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Abstrakt:

Tato prace se zabyva rekonstrukei hustoty okrajového plazmatu ze zafeni produkovaného in-
terakci energetického svazku Li atomu s plazmatem. K méfen{ byla pouzita CCD kamera s
optickym filtrem (670,8 nm) a ¢asovym rozlienim 20 ms.

V ramci teoretické ¢asti jsou shrnuty zakladni informace o experimentdlnim uspoiddani a di-
agnostice BES a je popsan rekonstrukéni program implementovany v prostiedi MATLAB. V
experimentalni ¢asti je popsano testovani svazku a jsou ukazany vysledky rekonstrukci pro data
naméfend na COMPASSu a TEXTORu.
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Title:
Measurement of edge plasma density by energetic beam of Li atoms on the COM-
PASS tokamak

Author: Be. Jaroslav Krbec

Abstract:

This work deals with reconstruction of edge plasma density from radiation of energetic Li atoms
caused by its interaction with plasma. The measurement was realized by CCD camera equipped
with optic filter (670,8 nm) with time resolution 20ms.

In theoretical part of this theses, the information about experimental setup and BES diagnostic
was summarized and the reconstruction algorithm implemented in MATLAB enviroment was
described. In the experimental part of this theses, the beam testing results and reconstructed
plasma profiles from COMPASS and TEXTOR tokamak were shown.
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Introduction

The aim of fusion research is to provide a source of heat, electricity and neutrons for the
society in the future. At present an electric energy is mostly obtained from the shrinking supplies
of raw materials and from nuclear power plants. The increase of electric energy consumption is
expected due to growing population and increasing of standard of living in developing countries
[31]. The scientists have learned how to control a fusion reaction by processes which take
place in the stars. There are atomic nuclei join together under conditions of high density and
temperature in the stars. The gravitational force was replaced by magnetic fields which confine
plasma in laboratories and research centers. A device called tokamak is one of the devices which
showed significant progress in achieving the desired parameters for thermonuclear fusion during
the last few decades.

A tokamak (acronym of russian words: TOroidal'naya KAmera s MAgnitnymi Katushkami)
was developed in the fifties of the 20th century by soviet physicists A. D. Sacharov, I. J. Tamm
and L. A. Artsimovich. This device confines plasma in the torus chamber by the magnetic field.
A tokamak 1.1 consists of a vacuum chamber in the shape of toroid representing a secondary
winding of transformator and toroidal field coils which are wounded on the torus. A various
support systems and diagnostic devices are essential parts of a tokamak. Additional heating
of plasma is mainly realized by Ion Cyclotron Resonance Heating system, Electron Cyclotron
Heating system and a Neutral Beam Injection system [35].

During the era of massive plasma heating to reach higher plasma temperature the scien-
tist Fritz Wagner observed a radical growth of confinement time at tokamak ASDEX in 1982
[33]. This phenomenon has never been observed before. The regime advantages were higher
confinement time and higher energy stored in the plasma that is why the regime was named
H-mode. A new instability type called Edge Localized Mode was observed in H-mode plasma
[38]. The bunch of plasma particles is thrown from the plasma to the chamber wall during ELM
instability see figure 1.2. Particle losses associated with energy losses prevents achieving high
plasma densities and the energetic particles hitting the chamber wall also reduce a chamber wall
durability and also damage sensitive diagnostic systems. A creation of bunches is probably con-
nected with plasma edge region. It is the reason why the edge plasma region measurement with

high temporal resolution is necessary for understanding of the ELM generation mechanism.



1. INTRODUCTION

Figure 1.1: The COMPASS tokamak located in IPP.CR. Tokamak: 1. Main support struture,
2. Poloidal field coils, 3. Toroidal field coils, 4. Radial preload jacks. Lithium beam device: 5.
Ton source and ion optics, 6. Neutralizator

A several diagnostic methods were created for plasma edge measurement: probe diagnostic,
optical diagnostic with fast cameras, beam diagnostic and other. Thesis deals with diagnostic
system which uses an injection of lithium atoms for measurement plasma parameters in the
edge plasma region. At present the lithium beam device is installed on COMPASS tokamak.

Lithium beam can be used for two kinds of diagnostics:

e BES (Beam Emission Spectroscopy) [20] is used for electron density measurement in the
plasma edge region. Injected lithium atoms are ionised and excited due to collisions
with electrons and ions in plasma. Produced line radiation at wavelength 670.8 nm is
detected by a CCD camera. An electron density profile can be reconstructed from the
light intensity profile.

e ABP (Atomic Beam Probe) [4] is a new approach for electric current measurement in the
plasma edge region. Ionized lithium atoms are trapped by magnetic field and detected
by the ABP detector. The position of an ion at the detector is influenced by magnetic
field integrated over the ion path. The average magnetic field could be calculated from
the position of an ion at the detector grid of the ABP. A plasma density can be estimated
from the number of captured ions.


pictures/compass1.eps

Figure 1.2: Filamentary structures observed during ELMs on the MAST tokamak [15].

The aim of the work is to summarize information about BES and lithium beam device
and to show developed computer program for plasma density reconstruction and to compare
reconstructed profiles with other diagnostics. The basic information about COMPASS tokamak
and diagnostic systems installed on it are described at the beginning of the work. There is a
description of the lithium beam device and Beam Emission Spectroscopy in second and third
chapter respectively. The reconstruction method and results are shown at the end of the work.
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Tokamak COMPASS

2.1 History and parameters

The tokamak COMPASS (acronym for COMPact ASSembly) is a device developed in the
80’s in Culham Science Center in England to study high-temperature plasma. The first plasma
breakdown occurred in 1989 with circular cross section of the vacuum vessel [22]. The vacuum
vessel was rebuilt to the D-shape cross section in 1992 and the tokamak was able to reach
H-mode discharge [10] causing it to become one of the smallest tokamak with D-shape plasma
which can operate in this regime. Due to its proportions (table 2.1) the COMPASS tokamak
belongs among smaller tokamaks but the similar shape as ITER makes him a suitable device

for studying ITER relevant behavior of plasma as shown in figure 2.1.

ITER

COMPASS
9
GOLEM
ASDEX-U
0 T 2 3 4 5 6 7 8

Major Radius [m]

Figure 2.1: Left: A comparison of size and shape of the plasma cross section. Right: A picture
of COMPASS chamber.

The tokamak was offered to Institute of Plasma Physics VV CR, v.v.i. in 2004 and it was
decided to accept tokamak in 2005. The first plasma discharge in the tokamak took place in
2008 followed by installation of heating and diagnostics systems.
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2. TOKAMAK COMPASS

The tokamak is equipped by two NBI each with a power of 0.3 MW and by an antenna for
Lower Hybrid Current Drive with power of 0.4 MW. Neutral Beam Injectors could be used in
two configurations: (1) co-injection configuration and (2) balanced injection configuration which
can produce non-rotating plasma which is very important because ITER plasma is expected to

be non-rotating.

The basic parameters of tokamak are shown in table 2.1.

Basic parameters of tokamak COMPASS [22] ‘

Major radius R 0,557 m
Minor radius, horizontal a 0,232 m
Minor radius, vertikal 0,385 m
Aspect ration R/a 2,53
Vessel material Inconel 625
Divertor material Grafite
Maximal toroidal field on axis By 1,15-21T
Maximal plasma current I, 120 - 350 kA
Pulse duration 300ms, max 1s
NBI Pypr 40 keV 2x0,3 MW
Vacuum ~ 11078 Pa

Table 2.1: Basic parameters of tokamak COMPASS.

2.2 Installed diagnostics

A following diagnostics will be used for plasma parameters measurement on COMPASS
tokamak ([26], [34]):

e Magnetic diagnostics: A magnetic diagnostics belongs among basic diagnostics at every
tokamak. A tokamak COMPASS is equipped with a 400 diagnostic coils for plasma current
measurement, measurement of plasma shape, position and conductivity, MHD instabilities
and plasma energy. A feedback control system uses plasma shape and position information
to stabilize plasma and reach longer discharge. Magnetic surfaces reconstructed by EFIT
code from magnetic coils signal are shown in figure 2.2.

