
DISSERTATION

Towards fast He beam edge plasma diagnostics

ausgeführt zum Zwecke der Erlangung des akademischen Grades eines

Doktors der technischen Wissenschaften

unter der Leitung von

o. Univ.-Prof. HP. Winter

E134

Institut für Allgemeine Physik

eingereicht an der Technischen Universität Wien

Technisch-Naturwissenschaftliche Fakultät

von

Dipl.-Ing. Michael PROSCHEK

Matr.-Nr. 9025445

Bräuhausgasse 11/15

A-1050 WIEN

Wien, am 21. Dezember 2001



Kurzfassung

Die genaue Kenntnis der Randschichteigenschaften ist für die Entwicklung von
Hochtemperaturplasmen mit reaktorrelevanten Parametern von entscheidender Bedeutung. Dabei
werden hohe Anforderungen bezüglich räumlicher und zeitlicher Auflösung gestellt, um steile
Dichteprofile von H-mode-Plasmen und sogenannten „Advanced Scenarios“ räumlich auflösen zu
können. Eine gute Zeitauflösung ist notwendig, um Instabilitäten in der Randschicht („ELMs“) und
Fluktuationen untersuchen zu können. Aktive Spektroskopie mit injizierten Atomstrahlen hat sich in
vielen Bereichen der Plasmadiagnostik als fundamentale Untersuchungsmethode für mehrere
Plasmaparameter etabliert. In der vorliegenden Dissertation wird die Entwicklung einer aktiven
Strahlemissionsdiagnostik mit einem schnellen neutralen He-Strahl beschrieben und deren Eignung als
Dichte- und Temperaturdiagnostik untersucht.
Der zentrale Teil der Arbeit beschäftigt sich mit orientierenden Messungen, die an zwei der führenden
Fusionsexperimente (ASDEX-Upgrade in Garching/DE und JET in Culham/UK) durchgeführt
wurden. Zur Erzeugung der schnellen He-Strahlen wurden dabei Injektoren der
Neutralteilchenheizung verwendet um reine He Strahlen oder He dotierte D-Strahlen zu erzeugen. Die
Strahlemission der schnellen He-Atome wurde mit Hilfe der Ladungsaustausch- Spektrometer des
jeweiligen Experiments gemessen.
Mehrere HeI-Singulett- und Triplett-Linien ausreichender Intensität konnten im sichtbaren Bereich
gemessen werden, wobei die Empfindlichkeit der verwendeten Spektrometer gegen beide Enden des
sichtbaren Bereichs hin diskriminiert war. Die Doppler-verschobene Strahlemission ist als reine
Linienstrahlung in der Regel ungestört von Verunreinigungsemissionen gut meß- und auswertbar. Die
Emission von Triplettlinien ist auf die äußeren 200 mm des Plasmas beschränkt, jene von
Singulettlinien hingegen über den gesamten beobachteten Bereich meßbar, jedoch am Maximum um
eine Größenordnung schwächer als die höchste Intensität der stärksten Triplettlinie. Aus der Form der
Singulett-Emissionsprofile konnte auch der anfängliche Anteil an metastabilen 21S Atomen im
He-Strahl bestimmt werden.
Emissionprofile der intensivsten HeI-Singulettlinie (21P-31D) bei 667.8 nm und der intensivsten
Triplettlinie (23P-33D) bei 587.6 nm wurden an AUG für unterschiedliche Plasmaentladungen
gemessen. Außerdem konnte die Streuung der Messergebnisse anhand einer Messreihe an nahezu
identischen Plasmaentladungen bestimmt werden.
Bei JET wurden Emissionsprofile mit guter räumlicher Auflösung bestimmt. Diese hohe Auflösung
konnte dadurch erreicht werden, dass das Plasma während der Messung quer zu den Sichtlinien
verschoben wurde. Neben dieser erhöhten Auflösung erlaubte diese neue Experimentiertechnik auch
benachbarte Kanäle des Spektrometers relativ zueinander zu kalibrieren, was zu einer deutlichen
Reduzierung der Messfehler führte. Eine weitere interessante Beobachtung ist, dass die Form der
Triplett-Emissionsprofile auch von der Verteilung der Plasmaverunreinigungen beeinflusst wird. Dies
öffnet die Möglichkeit zur Entwicklung einer Zeff-Diagnostik.
Die Emissionsprofile werden mit einem numerischen Stoß-Strahlungsmodell simuliert und mit den
Messungen verglichen. Das Modell wurde im Rahmen dieser Arbeit erweitert und bezüglich
Rechenzeit optimiert. Das eigentliche Ziel der vorliegenden Arbeit war es, Dichte- und
Temperaturprofile aus den gemessenen Emissionsprofilen ableiten zu können. Dazu wurde der
Umkehrcode yttocs entwickelt. Dieser beruht auf einer Variationsmethode, in der die
Modellrechnungen oftmals aufgerufen werden, was u.a. die Entwicklung einer geschwindigkeits-
optimierten Subroutine notwendig machte.
Die ersten Tests dieses Umkehrcodes wurden mit synthetischen Daten vorgenommen um etwaige
Fehler in der Aufbereitung der atomaren Daten zu vermeiden. Der Code zeigt gutes
Konvergenzverhalten; sowohl Dichte- als auch Temperaturprofile konnten aus den Emissionsprofilen
zweier unterschiedlicher Heliumlinien extrahiert werden. Damit konnte gezeigt werden, dass schnelle
He-Strahlen für Elektronendichte- und -temperaturdiagnostik geeignet sind, und darüber hinaus auch
für die Bestimmung anderer Plasmaparameter anwendbar sein könnten.



