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Chapter 1 

Nuclear Fusion as an Energy Souree 

1 . 1 A Physicist's Dream 

The exhaust of fossile fuels presses on research to supply a new souree for economie and clean 
energy production. There are several candidates like earth-heat, solar cells, windmills, and 
nuclear fission. However, if a physics scientist gives in to bis wildest imagination, then he 

probably comes up with his own sun scaled down to a manageable earthly size. A large scale 
energy plant that burns water, probably the most abundant molecule on this earth. Think of it. 
Y ou take a bottie of water, electrolyze it into hydrogen and oxygen. Take from the hydrogen its 

naturally abundant isotope deuterium, and fuse it. The reaction gives helium and a tremendous 
amount of energy. Catch the energy, transfer it to heat, and use a turbinetoturn this into the 

wanted electricity. One botûe of plain water releases as much energy as burning "" 350 1 of oil, 
or burning"" 500 kg of coal. Water is easily and nearly inexhaustible available cornpared to oil 

and coal. The ash produced by fusion is the harmless helium ( "" 100 mg in the example ), 
whereas a considerable amount ("" 1000 kg) of carbonoxides are produced by burning fossile 

fuels. This energy souree seems too good to be true. 
Fusion research started in the 1950's by exploring devices in which fusion could be 

achieved. Since the introduetion of a device called tokamak in 1963 [1], astrong effort was put 

in the demonstration of the fusion process in such a device. This research is coordinated by the 
International Atomie Energy Agency (IAEA), and for the European Community by Euratom. 

The fusion research in the Netherlands is funded by the "Stichting voor Fundamenteel 
Onderzoek der Materie", that supports the "FOM-Instituut voor Plasmafysica Rijnhuizen" in 
Nieuwegein. The main part of the present work has been carried out at the RTP tokamak in this 

institute. 
Recently the Joint European Torus (JET) in Culham [2-4] and the Tokamak Fusion Test 

Reactor (TITR) at Princeton [5-7] demonstraled that as much fusion power can be produced as 
is needed to sustain the fusion process. Currently a research plant [8,9], called the International 
Thermonuclear Experimental Reactor (ITER), is being developed to show the feasibility to 

release the fusion power that is necessary fora power plantand totest the required technology. 
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The step towards a commercial reactor is then technologically known from existing power 
plants. Therefore, ITER is seen as the last major research challenge before a real nuclear fusion 
power plant can be built. 

This thesis contains a description of research on the behaviour of fast electrons in a 
tokamak. Hence, particular aspects of energy and partiele confinement and the feasibilty to 
sustain a plasma discharge in a tokarnak can be studied. Hereby, this thesis aims at contributing 
perhaps a very small stone to the research pillars on which in the future a thermonuclear reactor 
will be founded. 

1.2 The Tokamak: an Englneer's Nlghtmare? 

The realization of the physicist's dream led to the development of highly complex experimental 
devices. This section addresses the basic principles of one of such machines, the so-called 
tokamak [8,10], in which most of the engineering problems were overcome in the course of 
time. In this device the fusion reaction must be achieved of two hydrogen isotopes, either 2 
deuterium nuclei or a deuterium (D) and a tritium (T). This fusion reaction happens if the nuclei 
are very close together. However, these two positively charged nuclei repel each other. A way 
to overcome this Coulomb force is by heating a mixture of deuterium and tritium gas. The 
requirement that more energy is released by fusion reactions than is needed to sustain the high 
temperature leads to the Lawson criterion. This criterion states that the density and the 
temperature must be high enough to produce fusion reactions, whereas the heat loss must be so 
small that the buming fuel can sustain its high temperature. The state of matter in which this 
criterion can be fulfilled most easily is the plasma state. 

A plasma is obtained by heating a gas until most of the honds between ions and electrous 
are broken. Thus a gas of freely moving ions and electrons is obtained. To give an idea of the 
numbers involved, the plasmas described in this thesis have a density of about 1019 particles per 
cubic meter (for comparison: atrnospheric air has about 2 1Q25 particles per cubic meter), and a 
temperature 10 million Kelvin. The low density requires a vacuum vessel as the basic 
component of the tokarnak. The high temperature places the first problem for an experimental 
set-up, the confinement of such a plasma. Contact with a material wallleads to a rapid cooling 
of the plasma. 

This problem can be solved by applying a magnetic field. A magnetic field has the property 
that charged particles gyrate around the field lines (see Fig 1.1). This circular motion, the 
cyclotron motion, reduces the transport of the charged ions and electrous perpendicular to the 
magnetic field, but the transport along field lines is not restrained.The magnetic field must 
therefore be configured such a way that it does not interseet the vacuum vessel. 

In 1963 the Russians Artsimovich et al. [ 1] carne up with the tokamak concept based on 
ideas of Sakharov [11]. In this device the vacuum vessel bas the shape of a torus (doughnut-
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V 

Fig 1.1 Charged particles circulate around a magnetic field, performing the 

cyclotron motion. 

like, see Fig 1.2). The largest component of the magnetic field, around the hole in the 
doughnut, is the toroidal field. An electric current heats the plasma. The current is induced by a 
transfonner, where the plasma serves as the secondary winding. This plasma current induces 
the so-called poloidal magnetic field, which encircles the center of the tube. The toroidal and 

poloidal field together constitute helical field, of which the field lines lie on nested tori, as 
shown in Fig 1.3. 

These magnetic fields are the principal components of the tokamak device. One element not 
yet mentioned is the vertical magnetic field. This field is needed to counteract the hoop force, 
that the plasma experiences because of its pressure and the plasma current. This outward force 
is balanced by the Lorentz force of the vertical magnetic field and the plasma current. 

Realistic operation of a tokamak device, involves a.o. the handling of powers well in the 
MW-range, a relatively fast and accurate timing of all circuitry, and a robust feedback system 
for the various plasma conditions existing in a tokamak. Especially in ITER, some other aspects 

MAGNETIC 
FIELD 

TOROIO L 
MAGNETIC 
FIELD 

TOROIDAL FIELD 
COILS 

HELICAL FIELD 
PLASMA 

Fig 1.2 Schematic of the tokamak set-up. 

PLASMA CURRENT 
(SECONDARY CIRCUIT) 

IRON TRANSFORMER CORE 
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Fig 1.3 M agnetic field lines form nested tori. 

will become important, such as full remote handling and maintenance of the tokamak in an 
activated environment, and power loads on the wall materials that exceed the specifications 
which are possible nowadays. These technologkal challenges reflect the engineer's nightmare. 

1 . 3 What is the Performance? 

The status of tokamak research in the perspective of the future power plant can be judged by the 
released fusion power. A realistic power plant provides about 1 GW of electtic power. The 
fusion process therefore should produce a few GW, allowing for conversion losses. Figure 1.4 
shows the progress of the fusion power released by tokamaks over the last 25 years. In this 
period the fusion power increased by 10 orders of magnitude. Achievement of the Lawson 
criterion (dotted line in Fig 1.4) is seen as the scientific breakeven. In this case the fusion power 
released equals the power that sustains the plasma. The more severe condition that the fusion 
power can replace the extemal heating of the plasma is called ignition. 

Lately, two experiments released amounts of fusion power by D-T reactions that approach 
breakeven: JET [2-4] and TFTR [5-7] (see Fig 1.4). Both experiments needed external heating 
systems to achieve the high temperatures leading to the fusion conditions. JET was the first to 
reach these conditions in November 1991. A small amount of tritium was injected in a 
deuterium plasma by neutral beams. For the production of these plasmas 15 MW of input power 
was used. This resulted in 1. 7 MW of fusion power during a bout 1 s. More D-T experiments 
are planned for 1996 and 1999 [ 4] with a set up enabling a longer period of power production. 
These experiments are expected to operate with a 50-50 % mix of D and T, giving 20 MW of 
fusion power. 

The experiments performed in TFTR produced 10.7 MW of fusion power compared to 
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Fig 1.4 Fusion power production in tokamaks including the expected points 

( diamonds) for JET and /TER. 

39.5 MWofinput power. The total time of the power production was "'500 ms, when the 
discharge reached the maximum pressure limit. The observed fusion power could be explained 
[7] by theory. Importantly, in these experiments with significant power generation no hitherto 
unknown instahilities or other unpleasant surprises showed up. On the contrary, the 
performance of these discharges with high fusion power was somewhat better than was 

expected. 
These experiments showed that the fusion reactions do occur at the expected rate in a hot 

tokamak plasma. TFfR will be decommissioned in 1996 or 1997. The experiments still planned 
for JET continue until 1999 and aim at establishing the sealing properties of the fusion power 
and at the development of diagnostics for the fusion products and process. The next large step 
in fusion research is the production of more fusion power than input power. This goal is set for 
the first phase of ITER, which is now under development [9] (see Fig 1.5). Later phases of 
ITER aim at the production of 1.5 OW of fusion power, enough for a power plant. 

1 . 4 Two of the Still Existing Problems 

In the sealing up of present-day tokamak experiments to a thermonuclear power plant several 
questions [8] still have to be resolved. From these questions two issues are addressed in this 
thesis. The first issue is that present day experiments abserve an energy and partiele transport 
which is more than an order of magnitude larger than expected by theory. This anomalous 
transport causes the tokamak plasmas to be Iess hot than predicted. Hence, tokamaks only reach 
the Lawson criterion if the devices are several times larger than rnight have been expected on the 
basis of 'simple' theory. The costs fortokamaks grow with their size. For this reason much 

5 
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Fig 1.5 Artist's impression of the /TER design in May 1995. Note the 
midgets near the base ofthe machine. 

research effort is directed towards understanding the anomalous transport. If this knowledge 
leads to plasma operation schemes that have an improved confinement ('curing' transport [12]) 
a smaller and cheaper fusion reactor may beoome viable. 

The second issue in this thesis involves the problem of pulsed operation of a tokamak. The 
plasma current is driven by the transformer action of the tokamak. The maximum time during 
which the plasma current can be sustained is determined by the saturation of the transformer 
yoke. For a power plant continuous operation is preferred, to minimize strains and stresses on 
the device caused by switching on and off the plasma current. Therefore much research is aimed 
at driving the plasma current non-inductively. 

Moreover, current profile control by current drive systems can lead to reduced transport. 
The most successful non-inductive current drive system implemented until now uses radio
frequency waves at the lower hybrid resonance. 

1 . 5 Placing thls Thesis 

The aim of this thesis is to study these two issues, i.e. electron thermal transport and 
noninductive current drive, concentrating on the role of fast electrons. A general introduetion of 
fast electrons is given in chapter 2. The way to diagnose these in the energy range we are 
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interested in, is using electron cyclotron emission (ECE). Hence, the basics of ECE are 
described in chapter 3. Some considerations on the calibration of ECE systems are given in 
chapter 4. 

Wbereas in some plasma parameter regimes the ECE intensity is simply proportional to the 
electron temperature of the thermal plasma, the ECE intensity of a suprathermal electron 
population cannot be related directly to quantities like density, pressure, or energy of that 
population. The ECE spectra of suprathermal electron populations with known parameterscan 
be simulated by a computer code [13]. A technique to invert this procedure is function 
parametrization [14]. Applying this to simulations of suprathermal ECE spectra, we can obtain 
the suprathermal electron population parameters. Chapter 5 describes how for a suprathermal 
electron population that can bedescribed by a relatively simple parametrization, the values of the 

parameters can be deduced from ECE spectra. 
During the preparation of this thesis the development of ITER reached the stage that the 

diagnostics had to be designed. The design of the ECE systems is dependent on the feasibility 

of ECE measurements for electron temperature measurements. Por this reason the European 
partners in ITER started a comparison of several ECE simulation codes to study the ECE 
properties of the ITER plasma. The results of a study based on the NOTEC [13] code are 
described in chapter 6. 

The most efficient non-inductive current drive system implemented until now is lower 
hybrid current drive (LHCD). The power deposition profile of the lower hybrid waves is, 
ho wever, not well known. The power of the LH waves couples to the fast electron population 
in the energy range between Te and moc2. Therefore a measurement of the radial profile of these 
electrons should yield information on the power deposition profile. The development of an 
analysis method, based on ECE measurements and the injection of a pellet (a small hydrogen ice 
bullet ), is described in Chapter 7. A proof of principle is given with the first measurements of 
the radial profile of fast electron populations in the French tokamak Tore Supra. 

The suprathermal electron populations dominate the behaviour of the plasma in a special 
low density regime called slide-away. This regime has been observed as long as tokamaks work 
[15]. The confinement in this regime is improved over Ohmic confinement, which could be a 
sign of suprathermal electrons influencing the thermal transport properties. Moreover, this 
regime is qualitatively well understood [16] and is a playground fora scientist whowishes to 
study the interaction of fast electron populations and waves. Chapter 8 first reviews the 
literature on experiments and theories conceming the slide-away regime. Then a numerical 
model is developed. Subsequently, results of a comprehensive set of measurements of the slide
away regime in RTP are presented.These are used totest the numerical model. We interpret the 
effects of electron cyclotron heating (ECH) on slide-away discharges and compare the 
confinement properties of ECH and slide-away discharges. 

Chapter 9 is devoted totransport of fast electrons. The suprathermal particles are effectively 
collisionless and therefore should only be sensitive to the anomalous transport, since 

7 
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neoclassical transport relles on collisions. The theories for the anomalous transport are based on 
microturbulence [17], of either electrostatic or magnetic origin [18,19]. The possibility to 
distinguish different models on the basis of suprathermal electron transport studies is discussed. 
Experiments to investigate the suprathermal electron transport in discharges in which ECH is 
applied are described. 

Chapter 10 contains the general conclusions of this thesis and presents a view on research 
using fast electron distributions in the future. 
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Chapter 2 

Suprathermal Electrans 

2. 1 Suprathermal Electrons: Definitions 

This chapter describes some of the general characteristics of suprathermal and runaway 

electrons or electron populations in a thermal background plasma at an electron temperature Te. 

The following defmitions are used: 

1 . Suprathermal electrons : Electrons for which the energy !mv2 > ~Te· 
2. Suprathermal electron populations : One or more electron populations descrihing the 

deviations from a Maxwellian distribution with temperature Te· 

3. Runaway electrons : Electrons for which the energy gain from the parallel electric field 

is larger than the energy loss by friction with the thermal background plasma. 

4. Runaway electron population : The ensemble of runaway electrons. 

Of course some of the definitions overlap. For example, a runaway electron is a suprathermal 

electron. On the other hand, suprathermal electrons exist in a thermal population. The term fast 

electrons is frequently used to indicate suprathermal electrons, mostly in conneetion with lower 

hybrid (LH) heating. 

In this thesis we use the terms thermal and nonthermal analysis for an analysis which 

considers only the thermal electron population or a combination of a thermal electron population 

and suprathermal electron populations, respectively. 

This chapter describes several features of suprathermal electrons as they can be found in the 

literature. The creation of suprathermal and runaway electrons, the trapping of electrons in local 

magnetic mirrors, the dynarnics and the transport properties of suprathermal electrons are briefly 

summarized. Finally, an anthology of recent experimental suprathermal electron research is 

presented. 

2. 2 Basic Processes : Friction and the Parallel Electric Field 

A thermal plasma is govemed by collisions between the plasma particles. In a steady state the 
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electron velocity distribution function is a Maxwellian, with an electron temperature Te and an 
electron density ne. In this thermal plasma we consicter a test electron with an energy 
W- ~mv2. This test electron experiences collisions with the background thermal plasma leading 
to a friction force (l] : 

~ *1:' Fp = kTe Fp ( <::e,Zeff) (2.1) 

where Ae- e41nN41t€()2, ~- v/vfu (vth ....j2kTefm) denotes the streaming parameter and lnA 
is the Coulomb logarithm. The normalized friction force Fp * (see Fig 2.1) is determined by the 
electron-ion and the electron-electron component. For suprathermal electrons (~ > 1) Fp *is 
approximated by Fp * ... (2 + Zeff}/~2. Note that the friction force consistsof an energy loss 
term due to the electron-electron collisions and a pitch angle scattering term due to the electron
ion collisions. 

The friction force decelerates the test electron with the slowing-down time [1] : 

(2.2) 

where the last expression is in the practical units keV, 1019 m-3, and s. Fig 2.2 shows the 
energy dependenee of 'tSD fora plasma with ne = 1Q19 m-3, Zeff = 1, and lnA = 17. The mean 
free path (Àmfp) of suprathermal electrons is proportional to W2 : 

12 

~w·--· electron-ion 
____.,___ elec-elec 
- total 

Fig 2.1 The friction force normalized by AenelkTe has an electron-ion 
( dashed) and an electron-electron (marked) component, shown herefora test 

electron as a function ofthe streaming parameter (Se = v!Vth) in a Maxwellian 

plasma with Ti = Te and Zejj = 1. 



Basic Processes: Friction and the Parallel Electric Field 

Àm.fP = V'rSD 900 W2 
ne(Zeff + 2) 

(2.3) 

An electtic field causes an asymmetry in the force balance which has frrst been investigated 
by Dreicer [2]. This asymrnetry split the velocity space in a direction parallel and one direction 
perpendicular to the toroidal rnagnetic field. The electtic field becornes dominant for energies of 
the test electron above the critical runaway energy (W crit). which is derived by balancing the 
electtic field and the friction force : 

W . _ Aene(2 + Zefi) _ 2 2 ne (2 + z j 
ent- 2eEII - . Eli effi (2.4) 

The expressions in the literature [ 1 ,3,4] differ by a ttivial factor of this equation, due to different 
definitions of Vfu and W. 

In the presence of an electtic field an effective slowing-down time (Teff) can be defined: 

'l: _ _p_ _ p mVth~e ( S) 
efj- dpldt- F p - eE11 Aene (2+Zer& E 2· 

kT - e 11 
e 2?;; 

This 'teff (see Fig 2.2) approxirnates 'tSO for Se << Sc= ..J W critikT e· Around "" Sc the 
electrons experience effectively no force, and thus the characteristic time scale for acceleration or 

::r 
; I 

10-l;J 

Fig 2.2 Electrans with Se < 5c are decelerated on a 'rSD time scale, whereas 

electransforSe > are accelerated by the parallel electric field on a 'iefftime 

scale. The dependences of rsv and 'reffare brought tagether in this figure. 

No te the sign-flip at Sc· The parameters are Zelf= 1, E1 1 = 0.2 Vim, ne = 1 Ol9 
m·3, and Te 1 keV. 
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deceleration is very long. ForSe>> Sc the electrans are accelerated by E11. The negative values 
of 'teff show the switch at Sc from deceleration to acceleration of the electrons. Therefore, Fig 
2.2 shows -'teff for this regime. lt should be noted that the slowing down of electrans is a force 
which operates on lvl in the direction of v = 0, whereas eE11 is directed along the magnetic field 
lines. Therefore, Eq (2.5) holcts for VfJ. whereas Eq (2.2) is correct for all velocities. An 

extensive treatment of the motion of particles in velocity space is given by Fussman [5]. For W 

in the order of the rest energy of the electron (Wo"" rnoc2 = 511 keV) or larger Eqs (2.1) to 
(2.5) must be corrected for relativistic effects (see for example [ 4]). In first order this is 
achieved by substituting p = )llllV, with y= (1 v2fc2) -112 intherelevant equations. 

2. 3 Production Rates 

The number of runaways produced per time interval is computed by extrapolating the thermal 

Maxwellian distribution to Went. and calculating the diffusion in velocity space across Went· 
This gives the birth rate À (see Fig 2.3a) : 

~J = neVefVth) À (2.6) 

À = K(Zeff) e -3(Zeff+ 1)116 exp{- l_ _ ~ J (Zeff + 1) } 
4e -v e 

(2.7) 

with nr is the density of the runaway population, Ve is the thermal electron callision frequency. 

K is a slowly varying function of Zeff, and e = kTefW crit· Equation (2.6) is an extension for 
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Fig 2.3 The birth rate of runaway electrans (À) is shown as a junction of 

kTeiWcntand ne. Typical RTP parameters were used: Te= 1 keV, ne = 1019 
m-3, Zeff= 1.7, and E;; = 0.2 Vim. 
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multiple species plasmasof the fonnulas by Kruskal and Bemstein as given by Cohen (6]. 

Often Eis expressed in terros of E;tiEcrit. where Ecrit (= Aene(2 + Zeff)/4ekTe) is the electtic field 

at which even thennal electrons (v = Vt) would run away. A typical value for E in RTP is"' 

0.045 (E;; 0.2 V/m, ne = I019 m-3, Zeff = 2, and Te= I keV). 

Recently [4,7,8], a second process has been proposed which generates runaways in the 

presence of an already existing runaway tail. When a runaway electron in the Me V -range 

collides with an electron in the thermal bulk it undergoes a small angle deflection. The 

associated energy exchange can be high enough to bring the thermal electron above the critical 

runaway energy. In this way an avalanche of runaway electrons is created. This process, 

described in refs [4,7,8], leads to an exponential growth of the runaway density: 

dnr ( ) 1 nr nr dt = ne Ve Vth 1\, + to - -; (2.7) 

in which to describes the collisional avalanche time of the secondary generation process, and • 

gives the confinement time. Jaspers et al [ 4] were the frrst to observe this generation process. 

2. 4 Partiele Trapping 

The effect of trapping [9,10] of particles is due to the geometry of the magnetic field in a 

tokamak:. An electron that follows the helical magnetic field line at a distance r trom the magnetic 

axis experiences a slowly varying toroidal magnetic field. The motion of the electron is 

determined by 2 conserved quantities: its total energy W and its magnetic moment 11 = W J!B, 

where W 1_ denotes the kinetic energy in the motion perpendicular to B. An electron moving into 

a region of increasing B builcts up W 1_ at the expense of its parallel velocity, until it reverses at 

the point where W 1_ = W. In a tokarnak:, for an electron moving on a flux surface, the question 

is whether such a hounee point exists on the flux surface. The condition for the existence of 

such a point is : 

W..L 1 a -> 
W 1 +a 

(2.9) 

r 
a.= 

when the electron is at the low field side in the horizontal midplane. That is, electrons for which 

inequality (2.9) holcts bounce up an down between two hounee points. Such electrons are 

trapped. 

This bouncing leads to a gyration induced by Bp at a frequency : 

eB -la 
Wb=~v 2· 

'}f1l 
(2.10) 
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Fig 2.4 The region in velocity space where suprathermal electrons, runaway 
electrons arui trapped electrons exist. 

Thus the trapped electrous are formed in a cone in velocity space (see Fig 2.4) in which the 
electrous do not piek up net energy from the parallel electric field. The orbits of these trapped 
particles have a banana like shape. The radial width of the banana orbit is given by Alb -
V//r/OOb, in which Vf/0 is V// at the low field side (LFS) of the tokamak. Note that the banana 
orbits for ions are ..Jm;tme larger than for the electrons. Apart from the magnetic field variations 
due to the helical twist, also other magnetic field variations, such as the magnetic ripple caused 
by the fmite number of toroidal field coils, can lead to partiele trapping. 

2.5 Dynamics 

To describe the dynamics of suprathermal electrons, the velocity space can be divided into three 
regions. These regions are the one for runaway electrons C:W >Went>. the one for electrous with 
W < W crit. and the region for trapped electrons. The physical processes involved in the 
dynamics are the slowing down, pitch angle scattering, the acceleration by the parallel electric 
field, and the trapping and delrapping in local magnetic field wells. 

The trapped electrons have a strong coupling between their motion in velocity space and in 
real space. At the largest major radius of their banana orbits their parallel energy reaches a 
maximum, whereas at their bounce points they have only perpendicular energy. Therefore 
trapped electrous spend more time around their bounce points than in the transition region 
between the two bounce points. 

A closer look at the literature on the dynamics of suprathermal electrons shows that e.g. 
Bemstein and Kruskal [11] already took five regionsin velocity space with different physics 
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into account to describe the birth rate for runaway electrons. Moreover, in ref [5] FuBmann 

shows that the motion of fast electrous in velocity space can be represented by a flow pattem at 

every point in velocity space. In this representation several boondarles between different regions 

appear. For instance, at energies larger than W pa= W critZeff/(Zerr + 2) pitch angle scattering is 
more important than slowing down and vice versa. This process leadstoa vortex structure (see 

Fig 2.4) for the trajectory of particles in velocity space for W < W crit· 

~e dynamics of suprathermal electrous can also be described by a numerical solution of 
the Boltzmann equation for the electron distribution function f [12-15] : 

~ = eE11 th + (f}t+ (~ transp + (~ coll· (2.11) 

This equation describes the changes of f due to the effects of the electric field, rf-heating, 

transport, and collisions. The collisionterm is in general described by a Fokker-Planck term. 

Effects on f by processes such as rf-heating, interaction with magnetic ripple, or even transport 

(e.g. diffusion) can be incorporated in this kind of simulations [ 14]. The strength of this metbod 

can be illustrated by the interpretation of ECE data of lower hybrid switch-off experiments at 

Tore Supra by Giruzzi et al [16]. They show that the relaxation of the highly anisotropic 

suprathermal tail created by LH heating is mainly determined by the pitch angle scattering 

mechanism. 

2. 6 Transport 

The experimentally observed transport of heat and electrons in a tokarnak is one to two orders of 

magnitude larger than the expectations based on neoclassical transport. The difference is called 

anomalous transport. Several models have been proposed to explain this anomalous transport, 

mostly based on electrostatic or magnetic turbulence. Suprathermal electrons experience 

neoclassical as well as anomalous transport. However, their anomalous transport can 

substantially differ for different transport models. One property of suprathermal electron 

govems much of their sensitivity for these models and will be treated frrst : the drift excursion. 

Next, the neoclassical transport will be discussed, and finally the transport of suprathermal 

electrons due to magnetic turbulence will be treated. 

Electron orbits are displaced ontward with respect to the corresponding magnetic flux 

surface, due to the gradient and curvature B-drifts. The drift velocity of a test electron is given 

by: 

(2.12) 
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For electrons with v;; >> V.L this results in a drift excursion (see e.g. [1]) with respect to the 
magnetic axis by : 

(2.13) 

with total momenturn p, and WceO = eBo/m. In fact, for runaway electrons the orbit average of 
the poloidal field gives an extra contribution to the vertical field that keeps the orbits confined in 
the tokamak. The shifted orbits of these electrons must still be contained in the vessel, which 
leads to a maximum runaway energy in a tokamak. In general, there is a lower energy limit, e.g. 
by resonances with the magnetic field ripple leading to energy loss by radiation [ 4]. 

The lowest rate of transport of particles and heat in a tokamak is given by the kinetic 
description of collisional diffusion of particles. The diffusion coefficient (D) in a kinetic 
description is given by : 

D=p2. (2.14) 
T 

In this formula p is the radial stepsize and t the collision time of the particles. The best 
theoretica! estimates are given by neoclassical theory [9 ,1 0]. This theory derives three transport 
regimes. At low collisionality most energy is lost via the trapped electron channel which leads to 
p =Afb. This regime is called the banana regime. At high collisionality the COllision time is 
much shorter than the hounee time. Therefore, the stepsize is given by the Larmor radius of the 
electrons Pe· By taking the drift excursion (dy) of thermal particles into account, D increases by 
(1 +q2). This is the Pfrrsch-Schlüter transport regime. The transport at intermediate collisionality 
is called 'the plateau regime'. The transport for passing suprathermal electrons follows Eq 
(2.14) also inserting the drift excursion for p = dy. For 't we take the collisiontime 'te. Thus a 
weak energy dependence, D oe w-o.s, is derived for nonrelativistic energies. 

Reehester and Rosenbluth [ 17] introduced the concept of transport due to magnetic 
turbulence. ~ased on this concept a maximum for the contribution of magnetic óh and 
electrostatic (E) turbulence to the transport can be given. This transport depends on the velocity 
of the test partiele and the correlation between B and Ë (expressed by phase ö) [17,18]: 

rr:qR (E 2 - - - ) Dan= B2 Vïï + v;;B2 + 2E Bcoso (2.15) 

The frrst term of this equation describes the effective diffusion due to electrostatic turbulence, 
which decreases linearly with increasing v;;. The second term gives the transport induced by the 
magnetic turbulence, which increases with v;;. The last term gives the ExB contribution to the 
turbulent transport. Suprathermal electrons have v;; >> vth, and therefore it was expected that 
they were only sensitive to the magnetic turbulent part. However, the magnetic component of 
Eq (2.15) was derived fora fully stochastic magnetic field, which is nota realistic situation in 
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most tokamak experiments. 

Presently, two processes are thought to limit this suprathermal electron transport. Firstly, 

Mynick and Strachan [19] showed that Dan is reduced if an orbit average over the diffusion step 
size is performed, taking into account the drift excursion. A drift excursion large ooropared to 
the radial correlation length (IJ) of the magnetic turbulence results in a low transport because the 

uncorrelated turbulence is averaged out over an orbit. Hence, for low energies of the 

suprathermal electrons d.y is notimportant and Dan increases with Vff, whereas for high energy 
(dy>> l1_) the orbit averaging strongly reduces the transport induced by magnetic turbulence. 

Secondly, Hegna and Calten [20] investigated the transport properties of fast electronsin a 

mixed magnetic topology that consists of regions of stochasticy of the magnetic field, and 
regions of good magnetic confinement They find that the transport of suprathermal particles is 

already considerably reduced if only a small fraction of good magnetic confinement regions is 
present. Another recent finding, duetode Rover et al [21] is that the field lines in a stochastic 
tokamak field do not undergo transport of a diffusive nature. Y et, in the expressions for test 

partiele transport in a stochastic field, such as Eq (2.15), diffusion of field lines is assumed. De 
Rover et al [21] find that in a realistic stochastic field the test partiele transport is much less then 
calculated on the basis ofEq (2.15), and moreover, that D scales differently with Vlf. De Rover 

et al [21] simulated the transport of runaway electrons given a certain fluctuation level of the 
magnetic turbulence. They find that the transport is considerably less than calculated by Eq 
(2.15). 

Wootton [22] and Robinson [23] compared the results of several experiments [24-31] to 

roodels for electrostatic or magnetic turbulence. They conclude that neither of the two explains 
the available experimental data. The model that fits the data best, is the mixed magnetic topology 

model of Hegna and Callen [20]. For this model is concluded that electrostatic turbulence 
should be present in the good magnetic confinement region, otherwise a small fraction of good 
confinement region would result in the neoclassical transport for the supratherrnal electrons. 

2. 7 Measurements of Suprathermal Electrons 

The measurement of suprathermal electrons started in the early years of tokamak research with 

the studies of the birth rate. Several experiments on TM-3 [32-34] as well as on Ormak [35] 

showed the existence of suprathermal electrons and runaway beams. Soon the measurements of 

suprathermal electrons [32-38] indicated the occurrence of an instability which scatters the pitch 
angle of suprathermal particles. The history of the measurements of this instability and the 
theoretica! explanations are elaborated in Chapter 8, which gives also a detailed account of 
measurements of this instability at RTP. 

Experimental investigations into the diffusion of suprathermal electrons have been done by 
several groups [24-31]. Basedon these experiments it is not yet possible to conclude whether 
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electrostatle or magnetic turbulence is the souree of the anomalous diffusion. A remarkable 
experiment was performed by Jaspers et al [39]. In this experiment a beam of 20 MeV 
ronaways was created. U pon the injection of a pellet most ronaways were lost from the plasma 
except those in a m=l 'snake' like structure. This beam remained confined fortherest of the 
discharge, which requires a very low value of the transport coefficient for 20 Me V ronaway 
electrons. 

The interest in lower hybrid current drive has led to several experiments (e.g. [40-45]) with 
fast electrons. The current induced by lower hybrid waves is carried by suprathermal electrons, 
and therefore their diagnosis may yield the profile of the driven current. Moreover, a 
measurement of the radial diffusion of suprathermal electrans would give insight in the radial 
spreading of the lower hybrid driven current. In operation schemes in which lower hybrid 
waves are envisaged to tailor the current profile this is of great importance. 

Another subject for which ronaways get much attention is the role they play during 
disroptions. The life time of a machine like ITER is in part determined by the damage done 
during disroptions. During the current quench the parallel electric field increases rapidly while a 
cold plasma is present. Thus a ronaway beam results. In 1993 Gill [ 46] reported on the fast 
electron behaviour during disroptions in JET. Russo and CampbeU [47] made a circuit model 
for the study of disroption generation which they compared with data from JET and DIII-D and 
extrapolated towards ITER. Jaspers et al [48] reported in situ measurements of disroption 
studies of 30 Me V electrans generated during a disroption in TEXTOR, and extrapolated their 
results towards the ITER device. 

In summary, it can be concluded that a considerable amount of work wasdoneon the physics 
of suprathermal electrons. The experiments show that especially the high energy ronaway 
electrans can be characterized. The characterization of suprathermal electrans at energies of a 
few times Te proves to be difficult. This is the class of suprathermal electrans that is most 
interesting for the transport studies, because this class is most sensitive for magnetic turbulence. 
The experimental verification of the existing theories for the behaviour of supratherrnal electrans 
is hence not yet clear. 
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Chapter 3 

lnterpretation of ECE measurements 

Introduetion 

The electron cyclotron emission (ECE) is very sensitive to the presence of a small number of 

suprathermal electrons, as was e.g. shown at ASDEX [l]. This chapter introduces the aspects 

of ECE that are needed to interprete thermal ECE spectra, i.e. the spectrum of a Maxwellian 

electron distribution, and nonthermal ECE spectra, i.e. the spectrum of a thermal electron 

population with one or more suprathermal electron populations. Therefore, the basic properties 

of radiation in the applicable frequency range in a plasma are descri bed. Then the standard ECE 

analysis [2-8] for thermal plasmas is summarized and the basics for an interpretation of 

nonthermal ECE are introduced. The available and possible instrumentation for experiments on 

(non)thermal ECE is discussed, and the specific ECE systems at RTP are introduced. Finally, a 

few criteria are given to decide if a thermal or a nonthermal analysis bas to be applied. 

3. 1 ECE Theory 

3.1.1 ECE resonances and broadening 
Electron cyclotron radiation is generated by electrons gyrating in a magnetic field. In genera!, 

the observed ECE frequency is [9] 

Wee • 
"/fflo(l-NIIfJII) 

eB 
(3.1) 

with e the electron charge, 'Y the Lorentz factor, B the magnetic field strength, mo the electron 
rest mass, J3;; = v;;/c, and N;; = cos a with a the angle between the wave vector k and B. The 

emission spectrum of the electron cyclotron radiation contains Wee and its harmonies. Therefore 

the ECE spectrum in tokamak:s is in the frequency range of"" 10 - 1000 GHz. 

The width of the cyclotron emission spectrum depends on three different principles [2,3]: 

broadening by spatial magnetic field variations, relativistic downshift, and Doppier shift. These 
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Fig 3.2 Spectrum of a thermal plasma at RTP showing the line broadening 
due to the spatial magnetic field variation. 
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will be illustrated by measurements and simulations in the next paragraphs. Por nonrelativisitic 
electrons (y = 1) and viewing direction perpendicular toB (NI/= 0) Eq 3.1 reduces to the 
resonance condition commonly applied in tokamaks: Wee = eB/mo. The broadening of the ECE 
spectrum is in this case determined by the B-field in the tokamak. In tomidal geometry this is 
given by B=BoRofR. In this case there is a unique relationship between a frequency and a radial 
position in the tokamak. Figure 3.1 shows the resonance curves in this situation, together with 
the cut-off layers in a plasma that will be described in the next section. In this case two modes 
of polarization can be distinguished, the extraorinary mode (X-mode) with the electric field of 
the wave perpendicular to B, and the ordinary mode (0-mode) with the electric field of the wave 
parallel to B. Figure 3.2 shows a measured spectrum for a thermal plasma showing the 
broadening by the magnetic field gradient. 

