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1 Introduction
An international collaboration is currently constructing the experimental fusion
reactor ITER1 (lat. iter = way), in Cadarache, France. In this reactor deuterium
and tritium will fuse to helium while generating energy. Since the two educts have
to overcome the Coulomb barrier, this reaction can efficiently take place at high
temperatures (> 108 K). The hot plasma is confined by a combination of toroidal
and poloidal magnetic fields leading to the typical ring shape of fusion reactors.
One main goal of ITER is the demonstration of a positive energy balance.
Future power plants based on a fusion reactor will have several advantages
compared to current power plants:
• The fusion reaction has to be maintained and cannot become uncontrollable
like it could happen in fission devices.
• The amount of fuel (this means deuterium and lithium. The latter will be
converted into tritium by a breeding reaction [1]) for a fusion power plant
which has an comparable electric power output to present fission plants (in
the order of 1 GW) is 100 kg deuterium and 3 tons of lithium per year. The
resource reservoir available on earth for the reactants is almost unlimited
[2].
• The power plant material will be activated by neutrons [3]. However the
radioactivity returns to a harmless dose within around 100 years or less
until the material is reusable again [2, 4]. This is a small number compared
to the decay time of the exhaust of fission devices (> 108 a). A final storage
of the nuclear waste is unnecessary.
• Additionally, fusion reactors do not generate greenhouse gases but only
small amounts of Helium, which has a neutral effect on the climate.
For the experimental reactor ITER, which should show the feasibility of sustaining
1

https://www.iter.org/
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a fusion plasma with a positive power balance, some technology still has to be
developed, amongst others also the plasma heating system.
One heating technique is the neutral beam injection (NBI). A beam of fast
deuterium atoms is injected into the fusion plasma. By heavy particle collisions
the beam particles give their energy to the plasma.
A NBI system consists of three major components. First, deuterium ions are
generated in a low temperature, low pressure plasma of an ion source. At ITER,
the requirements on the beam energy of 1 MeV cause the necessity of negative
charged deuterium ions.
Secondly, the ions are accelerated within an acceleration system with several
grids, where the plasma grid is the first grid. The grids are on different descending
high voltage potentials. The source itself is on the highest negative potential.
Thirdly, the fast deuterium ions have to be neutralised. The neutralisation
efficiency of positive hydrogen ions at 1 MeV tends to be 0% while it still remains
60% for negative ions. Remaining ions after the neutralisation are filtered out on a
beam dump by an electrostatic field. This is necessary since charged particles are
not able to enter the fusion plasma, due to the deflection caused by the magnetic
confinement.
The most effective way to create negative deuterium ions in a plasma is the
so called surface conversion. On a surface with a low work function deuterium
atoms or positive ions are converted into negative ions. This converter surface is
close to the extraction area since the negative ions have a small survival length
due to the low binding energy of the additional electron (0.75 eV). In order to
reduce the work function on the relevant surfaces in the ion source for ITER NBI,
caesium is evaporated into the vessel, covering the walls.
Due to the possible maximum current densities (in range between 300 A/m2
and 400 A/m2 ) the extraction area is quite large (0.2 m2 for ITER NBI) which
leads to a large source (width × height × depth: 0.87 m × 1.77 m × 0.22 m).
Thereby the plasma grid consists of several hundred small apertures (radius in
the order of millimeters). The extracted ions from one aperture form a so-called
beamlet. The reason for the large number of apertures is to avoid abberation
effects.
This thesis deals with the second step in the mentioned beam system, the
ion acceleration and beam formation. The underlying experiments and measurements were carried out at the testbeds BATMAN (BAvarian Test MAchine for
Negative ions) and ELISE (Extraction from a Large Ion Source Experiment)
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at the Max-Planck-Institut für Plasmaphysik Garching (IPP Garching). While
the ion source at BATMAN is comparatively small (1/8 ITER size; extraction
area: 63 cm2 , apertures: 126, width × height × depth: 0.32 m × 0.56 m × 0.19 m)
the large source at ELISE has half ITER-source size (extraction area: 1000 cm2 ,
apertures: 640, width × height × depth: 0.86 m × 1 m × 0.24 m). The maximum
energy of the accelerated particles at BATMAN is around 25 keV, while at ELISE
it can be up to 60 keV.
In order to obtain low beam power losses for ITER NBI a beam transmission
as high as possible is required. This is necessary to achieve the maximum beam
power (16.7 MW) and to avoid damages of beam line components by the power
input from the beam losses. On the one side the negative ion destruction during
the acceleration phase (so-called stripping) due to heavy particles collision of
beam particles with the background gas has to be reduced.
On the other side the beam power losses by beam particle interaction with the
beam line structure can be decreased by a small beamlet broadening, i.e. a small
beamlet divergence, of all beamlets, which increases the beam transmission and
quality. The broadening itself depends mainly on the space charge distribution at
the aperture, the extraction voltage and the extracted current density. Therefore
a homogenous production and generation of a sufficient amount of negative ions
is necessary, i.e. a homogenous current density distribution in front of the plasma
grid.
However the region of negative ion production and extraction (close to the
plasma grid) cannot be diagnosed directly due to technical reasons. The plasma
diagnostic tools at the IPP testbeds are measuring plasma parameters (i.e. negative ion density) at a distance of roughly 1 cm to the plasma grid. This is far
away from the relevant region which is directly at the plasma grid apertures.
Therefore, the only way to determine the current density distribution, i.e. the
beam inhomogeneity, is to obtain a spatial divergence profile of the beam followed
by a reconstruction of the density distribution from this measurement.
The main goal of this thesis is to provide a tool which allows the determination
of the beam properties. These are beam divergence, stripping losses and beam inhomogeneity. For this purpose a particle trajectory code has been developed from
scratch, namely BBC-NI (Bavarian Beam Code for Negative Ions). The code
is able to simulate the whole beam and the outcome of several beam diagnostic
tools. The data obtained from the code together with the measurements of the
beam diagnostic tools should allow the reconstruction of the beam properties.

10
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The major beam diagnostic tool, which is used in this thesis, is the beam emission spectroscopy (BES). BES measures the beam divergence and beam power
losses from heavy particles collisions by evaluating the spectrum of the Hα light
of the beam. The light is emitted since beam particles are excited by collisions
with the H2 background gas. For ITER, BES will be the main beam diagnostic
tool for beam quality measurements.
This thesis will show how BES spectra in ITER relevant negative ion sources
have to be evaluated and interpreted in order to determine the beam divergence
and stripping losses, by simulating a BES spectrum and comparing it with measurements. A reliable BES spectrum evaluation is necessary to go one step further
and to check whether a line-of-sight array allows the determination of a vertical
divergence profile. With this profile the beam inhomogeneity is determined and
the current density distribution of negative ions at the extraction is reconstructed. The thesis will also discuss whether, how and under which conditions this
reconstruction is possible.

11

2 Hydrogen ion sources for
neutral beam injection
Experimental fusion reactors, which are operated to develop a fusion power plant,
are working with hot deuterium-tritium plasmas, reaching temperatures in the
range of up to 10 keV (≈ 108 K) [5]. The confinement of such plasmas is possible
with a toroidal magnetic field generated by several coils. Because of the bending
of the magnetic field lines, radially magnetic field gradients appear. They lead to
a radially outwards directed drift, which reduces the confinement time drastically. In order to compensate this effect, an additional poloidal magnetic field is
applied which twists the toroidal magnetic field lines and prevents the outwards
drift. The additional field can be generated by two ways. With the “Stellarator”
configuration, the poloidal magnetic field is generated by the external coils, leading to an complex shape of the single coils. In the “Tokamak” configuration the
poloidal field is generated by inducing a toroidal plasma current by ramping a
current in a center solenoid. This solenoid acts as a first winding in a transformer,
with the fusion plasma as the second winding.
To achieve the plasma temperatures needed for fusion, several various heating
systems can come into operation. Beside ohmic heating and electromagnetic
wave heating (ECRH, ICRF2 ), neutral beam injection (NBI), which is a reliable
system, is used in many current devices [5]. The following chapter will describe
the NBI system in detail and the ongoing development issues which are tackled
at the moment.

2.1 NBI system
Figure 2.1 shows the schematic view of a NBI system. It can be divided into
three basic sections:
2

Electron Cyclotron Resonance Heating/Ion Cyclotron Frequency Range: Irradiation of
electromagnetic waves with the gyration frequency of the electrons/ions in the fusion plasma.
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Figure 2.1: Scheme of an NBI system with the major components3 .

1. Generation of an ion beam.
2. Neutralisation of the beam.
3. Transport of the neutral beam particles to the fusion plasma.
NBI systems usually work in hydrogen or deuterium, since these are the preferred
kinds of gases used in fusion devices [6]. In the following the physical correlations
and results are referred to hydrogen and deuterium, while only hydrogen will be
mentioned in the text. However, if there is an isotope effect it will be mentioned
explicitly.
Ion beam generation: The beam power typically requested is in the range of
some megawatt. This means that an ion beam current of several tens of
amperes, an ion acceleration with high voltage in the range of tens of kilovolt
and a large beam diameter are required. These requirements lead to the
necessity of large sources (0.1–1 m2 ) for the ion generation compared to
present NBI sources at fusion devices. For this reason two concepts for the
plasma generation are common [7, 8]:
3

Image is property of the Max-Planck-Institut für Plasmaphysik Garching

2.1. NBI system
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Arc sources: in arc sources, electrons are emitted from hot cathodes
(2000–3000 K) which are usually tungsten filaments. Because of the high
temperature, the filaments erode very quickly and have to be substituted
regularly (for ITER NBI every six months [9]). The electrons are accelerated
(typically around 100 V) into the source volume where they ionise a filling
gas and create a plasma [10]. The arc current is up to several thousand
amperes.
RF sources: In RF sources an oscillating electric field is induced via a RF
coil. The field accelerates free electrons in the vessel volume. These electrons then create a plasma. The field frequency is typically around 1 MHz
while the induced power is in the order up to 100 kW [8]. RF sources are
basically maintenance-free, which is a major advantage compared to arc
sources. Therefore ITER will have RF sources (see chapter 2.4.1)

In the ion source, hydrogen ions are generated. They are subsequently
extracted and accelerated by means of a multiple aperture grid system consisting of several hundred apertures. The typical aperture radius is in the
order of several millimeters. This means the beam consists of up to several
hundred small ion beams called beamlets. The division into many beamlets is done in order to minimise aberration effects in the ion optics. They
can occur with large beamlet diameters. In contrast to accelerator sources
(with one beamlet only) the beam optics have to be done from the start
of the extraction by the geometry of the grid system. This because of the
large beam size, which leads to deflections of externally applied magnetic
and electric fields.
Neutralisation: Since the plasma of fusion device is confined by a strong toroidal
and poloidal magnetic field, charged particles streaming towards the fusion
plasma are diverted and cannot reach the plasma. The diverted beam
particles can lead to damages of surrounding components. Therefore, the
fast ion beam has to be neutralised, which is done by collisions with a
gas target. The beam passes through a large gas cell (in the range of
several cubic meter). The neutralisation efficiency depends on the ion beam
energy and is an important factor for the choice of the polarity of the ions
(see chapter 2.2). The gas pressure inside the neutraliser (> 0.1 Pa) is
higher than in the vessel of the fusion plasma, to which the NBI system

14
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is connected. In order to minimise the gas filling in the duct to the fusion
vessel and subsequently reduce the re-ionisation of the fast neutral particles,
large vacuum pumps (Ti-getter pumps or cryopumps (pumping speed >
100 m3 /s)) come into operation in this part of the NBI.

Transport: Downstream the neutraliser the remaining ions are filtered out of the
beam by strong deflection magnets or, at ITER, with an electrostatic field.
The ions are guided on a cooled ion dump. The high energetic neutral beam
is led through the beam duct into the fusion reactor. The neutral beam
particles can then transfer their energy to the fusion plasma by collisions.
Due to the neutraliser, the large vacuum pumps and the system to filter out the
remaining ions after the neutralisation, a NBI device is very large. For ITER the
length of the NBI system will be 15 m between the ion source and the duct into
the reactor vessel [11]. The width will be 4.7 m and the height will be 5.3 m [11].

