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1. Het af schaffen van de verplichu'ng tot het poneren van stellingen bij

een proefschrift, en de daar logischerwijze uit voortvloeiende

vrijheid tot het achterwege laten van stellingen betreffende het

onderwerp van het proefschrift, kan er toe lei den dat de gemiddelde

lezer ook alle geponeerde stellingen kan begnjpen.

2. Indien men het gedrag van de mens met de noodzakelijke

hoeveelheid scepsis bekijkt, kan het woord beschaving alleen maar

ironisch worden opgevat.

3. Zolang men oplossingen voor de werkloosheid uitsluitend zoekt

binnen het economische systeem dat de afgelopen honderd jaar onze

maatschappij draaiende heeft gehouden, zal dit probleem niet

opgelost worden.

4. Het medelijden dat men heeft met 1 walvis, die door ijs omsloten

tendodeisopgeschrevenenwaaraanmen niets kan doen, terwijl er

in Nederland alleen al 1.500.000.000 dieren in slachthuizen worden

gedoodwaaraanmenwel iets kan doen, is een triest voorbeeid van

de hypocritie van de mens.

5. De hoeveelheid geld die jaarlijks door het CERN in Geneve wordt

verbruikt is maatschappelijk niet te verantwoorden.



6. De stelling dat vliegen zoveel veiliger is dan autorijden kan door

een andere statistische benadering eenvoudig worden ontkracht.

7. De voordelen van genetische manipulatie wegen niet op tegen de

potentiële gevaren en onderzoek in deze richting dient dan ook niet

voortgezet te worden.

8. De wachttijd voor adoptie van een kind zou gemiddeld niet veel

langer dan negen maanden mogen zijn.

9. De voorspellingsnauwkeurigheid van een beursdeskundige is

vergelijkbaar met die van een meteoroloog.

10. Nederlanders zijn vreselijk nationalistisch. Ze erkennen dit alleen

niet omdat ze het als een slechte eigenschap beschouwen.

11. Als er op het BRT nieuws over een Belg wordt gesproken, weet de

oplettende kijker dat een Waal bedoeld wordt, omdat men het anders

over een Vlaming heeft.

12. De taalkundige problemen die er tussen een Vlaming en een

Hollander kunnen bestaan worden door de Hollander maar al te vaak

onderschat.
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CHAPTER 1

INTRODUCTORY CHAPTER

1.1 Of fusion, tokamaks and Rutherford scattering...

Ever since the first fire on earth was lit by a human being, energy has been

intertwined with the evolution of mankind. Therefore it is logical that the energy consumption

of a society has for a long time been regarded as the measure for its development, with the

nations of the industrialized West being the proud front runners of the league. Unfortunately,

the burning of fossil fuels has proven to be disastrous for our environment, and Tschemobyl

has shown the world what the rises of nuclear fission reactors are. Even though the West is

now trying to curb its energy consumption, the world demand for energy will certainly

continue to rise, as other parts of the globe are beginning to get industrialized. If no safe,

abundantly available and clean source of energy is found, the shortage of fossil fuels, which

can be expected somewhere in the next century, could lead to international conflicts, even

escalate into wars.

Amidst these gloomy perspectives, scientific research is conducted to solve the

worlds future energy problems by using nuclear fusion for energy generation. The principle

of nuclear fusion (and fission) is based on Einsteins equation:

E - m c 2 . (1.1)

If two nuclei fuse and create a new nucleus with a smaller mass than the total mass of the

original nuclei, the mass deficit is released in the form of kinetic energy. The fusion reaction

which is envisaged to be the basis of the first generation of fusion reactors involves

deuterium and tritium nuclei:

2D + 3T - > (4He + 3.5 MeV) + (n + 14.1 MeV). (1.2)

The 'ashes' of the reaction are 4He, a harmless isotope, and an energetic neutron. The kinetic

energy of the produced particles can be used to generate the desired electricity.

In order for this reaction to occur, several conditions must be met. First, the repelling

Coulomb force, which is due to the positive charges of the nuclei, be overcome. By heating a

deuterium-tritium mixture to very high temperatures, typically about 100 million degrees

centigrade, the kinetic energies of the nuclei can be high enough to achieve this. At such

temperatures the fuel is almost fully ionized and is in the plasma state, which accounts for the
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close link between nuclear fusion and plasma physics. Second, the demand to obtain a large

enough reaction rate requires that the plasma is dense enough. And third, the loss of the

stored energy in the plasma must not happen too fast, or, put differently, the energy

confinement time must be large enough to allow the released energy to heat up new fuel to the

reaction temperature. Unfortunately, simultaneously fulfilling these conditions in a controlled

way has proven to be an extremely difficult task for the scientific community.

One problem which arises because of the high temperatures involved, is that the

deuterium-tritium plasma cannot be confined by a simple material wall. Therefore different

methods of confinement have been studied over the last decennia. The two most important

ones are inertial fusion, which tries to implode a small pellet of fuel by aiming powerful

lasers or particle beams onto it, and magnetic fusion, which tries to confine the plasma in a

magnetic configuration which isolates the hot plasma from the material reactor wall. In the

latter category one can find the most promising and most advanced concept so far, namely the

tokamak.

Fig. 1.1 Sketch illustrating the principle of the tokamak.
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The tokamak was originally developed in the USSR and is an acronym of

toroidal'naya komera (toroidal chamber) and amgnitnaya fcatushka (magnetic coil). In this

device, the plasma is kept inside a doughnut-shaped (toroidal) vessel by means of magnetic

fields (Fig. 1.1). The main magnetic field, B^, is in toroidal direction and is produced by

coils that are wound around the torus. A gas is injected into the vessel and ionized, after

which a toroidal plasma current, Ipi, is induced in the plasma by using it as the secondary

winding of a transformer. Ohmic dissipation will cause the plasma to heat up. Furthermore,

the plasma current creates a poloidal magnetic field, Be, which combined with B^ results in

magnetic field lines that are helically twisted around the vessel. To restrain the outward

expansion of the current carrying plasma, due to the toroidal geometry, a vertical magnetic

field Bv is used. In this way the ionized plasma particles, which are held by the magnetic

field in small gyrating orbits, are trapped inside the vessel and confinement of the plasma is

achieved.

Diagnosing the different quantities of a thermonuclear plasma is essential for

understanding the physical processes which occur in it. Although the ion temperature is one

of the three crucial parameters to obtain fusion, it is a rather difficult one to measure. Several

techniques can be employed to extract information about it from the plasma, such as neutral

particle analysis, neutron measurements and charge exchange recombination spectroscopy.

Alongside these commonly used methods, the less known technique of Rutherford scattering

can also be used for this purpose.

The principle of Rutherford scattering is based on the conservation laws of energy

and momentum during elastic collisions between atoms from a narrow, monoenergetic

probing beam and thermally moving plasma ions. If the energy of the beam particle before

and after scattering, the scattering angle and the mass ratio of beam particle and plasma ion

are known, the initial velocity of the plasma ion can be deduced. In a sense the velocity

distribution of the plasma ions leaves its fingerprint on the energy distribution of the scattered

beam particles. At the TEXTOR tokamak in Jiilich, Germany, a Rutherford scattering

diagnostic, nicknamed RUSC, was installed in 1989 as a joint project of the Forschungs-

zentrum Jiilich GmbH and the FOM-Instituut voor Plasmafysica 'Rijnhuizen'. In this thesis,

results that were obtained with this Rutherford scattering diagnostic are described.

1.2 TEXTOR

The machine

Although the design of a tokamak is such that the plasma is confined inside the vessel

by magnetic fields, there will always remain a certain interaction between the plasma and the

wall of the vessel. For tokamaks to operate successfully, this interaction must be kept to a
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ICRH-antenna

Rutherford
Scattering

poloidal limiter neutral
injection I

Fig. 1.2 Schematic top view of TEXTOR, indicating the various additional heating

systems as well as the position of the Rutherford scattering diagnostic.
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minimum. If this is not done, impurities will be released from the surface of the vacuum

vessel and contaminate the plasma. Enhanced radiation losses and dilution of the

thermonuclear plasma will reduce the available fusion power and can even lead to an abrupt

end of the process. It is in this field of plasma-wall interaction that the main research tasks of

TEXTOR are concentrated.

TEXTOR, the Jokamak Experiment for Technology Qriented Research, is the

tokamak of the Institut fur Plasmaphysik, which is part of the Forschungszentrum Jiilich

(KFA). TEXTOR started operation in 1983 and is, to present day standards, a medium-sized

tokamak with a circular poloidal cross-section. In the course of 1993 TEXTOR has been

upgraded to TEXTOR-94 by increasing the flux swing of the transformer. Some of the main

machine parameters are presented in Table 1, whilst in Fig. 1.2 a schematic top view of

TEXTOR, together with the additional heating systems and the position of the Rutherford

scattering diagnostic, is given.

major radius

minor radius

toroidal magnetic field

plasma current

flux swing

flat top time

TEXTOR

1.75 m

0.50 m

<2.60T

<500kA

4.4 Vs

< 3 s

TEXTOR-94

unchanged

unchanged

unchanged

<800kA

8.8 Vs

< 10 s

Table 1. Main machine parameters of TEXTOR and TEXTOR-94.

The additional heating systems

Ohmic dissipation alone is not sufficient to reach the high temperatures required for

fusion, since the resistivity of the plasma decreases with increasing temperature. Therefore

additional heating of the plasma is necessary. At TEXTOR, a total of almost 8 MW of

auxiliary heating power can be applied to the plasma by two different techniques, compared

to typically 0.4 MW of ohmic heating power. The first technique is Neutral Beam Injection

(NBI). High energy neutral particles are injected into the plasma, become ionized and transfer

their energy to the plasma by Coulomb collisions. Two beam lines have a maximum input

power of 1.7 MW each, with a maximum particle energy of 60 keV [Eur89, Uhl93]. As

beam species H, D, 3He and 4He can be used. The injection occurs tangentially to the

plasma, with the two injectors operating in opposite directions. In this way balanced, co

(NBI-Co) and counter (NBI-Counter) injection is always possible, irrespective of the chosen

direction of the plasma current. The second method is Ion Cyclotron Resonance Heating
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(ICRH). Here, radio frequency waves which are resonant with the ion cyclotron frequency

are radiated into the plasma. The ions absorb the radiation, are accelerated and transfer energy

to the plasma through collisions. The two pairs of ICRH antennae in TEXTOR are situated

180° apart in toroidal direction and have a maximum output of 2.2 MW per pair [Oos86].

Both pairs have been operated with and without Faraday screen. During ohmic discharges the

central electron temperature is typically about 1 keV, which is equivalent to about 12 million

°C, but in the case of additional heating it can rise to several keV.

The diagnostics

The properties of the TEXTOR plasma can be determined by many different

measurement instruments: diagnostics. Some are in common use at tokamaks around the

world, others are specifically designed for the research tasks of TEXTOR. The latter mainly

include edge diagnostics, probes, etc. As a detailed treatment of all diagnostics is beyond the

scope of this thesis, only a few diagnostics which are relevant to the experiments that were

performed will be mentioned here.

Rogowski and other coils are used for the determination of the main magnetic and

electric properties of the plasma, like plasma current, loop voltage and position of the plasma.

Electron temperature profiles are measured by an 11 -channel heterodyne electron cyclotron

emission system (ECE), which detects the electromagnetic radiation in the microwave region

which can directly be coupled to a local electron temperature if the plasma is optically thick.

Electron temperatures can also be determined by soft X-ray spectroscopy (SXR). Electron

density measurements are performed by a 9-chord far-infrared interferometer, which can also

give information about the poloidal magnetic field by serving as a Faraday rotation

polarimeter. Spectroscopy in the visible and VUV spectral ranges is used to determine light

and heavy impurity densities.

Apart form Rutherford scattering, Neutral Particle Analysis (NPA), Charge Exchange

Recombination Spectroscopy (CXRS) and Neutron Yield Measurements (NYM) can be

employed at TEXTOR to obtain spatially and temporally resolved information about the ion

temperature in the core plasma. Additional information about the toroidal and/or the poloidal

rotation of the plasma can also be obtained from CXRS. Since these diagnostics have a direct

bearing on the contents of this thesis, they will not be be described here but in the relevant

chapters.

1.3 This thesis

This thesis describes the work which has been done on the Rutherford scattering

diagnostic at TEXTOR from June 1990 onward. For a complete treatment of the theory of
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Rutherford scattering and an elaborate description of the diagnostic the reader is referred to

the thesis of the author's predecessor [Blo91]. However, in order to make this thesis self-

contained, a brief survey of these subjects is given in Chapter 2.

From theory, it is expected that the width of the observed spectra is directly correlated

to the ion temperature of the plasma. And indeed, spectra obtained during ohmic discharges

showed a clear broadening, as compared to the instrumental one. However, during additional

heating the spectrum was found to be composed of a very narrow peak and, sometimes

hardly visible, a broad distribution underneath it. Temperatures deduced from the width of

the peak resulted in values that were much lower than those obtained with ohmic heating

alone. Although it was soon clear that it was the broad underlying distribution that was linked

to the ion temperature, and not the dominant narrow peak, two problems originated from it.

First, how should the data analysis deal with the parasitic peak, and second, what is the

physical explanation for the presence of the peak. The problem of calibration and data

analysis is dealt with in Chapter 3, whereas the parasitic peak is discussed in Chapter 4.

The Rutherford scattering diagnostic has been used extensively during the

measurement campaigns of TEXTOR. The central ion temperature has been determined for a

wide range of experimental conditions, and on some occasions profiles were measured.

Results for ohmic and additionally heated discharges, which were not (too seriously)

disturbed by the parasitic peak, are presented and discussed in Chapter 5. For the ohmic

plasmas also an estimate of the central ion heat diffusivity is given, based on a simplified ion

energy balance. To complete this chapter, results are compared with results from the other

ion temperature diagnostics, i.e. NPA, CXRS and NYM.

One of the most interesting aspects of the Rutherford scattering diagnostic is that bulk

motion of the majority ions in the plasma shows up in the registered spectra. By adjusting the

diagnostic in such a way that information about the ion velocity distribution in toroidal

direction could be gained, it was possible to deduce the toroidal rotation speed of the

hydrogenic plasma ions. The usual method to measure this speed is by CXRS, but this

concerns the specific impurity involved in the measurement and not the hydrogenic ions. By

using CXRS and Rutherford scattering simultaneously, it was possible to compare the

speeds of both species and investigate whether they differ or not. The outcome of this

research is presented in Chapter 6.

One of the most intriguing phenomena observed in nearly all tokamaks is the

occurrence of so-called sawteeth. This term is used to describe a certain type of plasma

instability which produces a sawtooth like time dependence of, e.g., the central electron

temperature. Further outward in the plasma an inverse sawtooth behaviour is observed,

whilst the radius where the electron temperature does not change during the sawtooth crash is

called the inversion radius. A theory, giving a satisfactory explanation of the phenomenon,

has still not been formulated. Experimentally, detailed information about the development of
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the electron temperature is available, especially obtained by ECE, but information about the

behaviour of the local ion velocity distribution is very sparse. The Rutherford scattering

diagnostic has been used to investigate this field, and the results obtained are described in

Chapter 7.

Over the last years a lot of time has been spent trying to improve the properties of the

Rutherford scattering diagnostic. In order to preserve some of the ideas which sprang from

many hours of brainstorming and a little bit of the gained working experience, a few loose

remarks and several recommendations for future Rutherford scattering experiments are made

in the epilogue.

1.4 Publications produced in the course of this work

The author's work on the Rutherford scattering diagnostic has resulted in several

publications in journals. Below a list of these publications is presented. Besides these, a

further three publications are scheduled to be written, covering the calibration and data

analysis (Chapter 3), the discussion of the parasitic peak (Chapter 4) and a general paper on

the results obtained with the diagnostic (Chapters 5 and 6). Furthermore, 15 contributions to

international conferences and symposia in which the author participated were made. These

are not mentioned here.
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CHAPTER 2

THE RUTHERFORD SCATTERING DIAGNOSTIC

AT TEXTOR

2.1 Introduction

The feasibility to use Rutherford scattering for the determination of the ion

temperature of a thermonuclear plasma was shown by Abramov et al. in 1972 [Abr72]. A

collision between a neutral beam particle and a plasma ion is considered to be Rutherford

scattering if the impact parameter of the collision is much smaller than the Bohr radius and

hence no electron screening occurs. This condition can be fulfilled by chosing a relatively

high beam energy, as compared to the kinetic energy of the plasma ion. The energy spectrum

of the scattered neutrals is broadened by the thermal movements of the plasma ions. The

technique was first applied at the T4-tokamak by Aleksandrov et al. in 1979, who used a

8 keV He-beam [Ale79]. In later experiments higher beam energies were used as the plasmas

grew larger and hotter, up to the 200 keV He-beam which has until recently being used at

JT-60U [Tob88]. The Rutherford scattering diagnostic at TEXTOR uses a 30 keV He-beam

to penetrate the plasma, which has a diameter of 1 m and ion temperatures up to several keV.

The theory of Rutherford scattering is well-established and discussed in literature

[Abr72, Bur78, Ber80], Therefore in Section 2.2 only a summary, with some of the main

formulae, is given. In Section 2.3 the general experimental set-up of the Rutherford

scattering diagnostic is briefly discussed. In the subsequent two sections short descriptions

of the two main parts of the diagnostic, namely the beam injection system (Section 2.4) and

the analyser (Section 2.5), are given. Finally, in Section 2.6 a few remarks about the data

acquisition system are made. For a more complete treatment of these subjects, the reader is

referred to the thesis of the author's predecessor [Blo91].

2.2 Theory of Rutherford scattering

Consider, in a laboratory frame, the elastic collision of a particle with mass mb and

precollision velocity v£ and a particle with mass mp and precollision velocity v£. The

subscripts b and p denote beam and plasma, to simplify identification with the actual

experiment. The combination of the conservation laws of energy and momentum yields an
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expression for the velocity of the beam particle after the collision, u£, in terms of the mass

ratio y of the colliding particles and their velocities before the collision:

I (vfe-i?6)

- 2V-+(vt -
(2.1)

From Eq. (2.1) a natural separation of Vp into a parallel and two perpendicular components

with respect to (v£ - u£) arises:

Vp - Vp - vpnep*n + - ^ (2.2)

with epii the unit vector in the direction of (v£ - u^). For vt,»vp and small scattering angles

this direction is nearly perpendicular to the probing beam. It lies in the plane of the probing

beam and the axis of the analyser which determines u£ (see Fig. 2.1).

"p//

Fig. 2.1 Schematic illustration of the vectors used in the description of the theory of

Rutherford scattering.
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Now consider the interaction of many beam particles, each with velocity v^, with an

ensemble of plasma particles with a velocity distribution /p(vp):

/p(vp) - /p(vpn,v?i) - /p(Vpn) /p(Vp\) (2.3)

Here it is assumed that the velocity distribution can be seperated in a parallel and a

perpendicular term. The number of beam particles, N(ub) (s"1), scattered into a velocity range

dub about Ub and into a solid angle dfl per second is given by

N(ub) - Tb np AV ~ ^jb dSi , (2.4)
dli ut>

where Fb (m~2 s"1) is the flux of particles in the probing beam and np (m~3) the plasma

particle density in the scattering volume AV (m3), respectively. The differential cross section

da/dI2 (m2) in the laboratory frame

S " S Cfp<vp||> /p(Vp )̂, v ,̂ Gb\ ... ) (2.5)
ail ail

contains the dependence of N(ub) on /p(vp).

An exact expression for do/d£X can be derived as a function of the differential cross

section dQ/dco (m2) in the centre of mass frame [Bur78]:

* . 0+Y)
2 ^ fd2vpi /p(Vpl l) / p ( v p l )

 d-Q . (2.6)
di2 vb \nt - H\ J d(°

In the case of Rutherford scattering, dQ/dto is given by [Jac75]

(2.7)
_ f ZpZbe2

do, UrceonWj 4sin4(f

with Zb and Zp denoting the charge number of beam and plasma particle and 0 the scattering

angle in the centre of mass frame, respectively. vr is the relative speed of the particles before

the scattering
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vr-lvfc-v£l (2.8)

and mr is the reduced mass

m r mp + mb • (2-9>

Rewriting 0 in terms of the integration variables in Eq. (2.6), substituting the thus derived

expression for dQ/dw in Eq. (2.6) and carrying out the integration then yields the following

expression for do7d£2:

CIO)

Eq. (2.10) shows that do/dQ is characterized by the velocity distribution of the plasma

particles in the direction of epj|, which could be expected on the grounds of Eq. (2.1).

If the plasma particles have a shifted Maxwellian velocity distribution with a

temperature T; and a drift velocity von, Eq. (2.10) becomes

vb lug - v t I 5 L2rceombJ V 2nTi

Alternatively, da/dii can be expressed as a function of the energy, E, of the beam particles

after scattering:

^ " m » i M v - < n v i i \ — v — t / i ' — \ * r f i sfy . . .

Here, no drift velocity is included. Eb is the energy of the beam particles and Ed is defined as

Ed - |mb(Ub"- vS)2 . (2.13)

To calculate the number of beam particles, Ndet(ub). which in a real experiment are

detected by a neutral particle analyser, the detection efficiency T]a(ub) of the analyser and the

attenuation T)b(vb,Ub) of the probing beam due to ionization and charge exchange losses

before and after scattering have to be taken into account. Furthermore, the probability
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Cjon(vb) that the beam particle survives the collision with the plasma ion without losing one

of its electrons also affects the detection rate. This leads to the following expression for

(s-1):

Ndet(ub) - Tb T|b(vb,Ub) Qon(vb) tla(ub) np AV— —p d£2 (2.14)

or, again expressed as a function of E,

Ndet(E) - Tb Tib(Eb,E) Cion(Eb) tia(E) np AV — \ ^P d£2 . (2.15)
v dQ l b

It should be noted that the total scattering yield, found by integrating Ndet over Ub or E,

neither depends on T, nor on 7.

Finally, for Eb»Tj and for small scattering angles, Eq. (2.13) can be approximated by

Ed= Eb92- (2.16)

The full width at half maximum of the distribution, AEpwHM- ' s t n e n given by

AEFWHM 2 49 VYEbTiln2 (2.17)

and the maximum of the distribution, Eo, is found at

Eo =
2

(2.18)

The dependences of AEFWHM
 o n Tj and of Eo on mp are illustrated in Fig. 2.2 for a beam

consisting of He-particles with an energy of 30 keV and a scattering angle of 7°. As can be

seen in Fig. 2.2a, the broadening due to the thermal movement of the plasma ions is large for

light plasma particles, like H and D, but becomes much less pronounced for heavier plasma

particles (impurities). Fig. 2.2b shows that the maximum of the distribution changes

significantly for very light plasma particles (mp<10), but that for all other plasma particles Eo

virtually has the same value. From these results it can be concluded that for pure H or D

plasmas the ion temperature can, in principle, be deduced quite accurately. However, if there

is a contribution in the spectrum from scattering on a certain impurity, it will be very hard to

determine the actual mass of the impurity.
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Fig. 2.2 The FWHM of the energy distribution of the scattered particles for scattering on

H, D, O and Fe versus Ti (a) and the maximum of the distribution versus mp (b).

In both cases a He-beam with an energy of 30 keV and a scattering angle of 7°

were used for the calculations.
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2.3 Experimental set-up of the Rutherford scattering diagnostic at TEXTOR

The two main components of any Rutherford scattering diagnostic are the beam

injection system, which produces the mono-energetic probing beam, and the analyser, which

determines the energy distribution of the scattered beam particles. At TEXTOR, the injection

system is situated underneath the tokamak, whilst the analyser is mounted on top of it

[Blo90]. The neutral probing beam is created by accelerating ions from an ion source and

passing them through a gas neutraliser. To sufficiently penetrate the plasma, which at

TEXTOR has a diameter of approximately 1 m, a 20-35 keV He-beam is utilized with a beam

current of 12 mA. The analyser determines the energy of the scattered particles by measuring

their time-of-flight over a fixed distance. Various techniques are employed to suppress

background effects which are caused by radiation, low energy neutral particles and neutrons.

Up to the summer of 1992 the geometry of the Rutherford scattering diagnostic at

TEXTOR was such that the ion velocity distribution in the radial direction could be

measured. This geometry is referred to as the poloidal set-up, and is schematically illustrated

in Fig. 2.3a. The probing beam is injected vertically into the plasma, i.e. at an angle of 90°

with respect to the horizontal midplane. The beam is located at Ro+25 mm in radial direction,

and in toroidal direction exactly in the centre of the ICRH antenna 1 (Fig. 1.2). The analyser

views the plasma from the outside of the vessel at an angle which can be varied between 3°

and 8°, with respect to a vertical line. This angle also is the scattering angle. The plane

defined by the beam and the line-of-sight of the analyser is a poloidal cross section. By

moving the analyser radially, the position of the scattering volume, i.e. the intersection of the

beam and the line-of-sight of the analyser, can be varied vertically over approximately 70 cm

of the plasma.

In the summer of 1992 changes were made to enable measurements on the ion

velocity distribution in toroidal direction. This will be called the toroidal set-up (Fig. 2.3b).

When looking towards the heart of TEXTOR, the direction of injection is tilted 2° to the right

with respect to a vertical line, i.e. in toroidal direction. The analyser now views the plasma at

an angle of 4° or 5° with respect to a vertical line, also to the right when looking towards

TEXTOR. In this way the scattering angle can be varied between 6° and 7°. The plane

defined by the beam and the analyser now is a plane perpendicular to the major radius, at the

position Ro+40 mm. The range in the plasma which can be covered is approximately 30 cm

in the vertical direction for both angles.
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time-of-flighf
analyser

neutral beam

diaphragm

neutralizer

ion source

Fig. 2.3 The two experimental set-ups of the Rutherford scattering diagnostic at

TEXTOR: the poloidal (left) and toroidal set-up (right).
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2.4 The beam injection system

A schematic view of the beam injection system is presented in Fig. 2.4. The ion

source CORDIS (£eld Reflex Discharge Ion Source) relies on a reflex discharge [Kel84],

from which the ions are extracted by a single-aperture accel-decel system. After focussing of

the beam by a solenoid, the ions enter a gas neutraliser cell. The working gas of the cell is

He, and a neutralization efficiency of almost 90% is achieved. Particles which are still

charged after traversing the dressing cell are deflected by a permanent magnet. Finally, a

carbon scraping diaphragm is used as a beam-defining aperture with a diameter of 16 mm.

The beam energy can be varied up to 35 keV with a maximum beam current of 12 mA.

To gain a good knowledge of the beam parameters, which is necessary for controlled

operation of the beam line, a rotating beam scanner is used [Blo92a]. A rotating wedge-

shaped Faraday cup measures the total current and line integrated intensities in two

directions, as well as the position of the beam. By using tomographic analysis, a two

dimensional beam current profile can be reconstructed. As the diagnostic system is not

accessible during TEXTOR discharges, operation of the beam line is performed by remote

control.

2nd beam diagnostic -

ion deflection magnet-

gas inlet -

focusing magnet

'st beam diagnostic

-Limiting diaphragm

• gate »alve

- turbDmolecular pump

• mechanical structure

remotely controlled
guiding system

Fig. 2.4 Schematic view of the beam injection system which is situated underneath

TEXTOR.
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2.5 The mass-selective time-of-flight analyser

When designing the analyser of the Rutherford scattering diagnostic, special attention

was paid to suppress undesired background effects on the measurements that can be caused

by radiation, low energy neutral particles and neutrons that are emitted by the plasma. This

has been achieved by avoiding a direct line-of-sight to the plasma, by performing a

momentum selection on the particles by means of a magnetic achromat and by using

sophisticated coincidence techniques in the time-of-flight measurement itself. A schematic of

the analyser, as it has been used at TEXTOR and which exhibits all these features, can be

viewed in Fig. 2.5.

A part of the neutral particles that enter the analyser is ionized in an ultra-thin carbon

foil (<1.0 ngcnr2). Eight ionization foils can simultaneously be mounted on a revolving

wheel inside the analyser, so that different foils can be selected without breaking the vacuum.

Particles that have remained neutral are led to a viewing dump, the others enter the magnetic

achromat. This consists of three identical bending magnets [Pen61 ] and enables only particles

in a bandwidth of 12.5% around a central momentum to pass through. Particles with

momenta outside this bandwidth are stopped by diaphragms at the entrance and exit of each

individual magnet. The magnetic field of the bending magnets is adjustable such that the

central energy for He particles can be varied from 2.5 to 75 keV. This automatically defines

the central energy for D (5 to 150 keV) and for H particles (10 to 300 keV).