If B is constant along the line of sight and k perpendicular to B, then the line broadening is 
purely due to the relativistic downshift of fast electrons. With vertical observation of ECE such 
a situation is created. In this case the spectrum reflects an energy distribution along the sightline. 
Figure 3.3 shows a simulation for a thermal plasma with a runaway beam in vertical view. 
Clearly the downshifted emission appears as a measure for the energy distribution. 

In the case of a sightline not perpendicular to B (oblique) the ECE line is Doppier 
broadened. Figure 3.4 shows simulated ECE spectrafora thermal plasma with a suprathermal 
population carrying a substantial part of the plasma current. The TEXTOR tokamak was 
modeled, with two vertical sightlines and with Ntt= ± 0.7. The differences in the spectra along 
the two sightlines can be attributed to the suprathermal electron current. 
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Fig 3.3 Simulation of the vertically observed X-mode ECE spectrum of a 
thermal plasma (Te= 1 keV, ne = 3 J019 m·3) with a runaway beam (Tl!= 
300 keV, T j_ = 30 keV, nst = 9 J015 m-3 ). The thermal band and the 
relativistically downshifted emission of the runaway tail can be distinguished. 
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Fig 3.4 Simulations of ECE spectra observed by oblique ECE in the co
direction (in the direction of l P• solid lines) and the counter direction ( dashed 
lines). The situation is adapted to TEXTOR (Ro = 1.75 m, a = 0.45 m, Bo 
2.2 T) with a thermal plasma (Te= 1 keV, ne = 3 1019 m·3) and a 
suprathermal popu/ation (Ttt T .1 = 10 keV, nst = 7 1017 m-3, lst 300 kA) 

that represents a population during ECCD experiments. The X-mode viewing 
lines were at R = 1.75 m, and 45 degrees oblique toB. 

3.1.2 Transport of radiation and dieleetrio properties of a plasma 
The transport of radiation is described by the equation for radiative transfer [2,3,10] : 

d l(W) . ni -d - 2 = J(W)- a(w) l(w) 
s nr 

(3.2) 

which takes into account the emission and absorption along a viewing line. In this equation nr is 
the ray refractive index, I(w) the ECE intensity, and j and a are theemission and absorption 
coefficients, respectively. The ray refractive index nr is closely related to the refractive index of 
the plasma. For a frrst approximation nr "" 1 for a large part of the ECE spectrum and thus the 

transport can be solved assuming the plane wave approximation. The main problem encountered 
in solving Eq 3.2 is finding approximations of j and a. Two approaches will be presented in the 
section 3.1.4 and 3.1.5. 

Several plasma effectsinduce resonances and cut-offlayers in this frequency range (see ref. 
[11]). In the cold plasma treatrnent, in which temperature effects on the dielectric properties are 
neglected, these are found from the Appleton-Hartree formula : 

(3.3) 
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in which N = ck:lw is the refractive index, X= wp2Jw2, the plasma frequency Wp = ...J nee2fm€Q, 
Y - wc:fw, and 8 is the angle between the wave vector k and B. The + sign in the denumerator 
corresponds toa polarization mode of the plasma with theE-field of the wave parallel to Bo 
(ordinary, or 0-mode), whereas the- sign corresponds to the polarization mode with theE-field 
of the wave perpendicular to Bo (extraordinary, or X-mode). Wavescan only propagate if kis 
real, hence for N2 > 0. For perpendicular propagation (8 = Tt/2) Eq 3.3 gives for the 0-mode a 
cut-off frequency at rope. In the X -mode a resonance occurs at the upper hybrid frequency 

Wuh= ...J (J)c2 + (J)i • 

and cutoffs at the upper and lower cut-off 

lUc 
Cûuco =2 

(J)c 
CiJlco = 2 

2 
1 4 U!.JL (J)c 

+ - 2 
(J)/ 

(3.4) 

(3.5) 

(3.6) 

Figure 3.1 includes these cut-off layers. Waves reflect at a cut-off layer. As a consequence, the 
low field side (LFS) X-mode emission from frequencies below the thermal 2Wce range is fully 
due to suprathermal electrons. Therefore, the suprathermal electron analysis of many of the 
experiments reported in this thesis were performed in this frequency range. 

Figure 3.5 shows N as a function of w for the X- and 0-mode. Clearly the refractive index 
is mostly of order 1, only around Wpe, Wuco and Wico it is zero and at füuh goes to infinity. 

4,-----------.---------------, 

3 

Z2 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

W/Wce 

Fig 3.5 The refractive index, shown as a function of (J)/(J)ce• can be 
approximated by ""1 for (J) larger than cut-offfrequencies. Both the X-mode 
( solid line) and the 0-mode ( dashed line) are shown. 

29 



lnterpretation of ECE Measurements 

3.1.3 Emission and absarptien of radiation 
The determination of j and a. is the crucial point for most ECE analysis. The spontaneous 
emission coefficient (Tl) for ECE by a single electron can be calculated from classica! 
electrodynamics [9,12,13]. For ECE perpendicular to the magnetic field 11 is given by the 
Schott-Trubnikov formula [12,13]: 

e2ail 
Tin( (I))= 

2 
lfJnZ Jn2(n{JJ) +fJi 2 Jn'2(n{JJ)] O(n(I)Q- (I)). 

Bn e0 c 
(3.7) 

In these expressions P11- v11/c and P..L- v..L/c denote the normalized veloeities paralleland 
perpendicular to B, wo - rocef'Y. In and In' are the nth order Bessel function and its derivatives, 
and n is the harmonie number of the radiation. The first term between the brackets denotes the 
0-mode emission, and the second term the emission in X-mode. An integration over the 
electron distribution function (f(v,r)) of the single electron contributions gives 

j(W) :l;Jdv f(v,r) Tln(W). 
n 

(3.8) 

The absorption coefficient (a.) depends on the collective behaviour of the electrons, that is the 

gradient of f(v ,r) at the resonant spot in velocity space. Several authors [2,14-25] have 
contributed approximations applicable in a large variety of experimental situations [26-40]. 

Based on these formulas, the essential dependendes of X- and 0-mode radiation on the velocity 
components of an electron can be derived. On the other hand, in a thermodynamic equilibrium 

the ratio of the emission and absorption coefficients is explicitly given by the thermodynamic 
temperature. This leads to a simple solution of the equation of radiative transfer. This solution 
will be given and some extensions of this theory to nonequilibrium states are shown. However, 

basedon the single electron formulas and an integral representation of Eq 3.2, an analysis 
metbod for highly nonthermal discharges can be derived as will be shown. Furthermore, the 
basic theory and equations are well known and suited for computer simulations. These will be 
introduced and the approach, used in this thesis, to include suprathermal electron populations 

will be given. Based on these considerations a choice can be made for a thermal and nonthermal 
ECE analysis at the end of this chapter. 

Equation 3.7 shows that the X-mode only depends on P..L. whereas the 0-mode has a 1311 
dependence. The single electron emission coefficient 11 can be astrong increasing function ofv, 
due to the proportionality ofthe Bessel functions [41]: 

(3.9) 

This results in the sensitivity of ECE for the presence of suprathermal electron populations. 
Figure 3.6 shows a contour plot in v-space for 11 in X- and 0-mode. 

The absorption coefficient a. of a plasma is often given with respect to the emission 
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Fig 3.6 The velocity dependenee off1n is shownfor the second harmonie 0-
(full curves) and X-mode (dashed curves). This coefficient delermines the 

weighting of the electron distribution function for the emission coefficient. 
Combination withfigure 2.5 gives that X-mode radialion is more sensitivefor 

trapped particles, whereas the 0-mode intensity depends on the parallel energy 
of a beam of runaways. 

coefficient [16]. Crudal for the ratio between j and a. is the shape of the electron distribution 
function. Various expressions for a. can be found in refs [14-25]. The quantity related to 
absorption which can be measured in a plasma is the optica! depth, 

-r= Jds a(w,s). (3.10) 

If an absorption (ECA) measurement is done, then the ratio oftransmitted power (Ptrans) and the 
injected power (Pinj) is measured. Equation 3.2 with j = 0 results in t = - In (PtransfPinj). ECE 
spectra from a plasma can have optically thick and optically thin speetral regions. The separation 
between optically thick and thin is given by a critical value te (mostly taken between 1 and 5), 
which will be derived in section 3.1.5. In fact, an ECA measurement is not trivial 
[28,31,42,43] and in most cases not available. 

Commonly, the following formulas are used fort, assuming a thermal plasma [2] viewed 
from the LFS and with B(R) = BoRofR. For n ::2:2 in X-mode at w nwc the optical depth is 

'fnX = An ~ - - (3 11) n:2n2(n-l) ('''1...)2rkTe)n-l LB 
2n·l(n-l)! Wc \mc2 À()· • 

with 
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Fig 3.7 The optica[ depth as a function of frequency for the 2nd and Jrd 

harmonie X-mode calculatedfor a thermalRTP-plasmaBo = 2.2 T, Ro = 0.72 
m, a= 0.17 m, Te( ria) = ( 1-(r!a)2 )2 1 keV, and ne(O) = ( 1-(r!a)2 )2 41019 m·3. 

z n2-z (2n-3) z 2 

An (
1 

- n2 n2-1_z) e + n(n2-1-Z)) 

For the 0-mode the optical depth is 
1 

Tno = n2n2(n-l) (1 - .!!!JL.Jn-2 (~ Y(kTe)n LB . 
2n·l(n-1)! n2wc2 wc) mc2 À() 

(3.12) 

(3.13) 

In these equations ÀO = 21tclffic, LB = B(dB/dR)-1, and Z = ffip2fffic2· Figure 3.7 shows the 

calculated 't(ffi) fora thermal RTP plasma. 

3.1.4 ECE of a thermal plasma 
The ECE of a thermal plasma is derived from the ratio of j and a given by the Einstein 

coefficients 

j(W) = IB(W) = _w2_-=-
n,2a( w) Bn3 c2 

(3.14) 

Using this equation the equation of radiative transfer integrates to [ 1 0] : 

l(W) = IB(W)(1 exp(-T)). (3.15) 

In these formulas IB(ffi) is the black body radiation intensity. For 't >'te the exponential term is 

neglected and thus the emitted intensity is proportional to the electron temperature. Thus, in an 
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optically thick, thermal plasma the electron temperature can be derived from ECE 

measurements. 
Por an optically thin part of the ECE spectrum of a thermal plasma, the exponent is 

expanded to give I(ro)- IB(ffi)t. Note that at the optically thick frequencies Te determines the 

intensity, whereas at optically thin frequencies the specific plasma parameter dependencies of a 
show up through the value of t. 

In the case of nonthermal plasmas this analysis becomes problematic, because the 

distribution function differs from a Maxwellian. However, for most ECE analysis done (plasma 

viewed perpendicularly from the LPS of the tokamak) the optica! thickness reaches te in the 

thermal part of the distribution function. In this case still a temperature analysis like described 
above can be given. 

Reflection of radiation by the vessel walls increases the ECE intensity in optically thin parts 

of the spectrum. Por the experimentsin RTP using absorbers with a reflection coefficient < 1% 
this effect can be neglected. 

3.1 .5 ECE from a nonthermal plasma 
The interpretation of ECE measurements of a nonthermal plasma is one of the main topics of 

this thesis. A general rule for such an analysis cannot be given. The basic approach for the 
nonthermal analysis, however, starts from the integral representation of the equation of transfer 
of radiation (assuming nr2 l) : 

r 

l(W) = I ds j(w,s) ex{Jds' a(w,s' )] (3.16) 

Smin 

Wedefine a sightline which starts at position Smin and ends at the antenna at sa. The intensity 

I(ro,r) emitted in the direction of the antenna at position r along this sightline, is the 
superposition of radiation sourees with an intensity j(ro,s)ds at position s, each suffering the 

absorption between s and r. In the optically thin case the exponential can be approximated by ,., 

1 and the total intensity at the antenna I(ro) = Jds j(ro,s) results. Now j(ro,s) follows from Eq 
3.8, stating that theemission is an average over the electron distribution function weighted by a 
power function of the velocity components (Eq 3.7 and 3.9). This interpretation is very helpful 
in connecting the different optically thin speetral ranges to regions in velocity space where the 

ECE is sensitive for suprathermal electrons. Por instance, the 0-mode radiation intensity 
depends on both v;; and v .L, whereas the X-mode only depends on v .L· 

The intensity as defined in Eq 3.15 is given in the units Wm-2sterad·l. Equation 3.14 
shows that the intensity can be expressed as an energy. Therefore, ECE intensities from a 

plasma are expressed in terms of a radiation temperature : 
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8n3c2 
Trad= l(w)-- [eV] 

Wle 

In the case of an optically thick, purely thermal plasma Trad equals Te. 

(3.17) 

Considerable absorption by suprathermal electrons can lead to speetral ranges where the 
radiation of the suprathermal electrons is optically thick, e.g. during LH experiments. In that 
case Eq 3.14 holds again, with Te replaced by the average energy (e.g. the perpendicular energy 
for the X-mode) of the suprathermal population. This argument shows that Trad~ average 
energy in plasmas in which a more energetic electron population still exists, and for optically 
thin parts of the ECE spectrum which exhibit nonthermal radiation. 

A criterion to determine whether the optically thin or optically thick analysis has to be 
applied is based on the required accuracy (A, e.g. 10%) for the quantitative interpretation of the 
data, on one hand, and the ratio between the suprathermal and the thermal intensities, on the 
other. If the plasma is seen as a thermallayer with temperature (Te) and an optical depth ('t) in 
front of a background with a radiation temperature T1, then the requested accuracy can be 
related to a critical optical depth. Consicter the observed radiation temperature: 

Trad= Te(/ - exp(-r)) + T1 exp(-r) (3.18) 

In general, the background radiation temperature (due to reflections, non-thermal emission, etc.) 
will be between 0 and ""' 1 00 ke V. If the radiation temperature has to be interpreted as Te with an 
accuracy A, it follows that 

(3.19) 

which results in : 

(3.20) 

as a constraint for 't. For instaneeforA = 0.1, Te""' 1 keV, and T1 = 3 keV, we obtain 'te= 3. 
These considerations do not take into account higher harmonie radiation that may be emitted 
between the thermallayer and the antenna. 

3.1.6 Analysis by computer simulations 
The equation of transfer of radiation (Eq 3.2 or 3.16) is very well suited for simulation of ECE 
spectra including the effects of suprathermal electrons. For this purpose rays are traeed for a 
specific experimentalset-up and frequency. The retraction of rays is calculated from formulas as 
given in ref [ 44]. Along the ray j and a are calculated either from an electron distribution 
function given by a Fokker-Planck code [23,45] or by approximating an electron distribution 
function by a superposition of Maxwellian type of distributions [14,46,47]. 
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For the work presented in this thesis the NOTEC code [ 46] was used. This code uses a 

superposition of drifting Maxwellian popuiadons as a representation of the distribution function. 

Then the resonance condition in Eq 3.7 defmes a region in velocity space at which a Maxwellian 

can be fitted to the actual electron distribution function [14]. Exarnples of spectra calculated with 

NOTEC are given in Figs 3.3 and 3.4. The problem with this kind of simulations is that the 

simulated spectra should be fitted to the experimentally observed spectrum by adjusting the 

input parameters of the code, i.e. the representation of the distri bution function. This is an ill

posed problem for which an inversion technique must be used. In chapter 5 the results for a 

simple inversion will be presented. 

3.2 lnstrumentation 

3.2.1 Antenne views 
The most common view of ECE is perpendicular from the low field side of the tokarnak. The 
accessibility from this side is very good, moreover the 1 st harmonie 0-mode and the 2nd 

harmonie X-mode in most large tokamaks are optically thick. Thus reliable temperature 

measurements can be done with a good temporal and spatial resolution. However, most 

harmonies are optically thin and there the emission is sensitive for presence of suprathermal 

electrans (see Eq 3.16). The resonance condition shows the mixed yand R dependence. Several 

papers report measurements of the speetral response at high harmonies ( .. 7th). Although results 

have been obtained [36,37], only very general statements about suprathermals can be given in 

this way. Especially Jansz [ 48] showed that this metbod bas severe limitations. 

One metbod to solve the ambiguity between y and Ristolook in top view. Then Ris 

constant and the speetral response will reflect the path integrated energy dependenee of the 

distribution function. Experimentally this is very well possible at large tokarnaks [28,30,31,37, 

39]. At smaller tokarnaks, however, the minimum width of the antenna pattem (""' 2 cm) results 

in a low energy resolution ("" 15 ke V for RTP). For this type of ECE measurements an absorber 

is essential, because the divergence of the reflected bearn destroys the sensitivity for y in 

subsequent reflections. At Tore Supra, Ségui [32,33] performed vertical ECA measurements on 

fast electron tails that were induced by lower hybrid (LH) heating, which show e.g. the build up 

and relaxation of the tail at switch on and off. 

With high field side (HFS) view theemission is integrated from the high energy side of the 

distribution (see Eq 3.16), whereas in LFS view an optically thick thermallayer can prevent the 

detection of suprathermal emission. Especially in cases which show nonthermal emission at 
relatively low energy (y < 1.1 ), e.g. in ECRH discharges, the combination of HFS and LFS 

ECE measurements yields useful experimental information. HFS ECE bas been done on TEXT 

[38], and RTP [ 42] but few results have been obtained until now. The influence of retraction at 

the upper cut-off layer is a limitation in second harmonie X-mode experiments. In chapter 8 
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some HFS experiments at RTP are described. 
Doppier shifted ECE measurements are done by placing antennas with a eertaio toroirlal 

angle with respect to the perpendicular view. The resonance condition is given in Eq 3.1. Thus 
the electroos at the LFS from the thermal resonance are resonant if they approach the antenna, 
whereas the HFS electroos are resonant if move away from the antenna. This diagnostic is 
believed to give much information on asymmetries in distribution functions, as are expected in 
discharges with lower hybrid current drive. However, at present the experience with oblique 
ECE is small. At Tore Supra a Doppier shifted ECE diagnostic [26] is operational, but the 
interpretation of the results is not yet solved [26]. At the Tokamak de Varennes an oblique ECA 
diagnostic for the measurement of fast electroos during LHCD experiments is beginning to give 
results [49]. Tribaldos bas performed simulations for ECA in tangential view [25]. A tangential 
experimental set-up does, however, not exist yet. 

For RTP a system bas been chosen which is suitable for Ohmic discharges, as well as ECRH 

discharges. The suprathermal electron energies expected during ECRH extend to "" 1 OT e· Two 
LFS antennas are installed. One is connected to a Michelsou interferometer and a six channel 
polychromator, whereas the other one is connected to a heterodyne ECE system. Both antennas 
have a Macor absorber facing the antenna to reduce the effects of reflections. Further a HFS 
hoghorn antenna [50] is installed and connected to the heterodyne receiver. This antenna is 
suitable for the low energy suprathermal measurements in 2nd harmonie X-mode as wellas the 
ECA measurements which give the optical thickness information. A top view antenna bas not 
been installed at RTP, because the main activity was planned at ECRH noothermal distributions 
(chapter 9). However, for the slideaway type discharges (chapter 8), top view also might have 
given somewhat more information, especially for the high energy part (100-500 keV) of the 
distribution function. 

3.2.2 Spectrometers and radiometers 
The ECE received by the antennas is transported by overmorled waveguides (circular, 0 = 27.8 
mm for RTP) to the spectrometers. At RTP three types of spectrometers were available. A 
Michelsou interferometer was used forspeetral measurements, a grating polychromator and a 
heterodyne radiometer were used to follow the time development of the ECE at 6 and 20 
frequencies, resp. 

3.2.2. 1 Michelson interfarometer 
The ECE spectrum is measured by a Michelsou interferometer [27] based on Foutier transform 
spectroscopy [51]. The quantity that is measured is the spatial correlation function C(x) of the 
total ECE signal. This signal is called the interferogram, which is measured by an 
autocorrelator. A mirror in one of the two branches of the autocorrelator moves from -L toL ("" 
30 mm total path difference in our set-up) around zero path difference. The excursion of the 
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mirror is measured with a resolution 11x = 80 f..llll. The ECE spectrum is obtained by a Fourier 

transform of the interferogram : 

L 

I(w) = _j dx C(x) exp(-i c:x) (3.21) 

The frequency range has an upper limit at fmax = Wmax121t = c/2/u (- 1875 GHz), and the 

frequency resolution is given by Af= c/2L (= 10 GHz). 
The actual system at RTP consistsof an open ended waveguide antenna (0 = 27.8 mm) 

viewing the plasma perpendicularly in the equatorlal plane, facing a microwave absorber 
described in section 3.2.3. The conneetion of the antenna with the diagnostic is by a circular 

overmoded waveguide, including a polarizer to select X- or 0-mode. It consistsof a beam 

splitter/recombiner, and two rooftop mirrors. One of the two mirrors can be driven by a stepper 

motor for calibration and alignment purposes. The other is moved on an air hearing at 25 Hz. 
The maximum optical path difference in the scan is 35.2 mm. Standard operation runs at 30 
mm. The 25 Hz steering results in a subsequent measurement of spectra at 20 ms time interval 
(two interferograms are recorded per period). After the recombination of the radiation the 

microwave power is detected in an InSb crystal (QMC Instruments, London) at 4.2 K which is 

sensitive between 60 and 1000 GHz. The signal is amplified, filtered, and recorded. Apart from 
the detector signal, two control signals are measured. One is the signal of a fringe counter 

attached to the moving mirror detecting every 80 fJlll optical path difference. The other is the 
tum-around signal indicating the moving direction of the mirror. 

The data of the Michelsou interferometer is analyzed by the following scheme. The time 
trace of the detected microwave power (V(t)) is recorded, together with the timetrace of the 

fringe counter. The correlation function C(x) on a 80 J.lm grid is reconstructed from these 

signals by averaging per fringe. Then a windowing (apodisation, see ref [51]) of this 
interferogram is applied to suppress sidelobes on a speetral line. By this apodisation the 

frequency resolution becomes = 12 GHz. The apodised interferogram is Fourier transformed by 
a standard FFT routine. The thus obtained spectrum is corrected for the calibration, which takes 

the frequency response of the full system into account. Figure 3.10 shows an example of an 
interferogram and its spectrum. 

Some remarks have to be made with respect to the resolution and sensitivity characteristics 
of a Michelsou interferometer. Although the interferogram is recorded in 20 ms, the signal V(t) 
exceeds the noise level for only 4 ms around zero path difference. This is because the ECE 

spectrum at RTP mostly consistsof one speetral band due to the thermalemission at the second 
harmonie X-mode. The width of this line is"" 40 GHz. Therefore, the interferogram is only one 

fourth of the full width, which is associated with the 10 GHz resolution. Moreover the mirror 
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Fig 3.10 The Michelson interferogram (a) as measured is Fourier 
transformed to give the ECE spectrum (b ). 

moves sinusoidally, which implies that the speed at zero path difference is larger than 1.5 m/s. 

If the total ECE emission changes on a timescale faster than 4 ms in these 4 ms, then the 

interferogram is seriously disturbed. However, when this fast change occurs in the remaining 

16 ms out of the 20 ms, then the interferogram can be recovered and a spectrum calculated. On 

the other hand, if the time varlation of the ECE signal is faster than the varlation due to the 

average ECE correlation function, then the disturbance will distort the spectrum at higher 

frequencies than the interesting zone for thermal ECE lines. In that case low pass filtering 

techniques can be applied on the interferogram. 

In summary, time variations that occur on time scales comparable to the time scale of 

varlation of the real interferogram must be avoided. Especially sawteeth at RTP can effect the 

spectrum. For this reason most experiments in chapter 8 and 9 have been performed in non

sawtoothing discharges. Note that the time to record the relevant information of the Michelson 

interferogram can be an order of magnitude shorter than the 20 ms oscillation period of the 

autocorrelator. 

3.2.2.2 Heterodyne radiometer 
The heterodyne radiometer [ 40,42] was constructed for the determination of Te at RTP with an 

accuracy close to the theoretica! limit. It covers the frequency range between 86 and 146 GHz in 

X-mode. The waveguide is split in five branches. Each branch includes a high pass filter and a 

mixer. The ECE signalis downconverted toa band from 6 to 18 GHz using local oscillators at 

80, 92, 104, 116 and 128 GHz. The five intermediate frequency (IF) signals are each separated 

in four branches. These signals are downconverted for a second time to 20 channels, all 

separated by 3 GHz with a 3 GHz bandwidth. Finally, the signalis filtered and detected. 

A specialty of the heterodyne radiometer set-up are the different ways in which the 
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radiometer can be connected to the tokamak. The standard LPS view is in 0- or X-mode. 
Moreover HFS X-mode measurements are done via a hoghom antenna [50]. Both antennas are 

incorporated in Macor absorbers [40,42]. ECA measurements are performed by irradiating the 

plasma by two sweeping backward wave oscillators (BWOs) via the HPS antenna, while 

detecting transmitterd intensity via the LPS X-mode antenna. 

3.2.2.3 Grating polychromator 
At RTP a grating polychromator [52] was present until 1995. The received radialion was 
optically dispersed at a grating, and detected by 6 antennas, giving 6 frequency channels. By 

changing the grating constant the 6 channels could be tuned in the frequency range between 80 

and 300 GHz. The channels are "" 3 GHz broad. The radiation was detected at 6 InSb-crystals 
(QMC Instruments Ltd, London) at 4.2 K. The signals were filtered, amplified and recorded. 

As is clear from Table 1 the Michelson interferometer is capable of measuring the full ECE 
ernission spectrum, whereas the heterodyne radiometer gives the timetraces of the ECE signal in 

the most interesting frequency range with the best achievable signal-to-noise ratio (SIN). The 
lower SIN of the grating polychromator and the difficulties with shielding the optical detection 
system for 60 GHz ECH stray radiation led to the decision to dismantie this instrument in 1995. 

3.2.3 Absorber 
The wall reflections need not to be modeled in Eqs 3.15 and 3.16, if a viewing dump facing the 

antenna is used. Por ECE diagnostics a vacuum compatible absorbing material in the frequency 
range between 100 and 600 GHz is needed to construct a viewing dump. In refs [53,54] it has 

been shown that Macor is most suitable (Macor is the tradename of a cerarnic made by Coming 
Glass Works, Coming, NY). In ref [55] a Macor dump is reported fora vertical ECE system 

yielding a reduction of reflected ernission by 90 %. In ref [36] vertical ECE measurements with 

a dump are presented in which the effective reflectivity was 2.8 %. Por RTP a dump was 
designed to suppress reflections for f > 80 GHz. 

The viewing dump (175 x 178 mm2) used in the Michelsou set-up is basedon the design of 

ref [55].1t consists of20 blocks of Macor mounted in a stainless steel frame (see Pig 3.8). The 

dump is shaped to the inside wall of the toroidal RTP vacuum vessel (concave in the poloidal 
plane, and convex in the toroidal plane) to make the dump as thick as possible. The blocks have 
a base (46.7- 55.8 mm wide, 17.9- 88.6 mm long, and 15 mm high) with teeth (top angle = 

45", and 15 mm high), to increase the number of reflections at the dump. These blocks are 

mounted in 4 rows of 5 blocks. In the poloidal direction the blocks are kept together by a self 
supporting construction, whereas in the toroidal direction they are clamped by 4 screws. 
Mounted in RTP, the teeth are parallel to the poloidal direction. 

Basedon the reflectivities measured in ref [55] and the coverage ofthe antenna pattem by 

the dump the reileetion coefficient at the dump can be estirnated. The ECE antenna is at the low 
field side of the tokamak at a di stance of 380 mm. The antenna pattem (see Pig 3.9) has a full 
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Fig 3.8 Sketch ofthe viewing dump. The 20 Macor blocks (total175 x 178 

mm2) are placed in the stainless steel mount. 

Fig 3.9 Antenna pattern of the ECE diagnostics at RTP. The coverage of the 

antenna pattern by the absorber (380 mmfrom the antenna) is indicated by the 

square. The measurement was done by moving a robotwith a detector in front 

ofthe antenna which was connected toa source. 

width at 3 dB attenuation of 6°, which results in an antenna spot with 0 = 67 mm at the viewing 

dump. Lobes of the antenna pattem have been measured at"' 14° with adepthof -19 dB, which 
lie outside the absorber. These figures lead to an estimate of the effective reflection coefficient 

Pdump "" 1% for this dump. 
It was tried to measure the reflection coefficient (Pdump) by the Michelson interferometer. 

Comparison of second harmonie X-mode measurements with and without dump give an 
estimate Pwall = 0.85 ± 0.1 for the vessel wall without the dump. Based on these measurements 
an upper estimate Pdump ~ 0.15 can be given for the dump, which is not in contractietion to the 
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estimates. The third harmonie X-mode emission disappears, in general, in the noise of the 

measurement at RTP. Therefore, the previous estimate of Pdump cannot be improved. No 

indication of reflected radiation bas been found in the measured spectra taken with the viewing 

dump installed. 
The viewing dumps [40,42] installed at the heterodyne radiometer set-up have the same 

dimensions, but twice as many teeth of 7.5 mm high. In the center of these absorbers holes 

were made for the antennas. 

3.3 ECE analysis 

The purpose of this section is to give experimental rules to deduce which ranges of the ECE 
spectrum can be analyzed by a thermal analysis (Eq 3.14) and which ranges require a 

nonthermal analysis (Eq 3.16). This experimental description depends on the required accuracy 

of the measurement. The diagnostics needed are a calibrated Michelson interferometer and a 
calibrated heterodyne radiometer. The calibration of these instruments will be discussed in the 
next chapter. The analysis scheme which is foliowed is the identification of the speetral bands in 
the ECE spectrum. Subsequently the optically thick frequency region is determined taking into 
account the required accuracy forTe measurements. Finally, the thermal or nonthermal analysis 

can be applied. 

3.3.1 Speetral band identification 
An ECE spectrum generally consists of several ECE bands subject to a structure characteristic 
for higher harmonies. Figure 3.11 shows a thermal and a highly nonthermal spectrum of the 

RTP tokamak: for the X-mode. The highly noothermal spectra are very broad and show 
harmonie structure due to the thermal absorption bands. The thermal spectrum consists of 
thermal emission bands and their harmonies. In 0-mode the first harmonie is the lowest 
observable band. In X-mode the second harmonie is the lowest observable harmonie. To 
deduce which line could be a thermal emission band, and which band is due to noothermal 

emission, the spectrum of the Michelson interferometer is plotted as Trad versus n = ro/roceO 
(rocea = eBofm). Thermal bands appear at integer values of n. Is a dip at these values observed, 
then a highly nonthermal spectrum is observed. The exception might be the observation of a 
hollow Te profile, or the effect of a cut -off layer in front of a thermalline. In the latter case, the 

radiation should drop to very low values ( < 100 e V). 
In the case that the spectrum looks thermal, a number of consistency checks can be 

performed. Firstly, the width of the spectrum is limited to the region of thermal resonance. The 
slightest indication of radiation outside the bands between n/(1-a/Ro) and n/(1 +a!Ro) is a strong 
indication for the presence of relativistic electrons. This test is especially sensitive at the low 

frequency si de of the second harmonie X -mode band. The relativic electrons are an indicator for 
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1.0 1.5 2.0 2.5 3.0 3.5 

n 

Fig 3.11 A thermal and nonthermal ECE spectrum in X-mode obtained in 
the same discharge in RTP, which developed to highly nonthermal. The 

differences in structure are used to determine the frequency ranges where a 
thermal or nonthermal analysis has to be applied. The frequency is given in 
terms of the harmonie number n, to facilitate the identification of the speetral 
bands (f = n 63 GHz). 

either a high temperature plasma, or for suprathermal electron populations. 
Secondly, the peak: radiation at a supposedly optically thick thermal band can be compared 

to the optically thin emission in a higher harmonie. A good example is the comparison of the 
second and third harmonie X-mode band. If the lower band is really optically thick and thermal, 
then the ratio of the radiation temperatures should obey : 

(3.22) 

In general the third harmonie intensity in RTP is too low to be observed. Observation of this 
band is therefore a strong indication for a nonthermal spectrum. 

Thirdly, theemission at the LFS can be compared with theemission at the HFS. If both 
ernissions show the same intensity level, this is a strong indication that the ernission is thermal. 

Fourthly, a comparison of the measured Trad with an independent Te diagnostic (e.g. 
Thomson scattering) can be done. For a thermal, optically thick plasma the central values should 
be the same within the error bars. 

3.3.2 Optical thickness determination 
If the previous tests indicate that the plasma is thermal, then the frequency range where the 
thermal analysis can be applied must be deduced. Therefore 'te must be calculated based on the 
required accuracy (see Eqs 3.18-20). Forthermore the -r-profile has to be determined. ECA is 

42 



ECE analysis 

especially designed for this purpose. Recently, this can be done standardly on RTP [42]. ECA 
measurements from the low frequency si de become inaccurate if refraction effects at the upper 
cut-off layer occur [40]. Vertical ECA [43] measurements at Tore Supra suffered from a m = 1 
MHD mode. For RTP these refraction effects are considerale for ne > 4 1019 m-3 in second 
harmonie X -mode (at Bo - 2.1 T). 

Casesexist (see Fig 7.2) where suprathermal ernission is present, but the absorption is so 
strong that the thermal band stays representative for T e(R). The places where the lineshape 
differs from the expected Te profile is then an indication of the limits to where a thermal 
analysis can be applied. 

In the case of a highly noothermal radiation spectrum, the spectrum will have the structure 
of a broadband ernission with an absorption dip due to the thermal electrons. If the absorption 
dip is not too strong, the -c profile can be deduced by interpolating the broad line (Tint) and 
deducing the 't profile from -In Tra&Tint· 

3.3.3 The analysis 
If a thermalline is identified, and the frequency region for the thermal analysis is deduced, then 
the Te can be deduced from Trad within the accuracy (A) by Eq 3.14. 

In the case that a noothermal analysis must be applied, the interpretation critically depends 
on the specific form of the electron distribution function. Therefore, in these cases no standard 
analysis can be given. Some limitations can be mentioned. The Trad of the suprathermal 
electrans is limited by the maximum energy of the electrons. In the case that theemission 
becomes optically thick, then Trad- Wmax. Note further, that the minimum frequency (OOmin) of 
the observed downshifted ernission must be caused by fast electrans in the plasma. This results 
in the maximum Lorentz factor î'max ~ (I}(Ro+a)/(l}min· Combination of these two arguments 
with the velocity dependenee of the emission (Eq 3.7) leads to simple constraints on the 
suprathermal populations. For example, fora noothermal X-mode spectrum as presented in Fig 
3.11 it can be concluded that the perpendicular energy of the suprathermal electransT 1. ~ 8 ke V 
and î'max ~ 1.25. 