Abstract

A precise knowledge of the plasma edge parameters is essential for the development of reactor

relevant plasmas.  High spatial and temporal resolution is required in order to resolve the steep profiles

of H-mode plasmas in so-called “advanced scenarios”.  A good temporal resolution is advantageous

for investigating edge instabilities (ELMs) and fluctuations.  Active spectroscopy of injected atomic

beams is a well established diagnostics for a wide range of plasma parameters.  In this thesis the

development of an active beam emission diagnostics with fast neutral He beams is described and its

applicability as density- and temperature diagnostic investigated.

This thesis mainly deals with proof-of-principle measurements performed at two of the leading fusion

experiments (ASDEX upgrade in Garching / GE and JET in Culham / UK).  For generation of fast He

beams the injectors of the neutral particle heating system have been used to produce either pure He

beams or He doped D-beams.  For observation of the He beam emission the charge-exchange-

spectroscopic systems have been used at both experiments.

Several HeI singlet- and triplet lines with sufficient intensity could be identified in the visible range.

However, on either end of the visible range the sensitivity of the spectrometer was too low.  The HeI

beam emission appears in the spectrum as a clean Doppler-shifted peak, largely undisturbed by

impurity emission.  Emission from the triplet levels is limited to the outer 200 mm of the plasma. The

singlet emission could be detected over the full observation range, but its maximum is about one order

of magnitude lower then the maximum of the most intense triplet emission.  The initial metastable 21S

fraction of the beam could be derived from the shape of the singlet HeI beam emission profile.

Emission profiles of the most intense HeI singlet line (21P-31D) at 667.8 nm and the most intense

triplet line (23P-33D) at 587.6 nm could be measured at AUG for different plasma discharges.

Furthermore, repetitive measurements of nominally identical pulses allowed to estimate the scatter in

the data.

At JET, measurements of emission profiles with good spatial resolution could be achieved by

sweeping the plasma across the viewing lines during the measurement.  Besides the higher resolution

this experimental technique also made it possible to cross-calibrate neighbouring channels, which

yielded significantly reduced measurement errors.

Another interesting observation is the influence of the plasma impurity distribution on the triplet beam

emission profile, giving the prospect for a new Zeff diagnostics.

The measured emission profiles have been compared with calculations from a numerical collisional-

radiative model.  This model has been extended and optimised in performance as part of this thesis.

The main goal of this work was to derive the electron density- and -temperature profiles from the

measured HeI emission profiles.  The developed reversion code is based on a variational method,

which calls the model calculation-code many times and therefore required a subroutine which was

optimised with respect to speed.

For the first tests with the reversion code, synthetic data were generated in order to overcome possible

errors in the look-up tables generated from the atomic data.  The code shows good convergence, and

both electron density and -temperature could be derived from sets of two different HeI emission

profiles.  In summary, the results show convincingly that fast He beam emission spectroscopy can be

used as an electron density- and-temperature diagnostics particularly for the plasma edge.

Furthermore, there is also the prospect for other diagnostic applications.
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1 Introduction

1.1 Motivation

The development of novel diagnostic tools providing reliable quantitative values for plasma

parameters has been a key factor in the progress of fusion research towards break-even

conditions.  Of special importance in this area has been the use of neutral beams for active

charge exchange spectroscopy which has led to a revolution of spectroscopic techniques [1].

