First, Te and VTe are scanned in both RTP (chapter 6) and W7-AS (chapter 7). A
special effort has been put into the independent variation of Te and VTe by manipulating
the Ti-profile shape. Second, the plasma current Ip has been varied in the RTP tokamak
(chapter 5). Third, an ECH switch-on experiment has been carried out in RTP (chapter
8). The evolution of Te and ne in the transient phase directly after ECH switch-on is
analyzed and compared to simulations of various transport models. A similar experiment
has already been done in the W7-AS stellarator [7].
Both RTP and W7-AS have the plasma engineering tools and the plasma diagnostics
n
to perform these experiments and to measure xf6 a n d X«
X nc

1.7

Structure of this dissertation

In chapter 2 the basic principles of stellarator and tokamak plasma confinement, heating
and diagnosis are discussed. Chapter 3 is a precise and detailed definition of the research
problem which is the subject of this dissertation. Chapter 4 treats the technique of
transport studies using periodic electron cyclotron heating, also called modulated ECH
(MECH). All steps from electron heat pulse generation to the determination of transport
coefficients are discussed. In chapters 5 to 8 transport experiments carried out on RTP
and W7-AS are reported and discussed. Chapter 9 contains the conclusions of the project
and recommendations for future research.
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Publications

Below a complete overview is given of the publications that were produced in the course
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Chapter 2
Stellarators and tokamaks
2.1

Plasma equilibrium and stability

The tokamak and stellarator are the most probable concepts for the fusion reactor of the
future. Both are toroidal vacuum vessels in which pure and low pressure hydrogen gas
is ionized and heated to become an extremely hot plasma. The purity and temperature
of the plasma preclude confinement by material walls. To insulate the plasma from the
vessel both devices have external coils that generate a toroidal field (&r) which is the
main component of the confining field. In order to reach a stable equilibrium, poloidal
fields (Bp) are also required. In a tokamak (Fig. 2.1) Bp is to a large extent generated
by inducing a strong toroidal electrical current in the plasma.

coils wound around torus to
produce toroidal magnetic field

transformer
winding

plasma current

poloidal
magnetic field

iron transformer core
toroidal
magnetic field
helical field

plasma particles contained by
magnetic field

Figure 2.1: Schematic representation of a tokamak. The tokamak has a transformer to
induce a toroidal plasma current and consequently a poloidal magnetic field.

In a stellarator (Fig. 2.2) BP is generated by means of external coils of complicated
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shape.

<() = 36°

0 = 0°

Figure 2.2: The W7-AS stellarator coil system and plasma. The stellarator produces a
poloidal field by means of its non-planar coils. In the bottom part of the picture the coils
are omitted and the plasma can be seen.
Compared to tokamaks the magnetic configuration of the W7-AS stellarator has reduced symmetry in the toroidal direction (Fig. 2.3).

2.2

Plasma heating

The next step is to heat the plasma to the temperatures needed for fusion. The plasma
current in tokamaks heats the plasma but additional heating from external sources is
needed to reach reactor relevant temperatures. The stellarator makes exclusively use of
heating from external sources.
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In the experiments described in this dissertation Electron Cyclotron Heating (ECH)
is used as a method to locally heat the electrons of the plasma in both the RTP tokamak
and the W7-AS stellarator. ECH makes use of millimeter waves that are launched into
the plasma and transfer their energy to the resonant Larmor gyration of the electrons in
the magnetic field. More details are given in section 4.1

<(> = O C

4> = 36 °

Figure 2.3: The W7-AS stellarator plasma has a reduced five fold symmetry in the toroidal
direction. The plasma cross section varies between elliptical and triangular shape.

2.3

Comparing stellarators and tokamaks

The stellarator has some advantages over tokamaks:
• The most
driven by
disruption
disruption

serious type of plasma instability in a tokamak, called a disruption, is
the plasma current and therefore does not exist in stellarators. In a
the plasma looses confinement and cools down on a ms time scale. A
could seriously damage a fusion reactor.

• The plasma current plays a vital role in the magnetic equilibrium of a tokamak but
cannot be sustained limitless by transformer action. This would imply AC operation of a fusion power generator which enhances fatigue problems in the structural
elements of the reactor, which in turn shortens its life cycle. A way around this
problem is the use of non inductive current drive techniques. The stellarator, on the
other hand, does not require a plasma current for its plasma equilibrium. Therefore,
its pulse duration is not limited by the saturation of the transformer.
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However, the tokamak holds the record for T and TVTE and has achieved break even. The
stellarator concept has the same potential [1]. It is believed that a stellarator with the
same size as the largest tokamaks that presently exist will reach similar results. Therefore, at this stage in magnetic confinement research it makes much sense to pursue both
approaches.

2.4

Plasma diagnostics

The operating principle of the diagnostics used to measure the electron temperature in
this dissertation will be discussed below. A good reference is the book by Hutchinson [2].

2.4.1

Electron cyclotron emission

In a magnetically confined plasma the electrons gyrate around the field lines and as a
consequence emit electromagnetic radiation. This radiation is called electron cyclotron
emission (ECE). ECE occurs around angular frequencies (w) that are multiples of the
electron cyclotron frequency (wM) that is given by:
(2.1)
where e is the electron charge, ||£?|| the magnetic field strength and me the electron mass.
In the case that the ECE is optically thick its spectral radiant intensity is proportional to
Te. Since ||B|| is a function of position in the plasma an ECE spectrum directly translates
into a Te profile along the line of sight of the used spectrometer. In the work described in
this dissertation ECE spectra are measured by means of heterodyne radiometers in the
GHz range.

2.4.2

Thomson scattering

Another way of measuring the electron temperature is Thomson-scattering. A strong
(order 10 J) and short (order 10 ns) laser pulse is guided through the plasma. The spectral
broadening of the scattered photons yields information on the velocity distribution of the
electrons which is coupled to the electron temperature. In RTP use is made of a multipoint
system which simultaneously measures scattering spectra (75 wavelength channels) from
110 different positions, yielding a Te profile.

References
[1] G. GRIEGER ET AL., Phys. Fluids B 4 (1992) 2081.
[2] I.H. HUTCHINSON, Principles of plasma diagnostics, Cambridge University Press, Cambridge
(1990).
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Chapter 3
Electron heat transport: theory and
phenomenological models
3.1

Theory

Under the assumption that magnetic field lines are confined to stable and closed surfaces
in stellarator and tokamak plasmas, only transport across these surfaces determines the
energy confinement time Tg of the plasma. Cross field transport is an active field of
research in nuclear fusion oriented plasma physics. The classical heat loss channels are
radiation, charge exchange and collision induced diffusion and convection.
Line radiation from impurities and bremsstrahlung are serious cross field energy loss
channels but can be controlled by minimizing the impurity content of the plasma. This
is done by conditioning the vacuum vessel and optimizing the plasma wall interaction.
Electron cyclotron emission losses are harder to influence but do not play an important
role at the temperatures and densities needed for viable fusion. Charge exchange energy
losses only dominate the edge region of a plasma and become unimportant in plasmas with
reactor relevant sizes. The component that is left, transport by conduction and convection,
was thought to be driven by the collisions of the plasma constituents. Therefore collisional
transport theory is reviewed here.

3.1.1

Collisional transport

The starting point is the conservation equation for electron energy [1]:
^(§n e T e ) + V • (qe + |T e r e ) + neTeV • ^ = S.,
at
*
ne

(3.1)

where Te the electron particle flux density and 5 e the source/sink term that represents
the heat exchange with external sources/sinks and other plasma species. qe is the conductive electron heat flux density and \TcTe is the convective heat flux density due to
the particle transport. neTeV • (Te/ne) is the work done by the plasma flow. Note that
Te is given in energy units. This equation is the second velocity moment of the kinetic
equation for the electron species and bears no information on how transport depends on
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plasma parameters. This is the subject of the following.
Classical and Neoclassical theory describe transport of particles, momentum and heat
driven by individual particle interactions (Coulomb collisions) in the presence of a timeindependent magnetic field. Note that in reality the magnetic field can be affected by
the synchronized action of a large number of plasma particles. These collective aspects
of the plasma are disregarded by (neo)classical theory. Furthermore it is assumed that
the velocity distribution function of the plasma particles is close to local thermodynamic
equilibrium. Classical theory describes collisional transport in cylindrical geometry. Neoclassical theory applies to the reduced symmetry of toroidal geometry which enhances
cross field transport. It also covers the reduced symmetry in the toroidal direction as
present in stellarators, resulting in an additional enhancement of the predicted cross field
transport.
Neoclassical theory describes of transport in terms of thermodynamic forces and fluxes
[1]. Note that these forces and fluxes are averages over the flux surfaces. This implies that
only one important spatial coordinate is left in the problem. The forces are the gradients
of the particle density and the temperature of the ions and electrons, and the electrostatic
field. Fluxes of particles, charge and electron and ion energy are driven by their conjugate
forces but also by others giving rise to "off-diagonal" transport coefficients. This can be
represented by
D ? ?
? Xe ?
I"? 21

in

B

where e and i mean electron and ion, ± and || across and parallel to the magnetical field
(these subscripts will be omitted in the remainder of this work), F particle flux density,
q heat flux density, j current density, D particle diffusivity, x n e a t diffusion coefficient
and a electrical conductivity. W ('Ware' pinch) and B (Bootstrap current) are the best
known off-diagonal elements but neoclassical theory gives expressions for all coefficients.
The question marks represent transport coefficients of which no experimental estimate
exists. Electron and ion particle transport are described by one single transport coefficient. This reflects the quasi-neutrality condition of plasmas which precludes differing
electron and ion loss rates. Electron and ion heat diffusivity are described separately.
The Onsager symmetry relations reduce the number of unknown transport coefficients to
10. From Eq. 3.2 it can be seen that a flux (for example qe) could in principle be due
to thermodynamic forces other than its conjugate force (VTe). Fluxes driven by forces
other than its conjugate force are often called 'off-diagonal' fluxes (or 'pinches' if they are
directed towards the plasma centre).
The neoclassical cross field diffusivities for particles and heat transport, D and x
respectively, obey
D,Xccp2u,
(3.3)
where p is the step length or mean free path perpendicular to the field, v is a collision rate.
This reflects the diffusive character of transport. The Lorentz force ties the charged plasma
particles to the field lines. Collisions drive the 'random walk' like transport of plasma
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particles and energy across the flux surfaces. Neoclassical theory yields the following
result for tokamak and stellarator plasmas (Te ~ 1 keV, B ~ 1 T, n e ~ 5 x 1019 m~3)
D ~ x« =* Xisl^1

V

* 0.01 m 2 /s,

(3.4)

m

where m^ and me are the ion and electron mass respectively. In practical terms: if
neoclassical transport were achieved, a fusion reactor would already be within easy grasp.
This, however, is not the case.

3.2

Electron heat transport is anomalous

Experiments revealed that ion cross field heat transport is only slightly enhanced over
neoclassical (weakly anomalous) while cross field electron heat transport exceeds predictions up to 2 orders of magnitude (strongly anomalous). Whereas neoclassical theory
predicts D a Xe — Xiyme/mi — 0.01 m 2 /s, observations of transport in state of the art
stellarators and tokamaks yield [2]
Xe * Xi * (3 - 5)1? ~ 1 m 2 /s.

(3.5)

Furthermore the scaling of cross field transport with plasma and machine parameters
is complex and ununderstood. There are several 'modes' of confinement and the radial
profile of Xe - increasing towards the edge - is hard to reconcile with dependencies on
plasma parameters that could describe global confinement. All these phenomena together
are called anomalous transport. In contrast, transport parallel to the magnetic field is
well represented by collisional transport theory. Collisions limit the parallel transport
dominated by the mobile electrons. The neoclassical predictions for <T|| and B agree with
experimental results.
Anomalous transport impedes the development towards ignition and is therefore the
subject of intensive research. The mechanism responsible for anomalous transport will
most likely be found in the category of collective plasma phenomena disregarded in neoclassical theory. Electrostatic and magnetic turbulence are suspected to be the cause of
anomalous transport. Small perturbations of the magnetic field configuration can cause
the flux surfaces to degenerate. If that occurs, field lines make radial excursions, so that
transport along the field can lead to radial, i.e. apparent cross-field, transport. Electrostatic turbulence does not preclude the existence of flux surfaces but causes the particles
to drift perpendicular to them.
In summary, important elements of the transport matrix have been found to be
strongly anomalous. Turbulence is thought to be the cause of the anomaly, but to date
no single theory has been advanced that explains the experimental results. A better understanding of transport would allow a safer extrapolation to the bigger next step device
which is supposed to reach ignition.
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3.3

Models for qe

Heat pulse propagation experiments in both stellarators and tokamaks have clearly demonstrated that local, diffusive mechanisms play an important role in radial electron heat
transport (see [3] and refs therein). This implies that the radial conductive electron heat
flux density (qe) has a significant component proportional to its conjugate thermodynamic
force, VTe. Neoclassical transport theory predicts contributions to qe due to other forces
such as Vn e and the electric field. Therefore, a generic model for qe is:
9e = -rieXeVT, + &,„//«!,

(3.6)

where x« is the electron heat diffusion coefficient and qc,Offset a heat flux driven by other
forces than VTe. In principle both Xe and 9e,o//«t can depend on plasma parameters.
The challenge is to determine these dependencies.
A common feature of stellarators and tokamaks is that the stored plasma energy (W)
increases less than proportionally to the heating power (P). Consequently, the energy
confinement time (TE = W/P) decreases with P: TE OC l/VP. In the following some
candidate-models for qe are described that predict degradation of energy confinement
with heating power. The models are special cases of the model given by Eq. 3.6. A
schematic representation of the models is given in Fig. 3.1 and Fig. 3.2.
• The first transport model reads:
9. = -"eX e VT e with Xe oc (VTe)Q.

(3.7)

• The second model reads:
qe = -n e XeVT e + qe,off,et with x e and qe,off.et independent of VTe and Te. (3.8)
• The third model reads:
9e = -neXeVTe with

Xe

oc (T.)''.

(3.9)

• The fourth and last model reads:
qe = -rieXeVT. with Xe oc y/P.

(3.10)

All presented models predict degradation of confinement with heating power. It is
assumed that the profiles of ne, \e, Te and heating power density remain constant in a
scan of P. Then, TE OC 1/y/P is equivalent1 to qe oc (VTe)2. This implies that a = 1
for the first model. The second model yields degradation of confinement with heating
power in the case that qe,off>et < 0. Note that instead of TE OC 1/S/P also an offset-linear
dependence of TE on P adequately describes their relation.
'Since Xt °c 1/T£> rE <* 1/vP implies \e <* \/P- In steady state the source P is proportional to
the flux qt, therefore \e oc ^q^. In combination with the assumption that qe oc x<VXe it follows that
q, oc (VT e ) 2
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The so-called critical gradient model (see Fig. 3.1b) closely resembles model two. In
this model x« is very low below a certain critical value of VTe. In the case that VTe
exceeds the critical value transport increases and is well described by the second model.
Since Te oc VTt in the case that profile shape is conserved, the third model predicts
OC \/\/P when /? = 1. Since TE OC l/x e * n e fourth model automatically yields TE ex
/
In all models a local relation exists between the flux (qe) and its conjugate force (VTe).
There is, however, a fundamental difference between the first three models and the fourth.
Whereas in the first three models Xe solely depends on local parameters such as VTe, Te
and ne, \e depends on a global parameter P in the fourth model.
Models like the latter are often referred to as globally determined local transport models.
Whereas at first sight such models may seem unphysical there is a possible explanation
for them. x« x V^P implies a instantaneous response of Xe o n P- In &a experiment,
however, any response faster than the time needed for the radial diffusive propagation
of heat pulses through the plasma will appear as instantaneous in the frame of the first
three models. The important question is therefore whether a mechanism exists which
allows the propagation of information through the plasma on a time scale smaller than
the diffusive transport time scale To which is of the order TQ ~ tP/xe, where d is the
length scale involved. Typically, d = 0.01 - 0.1 m and Xe ~ 1 m 2 /s yielding TD = 0.1
- 10 ms. A possible mechanism could rely on the propagation of perturbations of the
pressure equilibrium which could travel at Alfven speed. Alternatively, small amounts
of non-axisymmetric current induced at one location, could cause magnetic turbulence
throughout the entire plasma.

3.4

Testing ge-models

3.4.1

Local power balance analysis

In a steady state plasma, the ne profile is constant and no particle fluxes are present,
which implies F e = 0. Then, Eq. 3.1 reduces to:
V-g e = 5 e .

(3.11)

qe can be found by integrating Se. Using ne and VTe as derived from measurements \£
defined as:
^
< 312 »
can be determined (see Fig. 3.1 and 3.2). Only in the case that qe = —ncXc^Te (i.e. no
off-diagonal fluxes), x£6 is an estimator of Xe- In case the second model (Eq. 3.8) holds
with qe,offiet < 0, x?6 i s a n underestimate of Xe-

3.4.2

Heat pulse propagation analysis

A more sophisticated method to study electron heat transport is to induce small Te perturbations. The phase velocity and amplitude decay of the Te pulses provide information
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on Xe- This method is called heat pulse propagation (HPP). Starting from the electron
heat conservation law (Eq. 3.1) all steps and assumptions leading to the estimate of Xe
are discussed below.
The standard way to treat small perturbations about an equilibrium is to linearize the
transport equation (Eq. 3.1). In principle the evolution of Te is coupled to the evolution
of ne because F e is an element of Eq. 3.1 and because qe might depend on ne or Vne.
A thorough treatment of this coupling is given in [3]. The evolution of Te can also be
coupled to other plasma parameters via their influence on qe as given in the transport
matrix (Eq. 3.2). A case in which a clear coupling with ne is observed and analyzed is
described in [4]. However, often it is assumed that a Te evolution does not induce or
couple to coherent perturbations of other plasma parameters. In that case linearization
of Eq. 3.1 yields:
%nt—fe + V • qt = St.

(3.13)

In most heat pulse propagation experiments in tokamaks and stellarators electronion energy equilibration tends to damp the Te perturbation because the sink associated
with this process increases with Te. Another damping mechanism which is important for
tokamaks only is called 'Ohmic damping'. Since the typical time scale of HPP experiments
is small compared to the current diffusion time it can be assumed that the j-profile remains
constant. Thus the Ohmic input power in tokamaks is proportional to the resistivity which
decreases with Te. In effect a higher Te implies a lower Ohmic input power which has a
damping effect on Te. Linearizing these effects yields an extra damping term:

n . [ § J ^ . + ^ ] + V - & = 5.,

(3.14)

where r is the effective damping time.
Eq. 3.14 describes the HPP experiment. Since qe satisfies Eq. 3.6 the propagation of
heat pulses is a diffusive process. The diffusion coefficient for this process is the incremental electron heat diffusion coefficient [x'"c)- X?c ls defined as:
X

(315)

• In the case of the first transport model (Eq. 3.7) q~e satisfies:
4. = -ne[XeVfe + ( J ^ - V f e ) V T e ] = -n.[(l + o)X«]Vf..

(3.16)

Therefore xT° = (1 + a)Xt- The slope of the qc versus ncVTe plot is equal to x?C'
The excursions of the system are indicated by the arrows in Fig. 3.1a.
• In case the second model (Eq. 3.8) holds qe satisfies:
9, = -n eX «Vf e .

(3.17)

The relevant diffusion coefficient x?c equals Xe which equals the slope of the qe
versus neVTe plot (the excursions of the system are indicated by the arrows in
Fig. 3.1b).
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-neVTe
Figure 3.1: Two candidate models for qe predicting degradation of confinement tvith heating
power. The thick lines represent the relation between qe and neVTc in quasi-stationary
conditions. Since qe increases more than proportional to VTe all these models predict
degradation of confinement with heating power. The arrows represent the evolution of the
system in the case of heat pulse propagation experiments, (a) and (b) represent models 1
and 2 respectively.

For the third model (Eq. 3.9) qe satisfies:
= -ncXcVfe

q. = -n e [x e Vf e + ( ^

+ neVcfe,

(3.18)

with Ve = —0Xe^Te/Te. In this case a convection-like term appears. Note that
convection in the strict sense, namely heat transport by means of particle transport
is not meant here.
In the case that the repetition frequency (u/2n) of the Te-perturbation is sufficiently
large: wXe/K2 » 1, the second term of Eq. 3.18 substituted into Eq. 3.14 becomes
negligible and a purely diffusive description remains.
The relevant diffusion coefficient x?0 equals Xe, which is not equal to the slope of
the qe versus neVT£ plot. This is due to the fact that the curvature of the qe versus
neVTe plot is due to the assumption that Te a VTe. In the case that Te remains
constant under a variation of VTe the qe versus neVTe plot is a straight line through
the origin, coinciding with the arrow in Fig. 3.2a.
In the case that wXe/^ 2 ~ 1 both terms are of comparable size and the excursions
of the system will follow the qe versus neVTe curve more closely. Neglecting the
convection-like term will then lead to overestimation of Xe [5].
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Finally it is discussed what the implications are of the fourth model (Eq. 3.10) for
HPP experiments. In this case we only consider HPP experiments in which the
Te perturbations are induced by switching the heating power between P — P\ and
P = Pi. Then qe satisfies:
9. =

(3.19)

-

The relevant diffusion coefficient x?c equals Xe which is the slope of the lines of
equal power (P = Pi and P = P2) in Fig. 3.2b. The system evolves diffusively
along these lines until P is switched. This process is described by the first term of
Eq. 3.19. When P is switched the system virtually jumps to the other line of equal
power. This process is described by the second term which plays the role of a source
like term in Eq. 3.13 in anti-phase with P or Se. The implications of this term are
discussed in chapter 8.

qe

-n e VT e
Figure 3.2: Two candidate models for qe predicting degradation of confinement with heating
power. The thick lines represent the relation between qt and neVTe in quasi-stationary
conditions. Since qe increases stronger than proportional to VTe all these models predict
degradation of confinement with heating power. Note that the curvature of the qe versus
neVTe plot is entirely due to the fact that Te (in (a)) and P (in (b)) increase with VTe.
The arrows represent the evolution of the system in the case of heat pulse propagation
experiments, (a) and (b) represent models 3 and 4 respectively.

In the remainder of this dissertation the estimate of x™ by HPP experiments is called
Xj""'. While Xe"c n a s a strict definition (Eq. 3.15) xfer( depends on Xe"c an^ o n the many
transport model assumptions made in the HPP experiment.
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3.4.3

Combining xf6 a n d Xme
e

Heat pulse propagation experiments at tokamaks generally show xS*1"* = (2 — 5)xJ* which
can in principle be consistent with the first three models (for the second model x?6 = X'"°
but the measured x? er ' c o u ld be an overestimate of x?c due to the convection-like term).
Sawtooth HPP experiments at JET [6] yielded that x? er ' x ^Te or xT*"' <*• Te is not
compatible to the data in a power scan. xS"1"' i s essentially constant while x?6 increases
with \/P. This evidence is best described by a transport model of the second kind
(Eq. 3.8).
HPP Experiments in the Wendelstein 7 advanced stellarator making use of the modulation of ECH power (MECH) yielded x f - XT" I7]- T h e absence of a frequency
dependence of xl*1"* indicates that Xe is independent of Te [8]. These results disqualify
the first and the third model for the stellarator (Eq. 3.7 and 3.9). The second model
(Eq. 3.8) yields xf* = xt"c in the case that qe,off»et = 0. It is an appealing thought that
Qe,o/fset is driven by the electric field or the toroidal current density which is, compared
to tokamaks, virtually absent in the W7-AS stellarator.
There are also indications from experiments in W7-AS for the fourth transport model
(Eq. 3.10). (1) Steady-state transport scaling studies at W7-AS showed that a Pdependence of x« gives significantly smaller regression errors than Te and VTC dependencies [9]. (2) ECH switch-on/off experiments in W7-AS showed [10] that a fast increase x«
over the entire plasma cross-section (xe oc \/P) gives a much better reproduction of the
Te(r, t) evolution in the transient phase after ECH switching than a local model. Note
that the fourth model also predicts x?6 = X?c as found in the MECH experiments [7,8].

3.5

Absolute length scales

So far no constraint has been put on the absolute length scale. However, in a physical
system there is a lower limit to the length scale for which the equations hold, determined
by the basic step length of the transport process. This step length equals the radial
extent of the particle orbits in the magnetic field which is smaller than 0.1 mm. The
strong spatial structures which have been found in Thomson-scattering measurements of
the Te profile in the RTP tokamak [11] have sizes between 1 mm and 1 cm, reflecting
structures in the profile of Xe with the same dimensions. It is not easy to observe such
structures in \e with a HPP experiment. In the case that strong structures are present but
not resolved in the experiment the found estimates for xS* and x?c are spatial averages
of the real \e- The consequences of this are the subject of [12].

3.6

Methodology

Experiments have been carried out in the RTP tokamak and the W7-AS stellarator to
test the models for qe mentioned above.
First, the effect of the plasma current Ip is studied on the ratio of xj* and Xe"c by
scanning Ip in the RTP tokamak (chapter 5). x?c ls measured by HPP analysis. The
heat pulses are induced by MECH and the sawtooth instability.
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Second, the influence of Te and VTe on x« is studied by scanning Te and VTe in the
RTP tokamak (chapter 6) and the W7-AS stellarator (chapter 7). Special effort has been
put into the variation of the Te profile shape which results in a decoupling of Te and VTe.
This allows the study of the relation of Xe with Te and VTe independently.
Finally, an ECH switch-on experiment has been carried out on RTP (chapter 8). In
this experiment the evolution of Tt and n e in the transient phase directly after ECH
switch-on is analyzed and compared to simulations of various transport models.
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Chapter 4
Modulated Electron Cyclotron
Heating
ECH is a sophisticated tool for studying transport properties of magnetically confined
thermonuclear plasmas because it locally heats only the electrons. Modulating the power
of the ECH (MECH) induces periodic electron temperature (Te) perturbations, so-called
heat pulses, that propagate out of the region where they are excited. The radial decay and
velocity of the heat pulses gives information on the transport properties of the plasma.

time

r

lnv

r

mlx

Figure 4.1: The sawtooth instability redistributes heat and particles inside the 'mixing'
radius, leading to flattened Te and ne profiles. The perturbation is negative inside the
'inversion' radius, and positive outside. Outside the mixing radius the outward propagating
heat and density pulses are found.

In this dissertation sometimes the propagation is studied of heat pulses induced by
the sawtooth crash which is an intrinsic plasma phenomenon. On a time scale of 0.1 ms a
mixing occurs of the plasma within the so-called mixing radius rmix, resulting in a rapid
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flattening of the Te and ne profile within this radius (see Fig. 4.1). After a sawtooth crash
occurs the plasma gradually relaxes to its pre-crash state with peaked Te and nt profiles.
One aspect of this relaxation process is the propagation of a Te perturbation, the heat
pulse, from r m « outward. It is the propagation of this heat pulse which is studied. The
first report of this method is [1].
MECH as a tool to study electron heat transport offers more flexibility than the
sawtooth instability; the power, power deposition profile and spectral content of Te can
be varied for MECH, whereas for sawteeth they depend on plasma parameters which one
cannot control independently.

4.1

Electron cyclotron heating

The microwave power for electron cyclotron heating in fusion plasmas is generated in
so-called gyrotrons. In a gyrotron the electrons of an 70-80 kV electron beam couple to a
certain electromagnetic cavity mode. The power is coupled out of the resonating cavity
and propagates through a transmission line in the form of microwaves with a frequency
of the order of 100 GHz (wavelength a few mm). Most gyrotrons have an output power
of the order of a few 100 kW and a pulse length of a few 100 ms. The delivered frequency
is stable (better than 1 %). The transmission line can either be quasi-optical or consist of
waveguides. Mode converters are used to select modes with minimal propagation losses
in the transmission line. At the end of the transmission line, just before the launching
antenna, mode converters are used to obtain the right polarization to couple with the
preferred plasma wave. The antenna pattern also depends on the mode.
Microwaves propagating through the plasma undergo refraction (stronger for higher
gradients of the electron density (ne)) and can even be reflected at sufficiently high ne
(cut-off).
The resonant absorption of microwaves on the electron cyclotron motion of electrons
in a magnetized thermonuclear plasma is well understood [2,3]. The condition for the
n-th harmonic resonance between the electron cyclotron motion and a microwave with
frequency W/2TT is

where e is the electron charge, meo the electron rest mass, B the magnetic field strength,
v the electron velocity, c the velocity of light, k\\ and i>|| the components of the wave vector
and the electron velocity along the magnetic field. The equation contains a relativistic via the electron mass - and a Doppler shift of the resonance. The latter only plays a role
for waves propagating obliquely with respect to the B field. From this it follows that the
optimal way to heat only the Maxwellian bulk of the electrons is by a wave perpendicular
to the B field coming from the low B field side of the resonance. A wave coming from
any other direction would heat non-thermal electrons before reaching the resonance of
the thermal electrons. Microwaves propagating perpendicular to the B field can have
two different polarizations; ordinary (O)-mode and extraordinary (X)-mode. The 1*' Omode and the 2 nd harmonic X-mode resonances have the strongest absorption, and are
therefore preferred for MECH transport studies. The absorption is characterized by the
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optical thickness (T) which is defined such that e T equals the transmission of the wave
through the resonance. For ne <C ne>cut-ojj and provided that the plasma electrons have
a Maxwellian distribution function, the optical thickness (T) is proportional to Tc, ne and
the gradient length of the magnetic field strength at the resonance LB- The dependence
of T/TCLB on ne is shown in Fig. 4.2. For waves injected from the low magnetic field side
the strongest absorption takes place a few millimeters behind the cold plasma resonance
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Figure 4.2: Optical thickness r normalized on Te and LB as a function of ne for the first
harmonic 0-mode resonance at 60 GHz and 70 GHz and for the second harmonic X-mode
resonance at 110 GHz and 140 GHz. It is assumed that that the waves are injected into
the plasma from the low magnetic field side and propagate perpendicular to the B-field.

The width of the ECH power deposition profile is determined by the antenna pattern
of microwave launcher, the refraction of the microwave beam as it propagates through the
plasma and the width and strength of the resonance along the ray. Combined ray-tracing
and electron cyclotron absorption codes are available to estimate the power deposition
profile. Input to these codes are the antenna pattern of the launcher, the Te and ne
profiles, the magnetic configuration and information on supra-thermal electrons present
in the plasma. When not all power is absorbed in the first pass through the plasma the
remaining microwave power is subject to reflection and mode conversion at the vessel wall
after which absorption by the plasma can again take place. The deposition profile of the
power not absorbed in the first pass is hard to estimate.
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4.2

Time scales in the ECH modulation experiment

In order to make an optimal choice for the ECH modulation period some important time
scales must be known.
When the MECH repetition time exceeds the energy confinement time of the plasma,
effectively the plasma steady state is modulated and no new information is obtained. New
transport data is to be collected at smaller modulation periods:
UTE > 1.