Summarizing, in this section a strategy for ECE analysis is proposed which decides which 
type of analysis is applicable on the basis of experimental ECE data. Using a number of tests it 
is first decided if the radiation is thermal ore nonthermal. Thermal radiation can be analyzed in 
termsof a termperature distribution if the otical depth -c((l}) can be deterrnined as a function of 
frequency, in partienlar if 't((l}) >'te. For noothermal radiation that is due to the suprathermal 
electroos and has a negligible absorption, Eq 3.16 is the starting point for an analysis. For 
noothermal radiation in other cases no standard analysis is available. 
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Chapter 4 

Calibration of ECE systems 

4.1 Introduetion 

The ECE of a tokamak: plasma is measured either todetermine the electron temperature <Te) 
profile, or to diagnose fast electron populations. The thermal emission of a plasma is of the 
order of a black body at Te. Nonthermal emission can be four orders of magnitude stronger, 
because the intensity increases with a high power of the electron energy. Moreover, the 
bandwidth of suprathermal ECE is much larger than that of thermal ECE. To measure this 
emission quantitatively, a calibration of the diagnostics must be performed. A welt known 

calibration technique is the measurement of the radiation of a black-body souree at a known 

temperature. However, a souree at T"' 1 keV, that is needed for the intensity ranges measured 
in tokamak plasmas, is not available. Therefore, a procedure to perform a reliable calibration 
must be defined. This chapter discusses the requirements for a reliable calibration and describes 
the calibration ofthe ECE diagnostics at RTP [1]. 

Several calibration procedures [2-4] for ECE systems have been proposed in the past. The 
most successful method is the black-body calibration. Coherent addition (CA) of calibration 
measurements is commonly used at JET [2]. Coherent Foutier analysis (CFA) has reeently been 

suggested by Talvard et al [3]. This black-body calibration technique obtains higher signa! to 
noise ratlos than the CA method, as was shown for the ECE system at Tore Supra. Although 
these methods give a good absolute calibration, expensive equipment is needed and the 
calibration procedure takes about a week time. 

Tubbing et al [4] have proposed two calibration methods basedon single-frequency high

power radiation sourees; one based on antenna pattem integration (API), the second using an 
untuned cavity (UC). Both methods use a chopper to increase the S/N in the case of a 
radiometer calibration. API calibrates illuminating the diagnostic front-end by a single frequency 
souree from several positions covering the antenna pattem. Application of this scheme at several 
frequencies and integrating over frequency and space gave results that agreed within 25% [4] 

with a black-body calibration. The UC technique uses a single moded souree and a polarization 
and mode scrambler to provide a semi-homogeneaus radiation source. This calibration method 
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agreed within 20 % with the black-body calibration [4]. However, these two calibration 

methods cannot be implemented in situ, are time consuming, and the souree (a backward wave 
oscillator) has, in general, an unstable power output. 

This chapter starts by specifying the requirements for a calibration source. The calibration 

methods discussed in this paper are allbasedon microwave techniques. Firstly, the standard 

black-body calibration of the Michelson interferometer is descri bed. Then a relative calibration 
metbod is discussed which uses a magnetic field ramp in a thermal plasma, i.e. a scan of the 
ECE channels over the plasma cross section. Assuming that the Te profile is constant a 

calibration can be deduced. Thirdly, a relative calibration metbod is discussedwhich employs a 
modulation of the plasma position. To calibrate at high signallevels, a cross-calibration of the 
radiometer versus the Michelson interferometer on a nonthermal ECE spectrum is proposed. 

4.2 Requirements for a Calibration Souree 

An ideal calibration of an ECE diagnostic system requires the following. 
1 . Full coverage of the frequency range of the ECE system. ECE spectra, especially those of 

nonthermal plasmas can be very broad. Therefore the full speetral range of the instrument 

has to be calibrated. 
2. A calibration signallevel comparable to the plasma ernission level. This provides a way to 

calibrate the detectors and following amplifiers in the settings they are used in the 

experiment. 
3. Full coverage of the antenna pattem of the ECE system, in order to take into account spatial 

structures. 

4. An acquisition time of calibration data short enough to avoid problems with drifts of 
detectors and amplifiers. 
The two ECE diagnostics used at RTP are a Michelson interferometer and a 20 channel 

heterodyne radiometer. The detector of the Michelson is sensitive between "' 60 and "' 1000 
GHz, the 20 radiometer channels are tuned between 87 and 144 GHz, separated by 3 GHz, 
with each channel having a bandwidth of :5 3 GHz. For these frequency ranges, a black body 
souree is needed for the Michelson, whereas more narrow banded sourees (e.g. backward wave 
oscillator) rnight be used for the radiometer. 

The importance of a calibration signallevel that is comparab1e to the signal with plasma 

ernission is due to the possible non-linearity of the detector. Especially using a black-body 
soureefora radiometer, the calibration intensity is typically orders of magnitude smaller than 
that of the plasma ernission. In this situation even a slight non-linearity of the detector leads to a 
significant error on the calibration. 

The power requirement can be characterized by the ratio of the total observed calibration 

power (Pcai) to the total thermal plasma ernission (Pp): 
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PcaJ J Tcal(f) S(f) f2df 

Pp :::: f Te(f) S(f) .f2df 

Requirements fora Calibration Souree 

(4.1) 

in which S(f) is the speetral response of the diagnostic, and Teat(f) the radiation temperature 
spectrum of the calibration source. The integration is over the full frequency range of the 
diagnostic. Fora good calibration souree the ratio of Eq ( 4.1) is= 1. The plasma emission at a 
frequency fee (e.g. 2nd harmonie X-mode fee= eBo'nm) and a width feea!Ro can be estimated as 
Pp ex: Tefee3afRo. For abroad band diagnostic (such as a Michelson interferometer at a width 
AfM around peak frequency fM ""AfM) Tea!"" Te4fce3€fAfM3 is required for the diagnostic to 
operate at the same detection level as during plasma emission. For the RTP Michelson this 

results in Tea! = 7000 K. The same calculation for a radiometer yields Tea!= Te= 107 K. 
Braadband black-body sourees are available with T"" 1000 K. Hence, such a calibration fora 
Michelson interferometer requires an extrapolation of the results over an order of magnitude. 
U se of this calibration for a heterodyne radiometer is not feasible at all. 

The front end of an ECE diagnostic system is commonly an overmoded antenna [1-3]. The 
antenna pattem (= 10-100 cm2) requires a large area calibration source. A black-body souree 
and the plasma itself have such a large area. Single frequency sourees (such as Impatt- or Gunn
oscillators) have a high intensity that is mostly single moded. Strong mode dependendes in the 
diagnostics are then a severe restrietion for the calibration. Moreover, single frequency sourees 
need a directive antenna, which limits the coverage of the antenna pattem. Therefore, a black
body souree and the plasma itself are the most appropriate for calibration purposes. 

An acquisition time of the calibration that is comparable to the time resolution during 
experiments overcomes problems with the temporal stability of either the calibration souree or 
the diagnostic. In this respect averaging techniques used during calibration procedures place 
constraints on the stability. 

4. 3 Calibratlon Methods and Results 

4.3.1 Black-body calibration 
At RTP the Michelson interferometer was absolutely calibrated with a standard black-body 
souree using the CA technique. The black-body sourees were a piece of Macor microwave 
absorber heated to 520 K, and eccosorb in a bath of liquid nitrogen at 77 K. These sourees were 
placed in the overmoded waveguide system outside the RTP vessel between the polarizer and 
the vacuum window. An antenna identical to the plasma viewing antenna was used. The extra 
power loss due to the window is estimated at 3 dB. The antenna pattem was fully covered by 
the black-body sources. Further differences of the diagnostic system for the calibration occurred 
at the data-acquisition side of the preamplified detector signal. Insteadof the usual ADCs a 
LeCroy 9410 oscilloscope was used. The interferograms and the fringe signal (giving 80 ~ 
optical path steps) were recorded at a sampling rate of 100kHz. These were triggered at 
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Fig 4.1 The eaUbration interferogram ( dotted line) of a blaek-body souree at 

520 K. This interferogram was windowed with a Gaussian window centered 

around the peak of the interferogram and a 11 e-halfwidth of 3.6 mm before 

application of the F ourier transform. This jiltered interferogram is also shawn 

(solid line). 

15.00 mm optical path excursion from the rest position. Stability of the motion of the mirror in 
the Michelson was assumed such that the interferograms could be averaged. 

The calibration interferogram at 77 K was negligible with respect to the interferogram at 
520 K. Therefore, the calibration was perforrned on the latter. The averaged interferogram was 
interpolated onto an op ti cal path grid of 17.8 IJill stepsize, centered around zero path difference 
(maximum of the interferogram, see Fig 4.1, dotted curve). The interferogram contains the 
inforrnation of the spectrum in a small band around zero path difference. The noise observed at 
large path differences was fi1tered out by a Gaussian filter with a 1/e halfwidth of 3.6 mm (see 
Fig 4.1, fullline). As aresult of the filtering, the frequency resolution of the calibration 
interferogram deteriorates to 50 GHz. It is expected that the calibration curve is a smooth 
function on this frequency scale, which justifies the resolution broadening. The Fourier 
transform of the fittered calibration interferogram gives the sensitivity curve of the Michelson 
interferometer shown in Fig 4.2. The sensitivity curve shows a 1000 GHz broad structure 
which is the sensitivity of the Michelson interferometer. A conversion to Trad (oe JJf2) gives a 
frequency band between 60 and 600 GHz. At 580 and 760 GHz two absorption lines are 
observed. These are attributed to water vapour which absorbs also but less at 375, 450, 1000 
and 1100 GHz [5]. The width of the absorption lines is determined by the 50 GHz resolution. 
The sensitivity shows the noise spectrum at f > 1200 GHz. 

A few effects were nottaken into account for this absolute calibration. Firstly, the extra 
attenuation of the diagnostic antenna configuration differs from the calibration one by"" 3 dB. 
Secondly, the calibration versus liquid nitrogen was shown to be small, and therefore neglected. 
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Fig 4.2 The sensitivity of the Michelson interferometer at RTP. The water 
vapour absorption lines at 580 and 760 GHzare visible. 

Thirdly, the moving mirror of the Michelson interferometer showed "" 1 % jitter on the 
excursion. This jitter could have broadened the main peak: of the interferogram, in which case 
the sensitivity would become broader. This is not likely, because the sensitivity is already as 
broad as the detector sensitivity. In respect of these neglections, it is remarkable that the 
absolute calibration agreed within an order of magnitude with measurements of Te(O) by 
Thomson scattering in a high density plasma discharge. 

4.3.2 Magnetic field ramp 
Relative calibration by means of aB-ramp was proposed in ref [2]. By ramping B the resonance 
positions of the ECE shift through the spectrum. In ref [2] this technique was used to improve 
the results of the standard black-body calibration by expressing the ECE spectra in normalized 
frequencies and intensities. In order to keep the form of the Te profile ( and hence the normalized 
ECE spectra) constant during the ramp the plasma current (lp) was ramped simultaneously such 
that the safety factor (qa) was kept constant. This implies, however, a decay of the ohmic input 

power in the plasma, given by the time scale of the lp ramp (ti). In plasmas with a confinement 
time 'tE> 'tJ, the Te value will decay on the 'tE time scale. Still, skin current effects rnay cause a 
profile change. 

For application of this metbod at RTP 't is, however, of the order of a few ms, whereas the 

decay time fortheB-field is 350 ms. Therefore, Te(O) will decrease considerably during the 
ramp down. Hence, we kept lp constant in order to maintain Te(O) as constant as possible. As a 
consequence qa changes. This can lead to a varlation in the profile shape. However, the T e(O) 
value varles by less than 10% as measured by Thomson scattering. Therefore, we analyzed the 
central value of the ECE profiles. 

Figure 4.3 shows the ramp of Bo and the ECE signal of the heterodyne radiometer at 
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Fig 4.3 The ECE response at 99.5 GHz on a magnetic field sweep measures 
the temperafure profile. The plasma position control keeps a centered 

discharge. By assuming that the Te-profile is about constant, the ECE 
channels can be relatively calibrated. A comparison with Te(O) measured by 
Thomson scattering in an optically thick thermal discharge gives the absolute 
calibration. This eaUbration must be performed at Bo =2.31 and 2.13 T to give 
a eaUbration for the lowest 13 channels of the radiometer. 

99.5 GHz. The ramp was applied from 110 ms onwards and started at 2.31 or 2.13 T. The 

ECE channels at f < 126 GHzscan from the LFS over the plasma center to the HFS showing 

the maximum in emission. The ECE channels at f ;::: 126 GHz could not be calibrated in this 

way. The Te(O) stays constant within 10% during the scan, as measured by Thomson scattering 

at 95 and 300 ms. In this time Bo decreased to 75 %. The ratiosof the calibration coefficients 

( CBi· of channel i) are given by : 

9Ji _ Vi(O)fl 
CBi -V jO) fl (4.2) 

in which Vi(O) is the voltage of channel i measured at the maximum of the sweeped profile, and 

fi is the frequency of the channel. The results averaged over 5 discharges are given in Table 4.1. 

4.3.3 Position modulation 
A relative calibration metbod bas been developed by modulation (at a frequency Wm) of the 

radial position of a thermal plasma over a distance ár at a constant Bo-field. This leads to a 

modulation of the ECE signals in the second harmonie thermal frequency range. It is assumed 
that the Te-profile only depends on the distance to the modulated center of the discharge (p = R -

Ro- Ar cos(wmH>)) 
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Table 4.1 The relative eaUbration coefficients as derived from the Bo ramp 

method ( c8 ;) and from the position modulation ( Ct.r) tabuiared for the 

radiometer channels (i) atfrequency f. 

i f CBi CMj/Crui+1 c,m CBj/C,m 
(GHz) (eV/mV) (eV/mV) 

1 87.5 23.92 0.850 25.74 0.929 

2 90.5 31.85 0.814 30.30 1.042 

3 93.5 38.31 0.724 37.21 1.030 

4 96.5 62.1 8.204 51.36 1.209 

5 99.5 8.69 1.262 6.26 1.388 

6 102.5 6.3 0.534 4.96 1.270 

7 105.5 11.3 1.410 9.29 1.216 

8 108.5 7.52 0.958 6.59 1.141 

9 111.5 7.06 1.532 6.88 1.026 

10 114.5 5.46 0.961 4.49 1.216 

11 117.5 5.49 0.149 4.67 1.176 

12 120.5 34.0 3.310 31.25 1.088 
13 123.5 10.97 0.808 9.44 1.162 

14 126.5 0.339 11.69 

15 129.5 1.246 34.52 

16 132.5 1.660 27.71 

17 135.5 1.095 16.69 

18 138.5 0.595 15.24 

19 141.5 0.427 25.60 
20 144.5 59.95 

Te(R,t) = Te(p + Ro + L1r cos(w""t -l/>)) (4.3) 

By matching the uncalibrated radiation temperature (Vi/fi2) in the overlapping regions the 
relative calibration constants (q) can be deduced in the overlapping regions. This calibration 
was performed in two discharges, one withBo = 2.315 T, Te(O) = 560 eV, and ne(O) = 4 1019 
m-3, and one withBo = 1.907 T, Te(O) = 580 eV, and ne(O) = 4 1019 m-3. Hence all radiometer 
channels could be calibrated. Figure 4.4 shows the Trad spectra for both discharges using the 
deduced calibration constants (which overlapped between channel9 and 15, see Table 4.1). The 
absolute value of the radiation temperature was cross calibrated versus the central Thomson 
scattering Te(O) = 580 eV for the discharge at Bo ~ 2.315 T. 

The calibration in the optically thin region of these profiles could be influenced by the De 
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Fig 4.4 The radiation temperafure profiles of the discharges with position 

modulation on which all channels were calibrated. The spectra were taken at 
Bo = 2.315 T (Fig 4.4a) and 1.907 T (Fig 4.4b). The Thomson Te profiles 

are shown for reference. 

0.2 

modulation (= 15 %) present in the discharge. However, within the error bars of the calibration 
metbod the comparison of the two discharges shows no significant sign of this effect. There is 
good agreement between the calibration constants of channels 10-13 obtained in both 

discharges. 
The main advantage of this calibration metbod is the fast acquisition of data in only a few 

discharges. The full frequency range of the heterodyne radiometer can be covered by proper 
choices of Bo. The analysis of the data is simple, provided that the data for the ECE and for ó.r 
are recorded at the samesampling rate. A further advantage of this metbod is that the Te(P) 
profile is not expected to change much in time, such as in the case of the B-sweep that suffers 
either of a varlation in qa. or Po, or the internat inductance. 

Disadvantages of this metbod are the limited amplitude of the ó.r modulation. Hence, the 
lower frequency channels did not overlap, requiring an extrapolation. Moreover, the edge of the 
Te profile could be modified by op ti cal thickness effects. Then also the De modulation induced 
by the ó.r modulation would change the amplitude in the observed signal. However, the results 
presented in Figs 4.4 did not indicate this kind of effects. 

lt bas to be noted that the analysis presented in this chapter was exploratory. The results so 
far indicate that the reliability of the metbod can be improved by applying more actvaneed data 
analysis techniques and a larger ó.r. 

4.3.4 Calibration using a nonthermal ECE spectrum 
A new metbod of cross calibration of the Michelson interferometer versus the radiometer is 
proposed. This metbod employs the high signal level and the broad emission band of a 

noothermal ECE spectrum. A cross calibration of both instruments is feasible if the variations in 
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Fig 4.5 Comparison of the ECE spectrum of a nonthermal discharge as 
measured by the Michelson interferometer (curve) and the radiometer 
spectrum (stars). For the latter the calibration obtained with the plasma 
position modulation was used. 

the spectra aresmallover the 10 GHz resolution of the instrument. The thermalemission band 

of an RTP plasma is too narrrow in this respect. Cross calibration in a thermal discharge at RTP 

is hence not appropriate. However, nonthermal spectra can be resolved very well by a 

Michelson interferometer. Moreover, the intensity ofthe nonthermal emission is generally a few 
orders of magnitude stronger than the thermal emission. Hence the calibration curve of the 

radiometer can be interpolated instead of extrapolated for the most common situations. 

Moreover, nonlinear power dependences of microwave detectors in a heterodyne radiometer can 

be checked by this method. 

Figure 4.5 shows a slightly nonthermal ECE spectrum measured simultaneously by the 
Michelson interferometer and the radiometer. The calibration constants used for the radiometer 

were obtained by the position modulation. Observed are the thermal emission band around 126 

GHz, and a nonthermal band for f < 100 GHz. A good cross calibration could, however, not be 

obtained, because in the available data either no strong nonthermal spectrum was measured, or a 

relative calibration for the heterodyne radiometer was lacking. 

4. 4 Discussion and Conclusions 

The results of the described calibration methods are compared in Fig 4.6, which shows 

CB/Ct:J.r for 13 channels of the radiometer. Averaging of CBICt:J.r yields 1.15 ± 10 %. Systematic 
differences between the two methods would give a trend in the ratio, which is not observed. 

Therefore it is concluded that both methods are valid for calibration purposes. 
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Fig 4.6 The ratio of es and c..1r shows that both methods agree within JO %, 

and that no systematic differences in the methods appear. 

The T eCR) profiles depicted in Fig 4.4 show that the Thomson scattering Te profile for the 
discharge of Fig 4.4a agrees with the ECE profile out to ria"' 0.3. For the ria> 0.3 differences 
between the two profiles are evident. In this region the plasma becomes optically thin, with 

't < 2. The observed lower Trad suggests that a correction for the optical thickness should be 
taken into account. The other discharge confirms this picture, although in this case the central 

Trad is lower then the T e(O) as measured by Thomson scattering. This difference is oot 

understood. 
The requirements set in section 4.2 are compared to the results obtained by the calibration 

methods. The black-body calibration of the Michelson interferometer is one order of magnitude 

lower in intensity level than the plasma emission. This implies an extrapolation of the sensitivity 
of the detector. Moreover an averaging on the order of 100 interferograms is needed to get the 
SIN on the total intensity of the calibration interferogram equivalent to the plasma intensity. 
However, if in the speetral band of the plasma emission ("' 40 GHz in RTP) SIN is required 
equivalent or even better than over the full speetral band of the Michelson interferometer, then 
106 - 1 os interferograms are required. The acquisition time is hence about a day. The emission 
of a black-body is proportional to the temperature (T) of the body for frequencies f <<cT !kw"' 
100 T [GHz], with kw the constant of Wien. Therefore, the second and third requirement of 

Section 4.2 are satisfied. The implementation of the hardware and softwarefora CFA scheme, 

as proposed by Talvard et al [1] is strongly recommended to improve the SIN. 
The relative calibration of the radiometer by a magnetic field ramp measures plasma 

intensities. Hence, the calibration works in the appropriate intensity range, aod at the same 

sampling rate as during the measurements. The coverage of the aotenna pattem is also identical 
to the one during the measurements. The frequency range covered by the radiometer cao be 

covered by varying Bo. If only central Te values are used, then the radiometer cao be calibrated 
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for f < 126 GHz at RTP, because of the maximum value of Bo. With the assuming that either 
the Te(R) profile stays constant or that a correction for the qa variation can be used, the full 
speetral band might be covered. 

For the RTP conditions it is difficult to use the magnetic field ramp for a better relative 
calibration of the Michelson interferometer, as was done by Binctslev and Bartlett [2]. This is 
because the ECE spectrum of a thermal plasma in RTP is narrow, whereas in JET higher 
harmonie emission is present. 

The relative calibration by means ofthe position modulation fulfills the requirements mostly 
in the same way as by the magnetic field ramp method. However, the calibration covers the full 
profile, because the variations on the profile shape are small. 

The cross-calibration metbod of a Michelson interferometer versus a radiometer at a 
nonthermal emission spectrum provides calibration metbod at high intensities. Effects of 
nonlinearities in the detector characteristic can thus be minimized. Furthermore, the 
requirements described in section 4.2 are all met. 

This chapter shows that although a relative calibration is easily obtained, the absolute 
calibration is difficult. The biggest problem for the absolute calibration is the extrapolation to 
high intensities of the detector sensitivity of the Michelson interferometer by one or two orders 
of magnitude. Furthermore, the calibration of the Michelson interferometer is time consuming in 

respect to the relative calibration methods. However, this is the only way in which an absolute 

calibration can be obtained. 
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Chapter 5 

Function Parametrization of 

Simulated Nonthermal ECE Spectra 

5.1 Introduetion 

Several interesting regimes in tokamak: experiments are characterized by the presence of 
nonthermal electron populations. These electrons can contribute considerably to the electron 
cyclotron emission (ECE). The frequency of theemission depends on the location as wellas the 
energy of the emitting electrons. As aresult the analysis of nonthermal ECE spectra has proven 
to be difficult [1-3]. 

Fora given distribution function f(v,r) it is possible to compute the ECE spectrum with a 
computer code. Tamor was the frrst to follow this approach, with the SNECTR-code [4]. In 
1978 he managed to obtain agreement between nonthermal ECE spectra measured in TFR and 
simulated spectra, by varying the input parameters of the code (i.e. the specification of f(v,r)). 
In 1987 Luce [5] used a simulation code to show that the nonthermal ECE spectrum is mainly 
determined by two parameters of the nonthermal electron population: the average pitch-angle 
and the average energy. An analysis of simulated spectra by Janz [ 1] showed that most of the 
intensity is emitted by electroos in a small subvolume of velocity space, which may be 
approximated by a o-function. Gasparino [2] confirmed these findings by a theoretica! 
derivation. Hence, at this point it is clear that the suprathermal ECE spectrum is mainly 
determined by the number of suprathermal electrons, their average energy and average pitch
angle. It is, however, not known how one can determine these parameters from measured 
spectra. 

To find this inverse mapping (i.e. from measured spectra to parameters of the nonthermal 
population) we applied the statistica! inversion technique of function parametrization (FP) [ 6] on 
a special class of suprathermal distribution functions. The basis for FP is a database of input 

Note: Chapter 5 is intended to be submitted as a publication, hence parts of aarlier chapters are copied 
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parameters of a simulation code and their related output parameters. As a fint step it is analyzed 
whlch output parameters are sensitive to variation of the input parameters (principal component 

analysis [6]). Thus the number of significant input and output parameters can be limited. Next, 
analytic functions are constructed that express the output parameters in terrus of the input 

parameters. These functions need not be linear; for our problem we used Hermite polynomials. 
Once these functions are found, the inverse mapping is trivial. Function parametrization allows 
an analytic error propagation analysis. Hence, the feasibility of determining suprathermal 

electron parameters from ECE spectra can be assessed within the selected domain of spectra. 
This paper is built up as follows. Section 5.2 describes the numerical simulation code 

NOTEC [7] that we used, and the method of FP. Section 5.3 presents the obtained spectra for 
the chosen set of input parameters for the code. Section 5.4 describes the FP of the simulations 

and shows the dependenee on the specific parametrization of the problem. Section 5.5 presents 
the FP results for the ECE spectra. A discussion is given in Section 5.6. 

5.2 Methods 

5.2.1 Nonthermal ECE 
Electrons with an energy ')'Ill0c2 ('Y the Lorentz factor) gyrate around a magnetic field (B) and 

emit radiation at the cyclotron frequency and its harmonies n: 

neB 
Wee=-· 

Jmo 
(5.1) 

In a tokamak: the toroidal magnetic field at major radius R is B(R) BoRo/R. Note that the 
frequency depends on the combination of the localization (R) and the energy ("{) of the electron. 

The single electron emission coefficient (TJ) for an electron with velocity components v;;- ~;;c 

along Bo, and v ..L -13..Lc perpendicular to Bo is given by the Schott-Trubnikov formula: 

e2ui! 
---[{31/2 Ji(n{JJ) +fJJ.. 2 ln'2(nf3J..)] ö(n(/)()- w) 
8n2 eo c 

(5.2) 

in which n is the harmonie number of Wee and ln and ln' are the Bessel functions and their 
derivatives. In this equation the first and second term denote the 0- and X-mode emission resp. 
The emission coefficient j( w,R) in a plasma is expressed by : 

00 

j(w,R) = I, Jdv f(v,R) 'Tln(v) Ö(W nWce(y,R)), 
n=l 

(5.3) 

where f(v,R) is the electron distribution function. The transfer of the radiation is given by: 
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Smax 

l(O>) I d' j(O>,,) .x{ 'F· a(w,,')] (5.4) 

Smin 

along a sightline startingat Smin with an observing antenna at Smax· The absorption coefficient 
(a.) depends on the gradient off(v,R) in velocity space. 

In this paper a Maxwellian type of distribution function will be used for the supratherrnal 
electron population. Tamor [8] derived the expressions for j and a. in this specîtïc case. The 
calculation of a. is deduced in terros of T11 and T .l· These formulas and formulas by Bomatici 
[9] are the basis for the numerical nonthermal ECE simulation code NOTEC, which was 
developed by Sillen et aJ [7]. The ray-tracing is basedon the RAYS-code by Batchelor and 
Goldfinger [10]. The description of magnetic equilibria was taken from the TORAY code by 
Westerhof [11]. The NOTEC code includes many specific experimental parameters, i.e. the 
vessel geometry, reflection properties, and polarization scrambling. The code was tested using 
JET ECE spectra in ref [7]. Recently, the NOTEC code was used to performa feasibility study 
ofTe measurements by ECE at ITER [12]. 

5.2.2 Function Parametrization 
For the analysis by FP a database is constructed of N simulations qi (a vector having Nq 

components) depending on the input parameters Pi (of Np components). The NOTEC code 
performs a mapping q = p-l(p). To find the inverse mapping p = F(q), two problems have to 
be solved. The first is the collinearity in the measurements, which make a regression of q to p 
unstable. The second is oversampling of the measurement range, which leads to a larger 
database of simulations than is necessary. These problems are solved by principal component 
analysis (PCA). The measurements q are first transformed 

qi' = qi - <q> ' (5.5) 
O'q 

in which <q> and Oq are the mean and standard deviation of q over the N elements in the 
database respectively. The correlations between the measurements are described by the 
dispersion matrix : 

N 
D - -

1
- " q -'q .'T q-N-1~ l I' 

!=1 
(5.6) 

in which qiT is the transposedof qj. This matrix Dq is diagonalized creating orthonormal 
eigenveetors for the measurements. The measurements can now be mapped on the eigenveetors 

ei: 

(5.7) 
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In this way, all collinearities are removed. 

The eigenvalues Àt, ... ,Nq of the matrix Dq can be sorted. By choosing M components with 
the largest Àj, the transformed measurements with the largest varianee in the database are 

selected. This selection reduees the oversampling of the measurements: those measurements that 
show little varlation cannot be used to determine the input parameters and can be leftout of the 
analysis. 

The mapping p- F((j) is constructed by a fini te power series of Hermite polynomials Hn: 

M1 - M2 M2 - - M2 -
p = coHo + 1:, cnHJ(t"J..k) + 1:, 1:, C2ktHJ(fi)HlllJ + 1:, c2kkH2(fi) + .. (5.8) 

k=1 ö:tc k=O l=k+1 o-k öt k=1 o-k 
in which Mi are the number of eigenfunctions selected for basis functions of order i, Ök =-fi:k. 
and the veetors Ci are the coefficient veetors that must be determined by regression analysis. 
Hermite polynomials are chosen for the mapping, because these functions ensure the linear 

independenee of the ijk. Henee, the regression for the Ck is well determined, provided that some 

noise is added to prevent numerical instahilities in the fit procedure. It should be noted that F 
can represent nonlinear functions, whereas the regression of the Ck stays linear. 

The accuracy of the mapping within the database of N simulations can bedescribed by the 

reconstruction error : 

1 N 
~)F(qi + Ei)- pi)2 . 
i=1 

(5.9) 

This tree consists of a statistica! error introduced by the noise ti on the measurements, and a 
reconstruction error descrihing the deviations of the mapping from the real input parameters of 
the code. The ratio of tj to the varianee in the physical parameters Oj gives the significanee of 

the variation. The process of function parametrization now depends on finding the optima! 
combination of basis functions that result in the lowest tree• without a high sensitivity for 
measurement noise. 

The quality of reconstruction of a real measurement (expressed as ij) is given by the 
reconstruction qualifier that measures the distance of the measurement to the center of the 

database: 

1 M ""'.2 
Q - 'L q, 

M i=1 Ài + 1:i2 
(5.10) 

For values Q "' I the measurement is well represented in the database. For Q >> 1 the 
measurement is represented by an extrapolation of the database. 

The best representation ofthe physical system uses a complete set ofHermite polynomials 
for the physical parameters. In general, this is not achievable. However, a parametrization of the 
measurements can be chosen such that several expected (non)linearities are already redueed. The 

choice of the parametrization is often crucial for the success of FP, as will be shown. 
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5.3 ECE spectra 

The simulations of the ECE spectra were allbasedon discharges such as obtained in the RTP 

tokamak (Bo = 2.28 T, Ro = 0.72 m, a= 0.164 m, Qa = 7) with Te(O) = 1 keV, Te(a) = 0.5 eV, 
ne(O)- 1.1 1Q19 m-3, and ne(a) = 1Q17 m-3. The profile of the thermal bulk was represented by 

Te(R)- Te(a) + CTe(O)- Te(a)) (1-(r/a)2), and a similar profile was taken for ne(R). The ECE 

spectra were simulated at 15 frequencies, separated by 9 GHz between, 75 and 201 GHz for 

both the X- and 0-mode. This frequency range is observable by the Michelsou interferometer at 

RTP. For the X-mode simulations were performed with a low field side (LFS) view, and a high 

field side (HFS) view. The thermal LFS X-mode spectrum (expressed in radiation temperature) 

is shown for reference in Fig 5.1. The thermal second harmonie band around 128 GHz shows a 

maximum radiation temperature of 750 e V, which implies an op ti cal dep tb in the center of the 

discharge 't .. 0.75. A small third harmonie component is observed. 

Table 5.1 shows the suprathermal population input parameters for the NOTEC code. These 

arealso the parameters that are finally wanted from the inverse mapping from the spectra. All 

125 combinations were used to build the database of simulations. The form of the electron 

distribution function in velocity space is : 

f(v,r) = C exp(- mc
2 -J 1 + P.L2 + ~~ Ptt2 ) 

~"j 
~0.6! 
~ . 

~0.4l 

0.2~ 

80 100 120 140 160 180 200 
f (GHz) 

Fig 5.1 The simulated LFS X-mode ECE spectrum for a thermal RTP 
discharge withBo 2.28 T, Ro 0.72 m, a 0.164 m, Te(O) 1 keV, and 
ne(O) = 1.1 1019 m-3 is shown. This spectrum in optically thin ('c:(l20) = 
0.75 ). A low third harmonie component can be observed. 

(5.11) 
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Table 5.1 The database of simulations was constructed by simulating the 

ECE spectra of all125 combiootions of the input parameters nrel• T _1_, and T11• 

nrel T_L T!! 
% keV keV 

0.1 20 100 

1 40 200 

2 60 300 

5 80 400 
10 100 500 

with Pi - î'f3i, and C a normalization constant. The covered range of distribution functions is 
indicated in Fig 5.2. These distribution functions do nothave a time dependence. Moreover, T;; 

and T j_ are taken constant for all positions. The suprathermal density profile is given by nrel 
ne(R). The parameters were chosen on an exponential scale to cover a large range by a limited 
number of simulations. The simulations were limited to one temperature and bulk electron 

density profile, in order to concentrate the parameter space as much as possible on the 
characteristics of the nonthermal electrons. Since the main characteristics of the suprathermal 
ernission are well separated from the thermal spectrum, this will not limit the generality of the 
results severely. 

Figure 5.3 shows the spectra of a few characteristic simulations in LFS view. The highest 

intensities are seen in the second harmonie downshifted frequency range. Also at higher 
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Fig 5.3 The dependenee ofthe nonthermal ECE spectra in LFS view on the 

input parameters is shown. The linear sealing of Trad with nrel and T .L is 
shownfor X- (Fig 3a) and 0-mode (Fig 3c). Simulations are shown with 

nrel = I % (dashed curves), and with nrel = 2 % (full curves)for T11 = 100 

keV and T.L = 40, 60, and 80 keV. The slight dependenee of TradOn T11 is 
shownfor X-mode (Fig 3b) and 0-mode (Fig 3d). The simulations are with 

nrel = 2 %, T .l = 80 keV, and T11 = 100, 200, 300, 400, and 500 keV in Fig 

3b, and T11 = 100, 300, and 500 keV in Fig 3d. 

hannonics the intensity is a few orders of magnitude larger than the thermal intensities, both in 
X- and 0-mode. Comparison of the nonthermal X-mode and 0-mode spectra shows an 
absorption band around f = 128 GHz due to the bulk electrous in X-mode. The intensities at f < 
95 GHz show an increased emission by a factor"" 2 compared to the emission at f > 95 GHz. 
This jump in the spectra is attributed to the reflection of the ray at the upper cut-off layer in the 
plasma, doubling the sight line and therefore the intensity. 

Basedon the formulas (5.1-4) some velocity dependendes ofthe suprathermal parameters 
could be expected, which can be checked in the spectra in Fig 5.3. Basedon Eq (5.3) a linear 
sealing with Drel is expected, as is confirmed by Figs 5.3a and 5.3c. Basedon Eq (5.2) Trad"" 
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is expected for the optically thin part of the spectrum. This is observed in Figs 5.3a and 
5.3c, although the second harmonie downshifted peak shifts to lower frequency for increasing 
T1_. The 0-mode intensity is expected to scale linearly with T11 basedon Eq (5.2). However, 
this proportionality is not observed. For T11 ~ 400 and 500 keV Trad decreases with respect to 
the lower T11. This is attributed to absorption. Note that the second harmonie downshifted band 
shifts to lower frequency for increasing T11. Hence, the single parameter scans produce the 
expected dependencies, where it is noted that absorption can obscure the dependency of the 
emission. In reality, all parameterscan vary independently. To disentangle these parameter 
dependendes we applied FP. 