2.2 ITER requirements for NBI
After introducing the basic principle of NBI systems, this chapter will now focus
on crucial parameters of such a system. An important parameter is the neutralisation efficiency for the fast ions passing a gas target. The neutralisation efficiency,
which is linked to the cross sections of the collisions between beam particles and
background gas, is dependent on the ion energy and on the ion polarity. Figure
2.2 shows the neutralisation efficiency dependence on the ion energy of positive
and negative hydrogen and deuterium ions. For positive ions with energies above
200 keV, the neutralisation efficiency is below 20%. However, for negative ions
this value stays above 60% even for energies in the range of MeV. This is due to
the low binding energy (0.75 eV [12]) of the additional electron of the negative
hydrogen ion.
The choice of the ion energy is an important parameter for plasma heating and
current drive:
Plasma heating: The heating efficiency depends on the penetration depth of the
accelerated neutral particles. These fast particles enter the fusion plasma
and are ionised either by collisional ionisation by electrons, collisional ionisation or charge exchange by plasma ions. The penetration depth correlates with the mean free path of the fast neutral particles. This means the
fusion plasma density and the cross sections of the ionisation and charge

2.2. ITER requirements for NBI
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Figure 2.2: Neutralisation efficiency for positive and negative hydrogen/deuterium ions [13].

exchange reactions are crucial parameters [15]. For medium size fusion reactor devices like ASDEX4 Upgrade (minor radius ≈ 0.5 m) [16] energies up
to 100 keV are still sufficient. However ITER with a four times larger minor
radius [17] and a similar radial temperature and density profile will need
neutral particles with higher energies (see chapter 2.3) in order to have an
acceptable heating efficiency with NBI.
Current drive: ITER will perform long pulses of up to one hour. In order to keep
the magnetic confinement in this Tokamak it is necessary to drive a toroidal
plasma current. However, by inducing the current, this method has a time
limitation which is the ramp up time of the central solenoid. ITER will have
a induced plasma current of 15 MA for up to 400 s [17]. Heating systems
like ECRH and NBI can be used for additional current drive, extending
the pulse length up to one hour. This will be tested at ITER. The current
drive efficiency ηCD of the NBI system mainly depends on the energy of the
4

AxialSymmetrisches Divertor EXperiment
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Figure 2.3: Current drive efficiency for various electron temperatures in the core
of the fusion plasma [14].

fast neutral particles. Figure 2.3 shows this dependency for various electron
core temperatures of the fusion plasma. For a electron temperature of 5 keV,
which is a representative value for ASDEX Upgrade [18], a relatively high
current drive efficiency can already be achieved between 100–200 keV. The
two installed NBI systems can inject fast deuterium particles with an energy
up to 93 keV and hydrogen particles with 72 keV [19].
ITER envisages an electron temperature of 15 keV and needs a higher current drive efficiency from the NBI system than in recent fusion devices.
This can be only achieved with energies above 850 keV [20].
Up to now, most fusion devices have been operating with NBI systems based on
positive ions. This is due to the size and the plasma parameters which were accomplished in these fusion machines. For ITER, with larger size and higher core
temperatures, NBI systems with energies of several 100 keV, based on negative
ions, have to be used. ITER will have two NBI systems for heating and current drive each providing a heating power of 16.7 MW. Because of the presently
achieved current density in negative ion sources (see chapter 2.3), the acceleration

2.3. ITER source
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Table 2.1: ITER requirements on the heating and current drive beams [11, 23].
Parameter

Power
Source pressure
Extraction area
Extracted current
Extracted current density
Accelerated current
Ratio of co-extracted electrons to ions
Acceleration voltage
Pulse length
Beam core divergence
Beam inhomogeneity

Isotope
Hydrogen

Deuterium

16.7 MW
≤ 0.3 Pa
0.2 m2
≥ 66 A
≥ 330 A/m2
≥ 46 A
<1
0.87 MV
400 s
≤ 0.4◦
< 10%

16.7 MW
≤ 0.3 Pa
0.2 m2
≥ 56 A
≥ 280 A/m2
≥ 40 A
<1
1 MV
3600 s
≤ 0.4◦
< 10%

voltage has to be 1 MV for deuterium.

2.3 ITER source
Several requirements have to be fulfilled by the ITER NBI negative hydrogen ion
source. Table 2.1 lists the specifications of the main parameters. The heating
power of one beam line has to be 16.7 MW. The extracted current density for
deuterium and hydrogen is in the parameter range close to the achievements with
the so-called KAMABOKO source (300 A/m2 with H− and 200 A/m2 with D− )
(see also section 2.4.1) [21]. This consequently determines the extraction area
and the beam energy.
The pressure in the acceleration part has to be as low as possible in order to
minimise the destruction of negative ions by collisions with the background gas
before they are fully accelerated (stripping). However, the pressure in the source
has to be high enough to generate a sufficient amount of negative ions. Therefore
the source will be operated at a pressure of 0.3 Pa which is a compromise between
the two requirements. The predicted relative electron detachment (stripping)
from negative ions by heavy particle collisions is still high and at around 30%
[22].
Because of the applied positive extraction voltage, also electrons are extracted
from an ion source for negative ions. These co-extracted electrons have to be
filtered out of the beam right after the extraction in order to prevent damages of

18
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beamline components by high energetic co-extracted electrons. They are guided
onto dedicated surfaces, which leads still to a power density input that can be
around 40 MW/m2 [24] on local spots. The cooling capabilities of these surfaces
are a technological challenge and limit the maximum acceptable power input.
The ratio between co-extracted electrons and extracted negative ions has to be
kept below 1 in order to minimise the power input of the co-extracted electrons
as far as possible. As already shown in chapter 2.2, the ion plasma heating and
current drive efficiency are dependent on the ion energy. Due to the required
heating power, the ITER size and the experimental scenarios, the acceleration
voltage for the ions has to be 0.87 MV for hydrogen and 1 MV for deuterium, as
already mentioned.
ITER needs a NBI system which is able to operate up to one hour [11] in order
to provide a current drive.
The beam core divergence, i.e. the broadening of the beam, has to be ≤ 0.4◦ ,
which means beam particles in this divergence range will carry 85% of the beam
power. The rest can have a higher divergence around 0.9◦ - 1.7◦ [11].
Finally, the beam inhomogeneity is a crucial parameter since it is directly
connected to power losses during the beam transmission to the fusion plasma.
The spatial beam inhomogeneity has to be less than 10%. The beam physics
and the definition of the beam inhomogeneity can be found in chapter 2.5. The
determination of the beam inhomogeneity in large sources will be one topic of
this thesis.
Due to radioactive contamination, the maintenance of the NBI system at ITER
has to be done remotely. Therefore the requirement on the NBI components is a
widely maintenance free operation in order to keep the remote handling as simple
as possible.

2.4 Negative hydrogen ion sources
This chapter will first introduce negative ion sources that are in operation at
present. A comparison with the ITER requirements from the last chapter will
show the need of the development of a new source, which will be presented in
chapter 2.4.3 and 2.4.4.

2.4. Negative hydrogen ion sources
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Table 2.2: Parameters achieved with present arc-driven negative ion sources [30,
31]. In the case of JT-60U the source performance parameters for two different
beam pulse lengths are shown.
JT-60U (one source)
Parameter
Power
Source pressure
Extraction area
Extracted current
Extracted current density
Acceleration voltage
Pulse length

Deuterium
2.9 MW
< 0.27 Pa
≤ 0.166 m2
17.4 A
130 A/m2
400 kV
0.73 s

≤ 2 MW
< 0.27 Pa
≤ 0.166 m2
10 A
100 A/m2
345 kV
25 s

LHD (one source)
Hydrogen
7 MW
< 0.33Pa
0.115 m2
37 A
340 A/m2
190 kV
1.6 s

2.4.1 State of the art
Negative hydrogen ion sources have been developed for the fusion experiments
JT60-U and LHD in Japan and started to operate in the mid 1990s [7]. The basic
principle of plasma generation is an arc discharge (see section 2.1) utilising the
so-called KAMABOKO source [25, 26]. Table 2.2 shows the achieved parameters
of these ion sources. In the case of JT-60U the source performance parameters
for two different beam pulse lengths are shown.
Relating to the extracted current, present day NBI devices working with negative ions are able to deliver the required ITER parameters. Increasing the acceleration voltage to 1 MV is a technical problem [27], which is already tackled
[28, 29]. Also the pulse length can be increased with a suited pumping system,
power supply and cooling system.
Problematic for ITER is the fact that the tungsten filaments in arc sources have
to be replaced regularly, which means the source requires intensive maintenance
at least every six months [9]. That is the reason why for the ITER NBI systems
arc sources are not preferred. Since 2007 the IPP RF source is the reference
source for the ITER NBI system [32], because with this maintenance free source
type, similar performance values compared to arc sources have been achieved.
The experimental research and development programm in Europe for the ITER
NBI source is carried out at several research facilities. The development of the
prototype RF source has been done and is still in progress at IPP Garching.
Special physical issues are tackled at small experiments at University of Augsburg,
supporting the source development at IPP [33]. At Consorzio RFX in Padua,
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Italy, the full size ITER source will be set up at the testbed SPIDER (Source for
the Production of Ions of Deuterium Extracted from an RF plasma), while at
the testbed MITICA (Megavolt ITER Injector and Concept Advancement) the
full beam line will be installed [34].

2.4.2 Negative hydrogen ion production and destruction
The generation of negative hydrogen ions in the plasma in RF ion sources for
ITER NBI can be achieved by two processes:
Volume production: The production of negative ions in the plasma volume consists of two reactions:
H2 + e− → H2 (ν) + e− ,
H2 (ν) + e− → H + H− .

(2.1)
(2.2)

ν specifies the vibrational excitation level of a molecule. In a first reaction in
the plasma, hydrogen molecules in the electronic ground state are excited to
higher vibrational states by electron collisions (equation (2.1)). Secondly,
an electron can be attached to this vibrational excited molecule, leading
to the formation of H−
2 and then to its dissociation (equation (2.2)). This
reaction has its highest cross section for vibrational levels ν ≥ 5 in hydrogen
and ν ≥ 8 in deuterium [35]. In order to get this high vibrational excited
molecules, hot electrons (Te ≈ 5 eV) are necessary for reaction (2.1). On the
other side a high rate coefficient for the dissociations process is at Te ≈ 1 eV
[36].
Surface production: Negative ions are created by an electron tunneling transfer
from a surface to hydrogen atoms or positive hydrogen ions coming from
the plasma:
−
H, H+ + e−
(2.3)
surface → H .
The effectiveness increases by decreasing the work function of the surface.
This can be achieved by caesium coverage of the respective surface. The
dominant production channel in negative ions sources for the ITER NBI is
the conversion of negative hydrogen ions from the neutral atoms [37].
The destruction of negative ions has three main processes:
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Mutual neutralisation: Negative ions can be neutralised by a charge exchange
reaction with positive hydrogen ions [38, 39] from the plasma.:
H− + H+
x → Hx + H ,

(2.4)

Electron detachment by electron collisions: Collisions of negative ions with electrons from the plasma can lead to electron detachment:
H− + e− → H + 2e− .

(2.5)

The effectiveness of the reaction strongly increases with electron temperature [40].
Electron detachment by heavy neutral particle reactions: This detachment can
happen by three reactions which are associative detachment (reaction (2.6))
and non-associative detachment by heavy particle collisions (reactions (2.7)
and (2.8)):
H− + H → H2 + e− ,

(2.6)

H− + H → 2H + e− ,

(2.7)

H− + H2 → H + H2 + e− .

(2.8)

The probability of these reactions depends on the temperature of the ions
and neutrals as well as on the heavy particle density.
Figure 2.4 shows the rate coefficients for reactions (2.4) - (2.8). Although the
coefficients for the heavy particle reactions are in general one order of magnitude
below the other processes, they cannot be neglected in hydrogen plasma sources
for NBI. This is caused by a high neutral hydrogen molecule density (around
3 · 1019 m−3 ) due to the low dissociation degree of about 10% [43] while the
electron and ion densities in the negative ion production region are at around
1017 m−3 [44].
The rate coefficient for heavy particle collisions are more or less constant.
Therefore the only way to minimise the destruction of negative ions in the source
is to decrease the electron temperature to about or below 1 eV. The technical
solution used for obtaining such electron temperatures will be presented in the
next chapter.
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Figure 2.4: Rate coefficients for negative ion destruction reactions [41, 42].

2.4.3 IPP prototype source for ITER
Figure 2.5 shows a CAD model of the IPP prototype source. The size of the
rectangular chamber is 0.56 m in height, 0.32 m in width and 0.19 m in depth. It
had been operated at two testbeds and is still in operation at one testbed:
BATMAN: The BAvarian Test MAchine for Negative ions is operating with
short pulses because of the limitation of the pumping system and power
supply. The duty cycle is typically 180 seconds in vacuum phase and 10
seconds in plasma phase (with 5 seconds of beam). The goal of the experiments is to optimise the source performance, i.e. the current densities at
ITER relevant pressure and low ratio of co-electron to ions, in short pulses
[23]. The extraction area (< 0.01 m2 ) is determined by the pumping speed
of the pumping system. Furthermore, the testbed is used for the development of new diagnostic tools and thus to get a better understanding of the
physical behaviour of the plasma.
MANITU: The Multi Aperture Negative Ion Test Unit had the capability for
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Figure 2.5: CAD model of the IPP protoype source5 . Its dimensions are 0.56 m
in height, 0.32 m in width and 0.19 m in depth. The plasma is generated in the
driver and expands to the extraction system.

pulses up to one hour due to its cw RF power supply, pumping system
[45, 46] and cooling. The extraction system is equal to the one at BATMAN.
Stable long ITER relevant pluses were demonstrated at a reduced extracted
negative ion current with an enlarged (compared to BATMAN) extraction
area of 0.02 m2 [47].
The source is operated in hydrogen and deuterium. However, the amount of coextracted electrons in deuterium is higher than in hydrogen [48]. At the testbed
BATMAN the ion currents required for ITER were achieved for both hydrogen
isotopes at the relevant pressure and with the demanded ratio for the electron
content [23]. At MANITU the long pulse operation was successfully shown. In hydrogen current densities of 200–250 A/m2 have been achieved for pulses of several
hundred seconds [49]. In deuterium finally a one-hour pulse was performed, but
not at a relevant extraction current density (jD− = 100 A/m2 and je− /jD− ≈ 1)
[49].
5