Microwave diagnostics: An electromagnetic radiation in microwave region is used to
determinate properties of electrons in plasma. A tokamak is equipped with both active di-
agnostics (interferometer, reflectometer) and passive diagnostics (detection of microwave
radiation from the plasma). There is a 2-mm interferometer used for line average elec-
tron density measurement and microwave reflectometer for electron density radial profile
determination in plasma edge region. This density profile could be compared with re-
constructed density profiles from lithium beam diagnostics. The radial profile of electron
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temperature is obtained from ECE/EBW radiometer. The ECE/EBW diagnostics have
to be absolutely calibrated e.g. by temperature measurement from Thomson scattering.

e Spectroscopic diagnostics: The spectroscopic diagnostics could be divided into two
groups. Active diagnostics detect radiation which was produced by the interaction be-
tween plasma and particles (or radiation) which were delivered to the plasma by the
experimentator. Passive diagnostics only detect the radiation and particles from plasma.
The Thomson scattering [5] diagnostics belongs among the first group of diagnostics. It
measures electron temperature and density. Following diagnostic devices belong to the
second group:

— fast camera [32] (32x1 px, sampling rate ~ 140 kHz) observes the interaction between
plasma and the chamber wall in visible spectrum

— multichannel optical system used for plasma radiation measurement in the visible
spectrum with the possibility to determine the time evolution of hydrogen and im-
purity radiation

— bolometers (XUV) and SXR detector which serve for plasma radiation losses mea-
surement

— rotation of plasma is determined by the Doppler shift of carbon spectral line CIII
i.e. C2 with wavelength 465 nm.

e Beam & particle diagnostics: The lithium beam diagnostics is used for two types
of measurement in the plasma edge region: Beam Emission Spectroscopy detects line
radiation which is emitted by injected lithium atoms. The BES could determine a radial
profile of electron density and 2D electron density fluctuation profile in plasma edge
region. The Atomic Beam Probe diagnostic detects deflection of lithium ions in the
poloidal magnetic field using an ABP detector (rectangular grid of current detectors). This
technique could determine a magnetic field perturbation and current profile in pedestal
region. There is also used Neutral Particle Analyzer for analysis of the velocity distribution
of neutral particles escaping from the plasma.

e Probe diagnostics: There will be several types of probes on the tokamak. A set of
divertor Langmuir probes (39) is already working and measures electron density, electron
temperature and floating potential in divertor region. This set of probes will be enhanced
by 14 Langmuir probes on HFS. A two reciprocal probes (one with vertical and one with
horizontal move) will measure the radial profile of electric plasma potential, electron den-
sity and temperature, particle flux from plasma to the chamber wall and ion temperature
in the scrape-off layer. It is planned to insert a probe with diamond head even up to the
pedestal region. The production and use of U-shape, sandwich and others probes are in

progress.

The D-shape chamber in cooperation with a vertical field winding is able to form plasma
to divertor configurations with both DND (double null D) and SND (single null) cross section.
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Shot #4158 at 1100 ms Shot #4133 at 1100 ms

0.4 rJ

0 ..

z [m]

Figure 2.2: Reconstructed magnetic surfaces and LCFS (orange) from EFIT code [19]. Left
picture: SNT configuration, Right picture: Circular plasma.

The most used profiles will be SND and SNT (higher triangularity) as shown in figure 2.2. It
is possible to have both circular and D-shape cross section in limiter configurations.

L-H transition occurs in plasma with a SNT profile in which transport barrier is created
and a region with high density gradient is produced in the edge plasma region which results in
an increase of plasma density in the center.

The properties of L-H transition (i.e. threshold energy of L-H transition, hysteresis of L-H
and H-L transition, width of pedestal) as well as edge region instabilities ELM and plasma
turbulent behavior are the main research targets of tokamak COMPASS.

The other research subject is interaction between plasma and electromagnetic waves which
comnsists of (1) study of interaction between Lower Hybrid Wave and plasma and phenomena
close to LHW antenna, (2) use of Ion-cyclotron wave for plasma heating (ICRH) and (3) study
of generation and detection of Electron-Bernstein waves. The research is also connected with
advanced diagnostic methods such as:

1. Advanced electric probes for edge plasma parameters measurement (ion temperature,
plasma potential and fluctuation).

2. New diagnostic methods for magnetic field measurement in tokamak/stelarator-like de-
vices (Hall sensors).

3. Development of diagnostics for electron temperature and density measurement with high
spatial resolution using Thomson scattering.
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Li-beam

There are some situations in which is very useful to use neutral beams consisting of atoms
which are not typical for the fusion plasma. One advantage is that they can be relatively easily
distinguished, usually spectroscopically, from the plasma species. The difficulty with many
atoms, especially hydrogen, is that the transitions to and from their ground state are sufficiently
energetic as to involve ultraviolet rather than visible radiation [14]. Because ultraviolet optic
brings much more difficulties than the detection of visible light the lithium atoms are much more
suitable. Most intensive lithium spectral line has length 670,8 nm. This gave a basics for lithium
beam diagnostic. A lithium beam is a pure diagnostic device with power of approximately 100 W
and atom energy ~ 100keV which can be used for measurement of following plasma parameters:

1. Radial profile of electron density in the plasma edge region with spatial resolution of ~ 1
cm and temporal resolution of ~ 20 ms.

2. Two dimensional electron density fluctuation measurement in the plasma edge region
which is closely connected with the study of anomalous particle transport and the study
of particle poloidal flows and turbulent structures in the plasma edge region.

3. Measurement of magnetic field fluctuations and plasma current perturbation is a part of
research on pedestal region behavior and ELM instability.

4. Measurement of magnetic field using the Zeeman effect on a lithium beam atoms and
measurement of a field direction when the CW dye laser with rotating polarisation is

used.

There will be usage of two diagnostic methods on tokamak COMPASS: (1) Beam Emission
Spectroscopy and (2) Atomic Beam Probe diagnostics. The former is described in section 4
and the latter is briefly mentioned in section 3.4.

3.1 Principles

The lithium beam device consists of three main parts as shown in figure 3.1: (1) Ion source,
(2) ion optics and (3) neutraliser.
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Ion apkiks Li+ ion beam
Tungsten disc P width ~20 mm

coated with Li Na vapour
T~1300 °C
\J / air cooling air cooling
L -— ' : g

Neutralization cell

50 kv 44 kv  ground

Neutral 50 keV
thermocoax  Reservoir of liquid Li diagnostic beam
heating Na at 250 °C

Deflection plates

Figure 3.1: Schematic drawing of the lithium beam device. Figure taken from [7]

Lithium ions are emitted by heated anode (emitter). The emitter is composed of Li-{-
eucryptite coated tungsten disc with a diameter of 19 mm which is inserted in molybdenum
hollow. Maximal ion current is limited by two parameters: diffusivity and space charge. Diffu-
sivity of material can be influenced by the temperature of the emitter. The emitter is heated by
electric current up to a temperature of 1400 °C. A difference of voltage Ul and U2 represents
an effective voltage applied to emitter which extracts lithium ions. A theoretical dependence
of ion current on extracting voltage follows Child-Langmuir law

deo [2e U3/2
1= 5 pE —8S (3.1)
where U is voltage between anode and cathode, d is the distance between the anode and
cathode, e is the elementary charge, m weight of Li-ion and S surface of the anode as shown
in figure 3.2. Current—voltage characteristic of emitter and Child-Langmuir law are shown in
figure 3.2. There could be seen a saturation of emission current. This thermionic saturation
current density depends on emitter temperature and is given by Richardson law:

—egr
kgT

) (3.2)

jsat - AAsz2 eXp(

where Ag is the Richardson constant, T' is the temperature of the emitter, e¢ is the work
function, and kg is a Botlzmann constant.