(4.2)

For RTP and for W7-AS T^ ~ 3 - 10 ms. This implies that the modulation frequency
(cj/2n) must be larger than ~ 50 and 15 Hz respectively. This condition is satisfied in the
experiments described in this dissertation, in which modulation frequencies of OJ/2TT ~
300 and 100 Hz are used in RTP and W7-AS.
The decay length of the heat pulses (A) can be estimated by [5]

A ~ yj^

(4.3)

In the case that A is much smaller than the width of the ECH power deposition profile
w the heat pulse amplitudes directly reflect the ECH power deposition profile inside the
power deposition region and rapidly decay outside this region. For the typical values
Xe = 1 m 2 /s and W/2TT = 300 and 100 Hz for RTP and W7-AS, A equals 2.3 and 4 cm
respectively. This is of the same order as w in RTP and W7-AS. The propagation of heat
pulses can be followed over a distance of a few times A before the Te signal disappears in
the noise.
An ECH wave launched from the low field side and reaching an optically thick resonance typically transfers its energy to electrons with energies up to a few times the
thermal energy of the bulk electrons. For transport studies one should use modulation
periods well above the thermalization time r€|e of the heated electrons:
UT«,,

< 1.

(4.4)

T,. satisfies:
= 2.9 x 1 0 n - f — ,
(4.5)
raelnA
where In A is the Coulomb logarithm (Te in energy units). Assuming that the bulk temperature of the electrons equals 1 keV and assuming that most ECH power is absorbed at
2.5 times the bulk temperature re<e is computed. For Te = 2.5 keV and n, = 3 x 1019 m~3
T^e ~ 80 fjs. This is 1.5 to 2 orders smaller than the repetition time of the Te-perturbation
in RTP and W7-AS. Therefore, no velocity space effects are expected to show up in the
experiments.
Most transport models assume that the ECH power, once absorbed, spreads over the
entire flux surface instantaneously before leaking across flux surfaces. In reality a finite
time is needed for this energy redistribution. Since the mean free path of the electrons
is of the order of 1 km the electrons travel at least a 100 times around the torus before
Te,e
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they thermalize. Therefore by the time the electrons are thermalized, the spreading of
the energy over the entire flux surface is also completed.
In conclusion, the effects mentioned above do not hinder the ECH power modulation
experiments in RTP and W7-AS.

4.3

Coherent detection of heat pulses

Measuring plasma transport properties can be described as a system identification problem. For such problems an extensive set of analysis methods is available allowing a broad
class of excitation waveforms [6], In the experiments described in this dissertation the
plasma is perturbed by means of MECH in a periodic fashion. The phase and amplitude
profiles relative to the MECH excitation signal at every detectable harmonic of the modulation frequency carry information on the electron heat diffusivity Xc- A high Xe gives
rise to a high velocity and a low damping of the heat pulses and vice versa. This section
is devoted to the estimation procedure of the phase and amplitude of the heat pulses from
measured signals of either ECE or SXR diagnostics.
The Fast Fourier Transform is an efficient analysis tool for determining amplitudes
and phases of periodic signals. Throughout this work however, a least squares fitting
procedure is used to estimate phases and amplitudes [7]. This method resembles Fourier
analysis but is less efficient in terms of computing time. Its advantage, however, is that
it allows for trend correction and error estimation. Furthermore, frequency drifts can be
handled which is impossible with Fourier analysis. For an introduction to the estimation
of Fourier coefficients [8] is a good reference.
Consider a diagnostic signal y(t) and a simultaneously measured MECH excitation
reference signal x(t). x(t) is most often a clear signal with little noise and a square wave
form because gyrotrons are generally modulated in a switching fashion. The frequency
spectrum of both x(t) and y(t) show peaks at the MECH modulation frequency and its
multiples. On y(t) much more noise is present. The task is to distill the phase and
amplitude of x(t) relative to y(i) at every detectable multiple of / .
From the clean x(t) signal the precise modulation frequency (/) is determined. Then
the function
x(t) = J 3 (Bx,icos(iujt)

+

(4.6)

CXiisin(iut))

is fitted to x(t), LJ = 2irf. The coefficients D, E and F etc. allow for trend correction.
x(i) can be rewritten as

x(t) =

cosut

sinut

cos2u)t

sin2u)t
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I t *

2

B2
= MC,
C2
D
E
\ F /

(4.7)

where the columns of the matrix represent time traces with of the order of 1000 elements.
C is the vector of coefficients to be estimated. The number of harmonics is taken 2 in
this case but in practice many more harmonics can be determined. Some simple linear
algebra yields the following expression for the estimator of C:
C = (MTM)-1MTx.

(4.8)

Assuming white noise an estimator of the covariance matrix is given by
a2d = (MTM)-1(x-x)T(x-x)

(4.9)

From Bx>j and CXj follow the phase ((/>) and amplitude (A) via
<t>Xti = a t a n ( S I , i / C I ] i ) ,

(4.10)

A*,i = JBlt + Clj.

(4.11)

Straightforward error propagation delivers the uncertainty of 4>x,i and AXj from the uncertainty of BXti and CXii which directly follow from <r?.
The same procedure is followed for y(t). However, due to the higher noise level in y(t)
less harmonics are detectable. From the error estimates follows the maximum number of
detectable harmonics. The end result are values for the phase and amplitude relative to
the reference fa and A^.
fa = fajj ~ <f>X,i,

(4.12)

Ai

(4.13)

= Ayti/AXti.

Again the errors follow from straightforward error propagation.

4.4

Separating heat pulses from spurious effects

Estimation of phases and amplitudes from MECH heat pulse propagation data results in
tremendous data reduction. Due to the non-ideal diagnostic properties and experimental
complications the estimated phases and amplitudes do not only represent the behaviour of
Te but are affected by spurious effects for which in principle corrections must be applied.
Examples of spurious effects are (1) crosstalk of ne variations on measurements of Te,
(2) the non-linear Te-response of diagnostics leading to spurious higher harmonics, (3) a
periodic plasma movement induced by a modulation of the plasma pressure, gives spurious
contributions to Te, (4) for values of the ECE optical thickness r ~ 1 the Te-response is
lower than in the optically thick case, (5) influence of supra-thermal ECE. An overview
of all spurious effects is given in section 4.4.2. Section 4.4.1 focuses on the subject of point
4.
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4.4.1

Optical Thickness Corrections to Transient ECE Temperature Measurements in Tokamak and Stellarator Plasmas
(Reprint of Nucl. Fusion 35 (1995) 873, with permission of the IAEA)
M. PETERS, G. GORINI 1 , P . MANTICA 2

FOM Instituut voor Plasmafysica "Rijnhuizen", Associatie EURATOM-FOM,
Nieuwegein, The Netherlands
1
Dipartimento di Fisica, Université degli Studi di Milano, Milan, Italy
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Istituto di Fisica del Plasma, Associazione EURATOM-ENEA-CNR, Milan, Italy
Abstract
The conditions Eire examined under which optical thickness (r) corrections to electron cyclotron emission (ECE) measurements of electron temperature (Te) can be
neglected. By means of simple algebra it is demonstrated that for measurements of
Tt transients the ECE radiation temperature (Trad) can be directly interpreted as
Te to a 15% inaccuracy for т > 0.7. This method is a solution to the problem identified by Janicki in 1993, namely that to estimate the variation of Te relative to the
time averaged Te (Tt/{Te)) by fra<t/(Tra<i) with the same accuracy, requires т > 3.
This result implies that optical thickness effects have considerably less impact on
the interpretation of ECE transients than suggested by Janicki and do not pose a
serious problem to perturbative transport studies in small toroidal devices.
1. Introduction
Electron cyclotron emission (ECE) radiometry is a widely used technique for diagnosing
the electron temperature (Te) in perturbative transport experiments in both tokamak and
stellarator plasmas. If the plasma is optically thick the radiation temperature (Trad) of the
plasma equals the electron temperature at the electron cyclotron resonance: Trad = Te. If
the plasma is optically thin Traa is a non-linear function of Te and of the electron density
(n e ). As a consequence,
(a) The translation of Trad into T e is less straightforward than in the optically thick
case.
(b) Harmonic Te perturbations induce spurious beating terms and higher harmonics in
Trad-

(c) n e perturbations induce Тгад perturbations.
An overview of these and other artifacts in perturbative transport studies is given in [1].
Here, only the aspects mentioned under (a) are discussed.
It has been argued previously by Janicki [2] that the usual 'rule of thumb' for stationary
Tt measurements (Trad « Te for the optical thickness т > 2) is generally inadequate under
transient or modulated plasma conditions. This statement is based on the fact that
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the variation of Trad relative to its time-average (Tro<j/{Tro<j)) deviates more from the
relative variation of the electron temperature (Te/(Te)) than (Trad) deviates from (Te).
Here (...) denotes time-averaging and .7. indicates a perturbation with respect to the
equilibrium. In [2] it is concluded that for studies using Tc transients, such as perturbative
transport studies, r > 3 is required to guarantee a smaller than 15% inaccuracy in the
presence of a viewing dump. In this letter it is shown that this conclusion is unnecessarily
pessimistic. The fundamental equation governing perturbative transport involves Tc, not
Te/(Te). By means of simple algebra it is shown that for the estimation of Te by TTad the
constraint on T is less severe than for the method proposed in [2]. Both the cases with
and without a viewing dump facing the ECE antenna are considered. Throughout this
paper a 15% inaccuracy level is considered acceptable because typical ECE radiometry
calibration errors are of the same magnitude.

2. Fundamentals of ECE
ECE radiation from stellarator and tokamak plasmas satisifies the Rayleigh-Jeans condition that Te 3> hu>, where u> is the angular frequency of the ECE wave (Te in energy
units). This has the consequence that the spectral ECE intensity (/(w)) of an optically
thick (black body) electron cyclotron resonance (w = nwc) is proportional to Te at the resonance (Te(ru=nW(.)). If the plasma is optically thin its ECE radiation intensity is smaller
than in the optically thick case provided that the plasma electrons have a Maxwellian
distribution function l . This is often described by introducing the radiation temperature
(Traj(w)) that is (1) always proportional to the spectral radiant intensity of the plasma,
(2) equal to Te(ru=nUc) in the optically thick case and (3) smaller than Te(rUI=nWe) in the
optically thin case. Assuming slab geometry and acounting for multiple reflections on the
vessel walls, the relation between TTai(ui), Te(ru=nUc) is given by [3]
Trad(0j) =

AlT.(ru=nUc),
i _

M

=

(4.14)

T u

e-

( )

TT)

(4-15)

where A\ is the optical grayness function, r is the reflection coefficient of the vessel walls
and T(U>) the optical thickness.
Most ECE radiometers in fusion research are meant to receive either second harmonic
ECE with extraordinary mode polarization (2X) or fundamental frequency ECE with
ordinary mode polarization ( 1 0 ) , because these are the electron cyclotron resonances
that strongly emit perpendicular to the magnetic field. In the following we focus on these
cases. Furthermore we take the electron density (nc) well below the cut-off limit. Then
T(W) satisfies the proportionality [4]
r(w) oc ne(ru=nUe)

Te(ru=nuie),

(4.16)

Combining Eqs 4.14, 4.15 and 4.16 one sees that a non-linear relation exists between
Trad and Te in the optically thin case. Consequently, in smaller tokamaks (like RTP and
1

Low optical thickness corresponds in many experiments with low density and therefore low collisionality. This can cause non-thermal velocity distributions with Traj much larger than Tt. These cases are
not considered here.
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TEXT) and stellarators (W7-AS) care has to be taken when interpreting ECE signals
from the plasma edge where r < 1. For large tokamaks, such as JET, TFTR and DIII-D
T » 1 is easily satisfied over almost the entire plasma cross section, because r increases
with plasma size. In the following the optical thickness corrections to steady state and
transient ECE measurements of Te are discussed for 0.1 < r < 10.

3. Optical thickness corrections to ECE measurements of Te
First we consider steady-state Te measurements. Eq. 4.14 gives the relation between Te
and its estimator TTa<t- Ai < 1 and approaches 1 for r >• 1 as shown in Fig. 4.3. Multiple
reflections have an effect similar to an increase of T. Accepting a 15% systematic error in
the estimation of Te by Traj yields the following criterion for the optical thickness
T

> 2.0 for r = 0,

T

(4.17)

> 0.8 for r = 0.8.

The two used values of r represent the cases that the ECE radiometer faces an ideal
viewing dump (r = 0) or the reflecting vessel wall (r = 0.8).
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Figure 4.3: Correction factors for steady state ECE Te measurements: Trad/Te (solid line),
for measurement ofTe transients relative to its time average: (fTad/TTad)/(Te/Te) (dashed
line) and for measurements of Te in the absolute sense: Tra(i/Te (dotted line). Here it has
been assumed that ne is negligible. Fig. (a) is for reflection coefficient r = 0 and (b) for
r = 0.8.
Now we focus on the measurement of transients. Differentiation yields the following
expression for the variation of Tr(uj as a response to small Te and ne variations (Te and
ne).
(4.18)

{Trad)
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where A2 represents the deviation from the ideal case Te = TrMi. From this it can be
seen that variations of ne also induce T ro j variations for sufficiently low r which creates
an additional error source. For modulated ECH and sawtooth heat pulse propagation
experiments ne hardly influences the estimation of Te. Therefore the term containing he
will be ignored in the following. It is clear that frad/(TTall}
needs to be corrected by the
factor [1+A2] (see Fig. 4.8) to obtain T,./(Te). Accepting a 15% systematic error in the
estimation of fe/(Te) by frad/(TTad)
yields the following rule for T
T > 3.0 for r = 0,

r > 1.0 for

r = 0.8.

(4.20)

So the optical thickness for reliable Te/(Te) measurements must be higher than for (Te)
measurements. This is the principal message of [2].
The alternative approach in the measurement of transients is to directly use Trai as
the estimator of Te. For heat pulse propagation experiments this is the more natural
approach since perturbative transport equations are defined in terms of Te [5]. Eqs 4.14
and 4.18 give the relation between the estimator and the estimated quantity:
frad = At[l + A2}fe.

(4.21)

The behaviour of J4I[1 + A2] is plotted in Fig. 4.3. Accepting a 15% systematic error for
the estimation of Te by Traj yields the following criterion for r
T > 0.70 for r = 0,

T > 0.23 for r = 0.8.

(4.22)

In other words, the optical thickness for reliable estimation of the incremental quantity
Te by fTad can be lower than for the estimation of (Tc) by (Trad).
It should be mentioned that there is an important distinction between the cases with
and without a viewing dump. The case without viewing dump seems to allow lower
values for r. However, in the absence of a viewing dump the radiation reflected at the
back wall gives a spatial average over the whole resonance layer, i.e. along a vertical
chord R=constant. This is particularly important for perturbations, since their amplitude
decreases rapidly with distance, so that spatial averaging leads to an underestimation of
the temperature perturbation. To minimize this effect r must exceed some lower bound.
A crude estimate based on reasonable assumptions for the profile of the intensity of the
radiation along the resonance layer indicates that for T > 0.7 the space averaging effect
becomes rapidly negligible. On this basis, we propose to use the criterion r > 0.7 as a
rule of thumb to ensure that the error on Te is less than 15% with and without a viewing
dump and taking into account the space averaging effect.
4. Conclusion
The conditions have been examined under which optical thickness corrections to ECE
measurements of electron temperature (Te) can be neglected. It has been found that
under transient conditions it is preferable to directly use TTad as an estimator for Te
because:
34

(a) This estimation procedure is less sensitive to optical thickness effects (inaccuracy
< 15% for T > 0.7) than the method proposed in [2] which estimates fe/(Te) by
Trad/{Trad) and requires r > 3.
(b) For heat pulse propagation studies in particular the quantity of interest is Tc anyhow.
This result implies that optical thickness effects have considerably less impact on the
interpretation of ECE transients than suggested in [2] and do not pose a serious problem
to perturbative transport studies in small toroidal devices.
The availability of a viewing dump is advantageous for the interpretation of ECE from
optically thin plasmas because no ECE radiation received by the radiometer has undergone
reflections. Hence, uncertainties associated with the slab reflection model (which is an
idealization) and polarization mode scrambling are eliminated and the confidence intervals
for T can be determined much more accurately than in the case without a viewing dump.
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Abstract
An overview is given of all relevant error sources in heat pulse propagation measurements and their impact on the results of transport analysis. A powerful method
has been developed to estimate the magnitude of errors in heat pulse propagation
measurements, induced by the nonlinear Te-response and by the sensitivity to ne of
the ECE and Soft X-Ray diagnostics. The effect of the generation of higher harmonics due to the nonlinear Te-response of the diagnostic is discussed. For ECH power
modulation in RTP the experimental parameters are selected carefully in order to
minimize error sources such as supra-thermal ECE and plasma position modulation.
Therefore: qa < 4 and 2.5-1019 m" 3 < ne(r = 0) < 3.5 1019 m" 3 . The resulting
uncertainty of x« is smaller than 20-25 % for recent experiments in RTP.

1. Introduction
Sawtooth and Electron Cyclotron Heating (ECH) induced electron temperature (Te) perturbations have proved to be a powerful tool for gaining insight into the nature of transport
in thermonuclear plasmas. Soft X-Ray (SXR) and Electron Cyclotron Emission (ECE) diagnostics have often been used for measuring the evolution of Te during these perturbative
experiments.
Different approaches exist for the analysis of heat pulse propagation data. Fourier
analysis [1-3] can be applied to ECH power modulation data. With suitable processing,
sawtooth data can also be analyzed with Fourier techniques [4]. For each harmonic of the
periodic T,,-signal, the Fourier method extracts the radial profiles of the amplitude (A)
and phase (</>). These profiles are related to plasma transport properties. In the simplest
case, i.e. purely diffusive heat pulse propagation in a slab geometry, the relations between
the electron heat diffusivity (xe) , A and <j> are given by [3]

fe (4-23)
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where w is the angular frequency of the varying Te-signal. This description is more
complicated when non-diffusive contributions to transport are present, when the geometry
is cylindrical or when, in the case of ECH induced perturbations, the power deposition is
significant in the propagation region. Nevertheless, <j>' and A'/A remain key parameters
in more complicated cases.
The aim of this paper is to give an overview of the error sources in measurements of
<j>' and A' I A, and to discuss their importance.
2. Error breakdown
We will divide errors in transient Te measurements into two classes:
a) Intrinsic errors would be there even if the Tt diagnostics would have a linear Te
response and would not be sensitive to the electron density (n e ). The sources of
intrinsic errors that will be presented here are modulation of the relativistic line
broadening combined with low optical thickness for ECE, modulation of the plasma
position, supra-thermal ECE and chord averaging for SXR diagnostics. References
are given for each error source.
b) Extrinsic errors occur if the Te diagnostic is sensitive to ne and if it has a nonlinear
Tt response. The radial dependence of the sensitivity to small Te variations, the
influence of the density pulse and the generation of higher harmonics in the periodic
Te signal are discussed.
Throughout this paper a low density RTP discharge will be taken as an example to
estimate the magnitude of the errors
major radius
minor radius
Te(r) = Te(0)(l - (-) 2 ) 2
a
ne(r) = n e (0)(l - (-)*)

:
:

Ro = 0.72 m,
a = 0.164 m,

(4.25)
(4.26)

,

Te(0) = 1 keV,

(4.27)

,

ne(0) = 2.51019 m" 3 .

(4.28)

Furthermore, purely diffusive heat pulse propagation is assumed, with
Xe = 5 m V 1 .

(4.29)

The perturbation of Te is periodic, with a fundamental frequency (/o)
/o = 500 Hz.

(4.30)

The following assumption is made for the relative amplitude of the Te- and ne-perturbations
—fr- = 10% , Y?-r = 10%.

(4.31)

The importance of the discussed errors will be expressed in terms of their effect on A(r)
and 4>(r) and the resulting \e37

2.1 Intrinsic errors
a) The relativistic line broadening for second-harmonic perpendicular ECE is proportional to Te [5]
—'—,
(4.32)
mcl
(Te in energy units). A periodic electron temperature variation Te causes a periodic
line width variation
(4.33)

In plasmas with low optical thickness (T < 1) and consequently weak reabsorption
the variation of the position of maximum contribution to ECE (RECE) [6] follows
from
_
__

The resulting erroneous Te signal due to the line width modulation
by
TLWM = RECE^VT^,

{TLWM)

is given
(4.35)

where V r is the gradient in the direction of the minor radius. In first order approximation TIWM is exactly in phase with the initial Te on the low field side of the
plasma and exactly in antiphase on the high field side. Therefore not the phase but
only the amplitude of the Te signal will be influenced. The weight of TLWM relative
to Te is given by

WLWM = % ^ = / J v ^ - ^ V r r e .

(4.36)

To calculate WLWM, the following additional condition is taken
V r T e = 10" eVnT 1 .

(4.37)

For the example given in section 2, we find
WLWM = 2.5%,

(4.38)

from which can it be concluded that the induced line width modulation has normally
a small effect on the Te measurement.
A second effect of finite line width is that the variation of the position of maximum
contribution to ECE causes an uncertainty on the position of the channels of an
ECE radiometer, which in turn affects the spatial derivatives of 4> and In A.
b) During ECH power modulation experiments, the plasma equilibrium position will
vary coherently (but out of phase) with the periodic ECH power [7]. As demonstrated in [7], the variation of the Shafranov shift is normally a small effect. More
important is the variation of the radial plasma position. The frequency dependence
of the position variation amplitude is strongly influenced by the presence of a feedback system and a conducting wall. The amplitude of the position variation scales
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with Ip 2, where Ip is the plasma current. The magnitude of the spurious Te-signal
that is induced by the plasma position modulation is determined by
TPPM = RPPMVTTC,

(4.39)

where RPPM is the amplitude of the plasma position variation. Because RPPM is n °t
exactly in or out of phase but has a phase relation with the periodic ECH power, the
radial profiles <j>(r) and A(r) of the propagating heat wave will be asymmetrically
deformed. Numerical results for RTP are given in [7]. The general conclusion is
that for qa < 4 the effect is small. For qa > 6, however, the effect can be dramatic.
c) The presence of a supra-thermal electron population causes ECE with down shifted
frequencies that affects thermal ECE measurements at the low field side of the
plasma. Significant intensities of supra-thermal ECE can be prevented by taking ne
sufficiently high. However, for ECH (O-mode, 60 GHz) power modulation experiments, refraction defines an upper limit ne(r = 0) < 3.51019 m~3.
d) Raw signals from a SXR diagnostic represent the chord averaged emission of the
plasma. However, the signals are dominated by the hottest and highest density part
of the line of sight. In practice, only the (/>-profile of the propagating heat pulse
can be determined from the SXR data. The chord averaging flattens the (/^profile
near the plasma centre. A numerical model which accounts for the chord averaged
nature of SXR signals is reported in [2]. It is much more difficult, if not practically
impossible, to determine the radial dependence of the amplitude of Te from SXR
data.

2.2 Extrinsic errors
In this section the importance of the extrinsic errors, which are caused by the nonlinear
response of the ^-diagnostic and its sensitivity to n e , are discussed. For small Te- and
ne-variations around (Te) and (ne) the intensity of ECE and SXR can be represented as
a simple power law
ISXR,ECE = constant x T?n?e,
(4.40)
for SXR [8]
0 < a < 10 , 0 = 2.

(4.41)

where a is a complicated function of the impurity content, the spectral response of the
diagnostic and Te.
IECE is linearly dependent on Te and not dependent on n e for r ^> 1. Therefore
a = 1, 0 = 0 ,
T

for T > 1.

(4.42)

is proportional to Te and ne for r <S 1. In this case IECE is proportional to Te2 and n e
a = 2,/?=l

,

for T < 1 .

(4.43)

In general a and /? depend on the optical thickness r. The dependence of a and /? on r
can be found analytically or by simulation and is shown in Fig. 4.4. Note that ECE can
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be made effectively optically thick by reflections. From Fig. 4.4 it can be seen that an
increase of the reflection coefficient has the same effect on a and /? as an increase of r. For
the example given in section 2, a and (5 are shown as a function of the minor radius r in
Fig. 4.5 Reflections have been taken into account using a simple slab geometry reflection
model [9].
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Figure 4.4: The exponents a and 0 as a function of the optical thickness r. RC is the
reflection coefficient. Reflections have the same effect as an increase of r.
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Figure 4.5: The exponents a and 0 as a function of the minor radius r for a low density
RTP discharge. (RC = 0.8, other conditions given in section 2).
For ECE, Eq. 4.40 can be rewritten as:
VECE{{Te) +f e , (ne) + ne) = CFg(Te)(l + -pL) Q (l + ^ ) / » ,
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(4.44)

where VECE is the detector output of one channel of the ECE spectrometer, CF is a
calibration factor. The optical greyness factor (g) gives the ratio of the ECE antenna
temperature to Te
9 =

1 _ e-T«n.MT.),«)

l
Here reflections are taken into account using a simple slab geometry reflection model
[9], with reflection coefficient RC. The dependence of T on the frequency of the ECE is
represented by R. For clarity of notation the following quantities are introduced
T1 = ^

s

,

n1

= 7

(•*«)

\

(4.46)

(™e)

Taylor expansion of Eq. 4.44 to second order of Ti and ni gives
(4.47)
Spurious contributions to VECE arise if a ^ 1 and 0 / 0, i.e. for T < 1 (Eq. 4.47). For
T » 1, a = 1 and /? = 0, so Eq. 4.47 reduces to

The important 7i-term in Eq. 4.47 has a prefactor a that varies over the minor radius of
the plasma (Fig. 4.5). This means that the response of the ECE diagnostic on time varying signals depends on the minor radius. A simple calibration can be done by dividing the
raw VECE signals by CF g. Using this calibration procedure gives the proper background
(Te) profile but overestimates the amplitude of the Ti-term by a factor a. The resulting
effect on the electron heat diffusivity can be quite significant.
The rii-term (Eq. 4.47) has its origin in the sensitivity of IECE to ne and represents the
effect of the density pulse. The normalized weight of this density pulse term (Wpp) is
defined as

WDP = £ £ ,

(4.49)

aTi
Because /3/a < 1 and often rii/Xi -C 1 the density pulse effect is normally small.
The second order Ti-term (Eq. (4.47)) is present due to the non-linear dependence of IECE
on Te. This non-linearity generates higher harmonics, which could seriously contaminate
the higher harmonics that are naturally present in these type of experiments. To see if
this is the case, consider the first harmonic component of Te:
fe(t, r) = fecos(ut - cfr(r)),

(4.50)

where u>/2ir is the modulation frequency of the ECH power or the repetition frequency
of the sawtooth crashes, and where </>r is the phase lag of the Te evolution relative to the
periodic ECH power or Te(t, r = 0), respectively. This yields for the T\ term [10]

7f = |Tx| W(u*

- Mr)) = i r ^
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2

^ / ^

1

.

(4.51)

More generally, for the TJ1 term [10]
T»
,* WL.rr^ = IT
77 = IITTill»«,.»l'
cos (ut-4>r{r))
\Ti\m ^ [ " M - *fr))] + "cos[(n
^—^ - 2 ) M - <t>(r))\ + ...
(4.52)
Of course, also the naturally present second or higher harmonics generate again higher
harmonics. However, the contamination of higher harmonics is expected to be most important when a second harmonic Tc signal, generated by the deformation of the first
harmonic, contaminates the naturally present second-harmonic Te signals.
To determine whether or not this is the case the ratio of the amplitude A2G of the generated
second-harmonic Te-term to the amplitude A\ of the first harmonic Te term (Eq. 4.47)

must be compared to the ratio of the amplitude A2 of the naturally present second harmonic and A\. To estimate the latter ratio we assume a simple diffusive model for an
infinite slab geometry (Eq. 4.23). Because of the diffusive character of the model the
radial decay is stronger for higher harmonics. Therefore A2/Ai has its maximum value in
the ECH power deposition region (or near the mixing radius in the case of sawtooth perturbation), where the initial perturbation takes place. When the Te-perturbation travels
over a distance Ar, A2IA1 decreases. The radial dependence of A2/A1 is given by

£ ( r + AT) = £(r)exp[-Ar(V5 - l)J^]7

(4.54)

The weight W2G of the spurious second-harmonic signal
^

(4.55)

can be obtained from Eqs 4.53 and 4.54.
For the example three additional conditions, which are relevant for an ECH power modulation experiment at RTP, need to be set
Ar = 0.1m

,

AI
—(r) = 10% ,

a = 2.

(4.56)

Using Eqs 4.29-31 and 4.53-56 yields
W2G = 0.61,

(4.57)

which means that the naturally present second harmonic is seriously contaminated by the
generated second harmonic.
Of course, the n\ and the Tini terms can give rise to similar contaminations.
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For SXR diagnostics these results are valid as well, but there are some differences. For
instance, the value of a can be as high as 10, causing the impact of the spurious higher
harmonics to grow accordingly. The extrinsic errors can in principle be avoided by first
computing Te from the raw signals and analyzing the thus obtained pure T€ signals.
This procedure can be applied to ECE signals with partial success only. Because of the
uncertainties introduced in the computation of Te a significant part of the extrinsic errors
is not eliminated, as is shown below. For SXR signals it is practically impossible to
compute a reliable Tc signal.

3. Raw signals versus Te-calculation
In principle the extrinsic errors can be suppressed by first computing Te from the raw signals and performing the analysis on the thus obtained Te(r,t). However, the computation
of Te introduces new error sources, since it uses (Te), (ne) and the reflection coefficient
RC as input, and these are known with finite accuracy. In this section an estimate is
made of the importance of the extrinsic effects in the computed Te signals.
After the computation of Te, the relative inaccuracy of the amplitude of Te is given by

S
Te

=

(4.58)
CFga

'

v

'

Another consequence of the statistical and systematic errors mentioned above is the persistence of the spurious ni-, T?-, n\- and Tini-terms in a weakened form. Because of the
Te-calculation the amplitudes of these terms will be attenuated, but due to the errors,
parts of these terms will remain. The amplitude of the remaining terms can be shown to
be equal to the inaccuracies of their prefactors in Eq. 4.47. Figure 4.6 shows the radial
dependence of the inaccuracies of a, 0, ot(a — 1), 0(0 — 1) and a0, for the example given
in section 2. For this case the relative inaccuracies of Te, ne and RC are taken 10%.
For r < 0.6, which is the case for a significant part of the RTP plasma, the validity
of the simplified slab reflection model (Eq. 4.45) that has been used to obtain these
results, becomes highly questionable because more than 50% of the total radiation has
been reflected once or more (for RC = 0.8). The approximation of the slab model leads
to errors which are mimicked by taking a larger uncertainty (of 25%) for RC. The thus
obtained inaccuracies of a, 0, a(a — 1), 0(0 — 1) and a0 are also shown in Fig. 4.6. The
remaining part of the spurious terms is significant for an uncertainty in RC of 25%. From
this it can be concluded that a Te calculation does not take away the extrinsic spurious
effects very efficiently. A direct analysis of the raw signals with corrections for a > 1
on amplitude and checks on the irreducible intrinsic spurious contributions may then be
preferable from a practical point of view.
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Figure 4.6: Fig. 3. The inaccuracies of the exponents a, /3, a(a — 1), a/3 and /?(/? — 1)
forRC = 0.8. The relative inaccuracies of(Te), (ne) and RC are 10% for the continuous
line. For the dashed line, only the uncertainty of RC is changed to 25%.