The energy of the particles is determined by measuring their time-of-flight (TOF) over

a flight path of 0.25 m. The start signal is generated by detecting secondary electrons, that are

released in both forward and backward direction when a particle traverses a second, equally

thin, carbon foil. This is also mounted on a revolving wheel, again to allow remote foil

selection. The electrons are accelerated away from the foil by an electric field and are

deflected over 180° by a small magnetic field. Both groups of electrons are detected

independently by two microchannel plate devices (MCP's). The stop signal is generated by

detecting the particles at the end of the flight path by a third MCP.

Ionization efficiency, losses in the achromat due to the angular straggling induced in

the ionization foil, and the TOF measurement itself each contribute with an efficiency of

roughly 10% to an overall efficiency of typically 0.1% for 30 keV He particles. The energy

resolution of the analyser for these particles is around 3%, and the typical flight time 200 ns.

During operation of the Rutherford scattering diagnostic the analyser has indeed shown to be

almost insensitive to background effects [Blo92b].
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achromat analyser

ionizing carbon foil vacuum pump

viewing dump start detector 1 (2) stop detector

start detector 1
at 90" position

Fig. 2.5 Schematic view of the mass-selective time-of-flight analyser of the Rutherford

scattering diagnostic.

2.6 The data acquisition system

Most data acquisition systems at TEXTOR are based on locally distributed CAMAC

crates which, through CAMAC Serial Highway Drivers, are connected to a network of

central VAX computers. This is also the case for the Rutherford scattering diagnostic

[BI088]. The flight times of the individual particles are recorded by means of a Time-to-

Digital Converter (TDC) with a time resolution of 625 ps. They are subsequently stored in a

histogramic memory of 512 channels wide. A 16K histogramming CAMAC memory module

is used to store the 32 spectra which can be collected in this way Between discharges the

memory is emptied and the data is, after data reduction, stored in the memory of the VAX

computer.

Ideally, the rate at which TOF spectra are to be sampled should be at least 500 Hz.

This requirement stems from the desire to look for modulation of the ion velocity distribution

during a discharge, e.g. during sawtooth instabilities which occurs at a frequency of typically

50 Hz at TEXTOR. Unfortunately, the detection rate of the diagnostic is such that many

sawteeth must be sampled and a technique called 'coherent averaging1 must be employed

afterwards to enable sawtooth studies. (This will be explained in more detail in Chapter 7.)

However, a sampling frequency of 1 kHz during a complete discharge of 4 s results in the

need for 2 million channels to be stored. This cannot be achieved with traditional memory

units. This problem was, at first, solved by using two 16K histogramming memories, which

were filled with data and read out in an alternating fashion during the discharge.
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Unfortunately, this solution had in practice so many drawbacks that it was discarded for

sawtooth studies.

A temporary solution was subsequently found by expanding the memory by two

more 16K units to 64K. By reducing the 512 TDC channels to 256 channels per spectrum,

which was achieved by shortening the registered flight time by delaying the start signal with

typically 140 ns, a maximum of 256 spectra per discharge could be sampled. This, however,

still meant that at least 10, if not 20, reproducible discharges were needed to gain enough

counting statistics. Although not impossible, the study of ion sawtooth behaviour was still

very hard to pursue.

Therefore a completely new solution was developed, in co-operation with the

'Zentrallabor fur Elektronik' of the Forschungszentrum Jiilich [Rei94]. This consists of the

usage of the memory capacity of an EISA PC, instead of CAMAC memory units (see Fig.

2.6). A total of 4096 spectra of 512 channels are stored in the PC's memory per discharge,

which allows the desired sampling frequency of 1 kHz to be reached. After the discharge the

data are transferred, via an Ethernet connection, to the VAX for further analysis and

archiving. The main advantage of this solution is that the data acquisition modules can be

kept within CAMAC and are still controlled via the CAMAC Serial Highway in the traditional

manner, including the delivery of timing and trigger information. Furthermore, due to the

compatibility of the PC with the existing system, it is quite easy to use the PC only for the

specific measurements where a sampling frequency of 1 kHz is needed, whilst for routine

measurements the old set up with only 32 spectra can be used. Thus valuable digital storage

space can be saved.
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CHAPTER 3

ANALYSIS OF RUTHERFORD SCATTERING

SPECTRA AT TEXTOR

3.1 Introduction

This chapter is devoted to the various aspects associated with analysing Rutherford

scattering spectra. The principal goal of the diagnostic is to obtain spatially and temporally

resolved information about the ion temperature of the plasma. Besides the ion temperature,

however, several other properties of the plasma also influence the characteristics of the

observed spectra. Some of them were theoretically anticipated, others came only to light

during the experiments. In Section 3.2 the effects of these plasma quantities on the

Rutherford scattering spectra are discussed. A short description of the technique used to

tackle the problem of data analysis, function parametrization, is given in Section 3.3. In

Section 3.4 the instrumental effects of the analyser and the calibrations which are needed to

assess them are described. A more detailed treatment of the application of function

parametrization to Rutherford scattering data is presented in Section 3.5. Finally, the effect of

the geometry of the diagnostic on the measurements is discussed in Section 3.6.

3.2 Effects of plasma properties on Rutherford scattering spectra

Theoretical considerations

From the theory of Rutherford scattering (Section 2.2) it can be deduced which

plasma quantities influence the energy distribution of the scattered beam particles. They are

the ion temperature (Tj), the drift velocity of the plasma ions (vno) in the direction of the

scattering vector which is defined by (v£ - u£), and the presence of more than one ion species

in the plasma. The influence of Tj on the width of the energy distribution of the scattered

particles has already been illustrated earlier (Fig. 2.2a). The impact of the two other plasma

properties on the observations is discussed below.

If the plasma ions experience a drift velocity VHO, the complete velocity distribution of

the scattered particles will be shifted as compared to the situation where bulk motion is absent

(Eq. (2.11). This is reflected in a change (ATOF) of the spectral position of the observed

time-of-flight spectrum. The induced shift can be calculated as a function of vno and is, for a

beam energy of 30 keV and a scattering angle of 7°, shown in Fig. 3.1. Given the
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experimentally found detection rate of the analyser and the maximum integration time which

still allows a reasonable time resolution, a shift in spectral position which exceeds

approximately 0.3 ns can be detected (see Section 3.5). Hence, if VHO < 104 ms"1 the induced

shift will disappear in the measurement noise.

Fig. 3.1 Change of the spectral position of the time-of-flight spectrum versus drift velocity

for 30 keV He-particles scattered over 7°. Changes that lie within the shaded area

disappear in the measurement noise.

Depending on the experimental set-up of the diagnostic, vno can be associated with

either toroidal rotation or poloidal rotation of the plasma ions. Toroidal rotation speeds of the

order of 105 ms-1 have been reported from several tokamaks during non-balanced Neutral

Beam Injection [Suc8l, Isl86, Wei89]. This is much larger than the detection threshold and

therefore toroidal rotation has to be included in the data analysis. Poloidal rotation speeds,

however, are at least one order of magnitude smaller than toroidal rotation speeds. This is

below the detection threshold of the diagnostic and poloidal rotation can be neglected.

Furthermore, usually measurements are performed in the centre of the plasma, where there is

no poloidal rotation at all.

One of the main problems, from a data analysis point of view, is the presence of more

than one ion species in the plasma. This can give rise to several energy distributions after

scattering of the beam particles, each centred around an energy which depends on the mass of

the plasma ion at which has been scattered (Fig. 2.2b). Although positioned at different

energies, the scattering distributions for the various ion types will in general overlap. To

estimate to which extent the 'ideal' spectrum for scattering on a pure D plasma will be
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distorted by the presence of impurities, the fraction of the total observed spectrum which

originates from scattering on impurities can be calculated. Three types of impurities are

considered in the remainder of this section, namely H, which in this context should be

regarded as an impurity, medium-Z ions (C and O) and high-Z ions (e.g. Fe, Ni, Cr).

Assume, for simplicity, that the plasma is only composed of D and one impurity. The

ratio /?impX) between the integrated scattering yields for the two ion species can be calculated

by using Eq. (2.14). It is, in very good approximation, given by

jNdet,imp(E)dE = n i m p Z j

jNd e t ,D(E)dE " nD

For the meaning of the different symbols, the reader is referred to Section 2.2. C D and Cjm p

play an important role in determining the influences of impurities in the plasma on the

observed spectra, since ionization of a beam particle during the collision will cause that

particle to become trapped in the magnetically confined plasma, which prevents it from

reaching the analyser. Donne and de Heer performed several calculations related to this

subject [Don87a, Don87b]. Their results indicate that the dominant cause of electron loss in

the energy range in which the beam is operated is charge exchange. The probability that the

30 keV beam atoms will be ionized during a small impact parameter collision of He+H or of

He+D is approximately 20%, whereas the ionization probabilities for scattering on C6* or

O8+ turned out to be larger than 96%. For high-Z impurities the probabilities are still larger

and almost equal unity.

Since both ZH - ZD - 1 and CH - CD, R\i,t> is equal to the nn/no ratio in the plasma

itself. Spectroscopic measurements of the intensity of the H a and D a lines indicate that there

is always a certain amount of H, typically 5-15%, present in the D plasma. Such a percentage

in the spectrum cannot be neglected and therefore scattering on H has to be included in the

data analysis. The influence of C and O on the measurements depends on the exact values of

Cc and Co- This can be seen in Fig. 3.2, where Rc,D is given as a function of Cc for

different percentages of C in the plasma. In practice, the combined concentrations of C and O

are very seldom observed to be larger than 3%, so in combination with the expected

maximum value for Cc (4%) it can be assumed that /?c,D will not exceed 0.05. If, for

example, the existence of C in the plasma is neglected and the ion temperature is deduced

purely from the width of the spectrum, assuming that all particles have been scattered on D, it

can by computer simulation be computed how large the introduced error is. It turns out that

even for /?c,D - 0.05, it will result in an underestimate of the temperature of less than 4%.

A similar statement can be made about the effect of O. As this is an upper limit and the actual

introduced error might even be smaller, scattering on C and O is not included in the data
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Fig. 3.2 Ratio between integrated scattering yields for scattering on C and Dfor different

percentages of C in the plasma, as a function of the probability that the He-

particle is still neutral after the scattering on C. The exact value ofRcj) depends

strongly on Cc(Eb), but is estimated to lie within the shaded area.

analysis. The very low concentrations of high-Z impurities in the plasma (<0.01%) and the

very small value for Q,igh-z (<1%) are more than enough to compensate for the Zjrap

dependence in Eq. (3.1). Scattering on high-Z impurities will therefore not show up in the

Rutherford scattering spectra.

In conclusion it can be stated that Tj and nn/np should always be included in the data

analysis, but scattering on medium-Z and high-Z impurities can be neglected. The influence

of viio is only important in the toroidal set-up of the diagnostic, when drift velocities can be

reached which are above the detection threshold of the diagnostic.

Parasitic peak

Experimentally, a phenomenon was observed which was not expected from

theoretical considerations, but which seriously hampered the interpretation of the spectra.

During additional heating of the plasma, a very narrow peak appeared in the spectra. This

parasitic peak completely dominated many of the spectra in the poloidal set-up (Fig. 3.3), but

was found to be less pronounced, though still distinguishable, in the toroidal set-up. In the

latter case the fraction of the spectrum composed of parasitic particles (fpar) amounts to about

20%, whilst in the poloidal set-up this could be as high as 80%. Furthermore, spectra

obtained during ohmic discharges were always more symmetric for the toroidal set-up than
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Fig. 3.3 Time-of-flight spectrum illustrating the extent to which the parasitic peak can

distort the observations (poloidal set-up).

for the poloidal set-up. This can also be explained by the dominance of the parasitic peak in

the latter case, as even a small contribution from the peak to a spectrum causes an

asymmetry. A detailed treatment of this phenomenon is given in Chapter 4; here it is

sufficient to know that the process which causes the peak involves ionization of beam atoms,

transport of the ionized particles in the plasma and subsequent neutralization in the line-of-

sight of the analyser. As the temperature and drift velocity of the ions in the scattering volume

do not effect the energy of these particles, the peak is always situated at the same position in

the spectrum, corresponding to the beam energy. It is obvious that this peak, which obscures

the spectrum of interest, cannot be neglected and can introduce a large error in the deduced

plasma properties. Therefore it should be included in the data analysis; only during certain

favourable experimental conditions the peak does not disturb the measurements.

3.3 Function parametrization

When performing measurements on a physical system, the problem of data analysis is

to retrieve the physical parameters ~$, which describe the state of that system, from the

measured parameters i f meas- Often, there is a computer simulation code M available which is

able to map "pronto a set of simulated 'measurements' if,
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t ' M("?). (3.2)

The best fit to the data is achieved by running the model M many times, each time adjusting

"p*, until satisfactory agreement between if and i f meas is obtained. The technique of

function parametrization (FP), however, uses a quite different approach. The aim of FP is to

find the inverse mapping of the model M, or, in other words, to find the direct mapping F of

the 'measured' onto the physical parameters:

f-FCqV" ,̂ (3.3)

where 11*1 is small. This is done by statistically analysing a data base consisting of typically a

thousand elements ("j?,lf ), where i f has been calculated from "j? by Eq. (3.2). Since a

comprehensive description of this technique can be found in the literature [Mil91], only the

main features of the method are discussed here. A more detailed treatment of the application

of FP to Rutherford scattering data is given in Section 3.5.

The first step of FP is the generation of the data base consisting of N elements

(~j?,lf). The parameters {pi, i - 1,..., Np), where Np is the number of physical parameters,

are varied randomly within certain ranges and the simulated 'measurement' parameters {qj, j

- 1,.... Nq} are calculated by applying M to "p̂ . The parameter ranges should be chosen

large enough to cover most situations expected to occur in the actual experiment and the total

number of elements should be large enough to draw statistically significant conclusions.

The second step of FP is reducing the dimensionality of the measuring space by

principal component analysis and performing a regression. This is done as follows. First,

each 'measurement' parameter qj is centred and normalized according to

(3.4)

where <qj> is the average value of qj in the data base and Oj its spread. These normalized

parameters are used to calculate the dispersion matrix D

( 3-5 )

Next, the eigenvalues and eigenvectors of D are calculated by solving the eigenvalue problem

D-ef - Xjef, (3.6)



Data Analysis 31

where k] > X2 ^ ... ^ ^Nq and lejfl - 1- Then the original set of calculated and normalized

'measurements' q are mapped onto the orthonormal eigenvectors ~e|:

(3.7)

These 'transformed' variables cjj have a standard deviation 8j - V kj and are uncorrelated

within the data base. Finally, the mapping F is obtained by performing a regression for each

physical parameter pj in terms of the transformed variables:

k-0 [ ©kj k-Ol-k+1

&J^l *, (3.8)
k-0 ^ OJ

where the functions <))n are Hermite polynomials of the n-th degree and the c's are the

regression coefficients. Ni is the number of qy used in constructing linear basis functions, N2

the number used in constructing quadratic basis functions, etc. Only the mapped

measurements which belong to the largest eigenvalues are used for this regression, as they

have the largest variation in the data base'. The method described here has been inspired by

the desire to stabilize the regression against collinearities, which are likely to exist between

the measurement parameters, and to use only the measurements which are most important for

the reconstruction of ~p?, whilst discarding those measurements which do not contribute

significantly to the reconstruction.

The third and last step of FP is to use the derived mapping F for the interpretation of

real measurements i f meas which, due to the fact that no time consuming fit procedures are

involved, can be done very fast.

For FP to work reliably, it is important that the error in the derived "p ,̂ 11*1 in

Eq. (3.3), is small. Two types of errors can be distinguished, namely systematic errors and

statistical errors. The systematic reconstruction error in pj, averaged over the complete data

base, is defined as

(£i.sys)2 - " N T T £ (

The statistical reconstruction error in pj can be estimated from
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(£i.stat)2 - N ' i ^ (F i (^+ t ) - Fi(t))2. (3-10)
s t a t Nstat

Here, Nstat is chosen arbitrary but not too small, and 5 is a vector of which the individual

components are chosen randomly from a normal distribution with a standard deviation that is

equal to the measurement error of that component. The total reconstruction error, which is the

combined effect of both errors, can be estimated from

(Eijec)2 - - N V J I (Fj(f+"8^) - (Pi))2. (3.11)

By varying Ni, N2, ... in Eq. (3.8), ei,rec can be minimized. By increasing the N's, EiiSys

decreases, but £irStat increases because higher order basis functions are more sensitive to

noise. Therefore a minimum exists where e ^ c is smallest.

Finally, it should be checked to what extent the measurement if meas is within the

generated data base. This is done by computing a reconstruction qualifier Q, which is defined

as

Q _ 1 XJ3jneas)L
Nq N U ( e - ) 2q Nq

where £"meas is the relative error that the transformed measurements suffer due to the

measurements errors. If Q = 1, the measurements are well represented in the data base.

However, if Q » 1 for a particular measurement, the results obtained by FP are extrapolations

beyond the boundaries of the simulated subspace and no indication of the accuracy of these

results can be given.

3.4 Instrumental effects and calibration of the analyser

The two instrumental properties of the analyser which effect the measurements are the

efficiency, T|an, and the instrumental broadening, /inSt, both a function of energy. The former

influences the detection rate, which should obviously be as high as possible, whereas the

latter determines the energy resolution of the analyser, which should be as low as possible

(< 3%). Especially the thickness of ionization and start foil have a great impact on rian and

on /inst, because of the induced angular and energy straggling. Therefore, foils which are as

thin as possible (< 1.0 fig/cm"2) are used. Such surface densities only amount to about 30

atomic layers, so extreme care has to be taken when handling these foils.
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To be able to set up the data base needed for FP it is necessary to know the (relative)

efficiency of the analyser and the instrumental function for every energy of an incoming

particle. This is achieved by measuring 1 ^ and /inSt for a number of different energies, and

by subsequent parametrization of t|an and of the parameters which describe /inst as a function

of energy. In this section the calibrations which are needed to asses these instrumental

properties are described and examples of the obtained parametrizations are given.

Selection ofionization and start foil

During shut-down periods of TEXTOR both the ionization and the start foil are

exchanged for fresh ones, since routine maintenance of and (sometimes) alterations to the

analyser are very likely to have a destructive effect on the foils. For every combination of

foils used, however, a complete set of calibrations needs to be carried out and analysed.

Hence, once the ionization and start foil which are to be used during a measuring campaign

have been selected from the eight foils which can be mounted on each of the two revolving

wheels, the chosen combination is kept fixed as much as possible. Furthermore, as it is not

feasible to dismount the analyser and perform the calibration at a test stand, it has to be

performed in situ.

The first step after mounting new foils in the analyser is to investigate which of the

foils survived the mounting procedure and to select the optimum combination of ionization

and start foil. To be able to do this, energetic particles entering the analyser are needed. These

are created by operating the beam line of the diagnostic at about 30 keV and by filling the

TEXTOR vessel with a 'cold' gas, usually D2, at a gas pressure of about 5x10 5 mbar. The

exact beam energy is not important at this point of the calibration.

When selecting the best ionization foil, is should be borne in mind that maximizing

the count rate for the different foils does not necessarily lead to the best one. Since there is no

magnetic field present during the calibrations, ionized He beam particles which are created by

charge exchange during the scattering process (Section 3.2) can reach the detector. When an

ionization foil is broken, they can also pass through the magnetic achromat and subsequently

create TOF signals. Since neither ionization by a foil is needed, nor angular straggling is

induced by the foil, the sensitivity of the analyser without ionization foil for detection of ions

is 10 - 100 times higher than for detection of neutral particles which enter the analyser and

traverse an ionization foil. The ions, however, do not experience the energy loss of

approximately 1 keV which occurs when a 30 keV He-particle traverses a carbon foil with a

surface density of about 1 ng/cm2. By measuring the TOF spectrum for a certain ionization

foil, using an arbitrary start foil, and comparing this with the spectrum that has been obtained

for a 'no-ionization' foil situation, conclusions can be drawn about the state of the foil under

consideration. To be able to do this, there is always one empty frame mounted on the wheel.

If the foil is completely broken, both spectra appear at the same position, but if the foil is
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Fig. 3.4 Time-of-flight spectrum obtained for scattering on a cold D2-gas. The ionization

foil under consideration was partly broken, as can be judged from the two

overlapping spectra of which the spectrum is composed.
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Fig. 3.5 Efficiency of the analyser versus particle energy. The strong decrease of the

efficiency below 23 keV is due to the lower cut-off energy of the achromat of the

analyser. The fit to the data has been obtained by a cubic splines fit.
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in tact, the spectrum is shifted to somewhat lower energies and shows an additional

broadening. Also partially broken foils can be diagnosed in this way, as two overlapping

peaks appear in the spectrum (see Fig. 3.4). An additional advantage of this method is that

from the shift and the additional broadening the thickness of the foil can be calculated

accurately, if desired [Lin63, Bon71, Zie77].

After the best ionization foil has been selected, the best start foil can be chosen. This

is done by keeping both the gas pressure in the vessel and the beam parameters constant. In

this case maximizing the count rate does directly lead to the best foil. Fine tuning of the

voltage which is applied to accelerate the secondary electrons can also result in a somewhat

higher count rate (< 10%). This is probably due to the exact location of the foil with respect

to the magnetic fields used for deflecting the electrons: the foils are mounted on frames of

8x 12 mm and the extent to which the centre of the foil sags could very well differ for

different foils.

Efficiency of the analyser

Once the optimum performance of the analyser has been found, the relative efficiency,

Tianjei, can be determined as a function of energy. The energy of the particles that enter the

analyser can be varied by changing the energy of the beam particles. Since both the mass of

the gas atoms on which is scattered and the scattering angle are known, the energy of the

incoming particles can be calculated. The spread in energy, which is due to the finite size of

the scattering volume, amounts to less than 50 eV, whereas the total instrumental broadening

is about 1 keV. Hence, it is assumed that the scattered particles are monoenergetic. The

efficiency measurement is performed by alternately switching the magnetic field of the

achromat on and off, and respectively counting the number of TOF signals, nxoF. and the

number of particles in the viewing dump of the analyser, naump- To be able to do this, a

microchannel plate (MCP) is mounted in the viewing dump. From the literature [Mac76], it

can be concluded that the sensitivity of an MCP to protons does not vary strongly in the

investigated energy range. If it is now assumed that the quantum efficiency of an MCP for

the detection of He-particles does not change significantly within this range either, ndump is

proportional to the number of particles entering the analyser. n-roF/ndump now directly yields

Tlanjel-

An estimate of the absolute efficiency, T)an, can be made by assuming that the dump

detector and the stop detector, both MCP's, have similar efficiencies. Although the efficiency

of the dump detector cannot be measured, the efficiency of the stop detector can be, by using

special coincidence techniques when performing the calibrations [Blo92]. By employing the

ray-tracing code TURTLE to estimate the particle losses in the flight tube caused by angular

straggling in the start foil [Car82], a quantum efficiency of 3O±5% has been deduced for the

stop detector. This results in Tian = 0.5%, as can be seen in Fig. 3.5 where the result of a
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series of efficiency measurements is shown. The strong decrease for energies below 23 keV

is due to the lower cut-off energy of the achromat, since an energy window of 22.5 -

37.5 keV had been selected. A parametrization of the efficiency as a function of the particle

energy can be made by performing a cubic splines fit to the data, the result of which is also

indicated in Fig. 3.5.

During the efficiency measurements care has to be taken to select the proper beam

extraction current for every energy used in the calibration. If too many particles enter the

analyser, the dump detector might become saturated (107 s"1) and distort the measurements.

If too few particles enter the analyser, only very few TOF signals will be generated and a

long integration time is needed to gain enough statistics. This, however, means that slow

variations of the beam parameters in time might effect the calibrations. Operating the beam at

about 2/3 of the maximum extraction output proved convenient for most energies, and kept

the duration of a complete measurement for a certain energy within one minute. Alternatively,

the gas pressure inside the vessel can be adjusted.

Instrumental JUnction

For the transformation of TOF spectra to energy spectra, an absolute time calibration

of the analyser has been performed earlier [Blo92]. The relation between the energy, E (eV),

of a particle entering the analyser and the measured flight time, tm e a s (s), is given by

tmeas . X° - to (3.13)

"Y — (E - f]oss(E,Sj0n) - floss((E-floss(E,Sion))>SStart))

where xo is the length of the flightpath (m) and fiOSs(E,S) is the energy loss in a foil (eV),

which is proportional to the surface density S. to (s) is a time constant which accounts for the

delays in signal cables and electronics, but also for the flight time of the secondary electrons

in the start detector. During the optimization of the analyser, both the foils and the voltage

applied for the acceleration of the electrons are changed, which means that SjOn. S s t a r t and to

are changed, too. Sj o n can be measured in situ, as was explained above, but Sstart cannot be,

though it can be assumed that Sstart - Sion ^ b ° t n foils have been mounted from the same

series of foils. The value of to, unfortunately, can certainly not be measured accurately in

situ. For this reason it was prefered not to include a TOF to energy conversion in the data

analysis, and thus exclude systematical errors as much as possible.

This is achieved by calculating what the expected TOF spectrum is for an arbitrary set

of physical parameters, instead of the expected energy spectrum. To be able to do this, / j n s t r

must be known in TOF-space for every energy of an incoming particle. The convolution of

the energy spectrum of the scattered particles with /jnstr is then performed by summing the
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Fig. 3.6 Example of a recorded instrumental function, to and tsput (along with a, not

indicated in the figure) are used for the parametrization of the spectrum.

instrumental functions, with the weight of a particular /instr(E) depending on the number of

particles which have been scattered in a small energy range about E.

An example of a recorded instrumental function is given in Fig. 3.6. The spectrum is

Gaussian shaped with a tail in the direction of longer flight times. Hence, it can conveniently

be parameterisized as

I: finstCO - aoexp

H: finst(t) - boexp(bi(tSpiit-t))

if t

ift>t s piit .

(3.14.a)

(3.14.6)

By demanding finst(t) to be continuously differentiable in tspiit, bo and b\ can be expressed in

terms of ao, to, o and tspijt. In this way a smooth fit is obtained. In Fig. 3.6, where the fit to

the data is also shown, it can be seen that the spectrum is indeed represented very well by Eq.

(3.14). Similar fits of good quality were found for all selected energies.

After the instrumental function has been measured and parameterisized for several

energies, the parameters to, o and tspijt are themselves parameterisized as a function of

particle energy by a power fit. ao depends only on the number of scattered particles and has

no significance here. The results for to and tspiit can be viewed in Fig. 3.7a. The data points

are seen to be very well described by the obtained parametrization. In Fig. 3.7b the same is
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shown for o. Although the scatter in the data points is larger than for to and tspiit, the derived

parametrization is still satisfactory.

(n
s

)

4)

2 4 0

2 3 0

2 2 0

2 1 0

2 0 0

— ^ ^ »

—

_
1 I I 1 1 I

1 1 1 1 I

(a)

-

I I I ! i N

2 . 2

2.0 -

1 . 8 -

1 . 6 -

1 .4

I

-

1

1

1

1

|

\

)

N
o

1

1

L o

o

1

1

0

1

1

\

1

1

1

I

Q

1

1

( b )

I

22 24 26 28 30 32 34

energy (keV)

Fig. 3.7 Results of the parametrization of to and tsput (a), and a (b), as a function of
particle energy.
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3.5 Application of function parametrization to Rutherford scattering data

Generation of the data base

As mentioned in Section 3.3, the first step of FP is to generate a data base. Several

decisions have to be taken before this can be done. The first one involves the velocity

distribution of the plasma ions which enters into the differential cross section for Rutherford

scattering. It is assumed that both H and D have a Maxwellian velocity distribution. This

assumption can be justified, since the method of Rutherford scattering is mainly sensitive to

the lower part of the velocity distribution (E < 2kT). So even if the distribution has a non-

Maxwellian tail, e.g. with NBI heating, it will in the worst case have only a very weak effect

on the measurements [Blo91]. Furthermore, it is assumed that both distributions have the

same temperature. This assumption is supported by computer simulations, which revealed

that the difference in Tj should exceed about 25% to become observable. If, however, these

assumptions are invalid, systematical discrepancies will be found between measured and

reconstructed spectra, and will thus be noticed.

The second decision is to select the range in which the four physical parameters (Tj,

nH/"D» VIIO and /p a r) must be varied. When measurements are performed with low magnetic

field (< 1.9 T), the parasitic peak is hardly present. Furthermore, during ohmic discharges

(or discharges with balanced NBI heating) hardly any or no toroidal rotation of the bulk ions

is expected. In these cases it is advisable to vary these parameters only over a small range, so

as to bring out the dependence on the other parameters in more detail. This implies that for

different experimental circumstances separate data bases need to be set up and analysed, each

tailored to the experimental conditions under investigation.