Image is property of the Max-Planck-Institut für Plasmaphysik Garching
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The plasma in the IPP prototype RF source is generated in the so-called driver
by inductive coupling of a RF field with a frequency of 1 MHz [8]. The field is
generated by a water cooled copper coil with four to six windings bend around
a ceramic (Al2 O3 ) cylinder. For the protection of the ceramic cylinder from the
plasma, a cylindrical Faraday screen is mounted inside the driver. The screen
has slits in order to allow the RF field to penetrate into the driver. The power is
between 20 and 90 kW depending on the operation scenario. The typical plasma
parameters in the driver are Te ≈ 10 eV and ne ≈ 1 · 1018 m−3 [43].
After its generation, the plasma expands into the expansion volume of the
source. This leads to a first cooling effect on the electron temperature. It is
reduced to Te ≈ 1 eV at the extraction in order to minimise the negative ion
destruction (see chapter 2.4.2). The expansion volume ends at the plasma grid,
which is the first grid of the three grids multi-aperture extraction system. Here,
negative ions from the source are extracted and formed to an ion beam. This
part of the source will be explained in more detail in chapter 2.5.
The plasma grid is biased positively with respect to the source walls which
increases the electron flux onto the plasma grid. By using this "bias effect" the
current density of co-extracted electrons can be decreased [48], since the electron
density in front of the plasma grid might be reduced [50]. The effect of decreasing
the co-extracted electron current can be increased further by adding a so-called
bias plate in front of the plasma grid which has the same potential as the source
body [50]. The plate, as it can be seen in figure 2.5, excludes only the apertures of
the plasma grid, increasing the non-biased source surface. The bias voltage also
slightly affects the negative ions, leading to a lower extracted current, but not to
the same extent as for the electrons [51]. In source operation, the adjusted value
for the bias voltage is a trade-off between the co-extracted electron current, which
should be as low as possible, and the extracted negative ion current remaining at
an acceptable high value.
Hydrogen ion sources for NBI, operating in volume production at low pressure
(< 1 Pa), have shown a ten times smaller extracted ion current density compared
to sources with negative ion production by the surface effect [23]. Additionally the
co-extracted electron current density in volume production sources is ten times
higher [23]. Co-extracted electrons in negative hydrogen ion sources are guided
onto an electron dump. High co-extracted electron currents on their part lead to
a high power density input on the electron dump, which has to be diverted.
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Therefore the generation of the negative ions is done mainly by the surface
effect (see equation (2.4.2)) due to the achievable high current density. For that
reason the work function of the plasma grid surface, where the negative ions
are generated and also extracted, has to be decreased. For this purpose, caesium,
which is a low work function material, is evaporated into the source via a caesium
oven. The oven in the prototype source is installed at the top of the source
backplate with a nozzle extended into the source vessel. Caesium is introduced
into the source and distributed during the vacuum phases and the plasma pulses.
The caesium in the source can build up reservoirs on the walls.
In vacuum phases (i.e. between plasma pulses) the sticking of the caesium to
the side wall is the dominant parameter for re-distribution of caesium coming
from the walls. In order to minimise accumulation at the source surfaces, the
temperature of the walls is kept at typically 35◦ C [52] while the melting point of
caesium is at 28◦ C. The plasma grid is heated up to temperatures above 120◦ C
which reduces the sticking to the plasma grid surface and enhances the desorption
of caesium [53]. Experiments showed that plasma grid temperatures above 120◦ C
also lead to an increase of the extracted negative ion current compared to lower
temperatures [23].
During plasma pulses, the caesium is re-distributed by the influence of the
plasma which heats up the source walls. In this phase different caesium reservoirs
might be present than in the vacuum phase. Furthermore the caesium in the
plasma is mainly ionised. Therefore the transport is different from the one in the
vacuum phase as the caesium ions are affected by the electric fields of the plasma
[54].
In summary, this means that the caesium fluxes in the source, or in other
words the caesium dynamics are very complex and rely on the caesium amount,
the surface temperatures in the source and the caesium sticking to the walls.
Additionally the temporal buildup and depletion of caesium reservoirs increases
the complexity, especially in a source designed for long pulses (up to one hour)
[55].
Part of the caesium, distributed in the source, covers the plasma grid and
reduces the work function. Pure caesium has a work function of 2.14 eV [56], while
for the formation of a dipole layer on a metal surface in high vacuum conditions
(p < 10−6 Pa) the work function can reach a value of 1.4–1.7 eV [57, 58] for
sub-monolayers of caesium. In the IPP RF source the minimum work function
which can be accomplished is around 2.2 ± 0.3 eV [58]. This is because of the
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gas filling pressure of 0.3 Pa, a caesium bulk layer on the plasma grid and a
background gas pressure between pulses of 10−4 –10−3 Pa. The relatively high
density of the background gas during vacuum pulses leads to impurities of the
caesium layer on the plasma grid. This may come from caesium chemistry with
oxygen or oxygen compounds which are very reactive with caesium [54]. But also
copper can be embedded into the caesium layer. Since many source components
are out of copper due to its very good heat conductivity, copper sputtering by
hydrogen and self-sputtering has to be avoided. Therefore the plasma grid is
coated with molybdenum because of the low yield for sputtering by hydrogen
and self-sputtering. In order to minimise the work function, a constant caesium
flux on the plasma grid and frequent plasma pulses are necessary which have a
regeneration and cleaning effect.
The extracted negative ion current depends on the work function of the plasma
grid surface. The work function is related to the caesium amount in the source,
the caesium flux to the plasma grid and the quality of the caesium layer [54,
59, 60]. A inhomogeneous work function on the plasma grid surface may lead
to a spatially non-uniform production of negative ions. This would lead to a
spatially inhomogeneous beam. Determining the beam inhomogeneity can give
the possibility to reconstruct the distribution of negative ions in front of the
plasma grid and therefore also the spatial production distribution.
As already mentioned in 2.4.2, the electron temperature in front of the plasma
grid has to be kept around 1 eV. Therefore a horizontal magnetic filter field
generated by permanent magnets with a strength of several mT is set up in the
expansion region. In the prototype source hot electrons coming from the driver
are magnetised and gyrate around the field lines with the Lamor radius rg,e defined
by
me v⊥
.
(2.9)
rg,e =
|e|B
v⊥ is the electron velocity perpendicular to the magnetic field B, me is the
electron mass, e the elementary charge. The field strength is so, that the ions are
not magnetised.
The electrons can pass the magnetic filter field in axial direction by Coulomb
collisions. The cross section σ for this process correlates with the electron velocity
v by σ ∝ v −3 [61]. This means that cold electrons pass the filter field much more
efficiently leading to a lower electron temperature of the plasma in front of the
plasma grid. Additionally, the electrons are cooled down due to an energy transfer
by inelastic collisions with hydrogen atoms or molecules.
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Figure 2.6: Source development: on the left side the IPP prototype source. On
the right side the source which is envisaged for ITER NBI. In the middle as
intermediate step the half ITER size source at the testbed ELISE developed at
IPP Garching6 .

However, the filter field has an effect on the plasma homogeneity. A vertical
plasma drift has been observed and the plasma can become vertically inhomogeneous [62]. A probable explanation is a E × B-drift which could come from the
magnetic filter field and the electrical fields being present in the plasma coming
from the variation of the plasma potential along the axial axis [63].

2.4.4 Size scaling
As already mentioned in the previous chapter, with the IPP prototype source
the ITER requirements regarding the extracted current densities were already
achieved. However, the size of the source at IPP is roughly 1/8 of the planned
ITER source. Therefore an intermediate step in the source development is done.
In figure 2.6 this development is shown. On the left side is a CAD model of
the prototype source with one driver, while on the very right side is a sketch of
the ITER source having eight drivers which is build at Consorzio RFX [34]. As
6

Image is property of the Max-Planck-Institut für Plasmaphysik Garching
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Table 2.3: Source parameters at the testbed ELISE [67].
Parameter

Value

Isotope
Extraction area
Apertures
Source size
Total voltage
Extraction voltage
Pulse Length

Hydrogen, Deuterium
0.1 m2
640
1.0 m × 0.86 m
< 60 kV
< 12 kV
3600 s plasma, 10 s beam extraction every 160 s

an intermediate step, in order to perform experiments of extrapolation in size
scalability, the ion source at the ELISE (Extraction from a Large Ion Source
Experiment) testbed with four drivers was built at IPP [64]. The goal is to show
stable operation at ITER relevant parameters having half the size of the ITER
NBI source. One main focus is thereby the beam and plasma homogeneity, since
there exists no experience with such a large source for NBI applications. The way
to determine the beam inhomogeneity at this large source is part of this thesis
and will be discussed in chapter 5.2
Table 2.3 shows the ion source parameters at ELISE. A photo of the test facility
can be seen in figure 2.7. Due to the size of the source, a magnetic filter field
in front of the plasma grid cannot be provided by permanent magnets anymore
as the field in the center would be rather small. Therefore, the filter field in the
large ELISE source and in the even larger ITER NBI source is generated by a
current (up to 5.3 kA at ELISE) through the plasma grid [65, 66], the so-called
plasma grid current IPG . Due to the different generation, the 3D topology of the
magnetic field in the source of ELISE is different from the one at BATMAN. It
is also an experimental goal to study the effect of the different 3D structure of
the magnetic field on the source performance and the beam inhomogeneity.

2.5 Extraction system
The extraction system of the negative ion source test facilities at IPP consists of
three grids. The beam formation divides up into the extraction phase in the first
gap and into the acceleration phase which takes place in the second gap. However,
the acceleration phase can also be divided in several high voltage steps, which
is not the case at the ion sources at IPP. In contrast to positive ion sources,
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Figure 2.7: Ion source at the testbed ELISE. The four drivers of the source,
which has the half size of the ITER source, can be seen.

in negative ion sources an extraction phase at low energies (up to 10 keV) is
necessary before accelerating the negative ions to their full energy. The reason
is to minimise the power input of the co-extracted electrons which are filtered
out. The grids are manufactured out of copper because of the necessary heat
conductivity. The first grid, the plasma grid, was already mentioned in chapter
2.4.3. The second grid is called extraction grid and the third grid is the grounded
grid, since it is on ground potential while the ion source is at high potential.
For the ion acceleration up to 1 MeV, two concepts have been investigated
for ITER. The SINGAP (SINGle Aperture - SINgle GAP) has a small preacceleration of about 30 keV before accelerating the beam particles in one step to
the final energy while the MAMuG (Multi Aperture Multi Grid) concept divides
the acceleration phase into five 200 kV acceleration phases [68]. This improves
the voltage holding compared to a single 1 MV acceleration step. Furthermore,
electrons generated in the accelerator by collisions between the negative ions and
the background gas and which are guided onto the acceleration grids can only
gain a maximum energy of 200 keV. This reduces the power density input on
the grids. The underlying physical processes are explained in chapter 2.5.2. The
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Figure 2.8: CAD model of the ITER source with extraction system, i.e. the
MAMuG accelerator (Multi Aperture Multi Grid) [28]. PG is the plasma grid,
EG the extraction grid, AGx are the acceleration grids 1–4 and GG the grounded
grid 7

reference design for the ITER source will be the MAMuG design [11, 69]. In sum
the ITER extraction system consists of seven grids which are shown in figure 2.8
in a CAD model.
The geometry of the grid system at the IPP prototype source at BATMAN
(the so-called LAG (Large Area Grid) system) [23] is different from the one at
ELISE. The IPP prototype source operates with the LAG due to historical reasons while the ELISE grid system is based on the ITER SINGAP design [67]. The
difference between the LAG and the ELISE grid is in the shape of the drilled
apertures, their diameters and the grid distances. Figure 2.9 shows schematically the cut through a single aperture of the LAG system at BATMAN and the
ELISE-grid. Table 2.4 summarises the most important geometric parameters of
the grids concerning beam optics and aperture number. The aspect ratio between
the diameter of the apertures in the plasma grid and the length of the first gap
are important parameters for the beam optics. These parameters determine the
optimum beam optics and have to be adapted for the expected extraction voltage
and the corresponding extracted ion current. The apertures of the plasma grid
have a chamfered edge at the front and the back side. Upstream, this shape increases the extraction probability of the negative ions [70]. In the extraction grid,
7

Reproduced with permission from [28]. Copyright 2013, AIP Publishing LLC.
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Figure 2.9: The top part shows the grid shapes of one aperture of the plasma grid
(PG), the extraction grid (EG) and the grounded grid (GG) at ELISE. On the
bottom part the respective grid shapes for one aperture of the LAG at BATMAN
are shown. Permanent magnets are embedded in the extraction grid, generating
the electron deflection field.

horizontal rods of permanent magnets generate the magnetic electron deflection
field. It is alternating between the aperture rows. Its orientation is perpendicular
to the filter field. The purpose of the electron deflection field is to filter out electrons which are co-extracted. The apertures of the extraction grid at BATMAN
have a small pocket. Due to historical reasons, a first magnetic electron deflection field configuration led to a guidance of the co-extracted electrons into this
pocket. With the actual magnetic deflection field configuration the co-extracted
electrons hit the front surface of the extraction grid [71], therefore the pocket was
not implemented in the ELISE extraction grid design. Furthermore, the cooling
of the extraction grid at ELISE was improved, which increases the maximum
power density input to 40 MW/m2 on local spots [24].
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Figure 2.10: On the left side the plasma grid at the ion source of ELISE with
the beamlet groups 1 to 4, each for the upper and lower grid half. On the right
side the smaller plasma grid at BATMAN.