4. Experiments in RTP
RTP [11] is a tokamak (major radius RQ = 0.72 m, minor radius a = 0.16 m) dedicated to the study of transport processes in thermonuclear plasmas, and equipped with
a comprehensive set of diagnostics. A 20-channel double heterodyne radiometer [12] for
second-harmonic extraordinary mode ECE and a 5-camera, 80-channel SXR tomography
system are diagnostics used for heat pulse propagation studies.
Recent experiments at RTP [13], showed heat pulse propagation due to simultaneous
sawtoothing and ECH power modulation in a 125 kA (qa = 3.2, BT = 2.14 T, Te(r = 0)
= 910 eV, ne(r = 0) = 2.51019 m'3, PECH = 180 kW) hydrogen discharge. Te data
has been obtained from ECE and SXR diagnostics. A typical ECE signal and its Fourier
spectrum are shown in Fig. 4.7.
The sawtooth pulses ride on top of the slower ECH induced temperature variation.
The ECH power was modulated with a frequency / = 312 Hz. The Fourier spectrum
of Te of the same discharge (see Fig. 4.7) shows a peak due to the sawtooth, that is
located near the fifth harmonic, well separated from the first and second harmonic of
the modulation spectrum. Therefore the ECH induced first and second harmonics and
the sawtooth induced fifth harmonic can be studied separately. Figure 4.8 shows the
amplitudes and the cross-phases relative to the ECH signal, for these harmonics.
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ECU and sawtooth induced Te-variations. (b) Fourier spectrum of the ECE signal. The
first harmonic of the modulated ECE has f = 312 Hz. The fifth ECH harmonic coincides
with the sawtooth activity.
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Figure 4.8: Fig. 5. (a) The profile of the cross-phase <f> (relative to the time dependent
ECH power) for the ECE signals of the same discharge as in Fig. 4-1. The sawtooth
activity flattens the p rofile of the fifth harmonic in the centre, (b) The amplitude profiles
have been corrected for a > 1; the sawtooth activity dominates the fifth harmonic of the
amplitude.
To obtain the phase and amplitude profiles a full Te calculation has not been carried
out. Instead the raw ECE signals are only multiplied by a factor to obtain the correct
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background (Te) profile, and after that divided by a(r). The data points used for the
transport analysis satisfy r < 0.1 m, 1 < a < 1.2 and 0 < /? < 0.2.
The phase profiles show good agreement between ECE and SXR measurements, except
for the plasma centre, where the effect of line integration on the SXR signals is significant.
Plasma position modulation gave a spurious contribution to the first harmonic Te of
less than 5% and did not affect the measurements seriously as can be concluded from
the symmetry of the amplitude and phase profiles. During similar experiments with
lower plasma currents (qa = 6.5) the plasma position modulation gave serious problems.
From the symmetry of the profiles it is concluded that, except for two low field side
channels, supra-thermal ECE was not significant. This was not the case of experiments
at ne(0) < 2.51019 m" 3 .
The importance of the extrinsic effects is discussed below. The relative amplitude of
the first-harmonic 7\ decreases from 7% in the plasma centre to 3-4% at the edge. The
ECH power modulation induced n\ was less than 20% of T\. The maximum impact of
this density pulse on the phase and amplitude of the first harmonic Te can be found from
Eq. 4.49. At the plasma edge, for a = 2 and (3 = 1, WDP = 0.1. This means that in
the worst case the amplitude can be changed by 10% and the phase can be changed by
• 0.1 rad. Therefore the ECH induced density pulse does not affect the profiles severely.
The magnitude of the sawtooth induced density pulse was 50% of the Te-perturbation in
relative terms. At the plasma edge Wop5 — 0.25, so in the worst case the phase and
amplitude of the fifth harmonic Te can be changed by 0.25 rad and 25%, respectively. For
r < 0.1 m, 1 < a < 1.2 and 0 < /3 < 0.2 the density pulse effect is reduced by a factor of
3.
At the edge ^=3-4%, a = 2 and A2jAx > 0.1 (see Fig. 4.8). This results in W2G < 0.1.
This means that for this case the spurious second harmonics do not influence the outcome
of the experiment significantly. For r < 0.1 m and 1 < a < 1.2 the effect of higher
harmonics is reduced by a factor of 5.
To summarize, the main error sources for the values of the phase and the amplitude
(Fig. 4.8) of the Te-signals (r < 0.1 m) are given in order of decreasing importance:
supra-thermal ECE, modulation of the plasma position displacement, the density pulse
and the generation of higher harmonics. For the amplitude the calibration errors were
most important. Altogether the uncertainties can be estimated to be around 0.1 rad for
4>. A has an uncertainty of 10-30% for r < 0.1 m. The resulting uncertainty of \e is
smaller than 20-25%.
5. Conclusions
A powerful method has been developed to estimate the magnitude of errors in heat pulse
propagation measurements induced by the nonlinear Te response and the sensitivity to n e
of ECE and Soft X-Ray diagnostics.
The generation of spurious higher harmonics due to the nonlinear Te response is found
to be a relevant error source for heat pulse propagation studies. Its impact is strongest
for SXR diagnostics. For the ECE data of recent experiments at RTP it was shown to be
of little importance.
For ECE, computing Te from the raw signals and analyzing the thus obtained Te(r, t)
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does not take away effectively the errors introduced by the non-linear Te response and the
sensitivity to ne. A direct analysis of the raw signals with corrections for the non-linear
response on the amplitude and checks on the irreducible intrinsic spurious contributions
is normally preferable from a practical point of view.
Notwithstanding all the artefacts mentioned above, the spatial derivatives of <j> and
ln.,4 of several harmonics of transient Te can be measured in RTP with sufficient accuracy
for heat pulse propagation studies. The experimental parameters should be selected carefully in order to minimize error sources such as supra-thermal ECE and plasma position
modulation. This leads to the following constraints: qa < 4 and 2.5' 1019 m~3 < ne(r =
0) < 3.51019 ro~3. The resulting uncertainty of \e is smaller than 20-25% for recent ECH
power modulation experiments in RTP.
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4.5

Mapping on cylinder geometry

The starting point for this section are estimates for phase and amplitudes of Te-perturbations,
corrected for possible spurious effects. Combining geometrical information of the diagnostic used and information on the magnetic equilibrium one can link <f> and A as derived
from ECE Te measurements to flux surfaces.
To obtain a 1-dimensional transport equation Eq. 3.1 must be averaged over the flux
surfaces. A clear account of this procedure is given in [9]. The transport problem in
a generic magnetic configuration is translated to cylindrical geometry by choosing an
appropriate mapping from flux surface label to effective cylinder radius.

4.6

Inversion, inferring transport coefficients

Applying the mapping to cylindrical coordinates, Eq. 3.14 reduces to:
ne[^fe

+ ^} + ^rqe

= Sc,

(4.59)

where r is the effective radius of the flux surface.
As explained in chapter 3 MECH experiments mainly probe the diffusive component
of transport. Therefore qe is substituted into Eq. 4.59 as:
9« = -neXr'Vfe.

(4.60)

Only if this leads to contradictions with the measured data [10] this assumption is reconsidered. Eq. 4.59 now becomes:

This partial differential equation can be converted into a complex ordinary differential
equation for a purely harmonic Te:

diu + -)n.Tu - --^(rnexTrt^-Tu)
IT

r or

= Su,

(4.62)

or

where T u = .A(r)e'*(r' is the temperature perturbation at the modulation frequency u and
Su(r) is the modulated power density.
Using Xe ert ( r )' ^w(r)> ne a nd w as an input this equation can be solved straightforwardly. This results in Tu(r) or alternatively in the phase (relative to the phase of Su)
and amplitude profile of the Te perturbation <j>(r) and A(r). In practice one wants to solve
the opposite problem. From A(r) and <j>(r) the yfeCTt profile must be determined. Making
use of phase and amplitude profiles measured at several frequencies (preferably different
harmonic frequencies of the perturbation, measured simultaneously) the xlert profile and
the Su(r) profile can be determined from <j>{r) and A{r). This is the subject of [11].
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4.7

Procedures for MECH experiments in RTP and
W7-AS

Modulated ECH experiments carried out in W7-AS and RTP are described in this dissertation. The followed experimental procedures are very similar in both experiments.
The electrons are heated from the low magnetic field side using 60 and 110 GHz ECH
in RTP and 70 and 140 GHz ECH in W7-AS.
On both devices heterodyne multi channel ECE radiometers detect the induced electron heat pulses at ~ 15-20 positions in the plasma. The least squares fitting procedure
described in section 4.3 is applied to the raw ECE signals to obtain estimates for <f> and
A and the statistical errors. Corrections for possible optical thickness effects are done
subsequently.
Then the obtained <f> and A must be linked to an effective cylinder radius. The
mapping on cylinder geometry is done differently for RTP and W7-AS. For W7-AS the
effective cylinder radii follow from the intersection of the ECE line of sight and the plasma
equilibrium for the specific shot. The frequency of an ECE radiometer channel directly
translates into the strength of the magnetic field. The method followed at RTP is simpler,
owing to the circular cross-section of the plasma. No plasma equilibrium calculation is
carried out. Instead, the plasma equilibrium is assumed to consist of circular surfaces
with a small outward (Shafranov) shift of the of ~ 5 mm of the magnetic axis compared
to the outermost flux surface. The profile of the Shafranov shift is parabolic. Corrections
to the vacuum magnetic field due to the diamagnetic effect, and the paramagnetic effect,
and the poloidal field are accounted for. Furthermore the fact that most ECE emission
comes from the electrons located somewhat behind the cold plasma resonance is taken
into account for both W7-AS and RTP.
Once the profiles of phase and amplitude versus effective cylinder radius have been
obtained, inferring x? er( ' s v e r v similar for RTP and W7-AS. Using either manual fitting
or Function Parametrization the profile of xveert is determined.
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Abstract
Perturbative measurements of the electron thermal diffusivity (x*"rt) in the RTP
tokamak are presented. Electron temperature perturbations are induced by on- and
off-axis Modulated Electron Cyclotron Heating (MECH) and the sawtooth instability. The radial profile of xperl ls deduced from the phase and amplitude profiles at
several harmonics of the modulation frequency. The effect of the edge safety factor
(qa) on the profile is investigated in a ga-scan with 3.2< qa <5. xp'rt i8 found to
increase approximately parabolically between the sawtooth inversion radius (r<nv)
and the edge. Outside rj nt , no dependence of the x perl profile on qa is observed.
In this region xF'rt exceeds the power balance diffusivity (x pt ) by a factor 2-3 at
all qa values. Different behaviour with the ECH resonance just in or outside Tinv
gives evidence of a transport barrier in this region. All data, i.e. for all qa and with
MECH at different radii, can be fitted using a single xp'rt profile, which features a
transport barrier near ri nv .
51

5.1

Introduction

In the past decade perturbative transport experiments have been carried out in a variety
of thermonuclear plasmas (see [1] and refs therein). Such experiments determine the
transport coefficients describing the radial propagation of a perturbation through the
plasma. In the case of electron heat transport, the thus found electron heat diffusivity,
Xpert, is an estimator of the incremental electron heat diffusivity x m c = —dqe/nedVTe
where nc, Te and qe are the electron density, temperature and radial heat flux.
In many tokamaks xptTt is found to exceed the value derived in a steady-state power
balance analysis, x"* = —<le/(neVTe). This may be ascribed to the essential difference
between x tnc and xpb- The latter evaluates the net heat flux carried by the electrons, which
includes 'off- diagonal' contributions to qe, i.e. heat fluxes driven by gradients other than
VTe. Perturbative experiments single out the VTe driven heat flux. Thus, the difference
between the measured values of xpert and x*** c a n be explained if qe is an off-set linear
function of VTe, as is argued in e.g. [2] and [3]. In [3] measurements of xph and xper< were
presented for a scan of VTe, which provide direct evidence that qe is indeed an offsetlinear function of VTe (see Fig. 5.1). The degradation of confinement with increasing
input power generally observed in tokamaks could result from such a dependence.
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Figure 5.1: An ECH power scan in RTP allowed the determination of xpb and X**** (from
sawtooth heat pulse propagation) for a range of VTe [3]. These measurements provide
evidence that qe can be described as an offset-linear function of VTe (curve (b)). In the
W7-AS stellarator it is found that xpb = XpeTt [4}5]> which suggests that there qe is a linear
function ofVTe without offset (as indicated by curve (a)). One question addressed in this
paper is whether the offset flux in the tokamak is driven by the plasma current, which is
absent in the stellarator.

52

This picture is complemented by results obtained in the W7-AS stellarator. Here, xpeTt
and xpb are found to have the same value, and also to scale the same way with plasma
parameters [4,5]. Given the definitions of x1**1 and x1*6, it appears that in the stellarator
qe is a linear function of VTe. It is an appealing thought that the offset flux in tokamaks
might be driven by the toroidal current density, which is absent in the stellarator.
To investigate this hypothesis, x9"1 a Q d X1*w e r e measured as a function of the plasma
current, or qa = aB^/RBe, in the Rijnhuizen tokamak RTP. Previous experiments in which
qa was varied employed the sawtooth instability to induce heat pulses, in which case the
measuring region is coupled to the sawtooth inversion radius, which in turn scales with
qa. Therefore, in these studies the qa dependence and the radial dependence could not be
separated. Typical results are xpcTt « g~2 found in TEXT [6], and xpcrt « P1A , where
p = r/a denotes the normalized minor radius, found in JET [7]. In both publications it
is noted that it is undetermined whether these dependences should be interpreted as a
radial profile or as a qa- dependence.
In the present paper this issue is tackled using Modulated Electron Cyclotron Heating
(MECH) to induce periodic Tc fluctuations. In this way the a qa scan could be made
without affecting the perturbation, so that a possible qa dependence and a radial profile
of x pert are decoupled and can be determined independently.
Of special interest is the behaviour of xpCT* near the sawtooth inversion radius, rinv.
There are many instances in the literature in which peculiar behaviour of propagating
perturbations is found near rinv. An analysis involving a variety of perturbations in
TCA revealed a discontinuity of the particle diffusion coefficient near !•<„„ [8], studies with
impurity injection in JET gave evidence of a transport barrier near r<nt, [9] while in T-10 it
was found that impurities even accumulate near rj nv [10]. MECH offers the possibility to
study transport across rj nt) in more detail by comparing results obtained with deposition
either inside or just outside rinv.
This paper reports the results of MECH experiments in RTP, in which the MECH
power was deposited either on-axis or off-axis in plasmas with a scan of qa. The radial
profile and the qa dependence are determined independently. Special attention is paid to
the behaviour near rj nv . In sawtoothing plasmas, also the sawtooth heat pulse propagation
is analyzed. The profiles of x7"*1 an< l X1"6 a r e compared and the results are discussed
in the framework of the questions phrased above, i.e. if the results are sufficient to
specify the relation between qe and VTe in tokamaks, and to explain the difference with
stellarator plasmas. The question is addressed whether a purely local transport model
can accommodate the different behaviour in stellarators and tokamaks. The degradation
of confinement with increasing input power, which is observed in both types of plasmas,
plays a key role in this discussion.

5.2

Experimental set-up

The RTP tokamak (R = 0.72 m, a = 0.165 m, BT < 2.4 T, Ip < 145 kA, pulse duration <
500 ms, boronized vessel, top-bottom carbon limiters) is dedicated to the study of transport processes in tokamak plasmas and equipped with a comprehensive set of diagnostics
[11]. In the MECH experiments reported here, space- and time- resolved measurements
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of Te were taken with a 20-channel ECE radiometer covering the entire profile. The ECE
antenna was integrated in MACOR absorbers to eliminate reflections. The ECE measurements were calibrated against a single pulse Thomson scattering Te-profile measurement,
taken in the ohmic phase of each discharge. The ne profile and its perturbation were
measured with a 19 channel FIR interferometer.
The MECH was provided by a 60 GHz gyrotron. The beam was launched radially
from the low-field side in the equatorial plane, with 110 kW coupled to the plasma in Omode. For on-axis MECH, optimum plasma conditions (BT = 2.18 T, ne = 3 x 1019rn~3)
and modulation parameters (UJ/2IT = 312 Hz, 100% modulation, duty cycle dc=0.25, 28
cycles) were chosen on the basis of past experiments [12-14]. The flat-top value of the
plasma current was scanned from 80 to 125 kA (3.2< qa <5) in steps of 15 kA, i.e. ga=3.2,
3.6, 4.2 and 5.0. Off-axis MECH was performed by decreasing the toroidal field. Best
results were obtained for a resonance set to 4 cm (p=0.25) to the high-field side. The
same qa range was covered as in the on-axis MECH experiments. Typical Te modulation
amplitudes at the 1st harmonic were ±15% for on-axis and ±3% for off-axis MECH.

5.3
5.3.1

Data analysis
Data reduction and experimental uncertainties

Fourier analysis was applied to obtain the amplitude and the phase of the Te perturbations
relative to the applied ECH. As pointed out previously [12-15], several systematic effects
complicate the analysis of MECH data. The effect of modulated plasma displacement,
significant at high qa [16] was corrected using the measured plasma position and VTe.
Supra-thermal radiation affects the ECE measurements on the low field side, which have
normally not been used in the data analysis. A correction for the low optical thickness
has been applied to the amplitude data of the edge ECE channels on the basis of the
measured Te and ne profiles, assuming zero reflectivity of the microwave absorber [17].
Figure 5.2 shows an example of phase ((/>) and amplitude (A) profiles at 3 harmonics
of the modulation frequency and at the sawtooth frequency, for a typical ga=3.6 discharge
with central MECH. The data has been corrected for plasma displacement and optical
thickness effects. The residual asymmetry between low and high field side is attributed to
down shifted ECE emission from supra-thermal electrons at the ECH resonance position.
The error bars, representing the combined systematic and statistical uncertainties of
the data, have been estimated as follows.
The statistical errors on phase and amplitude are determined by using a variation
on the standard Fourier transform, the so called sinusoidal response analysis [8]. This
technique is essentially a least squares fit including sinusoidal terms and explicit offset
and drift terms. The statistical errors follow straightforwardly from this analysis.
The systematic error on the phase data is mainly due to plasma displacement corrections. We estimate this error to be 1/3 of the applied correction. The largest uncertainty
is found at low Ip, where for the first harmonic outermost channel it amounts to ±0.07
radians, decreasing to negligible values near the plasma centre. The correction is smaller
at higher harmonics, where the statistical error dominates over other error sources. The
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Figure 5.2: Phase and amplitude profiles of 1st, 2nd, 3rd and 5th harmonics ofTe measured
by ECE, for a discharge with qa=3.6 and on-axis deposition of MECH power. (RTP
discharge R19931214.030). The 5th harmonic is dominated by the ST component. All
phases are relative to the MECH signal. The full line is the numerical simulation, obtained
assuming a smooth x3*** profile. The data on the low field side are often affected by suprathermal ECE. Only the data points represented by closed symbols (plus error bar) were
considered in the fit.
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uncertainties on the amplitude data are mainly systematic, due to the calibration procedure and the optical thickness correction. They are about ±15% in the plasma centre,
increasing to ±25% for the outermost channel. The statistical error on the amplitude
data is negligible except when the amplitude approaches the noise level of ~ 1 eV.

5.3.2

Modeling the interaction of MECH with the sawtooth
activity

A special case of systematic effect is the interaction of MECH with the sawtooth (ST)
activity. Due to the MECH, the amplitude of the sawtooth crashes is modulated in time,
which gives rise to additional Tc perturbations at the modulation harmonics. As shown
in [13], the effect of this amplitude modulation (AM) can be modeled by introducing
effective additional power source terms (PAM) at the modulation harmonics, similar (but
not identical) to the power source at the sawtooth frequency (PST)- These power terms
can be determined from the time traces of Te as the Fourier transform of the Te jumps at
the sawtooth crashes. An example of the resulting amplitude and phase of PST and 1st
harmonic PAM is shown in Fig. 5.3 for the discharge of Fig. 5.2. The PAM power terms
are strongest at low qa, while they are negligible for qa >5 where the sawteeth are barely
detectable. In the case of off-axis heating, accurate modeling of these profiles was found
to be crucial for a good reproduction of the central measurements since they represent the
only power source in this region. The effect of possible systematic errors in PAM °n the
determination of transport coefficients is limited to the plasma region directly affected by
the sawtooth instability.

5.3.3

Data interpretation

The following equation was used to relate the modulated power and the observed Te
perturbation:
( | « J + i)n e T u - V • (n eX pert VT w ) = Pu

(5.1)

where Tu = Aex<t> is the temperature perturbation at the modulation frequency w and pu{r)
is the modulated power density, including the contribution of the MECH-ST interaction.
The damping term 1/T, which accounts for the modulation of the electron-ion energy
exchange and the Ohmic dissipation, is small and has been neglected in the present
analysis. Equation 5.1 is solved numerically with boundary conditions T^(a) = 0 and
VTU(O) = 0, for a given choice of xpeTt and p u profiles and using the experimentally
determined n e profiles. The resulting phase and amplitude of Tu are compared with the
measured data. Estimates of x**"1 and pu profiles are obtained by fitting to the data. We
anticipate here that all MECH and ST data available from discharges at four different
values of qa both with on-axis and off-axis resonance were satisfactorily reproduced on the
basis of Eq. 5.1, i.e. the data does not require the introduction into the model of convection
or cross-coupling to the ne pulses. The measured ne perturbations are dominated entirely
by the effect of the plasma position modulation, and are so small that they their possible
effect on the xpert evaluation is negligible.
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Figure 5.3: The MECH modulates the amplitude of the sawteeth, which results in an
effective power contribution of the sawteeth at the modulation frequency. This term can
be determined independently of the MECH data by Fourier analysis of the Te jumps at the
sawtooth crashes. This yields the phase (<f>) and amplitude (A) profiles of PAM and PST
(see text), here shown for discharge R19931214.030.

Parametrization of x9"*

an<

i p^-profiles

The ECH power deposition profile (PECH{T)) consists of a rather narrow contribution
from the first pass of the microwave beam through the plasma and a considerably broader
background contribution which is made up of side bands in the antenna pattern, spurious
modes and power reflected and mode scrambled after the first pass through the plasma.
The phase and amplitude profiles of the Te perturbation are therefore affected by direct
heat deposition everywhere along the resonance plane in the plasma. Estimates of the
first pass component can be derived from ray-tracing analysis, while some information
on the overall shape of PECH{r) can be obtained from the available transmitted power
diagnostic [18]. However, the uncertainties on these estimates are such that, in order
to avoid the introduction of systematic errors in the analysis, it is safer not to take the
PECH profile from independent measurements but rather treat it as an unknown quantity
to be determined from the MECH data together with the xpert profile. This is possible
if the pulse propagation is analyzed at several harmonics of the modulation frequency
simultaneously, as shown in [19]. The consistency of the obtained results with the available
independent information must then be checked a posteriori.
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For each shot, data at three harmonics of the modulation frequency and at the sawtooth frequency (except at qa=5, when the sawteeth were too small or absent) have been
fitted simultaneously. Figure 5.2 shows an example of the data and a simulation. In
the case of central deposition ECH is modeled as the sum of one narrow and one broad
Gaussian, which allows a fair representation of the Gaussian ECH beam (which results in
a strongly peaked PECH{T) due to the flux surface averaging) and of the effect of multiple
pass absorption and of small vertical displacements of the plasma column:
]

(52)

where Ptoe is the total power, 7 is the fraction of total power that goes into the narrow
Gaussian, <Ti and o-x are the widths of the broad and narrow Gaussians, respectively. In
the case of off-axis heating at the high field side of the magnetic axis, the Gaussians
are centered at the resonance radius and the broad Gaussian is used only outside the
resonance radius, since there cannot be any absorption inside. The normalization is
changed accordingly.
For the parametrization of the xpert profile the following strategy was followed. First,
a simple, smooth profile was assumed of the following form:
Xp"\r)

= xo + (Xi - X o K r / n r

(5.3)

Here xi is the xvert value at the normalization radius T\, and Xo is the x*"^4 value in
the plasma centre. For rx we took n = 0 . 1 m. This profile provides acceptable fits to
the data for all on-axis MECH, with only 3 parameters. It brings out clearly the global
shape of the xVKrt profile and its scaling with qa.
However, there are certain features in the central phase and amplitude data which,
especially with off-axis MECH, are not so well described with a smooth x pert profile. To
investigate the effect of the xpcW profile on the central phase and amplitude profiles, two
classes of x pert profiles have been tested against the present data set. The first class of
profiles feature a 'step' at rstep, with a uniform x inside r,tej) while outside r Jtep the profile
has the same shape as the smooth profile given in Eq (5.3):
yP"-t(r)

_ / Xo + (Xi - Xo)(r/r 1 ) a r > r,Up
y Xlow

l ^ l gtep

The second class of profiles feature a 'transport barrier' at r^, with a uniform x inside
r^ar and outside again the same shape as before:
Xo + (Xi ~ Xo){r/ri)a
Xo + (Xi ~ Xo){r/ri)a - 0.5,4(1 + cos(n(r - r^/S)}

r > r^ + 5
r ^ < r < rb

Xinside ~ U.O£>{1 + COS{7T(r — ^bar)/O))
X .j
inside

T^r — 0 < T
r <r* r i
A
u
' ^ ' oar

(5.5)
with A = xo + (Xi - Xo)(rbar/ri)a - Xlow and B = Xinside - Xiow-

The stepped x pert profile has been used before [13,20], where it was invoked to describe
the phase and amplitude profiles at the beat frequencies between MECH and sawteeth.
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The reason to consider the profile with a transport barrier is the independent evidence for
such a barrier in the literature (Section 5.1) as well as the direct evidence from measured
Te profiles in RTP [21,22], of which an example is presented in Section 5.4 (Fig 5.9).
Note that as long as the transport barrier is narrow compared to the resolution of
the measurements it can be represented by a single parameter, which is proportional to
5/y/ximv- Thus the stepped profiles are represented by 5 parameters: 3 for the smooth
outer part of the profile, and an additional two for the position of the step and x m the
interior region. The profiles with the transport barrier require 6 parameters: 3 for the
smooth outer part, two for the position of the barrier and its thermal resistance, and one
for x in the interior region.
Because of the increased number of parameters, to fit these profiles successfully additional constraints have to be applied. For the stepped profiles we required that a) rttep
is close to fj,,,,, and b) that all data, i.e. at all qa values and for both off and on-axis
MECH, can be described with the same values of xo, Xi>a a n d Xiow- For the profiles with
a transport barrier we required a) that r^ is, within a few mm, equal to r inv , b) that
the thermal resistance of the barrier and Xm»»<fc a r e the same to fit the data of all cases,
while Xo> Xi an( ^ a were fixed at the values that were found with the smooth profiles.
Fitting the model to the data: Function Parametrization
The numerical method chosen to find the solution of Eq.(5.1) that fits the experimental
data best is Function Parametrization (FP) [23]. FP statistically analyzes a large database of well chosen simulations in order to find the inverse mapping between the xpeH *nd
pu profiles and the <j>, A measurements at the different frequencies. Its application to the
interpretation of MECH data is discussed in [19]. FP provides criteria to test whether a
given model is suitable for the interpretation of the data and to identify the number of
free parameters that can be determined. It also provides a thorough error analysis of the
results obtained.
Analysis has shown that the number of free parameters that FP is able to extract
from the data (3 MECH harmonics plus ST for each shot) is about 6 [19], With the
simple, smooth xpert profile (3 parameters) and the PECH profile as given (4 parameters)
still one parameter needs to be eliminated. This we achieved by setting Oi = 2 cm, i.e.
by fixing the width of the narrow Gaussian describing the power deposition. This is the
least important parameter, since there is very little MECH power in this component. For
each parameter FP provides an estimate of both the statistical and systematic errors,
which can be used together with the correlation matrix to compute the error bars on the
reconstructed xpeTt and pu profiles.
To fit the xpeTt profiles with a step or a barrier, the additional constraints mentioned
above were used.

5.3.4

Local power balance analysis

The x£* radial profile was determined from the time-averaged qe, VTe and n e profiles.
The heat flux qe(r) was determined from p(r), of which the Ohmic part follows from the
measurements of Te(r), loop voltage and plasma current [24], while the ECH part is taken
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from the MECH results. The ion temperature profile TJ(r) is not a critical parameter
in the local power balance analysis of the low density ECH plasmas discussed in this
paper. Neutral particle diagnostic measurements on similar plasmas in the past led to
the assumption that 7i has the same profile as Te with Tj(0) = 500 eV in the Ohmic
phase, remaining practically unchanged by the application of ECH. Zefj was calculated
assuming neoclassical resistivity. The total radiation losses, as measured by bolometry,
are smaller than 10% of the total input power and are concentrated near the edge, outside
the range of the present analysis.

5.4
5.4.1

Results
Global shape of the x**51"* profile and scaling with qa

Before focusing on the details of the xpeTt profile, we analyze all data (i.e. qa={3.2, 3.6,
4.2, 5.0}, on- and off-axis MECH) using smooth x1""' profiles. These provide satisfactory
fits to the data, and are suitable to bring out the global shape of the profile and the
scaling with qa. In 5.4.2 we present a closer examination of the central part of the profile.
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Figure 5.4: Phase and amplitude profiles of the 1st and 2nd harmonics ofTe for a qa=5
discharge (R199S1210.032). No sawteeth data are detectable. The data have been fitted
using x1"6'* profiles that are parabolically increasing (full line) and uniform (dashed line).
Clearly, to provide a match to the data xpert has to increase towards the edge.
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For on-axis MECH the smooth x pert profiles provide good fits to the data. An example
is shown in Fig 5.2, for go=3.2. This fit is achieved with a xvert profile which increases
approximately parabolically towards the edge. In previous publications [12] a different
type of xpeTt profile was used for the analysis of such data, namely a two-level profile,
stepping from xiow to XMgh a t r3tep. This is also a 3 parameter profile, which provided
good fits to the data with low qa. The question is whether the uniform xpert outside rstep
can be distinguished from a profile that increases. The data with low qa do not allow this
distinction, because the region outside r;nv is too small. However, the situation is different
for high qa discharges, in which ;•<„„ is very small and the sawtooth activity is negligible.
Fig 5.4 shows data of a qa=5 discharge with central MECH. Simulations using either a
uniform or a parabolic x1"^* profile were fitted to the data, and are also shown in the
figure. It can be seen that the phase values of the external channels cannot be reproduced
with the uniform xpert model, but require that xptTi increases towards the edge. It has
been checked that other effects such as edge power deposition, strong edge damping, or
an overestimate of the plasma displacement correction are unable to explain the data.
Fits have been made to all on-axis MECH data of the qa scan, with the 3 parameter, smooth, xpert profile and the power deposition profile as given in Section 5.3. It is
important to note that the MECH-ST interaction must be properly accounted for in the
simulations by using the measured PAM values, which increase with the plasma current.