The third and final decision involves the way in which the measurements are

represented. In an early version of FP the moments of the expected TOF spectrum were

computed and used as the components of the measurement vector i f . This choice was

triggered by the idea that the first moment of the spectrum, i.e. the average value, was

strongly linked to the toroidal rotation velocity, and the second moment to the ion

temperature. It was found, however, that the measurement errors in the higher order

moments (> 3) were so large, that only the first three moments could be used. This, of

course, turned out to be inadequate for a reconstruction of all four physical parameters.

Therefore it was preferred to adopt a different approach. Instead of calculating the moments

of the expected spectrum, the spectrum is normalized to yield the probability to detect a

particle in a certain TDC channel (see Section 2.5). The exact number of channels which can

be used for this purpose depends on how many channels cover the spectrum of interest.

Usually 60 channels are used. It should be noted that the channels are situated relatively close

to one another (0.625 ns) with respect to the o of the instrumental function (1.5-2.1 ns, see

Fig. 3.7.b). Although this reduces the relevance of an observation in a single channel, the
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number of measurements has in this way increased dramatically. FP, when applied to these

measurements, will detect automatically in which channels the most significant information

can be found.

Optimization of the reconstruction and influence of the count rate

After a data base has been set up in this way, it can be statistically analysed following

the method described in Section 3.3. As an example, FP is applied to a data base set up for

ohmic discharges. The data base consists of N - 1000 simulations, and the four physical

parameters were generated from a truncated Gaussian probability distribution. For each

parameter an average value and a variance were defined, and to prevent the generation of

extremely unlikely situations a minimum and maximum value were also defined. In Table 2

both the selected and generated values of Tj, nn/no. vno and fpai are given.

average

variance

minimum

maximum

Ti(eV)

selected

700

300

10

1200

generated

669

256

15

1200

nrj/i

selected

10.0

8.0

0.0

25.0

iH (%)

generated

11.2

6.1

0.0

25.0

vno(lO4ms-1)

selected

0.0

1.0

-2.5

2.5

generated

0.0

0.9

-2.5

2.5

foar

selected

2.0

3.0

0.0

10.0

(%)

generated

3.3

2.1

0.0

10.0

Table 2. Some characteristics of the 'ohmic' data base used as an example.

FP starts by computing the eigenvalues of the dispersion matrix D. In Fig. 3.8 the

natural logarithm of the first 20 eigenvalues is displayed versus the index number. It can be

seen that the first 12 eigenvalues decay exponentially with their index number. Such an

exponential decay is predicted by theory [Mil91a]. The different behaviour for higher index

numbers is due to the finite computational accuracy. In the same Ref. it is also suggested that

a cutoff in index number Xc can be defined which depends on the relative error in the

measurements (erei):

- (3erel)
2- (3.15)

Only eigenvectors which have an eigenvalue X > Xc are considered to be significantly above

(i.e. 3erei) the measurement noise level. Eigenvectors with eigenvalues X < XQ are thought to

be too sensitive to measurement noise, and can be discarded. Here an important feature of

any physical experiment is encountered: the measuring accuracy. For the type of experiment

under consideration, the measuring accuracy is determined by the counting statistics. The
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more particles are collected in a spectrum, the smaller the error in the measurements becomes.

This has been investigated a little further by computer simulations.

The probability distribution to detect a particle in the TDC channels has been

calculated for a certain combination of physical parameters (T; - 0.9 keV, nn/no - 10%,

VIIO - 0 ms"1, /par - 3%). A number of events (ncnts), corresponding to the number of

detected particles in a spectrum, is now generated from this probability distribution and a

- 5

10

i *

I

i

I

•

i

i

-

-

i

5 1O 15

i , index number

2 0

Fig. 3.8 Eigenvalues of the dispersion matrix D versus their allocated index number,

computed for the 'ohmic' data base used in the example.
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Fig. 3.9 Relative measurement error versus channel number for, from top to bottom, l(fi

103,104 and 105 particles per spectrum, computed from a simulated experiment.
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spectrum is built up. This procedure is repeated a hundred times. From the spectra which

have been generated in this way, the average probability to detect a particle in a channel and

its spread are calculated. The spread can be identified with the measurement error in a

particular channel for the generated number of events. In Fig. 3.9 the relative error in the

measurements is displayed versus channel number for four cases: 102, 103, 104 and 105

particles per spectrum. The error is seen to increase dramatically with decreasing ricnts- It can

also be observed that the error is always smallest in the central region of the spectrum

(channels 330 - 355), which can be expected since in these channels most particles are

detected. By averaging erei over all 60 channels erei can be computed as a function of ncnts.

and therefore also Xc and Ni, the number of significant linear basis functions. The result of

these calculations is given in Table 3.

ncnts

100

1000

10000

100000

£rel (%)

102.7

32.18

10.12

3.23

9.492

0.932

0.092

0.009

ln(Ac)

2.25

-0.07

-2.38

-4.67

Ni

2

4

4

6

Table 3. Average relative measurement error, cutoff eigenvalue and estimated number of

linear basis functions suitable for reconstruction as a function of number of

counts in a spectrum.

From Table 3 it can be estimated how large Ni should be. However, as indicated in

Section 3.3, the reconstruction error can also be minimized accurately by varying the number

of basis functions in Eq. (3.8). First Ni is varied, while all other N's are set to zero. When

Nj is optimized, N2 is varied, etc. The resulting reconstruction errors for the physical

parameters are given in Table 4, along with the number of basis functions used. A number of

conclusions can be drawn from the results.

- Ni does not in all cases correspond with the estimate given in Table 3. Therefore it is

worthwhile to perform the optimization for every data base being analysed.

- Given that Tj is about 0.9 keV in the centre of the plasma during ohmic discharges at

TEXTOR, about 2000 particles per spectrum are needed to obtain a ATj/Tj of 10%. This

is much larger than the 200 particles claimed by Notermans [Not82]. The difference can

be explained by the fact that Notermans fits a simple Gaussian to the data, neglecting

dependencies on nn/no, vno and /p a r , which is not justified for this kind of experiment.

- nn/iiD is usually between 5-15%. So to allow a statistically reliable statement on this

quantity to be made, more than 104 particles are needed in a spectrum.
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Rotation speeds > 104 ms"1 should indeed be detectable, as mentioned in Section 3.2.

Increasing nets per spectrum from 104 to 105 does not result in a much higher accuracy.

Quadratic basis functions only improve the reconstruction when count rates are involved

which are not realistic.

ncnts /oar(%) N2

100

1000

10000

100000

336

122

45

33

11.0

6.7

4.5

4.0

2.4

0.9

0.7

0.6

3.3

2.1

1.7

1.5

2

2

4

6

0

0

0

1

Table 4. Reconstruction error in the four physical parameters and the number of basis

functions used to achieve the smallest reconstruction error as a function of

number of counts in a spectrum. N] should be compared with the values for N[

from Table 3.

These results should be compared with the experimentally found detection rate of the

diagnostic. This amounts, depending on the plasma density, on average to 5 x 103 s*1. From

Table 4 can then be estimated that, for ohmic discharges, the ion temperature can be

determined with a 10% accuracy once 2000 particles have been detected, so approximately

every 400 ms. Decreasing the integration time per spectrum to 100 ms will result in an error

in Tj of about 18%. Furthermore, statistically reliable statements about nn/no are hard to

make. An integration time of about 2 s is needed to amass the 104 particles needed. At

TEXTOR the flat top is about that long, therefore it might just be possible to reach a

conclusion for discharges where the plasma parameters are not changed during the discharge.

Finally, it is very hard to deduce vno for ohmic discharges. However, by analysing many

reproducible discharges it might be possible to arrive at a conclusion about vno for ohmic

discharges. By reversing the plasma current, which inverses vno too, and again analysing

many discharges, systematic errors in the deduction of VHO can be detected and thus excluded.

Application to real measurements

After the reconstruction has been optimized, the results can be applied to actual data

obtained with the diagnostic. In the normal set-up of the diagnostic, the scattering angle is 7°

and the scattering volume is positioned at the centre of the plasma (see next section). The

spectra were sampled with an integration time of 100 ms, so for the standard discharges

under investigation an error in Tj of about 18% can be expected. In Fig. 3.10 the plasma

current (Ipi), line-averaged electron density (ne) and central electron temperature (Teo) for a
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Fig. 3.10 Plasma current (a), line-averaged electron density (b) and central electron

temperature (c)for a typical ohmic discharge at TEXTOR.
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Fig. 3.11 Standard output from FP for the same discharge as in Fig. 3.10, consisting of

the time traces of the number of detected counts (a), central ion temperature (b),

the ratio between H and D in the plasma (c), percentage of the spectrum within

the parasitic peak (d), drift velocity (e) and the reconstruction qualifier (f).
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typical ohmic discharge at TEXTOR are given, whilst in Fig. 3.11 the standard output from

the data analysis is shown. This consists, from top to bottom, of the time traces of ncnts, Tj,

. /par. VHO and the reconstruction qualifier Q. Several observations can be made.
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Fig. 3.12 Measured spectra and fits obtained by FP during an ohmic discharge for

approximately 500 (a), 5000 (b) and 25000 (c) counts per spectrum. In all cases

Ti0 = 1.0 keV.
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- Quasi-neutrality predicts a strong coupling between ion and electron density. Therefore

the time evolution of ncnts, which is proportional to the local ion density in the centre of

the plasma, is expected to be similar to the time evolution of ne. This can indeed be

observed.

T; is about 0.8 keV during the flat top phase, and decreases at the end of the discharge.

As in ohmic discharges the ions are heated by the electrons, it is expected that Tj does not

rise above Te, and that T, decreases towards the end of the discharge.

The results for nn/no and / p ^ exhibit a considerable scattering. This can be expected, as

was illuminated above.

- VIIO is about -2xlO4 ms-1 during the flat top, and approaches zero towards the end of the

discharges. This is just abobe the expected detection level indicated in Fig. 3.1. A

detailed study of VHO can be found in Chapter 6.

Q = 1 for most of the discharge, so the accuracy estimates made before indeed apply.

Only towards the end of the discharge Q increases slightly. This is caused by the

decreasing count rate which introduces a large measurement error.

To illustrate the effect of ncnts on the observations, three spectra and the fits to the

data are shown in Fig. 3.12. The fits have been obtained by analysing the spectra by FP and

using the obtained values of ~p*. The integration times of the spectra were a) 100 ms, b)

1000 ms and c) 5000 ms. The long integration time was obtained by summing spectra from

several reproducible discharges. In all cases the fits represent the measurements well, as

indicated by a y} of, respectively, 0.69, 0.45 and 0.81. However, only in case c it can be

200

200 210 220 23O 240

time-of-f light (ns)

2 5 0

Fig. 3.13 Example of a fit obtained by FP during an additionally heated (NBI) discharge.

The parasitic peak is clearly seen in the spectrum and well diagnosed by FP.
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judged by the eye that the fit indeed is excellent. An example of the application of FP to a

discharge with NBI-Co injection (H°->D+, 1.4 MW, Ipl - 350 kA, iTe - 3.0x1019 m-3) is

given in Fig. 3.13, using another optimized data base. The results (Tj - 1.8 keV, n\\lnn -

23%, VIIO - 6.4xlO4 ms"1 and fVM - 17%) again produce a good fit to the data: y} - 0.69.

The dependence of the deduction of Tj on the number of counts has also been

investigated experimentally. A total of 13 reproducible discharges, all with a flat top of more

than 1.5 s, was analysed in the following way. The T, of 11 spectra (integration time of

100 ms, about 500 counts per spectrum) obtained during the flat top was deduced and

compared to the Tj deduced when all spectra were summed (integration time 1100 ms). It

may be noted that the 'summed' Tj agreed very well (< 1 % deviation) with the computed

average Tj of the 11 spectra. The relative deviation of each of the 11 temperatures from the

average value was calculated, and stored in a histogram with a width of 5% per channel. In

this way all 143 spectra were characterized. The result is shown in Fig. 3.14. The histogram

can be interpreted as an indication for the spread of the results for ncnts - 500, and thus as an

indication of the accuracy of the method. The variance of the Gauss function that was fitted to

the data, which can be associated with the measurement error, is 18%. This is in excellent

agreement with the 18% estimated earlier. It can therefore be concluded that the error

analysis, made before, indeed applies and gives a good estimate of the accuracy of the

method.

c
01
>
V

o

Fig. 3.14 Spread of experimentally found ion temperatures in individual spectra relative to

the average value of the summation of the spectra. Fitting a Gaussian curve to

the distribution yields an estimated measurement error of approximately 18%.
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3.6 Geometric effects

The spatial and temporal resolution of the diagnostic are strongly linked to one

another. The best spatial resolution can obviously be obtained by using a large scattering

angle (8), just as the broadening of the energy spectrum of the scattered particles would

benefit from this, but the total scattering yield decreases as shr4(8). Therefore, an optimum

has to be found between the two which, in practice, turned out to be 0 - 7°, although

sometimes 6° and 8° were used as well. These are relatively small angles. Therefore the non-

zero size of the scattering volume might influence the observations, and the effect of the

geometry of the diagnostic on the measurements has to be investigated.

analyser
sight profile ~^

beam -
intensity
profile

He-beam J | [

Fig. 3.15 Schematic of the scattering volume with weight factors.

The scattered particles that are observed by the analyser originate from the scattering

volume, which is defined by the intersection of the probing beam and the observational

volume of the analyser (Fig. 3.15). The beam diameter can be calculated for any given

position in the plasma, since the diameter of the upper limiting diaphragm of the beam line is

known (16 mm) and the divergence of the beam is estimated to be 5 mrad. The observational

volume of the analyser is well defined by two apertures in the entrance tube of the analyser.

For a beam diameter B of 24 mm, a width of the observational volume A of 20 mm and a

scattering angle 6 of 7° this results in a total length L of the scattering volume of 351 mm.

However, the actual spatial resolution of the diagnostic is better, since weighting occurs

towards the centre of the scattering volume by a number of causes. First, if it is assumed that

Tj for any position along the z-axis (Fig. 3.15) in the plasma does not change significantly
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within the circle defined by the intersection of the beam and the x-y plane, the three

dimensional scattering volume is effectively projected onto one vertical line. This assumption

is realistic since the radius of the beam (< 25 mm) is much smaller than the minor radius of

TEXTOR (500 mm), and the flux surfaces are, at the position of intersection with the beam,

approximately perpendicular to the z-axis. Second, the beam current profile is not flat but is

peaked in the centre, thus weighting towards the centre of the scattering volume [Blo90].

Third, the analyser sight profile, defined by the diameters of and the distance between the

two diaphragms in the analyser entrance tube, is trapezium shaped. These effects will add up

to a Gaussian shaped total intensity profile. For the parameters mentioned above 75% of the

particles originate from an effective length L' of 169 mm.

1000

8 0 0

> 600

4 0 0

2 0 0

- B-3

-50 -25 0 25

vert, position (cm)

5 0

Fig. 3.16 Temperature profiles expected to be measured for different scattering angles,

along with the 'real' profile. Especially in the outer region of the plasma the

differences can be quite considerable

Another factor which influences the measurements is introduced by the ion density

(nj) profile. As the scattering yield depends linearly on the local n;, more particles will be

scattered from regions with higher densities, thus weighting towards the centre of the

plasma. When measuring in the centre of a plasma with ne - 2.25 x 10^ m~3, the standard

value for ohmic discharges, and assuming that the electron and ion density profile have the

same shape, L' decreases even further. For the parameters mentioned above, L' - 129 mm.

Simulations, in which all these effects have been taken into account, show that the measured

Tio will therefore only be slightly smaller than the 'real' T,o. For G - 7° the difference is, for
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this example, only 3%. However, temperatures obtained at positions in the outer regions of

the plasma can, especially for small scattering angles, be considerably larger than the actual

ones. This is illustrated in Fig. 3.16, where the temperature profiles expected to be measured

are given for several scattering angles, along with the 'real' profile. Note the slight

asymmetry, which is mainly caused by the divergence of the probing beam.

These results can be used to correct a measured (relative) n, or T; profile for geometric

effects. This is illustrated by the following example. Measurements were performed during a

series of reproducible ohmic discharges (Ipi - 350 kA, n e - 2.5 x 1019 n r 3 ) for two

scattering angles: 6° and 7°. The position of the scattering volume was adjusted on a shot-to-

shot basis by shifting the analyser. The injected helium beam current was kept constant

(10 mA) for all discharges. The obtained spectra were analysed, yielding for each position

the measured Tj and the number of particles scattered on hydrogenic ions. This number has

been calculated by correcting the total scattering yield for the observed percentage of parasitic

particles in the spectrum. The n; and T; profiles were found by computing what the measured

profile would be for a certain assumed 'real' profile and comparing this with the

measurements. Iteration yielded the best fit. The profiles were described by

f(r) - ct(l-(r2/a2))P, (3.16)

with a - 46 cm the position of the limiter. In Fig. 3.17 the results for the density profile are

given for both scattering angles. The lines represent the best fits, i.e. the (normalized) 'real'

density profiles, and the open and closed dots the measurements for 6° and 7°, respectively.

In Table 5 the fit parameters are given: the agreement is very good, a is a function of

scattering angle and only given for the sake of completeness. R1/2 is the halfvalue radius.

Comparison with the 1% profile, as measured by an interferometer, showed that the profiles

were shaped almost identically. Fig. 3.18 and Table 5 show the results for the obtained Tj

profiles. The nj for weighting was chosen as P - 1.15 for both angles. The agreement be-

tween the two profiles is not as good as that for the density, but still satisfactory.

Comparison with the temperature profile, as deduced from neutral particle analysis, showed

good agreement.

These results show good internal consistency, i.e. the two different scattering angles

yield almost identical results, and also good external consistency, i.e. comparison with other

diagnostics showed good agreement. It can therefore be concluded that the approach outlined

here is valid, gives a good description of the geometric effects and can be used to analyse

profile measurements. It should of course be borne in mind that a priori an assumption is

made about the shape of the profile.

The spatial resolution of the diagnostic, however, could be considerably improved if

the scattering volume was not adjusted in vertical direction, but in horizontal direction along
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Fig. 3.17 Normalized ion density profiles obtained for two scattering angles.

Measurements and best fits are indicated by open circles and the dotted line for

6° and by closed circles and the solied line for 7°.
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Fig. 3.18 Ion temperature profiles for the same scattering angles as in Fig. 3.17.
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the major radius. This would of course involve a simultaneous lateral movement of the beam

line and the analyser. The nj and Tj profiles would in that case always cause the measurement

to be weighted very much towards the centre of the scattering volume. Furthermore, the

further the scattering volume is being positioned in the outer region of the plasma, the less

flux surfaces are intersecting with the scattering volume. This means that change of nj and T;

in the scattering volume will be not so pronounced as in the centre of the plasma. This

implies that the largest difference between measured and 'real' temperature would be found

in the centre of the plasma and would therefore, for every position in the plasma, amount to

less than 3% for 9 - 7°.

6°

r

( a )

(7670 ±

(3650 ±

Ion

50)

40)

density profile

3
1.10 ±0.08

1.20 ±0.07

R]/2

31.5

30.5

(cm)

±0.8

±0.7

Ion temperature profile
cx(eV)

916±40

965 ± 30

1.17

1.52

P
+

±
0.25

0.15

Rl/2

30.8

27.8

(cm)

±2.5

± 1.1

Table 5. Fit parameters for the density and temperature profile for two scattering angles.
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CHAPTER 4

THE PARASITIC PEAK

IN RUTHERFORD SCATTERING SPECTRA

4.1 Introduction

As mentioned in Section 3.2, during additional heating of the TEXTOR plasma by

means of ICRH or NBI almost always a narrow peak appeared in the Rutherford scattering

spectra. This parasitic peak could be so pronounced that it completely dominated the spectra

and seriously hampered, if not made impossible, the interpretation of the spectra of interest.

Up to now, the peak was attributed to scattering on high-Z impurities. The small mass ratio

between beam particle and plasma ion prevents any significant thermal broadening of the

peak to become visible [Blo92]. The Z2-dependence of the Rutherford cross section would

explain that only a small amount of high-Z impurities could already be sufficient to account

for the observations.

Problems of this kind with Rutherford scattering were not only observed at

TEXTOR. At JT-60 even two different kinds of parasitic peaks were observed.

One of the phenomena could be characterized by a strong dependence on the safety factor

at the edge of the plasma, qa. The energy distribution of the detected particles resembled a

slowing-down spectrum of fast ions with a large particle loss [Tob90]. An explanation

has been given in terms of electron capture of He+, which in its turn is produced by one-

electron loss of the He0 probing beam via collisions near the plasma boundary. The He+

is trapped in banana orbits and the observed qa dependence is explained by the condition

that the banana tips have to be in the line-of-sight of the analyser. The slowing down of

the ions is caused by pitch angle scattering in the peripheral plasma.

- The other phenomenon resembles the TEXTOR case in its features. A possible

explanation for this peak at JT-60 has been given by Donne et al. by means of scattering

on C and/or O[Don89].

In this chapter, the above explanations are compared with recent experimental results

obtained with the Rutherford scattering diagnostic at TEXTOR. It is found that scattering on

impurities cannot account for the observations made at TEXTOR [Tob90]. A new

explanation is proposed, based on trapping of ionized beam particles in banana orbits as in

the banana orbit theory formulated by Tobita et al., but on a different q surface in the plasma.

The chapter is set up in the following way. In Section 4.2 some generally observed

characteristics of the phenomenon at TEXTOR are described, together with three possible
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explanations of the peak. In Section 4.3 experimental results from TEXTOR are compared

with the high-Z hypothesis. In Section 4.4 the same is done for the banana-orbit theory. In

Section 4.5 the second parasitic peak observed at JT-60 is briefly discussed. Finally, the new

explanation for the TEXTOR case is proposed and discussed in Section 4.6.

4.2 General observations of the parasitic peak

General features

An example of the phenomenon which features in this chapter has already been given

in Fig. 3.3, displaying a time-of-flight (TOF) spectrum as observed during an additionally

heated discharge. A very narrow peak is clearly visible in the spectrum, which shows no or

hardly any broadening as compared to the instrumental function, and which is centred very

near the energy of the probing beam particles. The part of the spectrum which is thought to

be caused by scattering on thermally moving bulk ions is also indicated in the figure, and

shows considerable broadening. This can be expected for additionally heated discharges,

since Tio is expected to rise substantially above 1 keV for these experimental conditions. It is

clear that the parasitic peak obscures the spectrum of interest. Apart from curiosity, an

explanation for the occurrence of the peak should be looked for, as this might provide the

clue on how to suppress it.

160

140 _ parasitic peak

200 210 220 230

time-of-flight (ns)

2 4 0

Fig. 4.1 Example of a time-of-flight spectrum, exhibiting the parasitic effect for the

toroidal set-up. This spectrum should be compared with Fig. 3.3.
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The example shown in Fig. 3.3 has been obtained in the poloidal set-up of the

diagnostic. In this set-up, the presence of the peak in the spectrum is always coupled to an

increase in ncnts. This increase can be very rapid, as is usually the case with ICRH, but can

also happen on a longer timescale, as is mostly observed with NBI, and can be as much as

400% with respect to the ohmic case. In the toroidal set-up, however, such large increases

are not observed: it never exceeds 100%. Moreover, after switching on NBI the count rate is

in some cases even seen to decrease rather than increase in this geometry. This much

diminished effect is illustrated in Fig. 4.1, where a spectrum obtained during a discharge

with approximately similar plasma parameters as in Fig. 3.3 is given. The difference in

intensity of the peak between poloidal and toroidal set-up has been observed systematically

and is one of the most striking features of the phenomenon. Even spectra obtained during

ohmic discharges showed, after detailed analysis, always a small peak in the poloidal case,

but it could not be detected in the toroidal one.

Apart from the experimental set-up, the intensity of the peak was found to depend on

several other factors. First, the amount of applied additional heating played a significant role.

The more power was applied to the plasma, the higher the intensity of the peak usually was.

Second, the type of beam species used for NBI appeared to have an impact on the

observations. When H was used, the intensity was almost always less than when D was

used. Finally, it was also found that it mattered whether ICRH antenna pair 1 or pair 2 was

being utilized. As mentioned in Section 1.2, the Rutherford scattering diagnostic is situated

right in the middle of antenna pair 1. The usage of this pair always had a much stronger

impact on the measurements than pair 2. Specific examples of these observations will be

given in later sections.

Possible causes of origin

The parasitic peak is found to be extremely narrow. In fact, when it is compared with

the instrumental function corresponding to 30 keV He-particles, there is virtually no

difference between the two. This implies that the peak is caused by a stream of (almost)

mono-energetic particles entering the analyser. There are three possibilities how such a

stream could be created.

- First, by scattering on high-Z impurities in the plasma. As pointed out in the introduction

of this chapter, the small mass ratio of beam particle and plasma ion would prevent any

thermal broadening of the peak to become visible. Furthermore, beam particles that scat-

ter on heavy particles hardly lose any energy in the process, causing the distribution of

the scattered particles to be centred around the injection energy of 30 keV, as observed.

- Second, by scattering on some cold velocity distribution in the plasma. However, this

can only explain the narrowness of the peak, not the position, since scattering on cold H

or D will cause the peak to be centred around 28 or 29 keV, respectively. Furthermore, as
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a cold population of plasma ions of the size needed to explain the observed 400%

increase is extremely unlikely, this possibility is rejected.

And third, by some mechanism by which injected beam particles reach the analyser,

without losing energy in the transport process. As it is impossible for an injected beam

particle to enter the analyser without undergoing a collision, this necessarily has to

involve ionization of the beam atoms, some form of transport in the plasma and

subsequent neutralization in the line-of-sight (LOS) of the analyser.

4.3 Comparison of the high-Z hypothesis with experimental results

In this section several experimental results obtained at TEXTOR are compared with

the hypothesis that scattering on high-Z impurities in the plasma causes the parasitic peak in

the spectra. In early work on the influence of highly charged impurities on Rutherford

scattering measurements, the abundancies of high-Z impurities in the TEXTOR plasma were

assumed to be too low to have any effect on the measurements [Don87]. Later it was stated

that small amounts of these impurities could, nevertheless, in principle be sufficient to

explain the parasitic peak [Blo92]. From the combined evidence presented here, however, it

can be concluded that the high-Z hypothesis can be rejected and thus that the assumption

made by Donne and De Heer was justified.

Intensity of the peak

If the plasma consists of only two ion species, namely bulk hydrogenic ions and

high-Z impurity ions, it can be calculated which fraction of the integrated scattering yield will

have been scattered on the hydrogenic ions, and which fraction on the high-Z ions. The

reader is referred to Eq. (3.1) in Section 3.2, where the ratio /?imp,D between the two is
2

expressed as a function of no, njmp, CD, Cj m p and Zjmp. Here the different symbols
represent the deuterium and impurity density, the probability that the beam particle remains

neutral after scattering on a deuterium or impurity ion and the charge number of the impurity,

respectively. During additionally heated discharges, /?imp,D n a s regularly exceeded 4.

Substituting /?imp,D - 4 and Co - 0.8 in Eq. (3.1), an expression of nimp/no can be found

as a function of Zjmp and Cimp:

nimp ^imp.DM3 3.2 ..
nD " 7.2 c . " Z 2 r . • {*A)

^ l m p * i m p ^ imp * i m p

The effective charge of the plasma (Zeff) can then be expressed as:
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Zeff-
Cjmp+3.2 (4.2)

mp

In Fig. 4.2 Zeff is given versus CimP for three different impurities: Fe, Mo and W. It can be

seen that even if Q m p * 1.0, Zeff has to be around 4 to explain the measurements, which is

considerably higher than typical TEXTOR values. Furthermore, there are strong theoretical

indications that suggest Cjm p < 0.05 [Don87]. This leads to unrealistically high values for

Zeff and contradicts the basic assumption that high-Z impurities are responsible for the

parasitic peak.

IM

o.o 0 . 2 0 . 4 0 . 6 O . 8 1 . 0

'imp

Fig. 4.2 Effective ionic charge needed to explain the observed intensity of the parasitic

peak if it should be produced by scattering on high-Z impurities versus

probability that the probing He particle remains neutral after scattering on three

types of high-Z impurities.

Comparison between poloidal and toroidal set-up

If high-Z impurities are responsible for the observation that the intensity of the peak in

the poloidal set-up is systematically higher than in the toroidal set-up, njm p inside the

scattering volume has to be higher for all discharges monitored in the poloidal set-up.