Table 2.4: Selection of important grid parameters for beam optics.
Parameter

LAG at BATMAN

ELISE grid

Apertures
Diameter apertures plasma grid
Distance first gap

126
8 mm
3.5 mm

640
14 mm
6 mm

Figure 2.10 shows a source-side view of the plasma grid from the ion sources
at ELISE and BATMAN. Both are molybdenum coated in order to avoid copper
release by sputtering, since the copper could affect the work function of the
plasma grid (see section 2.4.3). The LAG at BATMAN has 126 apertures which
are arranged in a top and bottom grid half. Surrounding the apertures the bias
plate can be seen. At ELISE the plasma grid also consists of an upper and
lower grid half. The 640 apertures are divided up into eight beamlet groups
(beamlet group 1 to 4 for each segment) for technical reasons. Each grid half
has four beamlet groups. The bias plate covers the whole plasma grid except for
the beamlet groups. On the photo of the ELISE plasma grid additionally the top
and bottom connection for power supply of the plasma grid current (PG current),
used for generating the magnetic filter field, can be seen.
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2.5.1 Negative ion transport in the plasma
On the surface of the plasma grid atoms and positive hydrogen ions coming
from the plasma are converted into negative ions via the surface effect according
to equation (2.3). Particle-in-cell calculations show the formation of a virtual
cathode close to the plasma grid surface when the amount of negative ions is large
[72, 73, 74, 75, 76]. The formation of this space charge accumulation comes from
the flux of negative ions, which is determined by the fluxes of positive hydrogen
ions and hydrogen atoms. For typical plasma parameters in the extraction region
of the IPP ion sources (H temperature: 1 eV, H density: 5 · 1018 m−3 [43]) the
depth of the virtual cathode is between a tenth and several volts [72, 76]. The
negative ions have to overcome this Coulomb barrier with their starting energy.
The starting energy is determined by the energy of the impinging particle which is
convoluted to a negative ion, the energy reflection coefficient and the energy from
the negative ion formation. The depth of the virtual cathode can be decreased by
a lower influx of hydrogen atoms or positive ions (which would also decrease the
generation of negative ions) as well as by the space charge of positive hydrogen
ions or molecules.
The negative ions coming from the plasma grid surface are either directly extracted through the nearest aperture [70] or reach the plasma volume. Two effects
however lead to a significant negative ion flux to the plasma grid apertures from
the surface-produced negative ions in the plasma bulk. On the one hand the
trajectories of a part of the negative ions are bend by the magnetic field towards
the extraction. On the other hand negative ions from the surface moving towards
the bulk plasma can collide with hydrogen atoms coming from the driver leading
to a charge exchange reaction. The resulting negative ion is then directed to the
plasma grid [77].
Negative ions which arrive at the plasma grid are extracted through its apertures due to the application of high voltage (in the range of kilovolts) between
the grids in the extraction system. In every aperture a small beamlet is formed
leading in sum to the whole beam.
Calculations with the transport code TrajAn (see chapter 4.3) have shown
that the illumination of a plasma grid aperture with negative ions might not
be homogenous due to the involved transport mechanisms (charge exchange and
trajectory bending because of the magnetic field) [70, 77]. Figure 2.11 shows the
relative ion density of the extracted ions at the meniscus (see section 2.5.2.1) for
an extraction voltage of 9 kV calculated by TrajAn. In the center less ions are
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Figure 2.11: Illumination of a plasma grid aperture by H − at LAG at BATMAN.
The relative ion density of extracted ions is larger at the aperture edge [42].

extracted than at the aperture edge. Actually the maximum ion density has a
crescent shape. These starting conditions can already affect the formation of a
beamlet of an individual aperture due to the space charge.

2.5.2 Transport in the extraction system
2.5.2.1 Beam optics
Beam optics are determined by the space charge distribution and the electric
and magnetic fields in the extraction system. A meaningful parameter is the
perveance.
The extracted negative ions that pass one plasma grid aperture form a beamlet.
The development of an ion beamlet along its beam axis in time can be described
by the use of the following equations for the radial electric and the poloidal
magnetic field Er and Bϕ , and the Lorentz equation describing the forces by the
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space charge:

Er

R
1 Z
=
rρ(r)dr ,
R0

(2.10)

0

Bϕ =

µ0
R

ZR

(2.11)

rj(r)dr ,

0

→
− − −
→
d2 R
v × Bϕ ) .
m 2 = q(Er + →
dt

(2.12)

ρ(r) is the radial charge density, R the beamlet radius, m the particle mass
and j(r) the radial current density. µ0 is the magnetic permeability and 0 is the
permittivity.
Equation (2.12) can be rewritten with the two equations for the charge density
and the time derivative,
j(r)
,
v
d
d
= v
,
dt
dx

ρ(r)dr =

(2.13)
(2.14)

and assuming a particle velocity v only in beam-(x-)direction:
R

d2 R
q
v2 Z
m 2 =
(1
−
) rj(r)dr .
dx
Rv 3 0
c2

(2.15)

0

c is the speed of light. Since in the ion sources for ITER NBI v 2 << c2
due to the applied voltages, the term v 2 /c2 becomes zero. The velocity can be
substituted by the acceleration voltage in a planar diode:
U=

mv 2
.
2q

(2.16)

Assuming a constant radial current density j0 within the beam, j(r) = 0 for
r > R and the substitution for the current density with the beam current I =
R2 πj0 , equation (2.15) can be simplified with the help of equation (2.16):
d2 R
I
m 2 = 3/2
dx
U

m
8π0 q

!1/2

1
.
R

(2.17)

Solving this equation delivers the relation between beamlet radius and propaga-
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tion length along the beamlet axis which depends on the ion current I and the
applied voltage U . For beam optics characterisation the perveance Π is introduced [78]:
I
Π = 3/2 .
(2.18)
U
The maximum possible extracted current Imax for a radial symmetric laminar
hydrogen ion beamlet is limited by the Child-Langmuir-Law due to the space
charge of the beamlet [79, 80]:
s

Imax

2e R2 3/2
4
U .
= π0
9
m d2

(2.19)

This equation is valid for an ion beamlet with a radius R in a planar diode of
distance d and with a potential drop U . The variable e stands for the elementary
charge. The equation shows a characteristic grid parameter for beams, the maximum perveance Π0 , which determines the beam divergence, i.e. the broadening
of the beam:
s
2e R2
4
.
(2.20)
Π0 = π0
9
m d2
For the definition of the divergence  a Gaussian distribution of the angles
between the beam axis and the velocity vector of the beam particles after the
extraction system (when the space charge compensation fully sets in; see next
section) is assumed. The divergence angle is defined as the square root of two
times the standard deviation of the Gaussian distribution.
As already mentioned the extraction system of the negative ion source test facilities at IPP consists of three grids (electrodes) which have two different voltages
applied. The voltage between plasma grid and extraction grid is called the extraction voltage Uex and between extraction grid and grounded grid the voltage
is called the acceleration voltage Uacc .
The electric field of the extraction system reaches into the plasma volume
where it is compensated by the plasma. A so-called plasma meniscus is formed,
which is the boundary of the plasma, i.e. at the potential line U = 0 V. The
shape of this meniscus, which extends into the plasma, depends on the geometry
of the extraction aperture, the extraction voltage and the plasma parameters
(electron density, electron temperature, plasma potential,...). Because of the
electrical conductance of the plasma, the electric field lines from the extraction
field are perpendicular to the meniscus at the plasma boundary. The extracted
particles are predominantly moving along these field lines, leading to a converging
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beamlet from the start of the extraction. In positive hydrogen ion sources and
negative hydrogen ion sources based on the volume effect where the ions are
coming from the plasma bulk, the extracted particles have a small transverse
velocity component to the extraction field due to their thermal motion in the
plasma [81]. This leads to a small broadening of the beam, which increases the
divergence.
In negative ion sources with surface production the particle flux at the meniscus
is not fully parallel to the electric field. The reason is the particle generation on
the plasma grid surface and the guidance towards the plasma grid by charge
exchange reaction or the bending due to the magnetic field. The negative ions
can have higher transverse velocities than it would be the case for a laminar
flow from the bulk plasma. The origin of negative ion generation and the ion
temperature leads to more complex beam particle trajectories to the meniscus
than estimated in the simple model of a laminar flow of the ions to the extraction
aperture.
The extraction system of the IPP ion sources can be described as a system
of electrostatic lenses [82, 83, 84]. The focus points depend on the normalized
perveances Π/Π0 . The normalised perveance is used in order to compare grid
systems with different geometry. Since two voltages are present in the extraction
system, also two normalised perveances can be defined. The reference parameter
which is taken for describing the beam optics condition is the normalised perveance obtained from the extracted current density and the extraction voltage.
The optimum normalised perveance, where the divergence is at a minimum, is
between 0.1 and 0.2 for the IPP negative ion sources. This was shown in experiments at MANITU and with simulations [33].
Figure 2.12 describes three cases for the perveance for a three grid system by
means of the LAG. The black doted line indicates the shape of the plasma meniscus. In the three rows of figure 2.12 the shape of the beamlet for the perveance at
an optimum value as well as below and above this optimum value is shown. For
the optimum perveance in case 1, the beamlet extends radially downstream the
focus point of the converging beamlet due to the transverse velocity components
of the particles, the space charge and the electric field. However, the electrostatic
field of the second gap can compensate this de-focusing to a minimum.
For a perveance below the optimum value (case 2) the focusing point is shifted
closer towards the plasma meniscus. The following divergence broadening cannot be compensated anymore by the electric field between extraction grid and

38

Chapter 2. Hydrogen ion sources for neutral beam injection

Figure 2.12: Schematic drawing of the beamlet shape for three perveance cases.
On the top illustration, the perveance is at the optimum. In the middle the case for
a perveance below and on the bottom the perveance above the optimum perveance
is shown.

grounded grid. The divergence is larger than for the optimum perveance.
In contrast to a perveance case below the optimum case, a high perveance as in
case 3 leads to a focusing point downstream the optimum. The divergence angle
of the individual particles is comparable to the individual particle angles in case
2 but with a different sign. The electric field of the second gap again is not strong
enough to minimise the divergence angle, as in case 2.
The normalised perveance can be parameterised by the divergence of the beamlet. The divergence is minimised at the optimum normalised perveance. In- or
decreasing the normalised perveance leads to an increase of the divergence. This
behaviour is mainly due to a shift of the focus point of the converging extracted
beamlet as shown in figure 2.12.
The behaviour of the divergence with normalised perveance can be seen in
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Figure 2.13: Correlation of the divergence with the normalised perveance [33].
The measurements with beam emission spectroscopy were obtained at MANITU.
Furthermore, the results from calculation series with KOBRA3-INP are shown.
Two cases are for MANITU, with a different onset of space charge compensation
and one case for ELISE with an onset of space charge compensation at the end
of the extraction system (0 cm downstream the grounded grid).

figure 2.13 [33]. It shows measurements of the divergence obtained with beam
emission spectroscopy (see section 3.2) at the testbed MANITU. Furthermore the
expected divergence for a certain normalised perveance can be calculated with the
beam optic codes, e.g. KOBRA3-INP (see chapter 4.3). In the graph three series
of calculations are shown. The first two refer to MANITU LAG and differ in the
onset of the space charge compensation, which will be discussed more in detail
in section 2.5.2.2 and which was set at 0 cm and 12 cm downstream the grounded
grid. The third calculation series refers to ELISE with an onset of space charge
compensation 0 cm downstream the grounded grid.
As a common behavior, starting from a low normalised perveance (under perveant condition) of ≈ 0.03, the divergence decreases with increasing Π/Π0 . The
divergence reaches a minimum at the normalised perveance optimum. With a fur-
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ther increase of the normalised perveance, the divergence would increase again.
However, this parameter range is not achievable with the LAG grid due to technical reasons. For this reason also the calculations stop at a normalised perveance
of 0.18 respectively 0.24. The calculations show a very flat divergence profile in
the perveance optimum which is around 0.1 for MANITU and between 0.15 and
0.25 for ELISE.
In the case of MANITU, it can be seen that an onset of the space charge
compensation right at the end of the extraction system (0 cm downstream the
grounded grid) leads to very low absolute divergence values, which are below the
measurement. Increasing the distance for the onset of the space charge compensation shifts the curve to higher values while keeping the same trend. The reason
is due to a longer impact of the repulsive forces from the beam particle charge
leading to a larger beamlet broadening.
Experiments at BATMAN showed, that besides the optimum perveance, also
the ratio between extraction and acceleration voltage is important for a low beam
divergence. In this case the best results were obtained for a ratio larger than 3–4
[85]. The beamlet is rectified by the second electric field. This rectification
depends on the electric field strength and is large enough to compensate mainly
the ion-ion repulsion with increasing field strength.
2.5.2.2 Beam transport
For negative ions the form of the beamlet (shape, formation, beam physics) becomes even more complex due to heavy particles reactions within the extraction
system, co-extracted electrons and plasma grid aperture illumination in sources
with surface generated H− . Figure 2.14 shows a vertical cut of an aperture with
an ion beamlet. The scheme can be divided into three regions: The plasma, the
accelerator and the drift region. In the first region upstream the plasma grid
hydrogen atoms and ions from the plasma are reaching the plasma grid where
negative ions are generated. They are guided to the extraction aperture as explained in chapter 2.5.1. Since a significant (≈ 90% [23]) part of the negative
ions is not coming from the plasma volume but from the surfaces, as shown in
section 2.4.3, the model of a laminar flow of negative ions to the extraction has
disadvantages as already explained. An inhomogeneous aperture illumination as
mentioned in section 2.5.1 would increase the complexity of the beamlet formation.
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Figure 2.14: Illustration of the transport and losses of negative ions and electrons
in the extraction system.

Magnetic field deflection
Also present in this first area is the magnetic filter field BFilter which also extends
into the second region between plasma meniscus and end of grounded grid. Here,
in addition to the electric field, the ion beamlet is affected by the magnetic fields,
which leads to a beamlet deflection. Besides the filter field, the electron deflection
filter is present. The horizontal and vertical field components of both fields along
the beamlet axis are shown in figure 2.15 exemplified for the ELISE grid system.
The deflection field is alternating from aperture row to aperture row. In sum, the
two magnetic fields lead to a complex 3D topology.
The electron deflection field mainly affects the co-extracted electrons and only
slightly the extracted negative ions. The electrons must not be fully accelerated,
since they would be able to destroy beamline components by their high power
density input. Because of the deflection field BDeflection the co-extracted electrons
are guided onto the extraction grid. The cooling ability of the extraction grid and
therefore the maximum sustainable power density is the limiting factor for the
power input of the co-extracted electrons. Increasing the extraction voltage leads
to a higher negative ion current but also to a much higher co-extracted electron
current. With the current extraction system the maximum extraction voltage is
limited to 10 kV for relevant ITER parameters.
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Figure 2.15: Vertical and horizontal magnetic field components of the filter and
deflection field in the extraction system along the beamlet axis.