Charge exchange recombination spectroscopy (CXRS) makes use of the emission of radiation

following electron capture by fully stripped plasma ions from neutral beam particles.  Low Z

impurity density and temperature can be deduced from the intensity and width of the emitted

line while the impurity flow velocity (plasma rotation) is obtained from the Doppler shift [2,

3, 4, 5, 6].  Beam emission spectroscopy (BES) is used to measure plasma density fluctuations

[7, 8, 9, 10], the local pitch angle of the magnetic field is determined from the polarisation of

the Stark or Zeemann emission and the total magnetic field strength from the wavelength

splitting of multiplets [11, 12, 13, 14].  Another application based on the injection of fast

neutral particles is the measurement of the plasma density through Rutherford scattering of

these fast beam particles [15, 16, 17].  Several experiments make use of dedicated diagnostic

beam lines, frequently operating with helium [18, 19, 20, 21, 22].  Helium beams offer several

advantages over hydrogen beams: deeper penetration, the option of diagnosing alpha particles

via resonant charge exchange [23, 24] and reduced intensity of background radiation from the

scrape-off layer which can mask the measurements.

Optical emission from energetic lithium beams [25] has been successfully used as a diagnostic

of plasma density.  Due to the low ionisation energy of only 5.4 eV the excitation rate

coefficient of lithium quickly looses its electron energy dependence with increasing electron

energy.  This, being beneficial for a pure density diagnostics, makes lithium unsuitable as a

temperature diagnostics.  Helium with its much higher ionisation energy of 24.6 eV has some

potential for simultaneous density- and temperature diagnostics for the plasma edge.  This has

been verified with thermal helium beams [26].  Both diagnostics – fast lithium beams and

thermal helium beams – are limited in range by the penetration depth of the neutral particles

to the outer regions of the plasma.  Energetic helium atoms penetrate much deeper into the

plasma than either lithium atoms of similar energy or thermal helium atoms, and therefore

offer the prospect for measuring TOKAMAK plasma parameters inside of the H-mode- and

even internal transport barriers (ITB).

Helium as an atom with two electrons has two different spin systems, the singlet system (i. e.

the spins of the two electrons are antiparallel: S = Σ si = 0) and the triplet system (i. e. the

spins of the two electrons are parallel: S = Σ si = 1).  The triplet system can only be populated

by spin-changing processes from the ground state, i.e. electron collisions,

whereas the singlet levels are mainly populated by spin-conserving

processes from the ground state.  The different behaviour of cross-sections

for spin-conserving and spin-changing collisions leads to a rather different

temperature dependence of the excitation rate coefficients even for electron
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energies of some 10 keV, which are typical for the plasma core.  Fig. 1.1 shows the

temperature dependence of some rate coefficients for impact excitation from the ground state

(21S) and from the triplet metastable state (23S).
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Fig. 1.1: Electron temperature dependence of rate
coefficients for electron impact excitation out of the He
ground state (11S) into several excited levels.
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1.2 Beam emission spectroscopy

The passive visible spectroscopy of the plasma is limited to its edge, as essentially all atoms

are fully stripped inside a hot fusion plasma.  By injecting fast neutral particles a wide range

of parameters becomes accessible to active spectroscopy.  Most of the major fusion devices

have to make use of neutral beam heating systems for active spectroscopy, since dedicated

diagnostic beams are only available in a few experiments.  The emission of the beam particles

(Dα) are analysed by the so-called beam emission spectroscopy (BES), however due to the

complexity of the spectrum it is not being used as a standard diagnostic for plasma density

[27].  Both JET and AUG use a fast Li-beam for deduction of the edge density profile via

impact excitation spectroscopy (Li-IXS).  No fast H/D-diagnostic beam is installed on either

experiment for spectroscopic measurements.  However, dedicated beam sources of the heating

beam systems are routinely used for CXRS and MSE.

As shown in chapter 2.2, the HeI beam emission spectrum is much simpler than the beam

emission spectrum of hydrogen and therefore offers the prospect for density- and temperature

diagnostics.  This has so far not been possible for routine operation, as the production of

helium beams requires a specialised helium pumping capacity which is not available during

normal operation.  This problem has been overcome by using a so called doped beam [28].  In

this mode of beam operation a small quantity of helium gas is additionally injected into the

beam source operating with hydrogen or deuterium.  The injection of helium is restricted to

time periods during which the fast helium atoms are required.  This and the fact that the

hydrogen gas in the neutraliser is used for neutralisation of the helium ions allows to reduce

the helium gas flow to a level at which no additional helium pumping capacity is required.