However, the general plasma performance, as can be deduced from the different diagnostics

at TEXTOR, was comparable for the measurements performed in both set-ups. Especially

measurements of Zeff [Ong90] and the radiated power by bolometry [Gil89] indicated no

systematical differences. Hence, the high-Z hypothesis cannot explain the dependence on the

specific geometry of the diagnostic.
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Comparison between the two ICRH antennae

The striking dependence on which of the ICRH antenna pairs was being used has

been observed systematically in the Rutherford scattering spectra. During a dedicated

experiment the ICRH antennae were switched one after the other and the applied power was

varied, on a shot-to-shot base, in steps of 200 kW up to 1800 kW. It was found that antenna

1 had much more impact on the measurements then antenna 2. This is illustrated in Fig. 4.3,

where the relative increase of the scattering yield, compared with the ohmic phase of the

discharge, is given for both antennae. Judging from the spectra, this increase can completely

be ascribed to the occurrence of the peak. The difference between both antennae cannot be

accounted for by the high-Z hypothesis. First, if high-Z impurities were responsible for the

peak, then antenna 1 should always release much more impurities than antenna 2. However,

such differences have never been observed [Nie91]. And second, even if the source for

impurity release is toroidally strongly asymmetric, the observations with RUSC fail to

explain the observations, since no toroidal dependence of n^p in the centre of the plasma is

expected.
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Fig. 4.3 Observed increase in count rate due to the occurrence of the parasitic peak versus

applied ICRH power. A marked difference between both antenna pairs can be

seen.

Time evolution

During ICRH heated discharges, the change in the intensity of the peak followed the

applied power very fast (<10ms). This is illustrated in Fig. 4.4, where nc m s for an ICRH

heated discharge is given. The count rate is even following break downs in the antenna.

However, measurements of Zeff on axis, where the scattering volume was positioned, show
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changes typically 50 ms after ICRH has been switched on/off [Ong90]. This is roughly in

agreement with the confinement times and again contradicts the hypothesis that scattering on

high-Z impurities causes the parasitic peak.
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Fig. 4.4 Time evolution of observed count rate (a) and applied ICRH power (b). The

count rate is seen to follow PJCRH very rapidly. (Ipi = 355 kA, BQ = 2.25 T,

ne0~3.5 xlO19 m-3)

Comparison with other diagnostics

During laser ablation experiments at TEXTOR several high-Z impurities have been

injected into the plasma. Elements like Al, Mo and Ti were used for this purpose. Although

they could be detected by diagnostics like soft X-ray and a VUV spectrometer, they did not

show up in the RUSC spectra [Sin92]. Furthermore, a small Mo test limiter was exposed to

the plasma for a series of discharges, both ohmic and with NBI heating [Win91]. The

position of the limiter was varied on a shot-to-shot basis, going as far as 2 cm more into the

plasma than the main limiter. The Mo could easily be identified in the soft x-ray spectrum.
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However, no correlation whatsoever was found between the parasitic peak and the intensity

of the soft x-ray signal. Only the usual condition of additional heating was responsible for the

occurrence of the peak. So although during these experiments high-Z impurities were known

to be present in the plasma, the peak in the Rutherford scattering spectra could not be

contributed to them.

4.4 Comparison of the banana orbit hypothesis with experimental results

At JT-60 the occurrence of one type of parasitic peak is strongly correlated to the

effective safety factor qeff on the most outer flux surface, where qeff is defined as

(4.3)

and

2rca2Bt
(4-4)

In this expression f}p denotes the poloidal beta and lj the internal inductance of the plasma.

Whether the parasitic spectra is or is not present depends critically on the value of qeff if

qeff > 4.2 the effect is present [Tob90]. The physical picture explaining this qeff dependence

is as follows. A particle of the probing beam is ionized via collisions near the plasma

boundary, most likely creating a He+ particle. This ion starts moving on a banana orbit, with

the tip of the orbit at the position of ionization. In order to subsequently create a He0 particle

through charge exchange which can be observed by the analyser, three conditions have to be

met.

- First, the neutral density at this position must be high enough. The beam injection system

at JT-60 is, in contrary to the TEXTOR case, situated on top of the tokamak, so the

analyser views the plasma from the bottom. Only when the line-of-sight of the analyser

traverses the lower divertor, which is a high recycling region, the parasitic effect has been

observed. In outer divertor and limiter discharges no distortion of the spectra was found.

Second, the ion must be neutralized at a position in the line-of-sight of the analyser. To

fulfil this condition, it is necessary that the ion undergoes pitch angle scattering, since the

banana orbit of particles detected by the analyser is slightly different than that of the

produced He ions. This pitch angle scattering causes the particles to lose energy, and the

detected spectrum indeed exhibits all the hallmarks of a slowing-down spectrum of fast
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ions with a large panicle loss. This is in contradiction with the TEXTOR observations,

where the spectrum is found to be monoenergetic.

Third, at the position of neutralization the particle cannot have a toroidal velocity

component, as the detector is viewing the plasma in the poloidal plane. Hence, similar to

the ionization, the tip of a banana orbit must be situated right at the position of the

analyser. To fulfil this condition it is necessary that the top and bottom tip of the banana

are located toroidally at the same position in the vessel. A different way of putting this is

that the tips must be 2n apart in toroidal direction. This corresponds to the q - 2, 4, 6 ...

surfaces in the plasma. The only of these surfaces wich is also located in the outer region

of the plasma, is q - 4. (Only for very high qeff values also q - 6, 8,... surfaces exist in

the plasma.) Hence, this peak is not observed when qeff < 4. However, if qeff > 4, there

always is a q - 4 surface in the outer region present due to the high shear of the q profile

in this region, explaining why the effect always occurs when qeff > 4. Obviously, there

always is a q - 2 surface in the plasma, fullfilling the condition that upper and lower tip

are toroidally at the same position. This surface, however, is not situated in the outer

region of the plasma, and cannot account for this parasitic peak at JT-60. This surface

will, however, be used in the explanation of the parasitic peak at TEXTOR.
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Fig. 4.5 Percentage of parasitic particles in the spectrum versus the effective safety factor

at the edge for two different plasma currents.

Triggered by this observation, an experiment was performed at TEXTOR to

investigate the qeff dependence of the parasitic peak. A Bt scan was carried out for two

different plasma currents: 360 kA and 420 kA. The obtained spectra were carefully analysed,

yielding the percentage of the recorded particles which was due to the parasitic effect. The
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result is given in Fig. 4.5, where /par is plotted versus qeff. Two observations can be made.

First, there also is a qeff dependence of the phenomenon at TEXTOR. Second, the qeff at

which the peak starts to appear is slightly different for both currents. For Ipi - 420 kA, the

threshold is about 3.6, whereas for Ipi - 420 kA, it is about 3.4. Though indeed a qeff

dependence is found, the critical value is around 3.5 for TEXTOR. This is a different

threshold value than the one obtained at JT-60. In the banana orbit hypothesis it is a

necessary condition that qeff > 4 to have the right banana orbits. As this condition is not

fulfilled at TEXTOR it can be concluded that, though the banana orbit can explain the first

JT-60 phenomenon, it fails to explain the parasitic peak observed at TEXTOR.

4.5 The second parasitic peak at JT-60

As mentioned in the introduction, two different kinds of parasitic peaks were

observed at JT-60. Apart from the peak discussed above, a very narrow peak situated

(nearly) at the injection energy is usually also observed. Two possible causes for this effect

are mentioned by Tobita et al.: electron capture reactions of He+ from He0, not discussed in

their paper, and/or scattering reactions with impurities [Tob88]. The second process has been

further investigated by Donne et al. using scattering on oxygen [Don89]. They find that

scattering on O can explain the intensity of the peak, provided there is a small inaccuracy in

the calculated probabilities for total electron loss in the He + O8+ collision.

However, a second experimental observation should also be taken into account. It has

been reported by Tobita et al. that the parasitic peak is almost insensitive of the ion

temperature [Tob88]. Using Eq. (2.18), it can be computed what energy broadening is

expected for scattering on oxygen. For Eb - 180 keV, Tj - 10 keV, 9 - 7 ° and including an

instrumental broadening of 6%, AEFWHM - 13.8 keV, whereas for Tj - 2 keV it is found

that AEFWHM -11.5 keV. Considering the energy width of channels of the energy analyser,

which are situated 1 keV apart, such differences are, in principle, observable. By collecting

enough data and making a statistically reliable analysis of the width of the peak and the ion

temperature, it might provide a further clue whether scattering on oxygen indeed is

responsible for the observed peak.
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4.6 Proposed explanation of the parasitic peak at TEXTOR

In this section an explanation for the occurence of the parasitic peak, based on the

same physical idea as the banana orbit theory from JT-60 but with trapping on q - 2 banana

orbits, is proposed and compared with the experimental observations that were reported in

the previous sections.

Parasitic particle orbit and dependence on safety factor

When trying to understand the behaviour of the parasitic particles, a computer code

evaluating the orbits of fast ions is particularly helpful. For this purpose the full orbit code

from JET, originally developed by G. Martin of TORE SUPRA, was used [Bel94]. This

code divides one gyration of a particle in typically 200 steps, and calculates for each position

the change in velocity due to the Lorentz force. The code has been used earlier to calculate the

orbits of fusion products in JET.

In Fig. 4.6 an example of the output of the code is shown. For standard TEXTOR

discharges, i.e. Ipi - 350 kA directed counter clockwise and Bq, - 2.25 T directed clockwise

seen from above, the poloidal projection of the orbits of three ions is given. Also indicated in

the figure are the line-of-sight of the analyser and the position of the probing beam for the

poloidal geometry. The three particles are indicative for the three types of orbit that an ionized

beam particle can follow, depending on the position of ionization: a) ions created in the top of

the plasma start on a banana orbit, reach the bottom tip of the orbit but hit the wall before

reaching the top of the plasma again, b) ions created in the centre are trapped in banana orbits

and c) ions created at the bottom are almost immediately lost. The fact that all particles start

out on the tip of a banana orbit is caused by the fact that the beam is injected vertically with

respect to B<j>. Hence, the created ions have no or hardly any parallel velocity, which implies

that the tip of their orbit is located at the point of ionization. From Fig. 4.6 it can be seen that

only particles created in the centre of the plasma are trapped: ions created in the outer part of

the plasma (typically 20 cm) are lost. It can also be seen that the only particles crossing the

LOS of the analyser in this 2 dimensional projection are those generated in sections a) and b).

The ions from section c) do not make it to the top of the plasma and can therefore not cause

the parasitic effect. A common way of tackling the problem is by reversing time in the

computer code. By defining the end position and velocity of a particle, it may become clear

where a particle originated from and whether this is inside the probing beam. The result

hereof is, again for the standard Ip] and B^ configuration, given in Fig. 4.7. As it is not

immediately clear which particles are responsible for the peak, only similar remarks as before

can be made.
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Fig. 4.6 Typical output of the full orbit code from JET, adapted for the TEXTOR

geometry. The figure is a projection of the three dimsnrional orbits onto a single

poloidal plane. Particles originating from sections a) and c) cannot complete a full

banana orbit, whereas ions from section b) are trapped in the plasma.
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Fig. 4.7 Output from the full orbit code, where the time had been reversed to investigate

where particles along the line-of-sight of the analyser originate from.
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The earlier mentioned condition that both tips of the banana orbit must be located at

the toroidal position of the analyser is illustrated in Fig. 4.8. This beam particle is ionized at

z - -24 cm, moves around the torus on a q - 2 banana orbit and bounces back at z - 24 cm.

The poloidal field causes the slightly different angle of the trajectories. Investigating this a

little deeper, it can now be calculated where along the path of the probing beam an ion must

be born to have its turning point at toroidally the same position, as a function of Ip] and B$.

The result of this computation for Ip] - 360 kA and Ipi - 420 kA is given in Fig. 4.9. It is

seen that for lower magnetic field the birth position moves down along the beam. This

corresponds with an outward movement of the position of the q - 2 surface, which can be

expected as qcyi also decreases. In this calculation it was assumed that the width of the

banana orbit was not restricted by a material object like, e.g., the limiter. If, however, the

restriction that the particle must remain inside the limiter radius is included, there are below a

certain critical magnetic field no ions anymore whose banana tips are toroidally 2n apart: ions

in these orbits hit the wall before reaching the upper tip of their orbit. The critical toroidal

fields for the two plasma currents are in Fig. 4.9 indicated by the two arrows. The two fields

correspond to the following qeff values: 3.75 (Ip] - 360 kA) and 3.70 (Ipi - 420 kA). These

values must be compared with the observed values of 3.6 and 3.4, respectively. Considering

the uncertainties in the current density profile, the effects caused by the ripple of the toroidal

field (see last paragraph of this section) and the exact position of the limiting radii in the

vessel at the locations where the particle passes closest to the vessel, it can be judged that

there is a good agreement between observation and simulation. This can be considered a very

strong indication that this effect is part of the explanation of the parasitic peak. In the

following paragraphs the hypothesis that ions trapped in q - 2 banana orbits are responsible

for the observed effects at TEXTOR will be further elaborated.

Difference between toroidal and poloidal set up

In the poloidal set-up the probing beam is injected vertically and the analyser views

the plasma in the poloidal plane. Hence, all remarks made above apply to this geometry. In

the toroidal set-up, however, both the the LOS and the beam injection system are slightly

tilted with respect to a vertical line: 5° and 2°, respectively. This has two effects. First, it

means that if a beam particle is ionized, it also has a small velocity component in toroidal

direction. Therefore the tip of the banana orbit of the newly created ion is not exactly

positioned at the point of ionization. However, banana particles can still have the other tip of

their orbit close to the location of the diagnostic, when the ion is not exactly in an q - 2

banana orbit, but, e.g. in an q - 2.1 orbit. Second, if the tip of a banana orbit is located in the

LOS of the analyser, the ion will remain inside the LOS for several gyrations, depending on

the solid angle of the analyser. This, however, implies that an ion at the tip of its banana orbit
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Fig. 4.8 Top view, showing part of the orbit of a particle where the top and bottom of the

banana orbit are situated 2n apart in toroidal direction. The indicated regions

show where a particle must be neutralized in the poloidal and toroidal set-up to be

detected by the analyser.
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Fig. 4.9 Vertical position where a beam particle must be ionized for the top of the orbit to

be positioned 2n away in toroidal direction. Below a certain critical magnetic

field, indicated by the arrows, the ion will hit the wall before reaching the upper

tip of the orbit.

will, after neutralization, not enter the analyser in the toroidal geometry. Instead, to enter the

analyser the particle must have a slightly different pitch angle. The key to the difference

between the two set-ups is the time spent inside the angle of acceptance of the analyser. To

illustrate the principle, the regions where an ion should neutralize to be detected for the

different set-ups are also indicated in Fig. 4.8. It can be seen that when an ion spends three

gyrations in the LOS of the toroidal set-up, it will spend about 12 gyrations in LOS of the

poloidal set-up. Note further that all drawn gyrations for the poloidal geometry are within the

angle of acceptance, whereas only three of the six gyrations drawn inside the toroidal

acceptance angle have the right pitch angle. Hence, the probability for observing a neutralized

particle is four times larger in the poloidal than in the torodial geometry. This is in

quantitative agreement with the observation that the parasitic effect is much more pronounced

in the poloidal than in the toroidal set-up.

Effects of additional heating

Additional heating of the plasma brings about two effects which can influence the

parasitic process. The first effect relates to the neutral density in the plasma. After ionization

and moving from the bottom to the top of the tokamak, the ion must again be neutralized to

be detected by the analyser. Hence, there must be a sufficient number of neutral particles

around to perform charge exchange with. The increase in neutral density in the plasma during
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additional heating with respect to its ohmic value means that more ions will be neutralized in

the line-of-sight of the analyser and thus that the intensity of the effect will increase. This

picture can also explain the difference between the two ICRH antennae. The neutral density

can be strongly localized, as the neutrals are not confined by the magnetic fields. Hence, no

toroidal symmetry is expected and the neutral density will be higher at the location of an

antenna which is being used to couple power to the plasma then at other locations in the

torus. Therefore, antenna 1 has much more impact on the measurements than antenna 2. The

effect of NBI heating can be explained by the fact that the Rutherford scattering diagnostic is

situated in the direct vicinity of the dump plates of the heating beams. Shine through heats up

the plates and will cause a release in neutral particles. The more power is applied, the more

neutrals are released. This also accounts for the fact that the peak usually increases slowly in

intensity with NBI, as it takes time to heat up the plates, whereas with ICRH the increase in

neutral density can, locally, be much more rapid.

A second effect of additional heating is that the temperature and, usually, the density

of the plasma increase. This leads on the one hand to an increase in attenuation of the probing

beam, but on the other hand to an increase of the number of ions in the scattering volume.

The increase in density and temperature also means that more He particles will become

ionized and start moving on a banana orbit. The effect this has on the observations will

depend on the q value of the discharge. For normal q values part of the spectrum is

composed of scattering on thermal ions and part of parasitic particles. When additional

heating is switched on, less probing beam particles will reach the scattering volume and,

although the ion density has increased, usually less scattered particles will reach the analyser.

However, more beam particles will be ionized which can, after transport in the plasma, be

observed by the analyser due to the increase in neutral density. Depending on the relative

strengths of the processes involved, the total number of detected counts can now remain the

same, if the decrease in scattering yield is compensated by the increase in parasitic particles,

or it can increase, if the parasitic process is efficient enough. This model can also explain the

sometimes observed decrease in count rate in the toroidal set-up with low q discharges. Now

the decreases in particles observed after scattering is not compensated by the occurence of the

parasitic particles. Hence the total number of detected particles will decrease.

Reversal of plasma current andlor toroidal field

Reversing the plasma current and/or the toroidal field did not have a large effect on the

intensity of the peak. This should not be surprising. When reversing the current nothing

changes apart from the toroidal direction of movement of the ion, and the conditions under

which the effect occurs are the same. When reversing the magnetic field, however, the orbits

of the ions created in regions a) and c) in Fig. 4.5 are reversed. This should have an effect on

the observations, due to the attenuation of the probing beam.
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On top of the vessel a beam diagnostic is continiously monitoring the intensity of the

probing beam. During the discharge the signal usually drops 50%. This implies that the

intensity of the beam in the top of the vessel is roughly 50% of that in the bottom of the

vessel. This means that there are still plenty of beam particles which can be ionized there. It

should be expected though, that the intensity of the peak would decrease by 50%. No

successful systematic scan has been performed to investigate this. Still, as the reversed field

situation is not the standard situation at TEXTOR, there may be an increase in the release of

neutral particles from the vessel, as now parts of the vessel are hit by ions which are

normally not hit. The induced increase in neutralization probability may partly or fully

compensate the decrease in birth rate of the ions. However, if the field would always be

reversed the extra increase in neutral release would disappear and the intensity of the peak

should indeed diminish by roughly 50%.

Intensity of the peak

An important test for the proposed explanation is to check whether the observed

intensity of the peak is in agreement with a theoretical estimate. The number of detected

parasitic particles amounts, during additional heating, typically to 5 x 1 0 4 s ' . As the

efficiency of the analyser is about 0.5%, the number of particles entering the analyser (Nan)

must be about 107 s"1. The number of injected beam particles (Nt>) can be estimated to be 1.6

x 1017 s"1, for an extraction current of 25 mA. Hence the probability of the parasitic process

occuring must be about 10"10.

An expression for the number of beam particles ionized in a beam volume with length

along the beam path (NHe+) is given by.

(4.5)

Here O"oi represents the cross section for ionization due to ionization collisions and charge

exchange with plasma ions. The second terms denotes the effects caused by electron-impact

ioni-zations collisions. As double ionization cross-sections are much smaller than those for

single ionization, it is throughout the remainder of this chapter assumed that the former can

be neglected. Using the cross sections for a 30 keV He particle in a 800 eV plasma with an

ion and electron density of 3 x 1019 m 3 and choosing X.jon - 0.03 m, it is found that a few

percent of the beam particles becomes ionized within length Xjon [Fre74]. Hence, Nne
+ =

4 x 1015 s-».

The number of ions reaching the other tip of the banana orbit can be expressed as

Ntip - NHe+exp(-n0OioA.ban-niaii>.ban) • (4-6)

NHe+ - Nb 1 - expf- njOoAion - ne °*fe Xjon •
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The first term in the exponent represents losses due to neutralization by charge exchange with

background neutrals. The second term accounts for collisions with other ions which will

cause the ion to leave its initial orbit. In this expression no denotes the neutral density on the

magnetic surface, aoi and a n the cross sections involved and Xban the distance travelled

through the plasma by the ion when moving from one tip to the other, respectively. The first

term can be computed by using the tabulated value for oio, taking A-ban - 38 m which can be

computed from the time the ion spends moving from tip to tip and its velocity, and estimating

no to be 1016 n r 3 [Oku78]. The Rutherford cross section is used to calculate the second

term. If it is assumed that the angle <(» over which a He ion must be deflected to be lost for the

parasitic process is 1°, the corresponding collision impact parameter amounts to 0.1 ao,

where ao is the Bohr radius. The value of the geometrical area O.Olnao2 can now be used to

estimate a n , which results in o n - 9 x 1O23 m2. Using n; - 3 x 1019 nr3 , it is found that

ion-ion collisions are in this case at least ten times more important than the effects of charge

exchange. This leads to the conclusion that about 90% of the generated ions make it from one

tip of their orbit to the other: N t ip - 0.90 NHe+-

Finally, the number of particles entering the analyser can be expressed by

Nan - Ntip(noOioXneu)- (4-7)

The condition that the ion neutralizes at the right position in the tip to enter the analyser is

included in the lenght A.neu- By using the angle of acceptance of the analyser and assuming

that the ion remains in the LOS during 10 gyrations, it is estimated that Xatu - 1.5 x 10"3 m.

Substituting N ^ , Ntjp and oio in this expression, it is found that already for neutral particle

densities as low as no - 1014 nr3 the parasitic process can occur.

The most critical parameter in this calculation is the loss angle <|>, and small variations

hereof can lead to totally different results. If, e.g., <|> - 0.1 °, it is found that Ntip - 4.4 x 10~5

NHe+ and then neutral densities of about 1018 x nr 3 are required. This is much higher than

can be expected so far inside the plasma. However, it appears from this calculation that the

loss angle must be somewhere between 0.1 ° and 1 ° for the neutral density to have an

acceptable value, which are very reasonable values.

In this analysis one effect has not been taken into account. Ions which are not

neutralized somewhere along their orbit or do not collide with other plasma ions, can remain

in the same banana orbit, implying that there is again a probability that they neutralize at the

tip of their orbit the next time they reach it. If a loss angle of 1 ° is assumed, the number of

ions which are still unperturbed by collisions with the plasma ions will have decreased with a

factor of 100 in about 20 banana orbits. So for this loss angle it can be estimated that this

effect will lead to an enhancement of a factor of, say, about 10. For smaller loss angles the
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effect is even less. Hence, it can be concluded that the estimated and computed intensity of

the parasitic peak are not inconsistent.

Energy distribution

The mono-energetic nature of the peak can also be explained by the proposed theory.

It takes an ion about 7 x 10"5 s to complete one orbit. Again assuming <}> — 1°, those He+-ions

that do not collide with a D+-ion will, on average, only undergo 100 collisions with electrons

before they are lost for the observation process. Since the energy exchange time between ions

and electrons is roughly a factor of 4000 longer than the electron-ion collision time, it can

easily be seen that the ions will hardly have lost any energy due to these collisions before

they leave their initial orbit. Put in other words, He+-ions generated in one tip of the banana

orbit will either be kicked out of their initial orbit by a collision with a D+-ion or keep

virtually all their energy until detected, via charge exchange, by the analyser.

Problems associated with the explanation

There remain two problems associated with the explanation of the peak.

- The radial position at birth is further inward than the radial position of neutralization in the

poloidal set-up. It is a possibility that the toroidal field ripple has some effect here, since the

particles on their way up in the plasma traverse through the outside of the torus where the

ripple is largest. Another possibility is that the ions are not trapped on a q - 2, but on a

surface slightly larger than to q - 2, which would meet this demand. However, the condition

that the ion should have virtually no parallel velocity needs to be fulfilled simullaniously.

- The fast time response of the phenomenon needs some clarification.

Application to JT-60

The above proposed theory can also be applied to explain the second parasitic peak at

JT-60. As detailed experimental information is not available to the author, no quantitative

comparison can be made. However, in view of the similarity of the second peak at JT-60 and

the q - 2 peak at TEXTOR, (narrowness and positioning at the beam injection energy), it is

more than likely that this JT-60 peak can also be ascribed to trapping of ionized beam

particles on q - 2 banana orbits. The fact that the peak is much less pronounced than the q -

4 peak may be attributed to the much lower neutral density at the q - 2 surface than at the

edge due to the large size of the JT-60 plasma. Low-q discharges which would cause the q -

2 ions to hit the wall of JT-60 before completing half a banana orbit, would be the final proof

that this peak and the TEXTOR one are of the same nature.
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4.7 Conclusion and recommendation

The findings reported in this chapter lead to the following conclusion. Scattering on

high-Z impurities cannot explain the occurrence of the parasitic peak at TEXTOR. Scattering

on low-Z impurities as the explanation for the second JT-60 peak cannot be ruled out, but

seems unlikely. Instead, the TEXTOR and both JT-60 peaks are probably caused by

ionization of probing beam particles on or close to even q surfaces. At JT-60 the most

pronounced peak depends critically on the existence of a q - 4 surface in the plasma. The

other JT-60 peak and the TEXTOR one are probably caused by trapping of ionized beam

particles on q - 2 banana orbits. The strong q dependence found at TEXTOR can then be

explained by the condition that the width of the banana orbit of these ions must be small

enough for the ion to be confined inside the vessel, whereas the top and the bottom tip of the

banana orbit must be 2n apart in toroidal direction. For low qeff values at TEXTOR this

condition is not fulfilled anymore, and hence no peak is observed.

The effects caused by this process can best be suppressed by the following measures.

- Usage of low q values. In view of the recent upgrade of TEXTOR it is advisable to use

plasma currents of 500 kA with the standard toroidal field (Bq, - 2.25 T).

- The line-of-sight of the analyser should not traverse a region of high neutral density. For

TEXTOR this implies relocating the diagnostic with respect to the heating systems.

The toroidal set-up is preferred to the poloidal set-up.

- It is advantageous to let the line-of-sight of the analyser in the toroidal set-up make a large

angle with a vertical line, without changing the scattering angle, i.e. by rotating the beam

injection system and analyser simultaneously.

- It is probably advantageous to use the reversed toroidal field configuration.
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CHAPTER 5

ION TEMPERATURE MEASUREMENTS

5.1 Introduction

The main aim of the Rutherford scattering diagnostic is to obtain detailed information

about the ion temperature of the plasma. During ohmic discharges usually no problems were

encountered when interpreting the data. However, the parasitic peak caused the

measurements to be hard to interpret during additional heating of the plasma, which usually is

the most interesting experimental scenario to investigate. Especially in the poloidal set-up of

the diagnostic hardly any usable data was obtained. In the toroidal set-up though, some

results have been acquired. In this chapter results for both ohmic and additionally heated

discharges are presented. The chapter is organized as follows. In Section 5.2 results for

ohmic discharges are given and discussed, followed by a comparison of the measured

effective ion heat diffusivity with neoclassical predictions in Section 5.3. Results for NBI-Co

injection and ICRH are presented in Section 5.4. A comparison with results from neutral

particle analysis, charge exchange recombination spectroscopy and neutron measurements is

made in Section 5.5.

5.2 Results for ohmic discharges

A large amount of data has been collected during ohmic discharges. Central

temperatures were obtained for a large variety of plasma parameters and several profiles

were measured. Especially the plasma density was varied over a wide range, from very low

density discharges used to study runaway electrons up to discharges close to the density

limit. As only few successful measurements were obtained with variation of other plasma

parameters than the density, such as plasma current or main ion species, they will not be

discussed. The attention will be focused on the impact of the density on the observations.

Several hundreds of ohmic discharges were monitored, both in the poloidal and the

toroidal set-up of the diagnostic. A selection was made, based on the plasma parameters of

the discharges (2.2 T < B^ < 2.3 T, 340 kA < Ipi < 360 kA, 4.0 < qa < 4.5) and analysed in

detail. All analysed discharges consisted of deuterium as main ion species. The results of the

analyses are given in Fig. 5.1. Here the observed TJO is displayed, corrected for geometric

effects (see Section 3.6). It is seen that for the lowest densities TJO = 0.5 keV. With
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Fig. 5.1 Central ion and electron temperature, obtained by Rutherford scattering and ECE

measurements, versus central electron density. The dotted line represents low

density Teo values extrapolated from higher density data assuming an offset linear

dependence on n^Q.

increasing density TJO also increases, until it reaches a maximum of approximately 1 keV at

about neo - (3.2±0.2) x 1019 nv3. For still higher densities TJO decreases again, reaching

values of about 0.6 keV for densities close to the density limit. It should be noted that

temperatures from both the poloidal and toroidal set-up were used in this plot, but that no

systematic difference between the two was found. Hence, it can be concluded that ohmic

plasmas are isotropic as far as ion temperatures are concerned. In Fig. 5.1 also the central

electron temperature obtained from ECE is given. The Teo values for the low density

discharges have actually not been measured; the polychromator was not viewing the plasma

during these discharges as it was feared that the intense ECE radiation might damage the

amplifiers and detectors. The low density values were extrapolated from higher density ECE

data assuming an offset linear dependence on neo- The ratio between TJO and Teo is shown in

Fig. 5.2. It is seen that for low densities Tjo/Teo is consistently below 1. (This remains the

case even if the dependence of Teo on neo is not as strong as is assumed here.) For increasing

densities the ratio rapidly approaches unity. This can be expected since the thermal coupling

between ions and electrons increases with the density.