The deflection of the ion beam due to the magnetic fields in the grid system can
either be in horizontal or vertical direction. In the small source at BATMAN a
vertical beamlet deflection of a few centimeters after 1.5 m of beam transmission
was observed [85]. If the deflection angle is too large, the beamlets can partially
hit beamline components and the beamlet transmission is decreased. There are
many ways to counteract to this effect. One possibility is beamlet steering. This
means a small horizontally and/or vertically misalignment of the extraction or
grounded grid with respect to the beam axis. This leads to a steering angle which
can compensate the deflection angle. However, steering is mainly used for beam
focussing. For ITER the deflection angle will be compensated by additional magnets (which have the same remanence of 1.1 T as the permanent magnets in the
extraction grid) in the acceleration grids [86]. For ELISE, no compensation of
the beamlet deflection is present.
Stripping losses
The particles of the beamlet can collide with the background gas in and after
the extraction system. For the electron detachment of the negative hydrogen
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ions in the NBI sources a different nomenclature is used. In the plasma, the
detachment (see chapter 2.4.2) is called H− destruction, which can decrease the
extracted current density. In the accelerator the detachment by H2 is called
stripping which leads to a decrease of the maximum possible beam energy, since
the created neutral beam particles are not further accelerated. In the drift region
the electron detachment by H2 is called neutralisation, which is then necessary
for the upcoming injection into the fusion plasma. The main particle collisions
in the extraction system and drift region are the following (the index f marks the
fast beam particles, while the other particles are background gas particles which
are comparatively slow):
H− stripping
H0 ionisation
H− double
stripping
H2 ionisation
H− excitation

−
H−
f + H2 → H0,f + e + H2 ,
−
H0,f + H2 → H+
f + e + H2 ,

(2.21)
(2.22)

+
−
H−
f + H2 → Hf + 2e + H2 ,

(2.23)

H0,f + H2 → H0,f + e− + H+
2 ,

(2.24)

−
H−
f + H2 → H0,f (n = 3) + e + H2 ,

(2.25)

H0 excitation

H0,f + H2 → H0,f (n = 3) + H2 ,

(2.26)

Dissociative
excitation

H0,f + H2 → H0 + H0 (n = 3) + H0,f .

(2.27)

The cross sections for the relevant energy range at BATMAN and ELISE are
shown in figure 2.16 [87, 88, 89]. The cross sections for the excitation reactions
are all in the same order of magnitude. In terms of the other collision reactions,
reaction (2.21) is the most dominant one, followed by (2.22). Within the presented
energy range, the cross sections are almost constant for energies above 5 keV/amu.
The reactions (2.25) - (2.27) generate excited hydrogen atoms. The de-excitation
leads to Hα Balmer line radiation. This light can be used for beam diagnostics
(see chapter 3.2).
Beside stripping, the accompanied formation of positive ions in the extraction
system is critical. These ions are accelerated back into the source. Experimental
results show a flux of these backstreaming ions between 1.4% and 2.1% of the
flux of extracted negative ions [90]. For ITER it is estimated that the power
transported back into the source, which can be deposited on the backplate of the
source, is at 880 kW with a maximum power density of 25 MW/m2 [91] on local
spots with a diameter in the range of mm. This means that backstreaming ions
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Figure 2.16: Cross sections for the reactions (2.21) - (2.27). The left graph
shows the excitation reactions while the right graph shows the other reactions
[87, 88, 89].

could lead to severe damages of the ion source. Therefore it is a necessity to
reduce their production rate.
The loss on stripped particles fS depends on the accumulated cross section
σstrip for the reactions (2.21), which is the dominating reaction, (2.25) and on
the density profile of the background gas n(x) along the beamlet axis. In a 1D
model the loss from the extraction (defined as zero on the beam axis) to the end
of the extraction system (coordinate ξ on the beam axis) can be described by the
formula [90]
!
fS = 1 − exp −

Z ξ
0

n(x)σstrip (x)dx .

(2.28)

The H2 density profile in the extraction system cannot be measured directly
since this part of the source is difficult to be accessed by diagnostics. Pressure
measurements in the source and the tank as well as the gas temperature determination in the source can only give an indication on the gradient of the density
profile. Without knowing the density profile modeling of the stripping losses,
which could deliver design improvements that could reduce the losses, is difficult.
The model, predicting 30% stripping losses at ITER [22], forecasts stripping losses
in the three grid system at BATMAN/MANITU of about 8% at an ITER relevant pressure while measurements show about 3% stripping losses only [92]. The
reason for the deviation might come from the evaluation of the stripping losses
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from BES spectra and also from an obtained H2 density profile, which is not
realistic enough.
Additionally, an increase in the stripping losses has been observed at MANITU with increasing normalised perveance [93]. Calculations with EAMCC (see
section 4.1) or Excelstrip (see section 4.3.3) were not able to reproduce this behaviour.
It is a task of the thesis to improve the evaluation of the stripping losses from
BES spectra. However, the validation of the density profile is still an open point.
Nevertheless it is important for the calculation of backstreaming ions. Because
of this, one part of this thesis will also deal with a rough reconstruction of the
density profile (see chapter 5.4).
Grid losses
In figure 2.14 two stripping reactions are shown referring to equation (2.21).
The products, namely electrons and hydrogen atoms, can either leave the extraction system or impinge on the grids, where the electrons together with negative
ions, which are not well focused by beam optics, lead to a grid current, which
can be measured in the IPP ion sources for the respective grid. An additional
source for a current through the grid can also come from negative ions. This is
due to poor normalised perveance conditions, aberration effects, a non-Gaussian
beamlet shape (i.e. no Gaussian angular distribution of the accelerated particles)
or maybe from a so-called halo, which could be present because of the complex beamlet formation which is not fully understood yet. For ITER, this halo
is defined by assuming a double Gaussian divergence profile of the beamlet [1].
According to this definition, the core beamlet consisting of 85% of the beamlet
particles has a Gaussian divergence profile with a divergence between 0.17◦ and
0.40◦ . The halo consists of 15% of the beamlet particles with a divergence of
0.86◦ . This means that the divergence of a halo is 2 − 5 times larger than the core
beamlet. The halo definition is important for beam calculations on the transmission for the ITER NBI.
Space charge compensation
Additionally the reactions (2.22) and (2.24) shown in figure 2.16 create positive ions in the ion beamlet. The positive ions lead to space charge compensation
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(SCC) since they introduce an attractive force to the negative ions, which reduces the beamlet broadening by the space charge of the negative ions [94]. Due
to the mean free path length of the negative ions in the beam, the space charge
compensation fully sets in a certain distance after the extraction system. However determining the onset and degree of SCC along the beamlet axis is complex.
Common theories assume slow positive ions within the whole beam from the extraction [95]. But in the ion sources for ITER NBI the positive ions created
within the extraction system are accelerated back into the ion source. Therefore
the positive ion density along the beamlet axis determining the SCC has to be
calculated with self-consistent models. Such models are not available so far. At
MANITU a comparison between experimental measurements and a simple simulation show a full onset of the space charge compensation 12 cm downstream the
grounded grid (see figure 2.13)[33].
Beam inhomogeneity
As already explained in chapter 2.5.1, the beam consists of several hundred
beamlets. Each beamlet carries a certain current density of negative ions determined by the negative ion generation on the surface of the plasma grid, mainly at
the chamfered area and the flat area around a specific aperture. Deviations of the
extracted current density between two beamlets already lead to a development of
an inhomogeneous beam. The beam inhomogeneity Υ is defined as follows: "The
current density at a certain aperture should not exceed 10% of the mean value of
all others"8 .
P
max(|ji − N1 N
i=1 ji |)
,
(2.29)
Υ=
1 PN
i=1 ji
N
ji is the current density of the ith beamlet from all beamlets N . As already
mentioned in chapter 2.3, Υ should not exceed 10 %. Assuming a relative error
for Υ which is ∆Υ, which should be below 10%, this means for the measurement
of ji that the relative error ∆ji should be less than 5% (see chapter A). Since
the current density of a single or several beamlets cannot be measured directly, a
local beam divergence is determined by obtaining a vertical divergence profile of
the beam. As explained in 2.5.2.1 the beamlet current density is proportional to
the beamlet divergence at a fixed extraction voltage. The determination of the
beam inhomogeneity is a key topic of this thesis and will be discussed in 5.2.
8

The definition is commonly agreed by the ITER NBI community.
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3 Diagnostic tools and methods
At the testbeds BATMAN and ELISE several diagnostic tools for determining
the beam parameters are in operation. The major beam diagnostic applied in
this thesis is the Beam Emission Spectroscopy (BES). However, there are also
additional diagnostic devices, which will be shortly explained. Their position in
the beamline are shown in figure 3.1 in a CAD model of the testbed ELISE.
The figure presents the part of the beamline between grounded grid and the
calorimeter which is installed in a large tank (several m3 ).

3.1 Basic diagnostic tools
Grid currents: The currents deposited onto the grids as well as the current back
to the HV supply are measured. Figure 3.2 shows exemplarily the high
voltage circuit at BATMAN. At this testbed it was shown that in optimum
normalised perveance conditions over 95% of the current flowing on the
extraction grid comes from co-extracted electrons [23]. The current on the
grounded grid, as well as on all other grounded surfaces in the tank, has its
origin in the extracted negative ions. The grounded grid current shows the
grid losses of negative ions due to several reasons (see chapter 2.5.2).
Wire calorimeter: At ELISE, downstream the grounded grid, the ion beam passes
a so-called wire calorimeter. It consists of 50 vertical and 50 horizontal arranged tungsten wires (∅ 0.2 mm) with a spacing of 20 mm [96]. They are
heated up by the beam and the emitted light is detected via an optical
camera. A rough estimation of the beam conditions (i.e. a beam inhomogeneity) can already be recognized during the pulse with this calorimeter.
Additionally it allows to study the vertical and horizontal centre of mass
position of the beam. This is of interest in order to determine the averaged
deflection angles of the beam. Figure 3.3 shows a photo of the heated wire
calorimeter during a beam pulse at ELISE. Due to the grid geometry with
eight beamlet groups and the good normalised perveance conditions close to
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Figure 3.1: Beamline with the diagnostic tools beam emission spectroscopy, wire
calorimeter and calorimeter at the ELISE testbed.

the optimum (divergence  ≤ 2◦ ), the thermal heat distribution represents
the aperture composition.
Beam emission spectroscopy: Downstream the wire calorimeter, the beam is
diagnosed by the BES. This tool will be explained in detail in the next
chapter 3.2
Calorimeter: Finally, the beam hits a water-cooled copper calorimeter. Figure
3.4 shows the two calorimeters for the two IPP testbeds. On the left side
the BATMAN calorimeter is shown. It is a single copper plate with a width
of 600 mm, a height of 600 mm and a depth of 5 mm. 29 thermocouples
aligned as a cross are brazed inside the copper. The thermocouples give the
possibility to provide a 2D power density profile of the beam.
On the right side of figure 3.4 the diagnostic calorimeter at ELISE is shown.
It consists of four plates with a width of 600 mm, a height of 600 mm and a
depth of 41 mm. Together they cover an area of 1200 mm×1200 mm. Every
copper plate is divided up into 15 x 15 copper blocks of 40 mm × 40 mm
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Figure 3.2: High voltage circuit used for the negative hydrogen ion sources for
NBI, exemplarily shown from BATMAN [23].

[96]. The temperature evolution due to the beam power input is mainly
independent for every block, since there is a small spacing between the
blocks. By blackening the surface and observing the diagnostic calorimeter
with an infrared camera, the temperature evolution of each block can be
measured. Thus, a full map of the power density profile can be determined.
Additionally, 48 blocks (12 per plate) have thermocouples embedded. With
this measurement and a subsequent 2D fit it is also possible to provide a
power density profile. The diagnostic calorimeter started its operation in
2014.

3.2 Beam emission spectroscopy
With the beam emission spectroscopy (BES), the Hα light coming from the beam,
as described in chapter 2.5.2, is analysed inside one line-of-sight. The choice
for the Hα line comes from its emissivity, which is the largest one compared to
the other spectroscopic hydrogen radiation lines. BES will be the major beam
diagnostic tool for SPIDER, MITICA and ITER NBI due to its simple setup and
capability to measure the important beam parameters [97, 98]. The diagnostic
technique has been routinely used in NBI ion source for positive ions [99, 100, 101].
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Figure 3.3: ELISE tungsten wire calorimeter heated up by the beam.

In these relatively small sources (comparable to the size of the ion source at
BATMAN or smaller) the error of the beam property evaluation which comes
from the size of the source and accompanied geometry effects (which will be
explained in this chapter) is negligible. However the adaption to negative ion
sources for NBI which are large compared to positive ion sources is not straight
forward and a major topic in this thesis. At BATMAN and ELISE several linesof-sight are present in order to obtain some spatial resolution.
Since the main production channel of the negative ions is the conversion of
hydrogen atoms (see chapter 2.5.1), which come mainly directly from the driver,
a homogeneous beam is expected. However, if a inhomogeneous beam appears, it
is more likely to be in vertical direction due to the vertical plasma drift in front
of the plasma grid. Therefore the lines-of-sight are predominantly in a vertical
arrangement.
The position of the BES optic heads in the beamline (downstream the extraction grid system) was already presented in figure 3.1. A BES optic head consists
of a lens, with a diameter of about 20 mm, which focuses the collected light to
an optic fibre. The fibre is connected to a spectrometer. In order to protect the
lens from the coverage of impurities, it is installed inside a pipe with a length of
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Figure 3.4: On the left side the calorimeter at BATMAN (600 mm× 600 mm).
Thermocouples are arranged as a cross and thermally separated as good as possible by special cuttings. On the right side the ELISE diagnostic calorimeter
(1200 mm× 1200 mm) with blackened surface for infrared measurement.