5.4 Function Parametrization 

The simulations give the spectra at 15 frequencies between 75 and 201 GHz in steps of 9 GHz 
for both the X- and the 0-mode. A noise level of 0.1 % was chosen to study the physical 
feasibility of the parameter determination. At the end of this section, the results for 5 % noise 
will be presented, to study a more realistic case. For the FP five parametrizations of the 
"measurements" were chosen : 
A The 15 X- and 0-mode measurements. 
B. Combination of 15 LFS and HFS X-mode measurements. 
C. X- and 0-mode spectra at 7 frequencies 75 to 129 GHz. 
D. As A, but normalized by the totalemission in X- and 0-mode. 
E. As A, but divided by nrel as detennined by pararnetrization A. 
The analysis described inSection 5.2.2 was applied toeach of these five pararnetrizations. This 
results for each pararnetrization in a set of eigenvalues, eigenveetors and fit coefficients. These 
are compared below. 

Parametrization A was chosen as the straight forward approach. At the measured 
intensities, in X- and 0-mode, at the 15 frequencies between 75 and 201 GHz were taken as the 
parameters of the spectrum. The reconstruction error for the reconstruction of nrel, TJ., and Ttt 
obtained is presented in Table 5.2. Already by this parametrization it is possible to obtain nrel 
from the measurements within 5 % error, using 14 linear and 1 quadratic function. The most 
important eigenvector estimates the total power of the X- and 0-mode measurements. With 14 
linearand 7 quadratic basis functions T1. and T11 are reconstructed with an accuracy of 14 and 
22 % resp. Hence, it is concluded that the suprathermal parameters can be obtained with 
reasonable accuracy from a combination of X- and 0-mode spectra. 

The peak frequency of the second harmonie downshifted emission in X-mode could be 
expected as a measure for T11. However, due to the thermal absorption the high frequency side 
of the X-mode emission band is blocked. To solve this problem parametrization B, that consists 
of 15 LFS and 15 HFS X-mode measurements, was tried. Indeed T;; was resolved to 20% 
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Table 5.2 The reconstruction error (Erec) ofnrel> TJ., and T11 is presented 

for the Jour relevant parametrizations. The number of fine ar (MJ) and 

quadratic (Mû basis functions for the lowest Erec of each parameter is given. 

Parametrization ~ IB c D 

!Orec (%) 5 5 5 5 

nrel M1 14 12 11 14 
M2 1 5 5 5 

€ree (%) 14 14 18 2 
T..L M1 14 12 11 14 

M2 7 5 6 5 

!Orec (%) 22 20 22 10 
T;; M2 14 9 11 14 

M1 7 6 6 5 

using 9 linear and 6 quadratic basis functions. Consequently, measurements of HFS and LFS 

X-mode spectra give the suprathermal parameters within reasonable accuracy. lt was 

investigated whether the results depend on the span of the frequency range. This was done with 
parametrization C, which included only 7 LFS X- and 7 0-mode measurements between 75 and 
129 GHz. It was found that only the reconstruetion of T ..L suffered. A reconstruetion error of 18 

% is aehieved using 11 linear and 6 quadratic basis functions. Thus it ean be eoncluded that 

most information is contained in the seeond harmonie downshifted frequeney range. 
For parametrization D the measurements in X- and 0-mode were divided by the total ECE 

power in X- and 0-mode resp. In this way the linear sealing of the intensity with nrel and T..L 
was transferred from the low frequency to the high frequency part of the spectrum. The 

eigenveetors now giving nrel and concentrated on this high frequeney part. The aecuracy of 

the nrel determination was 5 %. This normali zation emphasizes the shape of the spectra. This 

improves the determination of and T// to 2 % and 10 %, resp. For these results 14 linear 
and 5 quadratic basis functions were used. This shows that very good reconstructions are 
possible if linear scalings are removed from the data. 

In parametrization E it was tried to remove the nrel sealing by dividing the measurements by 

the nrel as determined by parametrization A. However, the results were far worse than for the 
other parametrizations. Probably, splitting up the parameter space in nrel on one hand and T11 
and T ..L on the other hand leaves less freedom for the fitting procedure. Sealing of the 
measurements as in parametrization D reduces the linear dependences in the measurements. 
Serlal application of FPs does not improve the results. 

A realistic measurement error of 5 % was used for an FP to determine the sensitivity for 

measurement errors. Some slight changes in the results are observed. T..L was reconstrueted to 
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7 % using 5 linearand 4 quadratic basis functions in parametrization D. ForT;;, however, 

parametrization B (MI- 4, Mz = 3) gives the best results €ree- 23 %, whereas parametrization 

D gives 26 %. For nrel parametrization B and D give now 17 (M 1 - 5, Mz- 3) and 23 %. Thus 
it can be concluded that the specific parametrization depends on the measurement errors. A 
reconstruction of the suprathermal parameters is, however, still possible within reasonable 
accuracy. 

5.5 Results 

The frequency range needed to obtain the suprathermal parameters from ECE spectra within the 

simulated database is the second harmonie downshifted emission band. The fact that 
parametrization C works nearly as well as parametrization A shows that the information 

contained in the higher harmonies is small. Pararnetrization D shows that the results improve by 
normalizing to the total ernission, provided that now the higher harmonies are included. 

For a good reconstruction of the suprathermal parameters LFS X-mode signals are 
necessary combined with either 0-mode or HFS X-mode signals. Moreover, the actual 

measurement noise influences the specific parametrization as is seen from the comparison 
between the 0.1 and 5 % noise results. The optimal combination depends on the expected range 

of suprathermal distributions, and the plasma and diagnostic noise. Therefore, combined 
measurement of the 0- and X-mode from LFS and HFS in the second harmonie downshifted 
frequency range leaves the possibility that based on the simulated database a choice of 

measurements can be made for the best reconstruction. 
The interpretation of the ECE spectra is determined by several eigenvectors, linear as well 

as quadratic. One of the main dependences of the suprathermal parameters on the measurements 
suggested by the FP is the linear sealing of the ECE intensity in the suprathermal ECE range 
with the product of nrel and T..L. Furthermore, T;; seems to be determined by the frequency of 
the peak of the second harmonie downshifted frequency range. For low energies this emission 
band is screened in LFS X-mode by the thermal absorption. Therefore measurements of 0-

mode or HFS X-mode are needed. The latter are sensitive to refraction effects for higher 
ne values, whereas the former suffer more from first harmonie overlap at high suprathermal 
energies. 

5.6 Discussion 

The electron distribution functions chosen for this study were of a Maxwellian type with T;; > 
T ..L· These distributions were used because the associated nonthermal ECE is easily simulated, 

which limits the computation time of the simulations. Moreover, the chosen distributions are 
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similar to runaway tail distributions. Such distributions are directional. The ECE spectra for 
perpendicular view are independent of the specific direction of the tail. Hence, the bidirectional 
tail implied by the parametrization can be used for the interpretation of ECE spectra, consictering 
the fact that the real tail is unidirectional with a double density. 

The noothermal ECE spectra that foliowed from the simulations lie in a frequency range 
best covered by Michelson interferometers. The bandwidth of Michelson interferometers is 
commonly"" 5-15 GHz (9 GHz is assumed in our study). If the characteristic gradients of 
measured ECE spectra are smooth enough our mapping can be used using interpolation 
techniques on the spectra. Consictering the results for parametrization C, nonthermal ECE 
spectra could also be interpreted by a radiometer measuring the second harmonie thermal and 
downshifted ECE band in both X- and 0-mode. This condusion is in contrast with previous 
studies [1,5], which identified a measurement of the higher harmonie emission in vertical view 
as the one containing most information on nonthermal distribution functions. However, the 
energy and spatial resolution in the second harmonie downshifted region are least contaminated 
by harmonie overlap. This finding is expected to hold for more distri bution functions than only 
the Maxwellian type considered in this paper. Distribution functions with nonthermal electron 
energies of the order of 100 ke V also have the least contamination of the energy and spatial 
resolution in the second harmonie downshifted speetral region. 

5. 7 Summary and Concluslons 

This paper shows that it is feasible to obtain parameters of a suprathermal electron population 
with a reasonable accuracy from noothermal ECE spectra by using preknowledge of the type of 
distri bution function of the suprathermal electron population. An inversion technique like FP 
bas to be used. It was shown that the accuracy depends on the specitic parametrization chosen 
for the desired parameter. For the Maxwellian type óf distribution studied in this paper, the 
second harmonie downshifted region of LFS X- and 0-mode ECE spectra are sufficient to 
obtain the suprathermal parameters. This finding is in contrast to the general belief that most 
information on suprathermal electron populations is contained in the higher harmonie emission. 
Consequently, standard equipment for LFS X- and 0-mode measurements gives sufficient 
information on the suprathermal parameters. The nrel is mainly determined by the total ECE 
emission in X- and 0-mode, whereas for T_i and T11 the specific shape of the spectrum is 
important too. 

Extension of this database to include different types of distribution functions seems 
possible. However, the results suggest that as much preknowledge of a specific type of 
distribution function as is available must be used before FP is applied. 
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Chapter 6 

Feasibility Study of ECE 

Measurements at /TER 

6.1 Introduetion 

The design of the International Thennonuclear Experimental Reactor (ITER) is in a stage where 
the basic machine parameters are well defined [1 ]. The plasma quantities that are foreseen to be 
measured can be divided into three categones [2]: 1) those essential for plasma control and 
machine protection; 2) those for performance evaluation and optimization; and 3) those for 
physics understanding. The diagnostics capable of measuring these plasma quantities have to be 
designed. To discuss the various microwave diagnostics the European Home Team on 
Microwave Diagnostics for ITER met in November 1994. The meeting concluded that 
simulations are needed to identify the feasibility and diagnostic specifications of electron 
cyclotron emission (ECE) measurements for the present ITER design. The ranges that are 
expected for the parameters relevant for this study are given in Table 6.1. A set of input 
parameters for the simulations was proposed (see Table 6.2a). Several groups [3-7] participate 
in a benchmarking [8] of the ECE simulation codes. 

Costley and Bartlett [6] identified the major problems for using ECE as Te diagnostic at 
ITER. The physics limitations are determined by harmonie overlap, relativistic broadening of 

Table 6.1 ITER parameters of category 1 and 2 to be measured by ECE 

'hh ( h loidal de mb) a ong wtt t e measurement requtrements n t e po mo nu er. 

Purpose Plasma quantity Range Time res. Spatlal res. Accuracy 

Sawtooth activity 'Î'd'fe 0-3 kHz 10cm 10% 
H-mode control Te/Te at edge 0-10 kHz 
Profile control Te(R) core 0.5-30keV 0-100 Hz 30cm 10% 

Te(R) edge 0.1-1 keV 0-100 Hz 0.5cm 10% 
Burn optimization 'Î'd'fe 3-500kHz n<20 

Note: This Chapter is submitted tor publication in Plasma Physios and Controlled Fusion 
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the ECE resonance line, emission at higher hannonics, and the large poloidal field. Fidone and 

Granata [9] showed that Te measurements by standard 2nd hannonic X-mode are severely 
limited in the radial range by hannonic overlap. This problem increases forTe> 15 keV. They 
propose to compare the optically thin and thick part of the ECE spectrum from which they 

derive Te(O) and a peaking factor of the profile. The method needs a well defined reileetion 
coefficient for the wall. Problems with this metbod arise if non-thermal emission is present, or 
if the reileetion coefficient depends on the plasma parameters as was suggested by Costley [10]. 

The code used for this study (NOTEC) has been developed by Sillen et al (3] for the 
simulation of ECE spectra in experimental situations. The code is based on the formulas for the 
ECE absorption coefficient (given by Tamor [11] and Bomatici et al [12]), the cold plasma 

approximation for the refractive index, and ray tracing formulas given by Batchelor and 

Goldfinger [13]. The original magnetic equilibrium routines in NOTEC have been replaced by 
those of the ray-tracing code TORA Y [14]. NOTEC is capable of including wall reilections, 
polarization scrambling, and suprathermal emission by a summation of drifting Maxwellian 

populations. All properties have been tested for JET ECE spectra in ref [3]. 

This paper presents results of the NOTEC code for the parameters given in the Tables 6.2. 
For the sake of simplicity, the scope of this study has been limited by i) consirlering single pass 
absorption only (i.e. excluding wall reilections) and ii) assuming a purely thermal plasma. The 

spectra, absorption coefficients, cumulative optical depth and localization characteristics present 
the outcome of the simulations. Specifically this work covers the full speetral range. Further, 

Table6.2a The input set of /TER parameters for benchmarking of the ECE 
simulations. 

Category Parameter Symbol Value Unit 

Machine 
major radius Ro 8.1 m 
minor radius a 3.0 m 

toroidal field Bo 5.7 T 
safety factor qa 1000 

Plasma 

(~Jr25 profile shape (1 

Temperature ~e(O) {~0 {20 keV 

Density ne(O) 10 1019 m-3 

ECE 
antenna position Rant 11.5 m 
frequency ranges f 1251250 GHz 
polarization X/0 
toroirlal angle Ijl 0° I 2S I 5° I 10° 
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Table6.2b The input set of /TER parameters for the realistic performance 
studies. 

Catego!:X Parameter S~mbol Value Unit 

Machine 

major radius Ro 8.1 m 

minor radius a 3.0 m 
toroidal field Bo 5.7 T 
safety factor qa 1000/1.5 

q onaxis qo 1000/1 
Plasma 

( 1 - (iiT)~ profile shape 

a= 5, ~ = 0.25 

a=2, ~ =2 
a=4, ~ =4 

Temperature be(O) 
f5° 

{20 keV 

Density ne(O) 10 1019 m-3 

ECE 
antenna position Rant 11.5 m 
frequency ranges f 100-1100 GHz 

polarization X/0 

toroidal angle ! 0° 12S 

the effect of the poloidal field is addressed and the feasibility of sawtooth measurements is 
studied. Based on the simulations the diagnostic requirements (e.g. frequency range, 
polarization, bandwidth and time resolution) of the ECE systems are specified. 

Section 6.2 describes the input parameters of the code. Section 6.3 describes the accuracy 
and localization studies requested by the European Home Team, the effects of including the 
poloidal field, the measurements of edge temperatures, and the feasibility study of sawtooth 
measurements. Section 6.4 discusses the feasibility of ECE measurements and the diagnostic 
specifications for the ITER ECE system. 

6.2 Input Parameters 

Table 6.2 shows the main input parameters for the simulations. The parameters for ITER were 
basedon the design values as given in ref [1]. A circular equilibrium was chosen to facilitate the 
benchmarking. Moreover, the fact that ITER will be elongated does not change the ECE 
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Fig 6.1 E:wmples ofthe Te (fullline) and ne (dashed line) profiles in !TER as 

used for the accuraey and localization studies. 

properties in the equatorlal p1ane. Only the refraction properties out of the equatorlal plane will 

be influenced by the elongation. First, simulations are performed for a vacuum magnetic field, 

which bas been implemented by qo = qa = 1000 (lp= 31.7 kA). Second, the effect of the 

poloidal field is investigated by assuming qo= 1 and qa = 1.5 and comparing with an 

equilibrium supplied by ITER [15]. 

The ECE antenna was placed at Rant = 11.5 m viewing the plasma in the equatorlal plane 

perpendicular to Bo for investigating the relativistic broadening of ECE lines (an angle of 1 o-6 
degrees was used to prevent numerical instahilities in the code). The Doppier broadening was 

studied with the antenna placed at an angle of 2.5, 5, or 10 degrees in the equatorlal plane with 

respect to the perpendicular position. In this way, the localization properties were studied for an 

antenna with an aperture in the oblique direction. 

The stepsize along the ray was 5 mm. The spectra presented in this study were simulated 

between 100 and 590 GHz in steps of 5 GHz. To check these spectra the frequency range was 

extended to 1100 GHz in steps of 5 GHz. Simulations were performed in X- and 0-mode. 

In all simulations the ray was stopped for numerical convenience when the optical thickness 
(t) had reached 't = 690 (=300 ln1 0). 

The Te and ne profiles used for the accuracy and localization studies were of the generic 

form (1-(r/a)<:t)~. with a= 5 and ~ = 0.25. Edge values ne(a) = 1Ql6 m-3 and Te(a) = 1 eV 

were used to reduce the influence of matching at the edge for the different codes. Two sets of 
profiles were chosen: Te(O) = 10 keV, ne(O) = 5 1Q19 m-3, and Te(O) = 20 keV, ne(O) = 10 1Q19 

m-3. The profiles (see Fig 6.1) are chosen to beflat in order to suppress gradient-Te and -ne 

effects on emission and absorption coefficients, which facilitate a benchmarking of the results. 
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Fig 6.2 The X-mode (juli lines) and 0-mode (dashed lines) ECE spectra 

simulated by the NOTEC codefor the Te(O) =JO and 20 keV /TER case (Bo 
5.7 T, Ro = 8.1 m, and a = 3 m). 

6.3 Results 

6.3.1 Accuracy and localization 
6.3. 1. 1 Spectra 

Results 

Figure 6.2 shows the simulated ECE spectra for both plasma parameter sets given in Table 6.2. 
The plasma is optically thick in 0-mode (dashed lines) for fee< 350 GHz intheTe = 10 keV 
case, and for fee< 450 GHz intheTe = 20 keV case. The X-mode is optically thick for fee< 
600 GHz in the 10 keV case, and fee< 850 GHz in the 20 keV case (checked by simulations up 
to 1100 GHz, see ref [16]). 

The line structure is determined by harmonie overlap. Relativistically downshifted 
absorption plays an important role in these hot plasmas. The nonrelativistic resonance region for 
the ftrst harmonie extends from 116 to 253 GHz. The relativistically downshifted absorption of 
the second harmonie limits this region forTe measurements for the first harmonie 0-mode (1 0-
mode) to fee< 200 GHz intheTe = 10 keV case, and fee< 160 GHz in the 20 keV case. The 
second harmonie 0-moc..J (20-mode) is limited by third harmonie absorption in the Te = 10 ke V 
case to fee< 260 GHz. The second harmonie X-mode (2X-mode) extends to fee< 290 GHz in 
the Te= 10 keV case. 

N ei ther the 2X-mode nor the 20-mode reach the expected temperature in the Te = 20 ke V 
case. The 20-mode around fee"" 250 GHz is larger than the 2X-mode. This is attributed to the 
lower optical depth of the 0-mode, which causes the 0-mode to penetrate deeper into the plasma 
than the X-mode, resulting in a higher radiation temperature. 
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From these spectra the 10-mode can be identified as the most suitable harmonie for Te(R) 

measurements, whereas the 2X-mode is useful only for low Te cases. This condusion will be 
elaborated in the following paragraphs. 

6.3. 1.2 Absorption coefficient 
Simulations were performed for the 10-mode, 20-mode, and 2X-mode in a high and low Te 
plasma, as described in Sec 2. This was done at f = 125 GHz, and f = 250 GHz, respectively, 

which corresponds to a nonrelativistic resonance at Rnr = 10.34 m. The absorption coefficient 
(a) is shown in Figs 6.3 forTe = 10 and 20 ke V, for all three modes. The dashed lines give the 

absorption coefficient for the rays at 2.5 degree with respect to the normaL The lowest 
absorption in the plasma shows a= 10-8 m·l, which is the error toleranee of the code. The 

curve for the 2X mode in Fig 6.3c stops where the optical depth reaches the limitation t = 690. 
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Fig 6.3 The absorption coefficient for the 10- ( 125 GHz), 20- (250 GHz), 
and 2X-mode (250 GHz) as calculated in the accuracy and localization 
studies. The fulllines represent the perpendicular view, whereas the dashed 

lines show the 2.5" oblique view. Figs 6.3a and b give the Te(O) =JO keV, 
ne(O) 5 1019 m-3 case in logarithmic and linear scale, respectively. Figures 
6.3c and d give the samefor the Te(O) = 20 keV, ne(O) JO J019 m-3 case. 
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Figure 6.3 shows that the absorption is highest for the 2X-mode, and lowest for the 20-mode. 

For all three harmonies the absorption occurs mostly at the high field side of the non

relativistic resonance R = 10.34 m, as expected for relativistically downshifted emission. At the 
low field side of the thermal resonance the absorption of the higher harmonies is observed, 

which is substantial for2X in the high Te case. 

The absorption coefficient distributions have a FWHM "" 1 m, due to the relativistic 
downshift The partially oblique sight lines show more absorption at the low field side. This is 

due to the longer path length for these sight lines. 
The 0-mode simulations at 250 GHz show the I st harmonie thermal resonance at R = 5.1 

m. 

6.3. 1.3 Optica/ depth 
The cumulative optical depth is defined as : 

Rant 

'"C(R) = )a(s)ds (6.1) 

in which s is the path length along the sight line from the antenna at Rant ( = 11.5 m) to radius R. 

Figure 6.4 shows 't(R) fortheTe = 10 and 20 keV case. In the low Te case the 2X-mode shows 
a reflection at the upper cut-off layer, in the high Te case the optical depth limit 't 690 is 

reached. IntheTe = 10 keV case the 2X-mode reaches the single pass optical depth 't = 325, in 

the 20-mode 't = 4.7, and in the 10-mode 't = 150. IntheTe- 20 keV case 2X-mode reaches 't 
> 690, in the 20-mode 't = 26, and in the 1 0-mode 't = 400. Only in the 2X-mode high Te case 
a contribution of higher harmonie absorption is observed, yielding 't = 0.2. 

The accuracy A= 10% requested for the Te measurements (see Table 6.1) leads to a 

criterion for the total optica! depth of the thermallayer. If the plasma is seen as a thermallayer 

(at Te) with an optical depth ('t) and a background with a radiation temperature T1, then the 
requested accuracy can be related to a criterion for the optical depth. Consider the observed 
radiation temperature: 

Traa =Te (1 - exp(-'f)) + Tz exp(--r) (6.2) 

In general, the background radiation (due to reflections, non-thermal emission, etc.) will be in 

the order of 100 ke V or less. If the radiation temperature has to be interpreted as Te with an 
accuracy A, then it can be deduced that 

.1T =I Trad- Tel= I Tz _ Jl exp(-'f) :fA, 
Te Te Te 

(6.3) 

which results in : 
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Fig 6.4 The cumulative optica/ depth for the 10-, 20-, and 2X-mode as 
calculated in the accuracy and localizatian studies. The fulllines represent the 
perpendicular view, whereas the dashed lines show the 2.5° oblique view. 
Figs 6.4a and b give the Te(O) = 10 keV, ne(O) = 5 1019 m-3 case 
logarithmically and linear zaamed in on the edge, respectively. Whereas Figs 
6.4c and d give the samefor the Te(O) 20 keV, ne(O) = 101019 m-3 case. 

10.4 

(6.4) 

as a constraint for -&. Consider the case that A= 0.1, Te"" 10 keV, and T1 = 100 keV. As a 
consequence, 'te = 5. This criterion will be used tbraughout this paper. These considerations do 
not take into account higher hannonic radiation that is emitted between the thermallayer and the 

antenna. 

6.3. 1.4 Localization 
The spatial resolution of the observed emission depends on the frequency bandwidth of the ECE 

system, and the relativistic and Doppier shifts of the radiation. This is given by : 

aR aR aR dw dy N1 1 dR=-dW+-dy+-d{J;;=LB( +-- d{311 ), 
aw ar ap;; w r 1-N11f311 

(6.5) 
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Fig 6.5 The localization for the 1 0·, 20-, and 2X-mode as calculated in the 

accuracy and localization studies. The fulllines represent the perpendicular 

view, whereas the dashed lines show the 2.5" oblique view. Fig 6.5a gives 

the Te(O) = JO keV, ne(O) = 5 J019 m·3 case, whereas Fig 6.5b gives the Te(O) 

20 keV, ne(O) =JO J019 m·3 case. 

Results 

in which the magnetic field scale length LB"" -B(dB/dR)-1, ~!!"" Vftlc, and the parallel refractive 
index N11 = ck11/ro . Most of the simulations in this paper are close to perpendicular view, in 
which case the Doppier broadening can be neglected, because N11 - 0. The bandwidth of ECE 
systems (the first term in (6.5)) is typically 1% of the frequency, which for the vacuum field in 
ITER results in a resolution of 8 cm. The second term gives the width for the emission 
coefficient (TJ) due to the relativistic downshift In the case of an optically thick plasma the zone 
of emission is limited by self absorption. The localization of this emission zone is described by 
the souree profile (L), which is, under the assumptions of a flat Te-profile, 1: >> 1, and a oe TJ, 
given by: 

() 
L(R) = a(R) exp(-7:(R)) = dR exp(-7:(R)). (6.6) 

Note that the definition of the souree profile as in Eq (6.6) does not include the usual integration 
over the Te profile. This is justified by the flat Te profiles. The Figs 6.5 show L for the Te = 10 
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and 20 keV case. In genera!, Lis a peaked function with a mean position (Rm) and a spread (cr) 

JdR R L(R) 
Rm=----

JdR L(R) 
(6.7) 

and 

(R - Rm)2 L(R) 
a2 = "---------

JdR L(R) 
(6.8) 

The spatial resolution (AR) of the emission zone due to the relativistic and Doppier shift can 
be defined as the region from where more tban 1-exp(-'tc) of theemission originates. If a 

Table 6.3 The results of the simulations presented by the shift of the 
position of maximum emission with respect to the non-relativistic resonnnce 
R 11r, spread (a), resonance width (..1R), halfwidth of the toroidal antenna 

pattern (y ), and the beam divergence ( 4>) at Rm. 

Table6.3a cp(Ranû Rnr- Rm (J y(Rm) cp(Rm) 

Te=10keV (degrees) (cm) (cm) (cm) (degrees) 

10,125 OHz 0.0 9.44 3.20 12.30 0.00 0.00 
2.5 6.72 3.15 12.11 4.96 2.16 

20, 2500Hz 0.0 45.98 29.75 114.24 0.00 0.00 
2.5 37.99 34.02 130.62 6.60 2.42 

2X, 2500Hz 0.0 7.24 2.37 9.12 0.00 0.00 
2.5 6.15 2.42 9.29 5.74 2.84 

Table6.3b cjl(Rant) Rnr-Rm 
Te= 20keV (de es) (cm) 

10, 125OHz 0.0 12.96 4.30 16.52 0.00 
2.5 10.03 4.24 16.26 4.60 1.75 
5.0 3.74 3.61 13.87 8.86 3.55 
10.0 -13.16 2.56 9.84 15.93 7.40 

20,250 OHz 0.0 46.20 16.05 61.64 0.00 0.00 
2.5 37.89 15.33 58.88 6.46 2.33 
5.0 25.35 12.29 47.18 11.94 4.69 
10.0 4.07 8.98 34.49 20.83 9.69 

2X, 250OHz 0.0 6.02 11.61 44.59 0.00 0.00 
2.5 4.76 11.71 44.98 6.11 3.24 
5.0 1.08 11.86 45.54 11.82 6.54 
10.0 -12.33 10.90 41.85 20.66 12.79 

84 



Results 

Gaussian lineshape for L is assumed this results in: 

t1R 
erf(-)= 1- exp(-Tc). 

2a 
(6.9) 

For the 'te "" 5 case, this results in 

t1R = 3.84 (J. (6.10) 

This definition of llR is comparable to the width of the region in which 't builds up from 0 to 'te. 

The difference between the two is that llR is centered around the maximum in L, and will 

therefore give the narrowest results. 
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Fig 6.6 a) and c) The resonance curves for the accuracy and localization 

studies plotted by f as function of the center of the emission line (Rm) for the 

0-mode (dashed curves) and X-mode (jull lines). As reference the non

thermal resonances are given (dotted lines). b) and d) The spread (a) ofthe 

emission line is given as function of Rm. These plots show that in the Te(O) = 
10 keV case (Figs 6.6a and b) as wellas in the Te(O) = 20 keV case (Figs 6.6c 

and d) the 1 0-mode covers the largest region. The 2X has the best localization 

but over a limited region. 

3X 
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An overview of the simulated values is given in Table 6.3. Included in the table are the 

angle (cp) of the ray with the normal at Rm and the distance (y) in the toroidal direction at Rm for 

the oblique rays. In this table also the results of the oblique rays at 5 and 10 degrees with the 

normal fortheTe = 20 keV case are given. It can be noted that the 2X-mode is located most 

closely towards the nomelativistic resonance at l 0.34 m for both plasma conditions, whereas 

the 20-mode is worst. The width of the resonance is smallest for the 2X-mode in the low Te, 

ne case: AR= 9.12 cm. 

Figures 6.6 show another representation of the localization properties for the full spectra 

and perpendicular emission. Plotted are the frequency (t) and 0' as a function of Rm fortheTe = 

10 ke V and Te - 20 ke V cases. Omitted are the regions where the emission at higher harmonies 

displaces Rm outwarcts (of/oRm ;;::: 0). The regions where Te measurements by ECE are 

possible can be clearly identified. The 10-mode and the 2X-mode enable measurements at the 

nomelativistic resonance. The 0' of these two harmonies is < 5 cm, which implies that an 

accuracy of 10 % still yields a spatial resolution < 20 cm. The radial region over which Te 

measurements can be performed is largest for the 10-mode, whereas intheTe = 20 keV case the 

2X-mode has a very limited region of spatially localized emission. The 20-mode is 

shifted inward with respect to the nomelativistic resonance position. The width of the 20-mode 

gives AR ;;::: 34.49 cm, which slightly exceeds the resolution requested in Table 6.1. 

6.3.2 Poloidal field 
The effect of the poloidal field on the localization properties of ECE were investigated. Based on 

(6.5) it is expected that the resonance position and the radial width of the ECE is proportional to 

LB. NOTEC includes the poloidal field by: 

Btot(R) = Bto? + Bpof2 (Botof {1 + (R~(r)f } • (6.11) 

with a quadratic q-profile. Simulations were performed with qo = 1, and qa = 1.5 and a 

circular equilibrium. These values result in Qa = 3 for a realistic ITER geometry with an 

elangation K = 1.6. The differences with respect to the simulations without Bp are not visible in 

figures like 6.2 and 6.6. Therefore, R Rm is shown as a function of R in Fig 6.7. The shift of 

the center of emission with respect to the nomelativistic resonance is ofthe order of"" 3o. This 

is attributed to the relativistic downshift of the ECE. 

To check the relevanee of these simulations for ITER, the values of LB were calculated for a 

equilibrium supplied by ITER [15] and the equilibrium of (6.11). This is shown in Fig 6.8. The 

ITER equilibrium includes estimates for the para- and diamagnetic effects. The differences 

between the two are less than 25%. This suggests that the localization properties of ECE spectra 

from ITER including para- and diamagnetic effects and a poloidal field can be estimated from 

ECE and magnetic equilibrium measurements. 

The effect that the X- and 0-mode rotate with the total magnetic field do notpose a problem 
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supplied by !TER [ 15} including para- and diamagnetic effects and poloidal 
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Results 

for ITER. Boyd derived in ref [17] that the modes rotate with the total magnetic field as long as 
the density is large enough (> 1Ql7 m-3). This is the case in ITER, and thus the modes stay 

separated. However, the polarization at ITER rotates with the plasma current over"" 10 degrees, 
which requires a matching of the polarization angle at the antenna. 
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5 

a 

b 

6 7 8 9 
Rm(m) 

5 
X-mode 

10 11 

6 7 8 9 
R (m) 

10 11 

Fig 6.9 The Trad vs. Rm plotted for the 1 0-mode (Fig 6.9a), and 2X-mode 
(Fig 6.9b) befare (full curves) and after the sawtooth crash (dashed curves). 
The crash (Fig 6.9c, dotted curve) is clearly visible in the spectra (X-mode 

dashed curve, 0-mode full curve), although the absolute values do notmeet 
the requirements ofTable 6.1. 

6.3.3 Sawtooth measurements 
The radial width of the ECE emission as derived in Table 6.3 is not as narrow as requested for 
the sawtooth measurements mentioned in Table 6.1. Therefore, simulations were performed to 
study which properties of sawteeth can be measured with ECE, and which not. Two Te-profiles 
were chosen, one before and one after the crash. The profiles were of the shape (1-(r/a)U)fl, 
with a ~ 2 and ~ = 2 before the crash, and a ~ 4 and ~ ~ 4 after the crash. Furthermore, the 
central temperature was adapted such that the energy content of the plasma was constant, Te(O) 
= 20 keV before, and Te(O) = 17.2 keV after the crash. The vacuum field was used. Figures 
6.9a and b show Trad as a function of Rm for the 10-mode and 2X-mode. 

The profiles in Figs 6.9 show that the crash induces a modulation (t.Trad) up toa few keV 
(see Fig 6.9c). By observation with a low noise radiometer, e.g. with heterodyne receivers that 
have a noise temperature lower than the plasma noise, these crashes are clearly visible in the 
ECE spectrum. The sawtooth frequency, and the ECE frequency at which inversion occurs will 
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be easy to detect. The latter frequency might be applied in sawtooth stabilization schemes by 
ECH for controlling deposition inside or outside the inversion radius. However, the 
determination of absolute amplitudes of T e• localization, and energy content will be subject to 
systematic uncertainties between Trad and Te, as discussed in the previous paragraphs and 
shown in Fig 6.9c. 

6.3.4 Edge Te measurements 
The minimum Trad at the low frequency side of the 2X-mode have been investigated by 
simulating with frequency steps of 0.5 GHz. These simulations show that the Te= 20 keV 
profile as used in paragraph 6.3.1 reaches a minimum Trad"" 7 keV (see Fig 6.2). At the 
corresponding R still 1: >> 'te. The high minimum value for Trad is attributed to the effect that 
the gradient lengthof the Te profile becomes smaller than the wavelengthof the radiation. 
Therefore, the local equilibrium approximation does not hold for the edges of these profiles. 

The profiles as used in paragraph 6.3.3 (a= 2, ~ = 2) give a minimum Trad"" 90 eV. This 
limitation is in agreement with shinethrough of downshifted emission, because the optical depth 
at the edge for these profiles becomes of the order of 'te, whereas 1: for the profiles of Table 6.2 
stays well beyond 'te· 

6.3.5 Consequences tor reflectometry/ECH/ECCD 
The microwave frequency range used by ECE measurements will also be used in ITER by 
reflectometry and electron cyclotron heating (ECH) and current drive (ECCD). The effect of 
downshifted higher harmonie absorption influences the application ranges for these diagnostics 
and heating schemes. ECH and ECCD will only be possible at the resonance curves given in 
Figs 6.6. This implies that localized ECH and ECCD are best possible in the 1 0-mode as is well 
known in the literature [18]. At higher Te the accessibility region for the 2X-mode is limited to 
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Fig 6.10 The optical depth as function of R, which shows that X-mode 

rejlectometry is limited by the higher harmonie downshifted ECE absorption. 
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the outer 1 mof the ITER plasma. 
Reflectometry measurements also suffer of downshifted absorption from higher harmonies. 

FortheTe- 20 kev case simulations were done. The 0-mode was simulated between 25 and 
120 GHz in steps of 5 GHz for reflection on the plasma frequency, and the X-mode between 
120 and 230 GHz in steps of 5 GHz for reflection on the upper cut-off frequency. Figures 6.10 
show -.(R) as a function of R. Note that due to double passage of the rays to the cut-off layer 
and back, the total -. is two times the single pass absorption. Reflectometry is possible if the 
power loss in the plasma is less than 99%, which corresponds to 't < 5. The reflection in 0-

mode at the plasma frequency is possible. A reflectometer system at the upper cut-offis limited 

by the op ti cal thickness criterion to f < 170 GHz at Te - 20 ke V. This implies that an X -mode 
reflectometer will not be capable to probe deeper in the ITER plasma then 1.5 m at these 
temperatures. Note that correcting the upper cut-off frequency for relativistic effects [19] 

broadens this range. Results of Bartlett [20] corroborate the fmdings in this paragraph. 