Attempts to perform profile measurements in the toroidal set-up were rather

unsuccessful for ohmic discharges. Both the injected beam and the line-of-sight of the

analyser were partly being blocked by various parts of the interfaces to the vacuum vessel
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Fig. 5.2 Ratio of central ion and electron temperature versus central electron density. It is

clearly seen that the thermal coupling between ions and electrons is better for

higher densities.

and the ICRH antenna when moved to positions to view parts of the plasma that were not in

the centre of the tokamak. This made it very difficult to determine an accurate weighted

position of the scattering volume in the toroidal set-up. Therefore the count rate, normally

used for the determination of the (relative) ion density profile, could not be used for this

purpose. Although, during NBI heated discharges, measurements in the outer region of the

plasma were made by changing the scattering angle from 7° to 6°, no such measurements

were performed for ohmically heated discharges. This was due to an insufficient number of

reproducible discharges. In the poloidal set-up, however, three profiles were measured

successfully. In Section 3.6 the technique used to compute the profiles, taking weighting

factors into account, has already been illustrated for neO - 4.0 x 1019 nr3 . A second profile

for the same density yielded similar results. The third profile was obtained for neo -

4.9 x 1019 nr3 . In this case a slightly lower TJO was found, as could be expected due to the

higher density. The width of both the density and temperature profile, however, differed not

much from those obtained for the lower density. A survey of the obtained results is given in

Table 6, together with Teo-values obtained from ECE and the half radius for the ne-profile

obtained by interferometry. The half radius for the Te-profile is not given, since results from

ECE and soft x-ray (SXR), which can also be used to measure the electron temperature

profile, are not consistent with one another. Although there usually is a good agreement

between SXR and ECE as far as the central value of Te is concerned, much broader profiles

are systematically obtained by SXR than by ECE at TEXTOR [Blo91]. The difference
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amounts typically to 5 cm, with ECE half radii of about 27 cm. Also the T; profiles as

measured by RUSC are significantly larger than the ECE profiles. As it is presently unknown

whether these observations are due to instrumental effects or to an actual phenomenon in the

plasma itself, attention should in the future be focused on this topic.

neodOWm-3)

TeoOceV)

Ti0(keV)

Rl/2-ne (cm)

Rl/2-nj (cm)

R1/2-Ti (cm)

3.98

0.95

0.93

3I±
32 ±

29 ±

+

±
±
1

1

2

1

0.01

0.01

0.03

4.02

0.94

0.90

31 ±

31 ±

29 ±

+

+

±
1

1

2

2

0.01

0.01

0.04

4.90

0.77

0.80

29 ±

28 ±

29 ±

3

±0.01

±0.01

±0.03

1

1

2

Table 6. Characteristics of the three analysed ohmic profile measurements. Besides central

electron density and electron and ion temperature, also the half radii of the

electron and ion density and ion temperature profile are given. The half radius for

the electron temperature profile is somewhere between 27 and 32 cm. (For all

profiles Ipi = 355 kA, B$ = 2.25 Tanda = 0.48 m).

5.3 Ion heat diffusivity

In Ref. [Blo91] a first attempt was made to use the Rutherford scattering data to

calculate the ion heat diffusivity. In this paragraph the measurements stored in the present,

more elaborate database are used for the same purpose, adopting a similar approach. Before

the obtained results are given, however, a very brief description of the method is given.

A simplified ion energy balance is used for the calculation of Xi,eff>tne effective ion

heat diffusivity. It is assumed that, for ohmic discharges, the thermal conduction dominates

losses caused by charge exchange and convection. (In TEXTOR this can be expected to be

the case in the central region of the plasma up to, say, r/a - 0.5.) The ion energy balance is

then given by

Qei ~ Qcond > (5.1)

where Qei represents the ion energy gain through collisional energy exchange between

electrons and ions and Qcond represents the thermal conduction losses. For a plasma ion with

mass number A, and charge number Zj, an expression for Qe; can be found:
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Qei - 2.4 x 103lnAi

whereas in the neoclassical approach the ion heat conduction is given by

Qcond - - l-6x 103-gpfrniXi -g^V (5-2fc)

In these expressions Tj and Te are given in keV, r in m and ne and nj in 1019 nr3; lnA is the

Coulomb logarithm and the ion heat diffusivity is represented by Xi (mV 1 ) . From Eq.

(5.2.a) it can be concluded that the heat transfer from the electrons to the impurity ions cannot

on forehand be neglected. If the plasma consists of 3% C, then approximately one sixth of

the electron energy is passed on to the impurities. Still, if it is assumed that the only loss

channel is through conduction of the main ions, or in other words that the impurities also

transfer their energy to the main ions, an expression for Xi close to the magnetic axis (Xi.eff)

can be found. Substituting (5.2) in (5.1), performing an integration and approximating the Tj

profile by the function Tj(r) - TJO (l-(r/a)2)a, it is for r/a - 0.2 given by

( 5 . 3 )

The various parameters are given in the familiar units (keV, 1019 nr3 , mV 1 ) .

When using the data base to calculate Xi.eff f°r the analysed discharges, a problem

arises since the measurement error propagates very fast. Therefore it was preferred to make a

fit to the experimental data, and to use this fit for the computation of Xi.eff- As the data base is

rather extensive, the fit to the TJO data is pretty accurate, which greatly enhances the accuracy

of the obtained values for Xi.eff- However, as the difference in Teo and TJO is included in

Eq. (5.3), the results are very sensitive to small errors in regions where Teo and TJO are

almost similar. Hence, to avoid drawing conclusions for these regions, only values of

Ti(/reo ^ 0.95 are used. In Fig. 5.3 the result of this calculation is given, where it was

assumed that the Teo exhibits the dependence on neo as indicated in Fig. 5.1 and a was

chosen to be 1.25. It is seen that Xi.eff for this radius (r/a - 0.2) is between 0.25 m V and

0.50 m V for a large range of plasma densities. The error in the derived values is about 0.1

m2s -1. For low densities Xi.eff increases rapidly. As was pointed out earlier, no actual

measurements of Teo are available for low densities. If, however, Teo is limited to 1.25 keV,

the increase of Xi,eff is still significant and only a slight decrease of < 0.05 mV 1 as compared

to the used assumption is found.
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Fig. 5.3 Effective ion heat diffusivity obtained from a fit to the data displayed in Fig. 5.1,

(Xi.eff)> ond predicted by neoclassical theory according to Hazeltine and Hinton

[Haz73] (Xi,HH) <*t rla = 0.2. The error in Xi.eff'S about 0.1 m2r] and in Xi.HH

about 0.05 m2s-'.

Hazeltine and Hinton [Haz73] investigated theoretically neoclassical transport in the

collisional regime, elaborating upon earlier work by Hinton and Rosenbluth [Hin73] for the

banana-plateau regime. They derived an expression for the ion heat diffusivity, %i,HH. which

is valid for all collision frequencies:

Xi.HH - 0.47
1+0.43V

l+l.O3v*1/2+O.18v*
^ 5 -3/2 (5.4)

in which

2 Tim,

l2n3/2!

R 1

njZi4e4lnA

v -

v* - v 8"3/2 .

(5.5.a)

(5.5.i)

(5.5.c)

{5.5.d)

(5.5.*)
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Here p is the ion Larmor radius of a thermal ion, Tj is the ion collision time and 8 is the ratio

of the minor radius at the position of the particle and the major radius, v is the ratio of ion

collision frequency and the circulation frequency of a free ion and v* the ratio of the ion

collision frequency and the bounce frequency of a trapped thermal ion, respectively.

Assuming q - 1.0, nj/ne - 0.9 which corresponds to Zeff = 1.5, a realistic value for ohmic

discharges at TEXTOR, and using B$ - 2.25 T, the value of %J,HH can be computed for a

deuterium plasma at r/a - 0.2. The result hereof is also indicated in Fig. 5.3. It is seen that

Xi.HH increases monotonically with neo; the error in Xi.HH is approximately 0.05 m2s~1 and

mainly determined by uncertainties in Tj. When comparing the curves, it can be seen that

Xi.eff >s systematically larger than Xi.HH- Even if it is assumed that there are no systematic

measurement errors propagating in the computations, a region can be found where the two,

within the measurement error, overlap: 3.2 x 1019 n r 3 < neo ̂  4.1 x 1019 nr3 . For higher

densities Xi.eff starts to increase more rapidly than Xi.HH. but no statement can be made how

significant this trend is as for still higher densities the error in Xi.eff becomes too large

(Tjo/Teo S 0.95). For low densities, however, the difference between the two is significant.

A logical explanation for the discrepancy between Xi.eff and Xi,HH is that the basic

assumption, namely that only heat conduction is responsible for energy transport, is not

valid. Furthermore, it is noticeable that the density where Xi,eff and Xi,HH are closest to each

other corresponds with the density where the plasma changes from the linear ohmic

confinement regime (LOC) into the saturated ohmic confinement regime (SOC). For Ipi -

350 kA this occurs in TEXTOR for neo « 3.5 x 1019 nv3 [Mes94]. The transition of

confinement regime seems to indicate that, apart from the normal collisional heat diffusivity,

(at least) two other processes are responsible for the observed anomalous transport in the two

regimes. One process, which may be related to the SOC, gains importance with increasing

density, whereas the impact of the other process, related to the LOC, decreases. For low

densities a large part of the plasma ions is in the banana regime. Convection and charge

exchange losses could be of importance in this low collision regime, leading to an

overestimate of the derived Xi.eff when omitting this term. Another possibility is that

fluctuations play a role. Fluctuation measurements of ne in Tore Supra indicate a fall in

fluctuation level with increasing density until it reaches a steady level [Lav92]. The transition

occurs approximately at the density value where LOC changes to SOC, giving some support

to this observation.

5.4 Additionally heated discharges

Many attempts were made to investigate the ion temperature, both in the centre of the

plasma and further outward, when additional heating was applied to the plasma.
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Unfortunately, the result of these efforts is rather meagre, as the parasitic peak usually

disturbed the measurements. Still some data could be validated and results hereof are

described in this section. An example is given in Fig. 5.4. Here the time evolution of TJO in a

discharge in which NBI-Co was used as additional heating (H+ -> D°) is displayed, together

with some other plasma parameters. It is seen that T;o can be significantly larger than Teo-

The decrease of T;o towards the end of the NBI pulse is probably caused by the fact that the

effect of the parasitic peak on the spectrum is not fully taken account of in the data analysis.
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beam power (c) and central ion (RUSC) and electron (ECE) temperature (d)

during an additionally heated discharge.
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Neutral Beam Injection

Three series of NBI heated discharges were analysed in detail: a density scan and a

power scan, for which TJO was determined, and a profile measurement. The type of neutral

beam heating was for all series hydrogen co injection into a deuterium plasma.

The first series comprised discharges in which PNBI was kept constant whereas ne

was varied. A total of 1.5 MW of NBI heating was applied to plasmas with Ipi - 350 kA and

B,), - 2.25 T. The Rutherford scattering diagnostic was set to observe the centre of the

plasma with a scattering angle of 6° in poloidal geometry. In Fig. 5.5 the results for TJO,

together with Teo obtained by ECE measurements, are given. The obtained spectra have been

integrated over the full steady state phase during NBI to reduce the reconstruction errors as

much as possible. It is seen that both TJO and Teo decrease monotonically with increasing

density. Furthermore, over almost the complete density range TJO > Teo- Only for the highest

densities TJO = Teo. which, just as in the ohmic case, is caused by the better thermal coupling

between electrons and ions due to the higher collision frequencies. It appears that both Teo

and TJO can roughly be described by a l/ne dependence. For Teo this has also been found for

ohmic discharges, but the result for TJO is different. Apparently the total energy stored in the

plasma, in first order proportional to neTe + njTj, does not depend strongly on the plasma

density, for the investigated NBI-Co regime. This result is in agreement with the ITER L89-

P scaling law for the energy confinement time (TE), which is based on results from many

different tokamaks, and where hardly any dependence of the stored energy on the plasma

density is found [Yus90].
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Fig. 5.5 Central electron and ion temperature versus central electron density, for 1.5 MW

of NBI-Co injection (H°->D+).
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The second series was the PNBI scan. During this experiment the injected power was

not varied by changing the energy of the injected fast neutrals, but by reducing the number of

injected particles. In this way the penetration depth of the beam was kept constant as much as

possible. The selected scattering angle was now 7° and B<j> - 1.80 T. The toroidal geometry

was used. The magnetic field was this low to circumvent the problems caused by the parasitic

particles. Unfortunately, this also meant that no ECE signal was available from the centre of

the plasma. The density was nearly constant for all discharges: 4.6 x 1019 m-3 < neg <

5.2 x 1019 nr3 . It was found that TJO increases with PNBI. but not quite linearly. Defining

the total applied power to the plasma by Ptot - Pohm + PNBI - vloop Ipl + PNBI, with Vioop

the loop voltage, TJO is plotted versus Ptot in Fig. 5.6. When fitting a simple power function

to the data, it appears that TJO can best be described by:

T i0 - (1.27±0.04)P,ot°-49±0.05 (

with TJO in keV and Ptot in MW. However, it can immediately be seen that an offset linear

scaling can also describe the data:

T i0 - (0.58±0.04) + (0.67±0.04) P,o t . (5.6.b)

Both fits are also indicated in the figure. It is quite clear that both fits describe the data equally

well. The ambiguity of this result is not completely surprising when comparing it with results

from other tokamaks. The ITER L89-P scaling law for the energy confinement prescribes

that TE is inversely proportional to the square root of the total power delivered to the plasma

[Yus90]. This implies that the stored energy in the plasma increases with VPtot- This is in

excellent agreement with the exponent of Ptot given in Eq. (5.6.a). The ITER L89-OL scaling

law, however, fits TE by an offset linear scaling (Cj/Ptot + C2), which in its turns implies

that the stored energy can be described by an offset linear scaling [Yus90]. As such a fit also

describes the data very well, no statement can be made which of the scaling laws should be

preferred for the TEXTOR case.

The third and last series was the measurement of a Ti profile during NBI (1.5 MW of

H injection into a D plasma with neo - 4.6 x 1019 nr3). The problems associated with

reaching the outer parts of the plasma in the toroidal geometry were partly solved by using a

scattering angle of 6° instead of 7°. The results of the measurements are given in Fig. 5.7,

along with a fit to the data using the method described in Section 3.6. To derive at this fit it

was assumed that the ion and electron density profile have a similar radial dependence. The

fit is described by
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Fig. 5.6 The dependence of central ion temperature on the amount of total applied power

for NBI heated discharges. The central electron density was for all discharges in

the range of (4.6-5.2) x 10'? nr3.
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Tj(r) - (1.54±0.13)(l-(r/a)2)117±°05 , (5.7)

where T, is given in keV. It is seen that the profile is almost parabolically shaped and has a

half radius of 32+2 cm. This is slightly broader than those measured for ohmic plasmas. As

expected, the temperatures measured furthest out in the plasma are considerably higher than

the fitted temperatures, caused by the weighting effect of the nj profile. The central

temperature fits very well into the results from the density scan given in Fig. 5.5. As Bq, -

1.8 T during these measurements, no ECE profile was available. However, when comparing

discharges with similar Ipi and 1̂ 0. it is found that the Rutherford scattering profile seems to

be slightly broader than the ECE profile. Still, to fully evaluate the effects of, e.g., the

deposition profile of the neutral beams, both an accurate Tj and Te profile obtained during the

same discharge are needed. In view of the uncertainties in both diagnostic systems,

performing such calculations on the grounds of the available data is not justified.

With D injection hardly any results have been obtained that were judged to be reliable.

Neutrons gave rise to the development of a significant background, which created, besides

the parasitic effect, a second disturbing effect on the spectra. By using the coincident

techniques mentioned in Section 2.5, the effect of the neutrons could be suppressed but at the

cost of a decrease in scattering yield by over a factor of 2. The spectra that were good enough

to be analysed indicated that T,o was higher with D injection than with H injection, as

predicted by the ITERL-89 scaling. However, a quantitative statement could in general not be

made. Only during low power D injection (0.4 MW) into a very low density plasma (neo <=

1.0 x 10'9 nr3), good spectra were obtained. High central ion temperatures were measured

for four consecutive discharges: 2.8 keV < TJO < 3.3 keV. Similar remarks can be made

about balanced injection. On one or two occasions, especially when the toroidal field was

below 1.9 T, results were fine and significantly higher temperatures than with NBI-Co alone

were obtained (see Fig. 6.3). However, a systematic investigation of such discharges was

not possible. With combined heating (NBI and ICRH) these effects were even worse and a

third effect occurred, described in the next paragraph. Hence, no results were obtained

during such experimental conditions.

Ion Cyclotron Resonance Heating

Huge problems were encountered when measuring during full power ICRH heated

discharges. These were, apart from the parasitic peak (Fig. 4.3), caused by a large efflux of

energetic neutral particles, created by the enhancement of the high energy tail of the ion

velocity distribution. Especially when ICRH minority heating was applied in conjunction

with D injection, second harmonic heating of the beam created an efflux of D particles with
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energies that are detectable by the RUSC analyser. As the start detector of the analyser has a

probability of about 25% to detect a particle (coincident), a large fraction of the neutral

particles goes unnoticed. However, these particles can still be detected by the stop detector. If

the amount of particles entering the time-of-flight section of the analyser is large enough, the

situation can occur that one particle creates a start signal, whereas another particle, not

detected by the start detector, creates the stop signal. If there are also neutrons present the

situation will even be worse.

2 . 0

1.5 -

1.0-

0.5 -,

0 . 0
0 . 0 1 .5

tot (MW)

Fig. 5.8 Central ion temperature versus total applied power (ohmic plus ICRH)for the

same plasma parameters as mentioned at Fig. 5.7. No difference between the

antennae can be seen, whereas the fit to the data exhibits almost exactly the same

dependence on Ptot as the dependence O/TJO on Ptot 'n Fig. -5-6.

These problems account for the fact that reliable data has only be obtained during low

power ICRH heated discharges without NBI. A successful attempt was made to obtain TJO

during an ICRH power scan up to PiCRH - 1 MW. In this experiment both antennae were

switched one after the other, and could be compared with one another. In Fig. 5.8 the result

is displayed. As expected, TJO is seen to increase with Ptot - Pohm + PiCRH- Furthermore,

no significant difference is found between both antennae. This is also confirmed by results

from other diagnostics [Nie91]. Applying the same kind of fits as before to the data yields

Tio = (1.49±0.06)Ptot°-39±0-07

T i0 - (0.82+0.05) + (0.69±0.05)

(5.8.a)

(5.8.*)
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with TJO in keV and Ptot in MW. As with NBI, both fits describe the data equally well. The

proportionality constant in Eq. (5.8.6) is in very good agreement with the one found for

NBI-Co injection in Eq. (5.6.fc), inmplying a similar dependence of TJO on PICRH as on

PNBI- The offset value, however, differs. This can partly be explained by the higher toroidal

fields used during these experiments (B^ - 2.25 T), which causes the temperatures to be

somewhat higher due to the higher ohmic heating power. These higher ohmic data points are

also responsible for the fact that the factor 0.39 in Eq. (5.8.a) deviates from the expected 0.5.

However, as the data set on which the ICRH results is based is much more limited than the

one used for NBI-Co, the results from the latter can be regarded as more reliable. Hence, it

can, generally speaking, be concluded that the type of additional heating does not seem to

have a large bearing on the achieved central ion temperature.

5.5 Comparison with other diagnostics

Apart from Rutherford scattering, Neutral Particle Analysis (NPA), Charge Exchange

Recombination Spectroscopy (CXRS) and Neutron Yield Measurements (NYM) are also

used at TEXTOR to gain information about the ion temperature in the inner region of the

plasma. In this section results from the different diagnostics are compared with results from

Rutherford scattering.

Neutral Particle Analysis

The neutral particle analyser at TEXTOR measures the energy of a neutral atom which

emerges from the plasma after a plasma ion has been neutralized. Charge exchange processes

are the most likely cause for neutralization [Hut87]. The neutral particles are ionized in a gas

stripping cell and energy-analysed in a 45° parallel plate detector. A big disadvantage of the

analyser used in this research is the fact that it cannot distinguish between different types of

particles entering the analyser. Therefore, the diagnostic could almost only be used during

ohmic discharges, and attention in this paragraph is focused on such discharges. Recently, a

new analyser has been installed at TEXTOR which is mass-selective, thus greatly enhancing

the applicability of the diagnostic.

The main problem associated with NPA is the unfolding of the measurements which

are made along a line-of-sight through the complete plasma. The source function for the

creation of the neutral flux is the neutral density profile, which is poorly known. Errors made

in the computation of this profile have a direct bearing on the results. Furthermore,

attenuation of the neutrals by multiple charge exchange also influences the measurements. At

TEXTOR the interpretation of the spectra is performed by the 3-dimensional Monte Carlo

code EIRENE [Ber86], taking these effects into account.
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Fig. 5.9 Comparison of the measured central ion temperature measured by Rutherford

scattering and by neutral particle analysis for a set ofohmic discharges covering

all normally used plasma densities at TEXTOR.

A comparison between NPA and RUSC is made in Fig. 5.9. Here for 14 discharges,

covering densities in the range from 1.0 x 1019 nr3 to 6.0 x 1019 nr3, TJO.RUSC is displayed

versus TJO.NPA- Also included is a line indicating TJO.RUSC ~ TJO.NPA- It is seen that the data

is systematically situated below this line, implying that with RUSC somewhat higher

temperatures are obtained than with NPA. This trend has also been observed when

comparing results from comparable discharges where both diagnostics did not measure

simultaneously. A possible explanation could be that the ion velocity distribution is not

completely Maxwellian. RUSC mainly measures the lower part of the distribution (E <

2 kT), whereas the NPA diagnostic uses the higher part (2 kT < E < 5 kT). This would

imply that the velocity distribution decreases more rapidly for higher energies than a pure

Maxwellian distribution. Another possibility is that in NPA errors may occur in the procedure

to unfold the measurements. A third possibility is, obviously, that there are systematic errors

influencing the results in one or both diagnostics.

A second comparison between the two diagnostics has been made by comparing the

measured T, profiles. In Fig. 5.10 the obtained profiles are displayed, which in this case

exhibit an almost similar TJO- It is seen that the Rutherford scattering profile is broader the

NPA profile, but generally speaking the agreement is quite good. The difference at half

radius amounts to about 3 cm. The cause for this observation can probably be found in the

spatial resolution of both diagnostics. The problems associated with unfolding the NPA

measurements have been mentioned above. The difficulties with profile measurements with
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RUSC were already illuminated earlier (Section 3.6). Hence, systematical errors in both

profiles may occur. In view of these uncertainties a difference of 3 cm can be considered as

acceptable.

i .0

0 . 8

> 0.6
a

0 . 4

0 . 2

0 . 0

Rutherford
scattering

-20 -10 0 10 20 30

vert, position (cm)

Fig. 5.10 Ion temperature profiles determined from Rutherford scatering (dots) and

neutral particle analysis (circles) for a TEXTOR discharge with Ipi = 350 kA

andneo= 4.0 x 1019' nr3'.

Charge Exchange Recombination Spectroscopy

For a number of discharges with NBI-Co TJO has not only been obtained by

Rutherford scattering, but also by Charge Exchange Recombination Spectroscopy. This

technique is based on the broadening of line emission of impurities caused by the thermal

movement of the ions (see, e.g., [Hut87]). The impurities involved are mainly C and O, but

heavier elements can also be used. The drawback of this method is that it can only be used

when NBI is applied to the plasma.

The comparison between central impurity temperature (Tio) and central bulk ion

temperature is made in Fig. 5.11 for a wide range of neutral beam powers (0.2 MW -

1.5 MW H° -> D+). It is seen that Tio.cXRS is significantly larger than TJO,RUSC- An early

comparison between bulk ion and impurity temperatures in PLT was published in 1979

[Eub78]. For low density, high temperature H discharges estimated differences up to 800 eV

between central impurity temperature (CXRS) and central bulk ion temperature (NPA and

NYM) were observed, with Tio being 16% higher than TJO- A very recent study performed at

JET between the observed temperatures of Ni and He also revealed differences between their

temperatures, with again the ion with the higher atomic mass number having the higher

temperature [Maa94]. Also an elaborate comparison between the central He and C
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temperature at JET seems to indicate that for high temperatures C exhibits the higher

temperature of the two [Hel94]. Hence, the observations from TEXTOR are not unique.

The difference must be accounted for by the energy flows in the plasma. The energy

of the neutral beam heating particles at TEXTOR is usually about 55 keV. At these energies

most of the energy of the (ionized) beam particles is transferred to the electrons. Once the

beam particle has slowed down to, typically, 30 keV, most energy is transferred to the ions.

Coulomb cross-sections for slowing down of fast ions are much larger for impurities than for

hydrogenic ions. The coupled power per ion species is proportional to njZj2/mi. Taking

carbon as the impurity involved and assuming nc/no - 0.03, it follows that almost 20% of

the beam power is delivered to the carbon ions. However, it also follows that the coupled

power per ion is 6 times larger for carbon ions than for deuterium ions. If on the one hand

the energy partition times between impurity and deuterium ions is long enough, whereas on

the other hand the collision times between the impurities are short enough to be well coupled

to one another, differences in temperatures can develop. This explanation also accounts for

the fact that the isotope with the higher atomic mass exhibits the higher temperature.
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Fig. 5.11 Comparison of the central ion temperature of the bulk ions (RUSC) and that of

carbon (CXRS). The data obtained from RUSC is significantly lower than the

data from CXRS.

Neutron measurements

Neutron measurements can also be used to determine the central ion temperature

[Hut87]. The principle of these measurements is based on the creation of neutrons as fusion

products. The creation rate is a strong function of the deuteron density and temperature.

Furthermore, the measurements are volume integrated, hence the shapes of the ion density
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and temperature profiles have to be assumed (or measured by other diagnostics). The

comparison between RUSC and NYM is made in Fig. 5.12 [Was94]. Here the ratio between

Tio.RUSC and TO.NYM is displayed versus PICRH. so for TIO.RUSC
 i n the range of 1.0 -

1.5 keV (see Fig. 5.8). It is found that TJO.RUSC is significantly larger than TJO.NYM: the

difference is almost 50% and independent of PICRH- Obviously there must be systematic

errors in one or both deduced temperatures. Concerning NYM, there are several problems

associated with obtaining ion temperatures from neutron yield, briefly mentioned in the

following. It is well possible that one of these effects is wrongly estimated, resulting in the

observed discrepancy.

- There is the problem of determining the absolute level of neutrons emitted by the plasma.

At TEXTOR non-collimated detectors are used, but the detectors are calibrated by moving

a well defined neutron emitter through the vacuum vessel [Hoe92]. Errors which might

occur in this calibration have a direct bearing on the results.

- A second factor is the uncertainty of the n; profile. It is assumed that the electron and ion

density profile are identical. The results from RUSC indicate indeed that both profiles are

similarly shaped, but there is a difference between the absolute profiles caused by the

presence of impurities.

- The creation of non fusion neutrons, e.g. when runaway electrons hit the wall, can have

an impact on the observations

There are neutrons created by fusion reactions in the non-Maxwellian tail of the ion

velocity distribution. Especially during ICRH heating, when the tail of the distribution is

significantly enhanced, this could have a large impact on the results.

2 . 0

o.o
o.o 1 .0

ICRH

Fig. 5.12 Ratio of the central ion temperature obtained by Rutherford scattering and by

neutron measurements versus applied ICRH power.
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In conclusion, it can be said that the results from Rutherford scattering are situated in

between those from Charge Exchange Recombination Spectroscopy on the one hand, and

those from Neutral Particle Analysis and Neutron measurements on the other hand.