0.0

0.8

Figure 5.5: The smooth xpeTt profile (xo = 0.8 ± 0.3 m?/s, Xi,= 5.7 ± 0.8 m2/s and
a = 1.8 ± 0.4j which provides a match to all on-axis MECH data, is compared to the x p t
profile of the qa=3.6 discharge shown in Fig. 5.2. The shaded areas indicate the error
bands (1 standard deviation). Note that there are correlations between the parameters of
the fitted xpert profile which reduce the effective error band.
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The remarkable result is that within error bars a good reproduction of the data at all
values of qa is obtained with the same yfert and PECH profiles. This xpeTt profile, given
by xo = 0.8 ± 0.3 m 2 /s, a - 1.8 ± 0.4 and Xi = 5.7 ± 0.8 m 2 /s at r/a=0.6, is shown in
Fig. 5.5. Also shown is the band determined by the combined uncertainties on xo, Xi a n d
a, taking into account the correlations between these parameters. The power deposition
profile, which is shown in Fig. 5.6, is given by 7 = 15 ± 5 %, O\ — 4.7 ± 0.5 cm and the
fixed value 172 = 2.0 cm. A total power Pu,t 110 ±10 kW is found, which agrees well with
the 110 kW O-mode injected power.
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Figure 5.6: Power deposition profile for on-axis (dashed line) and off-axis (full line) heating used in the simulations. The total power is 110 kW for on-axis heating and 125 kW
for off-axis when a smooth \pert profile is assumed. When a x**** profile is used with a
step or a barrier Ptot comes out lower by 10 -

An example of off-axis MECH is shown in Fig. 5.7, for a discharge with qa=3.6 (i.e.
the same qa as the discharge shown in Fig. 5.1.) The resonance was set at r — 4 cm to
the high field side. Remarkable are the well defined extrema in the phase and amplitude
profiles at the resonance location. The dashed lines represent the simulations obtained
with same smooth xpeTt profile that fitted all of the data with on-axis MECH.
Applying the same xpeTt profile to other off-axis ECH discharges, it is found that all
cases with qa >3.6 are all well reproduced. The different cases are all fitted with the same
off-axis ECH power deposition profile, given by 7 = 0%, o\ = 2.8 cm (see Fig. 5.6). A
total power Pu,t = 125 ± 10 kW is found. This is 15 % higher than the power found with
on-axis MECH, but still within the combined uncertainties.
A markedly different result is obtained for qa=3.2, in which case there is no central
hole in the amplitude profile. This case is discussed in Section 5.4.2, where it is brought
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in relation to the fact that in this case the sawtooth region is so large that the ECH
deposition is inside /%„„.
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Figure 5.7: With off-axis deposition of the ECH power, the phase and amplitude profiles
show distinct off-axis extrema. Shown are the 1st and 2nd modulation harmonics ofTc for
a qa=3.6 discharge (R19931210.007). The location of the resonance layer and rinv, are
indicated. The dashed line is the numerical simulation obtained with the generic smooth
X**""* profile, the full line is obtained with a profile with a transport barrier (Section 5.4-2).
In Fig. 5.5 the xpert profile that provides a fit to all data (except qa=3.2, off-axis
MECH) is compared to x7"*, obtained from a power balance analysis for a go=3.6 discharge.
The go-scan showed that xf* decreases weakly with increasing qa: X?6 <x tf.T0'5. This agrees
with the Goldston Linear Ohmic scaling [25] TE OC q%5. The discharges under investigation
are basically in the ohmic regime because the applied ECH power (time averaged 27.5
kW at duty cycle dc=0.25) is small compared to the Ohmic power (90-180 kW for Ip
=80-125 kA). The MECH data allow a ^-dependence of x pert « ?£ with -0.5 < 0 < 0.5.
A schematic representation of the found relation between Xeb> XpeTt a n d la is given in
Fig. 5.8. As a consequence, we cannot state outside uncertainties whether x pert and xf6
have the same or a different ^-dependence. However, the comparison of the x1*** a n d X?6
profiles shown in Fig. 5.5 leads to the following important conclusions:
1) X*""' > X?' o v e r a large plasma region where both quantities are well determined.
Near the plasma centre xS* has a large systematic error, so it is not possible to
compare the two quantities.
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2) the two profile shapes are very similar for r > r m «, with an approximately constant
ratio x pert /xS* — 2-3. The fact that this result is obtained also for low current
sawtooth-free discharges demonstrates once more (and even more strongly than in
past experiments [5]) that this is a genuine property of tokamak plasmas.
Summarizing the results obtained by modeling the MECH data with smooth xpert
profiles, we have found that:
• all data can be represented by a single xvert profile, independent of qa and independent of the location of the power deposition. The one exception is off-axis MECH
at qa=3.2, which is discussed in Section 5.4.2. The data place an upper limit to the
^-dependence of x1*1"*: X^* « Qa w i t h - ° - 5 < /? < 0.5
• this generic xper< profile increases by an order of magnitude from centre to edge;
X"*7' increases approximately quadratically with p towards the edge; a uniform xper<
outside Tinv is not compatible with the data.
• except in the sawtooth region, xvtr% exceeds xp* by a factor 2-3 everywhere, and for
all qa values investigated
• the total modulated power as determined from the MECH analysis agrees with the
power calibration of the gyrotron.

3.0

3.5

4.0

4.5

5.0

Figure 5.8: No significant variation of xveeTt is found in the qa-scan. xjj* decreases slightly
with qa, which is in agreement with Goldston Linear Ohmic scaling [25]. As a result it
cannot be stated outside uncertainties whether x? and xveeri have a different qa-dependence.
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5.4.2

A detailed analysis of the shape of the•xf>ertprofile near

In the previous section, a smooth xpeTt profile was used to fit all data, and this generally
yielded satisfactory fits to the data. However, there are several indications that there
might be a sharp transition or transport barrier near rinv. Apart from the reports in
the literature which are quoted in the introduction, there is also direct evidence from Te
profiles measured in RTP with the Thomson scattering system, which often show very
steep gradients near r;nv [21]. An example of such a Te profile is given in Fig. 5.9
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Figure 5.9: Example of a Te profile measured with Thomson scattering. The sharp change
of gradient near r;nt, is evidence of a transport barrier at that radius.
In general, to resolve such very local changes in transport the second derivative of
the phase and amplitude profiles must be determined, which requires a spatial resolution
and an accuracy that is beyond the present detection system. However, the localized
deposition of ECH allow an interesting experiment by comparing off-axis MECH with
the deposition either just outside (qa=3.6) or just inside (go=3.2) fj nv . In Fig. 5.10 the
first harmonic phase and amplitude profiles of these two cases are compared. There
are two important qualitative differences to be observed. First, for go=3.6 the central
amplitude data show a deep hole, while for <?O=3.2 this hole is absent: here the amplitude
is uniform inside Tinv. Second, with <?O=3.6 there appears to occur phase delay across rinv:
all phases in the region outside rinv show a delay as compared to the 90=3.2 case. Even
without performing a detailed analysis, it is clear that these features provide evidence
for a transport barrier near r,nv, (which produces the phase delay) with inside a region
of high xpert (which causes the flat amplitude profile). In Fig. 5.11 typical phase and
amplitude profiles are shown produced by simulations with a smooth, a stepped and a
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barrier model. As expected, the essential features of the data are reproduced with the
barrier model, while the stepped profile gives rise to qualitatively different phase and
amplitude profiles.
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Figure 5.10: Detailed comparison of the phase and amplitude profiles obtained with off-axis
MECH for qa=3.2 and qa=3.6. The distinct central hole in the amplitude profile observed
for qa=3.6 is expected on the basis of simulations with a smooth•xJKTiprofile. This hole
is absent for qa=3.2, in which case the larger rinv has entered the deposition region. Note
also the phase delay outside r=-4cm. The absence of the central hole in the amplitude and
the phase jump are evidence for a transport barrier near rinv.
At this point it is already clear that modeling with a profile that contains a strongly
localized feature will depend on the details of the profile. In particular, in the case at
hand in which the transport barrier falls inside the deposition region, it is important how
wide the barrier is compared to the deposition layer and how much power falls inside
and outside the barrier. A shift of the location of the barrier by a few mm, or a slight
change of the shape of the deposition profile can significantly alter the resulting phase
and amplitude profiles quantitatively. However, the qualitative features do not depend
on these details.
To check if the xpeTt profile with a transport barrier is a viable model, we applied it
to all data, including the on-axis MECH. Because of the larger number of parameters in
this profile, we had to apply additional constraints. For these we chose the following:
• outside the barrier the \pert profile is identical to the smooth profile given in Section
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5.4.1
• both the thermal resistance of the barrier and the xpert value inside the barrier
{Xinside) were required to be the same for all discharges.
• the position of the barrier r^ was required to be, within a few mm, equal to rtnv
hence r^ r was not an entirely free parameter in the individual fits.
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Figure 5.11: Simulations with three different xpeTt profiles (smooth, step, and transport
barrier) show the qualitative difference of phase and amplitude profiles for power deposition
just inside or outside the inversion radius. The disappearance of the central hole in the
amplitude is only reproduced with a transport barrier.
For completeness, also the stepped x*"1"* profile was fitted to all data, with as additional
constraints that r,iKp is close to rinv and that xiow was the same for all discharges. These
constraints were sufficient to achieve a unique fitting result. Hence, the profile outside
r
»tep w a s left free m this case, but it came out very close to the generic smooth profile,
anyway.
The three profiles that resulted from this procedure are depicted in Fig. 5.12. We
judge the quality of the fits by the reduced x2 value. These are given in Table 5.1, along
with the values of the total modulated power (Ptot) as found by the fitting procedure. We
have to remark that in the second case, i.e. on axis ECH with qa=5, the sawtooth region
was so small that the three models were essentially the same. The results are summarized
as follows:
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The x"""' profiles
• on-axis MECH, all qa:
data.

all three xper< profiles provide equally good fits to the
all three x*"1"' profiles provide acceptable fits to the

• off-axis MECH, qa >3.6:
data,

• off-axis MECH, go=3.2:
the profile with the transport barrier reproduces the
central features in the data and provides a good fit; the stepped profile does not reproduce the central features, although the x2 of the fit is still acceptable; the smooth
profile does not reproduce the central features, nor does it provide an acceptable fit.
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Figure 5.12: Comparison of the three xpert profiles that were used to fit all data of the qa
scan.

The total reconstructed power
In all cases, the three xpert profiles yield a systematically different Pto(- The barrier model
results in a Ptot that is 15% lower than the value obtained with a smooth profile. The
stepped profile yields an intermediate power. With off-axis MECH, the reconstructed
power levels always comes out 10-15% higher than with on-axis heating. The reason for
this has not been identified. We have more confidence in the P to( values obtained with on
axis ECH, because of the better single pass absorption in this case.

68

Table 5.1: Comparison of the quality of the fit (reduced x2) t° the data of simulations
using three different x pert models, for four typical discharges. All of them have the same
Xf e outside rinv: xVT\r) = °- 8 + ( 5 - 7 ~ 0.8)(r/r 1 ) 18 m2/s. Also the values of the total
modulated power (Put) corresponding to these fits are given.
discharge parameters
shot
Pmv
931214.030
931210.032
931210.007
931210.005

3.2
5.0
3.6
3.2

0.15
0.06
0.14
0.27

Pdep

0.00
0.00
0.25
0.25

reduced X2 of the fits
smooth step barrier
1.6
1.2
2.0
4.1

1.5
1.4
1.9

2.0

1.6
1.3
1.9
1.7

Put (kW)
smooth step barrier
110
110
135
135

100
100
135
135

95
95
125
125

Summarizing, three different types of xpert profiles have been used to fit the MECH
data. While the global features are well reproduced with a smooth x pert profile, the
off-axis MECH data show that something special is needed in the central region of the
plasma. By shifting the resonance inside the sawtooth inversion radius, it was found that
the xpert profile exhibits a discontinuity near ;•<„„. Two models were tested, one exhibiting
a step of xpert> the second featuring a transport barrier rinv. The qualitative features of
the data with off-axis MECH at low qa are only reproduced with a transport barrier. This
model also provides a good fit to all data, including the special case of off-axis MECH
at rinv • Together with the Te profile shapes measured by Thomson scattering (of which
an example is shown in Fig. 5.9), this provides evidence for the presence of a transport
barrier near rinv.
Outside rinv there is no significant influence of qa on the xpert profile. Here, xpert
always exceeds x1* by a factor 2 to 3.
With all three types of xpert profiles consistent ECH power deposition profiles are
found. However, there is a difference in the total MECH power found in the reconstruction.
While with the smooth xpeTt profile the total modulated ECH power is found back, the
Xpcri profile with a transport barrier leads to a Ptot significantly lower than the modulated
gyrotron power. This observation of 'missing power' is common in MECH experiments
as well as in experiments with stepped ECH power [5,26,27] and is an important element
in the interpretation of such experiments, as is discussed below.

5.4.3

Discussion of the x1*7"' measurements

The first result, holding well outside the uncertainties, is that outside rj nu the xpert profile
is characterized by a strong increase as function of radius . The validity of this result has
been checked to be independent of the details of sawtooth modeling that enter in the PAM
additional power source terms at the modulation harmonics.
Outside rinv, the x'1"'* profile is quite insensitive to the specific parametrization chosen.
The xpeTt values at half radius agree with values found previously found in RTP with
sawtooth heat pulse propagation and MECH [3,12,13]. While the previous experiments
were limited to low qa, in which case the radial range of the propagating heat pulse is
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too small to obtain information on the shape of the profile, the present experiments have
shown that y?*rt must increase towards the edge.
The fact that data at all qa are fitted with the same \pert profile implies that its
dependence on qa is too weak to be identified within the range of qa scanned in these
experiments. However, a dependence xpcTt « Qa w ' t n —0.5 < P < 0.5 can not be excluded
on the basis of the present data set.
Comparing the profile outside »•<„„ to the scaling x1**1 oc p1A found in JET [7], we find
perfect agreement. The go-scaling found with sawtooth heat pulse propagation studies in
TEXT [6] (xpert oc ql) can also be translated to a radial dependence. Assuming that the
measuring region was close to ?•(„„ and adopting the well known scaling rjnl) ~ a/qa, we
find x^iTEXT)
oc p2. This is a somewhat stronger radial increase them we found in
RTP and JET, although it may still be compatible with the data.
In both [6] and [7] it is noted that the sawtooth heat pulse data cannot distinguish
between a radial profile and a qa dependence. The evidence presented in this paper shows
that most if not all of the qa dependences found earlier are indeed due to the radial xpert
profile.
One of the motivations for off-axis MECH was to have a more reliable measurement of
transport in the plasma core due to the absence of ECH power deposition there. However,
the central region still cannot be treated as a source free region, because the PAM term
- due to the amplitude modulation of the sawteeth - is peaked in the plasma centre. Its
determination becomes crucial for the modeling of the central region. As a result, only
a modest gain in sensitivity to the central x per( features is achieved with respect to the
on-axis case. However, as shown above, shifting the resonance across rjntl does produce a
clearly measurable effect which provides information on the central x p6rt profile.
In the present data base, the evidence for a discontinuity in xpert near rinv comes mainly
from the different behaviour between MECH with deposition inside or just outside rinv.
In this case, it is evident that the accuracy with which details of the x1** profile can be
determined are strongly limited by the width of the ECH power deposition profile, and
the accuracy with which it is known. Especially when modeling with a transport barrier
near the ECH deposition region details become important.
In this light we want to comment the fact that earlier measurements at low qa in
RTP have been interpreted in [13] as providing indications in favour of a rather sharp
transition around rinv to a central region of low transport. In fact, the data presented in
[13] did provide stronger indications on the shape of xpeTt in the central region than the
present data set. This is due to the fact that in that former case the spectral component
arising from the beating between MECH and ST did not coincide with a harmonic of the
modulation frequency. This made it both more sensitive to the xpeTt profile features and
less affected by the uncertainty of PECH{T)- (PST is determined independently from the
data). This circumstance never occurred in the new experiments, where the ST frequency
always coincided with a harmonic of the modulation frequency.
An interesting parameter not yet discussed is the total MECH power recovered from
the modeling. Within a single parametrization, the reconstructed P£ot has a small error bar. However, as was shown in Section 5.4.2, the found Pto( does depend on the
parametrization of the x7"^' profile. Taking this model dependency, the experimental error and the uncertainty of the gyrotron calibration (±10 kW ) into consideration, the
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present data is insufficient to state whether all applied MECH power is found back in
the Tt perturbation. However, it is important to note that the present data also do not
exclude the possibility that there is 'missing power', similar to other MECH experiments.
Indeed, previous MECH experiments in RTP did show 'missing power', and it is noteworthy that with the xpeTt profiles that feature a discontinuity near rinv, also the present
data yields 10 to 20% less P tot than the applied 110 kW. The issue of the 'missing power'
and its relation to local transport models is further discussed in Section 5.5.
Finally, the MECH experiments place an upper limit on possibly present convective
transport. Writing the convective part of the perturbed heat flux as qcmv = —nJW9"1^,
with [/per( = Uar/a, we find \Ua\ < 30 m/s. This result differs from analogous offaxis MECH experiments in DIII-D [28], where significant convection was found both in
interpreting MECH data and with power balance analysis.

5.5

Verification of transport models

In this section the question is addressed how the results compare with the existing body of
experimental evidence and some phenomenological transport models recently put forward
in connection with perturbative transport studies. In the introduction the hypothesis
was phrased that the difference between the perturbative transport results in tokamak
and stellarator plasmas could be explained as being the result of an Ip scaling. This now
appears to be too simple a picture. The comparison is considered more closely below.

5.5.1

Local models for the heat flux

Two common models for the dependence of the electron heat flux qe on the local plasma
parameters are the off-set linear and the non-linear models. The first type
9e = -n e xVT e -

qpinch

(5.6)

is characterized by the presence of the inward heat pinch qpinch [29] which may be a
function of Ip. With this model x pert is a good estimator of x m c = —dqt/n,.dVTe and
coincides with the slope of the line (Fig. 5.13a), which is constant and independent of the
/p-dependent offset. xpb ls sensitive to both the diffusive flux and the heat pinch and gives
a lower, Ip dependent value. Degradation of confinement with heating power is the result
of the offset-linear relation between the heat flux and the gradient, even when x pert has a
weak or absent dependence on heating power and VTe as observed in JET [2] and RTP
[3]. Note that the discharges under investigation in this paper are in the Linear Ohmic
Confinement regime. Therefore, TE OC q°-s, xpb oc q~05- According to Eq. 5.6 MECH
experiments performed in L-mode should yield x^ & 9,1 > a n d consequently a different qa
dependence of xpeTt and xpb> i-e- with x***"* found to be oc q° and x p ' oc q\.
In the case of a non-linear (for instance quadratic) dependence of qe on VTe (Fig. 5.13b)
9. = -neX{VTe)VTc
vert

mc

(5.7)

X
= x is the local slope of qe(VTe). The non-linearity of the model accounts for
power degradation of confinement and for xmc > Xpb- However, such a model would imply
a strong dependence of xpert on VTe which is not observed in JET [2] and RTP [3].
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1

X1*

nVT
Figure 5.13: Classes of local models for the electron heat flux qe are: (a) offset-linear
model, (b) non-linear model. There are indications from perturbative measurements in
both stellarators and tokamaks that to describe the data a non-local model is needed in
which x depends explicitly on the input power (c). To accommodate both stellarator and
tokamak results, this x(P) a ' s o needs an offset (d). In these figures, the bold arrows indicate the excursion that is induced by modulated heating power. The bold point represents
the time-averaged state.
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It is interesting to see how the local models perform in reproducing transport observations in stellarators. The main evidence there comes from the W7-AS experiment
[5,26], where it is found that xpeTt — X1* under a wide range of plasma conditions. Since
7p=0 in W7-AS, the offset-linear model can account for this observation. It does not,
however, explain the degradation of confinement with heating power which is observed
in stellarators. The non-linear model on the other hand fails in explaining x pert — XpbTherefore, to incorporate the evidence from W7-AS that xpert — X1"* m combination with
power degradation of confinement seems impossible on the basis of local transport .

5.5.2

A non-local model for the heat flux: x{P)

A way out of this paradox for stellarator transport and confinement is the model put
forward by Stroth [26]:
qe = -neX(P)VTe
(5.8)
The unorthodox aspect of this model lies in the fact that locally x depends explicitly on
an integral quantity, namely the amount of applied heating power P. Since VTe increases
with P under steady state conditions this gives the parabolic shape for the quasi-static
relation between qe and VTe (Fig. 5.13c), automatically yielding degradation of energy
confinement with heating power. The absence of an explicit VTe-dependence of x and of
a heat pinch term results in x' nc = X1*- As shown in Fig. 5.13c, x' nc in this case no longer
coincides with the slope of qc{VTe). According to this model transport switches between
two values in a MECH experiment. As a result, the modulated power (Ptot) deduced in a
MECH experiment is lower than the actual one [26].
The model has been verified experimentally in the W7-AS stellarator by analyzing
the transient phase directly after ECH switching events. A confirmation is given also by
the fact that about 30% of 'missing power' is found in MECH experiments on W7-AS.
Similar experiments in which the response of the plasma to switching the ECH power
was studied in TFR are reported in [27], Here, too, 'missing' power is found, which
translates into a step of Xe at the moment of the change of the ECH power. Recently
ECH switching experiments have also been carried out in RTP [30], and these show that
both local transport models and an explicit dependence of the x» on the applied heating
power could reproduce the data.
The present MECH experiments do not provide conclusive evidence on this question:
as described in Section 5.4, the deduced value of P ^ depends on the shape of the x 1 ^'
profile. For a smooth xpeH Ptot matches the modulated power. However, the profiles
featuring a transport barrier, which generally performs best, give rise to 20 % 'missing'
power. The present data base is insufficient to base final conclusions on the amount of
missing power.
It is possible to construct a model that unifies tokamak and stellarator transport. Such
a model should combine the Ip driven heat pinch with the explicit P dependent x:
qt = -neX(P)VTe

-

qpinch(Ip)

In this way one obtains a model that possesses all the important characteristics:
• power degradation of energy confinement in tokamaks and stellarators
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(5.9)

Xperi > X1"*i n tokamaks, x^* = X*6 i n stellarators.

• favourable /p-scaling of x*6 a n d TE in tokamaks, weak Ip dependence of x pert in
tokamaks.
• weak dependence of xpert

on

heating power and VTe in tokamaks.

In order to reproduce the ratio x pert /x' > * = 2-3 typical of tokamaks, a very large heat
pinch is needed (carrying about one half of the diffusive heat flux). Combined with the
explicit power dependence of xpert> such a heat pinch would give a stronger scaling of qe
with VTe than is experimentally observed.
Although the model of Eq.(5.9) fails in the quantitative comparison with the observations, it is a useful starting point towards an empirical transport model that incorporates
both steady state and transient transport observations in tokamaks and stellarators.
Finally, if x varies strongly over the minor radius this leads to a difference between
XveTt and x*6 because they are different radial averages of x [31]. In particular the presence
of a transport barrier can affect the determination of both xp6 and Xmc- While in this
paper we only considered a single transport barrier, it is well possible that in reality the
plasma should be described as a series of transport barriers separated by regions with
a high diffusivity. Naturally, such a profile has far too many degrees of freedom to be
deduced from MECH data. However, it is important to keep in mind that if this is the
case, it affects the interpretation of perturbative transport experiments as well as steady
state power balance analysis seriously, and in different ways.

5.6

Discussion

The experimental evidence on Xe presented in this paper explains previous findings from
sawtooth heat pulse propagation experiments. The offset-linear model for the heat flux
seems to be able to account for all observations on steady-state and perturbative transport
in tokamaks. Strictly speaking, the fact that it is impossible to reconcile power degradation of energy confinement and x^ — Xpert with a local transport model in the W7-AS
stellarator, does not necessarily have implications for tokamak transport models. However, the model put forward by Stroth to explain the findings in W7-AS deserves testing
in tokamaks as well. The detailed modeling of MECH experiments under the assumption
of the non-local model of Section 5.5.2 is presently under study.
Both the local offset-linear model and the non-local model are based on the two assumptions that diffusive transport is linear in VTe, and that the plasma current only
appears in the inward-heat-pinch term. Two remarks must be made with regard to the
role of the plasma current:
1) evidence that confinement not only depends on the total current but also on the
current distribution has been provided by current ramp experiments performed on TFTR
[32] and JET [33]. The transport quantity measured in these experiments was x1*- Evidence for a dependence of x ^ * on the current profile is provided by heat pulse propagation
studies in WT2 during Lower Hybrid current drive: it was found that xpert w a s strongly
reduced when PLH exceeded a threshold level.
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2) the hypothesis that the plasma current only appears in the inward heat-pinch term
would imply that all experimentally found relations between current profile and magnetic
shear on the one hand, and transport in the form of x1* on the other [18,34] should not
affect diffusive transport. This is something to be checked in the near future in RTP when
MECH experiments will be carried out in discharges with flat Te and j profiles.

5.7

Conclusions

In conclusion, MECH experiments have been carried out in RTP, in which the MECH
power was deposited either on-axis or off-axis in plasmas with different values of qa. The
radial profile of the perturbed electron heat diffusivity x pert and its dependence on qa have
been investigated, x1"6'* is found to be an order of magnitude lower in the plasma centre
than near the edge. It is also found to be significantly larger than the power balance
diffusivity (x1*) over most of the plasma radius. No clear dependence of the x pert profile
on qa is observed.
Detailed analysis of the phase and amplitude profiles for off-axis MECH provide evidence for a transport barrier near r<nv. A single xpert profile incorporating such a barrier
at rinv is capable of reproducing the experimental data at all qa values, for both on and offaxis MECH. Depending on the shape of the x pert profile, the reconstructed MECH power
is either equal to (for a smooth x pert profile) or 20% smaller than the applied power.
Placing these results in the context of earlier studies at both tokamak and stellarators,
it is found that no single, local model can account for the combined phenomenology.
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Chapter 6
Temperature independent electron
heat diffusion in tokamak plasmas
Abstract
Measurements of transient transport coefficients in the RTP tokamak are reported.
The electron temperature (Tt) and its gradient (VT,.) are varied using Electron
Cyclotron Heating (ECH). Also the electron density (ne) is varied in these experiments. The electron heat diffusion coefficient (xe) is determined from the propagation of heat pulses, either actively induced by ECH or due to the sawtooth instability. The absence of any strong Tt, VTt and nc dependence was demonstrated
(X, oc (T e ) a (Vr,.)0(n e ) 7 , with |a|,|/9|,|7| < 0.5). This is in contradiction with the
result of Efthimion [19] in 1991, who found (a = 1.5 - 2.5) in TFTR. Furthermore,
the data clearly contradict the validity of models for the conductive electron heat
flux (qc) of the form qc oc XeVTe with \t « (Tt)a or x« « (VTe)", and critical VT,
models. The data support an offset-linear relation: qc = —neXe^Te + qc,o/f««t >n
which Xe is essentially constant under variation of Tt, VT,. and ne. The magnitude
of ge,o//»et, on the other hand, increases with ne. Furthermore, this increase seems
to be stronger for the ECH heated plasmas as compared to the Ohmic ones.

6.1

Introduction

An important but unresolved phenomenon in tokamak plasma physics is that the energy
confinement of auxiliary heated plasmas degrades with increasing heating power [1], The
plasma energy confinement time defined as TE = W/P decreases with increasing P, where
W denotes the stored plasma energy and P the net input power. The heat loss of small
tokamak plasmas is generally carried by the strongly anomalous electron channel dominating the weakly anomalous ion heat loss channel [2]. Heat pulse propagation analysis
[3-6] has clearly demonstrated that local, diffusive mechanisms play an important role in
radial electron heat transport in tokamak plasmas.
Under the assumption that the conductive electron heat flux density (qe) is solely
driven by its conjugate thermodynamic force VTe, confinement degradation can be explained by an electron heat diffusion coefficient (xe) that increases with the electron temperature (Te) or its gradient (VT1,,). In the rich variety of anomalous transport theories
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certain species actually predict strong Te dependencies of Xc- The problem of a positive
Te dependence of Xei however, is that it is difficult to reconcile with the radial profiles (xe
increases while Te decreases with radius). Another problem of strong Te dependencies of
Xe is that the measured electron heat transport coefficients in small and large tokamaks
are essentially the same, whereas Te may vary over an order of magnitude. To overcome
these two problems elaborate expressions for Xe have to be constructed, including terms
with strong dependencies on parameters other than Te to compensate for the unwanted
by-products of the Te-dependence, without losing the property of power degradation of
confinement.
However, qe is expected to be driven by VTe as well as by other forces, such as Vn e
or the toroidal electric field [7]. Prom the experimental side, there are indications for a
inward electron heat flux commonly called the heat pinch [8]. Furthermore, it is generally
accepted that a particle pinch is present in tokamak plasmas which exceeds the neoclassical Ware pinch. No theoretical explanation for this phenomenon has been accepted
yet.
In steady state local power balance analysis the net electron heat flux (qe) is evaluated
without any knowledge on the relative importance of the contributions due to VTe and
contributions due to other forces, leading to the determination of x?' = —9e/«eVTe, where
ne is the electron density.
Perturbative experiments, on the other hand, probe the contribution to qe driven
by VTe, and lead to an estimate of the incremental electron heat diffusivity xe"c =
—dqe/nedVTe. In general xT° exceeds xf6 by a factor 2-5 in tokamaks. The first experimental evidence for xenc = (2 — 5)x§* was obtained from sawtooth heat pulse propagation
analysis [3-6]. The possibility that the difference between Xe"c measured by sawtooth heat
pulse propagation experiments and x?* is mainly due to short-lived turbulence induced
by the sawtooth instability itself has been subject to debate [9-10]. However, at the Rijnhuizen tokamak (RTP) the analysis of simultaneously propagating heat pulses induced by
both the sawtooth crash and modulated electron cyclotron heating (MECH) showed that
both types of perturbation yielded the same Xe"c- This proves that the measured value
Xenc/x£* ' s a genuine property of plasma transport [11]. Moreover, MECH experiments
at RTP in the absence of sawteeth confirm this result [12]. Accepting that electron heat
transport in principle consists of a part driven by VTe and a part driven by other forces,
the task is to determine the relative magnitudes and parametric dependencies of both
parts.
The aim of this paper is to determine the Te and VTe dependence of the part of qe
driven by VTe, i.e. of xe"c- To this end two types of experiments have been performed in
the Rijnhuizen tokamak RTP. Firstly, an ECH power scan has been performed resulting
in a considerable variation of Te and VTe. The propagation of sawtooth-induced heat
pulses yields estimates of Xe"°- Secondly, a scan of VTe has been obtained making use of a
combination of continuous off-axis ECH and on-axis ECH modulation. In this case the Te
profile shape is manipulated such that VTe changed over a factor 4 while Te changes by
only 50%. The propagation of heat pulses induced by ECH modulation yields estimates
of xTc- For both experiments local power balance analysis is used to determine the
time-averaged qe and x?680

6.2

Experimental Set-up

The tokamak RTP (major/minor radius 0.72 m/0.164 m, toroidal field BT < 2.4 T,
Ip < 150 kA, pulse duration < 0.6 s, carbon limiter, boronized vessel) is equipped with an
extensive set of diagnostics [13], including a 20-channel double heterodyne ECE radiometer, 19-chord far infrared interferometer, 80-channel 5-camera soft X-ray tomographic
system and a multipoint Thomson scattering system which covers the whole plasma cross
section with a spatial resolution of ~ 2.5 mm. The ECH heating system consists of two
60 GHz 180 kW gyrotrons, one of which injects in O-mode from the low field side of the
plasma, and the other from the high field side in X-mode. In the present case the 60 GHz
ECH power is absorbed on the fundamental electron cyclotron resonance. Furthermore,
a 500 kW 110 GHz gyrotron is available the power of which is injected from the low field
side in the X-mode and is absorbed on the second harmonic electron cyclotron resonance.
In RTP, by far the largest part of the heat flux is carried by the electrons [14]. The
coupling between the electrons and the ions is weak. With Ohmic heating alone the central electron and ion temperatures Te(0) ~ 1000 eV and Tj(0) ~ 500 eV are such that
the damping effect from electron-ion energy equilibration can be ignored in perturbative transport experiments. This is because incremental energy equilibration time (T™C)
defined as

is of the order of 100 ms (for n, = 3 x 1019m~3). Here S^ is the electron power-loss density
related to the electron-ion energy equilibration. The other important time scales in the
experiment are much smaller than r^10. Both the heat pulse perturbation repetition time
and the electron energy confinement time (rg^) are of the order of a few ms typically.
Application of ECH leads to an increase of Te(0) up to 5 keV (depending on ne) while Ti
remains practically unchanged yielding even larger values of T™C. Thus, we may restrict
the discussion to the electron channel and ignore the damping effect from electron-ion
energy equilibration.