Such doped beams can therefore be made available without adverse effects on the availability

of the neutral beam heating system.

Using the heating beams for beam emission spectroscopy limits the spatial resolution of the

measurement, as these heating beams have a diameter of typically 150 – 300 mm.  This is a

severe restriction for diagnosing the narrow edge region.  Another potential disadvantage of

using the powerful heating beam is that the latter might strongly influence the local plasma

parameters.  Both these problems could be overcome with a dedicated diagnostic beam.

However, for the proof-of-principle experiments described in this paper only the heating

beams were available.
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1.3 Collisional-radiative model for calculation of beam emission profiles

The model used in this paper has been described in detail in the Ph.D. thesis of S. Menhart

[29] and can be summarised as follows:

The level population of fast He beam particles interacting with a plasma of given density- and

temperature distribution is calculated stepwise, starting with a given initial population.

In order to calculate the change in the population of the HeI levels within a step dx along the

beam we have to solve the statistical balance equations which represent the rates at which the

excited levels of an atom are populated and depopulated.  In general, these equations have the

shape

∑ ∑∑∑
> <≠≠

−+−=+
ijj ijj

ijijijj
ij

targetdepopjij
ij

targetpopulationji
i

b
i NANANnvNnv

dx

dN
v

dt

dN

, ,
.,,

σσ (1)

Ni and Nj denote the population densities of level i and j, respectively, vb the velocity of beam

particles, <σv> the rate coefficient of the collisional processes, ntarget the density of the target

(in this case plasma electrons or protons), and Aij the spontaneous emission coefficients for

the emission from levels j to levels i.

All excitation-, de-excitation- and loss processes can be included into one matrix for a given

set of parameters (ne, Te, Eb, Zeff). The coefficients of this collisional radiative matrix Mij are

called 'generalised collisional radiative coefficients' (GRCs).

ADAS 311 calculates this GRCs up to high level numbers, including cross-sections from the

ADAS data base and numerical approximations [30].  The ADAS code subsequently merges

this big matrix into a more convenient 3x3 matrix for the transitions between the He ground

state and the two metastable levels (2s1S and 2s3S in Fig. 1.2) which covers the influence

from the excited levels.  This code provides the matrices in the ne,vb-plane, which is not

suitable for beam emission spectroscopy with a fixed beam velocity vb but variable plasma

temperatures Te.

We used a different version of the ADAS 311 code (not released), which is able to merge the

GRCs into an arbitrary matrix size ( ss nn × ) and presents the matrices in the ne,Te-plane.  The

“condensed” GRCs contain projections of all transitions from levels with snn > which means that

these levels are treated as being in equilibrium with the levels up to ns.

So far this modified ADAS 311 code constructed by H. Anderson [31], can not be run at TU

Vienna, due to incompatibilities between the sun UNIX used at Strathclyde and the LINUX

system used at TU Vienna.  The lookup tables (ASCII-files) were generated by S. Loch in

Strathclyde and subsequently transferred to the LINUX computer at TU Vienna.

For a certain beam energy (Eb) the GRCs are stored in lookup-tables for a

list of electron temperatures (Te) and -densities (ne) covering the parameter

range of the plasma that is going to be analysed.  The stepwise calculation

of the populations by using the GRCs (matrix Mij) is given in Equation 2.
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Ni and Nj denote the population densities of levels i and j, respectively and ne the electron

density at the position x.  The step-width dx necessary to obtain a numerical stable solution is

typically 0.1 mm for 3=sn (11x11 matrices).  For increasing ns and higher velocities vb of the

beam the step width has to be reduced.

From each location along the beam axis, the matrices with the next higher and lower density

and temperature are located and the relevant GRC is created by logarithmic interpolation in

the case of density and by linear interpolation in the case of temperature.  The typical size of

the ASCII-files generated by ADAS 311 is, depending on the matrix size, 1 to 10 Mbytes.  It

contains approximately 500 matrices, linearly spaced on a logarithmic scale.

Fig. 1.2: Level diagram of HeI states with quantum numbers n<5 and
related photon emission in the visible range.

The “original” scotty code [32] used for the modelling of the beam emission in the work of

S. Menhart [29] involved a model treating the ground and metastable states as mutually

independent.  This simplified model becomes less well applicable with

increasing beam energy.  The code solving equ. 2 has therefore been

rewritten in IDL (scotty_idl) to extend the number of independent states

to a principal quantum number ns, where ns can be freely selected.