A service of a beam highly depends on the operational lifetime of the emitter. This lifetime
is influenced by emitting current. Extracted lithium ions are accelerated to the required energy
and focused by ion optics. The ion optics consists of 4 electrically charged rings - emitter,
extractor, puller and electron suppression ring and two pairs of deflecting plates. There are two
voltages set in the accelerator. The main voltage between the puller and the emitter provides
acceleration of the ion to the required energy and the voltage between emitter and extractor
which represents an extraction voltage. The ratio of these voltages affects the focusation of the
beam. There are two pairs of deflecting plates placed between accelerating and neutralizing

10


pictures/lisch2.eps

3.1 Principles

10

Current [mA]

+ measurement
Child-Langmuir law - 4

0 1 2 3 4 5 6 7 8
Extraction voltage [kV]

Figure 3.2: A total beam current according to extracting voltage. Figure taken from [2]

part. The first pair electrostatically deflects ions in vertical direction and is used for the beam
sweeping in range of £5cm in tokamak vessel to provide quasi 2D measurement and is also used
for deflection to Faraday cup. The plasma background radiation is measured when the beam is
deflected to Faraday cup. The sweeping frequency in the vertical direction can reach 400 kHz.
The second pair of plates deflects ions in vertical direction. It serves for setting the optimal
beam trajectory. The HV supply provides accelerating voltage up to 120 kV.

250 Max
226,28
202,55
178,83
155,1

1 131,38
107,65
83927 o
60202 0,000 0,050 0,100 [m]
AATT 0,025 0,075

Figure 3.3: A temperature profile in neutralizer in steady state.

The lithium ions enter the neutralizer. The new concept of the neutralizer is used at tokamak
COMPASS. The neutralizer consists of a reservoir of sodium and heater in its bottom part and
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3. LI-BEAM

the tubes filled with cooling air wound on input and output part of neutralizer. Optimal heating
(usually ~ 250 °C) and cooling part setting causes evaporation of sodium in reservoir and its
condensation in edge parts of neutralizer as shown in figure 3.3.

A liquid sodium flows back from the edge parts to the reservoir. The cooling parts minimize
the leaks of sodium to other parts of Li-beam device and tokamak vessel. The lithium ion
interacting in neutralizer with sodium gas gets an electron from neutral sodium atoms by
charge exchange process. An ion undergoes a large amount of collisions in neutralizer because
the interaction region is thick enough. This is the reason why the ratio of not-neutralized and
neutralized ions is given by the ratio of reionization and charge exchange cross sections. Not-
neutralized ions are deflected by magnetic field of tokamak and interact with flight tube wall.
At the beginning there were few diaphragms in the flight tube in order to decrease the flow of
sodium vapours to tokamak vessel but nowadays they are removed in order to prevent beam
cropping. The accelerator, neutralizer with flight tube and tokamak are separated by valves
and 3 turbomolecular pumps which provide a vacuum in this parts.

3.2 Experimental setup

Top and side view of the experimental setup at tokamak COMPASS is in figure 3.4 and 3.5.
The CCD camera and ABP detector are installed on the top ports of the vacuum vessel. The
avalanche photodiodes are installed on the bottom port.

1203

0EY

Lithium beam

ABP detector

CCD camera; / v

374 374 545

Figure 3.4: Experimental setup of lithium beam at tokamak COMPASS (top view).

3.3 BES diagnostics
3.3.1 CCD camera

The CCD camera is placed on the top port of the vacuum vessel. The CCD detector has
resolution 640x480 px and temporal resolution 100 Hz. The temporal resolution could be higher
at the expense of spatial resolution and amount of detected light. It is expected that 10 ms
exposition time is going to be optimal. There are focusing optics and optical filter with center
wavelength 670 nm with FWHM 10 nm. It is necessary to use a narrow filter because of small
differences between observed lithium 2s-2p transition wavelength (A =670.8 nm) and H,, line
(wavelength A =656.3 nm) and CII spectral line (wavelength A = 658 nm) which are the most
intensive lines in the visible light spectrum at tokamak COMPASS.
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Figure 3.5: Experimental setup of lithium beam at tokamak COMPASS (side view).

3.3.2 APD detector

An array of avalanche photodiodes is installed on the bottom port of vacuum vessel in the
same poloidal section as CCD camera and ABP detector. It is composed of 18 silicon detectors

with effective surface of 25 mm?

and temporal resolution of few us. A quantum efficiency of
the detector is ~ 85%. The low-noise amplifier developed in RMKI is also part of the detector.

The whole detector is placed in temperature-controlled housing.

3.4 ABP diagnostics

ABP is similar to the Heavy Ion Beam Probe (HIBP). The neutral lithium atoms are ionized
during interaction with ions and electrons in plasma. The ion trajectory is curved due to the
magnetic field and the ion impact on the ABP detector as shown in figure 3.6. The intensity
of detected ions is proportional to the plasma density in the place of atom ionization and the
shift of ions in toroidal direction is proportional to poloidal magnetic field integrated over the
ion path.

3.4.1 ABP detector

The ABP detector is placed on the top port at the same poloidal section as a CCD camera.
The head of ABP detector consists of twenty (4 x 5) copper plates which register all incident
particles and of 4 Langmuir probes at the edge part of ABP head. The detector can be moved
in the vertical direction for optimal position setting. The trial version of ABP detector is shown
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Figure 3.6: Simulation of Rb'4 and Li'+ trajectories. A figure taken from [4]

in figure 3.7. This detector is installed on tokamak and serves for noise intensity measurement.
The original beam (with a diameter approximately 2 cm) will be cropped by diaphragm to the
width of a few milimeters during ABP measurement. The planned head of ABP detector will
have a copper segment 0.5 mm wide in the toroidal direction as shown in figure 3.7 and spatial
resolution is expected to be approximately 0,1 mm. The spatial resolution corresponds to 10
kA plasma current which represents 5-10% of total plasma current at tokamak COMPASS.

3.5 Beam testing

It was decided to complete lithium beam device at the tokamak hall thus all the tests have
to take place at the tokamak hall. There is a new type of neutralizer used in lithium beam
device which has never been tested before and it can cause some unexpected issues. The goal
of the lithium beam device is to transport enough lithium atoms to the tokamak chamber. The
amount of lithium atoms transported into tokamak vessel depends on several parameters. The
first one is the ion current I, obtained from the emitter. It is influenced by temperature of the
emitter and extracting voltage (the difference between voltages Uy and Us see picture 3.1). The
second parameter is focusation of the beam. It is set by a ratio of voltages U; and U;. The
last parameter is neutralization efficiency which is influenced by a temperature of the sodium

oven and a temperature of the neutralizer border area which is cooled by water. The resulting
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Figure 3.7: Left: Planned arrangement of probes on ABP detector. Middle and right: Trial
version of ABP detector used at the tokamak. The figure taken from [13].

neutral lithium beam current I,, which entrance tokamak vessel is given by

In = Ie(ertv T)nf(Ul’ U2>nn (Tovenv Tedge) (33)

where I, is emitter current, n(Us, Uz) is focusing efficiency and 1, (Toven, Tedge) is neutralization
efficiency. A correct (optimal) voltages and temperatures for maximal lithium atom current
must be found experimentally. There are next influences from a tokamak machine at the beam
thus detailed testing for correct function of the beam is necessary.

3.5.1 Emitter and ion optic testing

The aim of measurement is to obtain maximal ion current at the end of flight tube. The
ion current can be measured at the power source of accelerating voltage or by the Faraday cup
(FC) at the end of flight tube. There are three parameters which influence the ion current:
emitter temperature, extraction voltage Ue,r = Uy — Us and ratio of Uy /Us voltages. The ratio
of voltages focuses a beam at the end of flight tube. The part of extracted ions is lost in device
thus there is a difference between current measured at power source U; and Faraday cup as can
be seen in table 3.1 and also the surface of FC.

The current was measured on FC with titanium plate and housing which can be charged
by negative voltage to suppress electrons or by the positive voltage to pull up electrons. There
can be also measured current on FC housing. The incidental ion can emit a few electrons from
the Ti plate and these electrons can be measured on FC housing. The number of electrons
produced by one ion (e~ multiplication factor) can be calculated from the difference between
FC Ti and FC housing current. The schematic drawing of FC is in figure 3.8.