6.4 Discussion 

6.4.1 Feasibility of ECE at ITER 
In this section the feasibility of interprering ECE measurements as Te will be discussed basedon 

the requirements ofTable 6.1. First, attention is devoted to the measurable temperature ranges, 
the accuracy, the localization of the radiation, and the antenna pattem of the system. Second, 
refraction effects, inclusion of the poloidal field, and sawteeth measurements will be addressed. 

The measurable ranges as derived insection 6.3.1 are summarized in Table 6.4. The core 
temperatures are best measurable by 1 0-mode. The measurable range in temperatures is 
deduced from the spectra in Fig 6.2. 1t should be noted that the high values for the apparent 

edge temperatures ("T edge ") are due to the strong artificial gradients that are used for these 
accuracy and localization studies. The sawtooth simulations in Fig 6.9 show that for the more 
realistic shallower profiles at the edge "Tedge" gives"' 90 eV. This value indicates that the range 
of edge temperatures, as meant in Table 6.1, is measurable. However, the localization at the 

edge does not match the ITER requirement of 5 mm, as indicated in Fig 6.6. Core temperature 
measurements can be performed for a large part of the required temperature range. The effect of 

Table 6.4 The rangesjor which ECE measurements are .feasible. 

mode Te(O) Rm f Tedge a AR 
keV m GHz keV cm cm 

10-mode 10 7- 11 118- 185 >4 3 12 
20 8.5 - 11 118 152 >8 4 16 

2X-mode 10 9.3- 11 235 278 >5 2.3 9 
20 10.5- 11 235-246 >9 12 45 
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possible wall reflections will be small because 'te is mostly reached in single pass. 
The problem of localization of the radiation can be split up in a part for the determination of 

the center of the ernission line, and the determination of the width of the ernission line. Both are 
presented in Figs 6.6, as the shift of the resonance curve with respect to the nonrelativistic 

resonance, and as o as a function of Rm. These Figs and Table 6.3 show that the position of the 

emission for normal incidence is given by Rm corrected by "" 3o towards the high field side. 
The ~R of the ECE lines in Table 6.3 for the 10-mode and for low Tealso the 2X-mode meets 

the requirements of 30 cm in Table 6.1. The calculated values of ~R agree with the results of 
Bomatici and Ruffina [22] for o. However, the localization must be convoluted with the 

bandwidth of the measurement system, leading to ~Robs = (~R2 + (RoMft)2)0.5. In the case of 

M/f = 1% this results in"" 2-3 cm extra broadening of the line. The overalllocalization for such 
a system and plasma is still better than the 30 cm requirement in Table 6.1. 

The spatial resolution perpendicular to the sight line is determined by the antenna pattern. 
The halfwidth (y) at Rm for the toroidal ex tent of the antenna pattem is given in Table 6.3. All 

widths for the 2.5 degree rays are "" 5 to 7 cm, which implies that an antenna with a vacuum 
aperture of 2.5 degree is sufficient for achieving a 10 cm spatial resolution at Rm = 10.34 m. If 
measurements at the centre of the discharge are performed also requiring 10 cm localization, 
then an antenna aperture of"" 1 degree is recommended. 

The ray tracing for the 0-mode in the equatorlal plane shows a focusing of the beam, 

whereas the X-mode gives a divergence. This cannot be caused by refraction which would lead 

to divergence of both beams. The effect of focusing is attributed to the anisotropic dispersion 
[23] for the 0-mode. The poloidal extent of the antenna pattem has notbeen studied, because 
the goal of benchmarking several ECE simulation codes requested a simple magnetic 
equilibrium (i.e. circular). This equilibrium is in this aspect not realistic for the present ITER 

design. 
The effect of the poloidal field is threefold. Firstly, the resonance position is shifted. Figure 

6.8 shows that the new position can be estimated from the knowledge of the magnetic 

equilibrium of the plasma. In most cases the knowledge of the plasma current and qo will be 
sufficient to estimate the resonance position to within the error bars. Secondly, the width of the 

ECE line scales with Ls, which can be approximated by a quadratic q-profile. The para- and 
diamagnetic effects included in the magnetic equilibrium obtained from ITER [15] do notchange 
the results significantly. Thirdly, the X- and 0-mode rotate with the total magnetic field. The 
separation of the modes is no problem, however the polarization of the antenna should vary 

with Bpol· 
Sawteeth will be clearly observable on the measured ECE data. Especially crash times, and 

amplitudes in Trad as function of f will be clear. The accuracy results in Sec 6.3.1, however, 
show that the determination of the parameters as mentioned in Table 6.1 is not feasible. 
Therefore, the location of the inversion radius, and parameters such as the conservation of 

energy during the crash cannot be resolved by ECE within the requirements of ITER. 
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Two miscellaneous remarks should be made. Firstly, the definition of AR as in (9) is a 

good representation of the linewidth if only one line is present. In the case that higher harmonie 
lines play a role in theemission process, cr rises rapidly indicating the mixing of the lines, as is 
observed in Table 6.3 for the 2X-mode in the Te - 20 keV case. Secondly, the effects of 
paramagnetism and diamagnetism of the plasma have not been taken into account. They are 

included in simulation studies considering the full expected ITER equilibrium, which are 

presently undertaken. 

6.4.2 Specifications tor the ECE diagnostics 
The specifications for ECE diagnostics at ITER based on the present simulations are presented 
in Table 6.5. Section 6.3 shows that the 10-mode is suited for Te(R) measurements, whereas 

the 2X-mode qualifies only fora part of the plasma parameters. Thus, both X- and 0-mode 
have to be measured in the frequency region between 100 and 350 GHz. From the arguments 
presented in Sect 6.4.1 and Table 6.1 it follows that the radiation temperature range will be 
between 1 and 30 keV. The accuracy of 10%, requested in Table 6.1, can be met if the signal

to-noise ratio (S/N) is better than 10, which is a realistic value. Tomeet the radiallocalization 
requirements Af/f should be :::; 1%. From the present simulations if follows that an antenna 
pattem with q>:::; 2.5 degrees suffices for measurements at R- 10.34 m. To keep the antenna 

pattem area within 10 cm over the full profile range, the toroidal aperture of the antenna should 
be q>:::; 1 degree. The ang1e of the X- and 0-mode depends on the poloidal field. This can cause 

a 10 degree rotation of the polarization with respect to the vacuum position, which requires a 
matching of the polarization angle at the antenna. 

A wider range of specifications than presented in Table 6.5 might be needed, if other types 

of ECE studies (e.g. Te fluctuation studies, studies of suprathermal electron populations) have 

to be done. 
The current instrumentation for ECE diagnostics consists mainly of three types of 

spectrometers: Michelson interferometers, quasi-optica! radiometers such as grating 
polychromators and Fabry-Perot interferometers, and heterodyne radiometers. Michelson 

Table 6.5 The minimum diagnostic specifications for ECE diagnostics at 
/TER, as derived from the presenled simulations. 

Quantity Range 

f 100-350 GHz 
polarization 

Tract 
SIN 
Mlf 
time resolution 
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interferometers measure the full ECE spectrum in the specified frequency and intensity range. 
Problems with Michelson interferometers are envisaged with the radiation intensity in the higher 
harmonies. Because the higher harmonies are optically thick, the radiation intensity of these is 
more than an order of magnitude larger than the intensity in 1 0-mode, due to the f2 dependenee 
of the intensity. Therefore, a low pass filter should be included with a higher harmonie (f > 350 
GHz) suppression by more than 20 dB. Pree standing cross ruled gratings [24] are commonly 
used for these tasks. The bandwidth of presently available Michelson interferometers is "" 12 
GHz, which is too large for the bandwidth specifications. However, present developments by 
Buratti et al. [25] have resulted in a Michelson interferometer with .M < 7 GHz, and a time 
resolution better than 200 Hz. In general, the presently available grating polychromators are 
capable of measuring the required intensities in the specified frequency range with a bandwidth 
= 3 GHz. One problem whieh can occur is higher order diffraction of higher harmonies at the 
gratings. This implies that for the use of grating polychromators low pass filters must be used, 
too, with an attenuation of higher harmonie radialion in the 20-30 dB range. Fabry Perot 
interferometers have a bandwidth in the order of 10 GHz, which is too broad for the 
requirements in Table 6.5. The present state-of-the-art heterodyne equipment meets all the 
requirements [26]. However, heterodyne radiometers are not yet standardly applied for ECE 
measurements at frequencies above 200 GHz. Heterodyne radiometers do not need higher 
harmonie suppression. The antenna pattem requirements are already met by open ended 
overmoded waveguides. However, a Gaussian beam collection opties has been proposed for the 
ITER design [26] 

This discussion shows that at present a diagnostic set, consisting of an open ended 
waveguide antenna, Michelson interferometers, and heterodyne radiometers, is feasible to 
measure Te by ECE for most of the plasma parameters asked for by ITER. 

6.5 Conclusions 

In this paper the feasibility of ECE measurements and the diagnostic specifications for the ECE 
systems at ITER have been investigated by simulations of the ECE properties for a specific set 
of input parameters. Based on the results of the simu1ations for the absorption coefficient, the 
cumulative optical depth, and the localization of the ECE radiation, the measurement of 
Te profiles meeting the requirements of Table 6.1 for the core plasma is found to be possible by 
1 st harmonie 0-mode. The 2nd harmonie X-mode measurements are better localized at the outer 
side of the plasma, especially for plasmas at lower Te (see Fig 6.6). The poloidal field can be 
accounted for and does not deteriorate the resolution of the ECE measurements. The 
measurement of sawtooth activity strictly according to the specifications in Table 6.1 seems 
barely feasible, consictering the localization of the ECE emission zone. However, relative 
parameters, such as the frequency, ECE frequency corresponding with the inversion radius, etc, 
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of the sawtooth crash should be clearly observable. The ECE spectrum presented in Fig 6.2 
shows that the feasibility of edge Te measurements based on standard ECE techniques will 
depend on the specific ITER plasma parameters. 

The diagnostic specifications (see Table 6.5) which have been derived, enable 
measurements of the plasma parameters as defined in Table 6.1, except those described above. 
The realization of these specifications seems very well possible by a combination of diagnostics 
presently available. Michelson interferometers can give the speetral information, whereas 
radiometers can give the time and frequency resolved information. Heterodyne radiometers, 
with a high time and speetral resolution, are presently available for f < 200 GHz, but an 
extension of the frequency range is foreseen for the coming years. Some consideration in the 
diagnostic design has to be given to the suppression of higher harmonie radiation, which can be 
a few orders of magnitude more intense than the intensity in the 1 st harmonie 0-mode, or the 
2nd harmonie X-mode. 

The effect of re1ativistically downshifted higher harmonie absorption which limits the radial 
range of ECE measurements, will also limit the application range of ECH and ECCD. The same 
effect occurs for reflectometry measurements, especially on the X-mode reflectometry on the 
upper cut-off layer. 
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Abstract 

The possibility of measuring the radial profile of fast electron distributions from ECE spectra is 
discussed. The most usual ECE diagnostic set-up, i.e. 2nd harmonie X-mode, observed by !ow
field side antennae in the equatorial plane can be used by exploiting the reflection of 
spontaneously emitted radiation by the upper cut-off layer and the length of the sightline 
between the reflecting surface and the receiving antenna. The emitted intensity depends on this 
length, which introduces an element of spatial resolution in the suprathermal ECE spectra. Two 
methods are proposed. Firstly, a dynamic metbod is described in which the length of the 
sightline is varied by density perturbations. Secondly, a speetral metbod is discussed that uses 
the length varlation of the sightline with the observation frequency. A proof of principle of both 
methods is given for a lower hybrid current driven discharge in Tore Supra, in which a pellet 
was injected. 

Nota: Th is Chapter appeared in Plasma Physics and Controlled Fusion 37 (1995) 1299. 
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7.1 Introduetion 

Several interesting regimes of tokamak. operation are characterized by the presence of 
populations of suprathermal electroos [1-3]. These energetic electrons give a large con tribution 
to radiated spectra of e.g. electron cyclotron emission (ECE) and x-ray emission. Also the 
global plasma properties can be significantly influenced by this population [2]. For example, the 
non-inductive current driven by lower hybrid (LH) waves is entirely carried by suprathermal 
electrons [3]. Despite the large impact of such electron populations on several diagnostics, their 
characterization by measurements proves to be difficult. For instance, the analysis of noo
thermal ECE spectra is complicated by the fact that suprathermal electrons at different locations 
in phase space can radiate at the same frequency. For this reason the LH current deposition 
profile is generally measured by hard x-ray spectrometry. This is a line integrated measurement 
for which no experimental cross calibration is available yet. This paper focuses on obtaining 
spatial profile information about suprathermal electrons from ECE measurements. 

Methods to obtain suprathermal parameters from ECE data have been investigated in tbe 
past especially using vertical ECE measurements [ 4-6]. Ordinary mode absorption 
measurements below tbe plasma frequency (Wpe) have been proposed as a metbod to obtain a 
radial profile of the fast electron distri bution [7]. The reflection at <.ûpe gives a localization of the 
radiation which can be used to obtain tbe suprathermal current profile in tbe outer part of LHCD 
plasmas. Ségui et al..(8] performed vertical ECA measurements, from which tbe fast electron 
tail up to 180 keV could be determined, as wellas its decay time at LH switch-off. Recently, 
Brusati et al [9] used 2nd harmonie downshifted X-mode radiation in combination with x-ray 
emission to fit simulations with shifted Maxwellian distribution functions. Thereby tbey 
obtained an average momenturn and energy of tbe noothermal distribution. A metbod is still 
missing to deduce parameters of a supratbermal electron population from the most common 
ECE diagnostic set-up, available on most tokamak.s, i.e. ECE viewing perpendicularly from tbe 
low field side in tbe equatorlal plane. 

In this paper a metbod is proposed to unfold the intrinsic ambiguity between energy and 
position by an experimental analysis of tbe downshifted 2nd harmonie X-mode ECE radiation 
below tbe therrnal part of tbe spectrum, mak.ing use of the upper cut-off layer. A dynamic and a 
speetral metbod are proposed, both exploiting tbe fact that the ECE intensity depends on the 
length of tbe optical path between tbe reflecting layer and the receiving antenna. The dynamic 
metbod is based on shifting the upper cut-off layer by a density perturbation. The speetral 
metbod is based on the varlation of the sightline with the observation frequency. For both 
methods a proof of principle is given fora LHCD discharge in Tore Supra, in which a pellet 
was injected. 

In Sec 7.2 the methods of analysis are described. The results fora LHCD discharge in Tore 
Supra are given in Sec 7.3, foliowed by a discussion (Sec 7.4) and conclusions (Sec 7.5). 
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2. A na lysis Methods 

This section describes how the local nonthennal ECE emission coefficient around the uppercut

off layer can be obta:ined from downshifted 2nd harmonie X -mode ECE spectra. Since the loc al 

emission coefficient is proportional to the suprathennal electron density, this can serve as an 

experimental estimator of the radial profile of the supratitermal electron density. 

First the basic ECE properties are described [10]. Electron cyclotron radiation is emitted at 

the cyclotron frequency : 

eB(r) 
Wee=-- (7.1) 

'}mO 

with B(r) the magnetic field, mo the electron rest mass, and 'Y the Lorentz factor. The speetral 

intensity at this frequency at position r, l(ül,r), is described by the equation of radiative transfer: 

;,./( w,r) = j( w,r) - a( w,r) I( w,r) (7.2) 

where j and a are the localemission and absorption coefficients, respectively. Along the sight 

line of an ECE system from rmin = Rmin- Ro (the minimum radius of penetration of the wave) 

to the limiter radius, a, the integral of Eq (7 .2) gives : 

a 

I(w) = Jds j(w,s) ex{ Ja(w,z)dz) (7.3) 

rmin 

The emission coefficient is given by : 

j(w,r) = Jdp f(p,r,t) 1](p) Ö( W- nWce(p,r )) (7.4) 

where f(p,r,t) is the electron distribution function at momenturn p, n the harmonie number, and 

Tl is the single electron ernission given by the Schott-Trubnikov fonnula [11]. 

fu the optically thin part ofthe ECE spectrum, 't(ül) Jdr a(w,r)« 1, Eq (7.3) reduces to: 
a 

Ice(W) = Jdr j(w,r) (7.5) 
rmin 

fu our case, i.e. downshifted 2nd harmonie X-mode radiation in Tore Supra, rmin is the position 

of the upper cut-off layer (ruc0), which is a function of the electron density (Ile) and the magnetic 

field: 
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Fig 7.1 a) Resonance plotfor the 1st and 2nd harmonie ECEfrequency (solid) 

vs. major radius in Tore Supra including the magnetic ripple effect. The 

broken line gives the upper cut-offfrequency (fuco Wucof27t) at the time of 

analysis. The low field side ECE spectrum between fee( a) and 2fcefa) contains 

only emission of the suprathermal electrons, due to the limitation by the upper 

cut-of! layer. b) The ECE frequencies (labels, in GHz) plottedas a function of 

p and r. The maximum in p is determined by fuco• which results in a maximum 

electron energy varying between 320 and 511 keV. 

~o=~ c + (1+ 4:~2 y/2) (7.6) 

where Wpe =V f1ee2Jmo€Q is the electron plasma frequency. In Fig 7.1 the 1st and 2nd harmonie 

thermal electron cyclotron frequencies and the upper cut-off frequency are shown. Note that the 

emission, observed from the low field side, at downshifted znd harmonie frequencies below the 

thermal part of the spectrum is emitted purely by a non-thermal electron population, that is 

located between ruco(W) and a. 

With these elements we can analyze the response of the ECE toa change of 11e (e.g. induced 

by pellet injection). The time derivative of the ECE intensity is obtained from Eq (7.5): 
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d . ) ru . druco Jd iJj(w,r) 
"JtfcJW) = J(W,a iJt- j(W,ruco) (j{ + r -r (7.7) 

ruco 

For most experiments the first term on the right hand side vanishes, because either j(w,a), i)afi)t, 

or both are negligible. The second term describes the response of lee to a displacement of the 
upper cut-off layer. The last term describes the varlation of the integrand due to a change in the 
suprathermal electron population. Whenever the density change is fast compared to the change 
in the suprathermal population, the latter can be neglected. Experimentally, this can be checked 
by camparing the characteristic times of the ne and lee varlation. If necessary, time-scale 
separation techniques can be applied to the ECE signal to obtain the relevant term. Then 

j{w.ruco) can be determined as: 

dlce( W) 
(jf 

j( W,r uco) = ----
iJruco( W) 

dt 

(7.8) 

Both the time derivative of the ECE spectrum and displacement of the upper cut-off layer can be 
determined exp~rimentally, which yields the local ernission coefficient. 

For situations without a ne perturbation a simHar metbod can be derived from Eq {7.3), 
which makes use of the varlation of the length of the sightline with the observation frequency : 

dfce(W) ru iJr 
j(w,a)-- j(W,ruco) exp(-T) uco + 

dw aw d(J) 

a 

J
(l- !!!i) jj_exp(-T) dr 

wT aw 
ruco 

{7.9) 

in which j and "Care functions of wand r, and the characteristic frequencies Wj = (i)jlji)w)-1 and 
W-t (d-c/i)w)-1. The i)aJi)w term vanishes again. The secoud term describes the change of 

integration path with frequency due to the frequency dependenee of ruco. whereas 
exp( -"C(Wuco.ruco)) "" I in the optically thin case. The last term describes the frequency varlation 
of the ernission and absorption coefficient along the resonant path. Consequently, theemission 
coefficient can be expressed as : 

a 

Jo w· a· 
dlce(W) ~) !!L exp(-<) dr 

(J)T i}(J) 
dw 

j( W,r uco) -
aruco + (7.1 0) 

d(J) é)(J) 

under the constraints that drucofaw < 0, and w < 2wce(Ro +a). Now the question is whether the 
shape of the spectrum is predominantly determined by ruco(W), or by the varlation of the 
emission and absorption coefficients with frequency. The integral term is difficult to estimate. 
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From first principles it is not clear whether Wj is smaller or larger than W,;. Hence, theoretica! 

validation of this metbod lacks. However, if in experimental cicurnstances the speetral metbod 

can be gauged at a few time slices, e.g. versus the dynamic method, then the evolution of 

j(w,ruco) between these gauge points can be followed. In this situation it is sufficient that the 

changes in the integral term are small, which is a less severe constraint than that the term is 

small itself. Moreover, measurements of the electron cyclotron absorption along the same path 

and in the same frequency range give information on W,;. Even a similar metbod on a(w,r), such 

as proposed in ref [7], could be used, if these measurements were available. 

These methods to obtain j(w,r) can be applied in any plasma in which fast electrons are 

present. Most interesting are plasmas in which lower hybrid (LH) waves are used to drive the 

plasma current. Experimental results on the suprathermal current density profile in such 

discharges are hard to obtain. Assuming that the lower hybrid tail is strongly asymmetrie in the 

direction parallel to the magnetic field, the suprathermal current profile is proportional to the 

suprathermal density profile. The above described methods can be used to derive an 

experimental profile which is proportional to the suprathermal density profile [12] at y = 

2wcef Wuco· 

7.3 Results 

The methods described above have been applied to a discharge with LHCD in Tore Supra (Ro = 

2.38 m, a= 0.8 m, Bo = 3.85 T) with the following parameters in the Ohmic phase : ne(O) "' 3 

1019 m-3, lp= 850 kA, qa = 6.2, Te(O) = 2.6 keV. At t = 3.3 s, 6 MW of 3.7 GHz LH power 

(n;; "' 1.8) are coupled to the plasma. This induces a rise of Te(O) to 5.6 ke V. At t = 6.10 s the 

LH is switched off and a pellet is injected into the plasma, which causes a central density 
increase to ne(O)"' 4.5 1019 m-3. At t = 6.15 s the LH system is switched on again. The ECE 

intensity was measured with a Michelson interferometer [13] and 6 Fabry-Perot interferometers 

[13], tuned to the 2nd harmonie thermal region of the spectrum. The electron density was 

measured with a 5 chord interferometer. 

The ECE X-mode spectra of an Ohmic and a LHCD discharge are plotted in Fig 7.2. 

Central 2nd harmonie thermal resonance is at 215 GHz. The Ohmic spectrum shows radiation 

bands in the 2nd and 3rd harmonie of the ECE frequency. In the lower hybrid phase the 

spectrum shows radiation also at the 4th and higher harmonies, as wellas strong emission at 2nd 

harmonie downshifted frequencies. The emission at the low frequency side of the second 

harmonie thermal band in the LH phase is as low as the Ohmic level. Therefore, it is assumed 

that 3rd harmonie radiation does not contribute significantly to the emission, which implies that 

emission between 100 and 160 GHz is attributed to mainly 2nd harmonie downshifted 

radiation. This is corroborated by ref [13]. The large peak below 100 GHz is due to 1st 
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Fig 7.2 ECE speetrummeasured in the Ohmie (solid line) andLHCD (broken 

line) phase ofthe plasma. Central thermal2nd harmonie resonanee oeeurs at 

215 GHz. 

Fig 7.3 Response of the downshifted 2nd harmonie ECE spectrum to pellet 

injection. 

hannonic downshifted radiation. 

Results 

The time behaviour of the 2nd hannonic downshifted emission during pellet injection is 

shown in Fig 7.3. At t- 6.10 s the LH is switched off for 50 ms, and a pellet is injected into 
the plasma. Afterwards, the LH is switched on again. From 6.15 s onward, the ECE intensity 
in the LHCD phase increases to a steady state level. 
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Fig 7.4 Contour plot of the uppercut-of! frequency (labels, in GHz) as a 
function of r and t. At 6.10 s a pellet is injected in the plasma ( arrow ), which 
increases the upper cut-offfrequency. 

The De profile was derived by inversion of the 5-chord interferometer data. This profile was 

used to calculate the upper cut-off frequency shown in Fig 7 .4. Mter pellet injection, De 

increases rapidly, until pumping by the vessel wall induces a density decrease. 

The fast De increase provides a suitable displacement at ruco for application of the dynamica! 

analysis method. However, this was not possible in our case, due to the limited time resolution 

of the Michelson interferometer. Therefore, we analyzed the change of the ECE spectrum during 

the slower density decrease. 

The characteristic times of the ECE signal and ruco to the decrease of De were fitted by an 

exponential over 2.8 s and plotted in Fig 7.5. The time scales expected in Tore Supra [14] are 

for the quasi-linear flattening of the velocity distribution at LH switch-on("' 10 ms, comparable 

to 'tSD = 10- 100 ms in this energy range), for the radial diffusion of the suprathermal electrons 

("' 1 s), and for the ruco variation. Fig 7.5 shows that the time scale for lee is slower than the 

first and faster than the second. Therefore, the suprathermal population is assumed to be in near 

steady state during heating and notsubject to diffusion, which is supported by ref. [14]. The 

movement of the upper cut-off layer is observed on an intermediate time scale ("' 500 ms). 

Therefore, we have analyzed this phase using a time window of 230 ms. 

For the determination of theemission coefficient, drucJdt and dlcefdt were obtained from a 

linear fit of ruco(W,t) and lce(W,t) over 230 ms around 6.509 s. The ECE radiation temperatures 

have been converted to intensity to include the correct frequency dependence, and divided by 2 

to correct for the reflection at the up per cut-off layer, as will be explained below. Fig 7.6 shows 

j(Wuc0 ,ruco) as a function of ruco· In the analysis, the integral terms of Eq (7.8) has been 

neglected. The area gives an error estimate based on the standard deviations in the fit 
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Fig 7.5 Characteristic times for the change ofr uco (light area), and lee (dark 
area) after pellet injection. Because the ECE responds on an equal or slower 
time scale than the position of the upper cut-off layer, the proposed dynamic 

analysis can be applied. 
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Fig 7.6 Theemission coefficient at the ruco as deduced from the dynamic 
(dark area) and the speetral (light area) method. The shape represents the 

suprathennal electron density profile, whereas the difference in absolute value 
is attributed tothelast term of Eq (7.1 0) or absorption characteristics for the 
speetral method. 

Results 

parameters, and the resolution of the Michelson and the infrared interferometer. The region of 
validity ofthe result is limited (towards the high field side) tor= -0.3 m by the occurrence of 
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the 2nd harmonie thermal resonance, where thermal reabsorption shields the noothermal 

emission. Thus the dynamica! method gives a profile for the ECE emission coefficient, which is 
peaked at r"" 0.3 mand has a value j = 350 ± 50 pWHz·lm-3srl. 

Similarly, Fig 7.6 shows the result obtained with the speetral method. In this analysis, the 

integral term of Bq (7 .1 0) was neglected. 

7.4 Discussion 

This discussion will first focus on the limitations of the proposed methods. Secondly, the 

results of the proof-of-principle experiment will be discussed, with the aim of identifying the 

best experimental conditions for the applications of the methods. 
The method described has been derived in the case of optically thin radiation. From the 

equation of radiative transfer (Bq (7.3)), it can be inferred that if absorption is present, the 

dynamic method will still yield alocal quantity, although the relation to j(w,r) may be obscured. 

This is because the time scale of the De varlation only appears in ruco. whereas the integrand 
only depends on supratherrnal effects which are separatedintime scale. Conversely, the speetral 
method suffers from a speetral derivative of 't(W) in the case of suprathermal absorption, 

introducing a non-local effect 
The radial range of applicability of the method is determined by the upper cut-off layer. 

This range can be severely limited, if the upper cut-off frequency is not a monotonic decreasing 
function of the radius. This can happen in the case of hollow De profiles. The dynamic method 

relies on a varlation of the position of the upper cut-off layer. A varlation can be induced by 
either an ne perturbation, or by a magnetic field perturbation. Because a magnetic field varlation 

implies also changes in the ECE spectrum, we limit ourselves to an De varlation. This can be 
obtained in several ways : pellet injection, gas puffing, monster sawteeth, MHD islands, or by 
fast heating (profile consistency). The time scale of the density varlation must be chosen faster 
than the varlation in the suprathermal electron population. 

In our pilotstudy, the time scale of the density decreaseis in between the two time scales 

associated with the LH switch on [14]. The faster processes result in a quasi-steady state of the 
suprathermal electron density, which is given by the LH power deposition profile and the loss 

time of fast electrons. The latter is proportional to ne (varying 10 % in the applied time 
window), leading toa 10% varlation in time of j(w,r). This varlation is smaller than the error 
bar on the presented result 

In general, the De increase following pellet injection woul1 be a be~r choice to apply these 
methods. The quantities which have to be resolved in time are ät_co and 1:-· In our experiment 
the fast De increase occurs in I 0 - 200 ms, which requires a timeresolution of = 1 kHz to 

measure ruco and lee- Direct measurements of ruco can be obtained with X-mode reflectometry or 
pulsed radar [15] at the upper cut-off layer. lee can be measured with better time resolution by 
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recently developed fast Michelson interferometers [16], heterodyne radiometers, grating 

polychromators, or calibrated Fabry-Perot interferometers. These would greatly enhance tbe 

accuracy of the analysis methods. However, these diagnostics were at tbe time of the 
experiments not available on Tore Supra. lf measurements at high time resolution are 
performed, then analysis metbods to separate different time scales can be applied. 

The part of the profile which can be observed is related to the harmonie overlap and tbe ne 
profile. Our pilot study indicates tbat the profile can be resolved from r/a = -0.2 outward. For 
tbe type of JET discharges presented in ref. [9] we estimate tbat tbe analysis is applicable 

between 2.4 and 4.1 mat an energy of"' 400 keV. The radial resolution of tbe metbod is given 

by the speetral resolution of the ECE measurements divided by the speetral range, where tbe 
2nd harmonie downshifted ECE is optically thin. This implies that the metbod works best in 

machines with high magnetic field and narrow band ECE measurements. The energy of the 

suprathermal population observed is given by y = 2Wce1Wuco· The energy window is thus 
defined by tbe magnetic field and density profile. The upper limit for the observed energy is 

moc2 = 511 keV, whereas the lower limit will be"" 200 keV. For LH driven supratbermal 
electron populations it is generally assumed that tbe perpendicular energy is lower tban tbe 
parallel energy. Then the downshift is mainly due to the parallel energy. The radiation 
temperature of the downshifted 2nd harmonie X -mode radiation tben gives a lower limit for the 
perpendicular energy of the suprathermal electrons. 

The effect of a specular reflection at the upper cut-off layer raises the ECE intensity by a 

factor 2. This factor has been taken into account for Fig 7.6. In the case of a diffuse reflection, 
caused by turbulence, this factor decreases. Moreover, wall reflections can complicate the 
geometry of the sightline, leading to an increase of the intensity. However, in our case we 

assume that the specular reflected beam views the port, which acts like a perfect absorber. The 

application of a viewing dump at the low field side can be envisaged, if tbe position of tbe 
reflected beam can be controlled. This seems technically difficult if plasma shifts and retraction 

have to be followed. Therefore the wall reflections have not been taken into account. 
The resulting profile of j is hollow, in agreement with ray-tracing simulations for this range 

of parameters. This is a very strong indication tbat the profile is indeed hollow, because both 

methods use experimentally independent information. lt is interesting to note that inversion 
routines for line integrated measurements, like hard x-ray emission, loose accuracy if a hollow 

profile has to be handled. The described ECE analysis is alocal measurement at the uppercut
off layer, which implies that a cross check of the hard x -ray results versus these metbods could 
be valuable in LHCD discharges with higher electron densities. 

lt is further noticed in Fig 7.6 tbat the dynarnic and the speetral methods yield qualitatively 
similar profiles (the peaking of the profiles around r = 0.3 m, and the dip at r = 0 m). The peak 

value of both methods around r = 0.3 m differs by a factor "' 2. The difference is attributed the 
fact that the observed energy range was beyond the typical energies of tbe plateau of tbe 

distribution function. The parallel distribution being not flat, tbe integral term in Eq (7.10) 
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cannot be neglected. Fokker-Planck simulations also show that reabsorption by suprathermal 

electrons is non negligible in this case. Thus, the conditions for the application of the speetral 

metbod in its simplest form were not met. However, the application range of suprathermal 

electrons is so large that most certainly ranges exist where the metbod can be applied, and 

information about the suprathermal electrons is collected without disturbing the plasma by a 

pellet 
The measured emission coefficient can be related to the LH deposition profile. Fokk:er

Planck calculations of LH deposition and microwave transmission measurements [8, 17] show 

a flat tail of suprathermal electrons up to energiesof"" 130 keV. Above this parallel energy the 

tail extends by acceleration with the residual electtic field in equilibrium with collisional 

slowing-down processes. Radial diffusion effects are found to be very weak at such energies 

[14, 17]. The fact that a profile of electrons at 300 ke V is obtained shows that processes that 

expel electrons from the plasma in this energy range are negligible. The question is how 

representative this profile is for the density profile of suprathermal electrons at 130 ke V. The 

observation of a hollow profile implies that the collisionalloss time of fast electrons is faster 

than the timescale for radial diffusion of the fast electrons, which should have led to a flat 

profile. This observation, which corroborates the same conclusions in refs [14, 17], leads to the 

conclusion that the measured profile represents the suprathermal electron density profile at 130 

keV. Three-dimensional Fokker-Planck calculations [18] also support the conclusion that for 

low radial diffusion the density profiles of electrons below and well beyond "" 130 ke V are 

substantially the same. 

7. 5 Summary and Conclusions 

In conclusion two methods have been proposed to obtain the local suprathermal electron density 
from downshifted 2nd harmonie X-mode ECE spectra. The dynamic metbod analyses the 

variation of integration path, due to a perturbation of the upper cut-off layer. The speetral 
metbod makes use of the variation of the ECE sightline with frequency. Whenever the 

conditions of applicability of such methods are met, the analysis is straightforward and purely 

based on experimental information, i.e., no assumptions on the suprathermal electron 

population have to be included. The result is the radial suprathermal electron density profile at 
an energy given by the resonance condition at the upper cut-off layer. The dynamic metbod 

gives the most reliable results. However, the plasma has to be disturbed by a density 

modulation, for instanee pellet injection. The speetral metbod could be applicable in particular 

cases, typically for flat parallel distributions ex tending up to energies of the order of 500 ke V. 

Proofs of principle of the methods have been given on a LHCD discharge in Tore Supra, in 

which a pellet was injected. Both methods yield a hollow suprathermal density profile, with 

error bars of"" 15 %. The result of the dynamic metbod is about a factor 2 higher than the result 
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of the speetral metbod. The difference between tbe two metbods is attributed to supratbermal 
absorption and tbe integral term of Eq (7 .1 0). The error bars are mainly due to tbe resolution of 
tbe applied diagnostics. 

This proof of principle is the first supratbermal electron density profile during LHCD 
obtained purely experimentally from standard ECE spectra. The observed profile is hollow at an 
electron energy of the order of 300 keV. This confirms what is expected on tbe basis of ray
tracing and Fokker-Planck calculations for similar plasma conditions. 

Future experiments can be envisaged to compare tbis metbod extensively witb results 
obtained from hard x-ray diagnostics. Variation of tbe time scales of tbe 11e perturbation can be 
used to study the time scales involved in supratbermal populations. Validation of tbe speetral 
metbod by experiment as wellas denvation of a useful application range can be studied. U se of 
ECE radiometers appears to be necessary for higher time resolution. The use of X-mode 
reflectometry or pulsed radar [15], which directly probe ruco. would increase tbe accuracy. 
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Chapter 8 

Suprathermal Electrans in S/ide-

Away and ECH Plasmas 

8.1 Introduetion 

This chapter deals with the so-called slide-away regime of tokamak discharges. This regime 
occurs at low density, and is characterized by a high diamagnetic energy, a red u eed loop voltage 
[1,2], and improved confinement [3] with respect to a discharge in the linear Ohmic 
confinement regime. Typical are the occurence of bursts of the diamagnetic energy, loop 
voltage, and ECE emission [I ,2,4], which in 1976 have been explained qualitatively by Parail 
and Pogutse [5-8] with an instability that transfers parallel energy of a runaway beam to 
perpendicular energy. More experiments revealed emission between Wpi and Wee [2,4,9,10], 
and increased intensity of charge exchange signals [2, 11, 12]. These observations fit 
qualitatively in the 'fan-instability' of Parail and Pogutse. 