6.3

Experiments

6.3.1

Sawtooth heat pulse propagation, variation of Te and VTe

In the first series of experiments x?c ls estimated from the propagation of sawtoothinduced heat pulses. This is done in Ohmic and ECH heated plasmas. The 60 GHz and
the 110 GHz ECH systems have been used in separate power scans with the magnetic
field chosen such that the power is absorbed near the magnetic axis in both cases. The
60 GHz ECH power scan (data set A in table 6.1) was made in a single H2 discharge (BT
= 2.18 T, Ip = 125 kA, qa = 3.3, ne(0) ~ 3 x 1019m-3, Zeff = 1.3) by stepping up the
power during the discharge. The sawteeth, used for the determination of xT°i a r e present
in the Ohmic phase and become larger when ECH is applied (see Fig. 6.1). Other ECH
power scans (data set B: Bp = 2.02 T, Ip = 130 kA, qa = 2.9, Zeff = 2.7) and (data set
C: BT = 2.02 T, Ip = 120 kA, qa = 3.2, Ze}f - 1.4) have been made in H2 discharges by
means of the 110 GHz gyrotron. The power scan consists of separate Ohmic and ECH
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discharges for ne(0) between 2 and 5 xl0 19 m 3. As an example Fig. 6.2 shows Te profiles
of an Ohmic and an ECH discharge with the same average density. The difference in
Zeff between data sets B and C is due to boronization which took place in between the
experiments.
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Figure 6.1: ECH heating power and Soft X-Ray emissivity for a viewing chord through
the plasma center in RTP discharge rl99^0322.013 (data set A). The amplitude of the
sawtooth is strongly enhanced in the additionally heated phase.
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Figure 6.2: Te-profiles in the Ohmic and central 110 GHz ECH discharges (rl9950609.016
and rl9950609.0S3 from data set C). In the sawtooth HPP region, around r/a = 0.6, Te
varies by a factor 1.7 and VTe by a factor 1.5.
The outward propagating sawtooth heat pulses are diagnosed with ECE, coherently
averaged over 20-100 periods and analysed by time domain fitting with the perturbative
transport simulation code ACCEPT [15]. A typical fitting result for an Ohmic discharge
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is presented in Fig. 6.3. Note that pile-up, i.e. the response to a perturbation is affected
by the response to the previous perturbation which is not yet decayed completely, clearly
affects the data in this case. The ACCEPT code, however, correctly treats this effect.
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Figure 6.3: Typical ACCEPT simulation fit (dashed curves) to coherently averaged sawtooth heat pulse propagation data from an Ohmic RTP discharge rl99505S1.0S4 (data set
B). Shown are ECE data from locations within r/a = 0.43 — 0.76 at the high field side of
the magnetic axis.
The X?er<(r) profile shape that has been used for the transport simulations has been
obtained from modulated ECH experiments on RTP [12]:
xfrV)

= Xo + ( X i - X o ) ( r / r , r ,
with
xo = 0.8 m 2 /s, Xi = 5.7 m 2 /s,

(6.2)
a = 1.8,

n = 0.1 m.

In the analysis of the present experiments, the same x^rt{r) profile is used. In order to
obtain an optimal fit to the experimental data X?ert(r) as given in Eq. 6.2 is multiplied by
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Figure 6.4: P/oi o/<?,. versus neVTe at r/a = 0.6 for Ohmic (open symbols) and ECH
(closed symbols) discharges at various electron densities. The slope of the line elements
crossing the symbols denotes the measured Xe'rt- Pictures (a), (b) and (c) present data
sets A,B and C respectively. At each data point the local ne is given with unit 1019 m~3.
At the lowest density the data is consistent with a model with a constant heat diffusion
coefficient and a constant heat pinch (see dashed lines). At high density the heat diffusion
coefficient remains unchanged, while the heat pinch is larger and depends on the amount
of ECH heating.
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a prefactor F that is left free. Given the quality of the data, F can be determined with a
25% uncertainty level. This yields estimates of x?erf for the plasma region between r/a =
0.45 and 0.75. In this region Te, VTe and ne have all been varied by more than a factor
2. In Table 6.1 these parameters and x?""'> a r e given at r/a = 0.6. It can be seen that
the estimate of x£er( does not vary significantly over the complete data set, which covers
both an ECH power scan and a nt scan. This puts an upper bound on the dependency
of Xeer< on Te, VTC and nc. From the table combinations of discharges can be found for
which 1 parameter is varied over a factor 2 and the other two stay essentially constant.
Combined with the 25% uncertainty on xf* this leads to: x f ' « (T e ) a (VT e )^(n e ) 7 with

K|/?|,H<o.5.
Also qe and xS* a r e given in Table 6.1. With this data the relation between qe and
neVTe is plotted in Fig. 6.4. The data in Fig.6.4(a) suggest that qe is described by:
9e = -neXeVTe + qe<off.ef

(6.3)

where both Xe and qe,aff,et are constant under variation of heating power, Te and VTe.
Note that a critical gradient model can also reproduce the data (see Fig. 6.4a and 3.1b).
In Figs 6.4b and 6.4c the same holds for the lowest densities. The absence of a clear
dependency of xTH o n n e suggests that the magnitude of qe,offset increases with n e .
Furthermore, this increase seems to be stronger for the ECH heated plasmas as compared
to the Ohmic ones. The alternative, namely that qe,Off,et remains fixed and Xe°rt decreases
with ne fits the data only marginally within error bars and seems less probable.

6.3.2

Modulated ECH, VTe variation

In the second series of experiment xl'Tt i s estimated from the propagation of heat pulses
generated by the periodic application of 60 GHz on-axis ECH. The discharges (data set
D: H2, BT = 2.18 T, Ip = 80 kA, qa = 5.2, ne(0) ~ 3 x 1019m~3, Zeff = 2.1) were heated
off-axis (7 cm to the low field side of the magnetic axis, at r/a = 0.42) with 110 GHz
(300 kW in the plasma) in order to obtain a broad Te-profile and consequently a wider
current channel. This was done to suppress the sawtooth activity which would otherwise
complicate the analysis of MECH heat pulse propagation. The 60 GHz ECH (50 kW in
the plasma) was modulated with 100% modulation depth at 333 Hz repetition frequency.
In Fig. 6.5 the ECH power modulation signal and the resulting Te-perturbation at r = 0
measured with ECE radiometry are given. The time-averaged ECH power in the center
is proportional to the modulation duty cycle (dc) which is defined as the fraction of time
during which the ECH is switched on. Discharges have been made with dc = 0.2 and
dc = 0.8. This implies that the time-averaged ECH power deposited on-axis varies over a
factor 4. Inside r/a = 0.4 this resulted in a variation of VTe by a factor 2.6 (see Fig. 6.6).
The harmonic content of the Te-perturbation remains unaltered. This is because a periodic
binary signal with duty cycle dc has the same power spectrum as a periodic binary signal
with the same frequency and duty cycle l-dc. This allows a straightforward comparison
of the phases (<f>) and amplitudes (A) of the heat pulses.
Fourier analysis was applied to obtain A and <j> relative to the modulated ECH. Fig. 6.7
shows (f> and A of the perturbation as a function of radius from the fundamental up to the
third harmonic frequency. The statistical errors on phase and amplitude are determined
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by using a variation on the standard Fourier transform, the so-called sinusoidal response
analysis [16]. This technique is essentially a least squares fit including sinusoidal terms
and explicit off-set and drift terms. The statistical errors follow straightforwardly from
this analysis.

100
ft:

50

0
0.21
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Figure 6.5: ECH power modulation signal and the resulting Te-perturbation at r = 0
measured with ECE radiometry.

60 GHz IMECH

0
-l

o
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Figure 6.6: Te-profiles from 110 GHz off-axis heated RTP discharges of data set D with in
addition 60 GHz MECH with dc =0.2 and 0.8 respectively. A higher dc implies a higher
time-averaged ECH power and consequently a more peaked Te-profile.
The analysis of the present data is limited to r/a < 0.4. This region lies within the
110 GHz ECH and shows a variation of VTe by a factor 2.6. The statistical errors on
4> and A and supra-thermal effects turn out to be negligible for r/a < 0.3. The in-out
symmetry of the (j> and A profiles implies that the systematical effect of plasma position
modulation is not significant in this region.
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Figure 6.7: Phase and amplitude profiles of the Te perturbations from the fundamental
up to the 3rd harmonic of their repetition frequency for dc = 0.2 (open circles) and for
dc =0.8 (closed circles). As a result of the different values of dc the time averaged
power and consequently V7^ varied by a factor 2.6. The best obtained simulation result is
represented by a solid line. The dashed and dotted lines represent simulations with x^Tt{r)
respectively multiplied and divided by 1.6 to mimic x{Trt(r) x (VT e ) ±0 ' 5 . PECH{r) ** kept
fixed. This plot leads to the conclusion that the dependence of x?eTt on VTe is weaker than

xTrt{r)«(vre)±0-5

It can be seen that the <j> and A profiles are very similar for dc = 0.2 and 0.8. This
observation places an upper limit on the strength of the dependence of xST* o n ^Te. In
order to quantify this statement, simulations of the perturbative heat transport equation:
-ium.T,, — V • (n.ypertVT,,) = S,,

(6 4)

are done. Here Tu = Ae1* is the temperature perturbation at the modulation frequency
oj and Su is the ECH modulated power density. In the simulations the x? ert profile from
Eq. 6.2 has again been used, in combination with a Gaussian profile shape for Su(r).
A good fit to the data has been obtained by taking a 1/^/e decay length of 4.0 cm for
Su and xveeTt as given in Eq. 6.2. This is similar to values found in previous experiments.
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The amount of ECH power for this simulation (50 kW) agrees with the expectation based
on calorimetry.
The availability of both <f> and A data allows an unambiguous determination of xlert(r)
and Su(r) [17]. This is an essential requirement since the incomplete single pass absorption
precludes a reliable estimation of Su(r) from ray-tracing and EC-absorption codes.
The strength of the VTe dependency is tested as follows. Suppose that Xe'rt(r) x
(VT e (r)) ±05 . Since VTe varies of a factor 2.6, in that case xTrt{r) would vary over a
range of 1.6 ( = \ / 2 J 6 ) . In Fig. 6.7 the results are plotted of simulations with Xe a n d
Su(r) kept fixed. Both simulations fit the data less good. It has been tested whether an
additional change of Su(r) could cancel the effect of the change in x? e r '( r )' This turned
out to be impossible which confirms the general finding that the availability of both <j>
and A information yields independent estimates for x^rt(r) a n d Su(r). In summary, it
can be concluded that a dependency of xleTt(r) stronger than xS^^r) °<- (VTe(r))±05 is
not supported by the data.
The results of local power balance analysis for 2 discharges with dc = 0.2 and 0.8 is
given in table 6.2. Given are values for qe, ne, VTe and x?6 at r = 4.5 cm. Since the
Ohmic power of 80 kW is large compared to the time averaged 60 GHz ECH power, the
uncertainties in both the amount of ECH power and the width of its deposition profile
do not seriously affect the analysis results. It is found that x^rt exceeds x§*- I n Fig- 6.8
the data is presented in terms of qe and ntVTe. The remarkable property of the data is
that x?6 decreases with input power. This has previously been found in RTP as reported
in [14,18]. As indicated by the sawtooth heat pulse propagation experiments described
in this paper this data is also well described by an offset-linear relation between qe and
neVTe. As in the sawtooth HPP experiments presented in this chapter qe,offset increases
with ECH heating power.

30

0

10
20
-n e VT e (10 19 keVrrT4)

Figure 6.8: Plot of qe versus neVTc at r/a=0.27 for dc = 0.2 (open circle) and for dc
— 0.8 (closed circle), from the 2 discharges of data set D. x?* decreases with VTe while
varies from 1.3 to 2.3.
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6.4

Discussion

The component of qe driven by VTe, characterized by xf^' shows no significant variation over the sawtooth heat pulse propagation database in which Te, VTe and ne are
varied over a range of 2, 1.8 and 2.5 respectively. Within the experimental error xf rt c<
(Te)Q(VTe)/J(ne)T w i t h | a | t |0| ( | 7 | < 0 5 c o u i d n o t b e e x c i u d e d. Strong temperature dependencies such as reported from TFTR by Efthimion et al [19] (a = 1.5 — 2.5) are not
compatible with the present data in RTP.
Moreover, some aspects of the present data lead to a contradiction with the model of
Eq. 3.7 for qe:
with x.oc(VT.y
(6.5)
• Consider the Ohmic and ECH data points of data set B with ne = 3.6 and 3.7
respectively in Fig. 6.4b. The straight line connecting these points approximately
intersects the origin. Therefore, both points have approximately the same xf*X, oc {VTef directly leads to x f ( = (1 + P)Xe- Since x f 1 = 2 x xf* for these
points, 0 must be equal to 1. VTe changes over a factor 1.8 between the two points.
This implies a variation of xf* by a factor 1.8 which is clearly in contradiction with
the data. Therefore qe is not described by Eq. 6.5.
• In data set D xfert > Xf*- The model of Eq. 6.5 can only accommodate for this
phenomenon if xf* increases with VTe- The data in data set D, on the other hand,
shows precisely the opposite: a decrease of xf* with VTe.
The strong decrease of xf* with ne in the sawtooth HPP database and the decrease of
Xgb with heating power in the MECH HPP experiment clearly indicate a deviation from
L-mode scaling.

6.5

Summary

In conclusion, heat pulse propagation experiments have been carried out in RTP making
use of both the sawtooth instability and ECH modulation to generate perturbations of
Te. The sawtooth heat pulse propagation data presented here contains a variation of
input power and plasma density. The ECH modulation experiments were carried out in
RTP discharges in which the MECH power was deposited on-axis, while CW oif-axis ECH
prevented the plasma from sawtoothing. The dependence of the incremental electron heat
diffusion coefficient xfert on Te, VTC and n e is investigated.
A weak or absent dependence of xfert o n Te, VTe and n e is found. The found xfert
profile agrees with measurements in a ga-scan on RTP. The data clearly contradict that qe
is only driven by its conjugate thermodynamic force VTe: qe =
-next(Te,VTe,ne)VTe.
An offset-linear relation: qe = —nexeVTe + qe,off,et in which x« is essentially constant
upon variations of Te, VTe,ne and Zeff, describes the data very well.
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Appendix
Table 6.1: PECH, nt, Te, VTe, qc, x? and xfr< at r/a = 0.6 for all discharges in the
sawtooth heat pulse propagation database.

data set

discharge

PECH
(kW)

VTe
(keV/m)

Te
(1019 n r 3 ) (eV)

ft
X?
(kW/m2) (m 2 /s)

(m 2 /s)

A
A
A

rl9940322.013
rl9940322.013
rl9940322.013

0
87
195

1.82
1.97
2.10

314
358
416

5.43
6.06
6.94

41.7
52.7
74.2

2.64
2.76
3.18

4.3
4.3
4.3

B

B

rl9950531.034
rl9950531.042
1-19950529.012
1-19950531.050
1-19950531.026
rl9950531.059
rl9950531.058
rl9950531.055
rl9950531.056

0
0
0
300
300
300
300
300
300

1.38
1.43
3.59
1.53
1.74
2.34
2.50
3.05
3.70

496
526
320
657
630
560
585
541
534

6.86
6.35
4.76
10.8
11.1
8.12
9.27
8.46
8.60

55.1
54.2
47.8
114.9
121.1
105.0
104.5
98.0
93.3

3.83
3.94
1.87
4.54
4.12
3.62
2.99
2.52
1.96

5.3
5.0
4.0
4.3
4.3
5.3
4.3
4.3
4.3

C
C
C
C
C

rl9950609.016
rl9950609.020
rl9950609.027
rl9950609.033
rl9950609.022

0
0
300
300
300

1.66
2.03
1.51
1.90
2.51

392
326
702
669
635

4.36
4.54
8.95
6.33
8.42

37.6
38.7
92.9
94.6
89.5

3.42
2.96
4.47
5.00
2.79

4.8
4.3
4.3
4.3
4.3

B
B
B
B
B
B
B

Table 6.2: dc, ne, Te, VTe, qe, xt
discharges presented in this paper.

data set

D
D

discharge

rl9950524.045
rl9950524.049

dc

0.2
0.8

and

X**Tt

ne
(10 19 in"3)

Te
(eV)

2.34
2.38

692
887

at

r a

/

= °- 2 7 f°r

tfie

VT e
(keV/m) (kW/m2)
3.18
8.54

16.0
24.6

ECH

modulation

xper<

XPe

(rJ/s)

(m2/s)

1.39
0.79

1.85
1.85
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Chapter 7
ECH modulation experiments on
the Wendelstein 7 Advanced
Stellarator
Abstract
Heat pulse propagation (HPP) experiments have been carried out on the Wendelstein
7 advanced stellarator (W7-AS) making use of modulated ECH and heterodyne
ECE radiometry. From the phase and amplitude profiles of the heat pulses at the
fundamental and second harmonic modulation frequency the incremental electron
heat diffusion coefficient (x5"c) is determined. The electron temperature (Tc) and
its gradient (VTe) are varied independently. Also a power balance analysis is carried
out. The value of xj* could only be established within a factor 2 because of a possible
deviation between Thomson scattering and ECE measurements of the Tt profile in
this experiment. The ratio xSn<:/xf' ' s therefore either ~ 1 or ~ 2. The first case
would mean that one has to invoke non-local effects in transport. In the latter case
a local transport model would suffice.

7.1

Introduction

Radial heat transport in present-day stellarators with an optimized magnetical configuration has many elements in common with tokamak transport [1].
Firstly, the electron heat diffusion coefficient (\e) is of the order of 1 m 2 /s in both
stellarators and tokamaks and strongly exceeds neoclassical predictions. Therefore the
following discussion focuses on electron heat transport.
Secondly, the stored plasma energy (W) increases less than proportional to the heating
power (P) in both stellarators and tokamaks. Consequently, the energy confinement time
(TE = W/P) decreases with P; in fact TE OC \/\/P.
Thirdly, heat pulse propagation experiments in both stellarators and tokamaks have
clearly demonstrated that local, diffusive mechanisms play an important role in radial
electron heat transport (see [2] and refs therein). This implies that the radial conductive
electron heat flux density (qe) has a significant component proportional to its conjugate
thermodynamic force, the local electron temperature gradient (VTe).
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Neoclassical transport theory predicts contributions to qe due to other forces such as
the electron particle density (ne) and the toroidal electric field. A generic model for qe is
therefore:
9e = -TleXeVTe + qe,off,et,
(7.1)
where Xc is the electron radial heat diffusion coefficient and qc,ojftct the component of qc
driven by other forces than VTe. The challenge now is to determine the dependencies of Xe
and qeiOf/,et on plasma parameters. In the following three local models for qe are presented
which predict degradation of energy confinement with heating power. In principle also
combinations of these models may hold.
• The first model reads:
qe = -rieXeVT,, + qc<offact

with

Xe = constant.

(7.2)

When this model holds, Xe estimated from steady-state power balance analysis
satisfies: x§* = —9elntVTe = X« ~ 9e,o//.ei/(«eVTe). x?6 i s therefore not an appropriate estimator of Xe in this case. Heat pulse propagation experiments xlert< which
is an estimator of the incremental electron heat diffusivity xT° = —dqe/nedVTe.
In the case that Eq. 7.2 holds heat pulse propagation experiments simply yield
X T ' = X.The second transport model reads:
9e = -n e XeVT e

with

x««(VTe)°.

(7.3)

In this model qe is solely driven by its conjugate force VTe, and has a non-linear
relation with VTe. When this model holds x ? satisfies: x?4 = -9 e /(«eVT e ) = XeHeat pulse propagation experiments yield x£ert = (1 + «)Xe- Note that in the case
that profile shapes of Te, Xei ne and applied heating power density are invariant,
a = 1 results in TE OC 1/y/P.
The third model reads:
qe = -ncXcVTe

with

x.«(T.)/l.

(7.4)

In this case xf* = Xe- The equation describing heat pulse propagation contains a
convection-like term:
qe = -neX?cVfe

+ neVefe

with

Ve = -/3 X eVT e /T e ,

(7.5)

where Ve is a convection velocity. Note that convection of heat in the strict sense,
namely heat transport by means of particle transport, is not meant here. For
Vf/ujXe 3> lj the result for x? ert is affected [4]. For heat pulses propagating outward
and P > 0 x£ert is an overestimation of Xe"c if the convection is ignored. Under the
condition that profile shapes of Te, Xe, "e and applied heating power are invariant,
P = 1 implies rg oc \/\/P.
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Heat pulse propagation (HPP) experiments in tokamaks show y^rt = (2 - 5)x£* [2]
which can in principle be consistent with all three models. Sawtooth HPP experiments
at JET [5] yielded that xT*"* °c VTe or x?rt <*• T' i s n o t compatible with the data in
a power scan. xS"1"* ' s essentially constant while xf6 increases with yfP. ECH power
modulation and sawtooth heat pulse propagation experiments at RTP have shown that
(1) Xc is invariant under a qa scan ranging from qa = 3.2 — 5 [6], (2) x?*rl is invariant
under changes of ne, Tt and VTe by a factor 2 [7,8], (3) An inward heat pinch (first
model for qe) is needed to explain an observed decrease of x?6 with increasing VTe. [8].
In summary, Eq. 7.2 offers a good description of qe in tokamaks and will be tested on the
experimental evidence from W7-AS presented in this chapter.
Heat pulse propagation experiments on the Wendelstein 7 advanced stellarator (W7AS) indicated that xlT1 does not differ significantly from x£* [9]. Moreover, xj* and xS"*
are found to scale the same way with plasma parameters [10]. This disqualifies the 1st
and 2nd models. From a modulation frequency scan it is concluded in [11] that the 3rd
model is also incompatible with the data. This leaves virtually no room for a description
of degradation of confinement with heating power in W7-AS by a local transport model.
The alternative to a local model is a model which allows an explicit dependence of
transport coefficients on a global parameter, for example: \e oc \fP. It has been mentioned
in chapter 3 that the difficulty with such a global parameter influence is to find the physics
mechanism by which a local transport coefficient can change whilst the local measurable
plasma quantities remain the same. Nevertheless, indications for the applicability of this
model have been found in W7-AS:

Steady-state transport scaling studies at W7-AS showed that a P-dependence of x e
gives significantly smaller regression errors than Te and VTe dependencies [12].
ECH switch-on/off experiments in W7-AS showed [13] that a fast increase Xe o v e r
the entire plasma cross-section gives a much better reproduction of the Te(r,t) evolution in the transient phase after ECH switching than a local x« = f(Te, VTe)
model. A similar experiment carried out at RTP [14] indicated that indeed also in
the tokamak the global model provides a good description of the data, but that the
same data can also be modeled with a local model, of the 1st type.

This paper reports the results of Modulated Electron Cyclotron Heating (MECH) experiments carried out in W7-AS. The propagation of the MECH induced heat pulses is
analysed to estimate x?eW- By combining on-axis and off-axis ECH the T,.-profile has
been manipulated, resulting in a controlled variation of Te and VTe separately. Thus,
the functional dependencies of xfert on Te and VTe can be assessed independently. Furthermore, the question is addressed how xf"' at a certain radius relates to the enclosed
heating power {PENC), the total heating power (PTOT) and x'b- Finally, it is discussed to
what extent the presented MECH data from the W7-AS experiment exclude the validity
of local model for qe.
95

7.2

Experimental Set-up

The W7-AS stellarator (R ~ 2 m, a < 0.18 m, Br < 2.55 T, Te(0) < 3.5 keV, 1019m-3 <
ne(0) < 1020m~3, boronized vessel) was, during this experiment, equipped with two 70
GHz and a 140 GHz gyrotron to locally heat the electrons. The beams are launched
radially from the low magnetic field side. Prom both 70 GHz gyrotrons ~ 150 kW is
coupled to the plasma in O-mode. The 140 GHz system couples ~ 400 kW to the plasma
in X-mode. The 70 GHz ECH is kept on-axis throughout the experiment. The 140
GHz ECH has been applied to both the plasma center and roughly half-way the plasma
edge. This has been done by changing the direction of the beam vertically. Br remained
constant throughout the experiment at Bj-(0)= 2.55 T.
Table 7.1: Overview of all discharges in the MECH database considered in this paper.
Given are the heating power of the 70 GHZ ECH system (Pn) and the 140 GHZ ECH
system (Puo)- 70 GHz ECH is applied on-axis only. 140 GHz is applied on-axis or offaxis, as indicated. Data sets A, B and C have ne(0) ~ 2, 4 and 7.5 x 1019 m~3 respectively.
data set

discharge

Pro
(kW)

Puo
(kW)

on/off-axis

A
A
A
A
A
A
A
A
A

31005
31009
31006
31003
31004
31008
31021
31020
31019

147
150
322
0
150
320
0
138
320

0
0
0
414
414
413
399
400
413

on-axis
on-axis
on-axis
off-axis
off-axis
off-axis

B
B
B
B
B
B
B
B
B

30999
31001
30998
31002
31000
30997
31016
31017
31018

166
154
344
0
165
318
0
140
335

0
0
0
392
406
400
400
400
400

on-axis
on-axis
on-axis
off-axis
off-axis
off-axis

C
C

31014
31015

0
0

398
387

on-axis
off-axis

Power scans have been carried out at n e (0) = 2, 4 and 7.5 xlO 1 9 m~ 3 . In table 7.1 it
is shown which combinations of 70 and 140 GHz ECH have been applied at the various
values of ne. An overview of the resulting Te-profiles are presented in Fig. 7.1.
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Figure 7.1: Overview of the Tt-profiles in the present database.
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#31001
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Figure 7.2: Comparison of Te-profiles measured by the Thomson scattering diagnostic
(dots) and the ECE radiometer (solid lines) for a variety of discharges in the database.
The solid lines in the ne-plots are the profile fits to the Thomson measurements that are
used for the Local Power Balance analysis. Note that the ECE radiometer is calibrated
against Thomson scattering for discharge 31019. It can be concluded that the Te{rejf)
measurements of the ECE and Thomson scattering diagnostic have a fixed ratio over the
entire database. This confirms the reliability of both diagnostics. The dashed lines denote
ECE data using the independent absolute calibration against a liquid N2 hot-cold source.
Part of the right hand side of the profile seems reliable.
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Note that discharges have been tried with ~ 700 kW 140 GHz ECH applied off-axis
to obtain a combination of low VTe and high Tc. These discharges were not successful
because the pulse length of the 140 GHz system was too small to obtain a stationary Te
profile. A total number of 20 discharges have been analysed covering variations of Te(0)
from 0.5 to 3 keV, VT e (r e// =7cm) from 0 to 20 keV/m and P from 150 to 700 kW.
In the MECH experiments reported here a 24 channel heterodyne ECE radiometer
covering the entire profile was used to acquire space/time resolved Te measurements.
To eliminate reflections the ECE antenna faces an absorber at the opposite wall of the
vessel. Te profiles from the independently calibrated ECE radiometer are compared to
the result of the Thomson Scattering diagnostic in Fig. 7.2. One can clearly see that
the profiles are in accordance for r e // > 5 cm only. This part of the profile corresponds
to one mixer of the radiometer, which covers the low magnetic field side of the profile.
The rest of the profile, corresponding to the other half of the radiometer, completely
disagrees with the Thomson scattering measurements. Apparently, this half of the ECE
radiometer was not stable between the day of the experiment and the calibration against a
N2 hot-cold source many weeks later. Therefore, to evaluate the measurements presented
in this paper, the radiometer was calibrated against a Te measurement of the Thomson
Scattering diagnostic for discharge 31019. The thus calibrated ECE Te profiles are also
plotted in Fig. 7.2 for discharges with ne(0) = 2, 4 and 7.5 xlO19 m~3. Although the ECE
and Thomson-scattering Te-profiles do not coincide perfectly in all cases, the variation of
the Te-profiles from ECE relative to Thomson scattering is smaller than 10%. This leads
to the conclusion that the ECE diagnostic is sufficiently stable from shot to shot during
the MECH measuring campaign. Furthermore, these profiles show that the Thomson
scattering data is not significantly aifected by supra-thermal effects since these would
result in a strong dependency on n e . We note here that this calibration is sufficiently
reliable for MECH interpretation, which is not very sensitive to relative calibration errors
and insensitive to absolute calibration. The evaluation of y^ is much more sensitive to
the calibration, and the often observed subtle differences between the Te profiles measured
with Thomson scattering and ECE can locally result in deviations of a factor of 1.5 in
x£6. This aspect is discussed in detail in Section 4.
Optimum plasma conditions (BT(0) = 2.55 T, L/2IT = 0.34) and modulation parameters for 70 GHz ECH: (W/2TT = 92 Hz, modulation amplitude (peak-peak) ~ 30 kW, duty
cycle dc = 0.66, 200 ms) and for 140 GHz: (W/2TT = 121 Hz, modulation amplitude (peakpeak) ~ 80 kW, dc = 0.75, 200 ms) were chosen on the basis of past MECH experiments.
Note that the 70 and 140 GHz MECH have been applied simultaneously. For the coherent
detection of the heat pulses a signal representing the modulated ECH power is needed.
For this purpose the ECH modulation control signals are recorded. This is because the
power monitor signals of especially the 140 GHz ECH system is noisy and therefore not
suitable. In Fig. 7.3 an example is given of the signal controlling modulation of the 70
GHz ECH system with W/2TT = 92 Hz and duty cycle dc=0.66 and resulting ECE signal
from the ECH deposition zone.
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Figure 7.3: Signal controlling modulation of 70 GHz ECH with W/2TT = 92 Hz and duty
cycle dc=0.66 and resulting ECE signal from the ECH deposition zone.