Especially the fact that the results obtained with RUSC are not systematically higher or lower

than all the other methods gives support to its interpretation. Still, discrepancies remain. It is

not only interesting to conduct further research in the exact causes hereof, but in view of the

importance of the role of the ion temperature in reaching fusion it is even imperative.
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CHAPTER 6

MEASUREMENTS OF THE

TOROIDAL ROTATION OF THE BULK IONS

BY RUTHERFORD SCATTERING

6.1 Introduction

The toroidal rotation speed (v^) of a tokamak plasma is associated with a number of

interesting aspects of tokamak physics. Especially impurity transport is generally believed to

be strongly correlated with toroidal plasma rotation. This has, e.g., been observed at various

tokamaks where the injection of fast, neutral particles parallel (NBI-Co) to the plasma current

suppresses the accumulation of impurities in the centre of the plasma, while in the case of

NBI-Counter the impurity build-up is enhanced [Isl83, Suc84]. Usually, v<j> is measured by

active Charge Exchange Recombination Spectroscopy (CXRS) [Haw85, Isl86, Wei89].

With this technique the rotation is inferred from the spectral shift of impurity line emission,

i.e., the Doppler shift. Typical speeds measured during NBI are of the order of 105 ms"1.

With (near) balanced injection hardly any or no rotation is observed.

To be able to compare experimental results with predictions from various theoretical

models, it is often assumed that the rotation speed of the hydrogenic ions (v,^) equals that of

the impurity ions (v^j). Coulomb cross-sections for slowing down of fast ions, however,

are much larger for impurities than for hydrogenic ions, which could make momentum

transfer to the impurities more efficient. It then depends on the difference in transport losses

and momentum exchange between the species whether there is a difference in rotation speed.

Moreover, there are results from neoclassical theory which indicate that the rotation speeds of

different plasma species need not always be the same fKim91, Nak91]. Therefore,

measurements of v<j>,j, alongside v^j, are desirable. In Section 2 of this chapter, trte proof of

principle that these measurements can be performed by the Rutherford scattering diagnostic at

TEXTOR is given. In Section 3 results for ohmic and NBI heated plasmas are presented,

whereas in Section 4 a comparison is made with results from CXRS and measurements of

MHD mode frequencies. Finally, in Section 5 the time response of v^j to the switching

on/off of the neutral beams is discussed.
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Fig. 6.1 Time evolution of the plasma current (a), line-averaged electron density (b),

electron temperature at r = -7 cm (c), applied NBI-Co power (d) and NBJ-

Counter power (e).
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6.2 First measurements of the toroidal rotation of the bulk ions

As was illuminated in Section 3.2, if the geometry of the diagnostic is such that

information about the ion velocity distribution in toroidal direction is gained, the drift velocity

VIIO in Eq. 2.11 can be identified with v^j. First attempts to observe v^j were made in the

autumn of 1992, after the set-up of the diagnostic was adjusted in the appropriate way during

the summer. Several discharges with NBI were monitored, as the tangentially injected beams

give the plasma a toroidal angular momentum. The time evolutions of plasma current, line-

averaged electron density, electron temperature at r - -7 cm (the centre of the plasma was at

r - 6 cm) and NBI power of one of these discharges are shown in Fig. 6.1. To suppress

the parasitic peak the toroidal field was 1.80 T, instead of the usual 2.25 T. Hence, no ECE

channel could be set at the centre of the plasma, but Teo is estimated to be 20%-25% higher

than the displayed one, based on similar shots with "normal" toroidal field. The scattering

angle was 7° and the scattering volume was positioned at the centre of the plasma.

Several characteristics of the data, collected during the same discharge as in Fig. 6.1,

are given in Fig. 6.2. They are (a) the number of detected counts in a spectrum, (b) the

position of the centre of a spectrum, and (c) the width of a spectrum. The total integration

time per spectrum was 15 ms. A number of observations can be made.

- A change in the counting rate of the diagnostic can be seen after NBI is switched on/off.

This was already mentioned in Section 4.6.

- The complete time-of-flight spectrum shifts to smaller values when NBI-Counter is

switched on, which is caused by the toroidal rotation of the plasma. The direction of this

shift, which is dictated by the geometry of the Rutherford scattering diagnostic with

respect to that of the neutral beams, is in accordance with expectations. With balanced

injection only a small shift remains, which disappears once both beams are switched off.

- The use of NBI leads to a substantial increase in the width of the spectrum, reflecting a

higher ion temperature of the plasma.

Having established qualitatively that toroidal rotation can indeed be observed, a

quantitative estimate of v^j can now be made. Function parametrization can be used to yield

a value for v^j. However, as was mentioned earlier (Section 3.5) systematic errors could

have an impact on the interpretation of the data. Therefore it was preferred to adopt another

approach. The average position of spectra obtained during the ohmic phase of a discharge is

used as a reference level. The shift of the spectrum which occurs after the onset of NBI can

then be used to deduce Av^j , which is the central speed compared to the ohmic phase. (If,

moreover, it is assumed that rotation during ohmic heating alone is small and below the de-

tection threshold of RUSC, Av^j and v^.i are nearly identical. See the next section where

ohmic rotation is discussed in more detail.) In this way Av^j - (1.2±0.1) x 105 m s 1 has

been derived during NBI-Counter for this particular discharge. During balanced injection the
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spectrum is slightly shifted (= 0.4 ns) with respect to the ohmic phase. This can, however,

largely be attributed to the fact that the spectral position is a (weak) function of TJ: the

efficiency of the RUSC analyser increases with the particle energy, so the spectrum for a

high Tj will be weighted towards shorter flight-times, compared to a low Tj. It can therefore

be concluded that v<j>o,i during balanced injection approximately equals v^o.i during ohmic

heating. The time evolutions of both Av^j and Tj are presented in Fig. 6.3. It should be

noted that three spectra sampled during 15 ms were added to improve the statistics, so the

integration time of a spectrum was increased to 45 ms. Tj varies from about 0.7 keV in the

ohmic phases of the discharge, to 1.3 keV during NBI-Counter and 1.8 keV during balanced

injection. These values are close to the (estimated) Teo-
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Fig. 6.2 Number of detected counts (a), spectral position (b) and width of the spectrum

for the same discharge as displayed in Fig. 6.1.
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Fig. 6.3 Central toroidal rotation velocity (a) and central ion temperature (b) obtained

with the Rutherford scattering diagnostic for the same discharge as displayed in

Figs. 6.1 and 6.2.

6.3 Results for ohmic and NBI heated discharges

Ohmic discharges

In the previous section it was assumed that with ohmic heating only v^.i is below the

detection threshold of RUSC, i.e. v ^ j < 104 ms'1. By collecting data during discharges in

which the plasma current is directed in the standard direction and during discharges in which

the current is reversed, an indication to whether this assumption is justified can be found.

This is done by looking at the difference of the obtained spectral positions for the two data
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sets, which leads to a suppression of possible systematic errors in the system. In this way an

estimate can be made about v^.i during ohmic discharges.

This method has been applied to a series of 26 discharges, of which the direction of

Ipl was standard during the first 13 discharges and reversed during the 13 last ones. The

discharges within the two series were reproducible, but the electron density of the two series

differed. In the first series neo * 2.1 x 1019 nr3 , whereas with reversed current neo = 1.0 x

1019 nr3 . (The low ne was triggered by the desire to study runaway electrons.) This causes

the plasmas to have different temperatures, which has some effect on the spectral position, as

was mentioned earlier. However, the impact on the measurements is only limited, as the

difference in TJO is not very large for the two cases. Moreover, it can be corrected for.

Analysis of the first data set yields an average spectral position of 212.25±0.24 ns, whereas

for the second data set a value of 212.83+0.30 ns is found. Hence, the averaged spectral

position without rotation is 212.56±0.19 ns, where it has been assumed that both plasmas

rotate at the same speed but in opposite direction and where temperature effects have been

corrected for. The (temperature corrected) difference between the two cases amounts to

0.61±0.38 ns. Two observations can now be made. First, the plasma seems to rotate in

counter direction during ohmic discharges. This can be seen most readily by looking at the

direction of the shift for normal Ipi with respect to the spectral position without rotation,

taking the geometry of the diagnostic into account. Second, the difference in spectral position

corresponds to a difference in v ^ of (2.711.7) x 104ms"'. Dividing this by two, it can be

concluded that the central bulk ions rotate with a speed of about 15 kms-1 in counter

direction during ohmic discharges. This result is also in agreement with the result from

function parametrization, given in Fig. 3.11, supporting this conclusion.

Dependence on neutral beam power

The dependence of v ^ j on the injected beam power has been investigated, using the

NBI-Co injector. Hydrogen was used as heating beam species, deuterium was the main

plasma ion; Ipi - 350 kA. Several series of NBI heated discharges were monitored and anal-

ysed in the way described in Section 6.2. As in Chapter 5, PNBI was not varied by chang-

ing the injection energy of the particles, but by reducing the number of injected particles. The

central electron density varied only slightly for the different series: 4.3 x 1019 nr 3 < neo ^

5.1 x 1019 nr3 . In Fig. 6.4 the central Av^j is displayed versus the neutral beam power,

which has been normalized with respect to the plasma density (PNBl/neo)- The rotation is

clearly seen to increase in a non-linear way with PNBI- A simple power fit revealed that

Av,j,o,j is, within statistical uncertainties, proportional to VPNBl/neo for the data set under

consideration:
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Fig. 6.4 Observed change in central toroidal velocity versus normalized neutral beam

power. All data is for NBI-Co injection ofH° into a D+ plasma. The fit shown

is proportional to -

- (2.210.1) PNBI ,0.48±0.02
(6.1)

with A v ^ j in 105ms'1, PNBI in MW and neo in 1019nr3. It should be noted here that the

cluster of data at PNBl/ne0 - 0.279 comprises of 11 successive discharges, with Av^o.i

varying only between 1.15 x 105 ms"1 and 1.29 x 105ms->. This indicates that the

discharges appear to be very reproducible and that the scatter of the other data might not only

be caused by measurement uncertainties, but could perhaps be ascribed to other factors. One

possibility is that the friction between ions and neutrals contributes significantly to the

(toroidal) momentum balance of the ions. Unfortunately, no information about the neutral

density at the edge of the plasma by Ha-light is available for the investigated discharges,

which would have enabled a systematic investigation.

In steady state, the momentum confinement time (Tm) can be defined by the total

toroidal momentum stored in the plasma (M^) divided by the toroidal input force deposited

by the beams (F<(,). (An alternative way of defining Tm, not adopted here but occasionally

found in the literature, is using the total angular momentum and the input torque.) An

accurate expression for F ,̂ should involve the exact deposition of the beam power in the

plasma, but a reasonable estimate can be made by

PNBI (6.2)
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Here mb is the mass of the heating beam particles and Eb is the beam energy; 9 is the

horizontal injection angle. M^ is given by

(6.3)M<j, - J £ mjnjv,),; dV » mp J n^^, i dV ,
Vp i Vp

where the summation is taken over all ion species present in the plasma. To derive at the right

hand side of the equation it has been assumed that the different ion species have the same

rotation speed and that all dominant ions have the same charge-to-mass ratio. Following

Ref. [Ish88], where the ne- and v^j-profiles are assumed to have a radial dependence as

(l-(r/a)2)a, M^ can also be estimated as

(6.4)

in which Gprof is a profile factor of about 0.3. Combining Eqs. (6.2) and (6.4) yields the

following expression for xm in ms:

(6.5)

or, using the incremental toroidal speed and substituting the fit given by Eq. (6.1) in (6.5):

NO.52±O.O2

The various parameters are given in the familiar units (105 ms-1, 1019 nr3, MW). In Fig. 6.5

the momentum confinement time obtained from the measurements through Eq. (6.5) is

plotted versus PNBI- Also indicated is TE, the energy confinement time [Mes94]. It is seen

that i m is about twice as large as TE for all PNBI- Although the constant in Eq. (6.5) depends

strongly on both the deposition profile of PNBI and on Gprof, it appears that the difference

between xm and TE is significant. This can be supported by two arguments. First, if the exact

deposition profile of the beam is calculated, taking shine through and bad orbit losses into

account, it will most likely result in a smaller Y^, which in its turn leads to an increase rather

than a decrease of tm . Second, a large variation of the width of the r^ and v^j profile results

in a change of at most 20% of the proportionality constant, which is much smaller than the

observed difference. A final remarks concerns the similarity of the dependence of both zm

and TE on PNBI- Such similarities have also been observed at several other tokamaks (see,

e.g., Refs. [Isl86, Ish88]). However, results from a quantitative comparison between the



Toroidal Rotation 105

two confinement times do not yield a clear picture. Both for divertor and limiter plasmas xm

is observed to be smaller than, equal to or larger than TE [Haw85, Burr88, Ish88, Asa93]. In

view of this variety the results at TEXTOR cannot be linked to a generally observed trend.
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Momentum (xm) and energy (XE) confinement time as a function of injected

neutral beam power. Both confinement times exhibit a similar dependence on

PNBI> but Tm is about twice as large as XE-

Apart from the carefully selected PNBI-scans discussed above, discharges under

different experimental conditions were monitored, too. Unfortunately, the amount of data is

rather limited, so the conclusions drawn below should be regarded as tentative. In Fig. 6.6

Av^.i versus PNBl/neO is displayed for all monitored discharges, together with the fit given

as Eq. (6.1). Negative values of PNBl/neO and Av^.i indicate counter injection and rotation,

respectively. Several observations can be made:

- The change in the central rotation speed for discharges with hydrogen counter injection is

about the same as for co injection. So it seems that Eq. (6.1) holds both for co and

counter injection. Similar observations have been reported from JET and JT-60 [Sto87,

Ish88].

- During (near) balanced injection, with a total heating power of 2.6 MW, there is virtually

no rotation observable. This has also been seen earlier at JET [Sto87].

- Finally, a few low density discharges with limited PNBI (0.4 MW), where D was used as

heating beam species, have also been monitored. This data has been taken during the

transient phase towards the end of the discharge whilst the plasma current was

decreasing. This, however, should not have a large bearing on the results. Central speeds

up to and over 2 x 105 ms-1 were found for these discharges. It can be seen that
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with D injection is higher for both for co and counter injection than the fit made to the H

injection data. An estimate of the difference by varying the proportionality constant in Eq.

(6.1) yields a factor 1.4. This confirms, not surprisingly, the dependence of the

deposited toroidal input force on -/nib, as Eb during H injection and D injection are equal.

Similar observations were made at Doublet III [Bur88].

E
in
o

-0.4 -0.2 0.0 0.2

f\mi/n«o (10-'3Wm3)

0 . 4

Fig. 6.6 Change in central toroidal velocity versus normalized neutral beam power.

Negative values indicate NBl-Counter and counter rotation. The fit to the data

for hydrogen injection is seen to hold for both co and counter injection.

Deuterium injection results in higher speeds, which can be explained by the

larger mass (-J2) of the injected beam particles.

Profile measurements

By adjusting the position of the scattering volume on a shot-to-shot base, three profile

measurements were performed with NBI-Co injection. In two cases the scattering volume

could only be varied over a small part of the plasma: -0.25 m < z < 0.08 m, where z is the

vertical position of the centre of the scattering volume. This was due to the limited range over

which both the analyser and the beam line could be moved without obstructing the line-of-

sight to the plasma. In the third case, however, this problem was partly solved by changing

the scattering angle of the diagnostic for some of the discharges from 7° into 6°, which made

it possible to reach the outer region of the plasma: -0.40 m < z. Obviously, the smaller

scattering angle has a deteriorating effect on the spatial resolution of the measurement. For

one of the series also the rotation profile of C6+ ions was obtained. Some parameters of the

investigated discharges are given in Table 7.
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neo (1019nr3)

PNBI(MW)

beam species

Av^iClOSms-1 )

Av^j (105ms-1)

1

4.2

1.31

H

0.91
-

2 and 4

4.0

1.34

H

1.16

1.29

3

1.0

0.4

D

1.66

-

Table 7. Table displaying central electron density, neutral beam power, heating beam

species and measured central toroidal rotation for the four profiles discussed in

the text.

In Fig. 6.7 the measured profiles are displayed. For several positions in the plasma

more than one discharge has been monitored, in which case the averaged value is shown. In

total 18 discharges were sampled for profile 1, 9 for profile 2 and 11 discharges for profile

3. The CXRS profile has been collected during one of the discharges of profile 2. (It should

be noted, though, that the CXRS profile has been measured in the midplane of the plasma,

whereas the RUSC data has been collected along a vertical line.) It is immediately clear from

the figure that both the spatial resolution and the accuracy of the measurements is not

sufficient to draw conclusions on a refined scale Still, several remarks can be made.

- Comparing profiles 1 and 2 reveals that the central values of profile 2 are about 20%

higher than the ones of profile 1. This can only partly be explained by the slightly

different electron density of the plasma: on the ground of Eq. (6.1) a difference of only a

few percent is expected. The toroidal field for both series of discharges, however,

differed. Profile 1 was measured with B^ - 1.80 T, whereas all other profiles were

obtained with B^ - 2.25 T. Apparently the magnetic field has an indirect impact on the

momentum balance, e.g. by causing more neutrals to be released from the wall by

influencing the plasma-surface interaction.

- A comparison between profiles 2 and 4 shows that the central values for the D and C ions

are close to one another. It should be borne in mind, though, that both profiles are

relative to the ohmic phase, so that a more accurate statement is that the change in central

rotation velocity is similar for both ion species.

- It appears that profiles 1 and 2 are rather flat in the centre: all obtained values inside

-0.20 m < z < 0.20 m are less than 23% larger than the value at z - 0.20 m. This is also

seen for the CXRS profile, which exhibits a large gradient between 0.18 m and 0.23 m.

- The profile with low power D injection and low density seems to be much more peaked

in the centre than the other discharges.
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Fig. 6.7 Toroidal rotation profiles obtained with Rutherford scattering (I, 2 and 3) for

different experimental conditions. The fourth profile was obtained by Charge

Exchange Recombination Spectroscopy during one of the discharges used to

measure the second profile. Note that the RUSC data has been obtained along a

vertical chord in the plasma, whereas the CXRS data has been measured in the

midplane, complicating the comparison between both methods.

Finally, fits have been made to the data, assuming that the profiles have a radial dependence

as (l-(r/a)2)a. The purpose of these fits was merely to derive at a statistically more reliable

value of the central rotation, not to find an accurate description of the complete profile. The

results are also included in Table 7.

The measurements of the first profile, which is the only one obtained for almost the

complete plasma minor radius, have been used to calculate the radial electric field, Ef. An

expression for E,- can be found from the radial component of the force balance equation:

E r - - V (6.7)

with VQ and Be representing the poloidal velocity and magnetic field, respectively. Usually,

the poloidal rotation term is assumed to be negligible on time scales longer than x^, the ion

collision time scale. At TEXTOR, for the investigated regime, TJJ is of the order of 10 ms.

Hence, in the following it is also assumed that poloidal rotation is damped. A second

assumption which is made here is that both r^ and n,, and pe and pj are equivalent. Fits of the

form a(l-(r/a)2)P have been made to the electron density and temperature profile. In this way
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an analytic expression was found which has been used to calculate the pressure gradient term

in Eq. (6.7). A similar fit was made to the data for Av^. The poloidal magnetic field was

calculated from a fit to the current density profile, which has been taken from Ref. [Sch91].

It should be noted here that all profiles only describe the measurements reasonably well in the

central region of the plasma (r < 0.7 a). Hence the results at the edge of the plasma should be

treated with care. The total radial electric field, together with the two terms which contribute

to it, are displayed in Fig. 6.8. It is clearly seen that the electric field driven by the toroidal

rotation is significantly larger (factor 4 at half radius) than the Vpj term. Similar results were

reported from PBX-M [Asa93]. This also shows that even if poloidal rotation is present in

the plasma, it at least has to be of the order of v^Be/B^ ~ 104 ms"1 at half radius to have a

comparable impact on Ep

15 -

(l/en.z.)x(aP./8r)

E
>

t i l

O 10 20 30 40

vert. position (cm)

Fig. 6.8 Radial electric field and the two components contributing to it. The

assumptions made to compute Er are probably not valid in the outer region of

the plasma, indicated by the dotted lines, and should therefore only be regarded

as indicative.

6.4 Comparison with CXRS and MHD mode frequencies

Apart from Rutherford scattering, two other methods are in use at TEXTOR which

can be used to investigate the toroidal velocity. The first method, charge exchange

recombination spectroscopy, uses the Doppler shift of an impurity to infer V<J,J. As this

technique is well documented in the literature, only two remarks are made here [Haw85,

Isl86, Wei89]. First, at TEXTOR the C VI 529.05 nm line is used for CXRS. Second, the
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toroidal speed given, just as with RUSC, is relative to the ohmic phase. Hence, in the

following Av^j is used. The second method is based on the assumption that the internal

MHD modes with m - 1 and n - 1 (m and n denoting the poloidal and toroidal mode

number, respectively) are connected with the plasma flow near the axis. In that case the

phase velocity, v^m-i, can simply be computed by

vfcm-i - 2rcR/m_i . (6.8)

At TEXTOR the frequencies of precursor oscillations of the sawtooth crash, which are

commonly attributed to the evolution of a rotating m - 1 mode, have been determined by the

HCN interferometer and the ECE radiometer [Kos92]. An implicit assumption which has

been made to derive at Eq. (6.8) is that the plasma exhibits no poloidal rotation. This

assumption is supported by neoclassical theory which predicts that the viscosity in poloidal

direction is many orders of magnitude larger than that in toroidal direction.

In this section first the results from a comparison of both techniques with those from

Rutherford scattering are given and discussed, whereas at the end of the section a more

general discussion is held.

Comparison with Charge Exchange Recombination Spectroscopy

For 22 of the discharges displayed in Fig. 6.4 (H co injection into D plasma) Av^.i

was determined, too. A comparison between Av<t>o,i and Av^o.j is made in Fig. 6.9. The

solid line represents Av^ j - Av^j, whereas the dotted line represents the results of a linear

fit to the data. The fit is described by

Av.,,0.1 - ( 1 . 1 5 ± 0 . 0 5 ) A v w . (6.9)

It is seen that for higher input power the impurities seem to rotate a little bit faster than the

hydrogenic ions. The data base is not very comprehensive, though, and this observation can

only be considered as indicative.

In their article, Kim, Diamond and Groebner derive from neoclassical theory

expressions for the toroidal rotation of both ion species [Kim91]. They take into account two

possible sources which can lead to a difference of rotation velocity for different ion species,

namely effects caused by n; and T; gradients, leading to a dampening of v^j, and effects

caused by the parallel electric field (En). The difference between hydrogenic and impurity

rotation caused by Vnj and VTj is given by:
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where Zj is the charge number of the main ion species and e is the elementary charge. Pi

(0.80) and $2 (0.57) are two constants which depend on the aspect ratio of the tokamak and

on an impurity strength parameter which is a measure for the amount of impurities present in

the plasma: a - njZi^ / njZj2. It is seen from Eq. (6.10) that, apart from the gradients, Av^v

is a function of Tj. So by applying more neutral beam power, Av<j,v is predicted to increase.

By making the same assumptions as those used to compute Er and substituting the

corresponding profiles, it is found that the hydrogenic ions are expected to rotate faster than

the impurity ions. However, the difference is only marginal: Av<|,v - 0.3 x 104ms - 1 is

predicted for the half radius, even for this full power NBI discharge. In the centre no

difference is expected, whereas further outward the difference increases to a maximum of

1.6 x 104ms-1 at the edge. In this region, however, a number of assumptions made are not

valid any more and this prediction will yield too large a values for Av^v. The combined

measurement error of the two diagnostics is such that it is virtually impossible to detect

differences < 104 ms'1. It can therefore be concluded that for the investigated regime no Vn;

and VT; driven differences are expected to be observed in the central region of the plasma.

2 . 0

0 . 0
0.00 1 .25

\.i,0

Fig. 6.9 Comparison of the change in central toroidal velocity obtained for the

hydrogenic bulk ions (RUSC) and that for impurity ions (CXRS). The dotted

line is the result of a linear fit to the data, whereas the solid line represents

The second effect on the toroidal rotation velocities (En) has also been estimated

theoretically. Kim et al. find, starting from the electron, ion and impurity parallel momentum

and heat flow balance and assuming that the total momentum is zero, that at the magnetic axis

the parallel electric field causes the main plasma ions to rotate in co direction (to the current).
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The impurity ions, however, rotate in counter direction with a velocity larger than that of the

main ions by a factor of (njmj)/(nrmi)« 5 for a typical TEXTOR discharge. The difference in

toroidal rotation speed, AV^H, is described by

AVAH - — ^ — = 2.3 x 104ms ' . (6.11)
9 m, Zi ( i + a ) ( / 2 + a )

Here C has been used as impurity species and a is the earlier mentioned impurity strength

parameter. For NBI heated discharges En drops because of current drive and higher

temperatures, causing the resistivity to decrease. So for higher power NBI discharges, the

difference between ion and impurity rotation, Av^jj, is expected to decrease. Hence, if

Eq. (6.11) is valid it can be concluded that there should be a significant difference of about

2 x 104 ms 1 between the C and D ions in ohmic discharges, decreasing by typically a factor

of 10 for full power NBI. If Av^jj indeed decreases with NBI power, it is expected that the

proportionality constant between A v ^ i and Av^o.i is larger than one. The observations

indeed seem to point in this direction.

There is, however, a contradiction with the neoclassical prediction which is much

more severe than the above mentioned vague indication. According to Kim et al., the main

plasma ions rotate in co direction, whereas the impurities rotate in counter direction to the

current. The measurements of ohmic discharges by RUSC, though, point in the direction of

a counter direction bulk ion velocity, whereas efforts to deduce the absolute value of the

impurity rotation indicate that the impurities rotate, during ohmic discharges, in co direction

with a velocity of about 2.5 x 104 ms"1. This value has been derived by comparing the

spectral position of the C VI line during ohmic discharges, caused by charge exchange with

background neutrals, with the line emission of C V the at the edge of the plasma (r/a » 0.85).

The latter is assumed to be virtually non rotating during ohmic discharges. This result,

however, is in contradiction with results from many tokamaks, where usually a very good

agreement between v^m.i and v ^ j is found [Sto87]. Apart from possible systematic errors

in the system, it is hard to see why this discrepancy exists.

Comparison with MHD mode frequencies

For standard ohmic plasmas (Ipi - 350 kA, B<j, - 2.25 T, neo - 4.0 x 1019 nr3) the

precursor period as observed by both interferometry and ECE is typically 300 \is in duration,

which corresponds to / m _i = 3.3 kHz. When low power NBI is applied, / m _i decreases

until it reaches very small values for PNBI = 0.2 MW. When increasing PNBI. /m-l increases

again and reaches maximum values of about 8.3 kHz for PNBI ~ 1-3 MW. Such behaviour

has been observed systematically at TEXTOR and can be interpreted as follows. If the m - n

- 1 mode is frozen in the plasma flow, the plasma rotates in counter direction during ohmic
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discharges with a phase velocity v<(,im_i (3±1) x 104ms-'. With low power NBI, v^m.i

decreases until the plasma comes to a virtual standstill for PNBI ~ 0.2 MW. For higher

powers the plasma starts to rotate in co direction and reaches values of about 9.3 x 104 ms"1

with full power. Similar observations were made at other tokamaks. At JET central speeds of

2.0 - 2.5 x 104 ms'1 counter to Ip] were observed during ohmic discharges from MHD

measurements [Sto87]. Rotations in the range of 1.0 - 2.0 x 104 ms"1, also in counter

direction and also inferred from MHD measurements, were reported for JT-60 divertor

plasmas [Ish88].

1
V)

E
in
o

CJ

i

0

0

n

. u

. 5

. 0

1 I

1 |

1

|

^ ' • • •

1

0 .00 0 .25 O . 50 0 . 75 1 . 00 1 . 25

Fig. 6.10 Comparison of the change in central toroidal velocity obtained for the

hydrogenic bulk ions (RUSC) and the velocity derived from precursor

frequency oscillations. The solid line represents Av^j = Av<poj. The dotted

line is the result of an offset linear fit to the data. The offset of about 3 x 104

ms'1 can be associated with the rotation of the plasma in counter direction

during ohmic discharges and can be used to determine the absolute toroidal

velocity in Fig. 6.6.

In Fig. 6.10 v<j,im_] is displayed versus Av^o.i, for a data set of 33 discharges. As

before, the solid line represents v<|,im_i - Av^o.i. whereas the dotted line represents the

offset linear fit to the data. The fit is described by

v<)>,m-l - (-3.0±0.2) x 104 ms"1 + 1.07±0.03 (6.13)

It is seen that, apart from an offset, there is virtually no difference in increase of both

velocities with PNBI. The significant offset can be attributed to the rotation of the plasma in
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counter direction in ohmic discharges. The ohmic rotation speeds obtained with RUSC are

about half as large as the values obtained from the MHD frequencies. It may well be that the

assumption that poloidal rotation is negligable is not valid and that it should be taken into

account. The large error in the RUSC data, however, prevents any further statement to be

made.