There are four reasons why the slide-away regime is interesting. Firstly, it is the typical 
behaviour of any tokamak discharge at low density. Secondly, the presence of a suprathermal 
electron instability determines the observed improved confinement in this regime. This provides 
the opportunity to study the relation between confinement and fast electron populations. 
Thirdly, the slide-away regime is an example of a complex, nonlinear system of which the 
phenomenology is successfully captured in a set of nonlinear equations [5]. Fourthly, the 
dominant presence of suprathermal electron populations enables a study of the diagnostization 
and interpretation of such populations. 

This chapter focusses on a comprehensive interpretation of the experimental data in 
slideaway discharges. First we present a literature study of previous experiments and theories. 
Second, the power balance model for the Parail-Pogutse instability, given in ref [5], is 
investigated numerically. The equations are extended by runaway losses and their stability is 
investigated. Next we describe the experimental results of a density scan performed in the RTP 
tokamak. A comprehensive set of diagnostic equipment was used to thoroughly investigate the 
slide-away regime. This brought to light several new aspects of this regime, especially 
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conceming the suprathermal electron population. Another experimental novelty was the 

application of Electron Cyclotron Heating (ECH) to low density discharges. The data obtained 

with magnetic probes and Thomson scattering show the improved thermal confinement The 

density scan can be divided in a low density regime where always a confinement characteristic 

for slide-away occurs, a high density regime where linear Ohmic confinement is observed, and 

an intermediate density regime where a discharge can be in either of the two states. The RF 

emission and the repetition frequency of the instability observed in RTP are used to derive 

energy and density of the runaway beam. The ECE spectra are attributed to a well confined 

trapped electron population, which was suggested by Parail and Pogutse in ref [8]. The soft X

ray tomography system showed bright spots of emission located at the vessel wall. This 

emission is attributed to the loss of heated ions that are trapped in the the ripple of the toroidal 

field. This effect is rerninescent of the piercing of the TFR vessel in 1973 [ 4]. 

It was found that in the intermediate density regime the improved slide-away confinement 

can be switched on by the application of a short ECH pulse. During the ECH pulse the 

nonthermal ECE spectra show a remarkable sirnilarity to the ECE spectra during slide-away. 

From this observation we deduce that also during ECH a considerable trapped electron 

population is present, which might explain the improved confinement during ECH as well as in 

slide-away. 

In Sec 8.2 an overview of the existing literature and the main results is presented. In Sec 

8.3 the theory of the Parail-Pogutse instability is summarized, and a numerical study of it is 

presented. In Sec 8.4 the experimentalset-up at RTP is described. Section 8.5 describes the 

results conceming the electron populations. While Sec 8.6 discusses the ion heating. The 

plasma response to application of ECH is described in Sec 8.7. The implications of the 

experimental results for the description of the Parail-Pogutse instability are discussed in Sec 

8.8. 

8.2 Literature 

In the early days of tokamak research the creation of runaway electrons and the associated 

plasma regimes already received much attention. In 1967 Artsimovich et al [13] reported a 

higher resistivity than was expected basedon the transverse plasma energy, at low density in 

TM-3. To explain these results Kadomtsev and Pogutse [14] invoked a pitch ang1e scattering of 

runaway electrons by the anomalous Doppier resonance, as a mechanism of transferring a 

considerable amount of energy from the runaway electrons to the transverse plasma energy. 

Vlasenkov et al [l] studied this 'runaway' regime (which is now better known as the slide-away 

regime) in the Tokamak-6 device. They characterized the regime by the measured increase of 

diamagnetic pressure. Measurements of the conductivity, the diamagnetic pressure and 

spectroscopy of carbon lines led to ambiguity in the temperature deterrnination. They observed 
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an instability by positive spikes on the loop voltage, the carbon spectralline intensities, and the 

transverse plasma energy measurements. Typical rise times for the bursts of 10-20 JlS were 

reported. Vlasenkov et al describe the current carrying fast electron population by a density"' 

1017 m-3, a perpendicular mean energy between 7 and 60 keV, and a parallel energy up to 500 

keV. The runaway regime was lost if higher filling pressures were used, preionization was 

applied, or inhomogeneities in the toroidal magnetic field were introduced. Contamination of the 

plasma led to an extension of the runaway regime towards higher density. 

Alikaev et al [2] studied the runaway instability in the TM-3 tokarnak.. They observed a fast 

electron population with a longitudinal energy between 50 and 170 keV, and a density"' 

4x1015 m-3. In these discharges charge exchange spectroscopy showed the creation of a fast 

ion tail. The intensities appeared to be highest in the trapped ion toroidal drift direction. 

Emission in the RF region of the spectrum between ffipî and ffice gave evidence of the presence 

of plasma waves. The instability also created spikes on the RF radiation and charge exchange 

signals. The increase of the diarnagnetic energy was attributed for 50 % to the transfer of 

longitudinal totransverse energy of the fast electron population by the instability. Less than 30 

% of the increase was attributed to fast ions, and the remaining > 20 % to bulk heating. Alikaev 

et al. deterrnined a threshold for the instability, given by a proportionality between the average 

current density and the electron density. They concluded that the model by Kadomtsev and 

Pogutse [14] did not explain the nature of their experiments. 

The conneetion between theory and experiment was given by Parail and Pogutse [5], who 

derived a power balance equation for the perpendicular and parallel mean energy of the runaway 

population and the total plasma wave energy, including the anomalous Doppier effect. These 

nonlinear equations describe how a fast electron tail is created. Subsequently, a reonant partiele

wave interaction (the anomalous Doppier effect) transfers energy from the elctrons to a plasma 

wave, which is simultaneously Landau damped on the therrnal bulk. As soon as the Landau 

damping saturates the wave starts to grow, and scatters the runaway electrons to larger pitch 

angles. The resulting bump-in-tail distri bution disappears by ernitting waves at the Cerenkov 

resonance. This concludes one cycle of the instability. After this the processof acceleration 

along the B-field starts again. Parail and Pogutse derive a critical energy for the onset of the 

process, which is in reasonable agreement with the observed mean energy of the fast electron 

tail. Numerical simulations of the process showed that the sudden bursts that are observed in the 

experiments are indeed reproduced by the theoretical model, and the period of one cycle of the 

instability agreed with the observations within an order of magnitude. 

On the experimental side several publications on the slide-away regime appeared almost 

simultaneously. Oomens et al [9] observed the RF-spectrum between ffipi and lÜ(l)pi of slide

away discharges in Alcator. They measured a broad frequency spectrum with a peak. at ffipi· 

This emission coincided with an intensity rise of the charge exchange spectroscopy, identifying 

ion heating. The power ernitted in the RF region decreased as the plasma was contaminated. 

Coppi et al [15] made an extensive theoretica! study of all possible collective modes that could 
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be responsible for pitch angle scattering. Studies by Knoepfel and Spong [12] in Orrnak aimed 
at the comparison of the experimental production rate of runaway electrons to the rate predicted 
by theoretica! models [16,17]. They derive experimental parameters of the runaway electron 
population which fit with the theoretica! expectations. They also studied the effect of impurities 
on runaway generation in the scope of controlled generation of a stabie magnetic equilibrium 
[11]. Contamination by 20% of argon led to the creation of a runaway beam. 

The vacuum vessel of 1FR was piereed by 50 ke V electrous trapped in local mirrors of the 
toroidal field [10]. Operation in the slide-away regime is held responsible for the creation of 
these electron populations. A thorough analysis has been publisbed by Brossier [ 4]. He used 
ECE spectra, hard X-ray emission, charge exchange spectroscopy, Langmuir probes for RF
measurements, and diamagnetic loops for the transverse energy measurements. He concludes 
from the ECE spectra ( see ref [18]) that the plasma consisted of three populations, a therrnal 
plasma with Te - 1.2 keV, a low density runaway tail at 'Y"' 1.1, with T = 50 keV, and a 
centrally localized (2 mm) dense hot core (n- 4xl017 m-3 and T- 50 keV). The large fraction 
of plasma energy losses to the wall ("" 50 %) contrasts the measurements ( = 10 %) by Alikaev. 

Studies on the reduction of flux consumption by suprathermal discharges in ASDEX have 
been reported by Fussman et al [3]. The observed reduction of the loop voltage is attributed to 
an increased electron temperature (measured by soft X-ray pulse height spectra, and confirrned 
by impurity line radiation, and bolometer signals). The deduced confinement time of> 50 ms is 
improved over the value predicted by Alcator sealing, which at such low densities is not more 
than 'tE - 2 ms. Although no strong instahilities are observed the Parail Pogutse instability is not 
excluded. The transition from a therrnal discharge to this regime and vice versa have been 
stuclied by CampbeU et al [19] concentrating on the ECE. Special attention received the 
validation ofECE as a measure of the electron temperature. A two population model was used 
to interpret the ECE spectra. The nontherrnal population was found to have energies between 60 
and 100 ke V and a density of 10 % of the bulk. 

In the mean time theory developed by contributions of Liu and Mok [20], who solved the 
quasilinear equations for the runaway distribution function including the anomalous Doppier 
scattering. Papadopoulos et al [21] showed the possibility of creating a bump-in-tail distribution 
by collisionless processes. The time evolution of the process is investigated by Liu, Mok, and 
Papadopoulos in ref [22]. Parail and Pogutse [6] made a more detailed analysis of the kinetic 
effects of the instability and macroscopie quantities such as the number of locally trapped 
particle!', and the amplitude of loop voltage spikes. The confinement time of the fast electrous is 
deduced, and the confinement losses of the therrnal bulk due to a flow of particles to the 
runaway regime are related to the birth rate of runaway electrons. Expectations for the RF wave 
and the hard X-ray intensity are given. Finally in 1986, Parail and Pogutse reviewed the 
theories on the instability [8]. Other reviews on the instability are given by Bornatici [23] and 
Stringer [24]. 

Luckhardt et al [25] and Tanaka et al [26-28] report on the stabilization by ECH of an 
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instability occuring during LH experimentsin Versator II and WT-2, respectively. The flat fast 
electron tail, extending toa few 100 keV, formed during LH heating and current drive excites an 
instability due to the anomalous Doppier effect. Application of ECH in the LH phase stabilizes 

the loop voltage and RF probe signals. The stabilization is attributed to a reduction of the tail 
anisotropy during combined LH and EC heating. The current drive efficiency of LH is 

improved by the stabilization of the instability. 

8.3 The Paraii-Pogutse lnstabillty 

8.3.1 Physics of the Paraii-Pogutse instability 
The slide-away regime occurs in low density tokamak discharges. It is characterized by: a 
reduction of the loop voltage (V toop). improved energy confinement, and ion hearing [1 ,2,9]. 

More detailed measurements show: bursts of ECE and RF radiation at IJlJh < ffi < ffice, at a nearly 
constant repetition rate of typically a few kHz. The basic phenomenology was explained by 
Parail and Pogutse [5-8]. Their model involves an instability which causes pitch-angle scattering 

of runaway electrons. The sequence of events proposed by Parail and Pogutse is as follows : 
1. A runaway tail develops due to acceleration by an electric field parallel to the magnetic field. 
2. A wave instability is excited, when sufficient energy is gathered by the runaway tail. 
3. The resonant interaction of the electrous with this plasma wave causes pitch-angle scattering 

of the electrons, and feeds energy to the wave. The resonance condition gives the energy range 
of the scattering electrons. As a result of the instability the runaway tail is truncated in parallel 

energy. 
4. The wave energy is dissipated by ions (ion hearing) and thermal electrons. The electron 

distribution relaxes from a bump in tail distribution by emission due to a Cerenkov resonance. 
5. The runaway tail gains energy and the process starts over again. 

The critical step is 3, which involves an unstable interaction of the runaway tail with the plasma 
wave. For this interaction the anomalous Doppier resonance : 

(8.1) 

is responsible, where ffik denotes the RF frequency, k11 the parallel component of the 
wavevector, ffice the ECE frequency, and v;; the parallel velocity of the resonant electrons. This 
resonant interaction enables energy transfer between fast electrons and plasma waves with a 
relatively low phase velocity. The thus excited wave is damped simultaneously on the thermal 
electrous by the Landau damping at the Cerenkov resonance 

(8.2) 
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Fig 8.1 The Parail-Pogutse instability starts from a thermal Maxwellian bulk 
distribution with a runaway tail that is shown as function of V!! and v _l. The 
runaway tail is scattered by the anomalous Doppier resonance. Due to this 
scattering part ofthe electron population becomes trapped (hatched region). 

Thisfigure was takenfrom ref[6]. 
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in which v ""'Vth, i.e. the thermal electron velocity. The growth rate of the wave is low, until the 

Landau damping saturates. This occurs if the distribution function at the thermal resonance 

becomes flat, at which moment the diffusion in velocity space by collisions determines the 

damping rate. At that moment the growth rate of the plasma wave increases, causing a sudden 

pitch angle scattering of the runaway beam by the anomalous Doppier process. 

The instability process can be outlined by contour plots of the distribution function in 

velocity space. Figure 8.1 gives the Maxwellian distri bution with a runaway tail. If the tail is 

dense enough the scattering sets in, and the resulting distribution function is shown. After this 

first phase of instability a bump-in-tail distribution remains, which relaxes by emission at the 

Cerenkov resonance. Due to this processpart ofthe electroos become trapped (see Fig 8.1). 

8.3.2 Simplified model 
The nonlinear character of the instability can be described by a simple model as given in refs 

[5,8]. A numerical solution for the mean perpendicular and parallel energy and the wave energy, 

using this model, is shown in Fig 8.2. The 'temperatures' show a slow increase towards an 

average value, with a fast oscillation superimposed on the slow rise. The wave energy shows 

bursts at a repetition rate in the kHz-range. In this section the equations will be descri bed, and 

~'"j 
~20 • 

! 

0 
60__: 

> (1)40-
~ 

...:'20 

0 

~400 

"' ' 
E 
::2200 
!= 

0 

0 2 4 6 8 10 12 14 16 18 20 
t {ms) 

Fig 8.2 The time development of the mean energies of the runaway beam (Tl! 

and T 1.) and the wave energy (W) show the nonlinear repetitive character of 

the instability. 
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the peculiarities of the systern will be discussed. 

The second rnornents of the Fokker-Planck equation give the following set of equations for 

the mean perpendicular and parallel energy, T_L and T11, of arunaway beam: 

dT1_ 
(ft= VT 

dT;; 
dt = 

in which Q- e<v11>E and the totalenergyin the wave w = Jdk Wk develops as: 

dw 
di=yw 

The coefficients in these equations are given by : 

2 nb 1 1 
lT = fll... - <-> <<->> -pe ne Vff kn 

fll...n3 <<k!l>> nb y-::E- -
~ .• 2 k ne ..vee 

(8.3) 

(8.4) 

(8.5) 

(8.6) 

(8.7) 

In these equations an average of quantity q over the distribution function is denoted by <q>, 

whereas <<q>> implies an average over k. 

The electric field term in Eq (8.4) increases the parallel energy of the tail. This energy 

builds up the ternperature anisotropy, T = 1- TJ!T11, which triggers the anornalous 

Doppier effect. The first term in the Eqs (8.3) and (8.4) describes the transfer of energy frorn 

the parallel to the perpendicular direction due to this effect. The rate of transfer is proportional to 
Tand the wave energy density, w, whereas the coefficient 'VT is given by Eq (8.6). Equation 
(8.5) describes the wave properties. The first term gives the gain in wave energy due to the 

anomalous Doppier resonance. This process is nearly elastic for the electrons, which implies 

that the energy loss to the wave is an order of magnitude smaller than the energy exchange in the 

pitch angle scattering process. Therefore 'Y is an order of magnitude smaller than 'V"f. The second 

term of Eq (8.5) describes the Landau damping. This damping process levels off due to the 

formation of a plateau in the distribution function, which limits the damping rate to the 

collisional rate of change around the edges of the plateau [29]. This introduces the maximurn 

wave energy density w1 at which the Landau damping saturates. In our case the energy is 

absorbed around the therrnal velocities. Appreciable deviations to the distribution function occur 

when WJ exceeds a few percent of De Te. The last term in Eq (8.5) is a damping term due to 

electron ion collisions. 

The last term ofEq (8.3) accounts for the runaway loss. We added this term to the original 

equations of ref [5] in order to allow fora steady state (though cyclic) solution.This prevents te 
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continuous grow of T1_. 

To solve the set of Eqs (8.3-5), we frrst lookfora steady state solution. The Eqs (8.3) and 

(8.4) give the main input and loss power, therefore we first put dw/dt- dT;;/dt- 0. This results 

in the crossing points of the two solid curves in Fig 8.3 described by: 

w=Qne 
v/Ï 

(8.8) 

W=WJ(-YJ -]) 
1f- Vei 

(8.9) 

The crossing point is, however, unstable because T.L continuously diminishes. Therefore, t 
increases and the solution starts to oscillate around the crossing point. The two curves of Eq 

(8.8) and (8.9) describe for this cyclic behaviour the points where either T11 or w has an 
extreme. This we can use to fmd the solution of Eqs (8.3-5). 

Before the first instability occurs, the runaway tail will be very small and highly directed in 
the parallel direction. Therefore, the solution starts at a point with w .. 0, and t ::;; 1. For low t 
the wave is damped and T11 increases. If the solution crosses the curve descrihing dw/dt - 0, 

then the wave intensity will grow slowly. Subsequently, the parallel temperature reaches a 

dw/dt = 0 

0.0 0.2 0.4 0.6 0.8 1.0 

Fig 8.3 The numerical salution ( dashed curve, same as in Fig 8.2) of the 
simple modelfor the Parail-Pogutse instability shows the development into a 
cyclic behaviour in the w,T-plane. The maximum excursions in the wave 
energy (w) and the anisotropy factor (T=l-T..l}T11) are reached at the solid 
curves. 
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maximum as soon as the solution (from bere the dasbed line in Fig 8.3) passes the curve 
descrihing dT11/dt = 0. Rapidly the wave energy reacbes its maximum at the other solid curve in 
Fig 8.4. Then the wave is damped again, and the parallel temperature goes througb its minimum 
value. 

This process repeats, slowly increasing the total energy in the system until the time 
averaged power input by the electtic field equals the fast electron losses (wave losses have been 
assumed negligible). It bas been observed [2] that on average T "" 0.1, wbich led to the 
conclusion that 'YI ,., O.ly. A counter clockwise oscillatory character of the instability is only 
possible if the crossing point of the curves of Eqs (8.8) and (8.9) is present. This occurs only if 
for T ~ 1 the following inequality holds : 

~ > v.r(_j'j__- 1). 
WJ Y·Vei 

(8.10) 

Hence, the leveling energy ofthe wave must be smal! compared to the driving electtic field or, 
equivalently, the Landau damping must be slow compared to the growth rate of the wave, that is 
given by the anomalous Doppier resonance and the electron ion collisions. The final type of 
solution can be oscillatory (like in Fig 8.2), stabie (going to the crossing point), or even damped 
if not enough parallel energy is present. Whether these nonlinear equations give rise to chaotic 
behaviour has not been investigated. 

In the numerical example ofFig 8.2 typical parameters for RTP are used: ne = 1019 m-3, Bo 
= 2.2 T, Vtoop = 0.8 V, nbf'ne = I0-3, Vei= 104 Hz, W/Wce = 0.02, 'Yl = 2 x 105Hz, <v;;> = 
1Q8 ms-1, w1 = 10 Jm-3, Te= 1 keV, 'tE= 3 ms, and the starting conditions T;;(O) = 30 keV, 
T1.(0)- 1 keV, and w(O) = 100 Jm-3. The solution has been calculated by a forward integrating 
algorithm with a time step 20/vr. The fast features have been checked with a smaller time step. 
The repetition rate of the bursts is in the order of 2 kHz, which is close to experimental values 
(see Section 8.5). 

The energy in the wave is on average 15 Jm-3, which is about 0.6 % of the central thermal 
energy density in the plasma. However, the peak wave energy density during the bursts is ""' 10 
% of the central thermal energy density. This wave energy is then momentarily available to have 
an effect on the thermal electron disttibution. Hence, the Parail-Pogutse instability can influence 
the thermal properties of the discharge. 

8.4 Experlmental Set-up 

The experiments were performed in the RTP tokamak (Ro = 0.72 m, a= 0.164 m, BT = 2.22 
T, boronized vessel). The tomidal magnetic field system of RTP consists of 24 coils, of which 
2 diamettically placed ones are 14 % larger than the others to allow tangential access. The 
resulting field ripple at these coils is 3 % on axis. The discharges used in this study had a 
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plasma current lp= 60 kA (qa = 6.9) and were run in hydrogen. The current flattop started at 
70 ms in the discharge and lasted for 300 ms. A density scan was made in which Ile(O) was 
varled between 0.1 and 12 x 1Q19 m-3. At 150 ms a 1-50 ms ECRH pulse was applied to the 

plasma. ECRH was available at RTP with two 60 GHz gyrotrons (Varian, TEn, 100-180 kW), 
one in 0-mode perpendicular launch from the low field side (LFS) in the horizontal midplane 
and one in X-mode from the high field side (HFS, 15 degrees co-injection). RTP is equipped 
with the following diagnostics [30]: magnetics, a single shot 100 point Thomson scattering 
system, a 19 channel FIR density interferometer, a single channel 2 mrn interferometer, a 20 
channel ECE radiometer, a 6 channel ECE polychromator, a Michelson interferometer, a RF 
spectrometer, a one channel RF radiometer, pulse height analysis, a hard X-ray monitor, an 80 
channel 5 camera soft X-ray tomography system, an 80 channel 5 camera visible light 
tomography system, a bolometer, an ECH transmission diagnostic, and an Ha-monitor. The 
following diagnostics were used in the course of this work. 

Magnetic measurements were perfonned with a set of 12 Mimov coils, and a loop voltage 
ring [31]. Due to metallic screening the bandwidth of the magnetic signals is 7.5 kHz, sampling 
is applied at 20 kHz. 

Line integrated density measurements were done with the 2-mm interferometer [32]. The 
line integrated density was scaled to central density by a factor 6 m-1. This factor is correctfora 
triangular density profile, which is close to the typical shape of the density profile measured by 
the 19 channel interferometer and Thomson scattering. The 19 channel interferometer was out of 
order during the experiments described here. 

Thomson scattering measurements were performed with the system described in ref [33]. 
The same system was applied in plasma filamentation measurements [34] at RTP. It consists of 
a ruby laser (À= 694.3 nm, 25 J per 15 ns pulse) firing vertically through the plasma. The 
scattered light is detected by a CCD camera, which resolves the spectra in 64 wavelength 
channels between 580 and 800 nm, at 100 positions (with M 1.7 mm) along the sightline. 
Electron temperature and density profiles were obtained by fitting the relativistic theoretica! 
expression for the Doppier broadened spectra to the measured spectra. 

ECE measurements were perfonned with a Michelson interferometer and a heterodyne 
radiometer. The Michelson interferometer was used to obtain ECE spectra between 70 and 300 
GHz. Also fast variations (> 10 kHz) of the total ECE intensity were observed by this system. 
The heterodyne radiometer [35) was used between 86 and 146 GHz to observe the time 
behaviour of the single pass LFS X- or 0-mode or HFS X-mode ECE signal. Calibration of the 
systems was done as described in Chapter 4. The HFS X-mode system was calibrated versus 
the LFS X-mode system in high density ohmic discharges. 

A Michelson interf erometer of the Martin-Pupplet type [36,37] was installed at RTP. The 
plasma was observed via an antenna, which faced a Macor viewing dump at the high field side 
of the vacuum vessel (reflectivity < 1 %). A circular (0 - 1 inch) oversized waveguide, 
containing a wedged fused quartz vacuum window and a polarizer (X- or 0-mode), connected 
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the antenna to the Michelson interferometer. The interferometer performed one scan of > 30 mm 
optical path difference per 20 ms. A high-pass hole filter (> 70 GHz) was installed in the 

detection line toproteet the detector during 60 GHz ECRH. A standard !nSb-detector (QMC 

Instruments Ltd.) at 4.2 K was used for the detection of the interferogram. The data were 

acquired in the TRAMP system [38] at 50kHz. Fast spikes due to the Parail-Pogutse instability 

were observed on the total ECE intensity. These spikes were removed by application of a 12 

point median filter [39] to the raw data (see Chapter 3) to obtain ECE spectra. Subsequently, the 

interferogram was averaged per 80J.IIll optical path difference. ECE spectra were obtained with 

an apodization of the interferogram by means of a trapezoidal window. The effects of the 

apodisation were checked and found to be small. 

The radiometer viewed the plasma through two antennas (LFS and HFS) embedded in two 

viewing dumps. The LFS antenna was an open ended circular oversized waveguide (0 = 2.54 

cm) connected via a Mylar foil vacuum de break and oversized waveguide to a polarized beam 

splitter. A waveguide switch was used to select X- or 0-mode. The HFS view employed 

fundamental waveguide (WG-28), and a hoghorn antenna in X-mode. A double down 

conversion separated the frequency window in 20 channels between 86 and 146 GHz of each 

1.7 GHzvideo bandwidth, each. The signals were sampledat 20kHz, some discharges had an 

additional fast sampling time window between 100 and 300 ms, at a sampling rate of 250 kHz. 

Two types of radiofrequency measurements were performed. Firstly, spectra between 50 

and 1050 MHz were measured with a spectrum analyzer. Secondly, a radiometer was 

constructed to follow the time behaviour of the RF emission. Two types of antennas were used. 

The first was the anode of the glow discharge cleaning system. The second was a loop antenna 

made of stainless steel. The loop measured 50x30 mm2, and was located in the limiter shadow, 

12 mm outside the limiter radius. This antenna was connected to the Faraday cage via a de-break 

(-3 dB at 50 MHz) and a 40 m coaxialline (URG 238). 

For the speetral measurements, the signal inside the cage was first amplified 30 dB by a 

Miteq (model AU 1054, SN 12950) amplifier. A HP 70206A spectrum analyzer, with HP 

70905A RF section, 70902A IF section, and a HP 70900A calibration unit were used to 

measure the spectrum of the LH emission between 50 and 1050 MHz. The fastest sweep time 

was 64 ms for 1024 points. 

The radiometer set-up used a double sideband heterodyne detection technique. The 

amplified signal was fed into a mixer (Mini Circuits Laboratories, ZAD 1-1, serlal no. 6629), 

for which a HP8657B synthesized signal generator was used as local oscillator. The IF was fed 

toa 10- 20 MHzbandpass filter and amplified 30 dB. Subsequently, the signal was detected 

and amplified (lthaco, low-noise preamplifier 0.03 Hz to 300 kHz bandwidth) to be recorded 

by the data acquisition system of RTP. In this way theemission of the two sidebands from 10-

20 MHz around the local oscillator frequency was measured with 300 kHz resolution. 

The soft X-ray tomography system at RTP is described in ref [40]. The system consistsof 

5 pinhole cameras distributed over the poloidal RTP cross section. Each pinhole camera 
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comprises 16 detectors, which results in an 80 channel tomography system. It is located 
adjacent to one of the larger toroidal field coils. The detectors are sensitive for X-ray emission in 
the 1 to 10 ke V energy range. The sampling frequency of the system was 20 kHz in the 
experiments at hand. 

8. 5 Electron Populations 

8.5.1 Experimental definition of the slide-away and normal Ohmic regimes 
In Fig 8.4 the radiation temperature (Trad) of the HFS and LFS X-mode signalat 105.5 GHz 
(thermal resonance at r/a~0.8 at the LFS) is plotted versus ne(O). Two branches are 
distinguished: a low Trad branch (grey symbols) for ne(O)>nci-lxl019 m-3, and a high Trad 
branch (black symbols) for ne(O)<ncz""2xl019 m-3. The results presented in this paper will be 
referred to as 'slide-away' (SA) if the discharge is on the high Trad branch, or 'normal ohmic' 
(NO), when Trad is in the low branch. For ne(O) < nc1 the plasma is invariably in SA. Between 
nel and nc2 NO as well as SA discharges are possible. For ne(O)> llc2 the plasma is nearly 
alwaysNO. 

Before a detailed analysis of the non-thermal electron population is given, first the 
differences between the SA and NO regime will be described for the bulk electrons. 
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Fig 8.4 The LFS (circles) and HFS (triangles) ECE X-mode radiation 
temperatures at 105.5 GHz distinguish the slide-away (black) and the normal 
Ohmic (grey) regimes. 
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8.5.2 Bulk electrans 
Figure 8.5 shows Te(O) measured with Thomson scattering, Vloop. the thermal electron 

confinement time 'tE - W e,thennaiiVIooplpi. and ~p+lj/2 as a function of ne(O). The Thomson 
spectra were well described by a single Maxwellian, contrary to the results in [41]. No 

difference in Te between SA and NO discharges are observed. Moreover, the ne and Te profiles 

measured by Thomson scattering do not differ significantly between SA and NO, so that also 

W e,thennal does not change going from NO to SA. V loop is lower in SA than in NO, which 

implies that the confinement in the SA regime is improved over NO. The cause of this 

improverneut is not known. The NO regime shows linear Ohmic confinement ('tE oe ne) between 
11c1 and 4xi019 m-3, and saturated Ohmic confinement ('tE constant as function ofne) for ne(O) 

> 4 x 1019 m-3. These measurements agree with the results by Konings et al [42]. 

Figure 8.5 shows that ~+lj/2 increases in SA over NO in the intermediate ne regime. This 

increase cannot be attributed to the thermal electron population, since W e,thennal is the same in 
NO and SA. Hence, the iocrement of ~+lj/2 must be due to ion heating, peak:ing of the current 
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Fig 8.5 Characterization ofthe thermal electron popu/ation by Te(O), V loop. 

the thermal electron confinement time TE,th• and {Jp + li/2 as a fitnetion of 
ne(O). The diJlerences in confinement ofthe NO and SA regime originatefrom 

the diJlerences in Vzoop· The increase of {Jp + lï12 in SA is attributed to the 
non-thermal electron population. 
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density profile, or to energy present in the suprathennal electrons. The effect of a possible 

peak:ing of the current density profile is limited by the requirement qo> I (the slide-away 

discharges do notshow sawteeth) yielding t.li ~ 0.2. If the ion temperature (Ti) stays at 0.7xTe 
(fora discharge at ne(O) = lx1Q19 m·3), then the energy in the non-thennal electron population 

is estimated as We,n-t > 0.5xWe,thennal· In the case that Ti increases to Ti= Te, then still We,n-t 
> 0.2xW e,thermal· Hence, a considerable energy is present in the nonthermal electron 
population. 

8.5.3 Runaway Population 
The onset of the slide-away regime is shown in Fig 8.6. Plotted is the evolution of lpt. the 

vertical field Bz, the line averaged density <ne>, and Trad (0-mode, LFS) at 105,.5 GHz. From 

t = 57 rns onwards Trad increases stepwise by an order of magnitude. This stepped increase is 
indicative of an instability which enhances the mean perpendicular energy of the fast electrons. 

In the theory of the slide-away regime the repetition rate of the Parail-Pogutse instability, 

fpp, is an important parameter. In Fig 8. 7a fpp, measured in the steady state of the plasma, is 
plotted as a function of ne(O). The instability is slow ( ",3 kHz) at the lowest ne, speeds up to fpp 
.. 5 kHz at ne(O)"' 0.4 x l019m-3 and slows down again when the ne is increased further. For 

ne(O) > 1 x I019 m-3"' Ilcl the instability beoomes very weak:; fpp scatters between 1 and 6 kHz 
with no discemable trend. 

Assuming a free fall model, the excursions of parallel momenturn and energy between two 
instahilities are given by: 
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Fig 8.6 The onset ofthe slide-away regime is shown. Plotted are I plasma. Bz, 

ne(O) and Trad at 105.5 GHz as ajunetion of time. From t = 57 ms onward 

Trad increases by steps. This jast increase is attributed to the aceurenee of the 

Parail-Pogutse instability, raising the perpendicular energy of a non-thermal 

electron population. 
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Fig 8.7 The repetition rate ofthe instability (Fig 8.7a) is used to deduce the 

excursion in mean parallel momenturn ofthe runaway electrons between two 

consecutive instahilities (Fig 8.7b). 

" eVzoop 
LJPII = 

2nRafpp 

and 

(8.11) 

(8.12) 

Figure 8.7b shows the experimental va1ues of !:lp;; obtained from the measured fpp and V loop 

using Eq (8.11 ). To compute the excursion in W;;, the absolute value of p;; must be estimated. 

If we assume that the minimum energy which occurs during a cycle is the critica! runaway 

energy (15-60 keV), we find that the excursion in para11el energy duringa cycle is 3-30 keV. 

The energy will not be smaller than W crit• because in that case the electrons are effectively 
slowed down during a cycle, instead of accelerated. Moreover, the free fall assumption gives 

the maximum momenturn gain during a cycle. 

The RF-spectrum was measured between 50 and 1050 MHz. In the NO regime the 

emission of the plasma is below the detection level of the spectrum analyzer. In the SA regime 

emission is recorded, concentrated in one spectralline. The frequency of the fundamental peak, 

fRF, is plottedas a function of ne(O) in Fig 8.8a, together with the lower hybrid frequency in the 

center of the discharge (fLH(O)). In this density regime fLH is nearly equal to fpi. the ion plasma 

frequency. Clearly there is a very good correspondence between fiH and the observed fRF. 

From the speetral measurement also the peak power at fRF cPRF) could be determined. 

Parail and Pogutse [6-8] deduce that PRF oe nRA, the number of electrons inthefast electron tail 

which undergo the pitch angle scattering. Assuming that the fast electron confinement time is 

constant, nRA is proportional to the birth ra te of runaway electrons: 
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Fig 8.8 a) The frequency (/RF) of the peak of the RF-spectrum between 50 

and 1050 MHzmatches !LH (fullline) over a wide density range; b) The RF 
intensity (PRF) is proportional to the runaway birth rate (À) over 4 orders of 

magnitude, in agreement with the Parail-Pogutse model. 

À oe exp{. W crit . .J (ZetJ+ 1 )Wcrit } . 
4Te Te 

(8.13) 

In Fig 8.8b PRF is plotted vs A., taking Zeff - 2. We find that the data points match the 

predierion of Parail and Pogutse (line) over 4 orders of magnitude. 

An upper estimate of the number of runaway electrons (NRA) is obtained by equating the 

runaway current to the plasma current: 

(8.14) 

inserting VRA - 1 os m/s for the velocity of the runaway electrons. 

Fig 8.9 shows an RF spectrum which is acquired by sweeping a local oscillator in 64 ms 

over the frequency range and a heterodyne detection. The last few ms of the sweep 

( corresponding to f > 900 MHz) ECH was on and the detection dropped down to the noise level 

of the spectrum analyzer. The spectrum analyzer is capable of measuring intensities > -55 dB in 

this situation without showing noise. The noise on the observed spectrum is therefore attributed 

to an undersampling of the evolution of the RF-power which according to Fig 8.2 is expected to 

be modulated over several orders of magnitudeduringa cycle of the instability. The 40 dB 

varlation shows that w indeed varles over more than 4 orders of magnitude in time. 