7.3
7.3.1

Data analysis
Data reduction

To obtain the amplitude (A) and the phase (4>) of the Te perturbations relative to the
applied MECH a variation on the standard Fourier transform was used, the so called
sinusoidal response analysis [15]. This technique is essentially a least squares fit including
sinusoidal terms and explicit offset and drift terms. The statistical errors on A and <j>
follow straightforwardly from this analysis.
The A and <f> measurements are mapped on effective cylinder radius rejf making use of
an interpolation in a database of equilibrium configurations. Input to this interpolation
are the currents in the external coils and the height and width of the plasma pressure
profile. The resulting equilibrium configuration defines the relation between reff and \B\
along the line of sight of the ECE radiometer. Thus, the ECE channel frequencies can be
translated into rejj via |B|. Here the fact must be taken into account that the maximum
of the ECE intensity at a given frequency is located a few mm behind the cold plasma
EC resonance.

7.3.2

Experimental uncertainties

The statistical error on the phase and amplitude data is very small (a few % for A and
~ 0.1 rad for (j>) except when A approaches the noise level of ~ 1 eV.
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Several systematic effects complicate the interpretation of MECH data. Supra-thermal
radiation affects the ECE measurements on the low magnetic field side from r e // = 10 cm
out to the edge (see Fig. 7.4). These measurements have not been used in the analysis.
The influence of low optical thickness effects on the amplitude data of the edge ECE
channels is small (see [16]) and has been neglected. The effects of modulated plasma
displacement and/or Shafranov shift are observed in some high power discharges.
In summary, the systematic error on <f> is dominated by uncertainties in the determination of rejf and, in some high power discharges, the effects of modulated plasma
displacement and/or Shafranov shift. The systematic error on A is mainly due to uncertainties in the calibration of the ECE system, uncertainties in the determination of reff
and, in some high power discharges, the effects of modulated plasma displacement and/or
Shafranov shift.

Time delay in 140 GHz MECH data ?
For heat pulses induced by 140 GHz MECH there is one systematic effect observed in 4>
which is caused by a time lag between the 140 GHz ECH modulation control signal and
the actual power output of the gyrotron. In Fig. 7.4 it can be seen that in the deposition
range near \ref/\ = 8 cm <j> < —0.5 n rad for the second harmonic of the modulation
frequency. This is suspicious, because the largest phase lag that is anticipated is 0.5 TT
rad. This occurs in the limit of high modulation frequency, when the plasma acts as a
pure integrator and transport does not play a role any more. Note that in all other plots
throughout the paper <$> (relative to 70 GHz MECH) in the deposition zone satisfies -0.5
•n rad < <f> < 0, as expected. Another indication for the time lag is the fact that <f> of
the first and the second harmonic in the ECH deposition zone are relatively far apart
(compare to other figures). This is attributed to a time delay (for instance caused by a
low pass filter somewhere in the chain between the control signal and the actual power
output) which yields a phase shift which is proportional to frequency. This phenomenon,
in turn, allows an estimation of the time lag. A delay of 0.5 ms (or a low pass filter with
RC = 0.5 ms) can explain both problems mentioned above. With a direct measurement
this time delay was estimated to be 0.2 ms at maximum [17]. Despite this direct estimate,
for the determination of x%eTt from 140 GHz MECH data a correction of 0.5 ms has been
applied. The relation between the time lag (At) and the resulting phase shift (A<£) is
given by:
A<j> = 27r/At,

(7.6)

where / is the modulation frequency. For / = n x 121 Hz this yields n x 0.127T rad.
In the 70 GHz MECH data no sign of a delay was found and no corrections have been
applied. The fact that only the 140 GHz MECH suffers from this delay problem might
be related to the fact that the 140 GHz gyrotron used is modulated by slightly varying
the 70 kV power supply voltage, whereas the 70 GHz gyrotrons are modulated by varying
the voltage of the grid in the tube.
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Figure 7.4: Phase (4>) and amplitude (A) profiles of heat pulses induced by simultaneously
modulating 140 GHz ECH (off-axis, W/2TT = 121 Hz, dc = 0.75) and 70 GHz ECH (on-

axis, W/2TT = 92 Hz, dc = 0.66). The solid dots denote 4> and A at W/2TT = 121 Hz and
u>/2n = 92 Hz respectively. The open dots denote <j> and A at ui/2i: = 242 Hz and ui/2n
= I84 Hz respectively. The fact that in the deposition zone (1re//| ~ 8 cm) of the 140
GHz MECH4> < -0.57T rad (foru/2ir = 242 Hz) indicates that a delay exists between the
MECH control signal and the actual ECH power. In the deposition zone <j> must satisfy
- 0 . 5 T T rad <<f> < 0.
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7.3.3

Data interpretation

The following equation was used to relate the modulated power and the observed Te
perturbation:
{\iu + -)ncTu - V • (neXr^Tu)

= pu,

(7.7)

where Tu — Ae^ is the temperature at the modulation frequency u>/2n and pu(r) is the
modulated ECH power density. The damping term 1/r, which accounts for the modulation of the electron-ion energy exchange is small (T > 50 ms) and has been neglected in
the present analysis. Eq. 7.7 is solved numerically with boundary conditions Tu(a) = 0
and VTu(0) = 0, for a given choice of xpeH and pu profiles and using the experimentally
obtained ne profile. The resulting <f> and A of Tu are compared to the measured data.
Estimates of the y*?rt and pu profiles are obtained by manually fitting to the data.

Parametrization of x1*1"* and p^-profiles
The ECH power deposition profile {pu{r)) consists of a narrow contribution from the first
pass of the microwave beam through the plasma and a considerably broader background
contribution which is made up of side bands in the antenna pattern, spurious modes
and power reflected and mode scrambled after the first pass through the plasma. The
phase and amplitude profiles of the Te perturbation are therefore affected by direct heat
deposition everywhere along the resonance plane in the plasma. Estimates of the first
pass component can be derived from ray-tracing analysis. However, in order to avoid the
introduction of systematic errors in the analysis, it is safer not to take the pu profile from
ray-tracing but rather treat it as an unknown quantity to be determined from the MECH
data together with the xpeTt profile. This is possible if the pulse propagation is analysed
at several harmonics of the modulation frequency simultaneously, as shown in [18]. The
consistency of the obtained results with the available independent information must then
be checked a posteriori.
For each shot, data at two harmonics of the modulation frequency have been fitted
simultaneously. pu(r) is modeled as the sum of a Gaussian and a uniform background
power density:

where PQ is the power in the central Gaussian, a the width of the Gaussian and P\ the
total background power. Note that the full width at half maximum of pu(r) (FWHM)
relates to a as: FWHM = 2.36 a. In the case of off-axis heating MECH, the Gaussian is
centered at the resonance radius.
For the parametrization of the xperS profile a simple, smooth profile was assumed of
the following form:
Xpert{r) = xo + (Xi - Xo)(r/n)a

with

n = 10 cm.

A second approach is to simply try xpert(r) = K x xpb(r), where A" is a constant.
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(7.9)

7.3.4

Local power balance analysis
6

The x? radial profile was determined from the time-averaged qe, VTe and ne profiles.
For the heat flux qe{r) it was assumed that FWHM of the ECH beam was 3 cm (in reff
coordinates). Taking a lower value for FWHM does not influence qe outside reff = 6 cm
because almost all power is already deposited inside rejj = 6 cm. A larger FWHM would
-ause x£6 to decrease since qe also decreases in this case. Therefore if the FWHM used in
the computation of xj* would be not realistic this would mean, if anything, that outside
reff = 6 cm, Xebls l ° w e r in reality.
The values of n e and VTe have been obtained from the Thomson scattering diagnostic.
The ion temperature profile H(r) is unimportant in the local power balance analysis of
the discharges discussed in this paper. In the analysis it is assumed that the ions behave
neoclassically. The total radiation losses, as measured by bolometry, are smaller than
10% of the total input power and are concentrated near the edge, outside the range of the
present analysis.

7.4
7.4.1

Results
General description of the data

The quality of the heat pulse propagation data varies considerably over the database. In
the case of 140 GHz MECH, the combination of a relatively good localization and strong
modulation (80 kW peak-peak) yielded Te modulation amplitudes up to 100 eV resulting
in negligible statistical errors on <j> and A throughout the entire database. The important
systematical effects affecting the data are (1) The time delay, for which a correction is
done (discussed in section 7.3). (2) Asymmetries in the 4> and A profiles for the high power
discharges, probably due to plasma position/Shafranov-shift modulation in combination
with large VTe. This occurs for discharges 30997, 31000 and 31008. In these case the fits
are made to the symmetrical components of the <j> and A profiles.
For the 70 GHz MECH data the modulation power was significantly lower (30 kW
peak-peak per gyrotron). Moreover, the ECH power deposition is not as localized as for
the 140 GHz ECH system. As a result the heat pulse signal was weak in many discharges,
in particular in the high density and high power discharges the statistical uncertainties
dominate the systematical. In discharges 31001 and 31009 a larger modulation amplitude
(50 kW peak-peak) resulted in significantly better data.
Compared to previous MECH campaigns at W7-AS, a new aspect of the data is that
a duty cycle dc of 0.75 and 0.66 instead of 0.5 has been used, resulting in good data at
the second harmonic of the modulation frequency.
For most discharges x?er< is determined and presented in Table 7.2, along with the
results of local power balance analysis. In many cases a uniform Xe profile was sufficient
to obtain a good fit to the data. An example is given in Fig. 7.5.
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# 3 1 0 0 6 (70 GHz MECH, U/2TT = 92 Hz)
X* (total) =

3.2

X* (tf> - 1* harmonic) = 3.7
X8 (0 - 2°d harmonic) = 3.4

x* (A " ** harmonic) = 3.2
2
2.5
x' (* " i "" harmonic) =

0.0

100

-0.5

10

# 3 1 0 0 1 (70 GHz MECH, U/2TT = 92 Hz)
X2 (total) =

2.0

X1 (<t> - l" harmonic) = 0.4
X* {$ - 2°" harmonic) = 1.1
0.0

x'

x' (A ~ J" harmonic) = 5.0
(* - 2°* harmonic) = 1.4
100

-0.5

Figure 7.5: Phase (<j>) and amplitude (A) profiles of heat pulses induced by 70 GHz ECH
(on-axis, W/2TT = 92 Hz, dc - 0.66). The solid dots denote <j> and A at W/2TT = 92 Hz.
The open dots denote <f> and A at uj/2n = 184 Hz. Also drawn are the results of model
simulations using a uniform y^eTi profile.

Table 7.2: Overview of MECH analysis results. Given are the parameters describing the
x£ert profile, and Te, VTe and xj* at refj = 7 cm. Furthermore, it is indicated which
HPP-data is used for the determination of x***1- The symbol x indicates that, due to the
flat Tc profile, no reliable local power balance analysis result was available.
discharge

Xi

a

used MECH data

m2/s

31005
31009
31006
31003
31004
31008
31021
31020
31019

0.5
0.5
1.7
2
2.5
2
0.5
0.8
2.0

1.0
1.0
1.7
2
2.5
4
0.5
0.8
2.0

1
1
1
1
1
2
1
1
1

70 GHz
70 GHz
70 GHz
140 GHz
140 GHz
140 GHz
140 GHz

30999
31001
30998
31002
31000
30997
31016
31017
31018

0.4
0.7
0.7
1.5
2.0
2.0

0.4
0.7
0.7
1.5
2.0
3.0

1
1
1
1
1

0.75

0.75

1.0
1.0

1.0
1.0

2.0
1.0

2.0
1.0

31014
31015

7.4.2

Xo

m 2 /s

Te
keV

xf

keV/m

m 2 /s

1.05
1.05
1.41
1.56
1.84
2.03
1.28
1.58
1.68

15.4
15.4
20.1
22.2
23.8
23.8

0.38
0.38
0.74
0.92
1.18
1.57

0.75
0.71
1.01
1.08
1.33
1.47
0.72

7.4
5.3
9.8

1
1
1

70 GHz
70 GHz
70 GHz
140 GHz
140 GHz
140 GHz
140 GHz
140 GHz
140 GHz

1
1

140 GHz
140 GHz

2

both
both

0.0

X

16.9
23.8

0.7

11.9
14.3
18.0

0.87
0.31
0.46
0.74
0.72
0.94
0.94

0.0

X

1.37

10.0
15.3

0.42
0.65

0.75
0.47

7.1
0.0

0.56

1.0

X

xfrt results

The aim of these experiments is to study the relation between x? ert and Te, VTe, and
possibly the enclosed heating power (PENC) or the total heating power (PTOT)- This has
been done between refj = 7 cm and 10 cm. This is the optimal location since (1) at
refj < 7 cm, the estimate of x£6 is unreliable due to uncertainties in the ECH power
deposition profile (see section 4.3) and (2) outside reff = 10 cm the heat pulse data is
weak. In table 2 data is presented for refj = 7 cm.
In Fig. 7.6 it is shown how, at rcf/ - 7 cm, x f ' relates to Te, VTC, PBNC and PTOT for
data set A and B. It can be seen that xj""* increases with Te, VTC, PENC and PTOT for the
discharges with only on-axis ECH (closed symbols). Application of off-axis ECH (open
symbols) breaks the relation between Tt and VTe and the relation between PENC and
PTOT- For data set A (circles) it can now be seen that no unique relation exists between
Xfert and Tt. For data set A and B the open symbols learn that no unique relation exists
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Figure 7.6: Relation between x f ' and Te, VTe, PE\c and PTOT for data set A (circles)
and B (squares). The closed symbols denote discharges with only on-axis ECH. The open
symbols stand for discharges with 140 GHz ECH applied off-axis.
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between xS81"' and PTOTIt can be concluded that a dependence of \^rt on VTe or PENC is compatible with the
data whilst a dependence of xleTt on Te or PTOT is not. The approximate proportionality of
^.pert w ^ n y j ^ suggests that Eq. 7.3 holds with a = 1. Therefore, a purely local transport
model for qt (that predicts degradation of confinement with heating power) describes the
heat pulse propagation data. However, a direct dependence of x? ert on PENC cannot be
excluded. Note that this conclusion can be drawn independently of an absolute calibration
of VTe. However, to distinguish between the local model (dependence on VTe) and the
non-local model (dependence on PENC) a comparison with x ? must be made. In the
former case xS"' — 2x£* must be found, while in the latter case x£CT* — X?*Furthermore, it is concluded that decoupling Te and VTe has proven to be a good
method to discern between a VTe and a Te or between a PENC and a PTOT dependence

of xT'The best HPP-data was obtained from discharges 31001 and 31006. For these discharges the following questions will be addressed in succession below: (1) What is the
accuracy of the xj**"* determination under the assumption that its profile shape remains
the same ? (2) What is the effect of the x?*rt profile shape ? (3) How do the deposition
profile pu results compare to the expectations ?
Accuracy of x§CTt

In this section the question wil be addressed as to how accurately xleri can be determined
under the condition that the profile shape of x? ert is kept constant. To quantify the quality
of a fit the reduced x 2 value defined as:

(

w)

)]

( }

is used as a figure of merit. The lower x2i the better the fit. Here h denotes the harmonic
number which takes the values 1 and 2. The index i runs over the ECE channels which
are taken into account in the fit. The superscripts m and s mean 'measurement' and
'simulation' respectively. 5<j>m and 6Am are the standard deviations on 4>m and Am following from the sinusoidal response analysis. To mimic the systematical error on Am due
to ECE calibration errors a lower bound of 5% is taken for 5Am/Am. This mainly affects
5Am of the first harmonic in the plasma center which has 6Am/Am around the 1% level.
Strictly speaking, 47V should be replaced by 4N — v where u is the number of degrees of
freedom in the fit. AN is 32 and 56 for discharge 31001 and 31006. v is the number of
free fitting parameters and equals ~ 6.
In Fig. 7.5 the best fits obtained are shown for discharges 31006 and 31001. A uniform
XeeTt profile was used in this case. In order to obtain symmetrical profiles a shift of
Ar e // = —0.7 cm has been applied to the profiles for discharge 31006. The parameters
describing the x?*rt a n ^ Pw profiles are shown in Table 7.3. Note that the systematical
errors in the rejj mapping are not accounted for in x2- This implies that x 2 is probably
overestimated.
In order to estimate the sensitivity of x 2 to changes in Xeer*> X?erl is taken twice as
high (and low) as the optimal value. Then the pw profile is changed to find a minimum
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value for x 2 again. In Fig. 7.7 and 7.8 the resulting fits are given. It is clear that the
quality of the fit is much lower for these cases. This implies that the experiment is able
to resolve variations in xf""* much smaller than a factor 2, under the condition that the
profile shape is conserved.
Table 7.3: x? ert

an

^ Pu for " l e heat pulse propagation fits of discharges 31001 and 31006.

discharge

run

Po
kW

a
m

kW

Pi

31006
31006
31006
31006
31006

1
2
3
4
5

29
30
40
22
27

0.042
0.07
0.04
0.02
0.02

10
10
15
18
10

31001
31001
31001
31001

1
2
3
4

27
27
37
26

0.04
0.05
0.05
0.02

0
0
0
0

Xo

Xi

m /s

m /s

2

1.7

1.7

0.85

0.85

3.4

3.4

vpert

1
1
1
!>

1.5 x
0.7

0.7

0.35

0.35

1.4

1.4

xr

x2

2

xf
1
1
1
b

3.2

11.5
16.7
7.5
3.3
2.0

13.8
15.9
3.7

Effect of the xf rt profile shape
Earlier experiments in W7-AS showed that [9] the heat pulse propagation data could be
reproduced by taking x?*rt = X?*- This has been attempted for discharges 31001 and
31006. The parameters Po, a and P\ have been varied to obtain a minimum for x 2 . The
resulting values for Po, a and Px are displayed in Table 7.3. Fig. 7.9 shows the resulting
fits which are clearly of lower quality than obtained with flat Xe*r* profiles.
Maintaining the profile shape a best fit has been searched for x§*r* equal to a multiple
of xt- It turned out that xveert = 1-5 x xf yields the optimal fit for discharge 31006.
Compared to run 1 no significant improvement could be made for discharge 31001 (see
Fig. 7.10). In Fig. 7.11 the xTrt profiles used are displayed.
The fact that simulation run 1 and 5 yield equal quality fits to the data of discharge
31006 implies that the use of a x^rt profile with the shape of x£6 could in principle lead to
an estimate of xfert at \rej}\ = 7 cm which is a factor 1.5 too low. This is a fundamental
limit to the resolution of this type of experiment. One could also interpret this positively
by stating that the determination of x? ert a t r e / / = 7 cm only slightly depends on the
value of Xcert within re/j = 3 cm. From Fig. 7.11 follows that a variation of xTTt within
reff = 3 over a factor 10 only gives an uncertainty of ±25% on xfer( at rtjf = 7 cm. This
can be understood as follows: a high x? ert in the power deposition zone in combination
with a small a (run 5) effectively broadens the power deposition profile and therefore has
the same effect as a lower x? er( in combination with a higher a (run 1).
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# 3 1 0 0 6 (70 GHz MECH. o/2n = 92 Hz)
X* (total) = 11.5
x' (0 - l" harmonic) = 31.7
X* (4> - 2nd harmonic) = 5.3

/ (A ~ 1<l harmonic) = 7.1
x * (A - 2" harmonic) = 1.9
100

-0.5

-1.0
-10

# 3 1 0 0 1 (70 GHz MECH, a/Z-n = 92 Hz)
X1 (total) = 13.8
Xs (0 - l" harmonic) = 40.6
X2 (0 - 2" harmonic) = 2.9

x' (A ~ !*' harmonic) = 9.4
x* (A ~ 2 °* harmonic) = 2.4

0.0

100

-0.5 •

Figure 7.7: As in Fig. 7.5 but with xpeeTt twice as small.
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# 3 1 0 0 6 (70 GHz MECH, u/2n = 92 Hz)
X* (total) = 16.7
x' (<t> - 1* harmonic) = 25.2
x' (0 - 2 " harmonic) = 14.2

x'

x" <A ~ 1 " harmonic) = 20.6
(A " 2°" harmonic) = 6.7

0.0

100

-0.5

J-.IT

0
(cm)

10

# 3 1 0 0 1 (70 GHz MECH, <j/2n = 92 Hz)
X2 (total) = 15.9
X2 (<t> - 1* harmonic) = 38.3
X* (<(> - Z°* harmonic) = 8 . 1

x* (* - 1* harmonic) = 15.2
X* (A ~ 2"* harmonic) = 1.8

0.0

100

-0.5

-1.0

Figure 7.8: As in Fig. 7.5 but x^rt twice as large.
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# 3 1 0 0 6 (70 GHz MECH, a/2n = 92 Hz)
X* (total) = 7.5
X* (0 - 1* harmonic) = 21.4
X* (0 - 2"1 harmonic) = 1.5

x* (A ~ 1 - harmonic) = 5.7
/ (A - 2°' harmonic) = 1.6

0.0

100

-0.5

10

-10

r. n (cm)

# 3 1 0 0 1 (70 GHz MECH, «/2n = 92 Hz)
X2 (total) = 3.7
X* (0 - 1* harmonic) = 2.0
X' (0 - 2°" harmonic) = 2.1

x' (A ~ ** harmonic) = 10.1
(A " 2°" harmonic) = 0.7

x*

100

-0.5

Figure 7.9: As in Fig. 7.5 but x f ' = xt-
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# 3 1 0 0 6 (70 GHz MECH. o / 2 n = 92 Hz)
X8 (total) = 3.3
x' (0 - 1" harmonic) = 4.2
x* (<fi - 2°* harmonic) = 2.6

x* (A ~ 1* harmonic) = 4.6
/ <A - 2"* harmonic) = 1.7
100

-0.5

-1.0
10

-10

Figure 7.10: As in Fig. 7.5 but with x f ' = 1.5 x x f (discharge 31006).

It has been mentioned before that a time delay between the MECH control signal and
actual power output as observed in the 140 GHz ECH system is not present in the 70
GHz ECH system. If this were not true and a small time delay would nevertheless be
present in the 70 GHz system it would result in larger phase lags. From larger phase lags
smaller values for xf"' would be inferred. Therefore the presented values of xfert are> if
anything, underestimates.
The fact that the ECE radiometer was not calibrated independently might lead to an
increased uncertainty in its sensitivity. The error in the sensitivities can be decomposed
into two parts. The first part is the 'common mode' error of all radiometer channels. This
causes a multiplication of all calibration factors by the same number, which leaves the
measured Te profile and also the A profile shape unaffected. Since the total modulated
power is treated as a free fitting parameter this 'common mode' error does not affect the
estimate of xfert- The other contribution to the calibration error changes the profile shape
of Te and A and hence influences the value of xfert- Since the heat pulse propagation data
only extends up to rejj = 10 cm only profile changes within this region are important.
The errors associated with profile changes within reff = 10 cm are expected to be of the
order of 10%, whereas A changes over a decade typically. Therefore they have negligible
impact on xj*1"'In summary, it can be stated that inside the ECH power deposition zone a trade off can
be made between x? ert and the width of the deposition profile a. Outside the deposition
zone Xe6rt is rather insensitive to \^rt in the deposition zone. The use of a x? ert profile
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with the shape of x£* could lead to an estimate of x£*r* at refj = 7 cm which is a factor
1.5 lower than the estimate obtained with a free x? erl profile.
Discussion of pu results
The on-axis deposited ECH modulation amplitude was ~ 30 kW (peak-peak). A single
pass absorption of 85% is expected on the basis of ray-tracing for discharges 31001 and
31006. MECH experiments using modulation frequencies higher than 1000 Hz have been
done in the past to measure the width of pu for the 70 GHz beam lines used in the present
experiment. The result was a = 2.4 cm (FWHM = 5.6 cm) for the ECH beam line used
in discharge 31001. The additional beam line used in discharge 31006 has a = 1.5 cm
(FWHM = 3.6 cm). Nothe that these results are obtained at half the magnetic field
strength used in the present experiment.
In the reconstruction 27 kW is found for the on-axis ECH modulation amplitude in
discharge 31001. This is rather low compared to the 50 kW which is used as the ECH
modulation amplitude. For discharge 31006 29 kW is found. This number is in fair
agreement with the expected value of 30 kW. Note that the present HPP data are not
well suited to measure the background power P\ because it only extends up to r e // = 10
cm. Therefore it is not considered here.
The width (a) of the reconstructed ECH power deposition profile is a = 4.0 (discharge
31001) cm and 4.2 cm (discharge 31006). These values are larger than expected on the
basis of the experiment with high modulation frequencies. However, note that a vertical
misalignment of the ECH beam as small as ~ 2 cm is sufficient to explain the largest part
of the disagreement.

7.4.3 xt results
Local power balance analysis has been carried out for virtually all discharges in the present
data set making use of spline fits to the Te and ne profiles measured by Thomson scattering.
X? is defined as \ t = -Qc/neVTe. Only for discharges 31009 and 31017 no Thomson data
was available. Since discharge 31009 was almost identical to 31005 the local power balance
results were taken from the latter. For discharge 31017 use was made of the Te profile as
measured by ECE. In table 7.2 the results are given for rejf = 7 cm. The typical shape of
the x?* profile is demonstrated in Fig. 7.11. The strong increase of x ^ at the plasma centre
is not reliable. It depends on the assumed width of the ECH power deposition profile which
is uncertain. At half radius the found values for x£ a r e relatively low compared to values
based on Thomson scattering Te measurements in previous experiments [19].
Accuracy of x£*
In this section the question will be addressed as to how accurately x?' is estimated, xf6
depends on qe, ne and VTe.
First the effect of qe on x?6 is discussed. It was assumed that the FWHM of the
deposited ECH equals 3 cm. A decrease of the FWHM does not influence qe outside r e //
= 6 cm because almost all power is already deposited inside reff = 6 cm. An increase of
the FWHM would cause x*b t o decrease since qe also decreases in this case.
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Figure 7.11: The uniform xf61"' profiles yielding an optimal fit to the heat pulse propagation
data, compared to the x£6 profiles. For discharge 31006 xTrt = i- 5 **?* yields a fit of equal
quality as the uniform x£ert profile, x?6 derived from the ECE Te measurement calibrated
on discharge 27127 is also given.
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For the discharges in the database the Thomson Scattering data was, technically speaking, of good quality and not influenced by supra-thermal effects [20]. This is corroborated
by the fact that, as shown in Fig. 7.2, the Te profiles as measured by Thomson Scattering
and ECE (calibrated against Thomson scattering on discharge 31019) do not display significant relative variations over a density range of ne(0) = 2, 4 and 7.5 xlO19 m~3. This
also leads to the conclusion that the ECE radiometer was sufficiently stable throughout
the experiment. Furthermore, the ECE T,,-profiles following from the independent calibration of the ECE radiometer coincide with the Thomson scattering measurements at the
low field side for rcff > 5 cm (see Fig. 7.2). This confirms the reliability of the Thomson
scattering measurement of Te in this region.
It has often been found that Te measurements from ECE radiometry and Thomson
scattering disagree in W7-AS. The ECE Te profile is somewhat lower than the Thomson
scattering Te and displays 'shoulders' (i.e. local Battenings) in the profile. Since x£*
is inversely proportional to VTe, x£* a s estimated from ECE Te-profiles is higher than
estimates from Thomson scattering especially at the 'shoulders'. To get an impression
of the typical disagreement between x?6 based on Thomson-scattering and x ? based on
ECE the following procedure is followed. A 1 year old discharge (27127) has been taken
which very much resembles discharge 31002 of the present database. For discharge 27127
a reliable absolute calibration was available. The ECE data of the present database is
calibrated by simply imposing that Te{r) from discharge 27127 equals Te{r) from discharge
31002. The resulting xf based on ECE for discharge 31006 is given in Fig. 7.11. In the
region between rejf = 7 and 10 cm it is 50% higher than xj* obtained from Thomson
scattering, but still only 65% of x f ' •
Two questions remain unsolved in this matter. (1) Would ECE have measured a
lower VTe than Thomson Scattering between reff = 5 and 10 cm ? The ECE Te-profile
following from the independent calibration suggests that this is not the case for ref; > 5
cm. One can however never be sure keeping in mind the calibration problems with the
other half of the radiometer. (2) In case there is substantial disagreement between ECE
and Thomson scattering, which one is to be trusted ? In principle both diagnostics are
suitable to determine VTe. Whenever a large disagreement exists the error bar on VTe
should also increase.
In summary, for the estimation of xf is has been demonstrated that the Tc profile is
the main error source. However, the available Thomson and ECE data give confidence in
the presented estimates.

7.4.4

Combining x^rt with power balance results

Making use of the information in table 7.2 a plot (Fig. 7.12) is made of qe versus its
conjugate force neVTe. Furthermore, a plot (Fig. 7.13) is made of x f ' versus x£6 based
on the same information. The present data indicates that x f ' — 2 x xf6 between refj
= 7 and 10 cm. For discharges 31001 and 31006 x f Vxf i s estimated to be 1.5 and 2.3,
respectively, for rejj = 7 cm increasing to 2.0 and 2.4 at rejj = 10 cm. This confirms
the finding that x f ' oc VTe and that qe is described by a local model which predicts
degradation of energy confinement with heating power. In that case x f ' equals the slope
of the qe versus neVTe curve.
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Figure 7.12: Global energy confinement time TE^ versus heating power P for data set A
(circles), B (squares) and C (triangles). rE<c degrades with P. Plot of qc versus neVTe
combining the results of local power balance analysis (location of the points) and MECH
heat pulse propagation (direction of the line-elements). The closed symbols stand for purely
on-axis heated plasmas. The open symbols denote discharge with off-axis ECH.
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Figure 7.13: xS*1"' «ers«a xS* / o r ^ a * a se * ^ (circles), B (squares) and C (triangles). The
dotted line represents x^rt = X?6 and ^e dashed line x^1 = 2 x xf*- ^ e open symbols
denote discharge with off-axis ECH. The closed symbols stand for purely on-axis heated
plasmas.