The observations can be summarized as follows. The rotation velocity associated with

the m - n - 1 mode activity is in counter direction for ohmic discharges, flipping direction

for PNBI > 0.2 MW. The rotation of the main ions has been observed to be in counter

direction, but the data leading to this statement is not at all conclusive due to the large

measurement error. The rotation of the impurities seems to be in co direction. Both these

results are, as far as the direction of the velocity is concerned, in contradiction with

neoclassical predictions. Within the error bars, all three methods exhibit a similar dependence

on PNBi/neo, namely as the square root. This indicates that the relative velocities of the main

ions, impurities and m - n - 1 mode remain constant, irrespective of the velocity of the

plasma column as a whole.

The greatest uncertainty in the results concerns the rotation in ohmic discharges of the

main and impurity ions, or, put differently, the absolute values of the RUSC and CXRS

data. In order to reach a definite conclusion on this topic, it is necessary to jointly perform

measurements for standard ohmic discharges, followed by the reversal of the plasma current.

This process should be repeated for different densities. Efforts to do this were undertaken,

but unfortunately circumstances beyond the control of the experimentalists prohibited

successful completion of the program before the shut down of early 1993. Hence, no definite

conclusion regarding this subject can be reached at this stage.

6.5 Time response

Apart from analysing the toroidal rotation in steady state situations, the time response

of Av^i after the switching on/off of the neutral heating beams has also been investigated.

Several scenarios have been analysed: the decay of Av^o.i after switching off NBI co

injection, the rise of Av<),o,i after switching on NBI counter injection and the change of

Av^j after steady state NBI counter injection is balanced by co injection. Unfortunately, the

analysis of the data suffered from the drawback of bad counting statistics. This is illustrated

in Fig. 6.11, where the data and the best fit to the data taken after switching on 1.3 MW of

NBI counter injection is displayed. Five reproducible discharges were summed to improve

the statistics. The scatter in the data is appreciable and, as this data was the best obtained,

illustrates its quality. Exponential rises and decays were assumed, and fits to the data were
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made which resulted in values for the confinement time xm. The obtained values were for

switching off co injection xm - 86 ms, switching on counter injection xm - 58 ms and for

switching on balanced injection after counter injection Tm - 122 ms. The error in these values

is estimated to be about 20 ms. It was also tried for to deduce xm as a function of radius after

switching on NBI co injection. Profile 1, described above, was used to this extent and data

from two neighbouring positions was added to improve the statistics. In the central region

xm - 45 ms, around r/a - 0.4 Tm - 32 ms and around r/a - 0.8 xm - 50 ms. So within the

measurement accuracy, no differences were found.
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Fig. 6.11 Time response of the central toroidal rotation of the bulk ions after switching

on 1.3 MW of NBI counter injection.

It appears from these results that switching on the NBI beam results in momentum

confinement times of about 50 ms, whereas switching off the beam yields values of about

100 ms. (Balancing injection by adding a second beam is in this context somewhat

analogues to switching off a beam.) The global momentum confinement time obtained for the

discharges is about 60 ms, so a good agreement between the rise times and global

confinement times is found. The decay times, however, are a factor of two longer. Part or

perhaps all of this difference can be explained by the fact that momentum is still transferred to

the plasma ions by the fast ions after NBI has been switched off. A slowing down time of

the beam particles of 40 ms or more, taking a measurement error of 20% into account, could

already be sufficient to cause the observed difference. The actual beam slowing down time at

TEXTOR indeed is of the order of several tens of ms [Mes91]. A detailed analysis of the data

should consist of an unfolding of the effects of slowing down and momentum confinement,

but the quality of the data does not justify such an exercise. Furthermore, plasma parameters
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as ion- and electron temperature are also changing in the transient phase after switching

on/off the beams, which also has an impact on the observations. Hence, in conclusion it can

be said that the exponential rise times and global confinement times are about the same.

Decay times, however, seem to be somewhat longer. As before, it is necessary to improve

the counting statistics before further conclusions can be drawn. Also simultaneous

measurements of the rise and decay times of both main and impurity ions are recommended.
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CHAPTER 7

THE INVESTIGATION

OF ION SAWTOOTH ACTIVITY

BY RUTHERFORD SCATTERING

7.1 Introduction

Sawteeth are a common phenomenon in TEXTOR, just as in many other tokamaks. A

well known attempt to explain the occurrence of sawteeth has been put forward by

Kadomtsev [Kad75]. Their model, and those of most others, centre around the presence of

instabilities which originate on the q - 1 surface. A fully satisfactory theory has not been

proposed yet, since several predictions made by the models are contradicted by experimental

results. This illustrates the importance of good experimental results, which should not only

be used to check existing theories, but also to trigger new ones. The situation concerning

electron density (ne) and electron temperature measurements (Te) is favourable, but detailed

experimental information about the ion density (nj) and ion temperature (Tj) is still very

sparse. To improve the existing knowledge, efforts have been made to use the Rutherford

scattering diagnostic to study the time evolution of the ion velocity distribution during

sawtooth activity. This research was mainly hampered by the low detection rate of the

diagnostic, in spite of strenuous efforts to improve it. Therefore the technique of coherent

averaging had to be invoked to circumvent this problem, yielding some interesting results.

However, these findings are only an indication of what can be done if in future devices

higher particle yields can be obtained.

The chapter is set up in the following way. A few general remarks about sawteeth at

TEXTOR are made in Section 7.2. The technique of coherent averaging is briefly illuminated

in Section 7.3. After a few remarks about experimental considerations in Section 7.4, results

for an ohmic discharge are presented as an example in Section 7.5. An overview of all

obtained results, both for ohmic and NBI-Co heated discharges, is presented and discussed

in Section 7.6.
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7.2 Sawteeth at TEXTOR

Sawteeth have been observed both in ohmically and in additionally heated discharges

at TEXTOR. An example of the time evolution of Teo (ECE) is given in Fig. 7.1 for an

ohmically heated discharge, showing the typical sawtooth-like time evolution. In the outer

layers of the plasma an inverted sawtooth is observed, whilst in between the inversion radius

(rinv) is situated where no fast changes of Te are observed during the sawtooth crash.

Investigations have shown that for ohmic discharges in TEXTOR with standard plasma

current (Ipi - 350 kA) and toroidal field (BQ - 2.25 T), the position of rjn v = 0.13 m =

0.27 amin, independent of n^.

900

750
1 . 450 1 . 475 1 . 500

time (s)

1 .525 1 .550

Fig. 7.1 Time evolution of the central electron temperature, measured by ECE, showing

the typical sawtooth-like time dependence.

To get a feeling for ohmic sawteeth at TEXTOR, the sawtooth period (Tst) is

displayed versus the central electron density (iieo) in Fig. 7.2 [Gra94]. The general trend is

that Tst increases from 5 ms at neo « 1.5 x 1019 nr3 to typically 20 ms at n^o = 5 x 1019 nr3,

with a small dependence on the plasma current. A concise study of the changes that occur in

Teo and neo during the sawtooth crash revealed that for ohmic discharges

< 15%

Anep << 6%, (7.16)
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where the relative changes given are with respect to the minimum value, i.e. the value as

observed directly after the sawtooth crash. In contrast to the Tst-scaling no dependence on ne

could be found.

3 0

2 0

10 -

340 kA

250 kA

'eO <10l9m-3)

Fig. 7.2 Sawtooth period versus the central electron density for three different plasma

currents, illustrating the strong dependence of zst on neo-

For NBI-Co heated discharges the situation is different. Here Tst is observed to be

much larger than for ohmic discharges, sometimes even exceeding 75 ms in low-density

discharges. Moreover, xst now decreases with increasing neo- Also ATeo/Teo is found to be

inversely proportional to neo, and can reach values over 25%. Finally, if xs, is longer than

about 30 ms, the rapid increase of Teo stops and saturation occurs during the remainder of the

sawtooth. These figures are only meant as a rough indication for the changes which can be

expected when investigating the ion velocity distribution during sawtooth activity at

TEXTOR.

7.3 Coherent averaging

As stated in the introduction, the main problem hindering research of the time

evolution of the ion velocity distribution during sawteeth is the low detection rate of the

diagnostic. Sawteeth in standard TEXTOR discharges (Ipi - 350 kA, B 0 - 2.25T, neo -

4 x 1019 nr3 ) have a period of about 15 ms, whereas the count rate of the diagnostic is of

the order of five counts per ms. Since at least several thousands of counts are needed per

spectrum to reduce the statistical error to acceptable levels, the technique of coherent
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averaging was used to artificially improve the count rate. Coherent averaging (CA), generally

speaking, means the summation of data that has been taken under similar circumstances,

followed by the division of the obtained data by the number of observations, with the goal to

obtain better statistics.

In the case of Rutherford scattering, CA can be formulated as follows: the sawteeth

are divided into a number of intervals, and data from similar intervals in different sawteeth

are added. This process can be divided in four steps.

1. The timing of the sawtooth crashes is determined. The signal from the ECE

measurements is used to do this. As the ECE signals are sampled with 10 kHz, whilst the

maximum sampling frequency of the Rutherford scattering diagnostic is only 1 kHz, the

obtained timing of the crash is accurately enough.

2. Each sawtooth is divided into a number of equal intervals. The duration of the intervals

should not be shorter than the duration of the measured spectra (i.e. 1 ms), as no

significant information can be gained by doing so.

3. This step is illustrated in Fig. 7.3, where a sawtooth has been divided in five intervals.

The contribution of a recorded spectrum to a certain interval is computed by looking at the

timing of that spectrum with respect to the timing of the interval. The fraction of the

spectrum that lies within the interval is calculated and the corresponding fraction of the

data in that spectrum is allocated to the interval. So in Fig. 7.3 about 20% of spectrum 65

and 100% of spectrum 66 are put into the contents of interval three.

interval number > 5

spectrum number 63 64 65 66 67 68 69

-> • time

Fig. 7.3 Schematic representation of a sawtooth, used for the explanation of the technique

of coherent averaging.
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4. The data from all corresponding intervals in different sawtooth cycles is summed to create

one integrated spectrum for each interval. Since the interpretation of Rutherford scattering

data is not based on absolute values, the division of the integrated data by the number of

observations is omitted.

From Fig. 7.3 it is immediately clear that a problem arises at the instant of the

sawtooth crashes. The minimum integration time per spectrum (1 ms) is much longer than the

crash time of the sawteeth (=100 |is). Since the start time of a recorded spectrum does, in

general, not coincide with the start time of a sawtooth, there usually will be a spectrum

overlapping the complete crash: in Fig. 7.3 spectra numbers 63 and 69. This will have a

distorting effect on the measurements. Although a discussion about this may seem slightly

trivial, an explanation of the method used to solve this problem is considered necessary to

avoid any obscurities in the remainder of this chapter.

Assume that nio, to which the detected number of counts (ncnts) is proportional

(Eq. 2.14), increases linearly during the sawtooth, with the maximum density 10% higher

than the minimum density. The sawteeth are divided in 10 intervals. If the start time of the

first recorded spectrum and the stop time of the last recorded spectrum fully coincide with the

timing of the crashes, ncnts exactly follows the time evolution of nio- This is illustrated in

Fig. 7.4a. However, if the timing of the recorded spectra is half an interval out of phase, this

will result in a distortion of the first and last interval, as is shown in Fig. 7.4b. Furthermore,

if the relative increase of njo is determined from the maximum difference in ncn t s ,

systematical errors are introduced. The less intervals the sawteeth are divided in, the larger

this error becomes. The deformation, however, is only limited to the first and last interval:

ncnts in the intermediate intervals does not differ for the two cases. Therefore only these

intervals are used when interpreting data. By omitting the first and last interval and fitting a

line through the remaining intervals, the relative increase of a parameter during a sawtooth

can be determined.

A final remark concerns the fact that not all sawteeth have the same period. This is not

a problem for CA, as the number of intervals in which the sawteeth are divided is kept fixed,

not the interval duration. So all intervals in one sawtooth have the same duration, but there

will be a difference between intervals from different sawteeth. This means that in principle

sawteeth with widely varying xst can be analysed by FP. However, the aim of the

investigation is to study sawteeth which occur under comparable plasma conditions.

Therefore the variation of tst for the various sawteeth is limited to 5% around the central

value and there will only be a small difference between intervals from different sawteeth.
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interval number

spectrum number

10

23 24 25 26 27 28 29 30 31

10

32

(a)

9%

time

interval number '10 1 2 3 4 5 6 7 8 9 10 1

(b)

7%

spectrum number ... 44 45 46 47 48 49 50 51 52 53 ...
time

Fig. 7.4 The deformation of the first and last interval caused by the sawtooth crash is

illustrated in this example for two different cases: (a) the recorded spectra fully

coincide with the intervals and (b) spectra and intervals are half an interval out of

phase.
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7.4 Experimental considerations

One of the choices that has to be made when optimizing the experimental conditions

for the sawtooth studies is the selection of the scattering angle (9),which greatly influences

both the spatial and temporal resolution. In Section 3.6 it was studied which systematic error

is introduced by the finite size of the scattering volume. In the case of sawtooth studies the

starting-point is slightly different. Now it is important that when the scattering volume is

adjusted to the centre of the plasma, it is (almost) completely situated within rjnv . If this

condition is not fulfilled, effects which do not occur in the central region of the plasma will

influence the measurements. It turns out that 6 - 7° is the smallest angle which still has an

acceptable spatial resolution. In that case the effective length of the scattering volume only

amounts to 17 cm, whereas rjn v ~ 13 cm, so only about 5% of the detected particles

originate from outside rinv.

Due to the limitations imposed by the original data acquisition system (Section 2.6),

only 256 spectra per discharge could be recorded. Hence, several (10-20) reproducible

discharges had to be monitored to collect enough scattered particles. Fortunately, discharges

at TEXTOR are usually very reproducible. Moreover, even if small variations in the

measured parameters would occur on a shot-to-shot base, they will not have a large impact

on the results, as only relative changes are investigated. With the new data acquisition

system, which was used at a later stage (Section 2.6), the number of reproducible discharges

needed was reduced by roughly a factor of four.

The time-of-flight section of the Rutherford scattering analyser (Section 2.5) has a

certain quantum efficiency to detect a particle. This efficiency is determined by the probability

to detect the start signal of a particle which passes through the carbon start foil (= 45%) and

the probability to detect the stop signal (= 30%). This, obviously, means that once a start

signal has been detected, there is a probability of about 70% that no stop signal will be

registered. However, the stop signal is not of particular interest for the nio measurements, as

the shape of the spectrum has no real significance there. To preserve this 70%, stop signals

are generated automatically after a certain fixed time. By setting this time after the expected

flight time of a scattered He-particle, these extra counts do not interfere with successful time-

of-flight measurements. In this way the count rate increases dramatically and the

investigations of njo can be performed more accurately. It should be noted that this technique

only works when no 'false' start signals are triggered by neutrons or high energy H- or D-

particles. This limits the applicability to ohmic discharges and to discharges where H is used

as NBI heating species, as neutron yields are low and no H-particles with energies > 90 keV

are detected.

The last remarks concern the plasma density which should be chosen for the

experiments. Since ncnts is proportional to ni0, the density should be as high as possible to
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achieve the highest possible count rate. For the ohmic case this works out fine, as xst also

increases with neo and Tst should at least be 15 ms to be able to sample enough spectra per

sawtooth. From Fig. 7.2 can be inferred that discharges with neo ^ 4.0 x 1019 n r 3 are

desired. Still, care has to be taken when approaching the density limit, which for a plasma

current of 350 kA is situated at neo = 6.5x 1019 nr3 . The sawteeth of such plasmas can

become irregular, which is not favourable for this kind of research. With NBI-Co heated

discharges, contrary to the ohmic case, an optimum has to be selected between increasing

ricnts and decreasing Tst- Furthermore, it is considered advantageous to limit Tst to 30 ms, to

avoid the saturation of Teo- These conditions limit the range in which the ideal density for

these investigations can be found to a narrow band: 4.5 x 1019 nv3 < neo ^ 6.5 x 1019 nv3.

s
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Fig. 7.5 The number of detected counts, both measured (a) and normalized (b),for the

first series of ohmic discharges. The solid line in (b) is the result of a least

squares fit, omitting the first and last measurement which are distorted by the

sawtooth crash, and yields a change in central ion density of 4.3+1.6%.
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7.5 Results for a series of ohmic discharges

A total of five series was recorded and analysed, consisting of three ohmic and two

NBI-Co series. In all discharges the main plasma species was D+, whilst H° was used as

heating beam species. One of the ohmic series is phenomenologically described in this

section, and can be regarded as a typical (not the best!) example of the quality of the obtained

data. A discussion of the results for this and the other series can be found in the next section,

where also more information about the plasma and diagnostic parameters is given.
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Fig. 7.6 Spectral position (a) and change in central toroidal rotation velocity (b)for the

same series of discharges as in Fig. 7.5. No significant trend can be found for

v\\0-
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After the data has been taken, CA has been applied along the lines described in

Section 7.3, with each sawtooth being divided in 10 intervals. The first and simplest

parameter to investigate is nio, as this parameter is proportional to ncms. The histogram

showing ncnts per interval is given in Fig. 7.5a. Several observations can be made here.

First, all points are within a relatively narrow band. The maximum observed ncnts

(interval 9) is only 4.2% larger than its minimum (interval 6). Second, the relative

measurement error (1.2%) is not negligible as compared to the differences one attempts to

measure. Finally, the general trend is that ncnts increases towards the end of the sawtooth,

which can be judged from the four intervals (7-10) in which most counts have been recorded.
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Fig. 7.7 Width of the time-of-flight spectrum (a) and deduced central ion temperature (b)

for the same series of discharges as in Fig. 7.5. The error in TJO is too large to

make a statistically reliable statement.
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Assuming, as a first approximation, a linear increase in njo, which can be justified by the

results from other diagnostics (see next section), a least squares fit can be made through the

points, omitting the first and last interval which are distorted by the sawtooth crash. The

result is shown in Fig. 7.5b. Extrapolating the line to the begin and the end of the sawtooth,

the relative increase in n;o can be estimated: Anjo/njo - 4.3±1.6%.

The second parameter investigated here is the spectral position of the time-of-flight

spectrum, which is shown in Fig. 7.6a. What immediately can be seen is that the changes are

small as compared to the accuracy of the measurements: the data in intervals 2-9 are all within

1.5 times the displayed error of interval 4. Furthermore, no clear trend is visible. The spectral

position is strongly correlated to the central toroidal rotation velocity (vno) of the bulk ions of

the plasma. Although it is not possible to measure absolute velocities below 104 ms"1

(Section 3.2), it is possible to measure relative changes which are smaller. Assuming that

viio changes linearly during a sawtooth, and again omitting the first and last interval, a change

of AVIIO - (-0.4±0.6) x 104 ms"1 can be deduced, which is illustrated in Fig. 7.6b.

The last parameter to investigate is the width (a) of the spectrum (Fig. 7.7a). Again,

the error is considerable. However, this time there is an overall increase in a during the

sawtooth. This can best be seen in Fig. 7.7b, where a has been converted to ion

temperatures and a fit has been made to the data. (Note that Tj is not proportional to a.) It is

found that ATJO/TJO - 23±11 %.

7.6 Results and discussion

A summary of the main plasma and diagnostic parameters of the investigated series is

given in Table 8. All series were analysed as illustrated in the previous section. The results

are given in Table 9, at the end of the chapter, together with Aneo/neo. which was inferred

from interferometry measurements, and ATe(/reo, obtained from ECE. In the following these

results are discussed.

Ion density

The time-evolution of njo should be compared with that of rieo, as quasi-neutrality of

the plasma predicts a strong coupling between the two. However, the possibilities to

accurately do this are rather limited. A 9-channel interferometer is available at TEXTOR to

measure ne [S0I86], but the distance between the channels is relatively large (10-15 cm).

Furthermore, the determination of the profile relies on Abel-inversion techniques, and

especially in the centre of the plasma small deviations in ne might go unnoticed.
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Inl (kA)

B*(T)

neo(lO19m-3)

PNBI(MW)

tst (ms)

data acq. system

^sample (ms)

Nshots

Nsawteeth

Ttotal (s)

ohm 1

365

2.25

3.8
.

16

old

1

23

339

5.4

ohm 2

360

2.25

5.6
.

22

old

2

10

207

4.6

ohm 3

365

2.25

5.4
.

20

new

1

7

399

8.0

NBI 1

355

1.85

4.8

1.25

27

new

1

5

355

9.6

NBI 2

355

2.25

4.0

1.30

47

new

1

10

441

20.5

Table 8. Overview of several plasma and diagnostic parameters used in the sawtooth

studies with the Rutherford scattering diagnostic.
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Fig. 7.8 Comparison of the time evolutions of central ion and electron density. The two

dotted lines are the upper and lower limit, derived from interferometry, in

between which the results from Rutherford scattering are expected to be situated.
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Another point which complicates the interpretation of the data is the finite size of the

scattering volume of the Rutherford scattering diagnostic. This, obviously, influences the

observations and will cause the measured Anjo to be smaller than the actual one (see

Section 3.6 for more details). However, assuming that ne and nj have a similar time

evolution, both a lower an an upper limit can be determined for the change expected to be

measured in njo. The upper limit of Anjo/nio is directly given by Aneo/neo- The lower limit

can be computed by averaging the change in ne over the complete length of the scattering

volume. An example hereof, for the series analysed in the previous section, is given in

Fig. 7.8. The two dotted lines represent the limits derived from interferometry, which are

found to be on a straight line. The Rutherford scattering data is also included in the figure.

Although the margin in which the data is expected to be situated is rather large, there is a

good agreement between the two methods. Furthermore, it seems that the assumption of a

linear increase during the sawtooth is justified.

Applying this method to all series, it is found that the agreement between nj and ne is

reasonably good for four of the five series. Only for one series (NBI 2) the agreement is not

very good, but even in this case the expected change is just within twice the measurement

error, so this result may be due to statistical fluctuations. Therefore it seems that the

assumption that neo and njo have the same time evolution during a sawtooth is not

contradicted by the measurements. However, another, more challenging explanation,

involving impurities, could also be considered concerning NBI 2. Before discussing this,

two remarks should be made. First it should be noted that he main difference between NBI 2

and the other series is that in NBI 2 saturation of the sawteeth occurs. This can be judged

from the sawtooth period xst » 47 ms, which is much longer than the 30 ms at which

saturation starts at TEXTOR (Section 7.4). A second point is that the Rutherford scattering

diagnostic is mainly sensitive to the hydrogenic bulk ions. Hence, any impurities in the

scattering volume will not be noticed.

In the four series other than NBI 2 the time evolutions of neo and n,o were found to be

strongly correlated. This seems to indicate that no or hardly any influx of impurities occurs as

long as the sawtooth does not saturate. If the observation that neo increases, but njo decreases

during the sawtooth indeed is correct for NBI 2, then the quasi-neutrality of the plasma

requires that the charge deficit which is created in this way must be compensated by an influx

of impurities. Combining these observations leads to the following picture. At the start of the

sawtooth r^o and nio increase simultaneously, whilst the level of impurities (njmp) remains

approximately constant. Once saturation of the sawtooth starts, impurities are beginning to

accumulate and the deuterium ions are forced out of the centre of the plasma. When the

sawtooth collapses, the original situation is restored again. This is illustrated in Fig. 7.9,

where the proposed time evolutions of neo, nio and nim p are given. In this context the
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rii

•imp

1.0

Fig. 7.9 Time evolution of electron density, bulk ion density and impurity ion density,

proposed to explain the observations made for a series of saturated NBI-Co

heated sawteeth.

measured time evolution of nio, given in Fig. 7.10, appears to be most interesting. Here

indeed an increase of njo is observed in the first phase of the sawtooth, but towards the end

njo decreases again and even reaches values below those at the start of the sawtooth. Such a

time evolution of the ion density has a direct consequence for the effective charge (Zeff) in the

centre of the plasma. If Zeff - 1.75 at the start of the sawtooth, and it is assumed that C is

the only impurity in the plasma, then shortly before the crash Zeff - 1.98, an increase of more

than 13%. This value has been derived under the condition that the measured changes of rieo

and n;o are correct. At JET rapid changes of the impurity content in the centre of the plasma

have been observed during sawtooth crashes, giving some support to this explanation

[Pas90]. It should be stressed, though, that this interpretation is speculative, and based on

only one series of discharges. Still it does illustrate that accurate measurements of n;o can be

a considerable aid in understanding sawteeth.
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Fig. 7.10 Measured time evolution of the bulk ion density for the series of discharges

where n,o is found to decrease during the sawtooth rather than increase.

Toroidal rotation

The analysis of the ohmic discharges does not yield a clear picture. All values

between -1 x 104 ms-1 and 8 x 103 ms-1 are inside the measurement error of all three ohmic

series. This seems to indicate that the variation of the toroidal rotation of the plasma ions, if

there is any at all, is very little. The NBI heated discharges, however, show a different

behaviour. In this case a statistically significant change of vno of about 1.5 x 104 ms-I can be

observed during a sawtooth. As vno ~ 8 x 104 ms"1 for this kind of discharges, the variation

of V|io amounts to about 20%. If similar variations would occur for ohmic discharges, this

would result in changes of about 2 x 103 ms"1. Such changes would go unnoticed, due to the

accuracy of the measurements, and can neither be confirmed nor rejected by the results.

At JET variations in the central toroidal rotation velocity of Ni-impurities have been

observed by CXRS [Sto87]. VHO is seen to increase during the sawtooth and to return to its

initial value shortly after the sawtooth crash. The reported Avno/vno roughly equals ATe<yTeo,

obtained from ECE measurements, as is also the case for the Rutherford scattering data from

TEXTOR. After the first published results on toroidal velocity measurements with

Rutherford scattering, which showed that both the hydrogenic and the impurity ions exhibit

similar toroidal rotation speeds [Tam94], this is an indication that the dynamics of the

different ion species might also be strongly coupled.
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Ion temperature

Concerning the ohmic discharges, the results can be summarized very briefly: the

error in the results is too large to draw any conclusions. The best what can be said is that all

observations point in the direction of an increasing TJO during the sawtooth. In the case of

NBI-Co the situation is only marginally better: the errors are somewhat smaller and the two

obtained best estimates of ATjo/Tio are close to one another.

From other diagnostics which measure the ion temperature at TEXTOR (i.e. NPA,

CXRS and NYM) not much information can be gained either. The results for NPA are as

follows. In the case of ohmic heating no fluctuations are measured by NPA. As the

temperature resolution is of the order of 5%, it follows that ATJO/TIO < 5%. During NBI-Co

injection a modification of the signal in phase with the ECE signal is observed, but as no

mass-selective NPA was available during the experiments and a hydrogen heating beam was

used to heat the deuterium plasma, no conclusions can be drawn. However, with the newly

installed mass selective NPA the situation is bound to improve. CXRS has only once

performed a measurement of T;o with high enough time resolution to demonstrate that the

diagnostic can, in principle, measure sawteeth during NBI. The best which can be said about

this experiment is that a variation of TJO indeed was observed, but the time resolution was

still insufficient to draw accurate conclusions from it.

Finally, the level of neutron-emission from the plasma is also measured at TEXTOR.

The total emission is proportional to ni2TjY, integrated over the complete plasma, with y

between 4 and 5. Assuming that the centre of the plasma contributes most to the emission, an

estimate can be made of the variation of the emission. During ohmic discharges the amount of

neutrons emitted by the plasma is too low to allow any statement to be made, but during

NBI-Co injection the emission is, after coherent averaging (!), found to vary by about 30%

during a sawtooth. Assuming that, averaged over part of the centre of the plasma,

An,/nj «• 2%, it follows that, again averaged over the central region, 5% < ATj/T, <7%.

This is of the same order of magnitude as the measured variation of Tio by the Rutherford

scattering diagnostic. A detailed treatment of the neutron emission should, of course, involve

the accurate integration of the profiles. The intention of this computation is merely to check

whether, within the limitations of the different diagnostics, there exists a discrepancy

between their results. As this, however, is not the case, the results of the Rutherford

scattering diagnostic can be considered as promising.

As an overall conclusion it can be stated that the results reported above show that it is

possible to use the Rutherford scattering diagnostic for research of ion sawtooth activity.

Although the statistical reliability of some of the presented results is not very large,

significant changes in others have already been observed during a sawtooth. Especially the

results for njo and vno are encouraging. However, to fully exploit the potential of the
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diagnostic better statistics is needed. In view of the newly implemented data acquisition

system and the longer pulse lengths envisaged for the upgraded TEXTOR-94, this can be

achieved without alterations to the diagnostic. Alternatively, the efficiency of the diagnostic

itself could be improved. The new mass-selective NPA should also be used alongside the

Rutherford scattering diagnostic, just as CXRS which should be set especially to monitor vno

and TJO with a high enough sampling frequency (> 1 kHz). Such a joint experiment could

lead to a better understanding of ion dynamics during sawtooth activity.