175 mm. A sketch of a line-of-sight can be seen in figure 3.5. Due to the nonperfect optic of the lens the line-of-sight has a broadening which was measured
to be approximately 0.6◦ . The focus point of the optic head was set to infinity.
θ is the observation angle between the beam axis and the line-of-sight axis in the
plane of the line-of-sight axis and the beam axis. Since the beam particles are at
high velocity, the wavelength of the emitted photons is shifted from the normal
wavelength λ0 . The wavelength shift depends on the particle velocity and the
observation angle. The wavelength λDoppler of the Doppler shifted peak for the
2D case (plane of the line-of-sight) refers to the fully accelerated negative ions
merged into excited hydrogen atoms by collision reactions and is described by the
following formula [101]:


λDoppler = λ0

v0
1 + cos θ .
c


(3.1)

λ0 is the wavelength of the unshifted Hα peak (Hα : 656.28 nm, Dα : 656.10
nm), v0 is the velocity of the radiating particle. An observation angle above 90◦
leads to a blue shift, while an angle below 90◦ leads to a red shift. The choice
of the observation angle is determined by two reasons. First, the overlap of the
Doppler shifted and the unshifted peak should be minimised as much as possible.
Second, both peaks should be in the wavelength range within one exposure of the
utilised spectrometer.
Figure 3.6 shows a photo of the BES optic heads at ELISE while figure 3.7
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Figure 3.5: Scheme of a BES line-of-sight. θ is the observation angle between
beam axis and line-of-sight axis. The broadening angle of the line-of-sight cone is
approximately 0.6 ◦ .

illustrates the setup at BATMAN. At ELISE, a vertical array of 16 horizontal
and a horizontal array of 4 vertical lines-of-sight (LOS) is installed symmetrical
to the vertical respectively horizontal center of the beam. The lines-of-sight are
named by numbers, whereupon LOS # 1 ist the lowermost and LOS # 16 is the
topmost horizontal line-of-sight. This means the first eight lines-of sight are in
the vertical region of the lower grid segment and the second eight lines-of sight
are in the vertical region of the upper grid segment. LOS # 17 is on the very
right and LOS # 20 is on the very left side. The observation angle θ for all
LOS with respect to the beam axis is 50◦ . The spectrometer properties will be
explained on the next page. The vertical distance between the horizontal LOS
(vertical aligned optic heads) is 50 mm. The vertical LOS (horizontal aligned
optic heads) are installed in the horizontal center of the beamlet groups. The
horizontal distance between them is 160 mm. The optic heads are positioned
approximately 2 m downstream the grounded grid.
At BATMAN, five optic heads are arranged in a vertical array. The centered
optic head is vertically located in the center of the beam. The observation angle θ
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Figure 3.6: Setup of the optical heads of the BES and of the wire calorimeter at
ELISE.

is 123◦ leading to a blue shift of the Doppler shifted peak. There are two reasons
for choosing this angle. Firstly the line-of-sight should observe in counter beam
direction, since at BATMAN a special calorimeter is planned to be operated in
2014 at a position closer to the grounded grid than the optic heads of the BES
system. Secondly, the lines-of-sight should end on a surface, where expected
reflections are as low as possible (This is important for every BES system). The
position of the optic heads is roughly 1.2 m downstream the grounded grid.
In 2012 at BATMAN, in a first preliminary setup, only two lines-of-sight were
installed with optic heads outside the tank observing through a window. Their
distance from the grounded grid in beam direction was at approximately 1.5 m.
Their vertical position with respect to the center of the plasma grid was 50 mm
below the center with an observation angle of the first line-of-sight of 117◦ and
15 mm above the center and with an observation angle of the second line-of-sight
of 119◦ . The BES spectra obtained at BATMAN which will be shown in this
thesis were obtained with the first line-of-sight of the preliminary BES setup.
The optic heads are connected via 400 µm optic fibres to a multi channel spectrometer. Two high resolution spectrometers are in operation. At ELISE it is
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Figure 3.7: Setup of the BES optic heads and calorimeter at BATMAN.

an Acton9 spectrometer equipped with a CCD, at BATMAN an Andor10 spectrometer, also equipped with a CCD, is used. The high wavelength resolution
of the spectrometer CCDs is necessary since peaks from line radiation with a
standard deviation of < 0.5 nm have to be recorded by the BES system for a
subsequently evaluation in order to obtain the beam parameters, i.e. divergence
and stripping losses. Still, the peak has to consist of a sufficient amount of data
points (> 30) in order to perform fit procedures for the BES evaluation (see section 3.2.2). Table 3.1 shows the properties of the spectrometer. With a high
wavelength resolution of 7 pm/pixel and a low apparatus profile of 0.042 nm, the
Acton spectrometer at ELISE is more powerful than the Andor spectrometer
with a wavelength resolution of 12 − 15 pm/pixel and a low apparatus profile of
0.106 nm. These spectrometer specifications are sufficient for the BES measure9
10

Princeton Instruments (Roper Industries, Inc.)
Andor Technology Ltd. (Oxford Instruments)
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Table 3.1: Properties of the BES spectrometers at ELISE and BATMAN.
Parameter

ELISE (Acton) BATMAN (Andor)

Channels
20
Apparatus profile
0.042 nm
Wavelength range
8 nm
Wavelength resolution 7 pm/pixel
Grating
1800 lines/mm

5
0.106 nm
30 nm
12 − 15 pm/pixel
2400 lines/mm

ment. The resolution of the Acton spectrometer results into a small wavelength
range of 8 nm which can be obtained during one exposure. This is still sufficient
for measurements at ELISE. At the designed parameter of 60 kV total voltage, the
wavelength range is exploited almost completely including some safety margin.
Figure 3.8 shows again a schematic drawing of one BES line-of-sight but here
with all the angles being important. The beam propagates from the grounded
grid to the calorimeter while broadening up due to its divergence. The trajectory
angle τ of a beam particle is defined as the angle between particle trajectory
and beam axis in the plane of the line-of-sight axis and the beam axis. The two
trajectory angles τi and τj are exemplarily for two beam particles i and j. The
light detected from the beam particles is blue shifted; the extent of this shift
depends on the detection angle with respect to the beam axis of the radiating
particle.
Due to the geometry the light collected from the beam has a different emissivity
for individual volume elements. Two different reasons can be separated:
Area-effect: As illustrated in figure 3.8, two areas Ai and Aj of the line-of-sight
can be defined in the beam. The areas are separated by the beam axis,
with Aj > Ai . This means by the different area size, in Aj more radiating
particles are detected. These particles (due to θ) lead to a higher amount
of less blue shifted photons.
Angle-effect: The emissivity measured in one line-of-sight coming from two different volume elements also depends on the distance of the volume element
to the optical head. For each volume element a solid angle can be specified.
The solid angles define the part of the emitted photon field, which can be
seen by the detector. Assuming the same emissivity for two elements Vi and
Vj , the part of the detected light from Vi is larger than from Vj because the
solid angle of the optics ωi is larger than ωj .
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Figure 3.8: Scheme of a BES line-of-sight. τi and τj are the trajectory angles for
two randomly taken beam particles. In this case, τi is positive and τj is negative.
Aj is the overlap area between the line-of-sight and the part of the beam containing
particles with a negative trajectory angles; Ai is the area for positive trajectory
angles. Vi and Vj are small volume elements for positive and negative trajectory
angles.

It is part of this thesis, to determine the influence of these two effects on the BES
spectrum.

3.2.1 Typical BES spectrum
Figure 3.9 shows a typical hydrogen BES spectrum recorded at BATMAN. The
unshifted Hα peak can be seen on the right side at 656.28 nm. The light origin
from the beam was described in reaction (2.27)(dissociative excitation). In the
case of BATMAN with its preliminary BES setup the unshifted Hα peak also
originates from reflections of the plasma light in the source. Measurements, which
where done in the scope of this thesis, showed that the amount of the reflected
part of the plasma light is usually around 10%. It can go up to 50% for low
extracted current densities, which are directly related to the particle flux and
the accompanied radiation. Additionally, a small Dα is visible which comes from
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Figure 3.9: Example of a BES spectrum obtained at BATMAN for hydrogen
with Utot = 21.9 kV , Uex = 4.7 kV and psource = 0.9 P a. The divergence  is
proportional to the standard deviation of the Gaussian fit.

remaining deuterium gas in the tank from former deuterium operation.
On the left side at around 654.5 nm the main Doppler peak is located. Fully
accelerated radiating hydrogen atoms lead to the formation of this peak. The
peak shape and width is determined by the angular distribution of the fast beam
particles.
Between the unshifted Hα and the Doppler shifted peak, the stripping peak
appears at around 655.4 nm. As mentioned previously, stripping comes from
collisional destruction of negative ions in the extraction system. Thus stripped
particles are not fully accelerated, which affects the Doppler shift. This means
the wavelength of the radiated photons is closer to the unshifted Hα peak than
the fully Doppler shifted peak. The wavelength of the photons from stripped
particles can be between the Hα wavelength and the wavelength at the maximum
of the main Doppler shifted peak. The integral of the stripping peak is linked
to the H2 density in the extraction system. In the spectrum, the maximum of
the stripping peak is always located around the wavelength which refers to the
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particle energy gained due to the extraction voltage. This indicates that the
majority of stripped particles have their origin at the end of the first gap in the
extraction system. Here, the H2 density (which decreases from the source to the
tank) is still high while the cross sections for the reactions (2.21) and (2.25) are
around their maximum. Practically, the stripping peak is defined as a certain
area around the wavelength refering to particles with an energy corresponding to
the extraction voltage. This assumption considers the majority of the photons
from stripped particles.
The integrated emissivity E of the three peaks (EHα for the unshifted Hα peak,
ED for the Doppler shifted peak and ES for the stripping peak) can be described
by an advanced corona model [102]. Thereby the excitation channels can be
different for the sake of the species and the particle velocity:
EHα = nH0 (v)nH2 σ0α,Diss v

A3,2
,
A3,1 + A3,2

ED = (nH0 (vmax )σ0α vmax + nH− (vmax )σ−1α vmax ) nH2
ES =

Z
v<vmax

nH0 (v)nH2 σ0α v

A3,2
dv .
A3,1 + A3,2

(3.2)
A3,2
,
A3,1 + A3,2

(3.3)
(3.4)

v is the particle velocity, vmax denotes the maximum velocity that a particle
can gain in the extraction system. σ−1α is the cross section of reaction (2.25),
σ0α for reaction (2.26) and σ0α,Diss for reaction (2.27). nH0 (v) is the density of
the neutral beam particles, nH− is the negative ion density and nH2 the density
of the background gas. A3,1 is the de-excitation probability coefficient for the
de-excitation from the state 3 to the state 1 (Lyman-β-line) and A3,2 from the
state 3 to 2 (Balmer-α-line).

3.2.2 BES standard evaluation
The evaluation of a single BES spectrum allows the determination of the beam
divergence and the stripping fraction averaged within the cone of the line-of-sight.
In the following paragraph the standard evaluation will be explained, which has
been used so far. In section 5.1.1.3 of this thesis, a better evaluation technique
leading to a smaller evaluation error is developed.
In small sources the standard evaluation has been a valid technique [92, 103].
In order to determine the divergence, the part of the Doppler shifted peak with
all values above a certain limit (typically 30%) of the maximum peak value (in
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order to avoid the influence of background noise) is fitted with a Gaussian fit.
Another reason for the fit of the center part can be seen in figure 3.9. While the
fit has a good agreement with the measurement in the center, a deviation at the
edges is observed. This deviation is assumed to come from a halo, consisting of
particles with a relatively large trajectory angle τ . Since this contribution is very
small, the majority of the radiating beam particles (with a smaller angle τ ) are
from the core beamlet and generate the center part of the Doppler shifted peak.
From the standard deviation sDoppler of the Gaussian fit, the divergence  can
be calculated [101]:
sDoppler
=
(3.5)
|λ0 − λDoppler | tan θ
However, first the standard deviation has to be corrected from the line broadening
effects which are caused by the apparatus profile of the spectrometer and the
broadening of the line-of-sight [101]. However this correction is almost negligible
for the BES systems at BATMAN, MANITU and ELISE.
The stripping fraction fS is defined by the ratio of the current density of the
not fully accelerated particles (which are solely neutral hydrogen atoms) and the
whole beam (consisting of neutrals and negative hydrogen ions) current density:
fS =

jH0 (v < vmax )
,
jH0 (v < vmax ) + (jH0 (vmax ) + jH− (vmax ))

(3.6)

where jH0 is the current density of H0 and jH− of H− . The emissivity of the
emitted Hα light is proportional to the current density, which makes it possible
to determine the stripping fraction from a BES spectrum.
jH0 (v < vmax ) ∝ nH2

ES
dv ,
σ0α (v)

jH0 (vmax ) ∝ nH2 (1 − fN )
jH− (vmax ) ∝ nH2 fN

ED
,
σ0α (vmax )

ED
.
σ−1α (vmax )

(3.7)
(3.8)
(3.9)

fN is the neutralisation degree and depends on the traveling distance of the
negative ions in the extraction system and the density profile of the background
gas in the tank. It is given by the ratio of the beam particle densities:
fN =

nH− (vmax )
.
nH− (vmax ) + nH0 (vmax )

(3.10)
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For the evaluation an absolute calibration of the spectroscopic system is not
needed. However for the integration of the peaks the integration limit has to be
set manually, which can lead to a measurement error. This will be discussed in
section 5.4. For the evaluation of the stripping fraction from the integrals of the
Doppler shifted peak and the stripping peak the following assumptions are made
in the standard evaluation: The Doppler shifted peak originates only from fully
accelerated (mono-energetic) radiating particles. Its broadening is due to the
trajectory angle distribution of the particles, i.e. the divergence of the beamlet.
For the stripping peak, generated by the not fully accelerated radiating hydrogen
atoms, the broadening comes from a convolution of the their angular distribution,
which can be different from the one of the fully accelerated beam particles and of
the distribution of the kinetic energy of the particles. Since the cross sections for
excitation are almost constant in the energy range, the cross sections in equation
(3.7) to (3.9) are replaced by an average cross section. Then equation (3.6) can
be rewritten as:
fS =

ES
σ0α,ave1
ES
σ0α,ave1



ED
ED
+ (1 − fN ) σ0α,ave2
+ fN σ−1α,ave1



(3.11)

The measured stripping fraction in the IPP prototype source determined by equation (3.11) is at least two times lower as the predicted value by models [92, 103]
(see section 2.5.2.2). The reason for this may be due to the described assumptions
for the stripping evaluation from BES spectra. Whether or not the described assumptions are reasonable will be investigated and discussed in chapter 5.4. Also,
as already mentioned, the assumed density profile in the extraction system in the
models, predicting the stripping losses, may need improvements. Section 5.4 will
also help to improve the density profile which is used for modeling.
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4.1 State of the art
Up to now, various codes to model beamlet extraction, formation and acceleration in negative ion sources have been developed in different groups for different
purposes, mainly concerning single beamlets [91, 104, 105, 106, 107, 108, 109,
110, 111]. The number of codes simulating large beams consisting of multiple
beamlets is yet smaller. This chapter will give an overview of codes which are
mainly used for beam and beamlet simulation in NBI ion sources for negative ions
and demonstrate the necessity for the new code BBC-NI which was developped
within this thesis. The field of activity and the method of operation of this code
will be presented in the next section.
Most of the existing codes tackle only a single (mainly in ion sources for accelerators) or few beamlets. The treatment of a whole grid system in a negative ion
source for NBI would need a high CPU performance, large memory requirement
and a long calculation time, which is presently not feasible. Due to the limit of
simulating only a part of the beamlets in negative NBI ion sources global beam
physics aspects cannot be covered by the existing codes. The available codes
mainly differ in the treatment of the plasma physics in the area upstream the
extraction, the plasma to beam transition and the particles interactions in the
extraction system. The majority are trajectory codes which have in common a
self-consistent model only for the space charge calculation of the main ion species in the extraction system. This implies particle interaction from Coulomb
forces between charged particles and electromagnetic forces from the presence of
attendant fields. The transition from the source plasma to the ion beam cannot
be described correctly by the trajectory codes. A fully self-consistent treatment
of the beam formation can only be done with PIC (Particle In Cell [112]) codes,
which are more complex and have long calculation times (at least several days
on modern computers even when parallelised). Therefore PIC codes for beamlet
simulation are rare with respect to trajectory codes. The optimal application of
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the codes is for single aperture small ion sources. However they are also used for
multiple aperture large ion sources, e.g. in NBI. The existing codes treat their
problem either in 2D or 3D geometry. Frequently used codes for simulating the
beam formation and transport in large ion sources are introduced in the following.