Clearly, this result is at variance with previous findings [9,10]. Note that determining
XPb from Te measured by an independently calibrated ECE diagnostic, which was not
available, might have yielded a somewhat lower value for xiT^Vx?*- In the case that
Xeert/xlb — 1 would have been found a non-local dependence of Xe o n PENC would explain
the data in which case xS81"' does not equal the slope of the qe versus n e VT e plot.
Near the plasma centre the estimates of xf6 and x£er< depend on the details of the
ECH power deposition profile and no reliable value can be given for X e *

7.5

Discussion

In this section three questions are addressed: (1) How do the dependencies of xfer( on
W7-AS plasma parameters relate to the results for x£er' m tokamaks ?, (2) Do the data
support a local transport model for qe or a global model ?, (3) How sure can one be on
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the basis of this type of experiment that the result of xT'VXe* excludes the possibility
that a local transport model describes electron heat transport ?
A clear difference exists between the dependencies of xJT^* in W7-AS and tokamaks.
Whereas the present experiment yielded that in W7-AS xT** oc VTe, in tokamaks x?rt
is essentially constant under changes of heating power, Te, VTe and ne. The scaling
of xj* with these parameters seems to be caused by the parameter dependencies of a
heat pinch [8]. This is demonstrated in Fig. 7.14 which shows the results of heat pulse
propagation experiments in RTP, in which VTe and Te were varied with ECH similarly
to the experiment described in this chapter.
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Figure 7.14: Plot of qe versus neVTe at r/a = 0.6 for Ohmic (open symbols) and ECH
(closed symbols) discharges at various electron densities in the RTP tokamak. At each
point the local ne is given with unit 1019m~3. At the lowest densities the data is consistent
a constant heat diffusion coefficient and a constant inward heat pinch (see dashed line).
At high density the heat diffusion coefficient remains unchanged, while the heat pinch is
larger and depends on the amount of ECH heating.
It has been shown that in W7-AS xV"1 has an unambiguous relation with VTe or PENC
only. The fact that x? er( has no unambiguous relation with Te and PTOT is seemingly
in disagreement with the model found by Stroth [13] in which xfer' depends on PTOTHowever, the experiment described in [13] cannot discern between a dependence on PTOT
or PENC because only on-axis heating was applied.
The ratio x?er'/Xe6 adds extra information in this matter. From the previous it can be
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concluded that the accuracy of the ratio xS^VxS* i s mainly limited by the error in local
power balance analysis following from uncertainties in VTe. In the case that xf'VxS*
= 1 a non-local dependence of Xe on PENC must be invoked. xS^Vx?4 = 2 allows a
local description. In this experiment x£er7x?* — 2 is found, based on VTe as measured
by Thomson-scattering. Measuring VTe with ECE radiometry might have led to lower
values. Due to uncertainties in the measurement of VTe in this experiment, the question
of local versus global transport models remains unresolved.
The present study shows that a x? er( profile with the shape of x?6 could in principle
lead to an estimate of xS""' at rejj = 7 cm which is a factor 1.5 lower than with a x£eri
of which the profile shape is left free in the fit procedure. This fundamental limit to
the resolution of the MECH experiment should always be kept in mind. A point worth
mentioning is that the quality of the fits of both <t> and A presented in this paper is
clearly better than in previously published heat pulse propagation data of W7-AS [9],
which showed considerable in-out asymmetries in the amplitude of Te whilst the profile
of the phase is symmetric. Therefore it seems probable that in the past experiments the
uncertainty of x? ert estimates was larger than in the present experiment. Consequently,
it cannot be excluded that x? ert has been underestimated by more than a factor 1.5 in
previous experiments.

7.6

Conclusions and recommendations

It has been demonstrated that xlert has an unambiguous relation with VTe or PENC- The
relation between x? ert anc^ ^« an< i PTOT is ambiguous.
The proportionality between x«er< a n d VTe allows a local description of electron heat
transport in W7-AS. However, the uncertainty of Xeeri/Xe* ' s too l a r 6 e in this experiment
to verify whether a local or a global transport model describes transport.
The experiment did show that varying the location of ECH deposition successfully
decouples Te and VTe.
For future experiments it is recommended to use:
• a well calibrated ECE diagnostic to obtain more confidence in the estimation of the
Te profile.
• a duty cycle dc between 0.2 and 0.3 (or 0.7 and 0.8) to acquire data at the second
harmonic of the modulation frequency. The drawback of using dc = 0.5 is that the
data at the third harmonic frequency has lower amplitudes and, more important,
that it decays faster with radius.
• a larger modulation amplitude or a larger duration of the modulation for 70 GHz
MECH than in the present experiment. This will yield data of the same quality at
the higher powers also.
• no a priori estimates for the shape of the ECH power deposition profile since this
could bias the estimate for X?eHThese points require no special effort.
following points.

Hardware improvements are desirable for the
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• For the 140 GHz ECH system, which is preferable because of a more localized ECH
deposition and larger ne range, the reference signal should better resemble the actual
power.
• In order to extend the resolving power of the MECH experiment in general it is
recommended to install a binary signal generator to control the MECH, which produces a pulse sequence of which the spectral content can be manipulated. This way
one can generate a broader range of frequencies and obtain the situation that, unlike
the state of the art, higher frequencies have larger modulation amplitudes than the
lower frequencies [21]. This is the optimal situation because the higher frequencies
are subject to stronger damping. Good data over a larger frequency range allows
better estimates of
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Chapter 8
ECH switch-on experiment on the
RTP tokamak: do local transport
coefficients depend on global
heating power ?
Abstract
To test models describing the conductive radial electron heat flux (qe) the electron
temperature (T^) and electron density (ne) profiles are measured in the transient
phase after ECH switch-on. This is done using high-resolution Thomson-scattering
in the RTP tokamak. The evolution on Tt and n e can be explained by a local model
for the conductive electron heat flux (qe). Good agreement is also found with an
explicit dependence of the electron heat diffusion coefficient \e o n t n e applied ECH
power level over the entire plasma cross section on a time scale smaller than the
diffusive transport time scale. The implications of an explicit dependence of \t on
heating power are discussed for ECH power modulation measurements.

8.1

Introduction

Energy loss via the electrons from tokamak and stellarator plasmas is anomalous and as
yet barely understood [1]. At least a significant part of the conductive radial electron
heat flux qe is driven by its conjugate thermodynamic force (VT£), as has been proven by
sawtooth heat pulse propagation studies in tokamaks and by modulated ECH experiments
in stellarators and tokamaks [2-8]. The functional dependencies of the electron heat
diffusion coefficient (x e ), however, are still subject to strong debate. Moreover it is still a
question whether contributions to qe driven by other thermodynamic forces, such as Vn e ,
are important. It is usually assumed that qe is a function of local plasma parameters only
[5,9,10] such as the electron temperature (Te), its gradient (VTe) and the electron density
We now consider an experiment in which the power injected into the plasma is switched
from one level to another, as a step function. If qe only depends on Te, VTC and n e , its
rate of change is finite: directly after the step in the power level Te, VTe and ne have
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not yet changed and as a result qe is unchanged. In that case the time derivative of the
energy stored in the plasma equals the power change. This follows from the integrated
energy balance equation under the assumption that there is no heat flux due to particle
convection:
dWe(r)/dt - P.(r) = -4iraffcrfc,
(8.1)
where We(r) and Pe(r) denote the total stored electron energy and net power to the
electrons within radius r.
Recently, ECH switch-on and switch-off experiments, carried out on W7-AS [11], indicated that dWe(r)/dt is much lower than the applied power. This phenomenon is often
referred to as 'missing power'. The single pass ECH absorption is well known in this case
and the slowing down time of the non-thermal electron population is smaller than 0.1
ms. Therefore the amount of ECH energy transferred to the electrons is well known in
this experiment. The discrepancy between dWe(r)/dt and Pe(r) leads to the conclusion
that qe suddenly changes over the entire plasma cross-section upon the switching of ECH
power. This is in conflict with the usual assumption that transport only depends on local
thermodynamic variables.
ECH-switching experiments performed at the TFR tokamak [12] and other tokamaks
(refs in [13]) generally yielded a similar disagreement between dWc(r)/dt and Pe(r). In
the case of TFR the amount of absorbed heating power that is used in the analysis
was derived from ray-tracing and agreed with the result of transmission measurements.
Hidden energy reservoirs are discussed as a reason for the measured discrepancy between
dWe(r)/dt and Pe(r). The horizontal plasma displacement and rise of the plasma current
that generally follows ECH switch-on can account for a significant change in magnetic
energy. Furthermore, energy might be stored in a population of supra-thermal electrons,
which are hard to diagnose. This hidden reservoir heats the bulk only gradually. A
thorough quantitative analysis of these effects could not be made due to an insufficient
time resolution of the data. Therefore, a firm statement on the sudden jump in the
transport coefficient was not made.
A similar study performed at RTP is reported in this paper. Due to the fact that
the ECH is absorbed on the second harmonic resonance a very high (> 95%) single
pass absorption is assured. Furthermore, the high spatial resolution of the Thomsonscattering system allows a very precise estimation of the Te and n e profiles. Both features
are unprecedented for this type of experiment and allow a more conclusive interpretation
of the results.

8.2

Experiment

RTP (major radius R = 0.72 m, minor radius a = 0.165 m, toroidal field &r < 2.4 T,
plasma current Ip < 150 kA, boronized vessel) is equipped with an Electron Cyclotron
Heating (ECH) system, a pellet injector and an extensive set of high-resolution multichannel diagnostics such as a 20 channel ECE heterodyne radiometer and a 19 chord
interferometer. For the present study the 110 GHz ECH system [14] and the Thomsonscattering system [15,16], which measures ne and Te at 110 radial positions simultaneously,
were crucial.
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The 110 GHz ECH system consists of a 500 kW Gycom gyrotron with a pulse length
of 200 ms and a quasi optical transmission line which launches a Gaussian beam into the
plasma from the low field side in extraordinary mode. The non-Gaussian beam content
is measured to be less than 5% and filtered out. The full 1/e-width of the beam power
profile at the location of the EC resonance in the torus is measured to be 4 cm in vacuum.
Ray-tracing indicates that refraction results in a 50% broader ECH power deposition
profile. Te and n e are such that the single pass absorption is expected to be larger than
95 %. This leads to the expectation that for central deposition 85% of the injected power
is deposited within r = 3 cm. The high single pass absorption and the good localization
of the ECH beam makes the ECH system very well suited for this type of experiment.
The amount of power in the EC beam is calibrated against calorimetric measurements on
a water load and continuously monitored with a microwave detector in the beam line.
The Thomson-scattering diagnostic consists of a single pulse ruby laser (694.3 nm, 25
J in a 15 ns pulse) with a beam line that guides the laser pulse vertically through the
plasma. The scattered light is imaged on a polychromator, amplified by a gated image
intensifier and detected on a cooled CCD, of which the pixels are grouped such that the
spatial resolution Az = 1.7 mm and the spectral resolution AA = 3.6 nm. In a single laser
pulse 110 spectra are obtained along the viewing chord. The spectra are resolved into 75
wavelength channels, covering the recently extended wavelength range of 530 to 850 nm.
In the wavelength direction the system is calibrated in situ with a Tungsten ribbon lamb.
Rayleigh-scattering is used for absolute calibration of the system.
In the current flat top of a g o =5.1, BT = 2.01 T, Zejj=\.7, Ohmic H2 target plasma
on-axis ECH (330 kW in the plasma) is applied. The profiles of n e and Te in the transient
phase after ECH switch-on are measured with Thomson-scattering. To record the entire
time evolution of the profiles the discharge has been reproduced many times while varying
the time of the Thomson scattering measurement. This procedure has been followed at
two densities, ne(0) = 4 and 6 x 1019 m~3. At both densities about 20 discharges have
been made.

8.3

Procedure for data analysis and testing of transport models

The acquired data is analysed as follows. Firstly, the global stored electron energy within
minor radius r (We(r)) is determined for all discharges. Assuming toroidal and poloidal
symmetry We(r) is given by:
We(r) = 2nRo f

\ne{r')Te{r')2-nr'dr'.

(8.2)

The Te and ne profiles are smoothed and integrated according to Eq. 8.2. Because of the
circular cross section this is a straightforward task. We(r) is determined for r = 11 cm
(2/3 a) because Thomson scattering does not measure further out, and for r = 5 cm (3/10
a). The Shafranov shift of the magnetic equilibrium is expected to be not larger than 2
cm and is neglected in the integration procedure. This leads to an underestimation of
We(r). As explained in the section 8.5, the error related to this is negligible.
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Secondly, the time-evolution of We(r) and the profiles of Te and ne are compared with
the results of time-dependent local transport simulations. The electron energy balance
equation reads:

ft(§n.T.) = - V • qe - V • (frj.) - neTe • V(^) + S«,

(8.3)

ne
where qt is the conductive radial electron heat flux density, Fe the convective radial
electron particle flux density and Se the net input power density to the electrons. Note
that the magnetic energy is not taken into account in this model. This is further discussed
in section 8.5. Equation 8.3 is solved numerically using a fully implicit difference scheme.
The measured evolution of nc and the evolution of Fe that can be derived from it, is
used as an input to the simulation. Thus, there is no need to solve the particle balance
equation. The simulation extends to the plasma edge. Since the current diffusion time is
larger than the energy confinement time, it is assumed in the simulations that the current
profile remains unchanged throughout the transient phase. This implies that the Ohmic
heating power density is proportional to T e ls throughout the experiment. Furthermore,
radiation and electron-ion coupling are neglected since the heat fluxes associated with
these processes are small compared to the conductive heat flux.
Starting from the Ohmic stationary plasma state for which x«( r ) ' s determined by local
power balance analysis, the ECH is switched on and the evolution of Te(r) is simulated
for both local models and non-local models for qe.

8.3.1

Local models for qe

Two types of local models for qc are considered. The first is given by:
9.

=

~ncXeVTe,

with

X .(r)

(8.4)
a

oc (Te(r)) /ne(r)

or

Xe (r)

oc

(VTe(r))°/ne(r).

The second type is given by:
ft

=
-neXeVTe + qe,of/,et,
with
Xe{r) = constant and qe,off>et < 0.

(8.5)

Evidence for the second type (offset-linear) model is presented in chapter 6. Moreover,
it is found in chapter 6 that for ne(0) > 3 x 1019m~3 the absolute magnitude of g,.|0//«t
increases with heating power.

8.3.2

Non-local models for qe

The non-local qe models are given by:
ft

=
with

-"eX«VTe,
X e (r)

(8.6)

oc (Pe(r = a))"/n,(r)

or

Xe (r)

oc ( f

Se{r'ydr'Y/ne{r).

Jo

These models represent an explicit dependence of transport on heating power. The first
model implies that Xe(r) has a fixed profile shape and only depends on the total heating
power. In the second case Xe{r) depends on the applied heating power within radius r.
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8.3.3

Testing qe models

In order to test the validity of the transport models they are fitted to the measured data,
treating a and 0 and the width of the power deposition profile as free parameters. Under
the condition that the models fit the experimental data in the stationary phases before and
after ECH switch-on, it is studied how well the transient phase in between is reproduced
by the simulations.

8.4

Results

In Fig. 8.1 the time traces of Ip, PECH, Te(r = 4 cm) measured with ECE, fnedl measured
with the 2 mm interferometer and the change of radial plasma position (Afl) are shown
for a typical discharge in the database. The Thomson scattering measurements result in
profiles for Tt and ne and the electron pressure (pe) for ~ 20 different times after ECH
switch-on (At). Fig. 8.2 gives the evolution of the Te, ne and p e profiles in the transient
phase. ECH switch-on causes Te to increase and ne to decrease with time, resulting in a
monotonic increase of pc with time. No sign of sawteeth was present either in the Ohmic or
the ECH phase. Shot-to-shot target plasma variations are sufficiently small for the higher
ne case resulting in less than 5% statistical error on the W(t) measurements. We will
focus on this case in this paper. The data at the lower ne has more than 15% statistical
error on the W(t) measurements which complicates a proper analysis too much.

8.4.1

Representation of the data in global terms

Firstly, the measurements at ne(0) = 6 x 1019 m~3 are represented in terms of We(r) by
integrating the Te and ne profiles from Thomson-scattering according to Eq. 8.2. Before
integrating, the profiles are smoothed. The structures in the profiles, which in fact are
statistically significant [17], are therefore not included in the analysis. As can be seen
from Fig. 8.2 the measured profiles show a high degree of symmetry. In Fig. 8.3 We(i =
5 cm) and We(r = 11 cm) are plotted as a function of the time after ECH switch-on. The
energy confinement time of the electrons within minor radius r is defined as:
TBA') = We(r)/Pt(r).

(8.7)

TE,t is computed for r = 5 cm and r — 11 cm in the stationary Ohmic phase (before ECH
is switched on) and ECH phase (10 ms after ECH switch-on), under the assumption that
all ECH power is deposited within r = 5 cm. It turns out that rE,e(r = 5 cm) oc (P e (r
= 5 cm))"0-7 and TEIC(T = 11 cm) ex (Pe(r = 11 cm))" 05 . Hence, rE<e degrades with
approximately the square root of the heating power.
The slope of the dotted lines in Fig. 8.3 equals the applied ECH power. In the case
that transport is a function of local parameters only, WT should initially follow these
dashed lines if Xe scales with Te or its gradient. It can clearly be seen that especially the
experimental values of We(r = 5 cm) show a weaker increase with time. Part of this effect
is due to the fact that within r = 5 cm n, decreases rapidly upon ECH switch-on.

127

-1

2

4
6
At [ms]

-1
10

Figure 8.1: Behaviour of current Ip, ECH power PECH, electron temperature Te, line
integrated density J nedl and radial displacement AR as a function of time of a typical
discharge.
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10
Figure 8.2: Evolution of the Te, ne and pe profiles in the transient phase after ECH switch
on at At < 0 (closed circles), 0.25 ms (open circles), 1.33 ms (closed squares) and 9.83
ms (open squares). Te and pe increase as a result of ECH, within r = 5 cm ne drops
significantly.
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Figure 8.3: Stored electron kinetic energy (We) within plasma minor radius (r) of 5 and
11 cm as a function of time after ECH switch-on (At). The points denote the measured
data. The slope of the dotted lines equals the applied ECH power (330 kW).

8.4.2

Comparison to local transport simulations

Secondly, local transport simulations have been done to test the models for qc given
in Eqs 8.4, 8.5 and 8.6. The strengths of the dependencies of Xe on Te and VTe, on
(/or Se(r')r'dr') and P(r = a), and on a and /?, have been varied. Also the dependency
of qe,0/j>et on heating power is varied together with the characteristic time with which
qe,offset changes from an old to a new value of the heating power. Finally, the width w of
the ECH power deposition profile is varied. In the simulation code Se(r) is modeled as a
Gaussian:
Se(r) oc e-f'M',
(8.8)
where w is the 1/e decay length of Se(r). As explained in section 8.2, ray tracing predicts
that with the resonance on the magnetic axis 85% of the ECH power is deposited within
r = 3 cm. This implies that w must be equal to 2.2 cm.
In Table 8.1 an overview is given of the simulation results presented in this paper.
The width of deposition w is varied. Under the condition that the simulation results for
We(v = 5 cm), We(r = 11 cm) and Te(r) fit the data in the stationary phases before and
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after ECH switch-on, it is studied how well these parameters can be reproduced during
the transient phase in between.
Table 8.1: Overview of all local transport simulations presented in this paper. Given are
w, the used transport model and a qualitative description of the result.
run

model
w
(cm)

description of result

1

2.2

all models tried

too peaked Te-profiles

2

3.5

Xe(r) oc (Te(r))15/ne(r)

Te rises too fast in first few ms

9e,o//«et = 0

3

3.5

4

3.5

Xe(r) = constant (2 times Eq. 6.2)
9e,o//»et changes with T = 5 ms

good fit

Xe(r)oc(/;Se(r')r'dr')°-5/«e(r)

reasonable fit

<7e,o//«t = 0

5

5.0

X.(r) oc (P.(r = a))°-55/ne(r)

good fit

9e,o//»e« = 0

Testing local models for qe
First it is tried to reproduce the data using qe models given by Eq 8.4. Note that the
two models of Eq 8.4 yield essentially equal simulation results. Therefore only results are
given for the case that \e depends on Te. Moreover, from Fig. 8.4 it can be seen that an
offset-linear model with a fixed ge,o//»et as given by Eq. 8.5 virtually coincides with the
models given by Eq. 8.4. Therefore, no separate simulations are carried out for this type
of model.
Using w = 2.2 cm in the local transport simulations results in too peaked !Te-profiles
for all transport models given in Eqs 8.4, 8.5 and 8.6. In the case that w = 3.5 cm
Xe{r) oc (Te(r))15/ne(r) (run 2) both W as Te(r) show too fast an increase in the first few
ms (Figs 8.5 and 8.6).
In chapter 6 it is demonstrated that off-set linear models offer a good description of
qe in RTP. It is shown that \e only depends weakly on P or is constant. Moreover it is
shown that qe>offset tends to increase with heating power for n, > 3 x 1019m~3 while Xe
only weakly varies or stays constant. It is reasonable to assume that this is also the case
for the present data. Points A and C in Fig. 8.4 represent the steady state situations just
before ECH switch-on and after ECH switch-on. Points A and C lie on two parallel lines
reflecting the offset-linear relation between qe and VTe. The lines are parallel because
Xe is constant. The line crossing C has a larger inward heat pinch qe,offaet because P is
larger in this case. The starting point is A. After ECH is switched on the system evolves
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Figure 8.4: Schematic representation of the various models for qe. The thick solid line
represents the models given in Eq. 8.4- The thick dashed line represents the model given
in Eq. 8.5 in the case that qe,offset is constant. Points A and C denote the stationary
states before and after ECU switch-on. It can be seen that the local qe models given in
Eq. 8-4 and 8.5 virtually coincide between points A and C. Another possibility is that the
system evolves from A to B according to Eq. 8.5. In this case both the inward heat pinch
Qe.offtet and Xe are larger than for the thick dashed line. Due to the change in heating
power qe,Off3et starts to increase on a time scale of a few ms and the system finally ends
in point C. In the case that qe is described by Eq. 8.6 the system follows the arrows; a fast
jump to the line with P = Pn + PECH and a slower evolution along this line to point C.
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to point B. After a few milliseconds qe,off,et starts to increase gradually and the system
ends in point C.
In Figs 8.5 and 8.6 it can be seen that a good fit to the data can be obtained by a
Xe profile equal to 2 times the profile given in Eq. 6.2. The profile of qClOffaet is taken
such that it satisfies, in combination with the chosen Xe{r), the local power balance in
the steady states before and after the transient phase. In the transient phase ge,o//«ee is
assumed to adapt to the new heating power with a characteristic time of 5 ms.
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Figure 8.5: As in Fig. 8.3. The bend in the simulated curves at 1.5 ms is due to the
evolution of ne(r). The solid line is the result of simulation run 2 (qe = —ncxe^Te,
Xe(r) oc Te{r)lbIne{r), PECH = 330 kW, w = 3.5 cm), whereas the dashed line represents
(run 3) qe = —neXe^Tc-\-qeyOff,et with Xe(r) = constant and equals twice the profile given
in Eq. 6.2. The profile of qe,offict < 0 satisfies, in combination with the chosen Xe(r),
the local power balance in the steady states before and after the transient phase. In the
transient phase qe,o/f»et »* assumed to adapt to the new heating power with a characteristic
time of 5 ms. Furthermore, PECH = 330 kW and w = 3.5 cm.
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Figure 8.6: The measured Te-profiles for A< < 0 (closed circles), 0.25 ms (open circles),
1.33 ms (closed squares) and 9.83 ms (open squares) are given. The solid lines are the
result of simulation run 2 with qe = -n e XeVT e , Xc{r) oc Te(r)l-5/ne(r), PECH = 330
kW, w = 3.5 cm. For simulation run 3 qe = —nexe^Te + qe)Offset with Xe(r) = constant
and equal to twice the profile given in Eq. 6.2. The profile of qeiOffset < 0 satisfies, in
combination with the chosen Xe{r), the local power balance in the steady states before and
after the transient phase. In the transient phase qe,offaet is assumed to adapt to the new
heating power with a characteristic time of 5 ms. Furthermore, PECH = 330 kW and w
= 3.5 cm.
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Testing non-local models for qc
Using w = 2.2 cm in the local transport simulations results in too peaked Te-profiles for
all transport models given in Eqs 8.4, 8.5 and 8.6. For w = 3.5 cm a reasonable fit is
obtained for x e (r) <x (/orSe(r')r'dr')os/ne(r) (simulation run 4) (Figs 8.7 and 8.8). For w
= 5 cm a very good fit could be obtained for Xe(r) oc (Pe(»" = a ))°' 5S / n e( r )-
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Figure 8.7: As in Fig. 8.3. The bend in the simulated curves at 1.5 ms is due to the
evolution of ne(r). The solid line is the result of simulation run 4 (qc = —neXe^Te,
Xe(r) oc (/;S e (r')r'dr')°-7n e (r), PECH = 330 kW, w = 3.5 cm), whereas the dashed line
represents (run 5) qe = —nexe^Te with Xe(r) x {Pe(r = o.))05S/ne(r). Furthermore,
PECH = 330 kW and w = 5 cm.

Summary of findings
The first conclusion that can be drawn from the previous is that w should be taken at
least 3.5 cm to get a reasonable fit with any transport model, whereas 2.2 cm is predicted
from ray-tracing, taking into account refraction effects. This can be the result of a vertical
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Figure 8.8: The measured Te-profiles for At < 0 (closed circles), 0.25 ms (open circles),
1.33 ms (closed squares) and 9.83 ms (open squares) are given. The solid lines are the
result of simulation run 4 with qe = -nexe^Tt, Xe(r) oc (/or Se(r')r'dr')°-5/ne(r), PECH
= 330 kW, w = 3.5 cm. For simulation run 5 qc = —neXeVTe with Xe(r) oc {Pe(r =
a))°- 55 /n e (r), PECH = 330 kW and w = 5 cm.
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or horizontal misalignment of the order of 1 cm between the ECH beam and the magnetic
axis of the plasma, w = 5 cm seems less probable.
It is demonstrated that the models given by Eq. 8.4 and by Eq. 8.5 in the case that
Qe,o/fset is a constant do not give satisfactory fits to the data. However, in the case that
9e,o//»«t increases with heating power on a time scale of a few milliseconds a much better fit
is obtained. The models for qe with explicit dependencies on heating power also reproduce
the data well. Therefore, no final conclusion can be drawn on the validity of models for
qe. Both models with global and models with local dependencies reproduce the data.

8.5

Discussion of experimental uncertainties and
physics assumptions

In this section the effect of the experimental uncertainties on the data analysis and the
validity of the physics assumptions are discussed.

8.5.1

Errors related to Thomson scattering measurements

The ne-calibration of the Thomson scattering system is done against the 2 mm interferometer yielding an uncertainty of ~ 5%. The effects of shot-to-shot variations in the laser
energy and alignment which is as small as 3% are corrected for in the measurements.
These uncertainties have little impact on the data analysis.
More important is the following effect. The vertical laser beam crosses the geometrical
axis of the machine with a major radius of 0.72 m. Due to the Shafranov shift and the
variation of the radial plasma position (AiZ) the magnetic axis of the plasma is located 1 to
1.5 cm to the low field side of the geometrical axis. Furthermore, given the ECH frequency
and the magnetic field strength the ECH resonance is expected to take place at the same
location. These effects are neglected in the determination of We(r) by Eq. 8.2 resulting
in an underestimation of We(r) because a small part of the plasma with the highest Te
and ne is missed in the integration. When assuming that this part of the plasma is 100
eV hotter and 1 x 1019 m~3 denser than its surroundings the underestimation of We(r)
amounts to approximately 10 J. This is too small an amount of energy to affect the result
of the previous section.

8.5.2

Does all ECH energy go to thermal bulk electrons ?

From the data analysis it was concluded that the amount of electron input power used in
the simulations seriously influences the conclusions about the validity of transport models.
Two important questions that need to be solved are addressed here. (1) How well is the
ECH power launched into the plasma known ? (2) Is this power transferred to the thermal
bulk electrons ?
The uncertainty in the calibration of the launched ECH power is estimated to be 10%.
This answers the first question.
The second question is more complicated. From the theoretical point of view the
following can be said: Linear theory yields that a single pass absorption larger than 95%
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is to be expected for the absorption of 110 GHz X-mode waves on the 2 n " harmonic
electron cyclotron resonance. However, the application of linear theory to describe the
interaction between the plasma and waves is to be done with some caution. For 110 GHz
2nd harmonic perpendicular X-mode ECH in combination with the used beam geometry,
power and plasma parameters, quasi-linear and non-linear corrections are not expected
to have a significant impact on the absorption [18].
Previously, an energy reservoir formed by supra-thermal electrons that only slowly
transfer their heat to the diagnosed thermal bulk electrons has been posed as an explanation for the discrepancy between the expected and the measured plasma heating [12]. To
experimentally investigate this possibility the increase offipoioi&oXestimated from Mirnov
coil signals is used to study the rate of increase of the energy in the thermal bulk and
the supra-thermal particles. The internal inductance of the plasma also contributes to
the Mirnov coil signals. This contribution is subtracted. It is assumed that in the first
milliseconds the width of the current channel and consequently the internal inductance
remains unchanged. This is justified since current diffusion takes place on a time scale
larger than 10 ms. In the first millisecond after ECH switch-onfipoimdaiincreases by 20
%. Taking into account that initially the ions contribute 30 % to the total PpoiMdai it
is found that the energy stored in the electrons increases approximately 30%. This is
consistent with the increase of We(r = a) in the first millisecond. Therefore, no large
reservoir consisting of a population of supra-thermal electrons is present.

8.5.3

Do changes of the plasma magnetic energy play a role ?

The plasma magnetic energy plays a role in the energy balance of the plasma. The
magnetic energy (Wmag) can be written as
Wmo, = \LPV,

(8.9)

where the magnetic self-inductance of the plasma (L) is given by
L = /ifl(ln* +

l

j).

(8.10)

Here fj. is the magnetic permeability, R and a the plasma minor and major radius respectively, and li the internal inductance per unit length of the torus. In the experiment
Wmag changes due to changes in R, Ip and Z<. The part of Wmo9 related to li depends
on the width of the current channel and is therefore called the internal magnetic energy.
Due to the ECH switch-on the Te profile peaks up followed by a peaking of the current
profile which is limited by the current diffusion time. Since the current diffusion time
is of the order of a few tens of ms no important changes are expected to occur in the
internal magnetic energy over the first few ms after ECH switch-on. The increase of R
(10 mm after 2 ms and a decrease thereafter) and Ip (0.2 kA/ms throughout the ECH
phase) however, cause significant increases in magnetic energy of the plasma in the first
ms after ECH switch-on. The increase of Wmag due to the variation in R dominates and
amounts to almost 100 J after 2 ms.
There is no obvious mechanism which converts ECH energy directly into magnetic
energy or other coherent forms of energy. It is, however, possible that coherent structures
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containing a relevant amount of energy are created as a result of the pressure increase
caused by ECH. Examples of coherent structures are current filaments and plasma rotation. In the case that the changes of magnetic energy are fed by the transformer action of
the tokamak they play no role in the electron heat balance equation, as in the simulations
that have been carried out. In the case that the increase of magnetic energy takes place
at the expense of the electron heat, the simulations are not realistic. This issue remains
unresolved and deserves further attention.