8.5.4 Trapped partiele popuiatien 
The ECE spectrum in the NO and SA phase of a plasma at ne(O) = 1.3 x IQ19 m·3 is shown in 
Fig 8.10a. To interpret these data the ECE ofthe runaway population was simulated by the non

therrnal ECE simulation code NOTEC [43]. The non-therrnal distribution was described by a 
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Fig 8.9 The RF-spectrum shows that the evolution of the wave intensity 

varies over 4 orders of magnitude. This is in agreement with the resutls of the 

simpte model. 

shifted Maxwellian distribution with V dRA= 0.2 c, T;; = 50 keV, and T.l = 10, 20 and 50 keV. 
These simulations are shown in Fig 8.10b (dotted curves). 

In order to obtain a simulated ECE intensity which comes close to the experimental 

observations, the emission had to be maximized. Therefore, the runaway population was 
concentraled in a thin tube of r/a < 0.1, which just fills the ECE antenna pattern. An upper 

estimate of NRA is obtained by assuming that in plasmas with the highest PRF the absolute 
maximum number NRA,max = 1011 (see previous section) is reached. Using Fig 8.8b this is 
scaled back to the value of PRF measured in the discharges at hand. Doing soa density nRA= 
1.3 x 1 Ol7 m-3 is found in the thin tube. This value is used as input in the NOTEC simulations. 

Application of the theory of Parail and Pogutse results in T..L ""10 keV. The simulations 
show that this is by far insuftkient to explain the measured spectrum. At least T..L = 50 keV is 
needed to approximate the measurements, which is unrealistically high for the runaway tail. 

With the perioctic pitch angle scattering instability acting, we may expect the formation of a 
population of hot electrons, that are trapped in banana orbits. Trapped electrons have a high 
perpendicular energy, and therefore are strong ECE sources. Hence, a hot trapped electron 
population could be responsible for the observed intense ECE. Temperature and density of this 
population are estimated as follows. 

The difference between HFS and LFS ECE intensities (see Fig 8.4) shows that there is 
considerable suprathermal absorption. Therefore the population must be dense enough, which 
requires a density of trapped electrons ntr > 1016 m-3 for the measured Trad· Because of this 
finite optical thickness, the temperature of the population can be approximated by the HFS 
radialion temperature, T..L =Trad· 

A simulation (see Fig 8.10b, full curve), with the runaway population (T..L = 10 keV) and a 
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Fig 8.10 a) The measured ECE spectrafora discharge at ne(O) = 1.3 x 
1019 m·3 in the NO (dashed) and the SA (fullline) phase ofthe plasma. b) 

shows simulations by the non-thermal ECE simulation code NOTEC for a 
plasma with (dotted line) and without (dashed line) a shifted Maxwellian non

thermal runaway electron population, described by T11 = 50 keV, T 1. = 10, 20, 
50 keV, vdRA = 0.2c with nRA = 1.3 x J017 m·3. Including a trapped electron 

population (fullline), with T11 = 6 keV, T1. = 27 keV, VdRA = 0, n = 7.8 x 
1016 m-3 the simulations approximate the measured spectrum. 

trapped electron population, that is simulated by a quadratic loss-cone distribution (a 
Maxwellian distribution with an extra v.l2 term) with T.L = 27 keV, T11= 6 keV, vdRA =0 rnls, 
ntr = 7.8 x 1016 m-3 within r/a < 0.3 and averaged over the 10 GHz bandwidth, shows that 
such a population produces an ECE spectrum approximating the measured one. 

The parameters deduced for the several electron populations are summarized in Table 8.1. 
The bulk electron population was measured between ne(O) = 0.2 and 6.5 x 1019 m·3, and gave 
Te(O) = 0.6- 1.0 keV (see Fig 8.5). The density of the runaway population is deduced from the 
RF intensity using Fig 8.8b. The parallel energy of the runaway population is given by the 
critica} energy for runaway, while the excursion in parallel momenturn is determined from Fig 
8.7b. The perpendicular energy is determined assuming that the parallel energy loss is 

Table 8.1 The parameters ofthe three electron populations observed in this 
paper summarized. The electron density, and mean paralleland perpendicular 

i ven. 

1019 m-3 
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transferred to perpendicular energy. The energy for the trapped partiele population is basedon 
the observed radiation temperatures (Figs 8.4 and 8.10). The density of the trapped electron 
population is estimated as the minimum density that produces a reasonable optical thickness ('t"' 

1.5). 

8.6 Ion Heatlng 

8.6.1 Hot Spots Observed on the Soft-X-Ray Tomography System 
The ion temperatures at RTP can only be obtained indirectly. In this section hot spots are 
observed by the soft X-ray (SXR) tomography system are discussed. These are interpreted by 
invoking ion heating. 

Figure 8.lla shows time traces of the SXR-tomography channels that exhibit strong 
spikes. They are spread over several cameras (see Fig 8.llb). The spikes coincide with the 
spikes on the ECE signal. The decay time after the spikes varles between 80 and 400 j..IS. lf the 
channels from different cameras but with the same decay constant are correlated, a localization 
of the radiation is obtained. This spot is at the bottorn side of R TP, 1-2 cm ins i de of the vessel 
wall (see Fig 8.11b). At this position a welding seam of the vacuum vessel is present in the 
view of the SXR-tomography system. Todetermine the cause of this emission we reversed the 
magnetic field and the plasma current. The experiments showed that the emitting spot stayed at 
the same position if the plasma current was reversed. Reversal of the toroidal magnetic field 
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Fig 8.11 a) The time traces ofthe indicated SXR tomography channels 
(numbers) show spikes correlated with the Parail-Pogutse spikes on the ECE 
signals. b) A poloidal cut of RTP indicating the sightlines of the correlated 

SXR channels, the plasma radius (dashed fine) and the vessel walt (fullline). 
The spikes on the SXR signals come from the hatched region. 
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moved the spot to the top side of the machine. This excludes ExB drifts due to the parallel 

electric field as a possible cause for the spots. We attribute the change of the spot location with 

reversal of B to curvature and gradient B drifts. 

The spot is always located in the ion gradient B drift direction leading to the condusion that 

ions escape the plasma at this position. One mechanism for localized ion losses is by the banana 

orbits performed due to the ripple in B between two adjacent toroidal field coils. The energy 

required for the loss of ions are much lower than that for the loss of ripple trapped electrons, as 

we show in the next section. Although an energetic trapped electron population is present, the 

emission spot is observed in the ion gradient B direction. Therefore, we conclude that hot ions 

escape the plasma. In this way indirect experimental proof of ion heating, as is expected in the 

second phase of the Parail-Pogutse instability, is obtained. 

We note that the localized lossof fast ionsis reminescent of the mishap in TFR [10]. In that 

experiment hot trapped particles piereed the vacuum vessel. However, in TFR it was the 

electrons instead of the ions that were trapped and lost. A diagnostic for fast ions and electrons, 

basedon this effect, has been implemenred on Tore Supra [46-48]. 

8.6.2 Ripple transport losses 
The RTP toroidal magnetic field is induced by 24 coils (see Fig 8.12). These coils are placed in 

aserial circuit. All coils have the same number of tums. However, two of the coils have a larger 

diameter to allow tangentlal access to the vessel. These two coils are placed diametrically. One is 

situated between the LFS ECH launcher and the tomography port, the other between the pellet 

injector and the HFS ECH launcher. Measurements on Petula (which employed the same set of 

coils) [ 44] showed that the resulting toroidal field ripple at these coils is 3% on axis. Particles 

can become trapped in this magnetic field ripple. This causes alocal partiele loss as described in 

refs [8,45]. -
The magnetic field ripple, with a modulation depth ö =BIB, causes a gradient of the 

magnetic field in the toroidal direction. The conservation of energy and magnetic moment, !! = 

mv _1_ 2f2B, leads to trapping of particles with (v;;/v _1_)2 < ö at the minimum field position. These 

trapped particles experience the gradient B and curvature B drift. The effect is a vertical drift 

velocity given by (see ref [8]): 

v;;2+ 1!2 v_1_2 
Vd = 

RWc 
(8.15) 

This drift has the same magnitude for ions and electrons, but is in opposite directions. In the 

standard RTP configuration (lp! and B clockwise as seen from the top of the machine) the ions 

go down and the electrons go up. Because the toroidal symmetry is broken, these drifts are not 

compensated by the rotational transform. Therefore, the particles will be lost if they drift over 

more than the plasma radius. This happens in a characteristic time 'tri (for 'ripple loss'), given 

by: 
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Fig 8.12 Top view ofthe RTP tokamak in which the 24 toroidalfield coils 
are indicated. No te the two larger coils (9 and 21) next to the two ECRH 

ports. The location of several ofthe diagnostics is indicated. 
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a WcRa 
'frt=Vd= Vt?+ }/2 V..l_2 

(8.16) 

If this characteristic loss time is larger than the collisional detrapping time of the particles, the 

particles will be detrapped before they are lost. The detrapping time for electrons is given by 

ö 
'fdetrap,e = ---

Vee+ Vei 

and for ions : 

(8.17) 

ê 
'fdetrap,i =- (8.18) 

Vii 

where o accounts for the effect that only a scattering over an angle }cfi instead of a full 

collision over rrJ2 is needed to detrap. Note that the ion electron collision time is long, and can 

therefore be neglected. Accounting for the slowing down time of a test partiele in a thermal 

distribution the equality 't'rJ = 't'detrap leads to a critica! energy for electrons and ions above which 
the particles are lost from the plasma. The critica! energies are for the electrons : 

Wee= { 2aRBe(~'ee(Te) + VedTe)) } 
215 

(8.19) 
Te Te ê 

and for the ions : 

Wei= { 2aRBevu(Ti) } 
215 

(8.20) 
Ti Ti ö 

Typical RTP slide-away parameters (a= 0.16, R = 0.72, B = 2.2 T, ne = 1019 m-3, Ti .. Te= 1 

keV, Vii =250Hz, Vei= 14kHz, and Vee= 28kHz) lead to Wei= 1.3 keV, and Wee= 11 keV. 

Note that o can be astrong function of R, which causes an increase of W ce and Wei towards the 

HFS of the tokamak. 

Thus we conclude that ionscan cause theemission spot at the SXR-tomography diagnostic. 

The observation of spikes on the SXR tomography diagnostic simultaneously with the spike on 

the ECE radiation implies that Parail-Pogutse instability heats ions to W > Wei· A fraction of 

these electrons is lost from the plasma due to the transport induced by the ripple in the toroidal 

magnetic field. 

8.6.3 Discussion on the Presence of SXR Emission and the Time Constants 
In the previous paragraph we have seen that the localized SXR emission must be attributed to 

ion losses. A drift of trapped ions was put forward as an explanation. Indeed, it was found that 

ions are much more likely to be lost by this mechanism than the electrons. The question remains 

how i ons drifting out of the plasma can generate X -ray emission in the 1 10 ke V speetral range 

that is observed by the SXR-tomography system. The critica! energy for the escaping ionsis in 
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this speetral range. Hence, these ions bombard the welding seam. The energy per ion is in the 

speetral range of the SXR detectors. We have to assume a mechanism by which the ions can 

release this energy in a few collisions as SXR emission. The exact identification of such a 

mechanism is outside the scope of this chapter. 
The decay times after the spikes shown in Fig 8.1la are between 80 and 400 JlS. The local 

varlation of the decay times is remarkable, 80 J1S at the LFS of the hot spot and 400 J1S at the 
HFS of the hotspot If the X-ray emission is purely due to the ion bombardment on the wall, 

then the varlation of the time scales leads to a varlation with position. For instance, the energy 

spectrum of the ejected ions might be varying. Ions with a higher energy make larger banana 

orbits, and are hence expected to be more to the LFS of the hot spot. Such a process suggests 

that in first instanee a broad energy spectrum of ions is ejected, and later in the ion hearing only 

moderately heated ions. 

These arguments are by no means an exact idenrification of all the relevant processes, but it 

is clear that the observation of the hot spot is indicative for the specific process of ion hearing. 

More specific experiments involving better diagnostics for the hot spot could be envisaged to 

resolve the problem of X -ray generation by hot i ons. 

In conclusion, our experiments clearly show that ion heating occurs, leading to ion energies 
> 1 keV, as is also observed in refs [2,9]. The ripple transport appears a likely explanation for 

the SXR emission spikes. 

8. 7 Response to ECH 

This section describes the response of NO and SA plasmas to an ECH pulse. In this way we 

study the dynamic properties of the suprathermal electron populations, and we try to extend the 

parameter regime of the improved SA confinement by use of the ECH system. Moreover, we 
describe the noothermal properties of the plasma during ECH. 

8. 7.1 Response at switch-off 
We studied the response of the plasmatoa short ECH pulse. In Fig 8.13 the evolution of a 

discharge at Ite(O) = 1.3 x 1019 m-3 is shown, which is NO before the ECH pulse at t = 150 ms, 

and SA after the ECH pulse. Each NO discharge in the intermediate density region shows this 
behaviour. The interpretation is the following. The ECH creates a population of fast electroos 

with a slowing down time, 'tSD >'tE· Due to the cooling of the plasma at ECH switch off V loop 

increases, and therefore W crit decreases, on a 'tE timescale. The fast electron popularion created 

by ECH, however, responds on the 'tSD timescale. Therefore this population can become 

runaway, injecting energy in the runaway tail. This extra energy in the runaway tail triggers the 

Parail-Pogutse instability which brings the discharge into the slide-away regime. 

For Ite(O) > Dc2. a transient increase of Bz and the noothermal ECE was observed over ""' 
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10-20 ms, before the plasma relaxed to the NO state. Thus we conclude that the ECH can be 
used to switch-on the SA confinement for discharges in the intermediale density regime. A 
permanent extension of the parameter regime for SA to higher De was, however, not possible. 

8. 7.2 Response during ECH 
The experiments at Versator ll [25] and WT-2 [26-28] in which ECRH was applied to an LH 
driven discharge showed a stabilization of an instability simHar to the Parail-Pogutse type. This 
stabilization was attri buted to a decrease of the anisotropy of the runaway tail due to pumping of 
perpendicular energy by the ECH. Hence the instability was switched off. 

Figure 8.13 shows the typical response of a NO RTP discharge to an ECH pulsein the 
intermediate density regime. The plasma energy contentand ECE signals increase considerably, 
which is attributed to a rise of both the thermal and the nonthermal energy content. Discharges 
which started as SA before ECH was applied, showed an increase of the Bz signal which is 
attributed to the thermal heating of the plasma. A remarkable observation is the fact that the 
noise level on the nonthermal ECE signals decreases dramatically. The ECE spectrum in the 2nd 
harmonie thermal region showed an evolution which could be attributed to an increase of either 
Te or the optical thickness ofthe plasma. 

Our experiments at RTP showed that upon switch-on of ECH the RF-radiation dropped 
below the noise level of the spectrum analyzer. Furthermore, the spikes on the ECE signals 
disappeared. The steady state level of the nonthermal ECE signals, however, remained at the 
same level as during SA. This is shown in Fig 8.14, including the results for the 0-mode. The 
calibration for the 0-mode is correct within a factor 2. Note that the 0-mode measurements 
indicate that occasionally the high Trad characteristic for SA can be sustained to densities as high 
as 2.7 x JQ19 m-3. 

I 

0.0 0.1 0.2 
t (s) 

0.3 0.4 

Fig 8.13 A short ECH pulse (t = 150 to 155 ms) brings the plasmafrom 
NO into SA. 
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Fig 8.14 a) The ECE signals during ECH (crosses LFS, stars HFS data) 

are compared to the SA and NO values ( see Fig 8.5 ). b) The LFS 0-mode 
data is shown for the NO (grey points) discharges, SA (black points) 
discharges, and during ECH (crosses). The 0-mode eaUbration is correct 
within a factor 2. These plots suggest that ECH sustains a trapped electron 
popu/ation comparable to a SA trapped electron population. 

5 6 

The interpretation of these results is the following. U pon switch-on of BCH Te(O) rises to 
1.2 to 4 keV [42]. Hence, B;; decreases proportional with Te-312, assuming Spitzer resistivity. 
Therefore, W crit!T e increases, proportionally to 1Te. This implies that the birth rate for runaway 
decreases, and the excitation of the instability becomes more difficult. Moreover, the runaway 
beam must first be accelerated to the new, higher Wcrit, at a lower driving force, which takes 
long er. 
Thus the power input in the instability model (Bqs (8.3-5)} reduces. Moreover, BCH feeds 
perpendicular energy to the tail electrons decreasing the anisotropy factor T. In this way the 
BCH switches the instability off. This interpretation is corroborated by the decrease of the noise 
on the nontherrnal BCE signals. 

The fact that during BCH the BCB intensities stay at the same level as during SA is an 
indication that also during BCH a considerable trapped electron population is present. This 
trapped electron population should have about the same parameters as the SA trapped electron 
population, because both the LFS and HFS BCB measurements are very simHar in both 
regimes. Thus, perpendicular energy, density and optica! depth properties of the trapped 
electrons are similar. This is remarkable consirlering that the metbod of sustaining the trapped 
electron population, either the Parail-Pogutse instability or the BCH, is completely different. 

A possible interpretation of this result is the following. The creation of a trapped fast 
electron population by BCH is far from trivia!, because the resonant heating for fast electrons is 
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at the HFS of the tokamak where only passing electrons are present. However, these passing 
electrons, and especially those with perpendicular energy, absorb the ECH and gain 
perpendicular energy from the ECH. Due to the rotational transform, these electrons equilibrate 

also at the LFS of the tokamak. There, these electrons with a high perpendicular energy can 

become trapped at the time scale of thermal electron-electron collisions (on the order of lOfJ.S). 

These electrons are not heated resonantly by the ECH any more. The loss time and the energy 

distribution of the trapped electronsisthen determined by the collision process only. In this way 
a population of hot trapped electrons can be generated. 

A balance between the creation and the loss (by collisions) of this population will exist. The 

similarity in the ECE spectra during SA and ECH is then either due to a comparable creation by 
ECH and the Parail-Pogutse instability, or a nonlinear saturation mechanism exists. In the latter 
case, ECH and the Parail-Pogutse instability would both create more than a certain limit. It is 

then also clear that the fast electron creation process or the ECH power do not influence the 
results. The ne dependenee of the nonthermal ECE (see Figs 8.5 and 8.14) is due to varlation of 

the loss time and the maximum trapped electron density with fie. 

The mechanism proposed above is quite different from the general expectations for fast 
electron populations during ECH by Fokker-Planck code simulations [5l]. Such simulations 

result in a low density population of low energetic electrons compared to the results during 
Ohmic heating. The ECE spectrum for such a nonthermal electron population does not reach the 

measured radiation temperatures. Therefore, another nonthermal electron population has to be 
invoked. 

We conclude that ECH and the Parail-Pogutse instability lead to a hot trapped electron 

population with similar temperatures and densities. Since both SA and ECh discharges exhibit 
improved confinement (i.e. better than NO), it is appealing to investigate the possibility that the 

hot trapped electron population is the cause of the confinement improvement. In that case it 
might be questioned whether a non collisional energy transfer between the electron and the ion 

population is present. Such an energy channel could give a coupling between the electron and 
ion temperature, which are normally assumed to be decoupled due to the electron heating by the 

ECH. Moreover, the escaping fast ions in the SA discharges could also suggest local emission 
from the wall region at the tomography diagnostics in ECH discharges. 

8 .. 8 Discussion on the lnstability Process 

The introduetion of the 'fan' -instability by Parail and Pogutse [5-8] contained several estimates 

for the experimental parameter space where the instability would occur. Firstly, the anomalous 
Doppier resonance should be possible, which required rope < roe. This results in the density 
criterion ne < 4.4 x 1019 m·3 in our case. The experimentallimit is ne(O) < 2.7 x to19 m-3, 

which is less. However, extrapolation of the SA curve towards the NO curve with increasing ne 
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in Figs 8.14 results in nmax = 4 x 1019 m-3. Thus the instability seems possible over the whole 

density regime, however, the chance to excite the instability decreases with increasing density. 

It should be noted, however, that the higher the density, the lower the energy involved in 

the fast electron dynamics. Above ne(O)"" 2 I019 m-3 the instability has a marginal effect on the 

discharge, although Trad may be >>Te. 

Secondly, the suprathermal population should contain enough energy to trigger the first 

instability. This effect explains the two facts that the instability always occurs for ne(O) < 11c1 

where À is high, and that in the intermediate density region (where À is smaller) the plasma 

needs the extra energy of the ECH created nonthermal population to bring the plasma into SA 

after an ECH pulse. 

Thirdly, the model originally introduced by Parail and Pogutse [5-8] is basedon the kinetic 

theory of the instability. This model did not include a suprathermal electron loss term, because 

the model concentrated on the frrst occurrences of the instability. However, we had to introduce 

a losstermin Eq (8.3) in order to limit the perpendicular energy of the suprathermal electron 

population. The choice for 'tE gave repetition rates (fpp) in the kHz range, comparable to those 

observed in the experiment. In the energy ranges observed, 'tE is of the same order of 

magnitude as the slowing down time 'tgo, which would be another reasonable guess. 

Fourthly, the shape of the spectrum in Fig 8.15 is influenced by all possible wave 

resonances (see for example ref [50]) in this frequency range, as well as the geometry of the 

vessel, which is of the size of the vacuum wavelength of these waves. Therefore, an exact 

identification of the wave type is not useful and estimates on growth times of the instability are 

thus not extractable. A quantitative comparison with the wave quantities used in the simple 

model of Section 8.3.2 is hence not possible. 

Brossier [ 4] gives estimates for three electron populations in TFR with a) a thermal bulk 

population, a low density runaway population with an energy of"" 50 keV, and a dense hot core 

(n ~ 4 x 1017 m-3, and T ~ 50 keV) within a tube (0 ~ 0.2 cm). These results are similar to 

ours, except that from our analysis follows that the ECE spectra can be simulated with a trapped 

electron population that occupies a larger region (r/a < 0.3). 

8. 9 Summary and Concluslons 

In the RTP tokamak the slide-away regime occurs always for ne(O) <nel = 1 x 1019 m-3. In an 

intermediate density regime net < ne(O) < 11c2 = 3 x 1Q19 m-3 the plasma is sometimes in SA. 

Above nc2 the plasma shows linear Ohmic confinement In the intermediale density regime a 

short ECH pulse brings NO plasmas into SA. SA discharges show improved Ohmic 

confinement While temperature and density profiles of the bulk electrons are the sarne as in NO 

plasmas, the SA plasmas have a reduced loop voltage. This reduction is attributed to runaway 

electrons that carry part of the plasma current. 

140 



Summary and Contcusions 

The observed nonthermal electron effects could be explained by a model based on the 
Parail-Pogutse instability in which a phenomenological runaway loss time was assumed. 
Numerical simulation of this model showed fair (order of magnitude) agreement with the 
experimental data. Three kinds of electron populations have been identified by LFS and HFS 
ECE, RF spectroscopy, and standard diagnostics. These are the bulk electron population, a 
runaway electron population (deduced from RF-measurements), and a trapped electron 
population ( characterized by the ECE). For the three electron populations densities and parallel 
and perpendicular energies have been deduced using the theory of the Parail-Pogutse 
instabilities. 

Bursts of soft X-ray emission, coming from a small area near the vessel wall were shown 
to be due to the orbit drift of ions trapped in the ripple of the magnetic field. To explain this loss 
of ions, ion energies wel above 1 keV must be present during SA, indicating significant ion 
heating. 

During ECH the existence of a trapped electron population similar to the SA trapped 
electron population was made plausible, although the Parail-Pogutse instability was switched 
off. The quantitative similarity between the SA and ECH trapped electron population suggests a 
saturation mechanism which does not depend on the specific process of suprathermal electron 
creation. Moreover, since improved energy confinement is observed in both regimes, it rnight 
be speculated that the trapped electron population bas a beneficia} effect on confinement. 

The dynamic evolution of the nonthermal electron population, present during ECH, brings 
a plasma with ne(O) < Ilc2 into the SA regime after ECH switch-off. Although the improvement 
of confinement of SA over NO decreases with increasing ne(O), the density regime in which 

improved Ohmic confinement can be created reliably is extended to higher ne by a factor"" 3. 
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Chapter 9 

Transport of Suprathermal Electrans 

in ECH Plasmas 

9.1 Introduetion 

In the study of anomalous transport in thermonuclear plasmas, the diffusion of suprathermal 
electroos deserves special attention. At sufficiently high energy electroos are effectively 
collisionless, and therefore follow the field lines. Thus, they can be used to probe the 
stochasticity of the magnetic field structure. For high energy, electroos are eventually insensitive 
to magnetic stochasticity as their excursions due to the curvature B- and gradient B-drift become 
larger than the radial correlation length of the turbulence. Hence, by studying the confmement of 
collisionless electroos in different energy ranges, an estimate of the radial correlation length can 
be obtained. To deduce the magnetic turbulence level from such estimates one needs the specific 
magnetic topology (e.g. ref [1,2]). 

K won et al. [3] reported measurements of diffusion of runaway electroos in ASDEX, using 
hard X-ray measurements in the Me V-range. They derive a radial correlation lengthof the 
turbulence of"" 1 mm and a level of turbulence Br/B of 2x 1 o-4 in the edge of the plasma. This 
level of turbulence was deterrnined from forrnulas by Reehester and Rosenbluth [ 4] which 
according to [2] give a lower estimate of Br/B. Studies with less energetic electroos were 
publisbed by Froissard et al. from JET [5] and Barbato et al. from ASDEX [6]. They used 
Lower Hybrid Current Drive (LHCD) to generate suprathermal electroos and used X-ray 
measurements to diagnose the confinement of electroos between 40 and 500 ke V. Froissard 
derives confinement times at JET between 60 and 100 ms (081 = 5 - 8 m2fs) for fast electroos of 
100- 275 keV, whereas Barbato gives Dst = 3 5 m2fs for ASDEX. Gondhalekar et al. [7] 
used the transient depletion by a pellet of a LHCD created suprathermal population to deduce a 
diffusion coefficient for this electron population in JET. Using ECE to diagnose electroos in the 
range 200 to 255 keV they find Dst 6- 10 m2/s around r/a = 0.5. Recently, Rodriguez
Rodrigo [8] used X-ray pulse height analysis spectra to determine Dst = 0.5 - 8 m2fs for 
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parameter scans of the plasma current, density and magnetic field in the TJ-1 tokamak. Studies 
in PBX-M [9] of fast electron Bremsstrahlung tomography in discharges with modulated lower 
hybrid waves gave an estimate for Dst = 0.5 - 2 m2fs 

Wootton [10] and Robinson [11] review the available experimental evidence and interpret 
the data in terms of magnetic or electrastatic turbulence. They conclude that neither of the two 
explains the data. The best interpretation re lies on a combination of magnetic turbulent zones 
and regions of intact magnetic surfaces that exhibit electrastatic turbulence. A contiguration of 
mixed magnetic topology was suggested by Hegna and Callen [1]. 

This chapter discusses the feasibility of measuring suprathermal electron transport in ECH 
plasmas by nonthermal ECE measurements. Section 9.2 shows that if the ECH can be viewed 
as a localized (in phase space) souree of suprathermal electrons, the nonthermal ECE can be 
used to determine the diffusivity of suprathermal electrons and the energy distribution of the 
ECH created fast electrons. The influence of rotational transform, the electtic field, and slowing 
down and pitch angle scattering properties are discussed. Sections 9.3 describes step- and 
impulserespons measurements of 0-mode ECE measurements on ECH. Section 9.4 presents a 
comparison of ECE measurements with Fokker-Planck simulations for ECH discharges. 
Section 9.5 discusses the consequences of these results for the transport of suprathermal 
electrons and the localization of the ECH deposition profile. Section 9.6 concludes the chapter 
by placing these experiments in the context of results of other tokamaks. 

9.2 Feasibility of Measuring Transport of Fast Electrons in ECH 

The transport of particles and heat in a tokamak plasma is, in general, attributed to diffusive 

processes. For suprathermal electrons with density nst the following diffusion equation holds: 

dnst ,...,., nst 
----;Jt = +Dst v~nst -- + SEcH(R) 

'T:eff 
(9.1) 

in which Dst is the diffusion coefficient of suprathermal electrons, 'teff gives an effective loss 
term representing nondiffusive loss and creation mechanisms, and SEcH(R) describes the 
souree function for suprathermal electrons created by ECH. The possibility to determine Dst 
depends on the feasibility to determine nst(R,t) and SEcH(R). This section investigates the 
possibilities to determine nst from optically thin ECE measurements, and to estimate SEcH(R) 
from ECH properties combined with the acceleration by the parallel electric field (El/). 
Furthermore, possible processes contributing to 'teff are discussed. 

The ECE emission coefficient U) at frequency w is related to the electron distribution 
function (t) by: 

j(w) = LJdv f(v,r) 1Jn(W) (9.2) 
n 
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in which l'Jn is the single electron emission coefficient described by Eq (3.7), and n the 
harmonie number. The resonance condition in l'Jn causes a LFS ECE channel at ro to measure 
along a resonance curve in the y,R-plane as shown in Fig 9.1. The znd and 3rd harmonie 

resonances are shown for RTP parameters (Ro = 0.72 m, a= 0.16 m, Wee= 21t 60 GHz). By 
choosing the optically thin znd harmonie 0-mode, the whole resonance curve is observed, due 
to the transparency of the thermallayer. Under the assumption of a negligible 3rd harmonie 
contribution to the emission, this implies that for increasing ro > 2roce• the ECE channels 
measure nst(R,t) more and more to the HFS of the plasma. This dependenee can be used for 
diffusion studies. Note that l'Jn is a function of (y-1)3, which emphasizes theemission from the 
zone towards higher y. 

Figure 9.1 shows the ECH resonance by the batebed area. Direct heating of suprathermal 
electrons by ECH occurs in this zone. As a result of the rotational transform of the field lines the 
directly heated electroos arealso present in the area mirrored around the magnetic axis (as 
shown in Fig 9.1). The suprathermal electroos created by ECH can be accelerated further by 
E11. This implies that the cone above the hatched area in Fig 9.1 fills gradually with 
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Fig 9.1 a) Cyclotron resonance curves at 120, 130, and 140 GHz, and the 

critica/ runaway energy Ycrit as a function of relative position R!Ro. The 
hatched area represents the region where ECRH creates suprathermal 

electrons. Due to the E11 field the region between these two creation branches 
could act as a souree region for suprathermal electrons. b) Enlargement of Fig 
9.1 a at the high field side. Shown is the evolution of delta functions above 

and below the critical runaway energy, under the injluence of slowing down, 
acceleration and diJfusion (with D = 1 m2fs). (ne(O) = 1.5 1019 m-3, E11 = 
O.OBVm-1, andZeff= 1.7) 
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suprathermal electrons. Moreover, ECE observations at w < 2Wce measure the directly heated 

electrons. 
The transport properties of the suprathermal electrous in -y,R-space are indicated in Fig 

9.1b. The balance between acceleration by the parallel electric field and the slowing down of 
supathermal electrous gives the critical energy (see Chapter 2): 

. _ I Aeni2 + Zef.[) 
Ycru- + 2 

moe 2eE11 
I + 4.3xi0-3 Ene (2 + Zejj) 

I/ 
(9.3) 

The last form of this equation is in the practical units (1Ql9 m-3, and Vm-1). In velocity space 

the electroos react on a 'teff time scale (see Fig 2.2) on the combined effect of acceleration by the 
parallel electric field and slowing down. In real space a delta function distribution of 

suprathermal electrons would spread out diffusively. Figure 9.1b shows, as example, the 
development of delta functions above and below the critical energy for slowing down, 

acceleration by E11, and radial transport with D = 1 m2fs. Suprathermal electroos at the cri ti cal 
energy form a special class. These effectively stay at the critical energy and undergo only radial 
diffusion. 

Based on these arguments the following diffusion measurement is proposed. Application of 

ECH toa thermal plasma creates supratheemal electroos in the hatched region in Fig 9.1. These 
electroos are all subject to radial diffusion, acceleration and slowing down. The special class of 

electroos close to 'Ycrit is exclusively measured by 2nd harmonie 0-mode ECE at w > 2Wce. as 
long as 3rd harmonie radiation is shown to be small. The time response of the ECE on ECH 
switch-on gives the diffusion coefficient of the special class of suprathermal electrons. 

The feasibility of such measurements is given by an estimate of the time scales involved due to 

diffusion, slowing down, acceleration by E11, transport processes, and the response time of the 
suprathermal electron distribution function on ECH. Diffusion in a cylindrical geometry over a 
distance (a) due toa diffusion coefficient D leads to the characteristic time: 

(9.4) 

Slowing down occurs on a time scale (see Eq (2.2)): 

m2v3 wi.5 
1:SD = = 5 I0-5 ---,=---..-:-

Aene(2 + Zejj) ne(Zeff + 2) ' 
(9.5) 

in which the energy W = ')'lllOC2 (practical units ke V). A characteristic time scale for acceleration 
by E11 can be given by : 

1:ac = _p__ = I.II0-4 {W 
c eE11 E11 (9.6) 
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This 'tacc results, together with 'tSD. in the effective time scale : 

T:eff= (_1_ -_l_î-J . (9.7) 
T:SD T:acc) 

Fora= 0.16 m, 11e = 2 1019 m-3, Zeff = 2, W = 50 keV, D = 1 m2Js, and E;; = 0.18 V/m this 

results in 'tD = 12.8 ms, 'tSD = 8.8 ms, 'tacc = 4.3 ms, and 'teff = 8.4 ms of acceleration. These 
estimates show that for the RTP experiment all relevant time scales are of the same order of 

magnitude. Note that the special class of electrons which move along 'Ycrit can give information, 
if the 'tD is short. Then signal should be observed at the ECE channels for w > 2Wce· In that 

case, the condition 'teff > 'tD gives an estimate of the energy region around W crit where the 
special class of electrons is located. 

1t should be noted that the slowing down process is approximately isotropie in velocity 

space, whereas the acceleration by E;; is always directed parallel to the magnetic field lines. 

Moreover, the 'teff deduced from the experiment might involve other fast electron loss or 

creation times than those described here. 
From the time scales deduced above we conclude that transport of suprathermal electrons 

should be observable, provided that D >> a2f2'teff· Otherwise the energy relaxation processes 
will dominate the signals. This implies that with 50 keV electrons the method is only applicable 

if D >> 2 m2Js. 

9. 3 Results and Discussion 

9.3.1 Experimental set-up 
The experiments are performed in the RTP tokamak (Ro = 0.72 m, a= 0.16 m, boronized 

vessel), in non-sawtoothing, low density discharges with ne(O)"" 1 - 4 1019 m-3, and BT = 2.23 

T, lp!= 60 kA, qa = 7, Zeff = 1.7, and centrally resonant ECH (180 kW, 60 GHz, launched 
radially from the low field side in TEn 0-mode [12]). The energy confinement time is typically 

'tE "" 2 - 8 ms in these discharges. Diagnostics include magnetics, a multipoint Thomson 
scattering system, a 2 mm interferometer, an ECE Michelson interferometer, a 20 channel 
heterodyne ECE receiver (in 0-mode), and soft X-ray tomography. 

A Macor viewing dump is installed at the back wall of the vacuum vessel facing the ECE
antenna. The dump consistsof rows of Macor teeth (top angle of 45°, and 8 mm height) on a 

Macor basis("" 15.0 mm thick) coveringa total area of 165 x 170 mm2. The full coverage ofthe 
antenna pattem reduces the reflection coefficient of the back wall to less than 1% (see Chapter 
3). 