Each emitter has a different volt-ampere characteristic. This characteristic has to follow
Child-Langmuir law but for each emitter temperature exist a maximal extraction current limits.
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kV] | [kV] | mA] | [mA] V] mA] | Teori factor
10 1 0.083 0.067 -500 0 0.81
0.34 4500 0.26 3.25
20 9 0.090 0.072 -500 0 0.80
0.47 4500 0.4 5.75
30 3 0.100 0.075 -500 0 0.75
0.55 +500 0.47 5.9
10 4 0.107 0.08 -500 0 0.75
0.62 +500 0.54 6.8

Table 3.1: Measurement of faraday cup parameters (emitter heating current was 31 amps).
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Figure 3.8: Schematic drawing of measurement with faraday cup, see table 3.1.

The current limit is clearly seen in figure 3.9. The emitter heating current is proportional to
emitter temperature. The maximal current is 0.5 mA for heating current 46 amps and 1.8 mA
for heating current 50 amps.

There is an ion current dependence on different voltages applied to deflection plates (ion
current map) in picture 3.10. Ion current is measured by the Faraday cup at the end of flight
tube. There could be seen how important is focusing of the beam. Both images have a similar
ion current ~ 0.7 measured on HVPS but the largest current measured by FC on left image is
0.17 miliamps whereas on right picture it is just 0.025 miliamps. The current maximum on left
image is also much more localised than the maximum on right picture due to worse focusation.
This picture 3.10 shows the change of maximal current in FC due to bad focusation however
this current map also changes with each replacement or assembly of the emitter. The current
maximum is not in the center of the map where zero voltage is applied for this reason some offset
voltages has to be applied for correct function of the beam. Deflecting plates can compensate
not perfect axial setup of whole Li-beam system. The ion current map will be often used as a

calibration test for experiments with Li-beam.
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Dependence of emitter current on extraction voltage
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Figure 3.9: Measurement of extraction current.

3.5.2 Neutralization efficiency

There are two ways how to measure efficiency of neutralization: by the Faraday cup or by
radiation in helium gas.

First the e~ multiplication factor 7,— (Epeam ) of the Faraday cup for different beam energy
must be obtained for measurement of neutralization efficiency with Faraday cup. This task was
done by FC connection in figure 3.8. After that the neutralizer was switched on and only the
FC Ti current was measured. If the housing voltage was -500 volts, electrons were suppressed
and an ion current I_59p was measured. If the housing voltage was +500 volts, electrons were
pulled up by housing and the FC Ti current 1509 consists of ion current and negative electron
current produced by ion induced secondary electron emission. The current of neutral lithium
atom is given by the equation

Ii500 — I-500

I 0 = — 17500 3.4
o Te— (Ebeam) ( )
and the neutralization efficiency is given by the formula
ILZO
= — 3.5
™= Tow + Tsoo (3:3)

Measurement of 7, was done for different temperatures of neutralizer and different beam energy
i.e. accelerating voltages. The results are shown in figure 3.11. This measurement has a few
disadvantages compared to measurement with neutral gas. First the e™ multiplication factor
No— (Epeam ) has to be known with relatively low error and also the parasitic signal from e~
on Faraday cup must be low. These two errors can cause a negative neutralization efficiency
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Figure 3.10: Ion current measured at the end of flight tube for different deflecting voltages.
There can be seen difference of beam focusation in the picture.

obtained from 3.4 and 3.5 when the neutralization efficiency is low. One of the advantages of
this method over the following method is that you do not need to fill a tokamak with a gas and
make a tokamak not working.

The tokamak chamber is filled with helium gas and tokamak is not in operation. The gas
pressure must be low considering turbomolecular pumps in Li-beam device must be able to
provide optimal vacuum for operation of the Li-beam. First the neutralizer is switched off
and radiation of the ion beam is captured by CCD camera then neutralizer is switched on and
three magnets are placed to the flight tube in order to decline neutral particles from beam
and radiation of neutral beam is captured by a CCD camera. This measurement was done for
different acceleration voltages and temperatures of neutralizer. The measured data are shown
in table 3.2. The ion beam receives electrons from helium gas by charge exchange and then
collisional excitation and spontaneous emission cause radiation of the beam. The intensity of
radiation on CCD camera pictures is proportional to the beam current.

shot | G (V] | Lot (mA] | Teay [ms] | Z22 (] | (%] | $/N
#119 | 20/18 0.65 50 1.4
Ton beam #122 | 30/27 1.78 50 2.5
#151 20/18 1 50 1.6
#155 | 20/18 0.6 100 296/140 54 1.4
Neutral beam | #146 30/27 1.72 50 290/140 58 1.2
#145 20/18 1 50 280/140 64 1.2

Table 3.2: Measurement of neutralization efficiency from difference between radiation of ion and
neutral beam detected by CCD camera.

The neutralization efficiency n, was around 55-65 %.
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Figure 3.11: Neutralization efficiency for different neutralizer temperatures and acceleration
voltages.

3.5.3 Influence of electric field

The system which control lithium beam has two grounding points in order to protect low
voltage parts. First one for the parts with high voltage and the second one for the parts with
low voltage and control parts. Voltages between parts with different grounding were measured
and a maximal voltage was ~ 1V. This is not sufficient for deflection of the beam because
150 volts has to be applied on deflection plates to fully decline the beam. The situation could
change during tokamak operation considering changing poloidal magnetic field of tokamak is
able to produce an extra electric field in accelerator part (thanks to different grounding). The
oscilloscope measures voltage on parts with different grounding and several plasma shots were
made. The results were similar during different shots. The maximal measured voltage reaches

~ 3V thus the influence of the induced electric field on accelerated ion beam can be neglected.

3.5.4 Influence of magnetic field

There was no radiation observed with CCD camera during the shots, although there was
a lithium atom current measured at the end of flight tube during previous tests. One of the
reasons why the radiation is not observed is that poloidal magnetic field of the tokamak bends
the trajectory of ions in HV part. The next test was to measure whether the shielding of HV
part of the beam device is strong enough. There were done many tests in He gas with different
setup of voltages and temperatures. The most important result is that shielding of HV part
is sufficient as can be seen in picture 3.12. There could be seen the separation of ionized and

neutral component of the beam when vertical magnetic field increases. This picture also gave
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us an information about neutralization efficiency although an ion needs to catch an electron
from a helium atom (CXRS).
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Figure 3.12: Top: Splitting of the beam (ion path is curved by magnetic field). Bottom: Time
evolution of current in coils producing vertical magnetic field.

3.5.5 CCD camera

At present the CCD camera is working. The first tests were made during SUMTRAIC in
2011. The ion beam (without neutralization) injected into hydrogen gas was used during the
first experiments. The magnetic coils have to be switched off for this experiment. A chamber
pressure was 2,7-10 *mbar. The first pictures from the CCD camera are shown in figure 3.13.

o ) After Rotation and Background subtraction
Original Picture (white lines — summation limits and radial position)

Pixels
Pixels

100 200 300 400 500 600
Pixels 100 200 300 400 500 600 700

Pixels

Figure 3.13: CCD camera picture: injection of lithium ion beam into hydrogen gas. Accelerating
voltage 18 kV, emitter current 1,6 mA, exposition 1000 ms.

There is an optical filter (center wavelength 670 nm and FWHM 10 nm) in front of the
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Figure 3.14: CCD camera picture: injection of lithium ion beam into hydrogen gas. Accelerating
voltage 18 kV, emitter current 1,6 mA, exposition 1000 ms.