8.5.4

Effect of plasma rotation

Finally, a phenomenon is discussed which is not diagnosed in the present experiment:
plasma rotation. Plasma rotation plays a role in the plasma energy balance. RTP plasmas
rotate in toroidal direction with typically 105 m/s which implies that a significant amount
of energy is contained in the collective motion of the ions. For this experiment the
important question is how much the rotation velocity changes upon the switching of ECH.
Since this is not diagnosed in the present experiment this question remains unanswered.

8.6

Conclusions of ECH switch-on experiment

It is demonstrated that both models describing qe as a function of local parameters only
and models with explicit dependencies on heating power can reproduce the measured
data.
No indications have been found for the presence of an energy reservoir formed by
supra-thermal electrons large enough to affect the electron heat balance.
Due to a variation of the radial plasma position the magnetic energy increases ~ 100
J in the first 2 ms after ECH switch-on and decreases again thereafter. In the simulations
it is assumed that this variation of the magnetic energy has no impact on the electron
heat balance. It is unknown whether this assumption is justified.
Since both the poloidal and the toroidal plasma rotation have not been diagnosed in
the discharges under consideration, the importance of the kinetic energy of the plasma
rotation cannot be estimated.

8.7

Implications for transport measurements with
modulated ECH

The validity of a transport model in which \e depends explicitly on heating power is
the subject of the previous part of this paper. In this section it will be discussed what
the implications of such a transport model would be for the estimation of \e from ECHmodulation heat pulse propagation experiments.
The starting point is the local electron energy balance equation for the plasma electrons
(the subscript 'e' is omitted in the following):
dt(lnT) = - V • q - V • (§7T) - nT • V ( - ) + 5.
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(8.11)

The equilibrium energy balance reads:
O = - V - 9 o + 5o,

(8.12)

where the subscript 0 denotes the equilibrium value. The validity of this equation is
limited to the region where no particle sources are present and consequently To = 0.
Subtraction of Eqs 8.11 and 8.12 yields:
\ndt{T - To) = - V • {q - q0) + (S - 5 0 ),

(8.13)

where it is assumed that F remains unaffected upon a change of the applied heating power:
F = F o = 0. Also n is assumed to be constant. These assumptions are not justified for the
ECH switch-on experiment which was the subject of the first part of this paper. At the
end of this section it will be discussed whether these assumptions are justified for ECH
modulation experiments. We now assume a purely diffusive model for the electron heat
conduction: q = —n\VT and substitute this in Eq. 8.13:
\ndt{T - To) = V • [n(X(VT - VT0) + ( X - Xo)VTo)] + (5 - 5 0 ).

(8.14)

or, denoting the deviation of a quantity from its equilibrium value with a tilde (e.g.
f = T- To),

\ndtf = V • [n(xoVf + xVT + xVT0)] + S.

(8.15)

Note that still no linearization is made and that the validity of Eq. 8.15 is not limited to
the cases where perturbed quantities are small compared to their equilibrium values. In
the case that x/Xo is comparable to (or much larger than) 1, Eq. 8.15 cannot be simplified
further to a linear equation and needs therefore to be solved in the time-domain [19].

8.7.1

The case of small x perturbations

For x/xo < 1 Eq. 8.15 can be linearized and efficiently solved in the frequency domain:
\ndtf

= V • KxoVT + xVT0)] + S.

(8.16)

Apart from being dependent on heating power x could in principle also be a function of
local variables like T and VT. Therefore x ls split in contributions due to T, VT and S:

For Xf vf *^e u s u a l expansion:

can be used. Eq. 8.16 can now be rewritten as:
\ndtf

= V • H x o V f + x f V?VTO)] - V • (^-q0) + S.
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(8.19)

The second RHS term —V • (xf/xo)^ is in antiphase with S and therefore partly cancels
the applied perturbation power.
If one of the 2 models of Eq. 8.6 holds and that S(r) and 5o(r) have the same profile
shape (this is not always the case, the more general case is discussed at the end of this
section) Eq. 8.19 becomes:
\ndtf

= V • KxoVT + x f>v? VT 0 )] + Svirtual + S

(8.20)

with
Svirtual = -l&So.
(8.21)
Xo
In other words, a source-like term of negative sign appears (Stnrtuai) which varies exactly
in phase with S. This is an important consequence of the dependence of x on 5. Under
the assumptions made the impact of SUjr(uoj on the experiment can be easily derived to
be:

% ^ = ((l + | r - l ) t

(8-22)

S
JO
S
which equals /? in the limiting case that S/So <S 1 and decreases with S/So- Since it
is expected that /3 ~ 0.5, 5,,jrtuo( could compensate a substantial part of the applied
5. This would then appear in experiments as 'missing power', which is indeed what
is observed in ECH modulation experiments in W7-AS [7]. Nevertheless, perturbative
transport experiments carried out under the usual assumption that x depends on local
plasma parameters only (T, VT1, ...) still yield the usual estimates for x> provided that
the sum of 5 and St,irtuO< are used as an input.
Since the exact shape and magnitude of the latter is transport model dependent and
therefore unknown, it is better to estimate both x a n d the total S self-consistently from
the data. This will result in the same estimate for x as in the absence of an explicit
dependence of x o n heating power, and an estimate for 5 + SViTfuai- As a conclusion for
the case that x/Xo < 1 it can be stated that although the direct dependence of x on S
does have significant bearing on the estimate of S, it does not affect the estimation of
X(r).

8.7.2

ECH modulation experiments in RTP

For the case of ECH modulation experiments in RTP the assumptions made in this section
are discussed. First of all it is assumed that both F and n remain unchanged during an
ECH modulation experiment. It is clear from the data presented in this paper that F and
n do change considerably upon ECH switch-on. For the ECH modulation experiments
in RTP published up to know [8,20] it was found that n/n < 5%. This is smaller than
in the present experiment which is probably due to the fact that the applied ECH (60
GHz) heating power was less than 50% of the present value and had a broader deposition
profile. In the case of purely local transport models it is argued in [21] that neglecting n
in the transport analysis only slightly affects the estimation of xThe other assumptions made are that the profile of So and S have the same width, and
that x/xo < 1- This first assumption is not true for MECH experiments in RTP since
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5 from ECH modulation is more peaked than the Ohmic heating profile, which plays
the role of 5 0 . Combined with the fact that for ECH experiments at RTP the amount
of modulated power is of the same magnitude as the time averaged power (Pn = 150
kW, PECH = 100 kW) this leads to the situation that x/Xo can easily exceed 1 in the
plasma centre in case x«( r )x (Jo Se(r')r'dr'y/ne(r).
This means that Eq. 8.15 cannot
be linearized. How strongly this affects the estimation of Xe remains an open question.

8.8

General conclusions

The motivation of the presented experiment was to resolve whether Xe depends on global
heating power or on local plasma parameters. This is done by varying the heating power
and local plasma parameters on different time scales. It has been shown that an offsetlinear relation between qe and VTe with an inward heat pinch qe,offtet that gradually
increases with heating power on a time scale of a few milliseconds, is a good candidate
to describe the data. A precise testing of this model is possible when Xe is derived
independently from heat pulse propagation experiments just before ECH switch-on and
in the steady state after ECH switch-on. Models for qe with explicit dependencies on
heating power also reproduce the data well. In conclusion, it turned out that both local
and global dependencies of Xe reproduce the data.
An analytic treatment of the linearized electron heat balance equation demonstrated
that even in the case that Xe explicitly depends on heating power ECH modulation experiments are a reliable way to measure the dependencies of Xe on other plasma parameters,
provided that x/Xo < 1In the case that x/Xo > 1. due to a dependence of x on the global heating power, ECH
modulation experiments will probably yield a non-diffusive behaviour of the measured Te
perturbations. Therefore, it might be that ECH modulation experiments offer a better
way to discriminate between local and global dependencies of x than ECH switching
experiments.
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Chapter 9
Conclusions and recommendations
9.1

Summary of experimental findings

This dissertation presents experimental studies aiming at a better description and understanding of the conductive radial electron heat flux density (qe) in tokamak and stellarator
plasmas.
Use has been made of heat pulse propagation analysis. In this method the plasma
steady state Te profile is only mildly perturbed. The induced heat pulses bear information
on the VTe driven component of qe. Also the total heat flux was measured, so that the
component not driven by VTe (i.e. driven by another thermodynamic force) could be
assessed. The experiments did not allow a specification of which force is driving this flux,
but some scaling properties could be determined. The heat pulses were generated by
modulated ECH (MECH) and the sawtooth instability. Furthermore, an ECH switch-on
(SECH) experiment is presented in which the plasma evolution in between two largely
different steady states is measured and analysed. Below a summary of experimental
findings is given
• In a first series of MECH experiments in the RTP tokamak, a scan of the edge
safety factor qa from 3.2 to 5 has been carried out. The analysis of MECH-induced
heat pulses yielded x?er'i an experimental estimator of the incremental electron heat
diffusion coefficient xT° = ~dqe/nedCVTe). y*,eTt is found to increase approximately
parabolically between the sawtooth inversion radius (r,-nt)) and the edge. Outside
rinv no dependence of the x^rt profile on qa is observed. In this region x^rt ls ^so
found to exceed the power balance diffusivity (x£* = —ge/(neVTe)) by a factor 2-3.
Detailed analysis of the data provides evidence for a transport barrier near the
sawtooth inversion radius rinv. A single Xe"0 profile incorporating such a barrier at
rinv is able to reproduce the experimental data at all qa values. Between 80 and
100% of the MECH power is found back in the measurements.
• In a second series of MECH experiments on RTP, Te and VTe have been varied
independently. MECH was deposited on-axis, while CW off-axis ECH was applied
to prevent the plasma from sawtoothing. An on-axis power scan was made by
varying the duty cycle (dc) of the MECH between 0.2 and 0.8. Both x f r< and xf
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were measured between r/a = 0 and 0.4 . It turned out that the discharge with
the higher on-axis time-averaged power (due to a higher dc) resulted in lower x£*,
while x?*r* was essentially constant and higher than x?6 in both cases. A similar
improvement of confinement with ECH power has previously been observed in RTP.
The obtained additional information on x?"rt confirms that only an offset-linear
relation between qe and its conjugate driving force VTe describes the data. Models
with a non-linear dependence of qe on VTe are in conflict with the data.
• Sawtooth induced heat pulses yielded x? ert between r/a = 0.45 and 0.75 in the
RTP tokamak. The analysed data covers a variation of Tc, VTe and ne over a
range of 2.0, 1.8 and 2.5 respectively. x? er( is found to be essentially constant over
the entire database (within the experimental error xf""* x (Te)a(VTc)/3(ne)'r with
\a\, \0\, \y\ > 0.5 are excluded), whereas xS* varies with Tc, VTe, PECH and ne. An
offset-linear relation between qt and its conjugate driving force VTe is supported by
the data. Non-linear models do not reproduce the data.
• MECH experiments at the Wendelstein 7 advanced stellarator (W7-AS) yielded good
data for Te profile shapes between flat (VTe = 0) and strongly peaked (VTe = 20
keV/m) and for ne = 2 - 4 x 1019 m~3. The variation of the Te-profile shape resulted
in a decoupling of Te and VTe. It turned out that xTrt at r = 7 cm (r/a ~ 0.4) has
a unambiguous relation with either VTe or the enclosed heating power PENC which,
in this experiment, scales with the local heat flux qe. Te and the total heating power
Ptot are no good indicators for x?er<The question whether x?c = X?6 offers the best description of MECH data in the
W7-AS stellarator remains unanswered because of an uncertainty in the interpretation
• SECH experiments at RTP demonstrated that an offset-linear model for qe is a
serious candidate to describe the evolution of the Tt and n e profiles in the transient
phase after ECH switch-on. Also models with explicit dependencies of transport on
heating power reproduce the data well.

9.2

Discussion of physics results

Three hypotheses on the nature of the generic model describing qe:
Qe = -n e XeVr e + ge,0//«t

(9-1)

were formulated in section 1.5. These hypotheses will be discussed here in the light of the
obtained experimental results.
• The first hypothesis addressed here is that \e increases with either Te or VT e .
It turned out that in the RTP tokamak x?er< is invariant under all applied variations
of Te, VTe, ne, Ip (or qa) and heating power. Xe is, however, a strong function of
plasma radius. In these experiments the magnetic shear is coupled to VTe. The
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lower VTe, the lower the gradient of the current density and the lower the shear.
Therefore the result that x ^ * is independent of VTe implies that the magnetic shear
has only a weak impact on XeIn the W7-AS stellarator, on the other hand, xfr< varies proportional to VT e . It is
unresolved whether this is due to an explicit dependence of Xe on VTe or due to an
explicit dependence of x« on the enclosed heating power PENC• The second hypothesis is that \^Tt = ( a — b)X^ in tokamaks is due to a heat
pinch 9e,o//5e( < o. Furthermore, is the question whether such a heat pinch
would be driven by the plasma current. If this were the case, qetO/faet would
be absent in the W7-AS stellarator which is essentially currentless. This would yield
x£ert — xf*i which is in accordance with previous observations.
The evidence presented from the RTP tokamak implies that qt has an offset-linear
relation with VTe. The slope x« is only weakly dependent on plasma parameters
(ne, Te and VTe) or constant. The offset qe,o}fiiet is negative. Its magnitude increases
with n e , and for the higher densities (n t > 3 x 1019m~3) also with heating power
P. For the lowest densities in the experiment (nc ~ 2.0 x 1019m~3) ge,o//«t is
independent of P. It is presently unknown which force drives qe<off,et and how the
transport coefficient that links the force to qc,ofjset depends on plasma parameters.
No indication for qe,of/iet is given by results from the W7-AS stellarator.
In conclusion, the second hypothesis seems justified. There is a heat pinch in tokamaks but in the stellarator, where the plasma current is absent, the heat pinch is
absent.
• The third hypothesis is that x« explicitly depends on the applied heating
power.
The ECH switch-on experiment on RTP showed that an explicit dependence of x«
on heating power gives a good reproduction of the data. However, also a model with
only local dependencies allows a good description of the data. Therefore, for the
tokamak there is no need to invoke an explicit dependence if x e on heating power.

From the evidence of the RTP tokamak, namely that the estimates of Xe are found
to be essentially constant, it can be concluded that the transport equation presented in
Eq. 3.2 with the matrix with constant coefficients is a workable transport model. In the
W7-AS stellarator Xe is either proportional to VTe or depends on PENCThe part of qe driven by other forces (qe,offset) is present in the RTP tokamak but
absent in the W7-AS stellarator. Therefore, it seems logical to conclude that qe,offtet is
driven by Ip. However, it is hard to understand why the magnitude of qe<off>et increases
with ne and PECH- Furthermore, it must still be resolved why the ratio of x? ert an< ^ Xe'
depends so weakly on Ip.
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9.3

Recommendations for future research

• The ECH modulation experiment is a way to decouple thermodynamic forces VT,.,
Vn e , E\\, ... and to study their effect on the electron heat flux separately. It
is therefore justified to recommend that serious effort be put into perfecting the
method of ECH modulation. In particular the spectral content of the perturbation
power signal must be optimized. The higher frequency components must be stronger
than the lower frequency components instead of weaker since the perturbations they
induce are subject to stronger damping. The next milestone would be to obtain an
experiment in which perturbations with a frequency difference of a factor 10 are
measured over 50% of the minor plasma radius with a good signal to noise ratio.
• For MECH experiments in the W7-AS stellarator it is recommended to test whether
ypert _ ^,p* gj v e s better fits to the data than any other model, making use of the
reduced x 2 probability distribution to quantitatively compare the quality of the fits.
• In the future it must be systematically studied in tokamaks which force(s) drive
<le,offtet and how the related transport coefficient(s) depend(s) on plasma parameters. More specifically, it is recommended to study the dependence of ge,o//«et ° n
plasma current for plasmas that are clearly in L-mode to see whether the improvement of confinement with Ip comes from the increase of the heat pinch.
• Furthermore, it is a challenge to find a plasma parameter that clearly influences
Xj"1'* in tokamaks. The RTP tokamak offers the possibility to study the impact on
Xl"1 of hollow Te profiles and consequently reversed shear. This would be a very
severe test of the independence of Xe on shear. Doing MECH experiments at the
high densities at which hollow Te can be obtained requires that 110 GHz gyrotron
is modulated.
• Another opportunity offered by a modulating 110 GHz gyrotron in RTP is the study
of small radial structures in the x« profile. In chapter 5 it is demonstrated that
although the 60 GHz ECH system generally delivers a rather wide power deposition
profile it is possible to resolve small scale structures. This is done by heating off-axis
to the high magnetic field side. This way one can obtain a sharp edge in the power
deposition profile. With the 110 GHz ECH system the same type of experiment can
be done with much better resolution.
• The ECH switch-on experiment in RTP must be repeated with Modulated ECH applied in the steady states before and after the ECH switch. This way the (constant)
value of Xe can be measured and used as an input to the simulations of the transient
state in between. Then the time constant of the response of ge,o//je( on the change
in heating power can be used as a free fitting parameter and measured.
• The ECH switch-on experiment in RTP has shown that the central part of the ne
profile collapses in a few ms after ECH is applied. This phenomenon has simply
been used as an input to the presented analysis. It would be interesting to find a
model that describes this process. Moreover it must be sorted out whether there
148

is a significant exchange between magnetic, rotational and internal energy in this
experiment.
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Summary
The fusion of light nuclei is the energy source of the stars and is considered to be an
attractive future energy source for mankind. A condition for the fusion of nuclei is that
the repulsive electrostatic force between the charged nuclei must be overcome. One way
to meet this condition is to heat the fusion fuel (hydrogen isotopes) to a temperature
exceeding 100 million degrees centigrade, at which the fuel consists of free nuclei and
electrons. This completely ionized state of matter is called the plasma state. The sun
itself consists of matter that is entirely in the plasma state.
In a laboratory one can imitate the conditions of the sun by confining a hydrogen
plasma and by heating it until fusion reactions occur at a sufficient rate. The high
temperature (100 million degrees centigrade) needed precludes confinement of the plasma
by material walls. Instead, the plasma can be confined by means of magnetic fields. The
charged plasma particles are tied to the magnetic field lines by the Lorentz force but move
freely along them. To prevent end losses, the field lines themselves should be confined
to a limited space. Therefore, most fusion machines have a toroidal magnetic structure.
The work presented in this dissertation is done on two different types of toroidal fusion
devices, the Wendelstein 7 Advanced Stellarator W7-AS (at the Max-Planck-Institut fur
Plasmaphysik, Garching bei Miinchen) and the RTP tokamak (at the FOM-Instituut voor
Plasmafysica, Nieuwegein). Whereas the tokamak and the stellarator are very similar in
many respects, there is one essential difference. This is the fact that in the tokamak a
large toroidal electric current is used to generate part of the confining magnetic field, while
the stellarator is essentially currentless. The toroidal current in the tokamak constitutes
a huge reservoir of free energy, which is absent in the stellarator. Apart from this, the
plasmas in W7-AS and RTP are comparable with respect to size, density and temperature.
The work in this dissertation capitalizes on the specific similarities and differences of the
W7-AS and the RTP plasmas.
The thermal insulation of the plasma, achieved by the confining magnetic fields, is one
essential 'figure of merit' of a fusion experiment. The lowest level of thermal conduction
achievable is described by 'neo-classical' theory, which includes collisions of particles but
no turbulent transport mechanisms. If the confinement predicted by that theory were
achieved, a viable fusion reactor would be within easy grasp. However, measurements
have shown that, both in tokamaks and stellarators, the quality of the confinement is
significantly worse than neoclassical theory predicts. Especially the energy loss via the
plasma electrons exceeds theoretical expectations by one to two orders of magnitude.
Therefore the work in this dissertation focuses on the transport of heat via the electrons.
Various classes of models are tested in a series of specially designed experiments.
In principle electron heat transport (q) can be driven by several thermodynamic forces
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such as the gradient of the temperature (VT), the gradient of the density (Vn) and the
electric field (E) that drives the plasma current in tokamaks. A generic model for q is
therefore: q = -nx^T+qoff,et(Vn,
E,...), where the first right hand side term represents
the component of q driven by VT. qoffset is the part of q that is driven by the remaining
forces. In the experiments use has been made of 'heat pulse propagation' analysis. In this
method the plasma steady state is mildly perturbed by small heat pulses, the velocity
and decay of which bear information on the component of the heat flux driven by the
temperature gradient. In other words, the diffusivity x is measured. The total heat flux
was measured too, so that also qOffaet could be assessed. The goal was to uncover the
dependences of the diffusivity x on plasma parameters and the dependences of qoffset on
forces other than the temperature gradient in both the W7-AS stellarator and the RTP
tokamak. Previous experiments in RTP and W7-AS led to the suspicion that go//»et is
significant in RTP and does not occur in W7-AS. To verify and detail this picture, the
following experiment have been carried out.
f
In the first experiment the plasma current in the RTP tokamak is varied. Here the
* underlying idea was to check whether at a low plasma current, transport in the tokamak
resembles transport in stellarators more than at higher currents.
Secondly, experiments have been done to study the relation of the diffusivity x to the
temperature and its gradient in both W7-AS and RTP. In this case the underlying idea was
to find the explanation for the phenomenon observed in both tokamaks and stellarators
that the quality of the confinement degrades when more heating is applied. A possible
explanation is that the diffusivity increases with the temperature or its gradient. Whereas
in standard tokamak and stellarator experiments the temperature and its gradient are
{ strongly correlated, a special capability of the plasma heating system of W7-AS and RTP
can force them to decouple. I
~"" ~It turned out that the heat flux in the W7-AS stellarator is only driven by VT:
q = —nxVT. No indications have been found that other forces drive the heat flux.
Moreover it is found that the diffusivity is well described by the temperature gradient (note
that the relation between the diffusivity and the temperature turns out to be ambiguous).
This implies that the heat flux increases more than proportional to the temperature
gradient, which explains the fact that the quality of the confinement degrades when more
heating is applied.
In the RTP tokamak it has been found that the diffusivity is essentially invariant
under variations of the temperature, its gradient, the density and the heating power.
Furthermore, it is found that a significant go//,et is present which is directed to the plasma
centre, i.e. up the temperature gradient. This seems unphysical at first sight but does
not lead to conflicts with the laws of thermodynamics. qoff,ct turns out to increase with
the density and with heating power. The relation between qo/f,et and the plasma current
remained unresolved and should be studied in future experiments.
A third experiment was dedicated to the question whether the local value of the
diffusivity has an explicit dependence on the heating power (which is not a local plasma
parameter) in the RTP tokamak. Previous observations in the W7-AS stellarator have
led to the conclusion that throughout the entire plasma the diffusivity changes directly
after the heating power is changed while the local plasma parameters are still unaffected.
In other words, the diffusivity must be described by a non-local model. It turns out that
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such non-local models allow a good reproduction of the data in RTP. However, it is found
that also a model with only local dependences can describe the data. In this model Qo/fset,
which increases with heating power, plays an important role.
Finally, a transport barrier, i.e. a very low value of \ over a small fraction of the
plasma radius, is found in the radial profile of x in the RTP tokamak.
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Samenvatting
Fusie van lichte atoomkernen (kernfusie), de energiebron van de sterren, is mogelijk een
belangrijke energiebron voor de toekomst. Om kernfusie mogelijk te maken moet de afstotende kracht tussen de positief geladen kernen worden overwonnen. Door de fusiebrandstof
(waterstofkernen) op te warmen tot meer dan 100 miljoen graden Celcius kan dit worden
bereikt. Bij deze temperaturen is de brandstof in de plasma toestand. De materie bestaat
dan uit vrije elektronen en kernen. Onze zon bestaat uit materie die volledig in de plasma
toestand is.
In een laboratorium kunnen de omstandigheden van de zon worden nagebootst door
een waterstofplasma op te sluiten en te verhitten totdat er voldoende fusiereacties optreden. Door de hoge temperaturen is het onmogelijk het plasma op te sluiten met
materiele wanden. In plaats daarvan kan opsluiting worden bereikt met magneetvelden.
De geladen plasmadeeltjes zijn aan de magneetveldlijnen gebonden maar kunnen vrijelijk
bewegen langs deze lijnen. Om eindverliezen te voorkomen moeten de veldlijnen zelf
opgesloten zijn in een beperkte ruimte. Daarom hebben de meeste fusiemachines de vorm
van een torus. Het in dit proefschrift gepresenteerde werk is uitgevoerd aan twee verschillende typen van torusvormige fusiemachines, de Wendelstein 7 Advanced Stellarator
W7-AS (van het Max-Planck-Institut für Plasmaphysik te Garching bei München) en de
RTP tokamak (van het FOM Instituut voor Plasmafysica te Nieuwegein). Ofschoon de
tokamak en de stellarator veel gelijkenis vertonen is er ook een essentieel verschil. Dit is
het feit dat er in een tokamak een grote elektrische stroom wordt opgewekt in toroidale
richting om het systeem van opsluitende magneetvelden te completeren, terwijl de stellarator stroomloos is. De toroidale stroom in tokamaks vormt een groot reservoir van vrije
energie welke afwezig is in de stellarator. Verder zijn de plasma's van RTP en W7-AS
vergelijkbaar qua afmetingen, plasmadichtheid en -temperatuur. Het in dit proefschrift
gepresenteerde werk maakt gebruik van de specifieke overeenkomsten en verschillen van
de W7-AS en de RTP plasma's.
De warmte-isolatie die wordt bereikt met de magneetvelden is bepalend voor de
prestatie van een fusie-experiment. Een ondergrens voor de warmtelekken is beschreven
door 'neo-klassieke' theorie waarin botsingen tussen deeltjes zijn betrokken. Turbulente
transport processen worden genegeerd in deze theorie. Als de warmte-isolatie in de praktijk zou overeenstemmen met de theoretische voorspelling zou rendabele energieopwekking
met gecontroleerde kernfusie ruimschoots binnen bereik zijn. Echter, in de praktijk is de
warmte-isolatie veel slechter dan de neo-klassieke theorie voorspelt. Het warmtelek via
de plasmaelektronen in het bijzonder is een tot twee ordes groter dan deze theorie voorpelt. Het in dit proefschrift beschreven werk is daarom gericht op warmtetransport via de
elektronen. Verschillende typen van modellen zijn getest in een reeks van experimenten.
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Het warmtetransport via de elektronen (q) wordt in principe gedreven door verschillende thermodynamische krachten zoals de gradiënt van de temperatuur (VT), de
gradiënt van de dichtheid (Vn) en het elektrische veld (E) dat de plasmastroom aandrijft in tokamaks. In het algemeen kan q dus worden beschreven met het volgende
model: q = —n\VT + qoffaet(Vn,E,...).
De eerste term aan de rechterkant representeert het gedeelte van q dat gedreven wordt door VT. qoff,et is het gedeelte van q
dat wordt gedreven door de overige krachten. Teneinde dat deel van de warmteflux
dat wordt gedreven door de gradiënt van de temperatuur, te meten, is de voortplanting
van warmtepulsen door het plasma geanalyseerd. De warmtepulsen vormen een bescheiden verstoring rond de gemiddelde plasmatoestand. De snelheid en uitdemping van de
warmtepulsen geeft inzicht in de warmtediffusiviteit x- Ook de totale warmteflux is gemeten zodat ook qoj},et bepaald kon worden. Het doel van de experimenten is om, in zowel
RTP als W7-AS, te ontrafelen van welke plasmaparameters de diffusiviteit \ afhangt en
welke krachten een rol spelen in qoff,etVoorgaande experimenten hebben geleid tot de gedachte dat go//»et significant is in
RTP en geen rol speelt in W7-AS. Om dit beeld te verifiëren en te detailleren zijn de
volgende experimenten gedaan.
In het eerste experiment is de plasmastroom in de RTP tokamak gevarieerd. Het doel
van dit experiment is om na te gaan of bij een lagere plasmastroom het transport in
tokamaks op dat in stellarators gaat lijken.
Het tweede experiment was gericht op het meten van de relatie van de diffusiviteit x
met de temperatuur en zijn gradiënt in zowel W7-AS als RTP. Het onderliggende idee was
hier om een verklaring te vinden voor het fenomeen dat in zowel tokamaks als stellarators de warmte-isolatie slechter wordt naarmate meer plasmaverhitting wordt toegepast.
Een mogelijke verklaring is dat de diffusiviteit toeneemt met de temperatuur en/of zijn
gradiënt. In de meeste tokamaks en stellarators zijn de temperatuur en zijn gradiënt sterk
gecorreleerd. Het bijzondere van de in dit proefschrift beschreven experimenten is dat met
behulp van speciale plasmaverhittingstechnieken een ontkoppeling van de temperatuur en
zijn gradiënt is bewerkstelligd.
De experimenten wijzen uit dat de warmteflux in de W7-AS stellarator alleen wordt
gedreven door de gradiënt van de temperatuur: q = —n\^T. Er zijn geen indicaties
gevonden voor een significante warmteflux gedreven door andere krachten. Verder is
gebleken dat de diffusiviteit een heldere relatie heeft met de gradiënt van de temperatuur
(de relatie met de temperatuur, daarentegen, is niet eenduidig). Dit impliceert dat de
warmteflux meer dan proportioneel toeneemt met de gradiënt van de temperatuur, hetgeen
verklaart dat de warmte-isolatie slechter wordt naarmate meer plasmaverhitting wordt
toegepast.
De diffusiviteit in de RTP tokamak daarentegen blijkt invariant te zijn onder variaties van de temperatuur, zijn gradiënt, de dichtheid en de hoeveelheid plasmaverhitting.
Verder is aangetoond dat er een significante warmteflux gedreven door andere krachten
aanwezig is welke gericht naar het centrum van het plasma, d.w.z. tegen de temperatuurgradiënt op. Dit lijkt op het eerste gezicht onfysisch maar leidt niet tot strijdigheden
met de wetten van de thermodynamica. Deze qoffaet neemt toe met de dichtheid en de
hoeveelheid plasmaverhitting. De relatie met de plasmastroom blijft onduidelijk en moet
in toekomstige experimenten verder worden onderzocht.
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Een derde experiment was ingegeven door de vraag of de lokale waarde van de diffusiviteit expliciet afhangt van het verhittingsvermogen in de RTP tokamak. Eerdere
waarnemingen in de W7-AS stellarator hebben namelijk geleid tot de verdenking dat de
diffusiviteit door het hele plasma direct verandert nadat het verhittingsvermogen is gewijzigd, nog voor de lokale plasmagrootheden zich hebben aangepast. Met andere woorden,
de diffusiviteit moet met een niet-lokaal model beschreven worden. Het experiment in
RTP laat zien dat niet-lokale modellen de data goed kunnen beschrijven. Echter, er is
ook een lokaal model dat de data reproduceert. In dit model speelt qof/,et, welke toeneemt
met de hoeveelheid plasmaverhitting, een essentiële rol.
Tenslotte zijn er aanwijzingen gevonden voor een transportbarriëre, d.w.z. een klein
gebied met zeer goede warmte-isolatie, in het profiel van de diffusiviteit in de RTP tokamak.
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