The measurements were performed in discharges in which the current was ramped up to the 
plateau value of 60 kA in 60 ms. During the 300 ms current flat top phase an ECH pulse (of 2 -

15 ms) was applied startingat about t = 150 ms. The electron temperature Te rises from Te(O)"" 
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700 eV in the ohmic phase to typically Te(O)"" 2.0 keV during ECH, with a more peaked 
profile. The density profile during ECH is somewhat broader than in the ohmic phase. 

9.3.2 Step response 
A step response experiment was performed in a discharge with ne(O) = 3.0 lQ19 m·3. The 

response of the ECE to the ECH pulse will show several time scales at different frequencies if 
the transport of suprathermal electrons can be measured. ECH power was supplied from t = 148 

to 158 ms. The ECE response for f = w/2rc < 99 GHzwas below the noise level. The ECE 

signals for f > 99 GHz are shown in Fig 9.2. These signals were scaled in the following way. 
The increment of the signal during the ECH phase relative to the Ohmic phase was normalized 
by the signalat t = 156 ms, which represents a steady state situation during ECH. In this way a 

dimensionless signal is obtained, which varies from zero during Ohmic to 1 during ECH. 
The ECE intensity increased upon ECH switch-on and a steady state level was reached after 

""7 ms. The ECE channel at 120.5 GHz measured direct gyrotron radiation, and is therefore 

useless. The ECE channels at f < 110 GHz see only direct gyrotron radiation during a 200f.ls 
interval at ECH switch-on. During the ECH pulse a normal behaviour is observed. At ECH 
switch--off all channels relax back to the normal Ohmic (see Chapter 8.5) emission level. Figure 
9.2 shows that all channels at f > 120 GHzhave the same evolution, both at switch-on and at 

150 

150 155 160 165 
t (ms) 

Fig 9.2 a) The ECE 0-mode intensities for the step respons study are shown 

in a contour plot of f vs. t. The intensities have been scaled such that the 

signa/ is zero in the Ohmic phase and rises to 1 in the ECH phase. This 
discharge has ne(O) = 3 J019 m-3. The signalsfor f> 120 GHz do notshow a 

significant delay with respect to the signa/ at 120 GHz. b) A 3D-plot to clarify 
Fig 9.3a. 
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switch-off. 

The absence of emission at f < 99 GHz shows that the ECH creates suprathermal electrons 

with a maximum energy of 50 keV forthese plasma parameters. The creation of higher energy 

electrons resonant at 120 GHz, would have shown up at f < 99 GHz as aresult of the rotational 

transform (see also Fig 9.1). 

To resolve transport coefficients, the relative phases of the ECE signals were studied. The 

phase delay of the ECE signals (V i) was determined from the ernission weighted average time: 

(9.8) 

A correct interpretation of ti requires that the end of the averaging period (!end) should extend to 

the time when all ECE channels relaxedtotheir Ohmic values. Therefore, tend was varled 

between 160 and 165 ms. The time delay of the ECE spectrum between 123 and 140 GHzwas 

constant with a varlation ofless than 100 IJS. 
The presence of suprathermal ernission at f > 130 GHz is important. This emission is due 

to 2nd harmonie radiation, because suprathermal electrons emitting such 3rd harmonie emission 

would have emitted for the corresponding 2nd harmonie region (f < 100 GHz), too (see Fig 

9.1). This 2nd harmonie emission is not observed. Therefore we conlude that suprathermal 

electrons are present at the HFS of the tokamak as indicated in Fig 9 .1. 

From these arguments we conclude that the ECE signals in the step response indicate that 

transport of supratherrnal electrons is either very fast or the deposition profile for the creation of 

fast electrons by the ECH is very broad. In the first case, we calculate from the 100 IJS delay D 

> 100 m2Js. We would not expect that a suprathermal population could be sustained at these 

transport rates. Moreover, the ECE signal does not decay immediately after the ECH pulse, as 

would have been expected for fast transport. Therefore, the profile of ECH for the generation of 

suprathermal electrons must be broad to explain the fast response at the ECE channels with f > 
126 GHz. 

9.3.3 lmpulse response 
An impulse response experiment was done with the purpose to use pulse propagation in the 

ECE response to study the transport of suprathermal electrons. The experiment shown in Fig 

9.3 was done in a discharge with Ile(O) = 1.5 1019 m-3. A 2 ms HFS X-mode ECH pulse was 

applied at t = 150 ms. During the ECH pulse Ile(O) stayed constant within ± 5 %. Upon ECH 

switch-on the ECE O-m ode intensity increased. At ECH switch-off the ernission at f > 100 GHz 

decreased until the plasma goes into slide-away at t"' 153.3 ms. The data do notshow any 

varlation in the delay time of the peak of the ECE intensity. Therefore, a time to peak metbod to 

extract transport coefficients cannot be applied. 

The phase delays of the signals were studied to determine the transport. Straight forward 

application of Eq (9.8) was not possible, because the discharge wentinto slide-away after the 
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Fig 9.3 a) The ECE 0-mode intensities for the impu/se response study are 
shown in a contour plot offvs. t. The intensities have been scaled as in Fig 
9.2. This discharge has ne(O) = 1.5 J019 m-3, and develops into slide-away 

after the ECH pulse. b) A 3D-plot to clarify Fig 9.3a. 
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Fig 9.4 The phase delay for the impulserespons study is plotred vs. f From 
the slopefor f> 120 GHz aD= 20 m2fs is deduced. However, interpretation 
ofthe delay as being due to dijfusion is highly speculative. 

ECH pulse. Therefore, tend = 153.5 ms was chosen in this case as a compromise between 
having too much slide-away intensity in the inlegral and having too little decay after the pulse in 
the integral. Figure 9.4 shows ti as a function of f. A delay of the ECE intensities increasing 

152 



Results and Discussion 

with the difference between the observation frequency and 120 GHz is observed. The variation 

of ti with the frequency difference can be attributed to the radial transport of the suprathennal 

electrons. Assume that D = t.r2J21:1"C, 1:1"C = ti(f)- ti(2fce). and t.r = Ro(f- 2fce)/2fce· This leads 

toD = 20 m2Js. 

The fast transport associated with a D "" 20 m2Js would lead to little radial decay of the 

signal intensity in agreement with the measurement. However, the intensity at the outer channels 

after BCH switch-off persist long compared to the intensity at f = 120 GHz. ForD"" 20 m2Js 

suprathennal electrans at the outer channels should be lost very quickly. Therefore, fast 

diffusion does notprovide a consistent interpretation of these data. 

From the step responsestudyin Section 9.3.1 we concluded that the diffusion was very 

fast, or that the BCH deposition profile had to be very broad and we noted taht the fonner otion 

was very unlikely. The impulse response study confinned these conclusions. Moreover, the 

slow decay of the outer BCE channels at BCH switch-off revealed that the suprathennal 

transport is slow rather than fast. With this condusion we have entered the set of conditions for 

which we statedat the start that no further conclusions of suprathennal electron transport can be 

drawn; all relevant time scales are of the same order and the different processes cannot be 

disentangled. 

9.4 Discussion on Suprathermal Electron Transport 

Insection 9.3 was shown that the diffusive transport of the suprathennal electrous is slowand 

the ECH deposition profile was broad. In these conditions ,the measurement scheme as 

proposed in section 9.2 is not applicable, as is shown by the step and impulserespons studies. 

The assumption that the localization of the BCH can be broad is corroborated by results 

from thermal perturbative transport studies in ref [13]. The authors deterrnine from the 

modulation studies that the ECH power deposition is built up by 30 % of background 

absorption, and 70 % of single pass thennal absorption in a 8 cm wide zone. 

The present studies by a Fokker-Planck code do not explain the broad deposition profile of 

the ECH for suprathermal electron creation. This is in contrast with Fokker-Planck code 

calculations perfonned by Giruzzi and Dudok de Wit et al [14,15] for Tore Supra. They 

compared BCE, BCA, and fast electron Brehmsstrahlung time scale measurements at switch-off 

of lower hybrid (LH) heating with simulations by a Fokker-Planck code. They successfully 

associated the time scales observed with pitch angle scattering, slowing down, radial transport 

and current diffusion. This chapter shows that Fokker-Planck calculations for ECH discharges 

obtain only agreement with the BCB measurements for extreme conditions in the code. The 

energiesof the observed electrons are of the order of or Jarger than Went. whereas in LH the 

energies areanorder of magnitude smaller than Wcrit· Furthennore, the resonant energies for 

ECH are at a few times Te, whereas in LH the resonant energy extends up to"" 100 keV. 
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Therefore the influence of ECH on the thermal population is much stronger. Moreover, the 
ECH simulations show a pronounced effect of a residual Elf, whereas LH experiments are 
performed at VJoop = 0 V. These differences suggest that to obtain agreement between ECE 

measurements and simulations in an ECH plasma is a moreseveretest for Fokk:er-Planck codes 
than the agreement in LH discharges. 

Theemission of the radiation for f > 130 GHz can be made plausible fora trapped electron 
population which is created by ECH, such as suggested in Chapter 8. This trapped electron 

population emits most ECE at the banana tips, where the perpendicular energy of the electrans is 
maximal. The poloidal extent of the antenna pattem is "" 8 cm at the HFS of the tokamak. 

Hence, trapped electrans can be observed at f > 130 GHz. In chapter 8 is concluded that the 
trapped electrans are confined reasonably well. If the SA and the ECH suprathermal electron 

population are indeed similar, the observation of a low suprathermal electron transport is 
consistent in both regimes. 

The sensitivity of suprathermal electron transport for magnetic turbulence depends on the 

ratio of the drift excursion (dy) of the suprathermal electrans to the radial correlation length of 
the magnetic turbulence (11_). The drift excursion is given by: 

d =qp_ q~ 
Y eB lllceO . (9.9) 

In this equation q is the local safety factor and p the momenturn of the suprathermal electrons. 
We note that in the step response experiment the maximum energy of the electrans observed by 

0-mode ECE is"' 50 keV. This results in dy = 2.6 mm. From the low transport rate we can 

conclude that either l1_ < d1, or if l1. > dy the level of Br/B is low or regions of good 
confinement zonesexist (see ref [1,2]). 

9.5 Conclusions 

In first instance, the observation of ECE 0-mode radiation at f > 2fce seems a feasible way to 
deterrnine suprathermal transport in ECH discharges. Ho wever, we must conclude that the step 
and impulse response experiments show that radial transport of suprathermal electrans cannot 

be deduced for the given parameters. From the persistenee of the emission after switch-offit can 
be deduced that the transport must be slow. This is only possible if the ECH deposition of 

suprathermal electrans is much braader than expected based on the resonant interaction of the 
ECH with the plasma. This braad deposition is not understood from Fokker-Planck 

calculations. The absence of ECE at f < 99 GHz in the step response experiment shows that the 
resonant interaction of the ECH with the plasma does not create suprathermal electrans with W 
> 50 keV for the given conditions. The correspondence between ECE spectra in slide-away and 

ECH discharges suggests that a well confined trapped electron population is present. In the 
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presence of this population an improved confinement in both slide-away and ECH discharges is 
observed. Based on the observations in this paper it should be concluded that magnetic 
turbulence does not contribute significantly to the fast electron loss in these plasmas. 
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Chapter 10 

Conclusions 

In this chapter the results presented in this thesis are evaluated from the perspective of the two 
goals important fora future fusion reactor (such as ITER) mentioned in the introduetion : the 
influence of suprathermal electrons on heat transport, and the noninductive current drive. Before 
these are discussed, the results obtained in this thesis concerning the measurement of 
suprathermal electrons are discussed in Sec 10.1. Section 10.2 discusses the results from the 
perspective of the noninductive current drive, and Sec 10.3 discusses the contribution to the 

transport topic. 

10.1 Fast Electron Measurements 

This thesis is concerned with the experimental observation of suprathermal electrons and the 
interpretation of the available measurements. The emphasis is placed on the diagnostization by 
ECE measurements. The ECE spectra expected for suprathermal electrons are, in general, very 
broad (between 40 and 500 GHz) in comparison with the spectra used for electron temperature 
measurements (between 100 and 150 GHz in RTP). The available instrumentation at RTP was 
developed for the latter measurements. Therefore, we borrowed a Michelson interferometer 
from JET and installed this at RTP. This interferometer is capable of measuring ECE spectra in 
the range between 60 and 1000 GHz. One spectrum is measured every 20 ms. Such an 
interferometer is the standard basis of an ECE diagnostic system, and is described in Sec 
3.2.2.1. The combination of this interferometer with the heterodyne radiometer and the 
microwave absorbers enables a good diagnostization of both the thermal and the nonthermal 
ECE speetral evolution. 

Fora quantitative description of the measured ECE spectra the ECE systems must be 

calibrated. The broader ECE spectra at higher intensities emitted by suprathermal electron 
populations place stronger demands on the calibration than thermal ECE measurements. The 
Michelson interferometer could be calibrated in the standard way versus a black body source. 
However, we discussed (Ch 4) two relatively uncommon calibration methods for the calibration 
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of tbe radiometer: tbe magnetic field ramp, tbe position modulation, and introduced a new 

method: the cross calibration versus the Michelson interferometer in nonthermal discharges. 

These metbods enable a cross calibration, which is purely based on microwave techniques. A 

calibration can be performed for which tbe statistica! deviations for several metbods showed to 

be less tban 10 %. Por tbe calibration of tbe Michelson interf erometer we strongly recommend 

to implement the hardware and softwarefora calibration scheme as proposed by Talvard [1]. 
Por the interpretation of the measured ECE spectra a simulation code NOTEC [2] was 

available, which is capable of descrihing (non)thermal ECE spectra in a wide variety of 

experimental situations. In November 1994 ITER [3] requested to use the code to study the 

feasibility of electron temperature measurements using ECE. A feasibility study was performed 

and described inCh 6. We show that in ITER, tbe radial range ofTe measurements is limited by 

tbe downshifted absorption of tbe suprathermal electrons in tbe tail of the tbermal distribution. 

Purthermore, we describe tbe radial ranges where the resolutions of the ECE measurements 

meet tbe requirements fortbeTe measurements at ITER. 

The interpretation of nontbermal ECE measurements is a well known ill-posed problem. In 

Ch 5 we studied the mapping of nonthermal ECE spectra to parameters of the electron 

distribution function by means of tbe statistica! analysis metbod of function parametrization [ 4]. 

This metbod describes the relation between tbe output and tbe input parameters of a simuiadon 

code (for which we used the same nonthermal ECE simuiadon code) from which the most 

important dependendes between measured ECE spectra and parameters of the supratbermal 

electron popuiadons were derived. Por a set of nonthermal electron distribution functions (with 

T11 between 100 and 500 keV, and T.L between 20 and 100 keV, and relative densities between 
0.1 and 10% ofthe bulk electron densities) it was shown that tbe second harmonie downshifted 

region of tbe ECE spectra contains the most significant information conceming the parameters 

of the nonthermal distribution. This finding is in contrast with the general belief that most 
information is contained in tbe higher harmonie 0- and X -mode ECE spectra. 

Especially tbis second harmonie downshifted spectrum was analysed in the study of tbe fast 

electrons during lower hybrid current drive (LHCD) experiments at Tore Supra. In Ch 7 we 

studied the ECE responsetoa density perturbation by a pellet in an LHCD experiment. We 
separated the time scales of tbe fast electron response and tbe response of the bulk electron 

density to determine tbe radial profile of tbe fast electrons from a perturbative metbod using tbe 

upper cut-off layer in tbe plasma. This resulted in tbe first measurement of tbe radial profile of 

the fast electrons during LHCD based only on ECE and bulk electron density measurements. 
The profile tumed out to be hollow. This was expected by Pokker-Planck and ray-tracing 
simulations, but could not be measured before. 

The consistent interpretation of the slide-away regime experiments (Ch 8) was a real 

challenge for tbe determination of suprathermal electron populations. Por the runaway 

population, tbat is held responsible for the Parail-Pogutse instability [6], the parallel momenturn 

excursion was determined from the repetition rate of tbe instability, while tbe density of this 
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population was determined from measurements of the RF intensity near the lower hybrid 
frequency. To explain the intense HFS and LFS ECE [7] emitted in this regime a trapped 
electron population had to be invoked. 

During ECH the RF emission disappeared, apparently because the instability was switched 
off. This was explained by the thermal evolution of the critical runaway parameters that reduced 
the probability to excite the instability during ECH. Surprisingly, the ECE spectra were very 
similar to those in the slide-away regime. This suggests that also during ECH the ECE is 
determined by a trapped electron population. 

For the measurement of the transport of suprathermal electrons during ECH we proposed 
the analysis of 0-mode ECE signals at f > 2fce· This metbod was based on the expectation that 
at the high field side of the magnetic axis, direct generation of suprathermal electrons by ECH 

can be excluded basedon the assumption that ECH heats the suprathermal electrons resonantly. 
The analysis was applied for a step and an impulse response experiment The results indicate 
that the ECH region for creation of suprathermal electrons is too wide to resolve the fast electron 
transport from the 0-mode ECE signals. 

10.2 Noninductive Current Drive 

The new ECE analysis developed at Tore Supra for the determination of the radial profile of the 
fast electron density showed that hollow deposition profiles of LHCD can be resolved. A 
limitation of the metbod is that a bulk electron density perturbation must be applied. The results 
of our analysis make a cross calibration versus Fast Electron Bremsstrahlung (FEB) 
measurements [8-1 0] possible, which are in general used for the determination of the LHCD 
deposition profile. Especially in the case of hollow deposition profiles, we expect the ECE 
analysis to give more reliable results. 

To resolve the parallel distribution function as well as the radial profile of the fast electrons 
during LHCD, a combination of our ECE analysis with other ECE and ECA techniques can be 
applied. In the last few years, vertical oblique ECA measurements by Skiff and Boyd at the 
Tokamak de Varennes [11], and by Ségui and Giruzzi [12,13] at Tore Supra revealed the 
supratherrnal electron energy distribution created by LHCD. The vertical oblique transmission 
diagnostic by Skiff and Boyd employs two reciprocal beams which permit good refractive loss 
cancellation. The combination of several ECE, ECA and the FEB diagnostics at Tore Supra [13] 
revealed the dynamics of a fast electron tail at LHCD switch-off. Hence, it can be foreseen that 
the noninductively driven current by LHCD systems can be determined from a combination of 
ECE and ECA measurements, and sophisticated analysis methods. 

The feasibility of ECCD for noninductive current drive depends on the creation of fast 
electrons by ECCD systems. Our measurements show a hot dense trapped electron population 
during ECH experiments. This population was not expected from Fokker-Planck code 
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simulations, that predict the soft X-ray emission spectra of RTP discharges [26]. We showed 

that the deposition profile of the ECH for suprathermal electrons is broad. For ECCD 

experiments it is expected that a localized population of suprathermal electronscan be created 

that carry a significant part of the local current density. Basedon our experiments we would 

suggest to measure the current carrying nonthermal electron population during ECCD. A 

possible diagnostic to de termine asymmetries in the nonthermal electron population could be a 

vertical oblique ECE (or ECA) system. Simulations of such a system in Chapter 3 for ECCD 

experiments at TEXTOR indicated that this could be a possible way to determine the ECCD 

generated suprathermal electron population and its noninductively driven current profile. 

1 0. 3 Fast Electrons and Confinement 

The feasibility to study magnetic turbulence in a plasma by measuring the transport of 

suprathermal electrons initiated suprathermal electron transport measurements [9, 14-17]. These 

measurements, although very promising on first hand, showed nearly all to be very indirect. 

However, these indirect measurements contributed to a considerable theoretica! progress [18-

22] in detailing the properties of the magnetic turbulence and the transport ît induces. A 

collection of time constants due to pitch angle scattering, slowing down, transport, El/. j

diffusion, and thermal relaxation were identified to play a significant role on the creation and 

transport of suprathermal electrons [13]. Moreover, the sensitivity of suprathermal electrons for 

magnetic turbulence decreases with energy [23], whereas the electrons at higher energy are best 

diagnosable. Other measurement techniques, such as the identification of filaments [24], and the 

striations in pellet ablation [25,26] experiments, seem to give more direct information on the 

magnetic turbulence than the suprathermal electron measurements. 

Although the measurement of suprathermal electron transport is not indicative for magnetic 

turbulence, the fast electron transport is of importance for the noninductive current drive using 

fast electrons. Especially for current sustalnment in the buming phase of ITER LHCD [27] can 

be envisaged. The current deposition profile of the LHCD is broadened for a great deal by fast 

electron transport. Better knowledge of this transport and its control can still improve the 

efficiency of LHCD for ITER. 

Whereas the measurement of suprathermal transport is difficult and indirect, the thermal 

confinement properties of a plasma are very sensitive to the presence of suprathermal electrons. 

The slideaway regime, which is associated with a suprathermal trapped electron population, 

shows improved confinement This suggests that sustaining a hot trapped electron population, 

could lead to improved confinement The observation of a similar population during ECH, and 

the improved confinement in ECH discharges corroborate this proposition. Even the existence 

of a noncollisional energy channel between electrons and ions seems possible in these regimes. 
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Sumrnary 

The operation of ITER requires a metbod to sustain the toroidal plasma current for a long 

time. One of the possibilities is the use of lower hybrid (LH) waves. These waves directively 

accelerate electrous to high veloei ties. In experiments using LH waves for current drive in a.o. 

the French tokamak: Tore Supra the plasma was sustained for several seconds. The 

determination of the driven current profile involves the measurement of the radial profile of the 

fast electrons. In Ch 7 we derive a metbod to measuere this profile based on ECE spectroscopy 

and a density perturbation. The frrst analysis, applied to Tore Supra data, showed a hollow 
current deposition profile. Such a profile could not be measured before, but was predicted 

theoretically. 

Especially the low density regime ('slide-away') in tokamak:s shows the presence of fast 

electrons. The literature review in Ch 8 shows that an instability caused by the fast electrous 

occurs below a certain density limit In the RTP tokamak: this slide-away always occurs for very 
low densities (ne(O) < lx1Ql9 m-3). In the intermediate density regime (ne(O) < 3xl019 m-3) 

slide-away occurs sometimes, but not always. We show that power measurements of the radio 

frequency emission of the plasma are a measure for the fraction of fast electrons over four 
orders of magnitude. For the interpretation of the electron cyclotron emission a population of 

electrous trapped in the wells of the magnetic field must be invoked. The observation a bright 

spot of soft X-ray emission localized near the vessel wallis attributed to heating of ions. By 
heating with electron cyclotron waves (ECH) the instability is switched off. After the ECH 

phase allplasmasin the intermediate density regime develop into slide-away. The similarity of 

the ECE spectra measured during ECH and during slide-away shows that during ECH a 

population of electrous trapped in the wells of the magnetic field is present too. Such a 
population could play a role in the improverneut of confinement measured during ECH and 

slide-away. 

Chapter 9 investigates the possibilities to create a localized population of fast electrous with 

ECH and to measure their transport. The experiments show that the ECH profile of fast electron 
generation is very broad, and that the transport of fast electronsis slow. However, because the 

transport is slow, its characteristic times are comparable to the slowing down time and the 

energy confinement time, and this circumstance preeindes an accurate determination of the 

transport coefficient of the fast electrons. 

I would like to coneinde that the challenge to realize the physicist's dream, consictering the 

engineer's nightrnare, has led to a very successful international collaboration of the two 
professions. The challenge to participate in this collaboration was very inspiring for the work 

described in this thesis. The construction of a reactor that releases power in the GW range will 

hopefully start in a few years time. All depends on the will of politicians to join the collaboration 

between the physicists and the engineers. If this happens, the world bas the opportunity to make 
the dream come true. 
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Samenvatting van "Suprathermische Elektronen in Tokamak Plasmas" 

Het opraken van de fossiele brandstoffen die nodig zijn voor het opwekken van energie in de 
volgende eeuw, daagt de wetenschap uit om een economische en milieubewuste nieuwe 
oplossing voor het energieprobleem te geven. Als een natuurkundige over een dergelijke 

oplossing mag dagdromen komt hij waarschijnlijk met zijn eigen zon op aarde op de proppen. 
In de zon komt energie vrij door het fuseren van kernen van waterstofisotopen. Deze droom van 
een fysicus leidt tot de nachtmerrie van de ingenieur: hoe breng je de zon in formaat terug tot een 

machine die op aarde ook fusie-energie oplevert? 

Sinds de jaren vijftig zijn er machines ('tokamaks') ontwikkeld waarin plasma (een gas dat 
zo heet is dat de elektronen en ionen niet meer aan elkaar gebonden zijn) wordt opgesloten. De 
huidige generatie van tokamaks produceert nog niet voldoende fusie-energie om een reactor te 
bedrijven. Een van de problemen is het verlies van deeltjes en warmte, dat één tot twee ordes 

van grootte groter is dan theoretisch voorspeld was. Dit verlies wordt vaak toegeschreven aan 
verstoringen door het plasma zelf op het aangelegde magneetveld. Op basis van eenvoudige 
argumenten kan mer verwachten dat deze verstoringen kunnen worden onderzocht door het 
transport te meten van snelle elektronen, die botsingsloos de veldlijnen volgen. Dit proefschrift 
geeft een verslag van metingen van snelle elektronen met de doelstelling om de 
transporteigenschappen te meten en te beïnvloeden. 

In dit proefschrift zijn vooral metingen beschreven van de elektron-cyclotron emissie (ECE) 

uit het plasma. De ECE spectra zijn zeer gevoelig voor de aanwezigheid van snelle elektronen. 
Deze spectra zijn vaak veel intenser en breder dan de standaard ECE spectra die gebruikt worden 
voor het bepalen van de temperatuur van het plasma. Hoofdstuk 4 bespreekt daarom vier 
methoden om de meetapparatuur te ijken. Door het magneetveld tijdens een plasma-ontlading te 

veranderen, of door het plasma naar binnen en buiten te bewegen kan relatief geijkt worden. 
Een vergelijking van de ECE met de centrale elektronentemperatuur, zoals gemeten door 
Thomson verstrooiing levert een absolute ijking. Beter is nog om een Michelson interferometer 
absoluut te ijken tegen een zwarte straler met een bekende temperatuur. 

Als de ECE spectra zijn gemeten, moet worden bepaald uit welk deel van het spectrum de 
gewenste informatie over de snelle elektronen gehaald kan worden. Het computerprogramma 
dat uit een gegeven verdeling van snelle elektronen de ECE spectra berekenend was aanwezig. 
Om nu op basis van deze ECE spectra iets te zeggen over de verdeling van de snelle elektronen 
hebben we een groot aantal simulaties statistisch geanalyseerd met de techniek van 'functie 

parameterisatie'. Hier kwam uit dat de meeste informatie over de snelle elektronenverdeling zit 
in het spectrale gebied dat zich uitstrekt van de eerste tot en met de tweede harmonische 
cyclotronresonantie voor thermische elektronen. Metingen van de beide polarisatie richtingen, of 
van de binnen- en de buitenkant van het plasma zijn nodig om een goede reconstructie van de 
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verdeling van de snelle elektronen te verkrijgen. 
Met het zelfde computerprogramma zijn verwachtingen berekend voor de ECE spectra voor 

het huidige ontwerp van de ITER tokamak. Deze tokamak wordt nu in een internationaal 
samenwerkingsverband van de Verenigde Staten, de Russisch staten, Japan en Europa 
ontworpen om van 2010 tot 2030 fusie-energie op te wekken op een voor een energiecentrale 

relevante schaal. Uit de door ons berekende ECE spectra leiden wij de mogelijkheden af om de 
temperatuur van het ITER plasma onder verschillende condities te meten. Hieruit volgen de 
specificaties waaraan de ECE meetinstrumenten van ITER moeten voldoen om de temperaturen 
te kunnen meten. Het regime van hoge temperaturen en dichtheden waar ITER gaat opereren, 
levert fysische beperkingen aan de relevante meetbereiken die in de huidige tokamaks nog geen 
rol spelen. 

Voor het bedrijf van ITER is het noodzakeliJK: dat er een methode komt om de stroom door 
het plasma voor lange tijd aan te kunnen drijven. Eén van de mogelijkheden hiervoor is het 
gebruik van zogenaamde 'lower-hybrid' (LH) golven. Deze golven kunnen elektronen gericht 
versnellen. Experimenten met deze methode van stroomaandrijving zijn o.a. gedaan in de 
Franse tokamak Tore Supra. Daar is men erin geslaagd de plasmastroom voor vele seconden 
aan te drijven met LH-golven. Om het profiel van de gedreven stroom te meten, moet het radiële 
profiel van de snelle elektronen worden bepaald. Wij beschrijven in hoofdstuk 7 hoe dit profiel 
verkregen kan worden uit ECE metingen door een dichtheidsverstoring aan te brengen. De 
eerste metingen op Tore Supra tonen een hol profiel van de snelle elektronen verdeling. Dit kon 
tot nu toe niet met andere technieken worden gemeten, maar werd wel verwacht op basis van 
theoretische beschrijvingen. 

Vooral in het lage dichtheidsregime ('slide-away') in tokamakplasma's zijn snelle 

elektronen aanwezig. Uit het literatuuroverzicht in hoofdstuk 8 blijkt dat voor dichtheden 
beneden een bepaalde grenswaarde een instabiliteit optreedt die wordt veroorzaakt door deze 
snelle elektronen. De metingen in de RTP-tokamak laten zien dat slide-away altijd optreedt voor 
zeer lage dichtheden (lle(O) < lxl019 m-3). Voormiddelmatige dichtheden (lle(O) < 3xl019 m-3) 

treedt slide-away soms op. Met intensiteitsmetingen van de radiofrequente emissie tonen we aan 

dat we het relatieve aantal snelle elektronen over vier ordes van grootte kunnen vaststellen. De 
metingen van de elektron-cyclotron emissiespectra kunnen slechts worden verklaard als er een 
populatie van snelle elektronen aanwezig is die gevangen is in de putten van het magneetveld. 
Het optreden van een zeer lokale spot van zachte X-ray straling uit het wandgebied toont dat er 
ook verhitting van de ionen optreedt in dit regime. Door verhitting van het plasma met elektron
cyclotron golven (ECH) kunnen we de instabiliteit uitschakelen. Na de ECH fase vertonen alle 
plasma's voor middelmatige dichtheden slide-away. De grote overeenkomst van de ECE spectra 
zoals gemeten tijdens de ECH en gedurende slide-away, zijn een aanduiding dat ook gedurende 
de ECH een populatie van snelle elektronen bestaat die gevangen zijn in de putten van het 

magneetveld in het plasma. Een dergelijke populatie kan een oorzaak zijn van de verbeterde 
opsluiting van het plasma die gemeten wordt zowel in het slide-away regime als tijdens de ECH. 
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In hoofdstuk 9 zijn de mogelijkheden onderzocht om met ECH lokaal snelle elektronen te 
maken, en daarvan het transport te meten. Dergelijk transport zou een gevolg kunnen zijn van 
verstoringen in het magneetveld. De hoop bestond dat met de meting van het transport van 
snelle elektronen uitspraken over de magnetische verstoringen konden worden gedaan. Daarom 
hebben wij met de ECH getracht in het centrum van het plasma snelle elektronen te maken, en 
de verspreiding van deze elektronen naar de rand van het plasma met ECE te volgen. Uit deze 
experimenten volgt dat het depositieprofiel van de ECH voor de creatie van snelle elektronen erg 
breed is en dat het transport gering is. Onder deze omstandigheden is het onmogelijk om het 
transport nauwkeurig te bepalen. 

Graag zou ik besluiten door op te merken dat de uitdaging om de droom van een fysicus te 
realiseren, met de nachtmerrie van de ingenieur in het achterhoofd, heeft geleid tot een zeer 
succesvolle internationale samenwerking van beide beroepsgroepen. De uitdaging om deel te 
nemen aan deze samenwerking was een bron van inspiratie voor het werk dat beschreven is in 
dit proefschrift. De bouw van een reactor die een vermogen in het GW-gebied kan opwekken 
begint hopelijk binnen enkele jaren. Alles hangt echter af van de wil van politici om deel te 
nemen aan de samenwerking tussen de fysici en de ingenieurs. Als die wil er is heeft de wereld 
de mogelijkheid om een droom uit te laten komen. 
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STELLINGEN 

behorende bij het proefschrift 

Suprathermal Electrans in Tokamak Plasmas 

1. Elektron-cyclotronstraling van een tokamakplasma wordt vaak toegeschreven aan een 
temperatuur op een bepaalde positie, terwijl er een intensiteit op een bepaalde frequentie 
wordt gemeten. 

2. Elektronen die zijn gevangen in putten van het magneetveld in een tokámak hebben een 
gunstige invloed op het behoud van warmte en deeltjes in het plasma. 

Dit proefschrift. 

3. De computerprogramma's die worden gebruikt om tokamakontladingen te simuleren die 
met elektron-cyclotronstraling worden verhit, zijn nog niet in staat om realistische spectra 
van elektron-cyclotronstraling te voorspellen. 

4. Het is vaak onjuist om een tokamakplasma waarin een zeer kleine populatie van snelle 
elektronen aanwezig is te beschrijven door een kleine verstoringsterm toe te voegen aan de 
theorie waarin geen snelle elektronen worden meegenomen. 

5. De toevoeging 'niet thermisch' bij metingen in de plasmafysica wordt vaak gebruikt als een 
eufemisme voor 'niet begrepen'. 

6. De standaardbeschrijving van een optische overgang in wanordelijke systemen bij lage 
temperaturen gebruikt twee tijden: de levensduur en de zuivere defaseringstijd, die 
onafhankelijk worden verondersteld. Metingen van deze twee tijden tonen echter een 
proportioneel verband tussen beide. 

J P Morgan, EP Chock, WA Hopewell, MA El-Sayed, and R Orbach, J. ofChem. Phys. 85 (1981) 747. 

P J van der Zaag, B C Schokker, Th Schmidt, R M Macfarlane, and S Völker, J. of Lumin. 45 (1990) 80. 

P J van der Zaag, B C Schokker, S Völker, Chemica! Physics Letters 180 (1991) 387. 



7. Het kernfusie-onderzoek in Nederland heeft momenteel meer baat bij het aanstellen van 

professionele PR-functionarissen dan bij het aanstellen van wetenschappelijk onderzoekers. 

8. Recente studies tonen aan dat binnen de wetenschappelijke praktijk op grote schaal 
consensuspolitiek wordt gevoerd. Dit is niet te verenigen met de verplichting van 
wetenschappelijk onderzoekers jegens wetenschap en maatschappij om te streven naar 

objectiviteit, zoals die is vastgesteld bij het Academisch Statuut. 

B Latour, Wetenschap in Actie (Ooievaar Pockethouse, Amsterdam, 1988). 

9. Topprestaties in wetenschap, topsport en in de professionele muziekwereld worden 

gerealiseerd vanuit een toestand van ontspanning, zowellichamelijk als geestelijk. 

10. Waterkrachtcentrales die gebruik maken van grote stuwmeren zijn in het gebruik 
schadelijker voor het milieu dan energiecentrales die fossiele brandstoffen verstoken. 

P Dinther, Kajakfahrten zwischen Donau und Inn (Pollner Verlag, 1991). 

J Carrier, National Geographic 176 Vol6 (1991) 4. 

11. De trompetpartij in het tweede Brandenburgs Concert van J.S. Bach is oorspronkelijk 
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12. Het gebruik van het woord "plasma" in de titel van zowel dit proefschrift als dat van dr 
R.C. Schokker berust louter op toeval. 
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