4.1.1 2D Codes
2D codes principally have the disadvantage that they cannot take full 3D magnetic
fields into account. However in the negative ion sources for ITER NBI a complex
3D magnetic field topology is present. Still some 2D codes come into operation:
SLACCAD (Stanford Linear Accelerator Code - CAD): This is a 2D axial symmetric trajectory code for a single beamlet which was modified from an
earlier version for beamlet formation [104]. It does not include physical
effects like magnetic fields or the space charge of co-extracted electrons.
However, since the calculation is fast, it is still often used to calculate beam
optics for ion sources.
NIGUN: It is a 2D simulation for a single beamlet of negative ions. It is also
a trajectory code. NIGUN has an enhanced model of the plasma sheath
at the extraction [105]. It can take also positive ion species like Cs+ into
account.

4.1.2 3D Codes
KOBRA3-INP11 : The code is capable of a 3D calculation of a negative ion beam
[106]. It is a ray tracing code solving the Poisson equation self-consistently.
However, the plasma conditions at the extraction are assumed by a simple
charge compensation model. But with KOBRA3-INP it is possible to take
an inhomogeneous current distribution at the meniscus into account. This
has been done in this thesis. KOBRA3-INP is able to simulate a single, but
also a few beamlets.
BYPO: This code is also able to do 3D beamlet modelling [107, 108, 109]. Additionally it has a more sophisticated plasma module compared to the other
codes. With its help, the self-consistent description of the meniscus is done
11
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by implementing plasma physics features. This leads to a more realistic
treatment of the extraction region.
Opera-3D12 : This is a commercial code, which is mainly used to investigate magnetic field configurations and stripping losses [108]. It is also able to simulate several beamlets in one calculation in order to investigate the beamletbeamlet interaction.
There are three other 3D codes, which are particularly dealing with special physical issues of negative ion beams for fusion applications:
EAMCC (Electrostatic Accelerator Monte Carlo Code): This code models the
transmission of the beam as well as the production of secondary particles
in the accelerator [91] in order to calculate the flux of backstreaming positive ions. The electric field is usually imported from previous calculations
with SLACCAD while the magnetic field comes from Opera-3D. Interactions of the beam particles with the background gas and the surfaces of
the electrodes are calculated with the help of a Monte Carlo module. This
provides information on stripped particles and secondary electrons within
the extraction system. Additionally the heat load on the electrodes can be
obtained.
dBES: This analytic code is currently developed at Consorzio RFX in Padua
and it simulates BES spectra. For this approach, the angle and energy
distribution of the beam particles at the grounded grid is needed as input
parameter. By solving a complex bundle of vector equations the spectra for
various BES line-of-sights can be calculated. The main purpose of the code
is to optimise the line-of-sight geometry for NBI systems equipped with a
BES diagnostic tool [110].
ONIX (Orsay Negative Ion eXtraction): The code is a self-consistent parallelised full 3D particle-in-cell Monte Carlo collision code [111, 113]. A major
problem of the codes presented so far is the lack of a self consistent model
(plasma and beam). Beside dBES all codes are trajectory codes which have
a more or less simple module in order to describe the plasma conditions
before the extraction and the meniscus formation.
12

Opera 3D design software,
Cobham group,
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The domain box of ONIX presently has a range of 20 × 20 mm in horizontal
and vertical direction and 25 mm along the beam axis. The region of interest
is one plasma grid aperture. This includes the formation of the plasma
sheath upstream the plasma grid and also the extraction at the meniscus
and in the first gap. One task of the code is to calculate the beam formation
at the plasma grid aperture. Due to the long calculation time (several
weeks), it is only possible to simulate a single aperture at the moment.

OPERA and KOBRA3-INP are able to simulate several beamlets. But the simulation of a large beam from several hundred apertures in a reasonable calculation
time is not possible. With dBES, BES spectra can be simulated but not the
associated power density profile deposited by the beam on the calorimeter or the
power loads on the grids of the extraction system. Hence, in order to simulate
the whole beam of a hydrogen ion source for ITER NBI, with all the beam line
diagnostics included, a new code, the BBC-NI code, is necessary.

4.2 Bavarian Beam Code for Negative Ions
(BBC-NI)
BBC-NI is capable of simulating the whole beam from a large ITER relevant
ion source, i.e. from the plasma grid to the calorimeter. BBC-NI is a full 3D
trajectory code. Its beam simulation includes all power loads at the relevant
beamline components, grid currents and BES spectra from existing lines-of-sight
in the experiment. This forward calculation of BES spectra is a new feature in
the beam simulation. This thesis will show that BBC-NI is an indispensable instrument to determine more preciscly the beam parameters from beam diagnostic
measurements, in particular from BES.
However, as it will be shown, to determine the beam parameters in large negative ion sources for ITER, the full set of beam diagnostics (calorimeter, thermocouples, BES) as well as beam modeling are necessary (see chapter 5.1.2 and
5.2).

4.2.1 Transport
BBC-NI is a trajectory code for the extracted negative ions and the products of
their collision reactions as it can be seen in the equations (2.21) - (2.27). The
reactions implemented in the code are explained in the second part of this chapter.
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The code calculates the trajectory independently for each particle from the
initialisation till the end when it hits a wall. The number of treated particles is
usually in the range of 1 · 108 to 1 · 109 depending on the calculation time. The
calculation is done by solving the equation of motion with a time step based numerical integration method, the modified midpoint rule invented by Gragg [114],
which is an advanced application of the explicit Euler method. The temporal
step size (10−19 − 10−9 s) is controlled by a step size control module. It considers
the domain size of a electric or magnetic field map. In order to acquire the whole
information from the field map, the temporal step size has to be smaller than
the domain size of the fields divided by the particle velocity. For minimising the
calculation time, the step size control module increases the step size as far as
possible while still considering the restrictions related to the domain size and the
particle velocity. The step size control module strongly decreases the calculation
time when no electric and magnetic field map has to be taken into account (for
beam simulations starting at the grounded grid), since then only the geometric
boundary conditions of the beam line limit the increase of the temporal step size.

A particle at the position ~r with mass m and charge q is treated by the Lorentz
~ r) and the electric field E(~
~ r).
force due to the presence of the magnetic field B(~
The force F~ (~r, ~v ) is calculated by the relativistic Lorentz equation since the
particles have a high energy, which corresponds to high velocity v, especially
for the electrons:
~ r) + ~v × B(~
~ r)) ,
F~ (~r, ~v ) = qγ(E(~
(4.1)
with the Lorentz factor

s

γ=

1−

 2
v

c

.

(4.2)

The determination of the electric and magnetic field at a given position is done
by a 3D interpolation. The spatial step size (calculated from the temporal step
size and the actual particle velocity) for each particle has to be at least as small
as the grid sizes of the implemented field maps.

For each time step a wall-collision module checks the position of the particle
for a possible hit on implemented surfaces, i.e. grids, scrapers or the calorimeter.
In case of such an event, the next particle is launched.
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4.2.2 Collisions
BBC-NI considers all necessary collisions of the beam particles (H− ,H0 ) with the
background gas. They were described by the reactions (2.21) - (2.27) on page 43.
The probability for a collision reaction within a time step ∆t in the time interval
tk−1 ≤ t ≤ tk is given by [112]:
P (tk ) = 1 − exp (−v(tk )∆tnH2 σ[v(tk )]) ,

(4.3)

where nH2 is the background density and σ is the cross section. For the sake of
simplicity the equation is approximated with
P (tk ) = ∆xnH2 σ + O[(∆x)2 ] .

(4.4)

O[(∆x)2 ] is the order of the error, which tends to be zero for small ∆x (which is
the case in BBC-NI), and ∆x = v(tk )∆t. The H2 density in the extraction system
and drift region is calculated from the pressure and the temperature. They are
input parameters and interpolated from a 1D line profile along the beam axis.
The value of a cross section for a certain energy is derived from a fit of the
available data points. For H− double stripping, H0 excitation and dissociative
excitation the fit is a Chebyshev polynomial [115]. For H− stripping, H0 and H2
ionisation the fit is an individual fit function from [89]. The data points from the
cross section values from H− excitation are fitted with a Cubic polynomial.
A Monte Carlo module generates a normal distributed random number z ∈
(0, 1) which is used to decide whether a reaction takes place. This is the case for
z ≤ P (tk ) .

(4.5)

When additional particles are created, e.g. electrons in stripping reactions,
their trajectories are taken into account and calculated as well. Their direction
of flight at their creation point is equal to the original particles. This assumption
is reasonable due to the high energies and the low velocities perpendicular to the
beamlet axis of the beam particles.

4.2.3 Photon emission
If a reaction leading to an excited hydrogen atom takes place, the photon-emissionmodule, which is a special feature of BBC-NI, is executed and generates a BES
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spectrum. This task can be separated into two parts. First solving a geometric
problem and secondly solving a spectroscopy problem when creating a spectrum.
The geometric task checks whether the treated particle is within a line-of-sight.
If this is the case, the spectroscopy part generates a photon and calculates the
spectral detection:
Geometric module: BBC-NI checks if the currently treated particle, i.e. the
excited hydrogen atom, is within a line-of-sight. This is done by solving
a 3D analytic vector equation. If the particle is within a line-of-sight, the
code generates a photon as it will be explained in the next subsection. For
the sake of simplicity the H0 excitation and de-excitation are simulated at
the same time step although some time passes between that two processes.
The error from this method is rather small. The Einstein coefficient for
a hydrogen molecule de-excited from the main quantum number n = 3 to
n = 2 is 4.4 · 107 s−1 . Hence the traveling distance for excited particles
with a typical kinetic energy in the described IPP ion sources is in the
range of centimeters. This is comparable to the spatial dimensions of the
line-of-sight.
Spectroscopic module: If a radiating hydrogen atom is within the line-of-sight,
the next step for detecting Hα radiation in the BBC-NI code is the photon
field generation. If an excited hydrogen atom would emit only one photon as
it is the case in reality, the number of photons hitting the detector simulated
by BBC-NI would be almost zero. The reason is due to the total number
of calculated particles (105 − 108 ) which is limited by the CPU time, the
excitation probability (< 0.1%) and the isotropic radiation. In BBC-NI a
excited hydrogen atom is assumed to have a photon field which practically
exists out of many "mini"-photons (mγ). They differ in polar and azimuthal
angles. This method is a numerical approach. The number of mγ, Nmγ , is
set individually (usually in the range of 1 · 106 ) by defining the step size for
the two angles:
(360◦ )2
.
(4.6)
Nmγ =
∆aazimuth · ∆apolar
∆aazimuth and ∆apolar are the azimuthal and polar step sizes. The emissivity
Emγ of all mγ is then normalised to 1:
Nmγ

1=

X
i=1

Emγ (i) .

(4.7)
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The module checks by a vector equation for every single virtual mγ whether
it hits the detector at the end of the line-of-sight or not. This is done by
determining the intersection of the detector surface with the propagation
vector of the single mγ. In the case of a solution for this equation, the
wavelength spectrum of the single mγ is distributed as a Gaussian peak
with the standard deviation determined by natural line broadening effects.
The extent of line broadening is an input parameter coming from the spectrometer. The wavelength position of the Gaussian peak is determined
self-consistently by the Doppler shift due to the H0 velocity vector and the
propagation vector of the single mγ.
Finally, the sum of the spectra from all detected mγ is the spectrum of the
photon field emitted from one hydrogen atom. The emissivity of the photon
field Eγfield is calculated by:
Eγfield = Nmγ,detected · Emγ .

(4.8)

Finally, the sum of the spectra from all photon fields from all excited hydrogen atoms leads to the simulated BES spectrum.
Additionally, BBC-NI creates a protocol with detailed information for all
radiating hydrogen atoms contributing to a BES spectrum for a given lineof-sight. This data sheet contains the position and velocity components at
the de-excitation, the wavelength of the maximum emissivity of the respective photon field, the trajectory angle τ and the aperture number where the
particle started.