Anet/neo {%)

Anio/nio (%)

Avno(lO4ms-1)

ATe0/Te0 (%)

ATiO/Tio (%)

ohm 1

6.8 ± 0.4

4.3 ± 1.6

-0.4 ± 0.6

12.2 ±0.4

23 ±11

ohm 2

4.6 ± 0.3

2.9 ± 1.2

0.1 ± 0.7

10.6 ± 0.3

3 ± 12

ohm 3

3.4 ± 0.3

3.7 ± 0.9

0.0 ± 0.6

15.5 ±0.4

1 ± 10

NBI 1

3.0 ± 0.5

1.7 ± 1.3

1.8 ±0.7

22.5 ± 0.5

9 ± 6

NBI 2

3.8 ± 0.4

-1.8 ± 1.4

1.3 ±0.6

22.1 ±0.6

10±7

Table 9. Summary of the five series of investigated sawtooth data. The results for 7",o,

viio and Tio were obtained from Rutherford scattering, those for Teo and neo

from ECE and interferometry, respectively.
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EPILOGUE

RECOMMENDATIONS FOR FUTURE EXPERIMENTS

The work with the Rutherford scattering diagnostic over the last years has led to a

much better understanding of its shortcomings and qualities. A lot of time has been spent

trying to improve the properties of the diagnostic. In order to preserve some of the ideas

which sprang from many hours of brainstorming and the gained working experience, several

recommendations for future Rutherford scattering experiments are made in this epilogue.

The main shortcoming of RUSC was the count rate, which was over a factor of 200

lower than expected on the grounds of a feasibility study [Don87]. The main reason for this

discrepancy can be found in the much smaller solid angle which was needed to obtain a good

enough spatial resolution. This is due to the location of the analyser, which is relatively far

away from the plasma as compared to the study. Furthermore, the efficiency of the analyser

was overestimated. The poor count rate influenced the temporal resolution of the diagnostic

dramatically. Whilst with the anticipated count rate the behaviour of the ion velocity

distribution during sawteeth could easily be followed, this was in reality not the case. Also

the spatial resolution, implicitly coupled to the count rate, suffered from this drawback.

These problems can, however, partly be overcome by making alterations to the diagnostic. In

the following a few recommendations are made to achieve an increase in scattering yield.

First remarks about the beam injection system are made, then about the analyser. Finally a

few general remarks are made about the diagnostic as a whole.

Beam injection system (see Fig. 2.4)

- A more powerful beam results obviously in a higher scattering yield. This can be

achieved either by using a more powerful ion source at the same beam energy, or by

going to higher beam energies. The latter choice has the advantage that also the efficiency

of the analyser increases with energy.

- The focusing of the probing beam with the solenoid was insufficient. It should therefore

be considered to use two or three quadrupoles for magnetic focusing, when a narrow

circular beam is required. A disadvantage of this option is that it requires more space.

The extraction current of the beam injection system proved to be sensitive to magnetic

stray fields. Better shielding and/or an active feed back system to keep the extraction

current constant during the discharge has a positive effect on ion density profile

measurements.
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- Neutralization of the ion beam by using a thin carbon foil instead of a gas stripping cell

should be investigated. The advantage hereof is the much shorter length of the beam

injection system, which makes it feasible to use the above mentioned system of

quadrupoles. An additional advantage is that the vacuum system becomes more simple. A

possible disadvantage is the chance of damaging the foil during plasma disruptions.

However, experience with the ionization foils of the analyser revealed that thin carbon

foils can remain in good condition over long periods, as long as vacuum conditions are

favourable.

- The spatial resolution for a circular beam, as determined by the width of the beam, is of

the order of 2.5 cm, whereas the resolution along the beam itself is much worse (17 cm,

see Section 3.6). Therefore it is proposed to create a beam with an elliptical cross section

with the major axis of the ellipse in the direction perpendicular to the plane defined by the

line-of-sight of the analyser and the probing beam. This improves the spatial resolution of

the diagnostic without losing intensity of the signal. It can also be considered to use an

even wider beam to increase the scattering yield with hardly any loss of spatial resolution.

Making the beam elliptical can be done by using only one quadrupole, and not three as

proposed for focusing purposes.

Analyser (see Fig. 2.5)

- The most effective way to increase the ionization efficiency of the analyser is to use

higher beam energies.

- A number of particles is lost in the magnetic achromat of the analyser. This is due to the

fact that angular straggling induced in the ionization foil gives the ions a velocity

component parallel to the magnetic field used for the impulse selection in the achromat.

As no forces are exerted on this velocity component the particles just drift away in this

direction. Apart from using the thinnest possible ionization foils (already done), focusing

in this direction after the ionization should be considered to suppress this effect. This can

be done either by magnetic or by electrostatic focusing. The particle loss due to this effect

will also decrease when higher beam energies are used.

- Acceleration of the ions in the analyser to higher energies has a positive effect, both on

the transmission in the achromat and on the efficiency of the time-of-flight measurement

itself, which are both energy dependent.

Better shielding against neutrons removes the necessity to use coincidence techniques

(factor of two loss) during discharges with high neutron yields.

- Presently, the two start detectors are used in the 'and' mode when coincidence

measurements are necessary. By a simple adjustment of the electronics it should also be

possible to use the two detectors in the 'or' mode during discharges with a low neutron

yield (ohmic), increasing the probability of detecting a start signal by 50%
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- Increasing the detection efficiency of the start detector will suppress the effects caused

when a large efflux of energetic neutral particles creates a significant background in the

spectra (see Section 3.5)

- Using a stop configuration similar to the start configuration also improves the detection

efficiency of the analyser. Presently, the scattered He particle itself is used to create the

stop signal with a detection efficiency of about 20%. If also a double stop detector

configuration in the 'or' mode is used, this can in principle be increased by more than

200%.

It is strongly advised to relocate the analyser much closer to the tokamak. This either

increases the count rate for the same spatial resolution or improves the spatial resolution

for the same count rate. The main problem associated with this recommendation is better

magnetic shielding. Additional shielding against neutrons, however, becomes more

difficult because of the limited space close to the tokamak.

Diagnostic as a whole (see Fig. 2.3)

It is advisable to make radial profile measurements in the midplane of the plasma instead

of along a vertical chord. As explained in Section 3.6, this makes profile measurements

much more accurate. For this purpose both the analyser and the beam injection system

must be moved simultaneously in radial direction and the tokamak must be equipped with

slotted vertical access ports.

- Complete remote control of both the beam injection system and the analyser, enabling

profile measurements during experimental conditions when the torus hall is not accessible

(e.g. NBI injection of D particles plus ICRH), would be an advantage over the existing

manual system.

- By laterally moving the analyser during a discharge with a speed of about 1 cm/s, profiles

(-0.45 m < z < 0 m) can in principle be obtained during single plasma pulses of about 7 s

in the present set-up.

Finally, the measures to suppress the parasitic peak mentioned in Chapter 4 have to be

implemented. This mainly means relocating the diagnostic at a different position in the

tokamak, and using low q values.

One of the best qualities of the diagnostic is undoubtedly the capability to measure the

toroidal rotation velocity of the bulk ions, which is unique in the world. It should, however,

also be mentioned that the neutral particle analyser of the Rutherford scattering diagnostic

operated satisfactorily as a passive diagnostic. It was regularly used to measure the energy

distribution of energetic H and D particles, originating from the plasma during NBI and/or

ICRH [Was94]. Also 3He particles have been observed during a dedicated experiment

[Fin94]. An example of the mass-selective capability of the analyser is given in Fig. E.I.
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Here three peaks can be clearly distinguished in the spectrum: the left peak is caused by an

influx of energetic H particles (90-150 keV), the middle one by D- particles (45 - 75 keV),

whereas the right peak is the usual Rutherford scattering peak. Such spectra show that the

principle of the analyser indeed is a sound one.

100 200 300

channel

4 0 0 5 0 0

Fig. E.I Spectrum illustrating the mass-selective capability of the neutral particle analyser

of the Rutherford scattering diagnostic.
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SUMMARY

One of the most promising ways to generate electricity in the next century on a large

scale is nuclear fusion. In this process two light nuclei fuse and create a new nucleus with a

smaller mass than the total mass of the original nuclei, the mass deficit is released in the form

of kinetic energy. Research into this field has already been carried out for some decades now,

and will have to continue for several more decades before a commercially viable fusion

reactor can be build. In order to obtain fusion, fuels of extremely high temperatures are

needed to overcome the repulsive force of the nuclei involved. Under these circumstances the

fuel is fully ionized: it consists of ions and electrons and is in the plasma state. The problem

of confining such a hot substance is solved by using strong magnetic fields. One specific

magnetic configuration, in common use, is called the tokamak. The plasma in this machine

has a toroidal, i.e. doughnut shaped, configuration.

For understanding the physical processes which take place in the plasma, a good

temporally and spatially resolved knowledge of both the ion and electron velocity distribution

is required. The situation concerning the electrons is favourable, but this is not the case for ;

the ions. To improve the existing knowledge of the ion velocity distribution in tokamak t

plasmas, a Rutherford scattering diagnostic (RUSC), designed and built by the FOM- !

Institute for Plasmaphysics 'Rijnhuizen', was installed at the TEXTOR tokamak in Jiilich j

(D). The principle of the diagnostic is as follows. A beam of monoenergetic particles

(30 keV, He) is injected vertically into the plasma. A small part of these particles collides

elastically with the moving plasma ions. By determining the energy of a scattered beam

particle under a certain angle (7°), the initial velocity of the plasma ion in one direction can be

computed. Hence, by energy analysing many scattered particles, the one dimensional velocity

distribution of the plasma ions can be determined. In this thesis the results of four years of

research with the diagnostic at TEXTOR are described. ( £ _ , j (^ L) _______

When analysing data obtained with the diagnostic, several factors have to be taken

into account. These are the first and second moment of the distribution, i.e. ion bulk

movement (\^) and ion temperature (Tj). Bulk movement influences the position of the

spectrum, whereas higher temperatures result in a broadening of the spectrum. Furthermore,

a parasitic peak sometimes appeared in the spectra, usually during additional heating,

completely dominating the spectra and making an analysis all but impossible. The problem of

data analysis was tackled by using function parametrization (FP) techniques. With this

method the spectra are computed which can be expected to be measured if a certain

combination of plasma parameters which influence the observations (\^ and Tj) were true.

Also effects like instrumental broadening and analyser efficiency are incorporated. In situ

calibrations are needed to do this accurately. In this way a data base is created of possible
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plasma parameters and the corresponding predicted measurements. FP is a computer code

which inverts the mapping from the plasma parameters onto the measured parameters,

yielding a direct mapping from measurements onto the plasma parameters of interest. The

effect of the finite size of the scattering volume on the observations was also investigated in

detail. It revealed that measured central temperatures are about 3% lower than the actual ion

temperature for a scattering angle of 7°, but that the measured temperature in the outer region

of the plasma can be substantial higher than the local temperature.

The parasitic peak mentiond above has for several years been ascribed to scattering on

high-Z impurities. However, several experiments were performed, showing that this process

cannot be responsible for the peak. Instead a new explanation is proposed. This is based on

ionization of beam particles on the q - 2 surface, in which q is the safety factor by which the

number of toroidal revolutions is given needed for one poloidal revolution. Ions start moving

on banana orbits, and if the tips of the orbit are exactly 2n away in toroidal direction, it can

enter the analyser after neutralization. No energy is lost in the process. The condition of

additional heating can be explained by the large influx of neutral particles needed for

neutralization in the plasma by the heating. Furthermore, it appears that this explanation can

also be applied to two parasitic peaks observed with the Rutherford scattering diagnostic at

the Japanese experiment JT-60. One peak is similar to the TEXTOR peak: trapping of

particles on the q - 2 surface in banana orbits. The other peak had already earlier been

ascribed to trapping of ionized beam particles on the q - 4 surface.

Ion temperatures were obtained for a large variety of experimental conditions. During

ohmic discharges it was found that TJO has a maximum of about 1 keV for central electron

densities of (3.2±0.2) x 1019 nr3 . For the lowest investigated densities (1.0 x 1019 nr3)

values down to 0.5 keV were observed, whereas for higher densities Teo and T;o were found

to be nearly equal, both decreasing slowly with density. Profile measurements showed good

agreement between ion and electron density profiles, but T; profiles were slightly broader

than Te profiles. Using a simplified ion energy balance, the effective ion heat diffusivity at r/a

= 0.2 was computed as a function of electron density. The obtained values were compared to

neoclassical predictions by Hazeltine and Hinton and it was found that the effective heat

diffusivity is higher for all densities than the theoretical predictions. Only for densities of 3 to

4 x 1019 m"3 the difference between theory and experiment came within the measurement

accuracy.

During neutral beam injection (NBI) a density scan was performed, showing that for

low densities with 1.5 MW of H injection Ty) can go up to 3 keV. For high densities Teo and

TJO were virtually similar. An NBI power scan showed that TJO increases as the square root

of the total power applied to the plasma, though an offset linear scaling also described the

data well. For Ion Cyclotron Resonance Heating almost the same results were found.

Comparison with other diagnostics revealed that the RUSC temperatures were slightly higher
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than those obtained with Neutral Particle Analysis for ohmic discharges. Comparison with

Charge Exchange Recombination Spectroscopy (CXRS) during NBI showed that C

impurities exhibit higher temperatures than deuterium ions. This can be explained by the fact

that much more NBI power per ion is delivered to the impurity ions than to the deuterium

ions. Neutron Yield Measurements (NYM) gave about 35% lower temperatures than those

from RUSC, which can probably be explained by the existence of systematic errors in the

deduction of Tj from NYM.

One of the most interesting features of the diagnostic is that bulk ion motion can be

observed. Usually, CXRS is used to monitor v,j>, but this refers to the specific impurities

involved in the measurement. With Rutherford scattering, however, the properties of the

main ions are investigated. A proof of principle has been given that v^ measurements can be

performed by Rutherford scattering. Furthermore, it was found that the change in toroidal

velocity depended on the square root of the applied beam power, normalized with respect to

the density. The momentum confinement time, in steady state defined by the ratio between

total stored toroidal momentum and toroidal input force, was twice as large as the energy

confinement time. The largest toroidal velocities were observed during low density

discharges with 0.4 MW of D injection: central speeds up to 200 kms'1 were recorded.

Comparison between RUSC and CXRS indicated that the C impurities involved rotate

slightly faster than the deuterium ions, assuming that both ion species were not rotating

during ohmic plasmas. From MHD mode frequency measurements the toroidal rotation speed

of the plasma has also been deduced, assuming that m - n - 1 modes are connected to the

flow near the axis. Sawtooth precursors were used for this. Apart from a constant offset,

virtually no difference was found between this method and RUSC results. From the time

response of v^ after switching on/off NBI it was learned that the time constants involved

were about the same as those computed from the equilibrium method.

Attempts have been made to look for the behaviour of the ion velocity distribution

during sawteeth. As the time resolution of the diagnostic is not good enough to do this in a

straightforward manner, coherent averaging techniques were employed. With this method

each sawtooth is divided into a fixed number of intervals and data of similar intervals from

different sawteeth is added to improve the count rate. To pursue this line of research, a new

data acquisition system was installed, allowing for 4096 spectra of 1 ms to be sampled per

discharge. The typical sawtooth period at TEXTOR is 20 ms. During ohmic discharges three

series were monitored and analysed. It was found that the relative change of the ion density

followed the electron density within the measurements accuracy. During NBI, a significant

change in central toroidal rotation velocity of about 1.5 x 104 ms"1 was observed, 20% of the

time averaged velocity. There were some indications that T;o also exhibited sawteeth

behaviour, but these were statistically not very relevant. Finally, it was found that during

saturated sawteeth with NBI the deuterium density in the plasma decreased towards the end
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of the sawtooth, which was not observed for unsaturated ones. This could be explained by

the influx of impurities at the end of the sawteeth, pushing the deuterium ions out such that

quasi-neutrality of the plasma is preserved.

Finally, several recommendations have been made to improve the diagnostic. The

most important ones are to relocate the diagnostic at a location were no local neutral particle

source is situated and a further study to avoid the effects of the parasitic peak .
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Een van de meest belovende manieren om in de volgende eeuw op grote schaal

electriciteit op te wekken is kernfusie. Fusie is gebaseerd op het volgende principe: als twee

atoomkernen samensmelten en een nieuwe kem vormen die een kleinere massa heeft dan de

totale massa van de originele kernen, dan wordt het massaverschil in de vorm van kinetische

energie vrijgemaakt. Het onderzoek hieraan vindt reeds enige decennia plaats, en zal nog

enige decennia moeten worden voortgezet alvorens een commerciële fusiereactor gebouwd

zal kunnen worden. Om fusie te bewerkstelligen zijn er brandstoffen van extreem hoge

temperaturen nodig om de afstotende kracht van de kernen te overwinnen. Onder zulke

omstandigheden is de brandstof volledig geïoniseerd: het bestaat uit ionen en elektronen en

bevindt zich in een toestand die men plasma noemt. Het opsluiten van zulke hete substanties

wordt gedaan door middel van sterke magneten. Eén van de meest gebruikte magnetische

configuraties wordt tokamak genoemd. In deze configuratie is het plasma een toroïde.

Om de fysische processen die zich in het plasma afspelen te kunnen begrijpen is er

een goede kennis van zowel de ionen- als elektronensnelheidsverdeling nodig. Wat betreft de

elektronen is de huidige situatie redelijk bevredigend, maar dit kan niet gezegd worden voor

de ionen. Om de bestaande situatie te verbeteren, is er een Rutherford-verstrooiings-

diagnostiek (RUSC) geïnstalleerd aan de TEXTOR tokamak in Jülich (D). Deze diagnostiek,

ontworpen en gebouwd door het FOM-Instituut voor Plasmafysica 'Rijnhuizen', is

gebaseerd op het volgende principe: Een bundel mono-energetische deeltjes (30 keV, He)

wordt vertikaal in het plasma geschoten. Een kleine hoeveelheid hiervan botst elastisch met

de bewegende plasma-ionen. Door de energie van een verstrooid deeltje onder een zekere

hoek (7°) te bepalen kan de oorspronkelijke snelheid van het plasma-ion in één richting

worden berekend. Door naar vele verstrooide deeltjes te kijken, kan de volledige één-

dimensionele snelheidsverdeling van de plasma-ionen worden bepaald. In dit proefschrift

worden de resultaten van vier jaar onderzoek met de diagnostiek aan TEXTOR beschreven.

Wanneer men de spektra die met de diagnostiek verkregen zijn wil analyseren, moeten

er verschillende factoren in ogenschouw worden genomen. Zo zijn er het eerste en tweede

moment van de verdeling, dat wil zeggen ionengroepssnelheid (v<j>) en ionentemperatuur (T,).

De groepssnelheid oefent grote invloed uit op de positie van het spectrum, terwijl de

temperatuur vooral de breedte van de verdeling beïnvloedt. Daarnaast verscheen er tijdens

additioneel verhitte ontladingen een parasitaire piek in het spektrum die het volledige

spektrum kon overheersen. Deze piek bemoeilijkte de interpretatie van de spectra enorm. Het

probleem van data-analyse werd aangepakt door middel van Functie Parametrisatie (FP). Met

deze methode worden spectra die men experimenteel kan verwachten berekend voor een

bepaalde combinatie van de plasma-parameters die de meting beïnvloeden, zoals bijvoorbeeld



146 Samenvatting

Уф en Tj. Ook dienen effecten als efficiëntie van de analysator en instrumentele verbreding

meegenomen te worden, hetgeen gedaan kan worden door nauwkeurige in situ calibraties.

Hiermee wordt dan een databestand gevormd van mogelijke plasma-parameters en de daarbij

behorende voorspelde metingen. FP is een computerprogramma dat de afbeelding van de

plasma-parameters op de gemeten parameters inverteert, hetgeen resulteert in een direkte

afbeelding van de metingen op de plasma-parameters. Het effekt van een eindig

verstrooiingsvolume op de metingen is ook in detail onderzocht en heeft aangetoond dat de

gemeten centrale temperaturen ongeveer 3% lager zijn dan de echte plasma-temperatuur voor

een verstrooiingshoek van 7°, maar dat gemeten temperaturen aan de rand zeer veel hoger

kunnen zijn dan de werkelijke lokale temperatuur.

De hierboven reeds genoemde parasitaire piek is enige jaren toegeschreven aan

verstrooiing op zware verontreinigingsionen in het plasma. Er zijn echter experimenten

gedaan die hebben aangetoond dat dit proces niet de juiste verklaring is en een nieuwe

verklaring is voorgesteld. Deze is gebaseerd op ionisatie van bundeldeeltjes op het

zogenaamde q - 2 oppervlak. Op dit oppervlak moeten de magneetveldlijnen juist 2 keer om

de torus cirkelen om precies in de oorsprong terug te keren. De gevormde ionen beginnen te

bewegen op zogenaamde bananenbanen. Als de punten van de banaan in toroïdale richting 2л

verwijderd liggen, kan het deeltje na neutralisatie de analysator binnenkomen. Er wordt in dit

proces geen energie verloren. De genoemde conditie van additionele verhitting kan worden

verklaard door de grote influx van neutrale deeltjes, benodigd voor neutralisatie, in het

plasma door de extra verhitting. Het lijkt er bovendien op dat deze verklaring ook kan

worden toegepast op twee parasitaire pieken die met de Rutherford-verstrooiingsdiagnostiek

op het Japanse experiment JT-60 zijn waargenomen. Eén van de pieken komt dan overeen

met de piek op TEXTOR: het opsluiten van deeltjes op het q - 2 oppervlak in bananenbanen.

De andere piek was al eerder toegeschreven aan het opsluiten van geïoniseerde bundeldeeltjes

op het q - 4 oppervlak.

Ionentemperaturen zijn gemeten voor zeer uiteenlopende experimentele

omstandigheden. Voor ohms verhitte plasma's is er een maximum gevonden voor TJO van

ongeveer 1 keV voor een centrale elektronendichtheid van (3.2±0.2) x 1019 nr3 . Voor de

laagste dichtheden die onderzocht zijn (1.0 x 1019 nr3) werden er waarden tot 0.5 keV

waargenomen, terwijl voor hogere dichtheden Teo en TJO bijna dezelfde waarden hadden:

beide namen langzaam af met toenemende dichtheid. Profielmetingen lieten een goede

overeenkomst zien tussen elektronen- en ionendichtheidsprofielen, maar Tj-profielen waren

enigszins breder dan Te-profielen. Gebruikmakend van een vereenvoudigde ionen-energie-

balans is de effectieve ionen-warmtediffusie berekend op r/a - 0.2 als een functie van de

elektronen-dichtheid. De gevonden waarden zijn vergeleken met neoklassieke voorspellingen

van Hazeltine en Hinton, waarbij voor alle dichtheden gevonden is dat de effectieve warmte
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diffusie hoger is dan de theoretische voorspelling. Alleen voor dichtheden tussen 3 en

4 x 10'9 nr3 kwamen de twee binnen de meetfout tot elkaar.

Gedurende Neutral Beam Injection (NBI) is er een dichtheidsscan gedaan, waar voor

lage dichtheden met 1.5 MW waterstof-injectie centrale ionentemperaturen tot 3 keV

gevonden zijn. Voor hoge dichtheden kwamen Terj en TJO vrijwel overeen. Een scan waarbij

het NBI vermogen gevarieerd werd liet zien dat TJO toeneemt als de wortel van de totaal aan

het plasma gekoppelde vermogen, hoewel de data ook zeer goed door een eenvoudige rechte

maar niet door nul gaande lijn kan worden beschreven. Met Ion Cyclotron Resonance

Heating werden vrijwel dezelfde resultaten gevonden. Vergelijking met andere diagnostieken

onthulde dat de RUSC temperaturen tijdens ohmse ontladingen iets hoger waren dan die

verkregen met Neutral Particle Analysis. De temperaturen gevonden voor koolstof-ionen in

het plasma met behulp van Charge Exchange Recombination Spectroscopy (CXRS)

gedurende NBI waren significant hoger dan de temperaturen van de deuterium-ionen. Dit kan

worden verklaard doordat meer vermogen per ion aan de verontreinigingsionen dan per

deuterium-ion wordt overgedragen. Temperaturen afgeleid door middel van het meten van

aantallen neutronen waren zo'n 35% lager dan de RUSC temperaturen, hetgeen vermoedelijk

kan worden verklaard door de aanwezigheid van systematische fouten in de afleiding van Tj

door deze methode.

De groepssnelheid van plasma-ionen wordt normaal door CXRS gemeten, maar deze

betreft dan de specifieke verontreiniging die bekeken wordt. Eén van de meest interessante

aspecten van RUSC is dat in principe de groepssnelheid van de deuterium-ionen kan worden

gemeten. Er is aangetoond dat deze metingen inderdaad door RUSC kunnen worden gedaan.

Bovendien is er gevonden dat de verandering in centrale rotatiesnelheid toeneemt met de

wortel van het gekoppelde NBI vermogen, genormeerd met betrekking tot de plasma-

dichtheid. De impulsbehoudstijd, in stationaire toestand gedefinieerd door de verhouding

tussen totaal opgeslagen toroïdale impuls in het plasma en de toroïdale inputkracht, was twee

keer zo groot als de energiebehoudstijd. De hoogste toroïdale snelheden zijn waargenomen

gedurende 0.4 MW deuterium-injectie in lage dichtheidsplasma's: centrale groepssnelheden

tot 200 kms"1 werden gevonden. Een vergelijking tussen RUSC en CXRS geeft een indicatie

dat de koolstof-ionen iets sneller roteren dan de deuterium-ionen, waarbij aangenomen is dat

beide ionensoorten niet roteren tijdens ohmse ontladingen. De toroïdale rotatiesnelheid van

het plasma is ook afgeleid door te kijken naar m - n - 1 MHD frequentie modes, waarvan is

aangenomen dat ze gekoppeld zijn aan de plasmastroming bij de as. Hiervoor zijn zaagtand

precursors gebruikt. Afgezien van een constante offset is er bijna geen verschil gevonden

tussen deze methode en de RUSC resultaten. Door de afval- en stijgtijden van centrale

rotatiesnelheid na het aan- en uitschakelen van NBI te analyseren werd gevonden dat deze

tijden ongeveer overeenkomen met degene die zijn afgeleid uit de stationaire toestand.
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Er zijn pogingen gedaan om het gedrag van de ionensnelheidsverdeling te

onderzoeken gedurende zaagtanden. Aangezien de tijdsresolutie van de diagnostiek niet goed

genoeg is om dit rechtstreeks te doen, werd de techniek van coherent middelen hiervoor

gebruikt. Met deze methode wordt elke zaagtand verdeeld in een vast aantal intervallen en

data van dezelfde intervallen in verschillende zaagtanden worden opgeteld ter verbetering van

de statistiek. Een nieuw data-acquisitiesysteem, in staat om 4096 spectra van 1 ms op te

nemen per ontlading, werd geïnstalleerd om dit onderzoek te kunnen doen. De typische

zaagtandperiode op TEXTOR is 20 ms. Tijdens ohmse ontladingen werden 3 series

opgenomen en geanalyseerd. De relatieve verandering van de centrale ionendichtheid volgde

die van de centrale elektronendichtheid binnen de meetfout. Gedurende NBI werd er een

significante verandering van de centrale toroïdale rotatiesnelheid van ongeveer 1.5 x 104 ms"1

gevonden. Dit komt overeen met zo'n 20% van de tijdsgemiddelde snelheid. Er waren enige

aanwijzingen dat ook TJO een zaagtandgedrag vertoonde. Verder werd er, tijdens NBI,

ontdekt dat gedurende zaagtanden die in verzadiging raakten de deuteriumdichtheid aan het

einde van de zaagtand afnam, iets wat niet werd waargenomen voor zaagtanden die niet in

verzadiging raakten. Dit kan worden verklaard door het naar binnen bewegen van

verontreinigingen aan het einde van deze zaagtanden en het naar buiten drukken van de

deuterium-ionen om de quasi-neutraliteit van het plasma te bewaren.

Als laatste zijn er enige aanbevelingen gedaan voor toekomstige Rutherford-

verstrooiingsexperimenten. De belangrijkste zijn het verplaatsen van de diagnostiek naar een

locatie waar niet zoveel neutrale deeltjes vrijkomen tijdens additionele verhitting en een

verdere studie ter voorkoming van de effekten van de parasitaire piek.
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