CCD camera. A lithium ions entering the vacuum vessel get an electron from hydrogen atoms
and begin emit radiation due to collisions with hydrogen atoms. The hydrogen atoms are also
excited and produce line radiation. These pictures (figure 3.13 and 3.14) can be used for getting
some beam parameters although there is the H, radiation captured in the picture due to high
width of optic filter FWHM. Besides the light from the beam a bottom flange can be seen
in the original picture. During picture transformations this background signal was subtracted
using photos without the beam (same exposition time) and then the picture was rotated. The
vertical section of light profile gives information about beam width and divergence. The beam
divergence is relatively small and it can be neglected in numerical simulation. A steeper decrease
of light signal on one side of the beam is caused by the interaction between the beam and the
diaphragm in the flight tube thus the beam is cropped at one side that the reason why the
diaphragms have been removed. The light profile along the beam path is constant except
the edge parts where the light intensity is lower because of smaller effective solid angle of the
camera. The picture can be also used for beam coordinate calibration because the position of

the CCD camera and bottom flange is known.
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4

Beam emission spectroscopy

4.1 Description

Beam emission spectroscopy is an active spectroscopic method using line radiation detection
of injected lithium atoms to calculate plasma electron density. This method was successfully
used for 2D plasma density a density fluctuation measurement at tokamak JET [39] and also

for radial density profile measurement.

4.2 Plasma-beam interaction

Injected lithium atoms are excited and ionized due to collision with protons and electrons
in plasma. Ionized atoms are trapped by magnetic field and removed from the beam but
the diagnostic method is based on detection of line radiation produced by electron transitions
between energetic levels of neutral atoms. The energy levels of Li atom are shown in figure 4.1.
Photons with wavelength 670.8 nm are produced by 1s22s-1s?2p electron transition are used
for measurement at tokamak COMPASS. The beam is monoenergetic and it is not in thermal
equilibrium with plasma. For this reason, the interaction process is described by collisional-

radiative model 4.2.1.

4.2.1 Collisional-Radiative model

Light intensity depends on electron populations on correspond energetic levels. A change
of electron population density of the state i due to collisions with electron and ions can be
described by general equation [27]

P D (oejiv)nen; — Y (GeivIneni + Y (0pit)ionn; — Y (0pij0)Mionni
J,J#4 Jij#i J,J#4 J,J#4 (4.1)
+ Z Ajinj - Z Aljnl - <0'eion,iv>neni - <Upion,iv>nio77,ni - <0'cr,iv>nionni
J,j>i J,3<i
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Figure 4.1: Lithium energy level diagram for principal quantum number n < 5. Taken from [17]

where 7., njon are electron and proton density, n;,n; are populations of electron on i and j
levels, (oe,ijv), (0p.i;v) are the rate coefficients for electron, resp. ion impact excitation from
state 1 to j, A;; are a transition probabilities of spontaneous emission from state i to j and
(Teion,iV), (Tpion,iV), (0cz,iV) are rate coeflicients for electron, resp. ion impact ionisation, resp.
charge exchange.

The equation (4.1) describes time evolution of state i. The injected lithium atom goes
across the plasma in our experiment and rate coefficients depends on the space coordinates
thus dividing of the equation by the speed of lithium atom of the equation is more appropriate.
When the plasma density is low then all upward transitions are primarily collisional (since
the the radiation density is low) and all downward transitions are primarily radiative (since
the electron density is low) [27]. The plasma is also optically thin and most photons simply
escape without being absorbed thus upward radiative transitions will be negligible compared
with downward [12]. The equation which describes spatial evolution of state i is

0
L :( > oejivynen; — Y (0eijv)neni + B (0pjiv)iont; — B (i V) ionTi

ji<i Gj>i Ji<i j’j? (4.2)
+ E Ajing — E Aijng — <Uemn,iv>neni - <UpEL,iU>monm) o
ja>i ja<i b

where electron-loss cross section opgr,; comprises both the ionization cross section and the
charge exchange cross section. It is necessary to calculate with more than just 2s and 2p levels
population because a higher energetic levels affect lower energetic states. To solve this system
of equations requires some simplifying assumptions because the number of equations is infinite.
To truncate the system of equations at some high level is very often because the populations
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4.2 Plasma-beam interaction

of higher levels are often very small. The final system of equations is thus reduced and can be
solved numerically if all appropriate coefficients are set.

4.2.2 Cross section

The rate coefficient represents a number of collision events per unit path length of a particle
of velocity v in a density n of target particles. The rate coefficient can be expressed as a product
of cross section o(v) and relative velocity of the interacting particles v. The rate coefficient
o(v)v dimension is m?/s. Generally the cross section also depends on the relative velocity of
interacting particles. The cross section for inelastic collisions of lithium atoms with electrons,
protons, and multiply charged ions can be found in database [29], [37], [6] [16]. The cross
sections for appropriate processes are shown in figure 4.2 and 4.3.
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Figure 4.2: Cross sections for collisional processes of lithium atoms with electrons.
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Figure 4.3: Cross sections for collisional processes of lithium atoms with protons.

The cross sections mentioned above was used for calculation of rate coefficients. The total
rate coefficient at which the lithium atom undergoes collisions with plasma particles (electrons
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or ions) is
[ ossve = Viive = ¥I)dv = nfois0) (43)

where f(v) is a probability density function of plasma particles. If beam particles are much
slower than plasma electrons and at the same time much faster than plasma ions (protons in
hydrogen plasma) thus

vp L Uy K Ve (4.4)
(for example, v,(1keV)=4.38-10° m/s, v(80keV)=1.49-10° m/s and v.(1keV)=1.86-10" m/s)

the equation (4.3) can be simplified as follows: (1) for ions

<O’ 1}> _ fO'p(Vb)|Vb|f(V)dV
P [ f(v)dv

=0pWy (4.5)

and (2) for electrons

:  Jowvfdv S oe(B)y/ L f(E)AE
e I Tf(EYAE

Transformation of electron rate coefficient from the function of velocity to the function of energy

(4.6)

is useful because cross sections are expressed as a function of energy in databases very often.
There is a monoenergetic lithium beam assumed in all equations. Plasma particles are described

18/ (1) oo (22 )

The equations (4.7) is put into the equation (4.6) which results in rate coefficient equation [3]

by Maxwellian distribution

for collisions with electrons

o= (2 e (2)a () m

where m, is the electron mass, Ery, is a threshold energy for the appropriate process and k7T is a

temperature of the plasma. Energy FE and temperature k7T are usually entered in electronvolts.
The rate coefficients for appropriate processes are shown in figure 4.4. These functions were
calculated by codes RCEEtable.m and RCEltable.m.

The system of the five ordinary differential equation (4.9) for 2s,2p,3s,3p and 3d level is used
for numerical calculations. Inclusion of more bound Li(nl) states n > 4 into the calculations
has been tested and found to be unnecessary [30].

0 (Oc,jiV) (a iiU)

Ji e,ij
—_—n; = E — NN — E — " nen; + E Op.iiMionMi — E Op.iiMionMi
ox Vp J Vp P2J J pw

J,J<i J:3>i 5, < J.g>i (4.9)
Aji Aij <Ueion,ﬂf>
+ E A E o T T et T OpELiTlion™i
— Uy — Uy b
J,3>1 7,J<i
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4.3 Optics

Electron-Impact Target-Excitation Rate Coefficient
T TITTE 1 Electron-Impact Target-lonization Rate Coefficient

2s-2p 10" T — T T

2s-3s

.
O‘

5
T

2s-3p
2s-3d
. — 2p-3s

L 2p-3p
: 2p-3d

.
O‘

1
1
1

N
O‘

- : ~~ - - =353
- — — 3s-3d

._.
O‘
T

._.
O‘
r

Rate coefficient Co v I[mals]
Rate Coefficient 0o v !_[mals]

.
O‘
S
T

._.
O‘

._.
O‘
\

L

107 10° 10" 10° 10 10° 10° 10*

Electron temperature [eV] Electron Temperature [eV]

i
o
[
o

Figure 4.4: Rate coefficients for collisional processes of lithium atoms with electrons.

4.2.3 Atomic transition probabilities

Atomic transition probabilities or the Einstein coefficient for spontaneous emission repre-
sents the time at which the population of the energetic level is reduced to 1/e & 0.37 times its
initial value. The atomic transition probabilities for lithium atoms can be found in [36]. The
emission of 2p—2s lithium line can be described by an emission coefficient e. It is the energy
emitted by a volume element dV during a time dt into a solid angle df2. For 2p — 2s transition

we get
hv
€= EAQPHQSTLQP (4.10)
where hv is the energy of the emitted photon, Asp_.o4 is the Einstein coefficient for spontaneous
emission between 2p and 2s levels and ny, is the number of atoms with electrons in the 2p

energetic state.

4.3 Optics

4.3.1 Doppler shift

The velocity of the lithium atoms is in range 7.5 - 14.9-10° m/s for the energy in range 20
- 80 keV. Doppler shift can be expressed by following equation:

AN — )\chosa

(4.11)

where A is a wavelength of observed radiation, v, is a beam velocity, sin « is the angle between
line of sight and a beam and c is a speed of light. The observation angle of the beam is 60
degrees in the edge plasma region and 90 degrees in the plasma center. The Doppler shift for
these angles is 1.7 nm in the edge plasma region and zero shift in the center if the velocity
14.9-10° m/s is assumed. Due to the fact that the FWHM of optical filter is 10 nm at center
wavelength 670 nm a Doppler shift will have no influence on the detected signal. The impact
of Doppler broadening on detected light can be also neglected because the beam has extremely
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4. BEAM EMISSION SPECTROSCOPY
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Figure 4.5: Left: Picture of lithium ions interacting with hydrogen gas (without background
signal). Right: Measured light profile compared with the calculated light profile (constant photon
intensity flux is assumed).

narrow velocity distribution both in direction perpednicular to the beam and in the direction
of the flight.

4.3.2 Light intensity

The plasma is optically thin for measured wavelength. It means that photons simply escape
without being reabsorbed. The intensity of radiation from volume element dV during a time
dt into a solid angle df2

dl = edVdtdQ) (4.12)

The solid angle from which a volume element of beam dV is seen depends on distance R between
the lens and volume element and surface S of the lens by formula
RS  Scosa
=T =

If the curvature of the lens is neglected and replace by plane with surface S because of small «

(4.13)

the final formula for solid angle is
S cos 8

R2
where [ is the angle between line of sight and beam path and S cos 3 represents an effective

o = (4.14)

area of the lens. The formulas 4.14 and 4.12 give us an equation for radiation intensity from

volume element dV in time interval dt¢

S cos 8
R2

which is used for simulation. This formula was tested on data during experiments with hydro-

dI = e dvadt (4.15)

gen gas in tokamak chamber (see figure 4.5). The emissivity of the beam is almost same in
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4.3 Optics

whole chamber because the lithium ions reach an equilibrium state with hydrogen atoms in the
entrance of the chamber and then the conditions do not change. There is an original camera
photo and the intensity profile compared with the calculated profile based on a formula 4.15 in
figure 4.5.
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5

Density reconstruction

5.1 Principles

The aim of reconstruction is to obtain density profile from 2p— 2s transition radiation
profile. A several approaches can be used for density reconstruction from Li I (2s-2p) emission
profiles.

The conventional method [30] is based on an algebraic rearrangement of the differential
equation 5.1 for the 2p level obtaining an explicit equation for the density n. as a function of
the beam coordinate z and of all occupation densities. Density profile is obtained by stepwise
integration starting at z = 0.

The statistical approach [11] uses Bayesian probability theory (BPT). It is based on a
probabilistic description of measured data and forward calculation of emission profile from a
given density profile. In comparison with conventional method, the probabilistic method main
advantage is an estimation of density error.

A proposed method uses forward run to calculate the radiation profile from density profile
and backward run for estimation of density profile based on minimization of calculated and
measured radiation profile. Collisional and radiation processes of lithium beam in tokamak
plasma are described by a system of equation 5.1. A system of equation 5.1 is solved by
common fourth-order Runge-Kutta method and minimization is done by functions implemented
in Matlab (Optimization Toolbox [21]). The whole code is written in Matlab environment.

5.2 Program structure

A schematic drawing of program structure can be seen in figure 5.1. Main loop of the
code iteratively reconstruct plasma density. It consist of Runge-Kutta solver for ODE system,
optical code which takes into account effect of optical apparatus, comparator which quantita-
tively evaluate the difference between measured and calculated light signal and optimization
toolbox which changes plasma density. The cycle runs until the stopping criteria are fulfilled.
Rate coefficients and cross sections for RK solver are loaded from pre-calculated tables to save

computing time.
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5. DENSITY RECONSTRUCTION

A diagnostic is not absolutely calibrated because of two major reasons. Although variation
of light profile with electron temperature is low, some temperature profile has to be used for
calculation. A data from Thomson scattering diagnostic or interferometry diagnostic can be
used in case of COMPASS tokamak. The optical apparatus is not calibrated thus calculated
density profile has to be calibrated from Thomson scattering diagnostic or the CCD camera
has to be calibrated by radiometrically calibrated light source. The last way to solve problem
with optical apparatus is to implement ABSOLUT code [28] which can absolutely calibrate the
density profile from the relative light profile if the attenuation of light profile due to dominant

ionization process is seen.

Input data Forward run Backward run Output data
Rate coeff. and == Ap init
RK4
cross sections
Plasma
Electron lf ph stopping criteria
density
temperature X
Optic
Computin,
1> & Optimization
arameters ch g
1> Toolbox
Optical T
Comparator
parameters Y. (Lm; — Le;)?, x?/DoF
TLm np - Plasma density
Camera Image Iph - Photon flux intensity
Picture processing Lc - Calculated light profile

Lm - Measured light profile

Figure 5.1: Program structure

5.3 Light profile calculation (forward run)

The density of photon flux intensity [9] (number of photons detected per solid angle per
second produced in cubic meter) was calculated by Runge-Kutta method. The input data are
plasma density n, (Zeg = 1) and electron temperature Tc. The photon flux intensity profile for
different beam energy and the population of Li states are shown in figure 5.2.

The photon intensity is proportional to 2p excitation state which is mostly populated. The
decrease of ionization cross section for higher beam energies causes a greater range of beam
atoms. Optical code calculates solid angle and observed volume of beam for each pixel and
multiplies it with corresponding photon intensity thus computed profile can be compared with

measured.
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5.3 Light profile calculation (forward run)
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Figure 5.2: Results of forward run for parabolic density profile. Left: Calculated Li state
population profiles for beam energy 40 keV. Right: Calculated photon flux intensity profiles for
different beam energy.

5.3.1 Runge-Kutta method

Rewriting of the equation system

0

(0e,jiv) (Te,ijv)
%nizg Tnenj_ E NNy E Op,jiTionTj — E Tp,ijTion i

. _. Vp .
J,3<1 J,3>1 J,3<1

+ZA

33> 3,3<i

Ub Up

for i € {1,2,3,4,5} (2s,2p,3s,3p and 3d level) to formula

%ﬁ(x) = F(z, Byeam)7(x)

J,3>1

ji Aij <Ueion,w>
v n; — E Ny — ——————MNeNy — OpEL,iTionT
b

(5.1)

(5.2)

where 7 is a density vector of Li atoms in correspond states and F(x, Epeqrm) is 5 X 5 matrix

which is function of z and beam energy Epeqn, is useful for numerical method description. A

discretization of coordinate x with step h creates an n point uniform computational grid x; for

i€ {1,2,...,n—1} . If 7i; denotes a density in point z; than a density 7, calculated by the

RK4 method is given by equations

1 = — - —
Mip1 =M, + E(kl + 2ko + 2ks + k4)
Tiy1 =2 +h
El :hF((Ei, Ebeam)ﬁ'z’

- h 1-
k2 :h‘F(m’L + E; Ebeam)(m §k1)
1-

- h
kB :hF(ml + E; Ebeam)(m + §k2)

E4 :h‘F(m’L + h; Ebeam)(m + EB)
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5. DENSITY RECONSTRUCTION

with initial condition ngy in point xy which correspond to density of Li atoms in different
excitation states before the entrance to the tokamak chamber. The step was set with respect
to relative error of solution. The ODE system with different density profile, and beam energy
was calculated by ode45 matlab function with required relative error 0.1% and after that the
minimal step of all runs was used for calculation with proposed code. This approach secures
maximal relative error 0.1% and it is 10 times faster than ode45 solver.

5.4 Density reconstruction (reverse run)

Main input data in reverse run are measured light profile Lm and calculated light profiles
Le(ny) from which plasma density n, is reconstructed. At the beginning of reconstruction a
random density profile is created and used for light profile calculation. This profile is compared
with the measured light profile and sum of squared residuals is obtained (residuals are the
difference between signals) i.e. the maximum likelihood method [8] is used for finding density
profile. Then two ways of density reconstruction are used for light signal but for both a Matlab
optimization toolbox is used, especially solvers for nonlinear least squares and constrained
problems.

5.4.1 Method of maximum likelihood

Consider a random variable z distributed according to a probability density function (PDF)
f(x;0). Suppose the functional form of f(x;#) is known, but the value of parameter 6 are not
known. The method of maximum likelihood is technique for estimating parameter § when a
finite sample of data is given. Suppose z1, ..., T, is measurement of variable x repeated n times.
Under the assumption of the hyphothesis f(z;0), the probability of the first measurement to be
in inerval (z1,21 + dx1) is f(z1;60)dx;. Since the measurements are all assumed independent,
the probability that z; € (x;, z; + dx;) for all 7 is given by

n

I £ 0)da (5.4)
i=1
If the hyphothesized PDF and parameter values are correct, one expects a hight probability for
the data that were actually measured and since the da; do not depend on parameters 6, the

same reasoning also applies to the following function L,

n

L) = [ f(x::6) (5.5)

i=1

called the likelihood function. The maximul likelihood estimators for the parameters will be
those which maximize the likelihood function 5.5 thus the estimators are given by the solutions
to the equations,

=0, i=1,...,m. (5.6)

In case of light detection the measured value Lm can be regarded as a Gaussian random
variable centered about the quantity’s true value L. This follows from the central limit theorem.
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5.4 Density reconstruction (reverse run)

Consider a set of N independent Gaussian random variables Lm;, i = 1,..., N, each related
to coordinate x;, which is assumed to be known without error. Assume that each value Lm;
has a different unknown mean L; and a different but known variance o2. The N measurements
of Lm; can be equivalently regarded as a single meausurement of an N-dimensional random
vector, for which a joint p.d.f. is the product of N Gaussians,

g(Lmy,...,Lmy;L1,...,Ly;0%,..., 0% H

202

27r0 5

exp <M) (5.7)

Suppose further that true value is given as a function of , L = L(x;n,), which depends on
plasma density n,. The aim of the method of least squares is to estimate the plasma density
ny. Taking the logarithm of the joint p.d.f. and dropping additive terms that do not depend
on the plasma density gives log-likelihood function,

N )2
log L) = —% yo (Emi igx ) (5.8)

i=1

This is maximized by finding the values of the plasma density n, that minimize the quantity

N
Z (Lm; — L ;zc“np))2 (5.9)
i=1

namely quadratic sum of the differences between measured and hypothesized values, weighed
by the inverse of variances.

5.4.2 Measurement error

There are two species of noise in the experiment - photon noise and detector-generated noise.

Photon noise consists of noise due to signal radiation and noise due to background radiation.
If the ideal, noiseless detector is assumed then detection of photons is affected by radiation noise
[9]. Tt follows from the fact that photon production is a random process. It will be assumed
that the photon-emission process follows a Poisson distribution. The probability of n photons
being emitted in a period of time T can be estimated using the Poisson PDF [23]:

,ITL’IL

Pr(n) = — (5.10)

nlen

where 7 is the average number of photons emitted in a period of length 7. The probability of
detection of m photons in a period T' with perfect quantum efficiency is given by PDF:
,ﬁm

Pr(m) = —— (5.11)

The fact that there is noise (uncertainty in magnitude) present in the signal implies a limit
to the signal-to-noise ratio attainable in perfect, noiseless detector. Due to the fact that the
variance of a Poisson distribution is equal to the mean

2
var

Opar =1 (5.12)
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5. DENSITY RECONSTRUCTION

the root mean square noise level is defined to be the square root of variance:
oc=+n (5.13)

The photon noise affects measurement with signal radiation noise o4, and background
radiation noise o4. The previous error does not depend on the properities of the detector.
There is a wide range of detector noises [9] but in this case global marking electron noise will be
sufficient. The main influence on electron noise has a temperature of the camera. The detector
error oqe; were estimated from dark picture. A root mean square of all mentioned errors

o] = \/Uzig + Ugg +02, (5.14)

represent the error of measured light profile .

5.4.3 Goodness-of-fit testing

The 2 value can be used as a test of how likely it is that the hypothesis, if true, would yield
the observed data. The quantity (Lm; — L(z;;1;,))/0? is a measure of the deviation between ith
measurement Lm; and the function L(z;;1;,), so x? is a measure of total agreement between
observed data and hypothesis. It can be shown [8] that if

1. the Lm; for i = 1,..., N are independent Gausssian random variables with known vari-
ances o2,

2. the hypothesis L(z;n,,) is linear in the parameter 7, and
3. the function form of the hypothesis is correct,

then the minimum value of y? defined by equation 5.9 is distributed according to the 2
distribution with N —m degrees of freedom (DoF). So the x? divided by the number of degrees
of freedom n4 (number of data points minus the number of independent parameters) is a measure
of goodness-of-fit. If it is much less than one, then fit is better than expected given the size of
measurement errors. It is usually grounds to check that errors o; have not been overestimated
or are not correlated. If x2/n, is much larger than one, then there is some reason to doubt the
hypothesis.

5.4.4 Smoothed signal

If the real data are smooth or the algorithm is tested by a calculated signal then a light
profile is without noise. In this case the minimizing function is the sum of squared residuals
thus it is same as the method of least squares with maximum likelihood estimation.

min Z(Lmi — Le(niy,)i)? (5.15)

13, € (1b,ub)

i
where [b and ub are lower and upper bound. The boundaries are given by physical constraints

of tokamak plasma. The calculation is stopped when the change of minimizing function in the
last step is lower than function tolerance TolFun.
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5.5 COMPASS data
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Figure 5.3: Impact of condition for smooth density profile. The oscillations of density profile are
the result of ill-conditionality of reconstruction model.

5.4.5 Noisy signal

Reconstruction of the noisy light profile using the method of least squares connected with
maximum likelihood produce an unreal plasma density profile because noise is much more
fitted than the true values. For this reason smooth profile condition has been added to the
reconstruction algorithm to prevent jumps in density. It is shown in figure 5.3 that minimization
of the sum of squared residuals + the first derivative of density help to solve the problem. The
algorithm for reconstruction could be written in the form:

miﬁnj <Z(Lmi — Le(m,)i)? + A%) (5.16)

%

where lagrange multiplier A is chosen to satisfy DX—;F ~ 1.

The additional condition also helps when integration step for light profile is small. It can
be seen in figure 5.3. There are reconstructed density profiles with and without the condition
on smooth density profile.

5.5 COMPASS data

5.5.1 Image processing

A measurement consists of two consecutive pictures, picture with the beam in plasma and the
picture with decline beam which serves for background signal measurement. After subtraction
of pictures and integration of signal over the beam width a 1D lithium emission profile is
obtained. A minimal exposition time of the CCD camera is 20 ms and sets up a temporal
resolution of diagnostic if the impact of density changes on background signal is negligible if
not then temporal resolution is 2 times longer. For this reason, the CCD camera is much more
suitable for flattop phase measurement. The image processing of shot #4163 is shown if figure
5.4. Tt is only useable picture from COMPASS on accoung of problems with cropping of signal
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Figure 5.4: Image processing of the signal in shot #4163. White lines represent integration
limits.

(bad camera position) and background subtraction (no background signal picture) consequently
the picture was repaired as follows:

1. The previous picture was used as background signal by reason of low plasma density and
low Li-beam signal.

2. LCFS was found from EFIT in time t=985ms and missing signal was completed with
linear interpolation between last measured signal and LCFS point.

5.5.2 Density reconstruction

A data from the shot #4163 were used for reconstruction. Central electron temperature was
taken from TS in shot #4162 in t=1005 ms (similar density as in shot #4163 in t=985 ms). It
can be shown 5.5.3 that accuracy of temperature profile estimation has not crucial importance
for the diagnostic. The reconstructed density profile which is not calibrated is shown in figure
5.5. The measured light profile and light profile calculated form reconstructed density is also
show in figure 5.5. The density profile is not calibrated.
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Figure 5.5: Right: Reconstructed density profile in shot #4163. The density profile is not
calibrated. Left: Measured light profile and light profile calculated from reconstructed density
profile.

5.5.3 T, influence on reconstruction

The electron temperature profile cannot be estimated from Li-beam measurement and must
be inserted to the simulation from other diagnostic. This fact might reduce self-sufficiency
of diagnostic if the effect of electron temperature on density profile was significant. For this
reason a different parabolic temperature profiles were used for recontruction to measured signal
in shot #4163. The influence of electron temperature profile T, on reconstructed density profile
is shown in figure 5.6.
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Figure 5.6: The influence of different electron temperature profiles (left) to density reconstruction
(right). A correct temperature is shown with red line.

There could be seen that the change of central electron temperature in range 33% - 300%
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5. DENSITY RECONSTRUCTION

of correct temperature causes changes in the density profile in range 86% - 120% of the correct
density profile. If the temperature error will be 40% then the error of density profile will be
less than 5%. This result shows that temperature profile estimation is not crucial for Li-beam

diagnostic of the plasma in ohmic regime.

5.5.4 Density uncertainty

There is no method for estimating density error for this reconstruction method. For this
reason rough estimation of error propagation was developed giving a basic information about

density uncertainty. The light profile function can be written as

L= f(ne(2), Te(2), (2)) (5.17)

where f is a function of electron density ne, temperature 7, and parameter o comprising effective
charge Zog, beam energy Epeam etc. and the z are the coordinates of the beam. Considering

negligible importance of « in density error estimation, the error propagation formula [18] for

A= (LY e+ (L) o (5.15)

if ne and T, are independent. The second term of right hand side is much more smaller than

light profile is

the first one (see 5.5.3) thus the equation 5.18 simplifies to the form

A= () e (5.19)

The first derivative of f with respect to n. is not calculated locally in point z but globally.
It means the whole density profile is changed. The goal of this method is to take non-local

character of excitation and spontaneous emission into account.
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Figure 5.7: Left: Error of light profile. Right: Calculated density error. The maximum error in
the centre represents the point around which the light profile "rotates” when the density changes.
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5.6 TEXTOR data

The function f is represented by a system of equation 5.1 and it is realised by numerical
simulation accordingly the derivatives are calculated numerically. The density uncertainty is
given by

1
Uie (2) = 5 U%(z) (5.20)
oF
(5)
The result density uncertainties based on this model are shown in figure 5.7.
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Figure 5.8: Light profiles for different flat density profiles. The arrow shows a point in which a
small change in density profile has no influence on light intensity.

The error is increasing from the beginning of the beam path to the end except one point
which has infinite error. This growing error behaviour correspond to the error propagation in
light profile. The problematic point has an infinite error. The infinite error in light profile
occurs when the first derivative of light profile with respect to density profile is equal to zero.
The behaviour of light profile for small density changes can be seen in figure 5.8.

5.6 TEXTOR data

The program was tested on old data from TEXTOR tokamak to prove that program re-
construction can distinguish between H-mode and L-mode. The shot #112738 was suitable for
this test. The parameters of shot are summarised in table 5.1.

Plasma gas deuterium NBI1 gas hydrogen
Magnetic field 13T NBI1 start 1s
Plasma density | 2.1-10'° m~3 || NBI1 stop 5s
Plasma current 230 kA

Table 5.1: Basic parameters of TEXTOR shot #112738.
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5. DENSITY RECONSTRUCTION

The central temperature was estimated to 1keV and parabolic profile was used for recon-
struction. The reconstructed density profile in shot #112738 si shown in figure 5.9.
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Figure 5.9: Left: Reconstructed density profile. The density profile is not absolutely calibrated.
Right: Experimental setup [24].

The optic parameters were roughly estimated from the experimental setup (see figure 5.9).
The 0s-1s and the 1s-5s reconstructed density profiles were averaged and increase in density
gradient can be seen 5.10.
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Figure 5.10: Reconstructed density profiles. The density profiles are not absolutely calibrated.

There is clearly seen the difference between density profiles in L-mode and H-mode. The
density is not absolutely calibrated because the central density has to be about 2.1-10'° m—3
see table 5.1.
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6

Discussion

The theoretical part of this master theses work deals with the description of Li-beam diag-
nostic system and Beam Emission Spectroscopy. The BES measurement technique and plasma
density reconstruction method are fully described in chapters 4 and 5 and furthermore they
are supplemented by information about experimental setup and beam device in chapter 3. 1
developed a new code for density reconstruction in the MATLAB environment. The creation
of this code also fulfilled a requirement of having own and fast enough reconstruction code on
COMPASS tokamak. The key element of code development was the testing of the code. A
typical picture from COMPASS tokamak was not available during a major part of a program-
ming time. Due to this fact I spent a lot of time by testing a code with simulated signal. This
approach is not only less effective than use of real data but also does not allow comparison with
other diagnostics. While I was not developing the code I participated in the beam testing and
installation with Hungarian colleagues.

The core of the proposed code is solver for Collisional-Radiative model which is enhanced by
optimization toolbox. The optimization toolbox helps to find density profile which corresponds
to measured light profile if the light profile was calibrated. If not, then it must be multiplied by
calibration constant. In our case a calibration constant was roughly estimated by optimization
toolbox (the correct constant minimizes a residuals between measured an calculated signal)
but the ABSOLUTE code find these constant by much more sophisticated way. This is good
reason to implement ABSOLUTE code in future. My effort was to estimate an error of the
reconstructed density profile, but an error estimation method for this kind of reconstruction
does not exist in present days. For this reason I have tried a several ways how to estimate an
error on the base of instructions of Mikl6s Berta. This effort resulted in rough error estimation
method described in chapter 5. The different approach is to use a Bayesian probabilistic theory
but it cannot be used for my reconstruction method so far.

The practical part of theses deals with beam testing and plasma density reconstruction on
tokamak COMPASS and TEXTOR. The main beam parameters and behaviour of the beam
device were verified during the testing phase. The results from testing are summarized in
chapter 3. A behaviour of ion optic and neutralizer was tested by Faraday cup. After these
conventional tests the Li-beam was not seen in plasma during the shot therefore the next tests
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with electric and magnetic field were done. However the reason why the beam did not work
during a shot has not been sufficiently answered yet. The testing shows that the tokamak
stray field has a crucial importantce in beam operation in negative way therefore a low number
of successful measurements were done during plasma discharge on COMPASS. The 3 plasma
discharges with a Li-beam observed in plasma were done. The shot #4163 was suitable for a
density reconstruction and test of the algorithm. This is the reason why old data from TEXTOR
tokamak were used for code testing. The analysis of reconstructed density on TEXTOR resulted
in successful distinction between H-mode and L-mode regimes. Which confirmed that the
reconstruction process seems correct.

Despite that the lack of data caused that the reconstructed profiles was never directly com-
pared with different diagnostic method such as Thomson scattering or microwave reflectometry
which could confirm or disprove the correct operation of code. The uncropped measurement
with beam chopping was not realized because the Li-beam device was not correctly operating
until the deadline of this thesis.

In conclusion, the next step will be to distinguish between H-mode and L-mode regimes on
COMPASS tokamak despite the reconstructed profiles are not calibrated. The another CCD
pictures with background signal measurement would improve the code as well as implementation
of absolute calibration. The implementation of the Bayesian probability theory for density
error estimation and application of the code to fast measurement are further steps in the code
development.
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