4.2.4 Starting conditions and application
BBC-NI has two operational modes depending on the starting conditions of the
negative hydrogen ions:
BBC-NI Advanced
The advanced mode of BBC-NI starts the particles upstream of the plasma
grid and takes the whole acceleration phase of the negative ions into account.
Since all major beam effects are considered, i.e. acceleration within the electric
field, magnetic field deflection, heavy particle collisions, it is possible to simulate
the whole beam and an entire BES spectrum, including the part coming from
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stripped particles. This allows the beamlet reconstruction within the extraction
system. In this region, no measurements of the background gas density or the
electric field map with diagnostics are possible. However these parameters are
crucial for the beamlet shape, the stripping and grid losses (see chapter 2.5.2)
and have to be provided by other codes.
The electric field map is an essential input for the advanced mode. Since BBCNI has no solver for the Poisson equation and does not consider particle interaction the field map has to be calculated separately. Within this thesis, the commercial code KOBRA3-INP is used. Also the starting conditions of the particles
(starting coordinate, starting velocity vector) for the trajectories in BBC-NI are
taken from KOBRA3-INP.
Due to the calculation time (several hours), KOBRA3-INP (see section 4.1.2)
is used for calculating the electric field of the extraction system for only one aperture. BBC-NI takes this 3D electric field map and applies it for all apertures.
BBC-NI Simple
The simple mode of BBC-NI sets the particle start at the grounded grid of the
extraction system taking only the fully accelerated negative ions into account.
Applying an electric field would force the temporal step size control to small steps
in the range of the electric field mesh grid size, which increases the calculation
time for each single particle. Since the calculation with BBC-NI Simple starts
after the acceleration phase, no electric field is needed. Due to the absence of this
field, the temporal step size can be increased and much more overall particles are
taken into account. This leads to more generated photons and better statistics
for the compilation of the BES spectra. The calculation time for this application
mode (less than one day) is decreased by an order of magnitude compared to
BBC-NI Advanced. However, only the Doppler shifted peak and the unshifted
Hα peak are simulated.
In order to keep the starting conditions simple, the particles start in the centre
of the apertures with a normalised velocity vector, perpendicular to the grid
surface. This vector can then be transformed by various rotations setting the
start conditions as shown in figure 4.1. First the start velocity vector is rotated
around a polar angle βp and an azimuthal angle βa . This approximation respects
possible steering effects which can occur in the extraction system and have to be
considered as input parameters.
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Figure 4.1: Angles for the starting velocity vector in BBC-NI Simple.

Afterwards the vector is then rotated by an azimuthal angle γa which is distributed with a Gaussian probability and a normally distributed polar angle γp .
Thereby the standard deviation of the Gaussian distribution is determined by
the divergence  which is an input parameter. γa is calculated numerically by the
following equation while the equation for γp is solved analytically:
γa =

√

2 erf −1 (z1 ) ,

γp = 2π z2 .

(4.9)
(4.10)

z1 and z2 are two normally distributed random numbers.
Hence in this thesis BBC-NI Advanced is used only when beamlet formation
or stripping is important. BBC-NI Simple is used to get a better understanding
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of the formation of the main Doppler shifted peak in a BES spectrum. Furthermore BBC-NI Simple is suitable to study inhomogeneous distributions of the
accelerated current density (see chapter 2.5.2).

4.3 Support codes
BBC-NI needs several input parameters, which have to be delivered by other
codes:
• The electric field in the extraction system.
• The magnetic field in the extraction system.
• The starting coordinates and velocities of the particles.
• The H2 density profile in the extraction system.
Their generation is explained in the following sections.

4.3.1 Electric field
The electric field in the extraction system is complicated because the vacuum
field from the extraction electrodes is changed by the influence of the charged
beam particles. As already mentioned, the electric field map in the extraction
system is calculated by the commercial code KOBRA3-INP, which is available
at IPP Garching. The calculation domain is limited to one extraction aperture
to keep the calculation time in an acceptable setting. The number of particles
which can be calculated in a reasonable time (several hours) is up to 100, 000.
With KOBRA3-INP various starting conditions for the extracted particles can
be defined. The common case is a laminar flow of the negative ions towards the
meniscus. For positive ions this is a valid assumption and easy to implement. As
mentioned in chapter 2.5.1 the aperture illumination for negative ions, however,
might not be homogeneous. For this case, one can implement starting conditions,
which means the coordinate and starting velocity of each treated particle. This
was also done in this thesis.

4.3.2 Magnetic field
The magnetic field maps are generated by the code PerMag [116] for permanent
magnets and with the commercial finite element analysis software ANSYS [117]
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for magnetic fields generated by a current.
Since the magnetic fields at the ion source at BATMAN are solely generated
by permanent magnets, PerMag is used in order to calculate the magnetic field
map for BBC-NI calculations.
At ELISE, the magnetic filter field is generated by a current through the plasma
grid (see section 2.4.4). For this reason the magnetic field of ELISE for BBC-NI is
calculated by PerMag, considering the magnetic field from the electron deflection
magnets, and ANSYS, considering the filter field.

4.3.3 Starting conditions at the meniscus and density
profile
Usually, for the sake of simplicity, in calculations on the beamlet formation, a laminar flow of the negative ions to the meniscus is assumed. As already mentioned
in section 2.5.2.1, an inhomogeneous aperture illumination, i.e. an asymmetric
H− density distribution at the meniscus might be more realistic.
To get this aperture illumination of the extracted negative ions, the transport
to the meniscus was calculated by the IPP code TrajAn [70].
It delivers for each aperture the particle coordinates of the extracted negative
ions at the meniscus including the velocity distribution in horizontal,vertical direction and along the beam axis. Thereby, the number of particles per aperture
can be over 100, 000, which is enough for KOBRA3-INP calculations.
As an input parameter, TrajAn needs the form of the meniscus. This parameter
is first calculated with KOBRA3-INP assuming a laminar flow of negative ions
to the extraction aperture. This approach leads to a small error on the meniscus
shape and elongation, however it is the best possible procedure which is available
up to now.
Finally, a density profile for the BBC-NI Advanced mode has to be provided.
This profile is calculated by a simple Excel program called Excelstrip. The basic
assumptions of this model are given in chapter 5.4.

4.3.4 Summary
In summary, a sketch of the working principle of BBC-NI is shown in figure 4.2. In
the center of figure 4.2 is the BBC-NI box including the work space of the code.
Above this box, the input layer (1) describes the necessary input parameters.
Either they have to be defined by the code operator, like the geometry of the grid
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Figure 4.2: Sketch of the working principle of BBC-NI.

system or the beam line, or the input parameters can come from calculations
from other codes. This applies for the density profile in the extraction system
and the magnetic and electric fields.
BBC-NI is then able to simulate the beam including all available diagnostic
tools. In a first step, which is indicated by the benchmark layer (2), the code has
been benchmarked by the help of various protocols containing relevant information on particle properties. The input parameters have been adjusted during this
benchmark in order to increase the precision of the BBC-NI calculation. With
the protocol data from the code the BES evaluation has been improved within
the scope of this thesis. This will be shown in the next chapter (see sections 5.1
and 5.1.2).
Finally, the code can the be used to do simulations of ion beams. The obtained
results (3) are then compared with real measurements. A successful simulation
can help to determine the beam properties from the measurements of beam diagnostic tools at large negative ion sources.This of importance for the ITER NBI
source. A first investigation on the determination of the beam properties, con-
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cerning the beam inhomogeneity at ELISE and the stripping losses at BATMAN
from BES calculations, has been done in this thesis (see section 5.2 and 5.4).
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5.1 BES spectra evaluation
As already mentioned in chapter 3.2, beam emission spectroscopy can be used
to determine beam parameters, which are mainly the average beamlet divergence
and stripping. Since the divergence of one beamlet is linked to its extracted
current density, the beam inhomogeneity, i.e. the inhomogeneity of the current
density distribution at the extraction, could be determined by measuring the
spatial divergence distribution of the beam. This measurement is done with a
line-of-sight array (see section 3.2).
This chapter will clarify the origin of the light emitting particles contributing
to the spectrum. It will answer the question if the BES measurement of one
line-of-sight collects information on the whole beam, part of the beam or only
from several beamlets. Furthermore, this chapter will analyse the shape of a BES
spectrum, in particular the Doppler shifted peak. Only by understanding the
effects leading to the form of the peak, a correct evaluation of the divergence and
therefore also the beam inhomogeneity is possible.
In a first step, BBC-NI Simple was used for simulations of the small beam
at BATMAN, as here the locality of the measurement, i.e. a small amount of
beamlet contributions to a spectrum of a single line-of-sight, is assumed to be
much better maintained due to the small size compared to ELISE. Hence the
underlying effects leading to the shape of the Doppler shifted peak can be better
identified. With that knowledge, BBC-NI Simple simulations of the large beam
at ELISE were performed, showing a higher complexity.

5.1.1 Small NBI ion sources
5.1.1.1 Benchmark at BATMAN
BBC-NI was benchmarked in a first step with BES measurements obtained at the
testbed BATMAN. The ion source with a low number of apertures (126) and the
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Figure 5.1: Comparison of a simulation (BBC-NI Simple) and a measured BES
spectrum at BATMAN. Additionally a Gaussian fit of the full Doppler shifted
peak is shown. Indicated by the dotted lines are the Doppler shifts referring to
the energies obtained by the extraction respectively the total voltage. The source
filling pressure was 0.58 P a and the normalised perveance was 0.12.

diagnostic tools were already described in chapter 2.4.3. This first benchmark
was done with BBC-NI Simple, since with BBC-NI Advanced it is not possible to
reconstruct a BES spectrum properly. This is due to the electric field, calculated
with KOBRA3-INP. The calculated electric field does not reflect reality as it will
be explained in section 5.3.
Figure 5.1 shows the comparison of a measured BES spectrum with a simulation
from BBC-NI Simple. The focus for this benchmark was to pattern the unshifted
Hα peak and the Doppler shifted peak with the simulation in the best possible
way. A stripping peak does not appear in the simulation because BBC-NI Simple
simulates only the beam after the grounded grid. Since the trajectory angle
distribution of the particles in the simulation is Gaussian (see section 4.2.4), a
main Doppler shifted peak with a Gaussian shape is expected. This chapter will
show that this prediction is not the case in general.
The calculated spectrum fits the measured one quite well. Looking at the
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unshifted Hα peak of the simulation it can be seen, that the simulation underestimates the emissivity at this wavelength. This is due to reflections of the plasma
light of the source contributing to the spectrum. This contribution is not taken
into account within the BBC-NI Simple simulation.
For the Doppler shifted peak the left side of the peak fits very good to the
measurement (The terms "left" and "right" side is only valid for this case of a
blue shifted spectrum). It can be seen that the shape of the simulated Doppler
peak is not fully Gaussian. The reason for the small deviation at the left edge
comes from statistical effects as discussed in the next section. The shape of the
right side from the simulated Doppler shifted peak shows also a good accordance
with the measurement. But the decrease of the calculated Doppler shifted peak
happens at a slightly smaller wavelength. This gap occurs due to photons, emitted
from hydrogen atoms which had a stripping reaction at high energies. A detailed
analysis on the stripping contribution will be given in section 5.4. From the gap
it can be seen that the part of the measured spectrum generated by photons from
stripped particles is much larger than it was taken into account with standard
evaluation of the BES spectrum.
The fact of a very good reproduction of the left side of the Doppler shifted
peak with the BBC-NI Simple simulation makes the presence of a halo or a nonGaussian beamlet shape (see section 2.5.2.2), i.e. a large fraction of particles with
a high trajectory angle caused by other unidentified effects, unlikely. In fact, the
shape of the peak has its origin in geometric effects like the area- and angle-effect
and the origin-effect (see next section). The deconvolution of these effects, on
the basis of this benchmark, is now done in the following section. The underlying
spectrum and BBC-NI Simple results for the deconvolution are always taken from
the benchmark shown in figure 5.1.
5.1.1.2 Shape effects
Area- and angle-effect
As mentioned in chapter 4.2.3 photons contributing to one BES spectrum are
emitted by excited hydrogen atoms within the given line-of-sight. The wavelength
of the photon is determined by the trajectory angle τ of the radiating hydrogen
atom in the plane of the line-of-sight and the beam axis.
BBC-NI records for every detected photon (consisting of many mγ) the peak
wavelength and the trajectory angle from the emitting hydrogen atom (see 4.2.3).
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Figure 5.2: Correlation between trajectory angle τ of radiating particles and the
respective photon wavelength at BATMAN. Indicated by the blue dotted line is the
position of the maximum of the full Doppler shifted peak.

For a certain wavelength, several emitting H0 can contribute to the spectrum. In
the protocol the trajectory angles of all particles, radiating photons in a specific
small wavelength range, a so-called bin which can be set individually as an input
parameter (in this case 33 pm), are averaged.
Figure 5.2 shows the correlation between the wavelength and the trajectory
angle τ for photons generated in BBC-NI Simple and as a comparison the correlation according to equation (3.1) describing the connection of the wavelength
from a photon emitted by a particle having no velocity components in vertical
but only in horizontal direction. The formula and the calculated result from
BBC-NI Simple show a very good agreement. This means that the shape of the
BES spectrum is determined by the trajectory angles and the observation angle
θ.
Figure 5.3 helps to explain the small statistical deviation of the simulation from
the measurement at the left edge of the Doppler shifted peak. The figure shows the
correlation of the average emissivity with the wavelength. As noted in 4.2.3 every
radiating particle contributes to the spectrum by a photon field with a specific
emissivity. For every wavelength bin the emissivity of all photons is averaged and
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Figure 5.3: Averaged photon emissivity for a certain wavelength range.

normalised to the averaged emissivity of the photons at the lowest wavelength.
The average emissivity decreases with increasing wavelength. As shown in figure
5.2 a shift to a high wavelength predominantly stands for a negative trajectory
angle τ of the emitting hydrogen atoms. These particles are therefore usually
emitting in greater distance from the optic head than the hydrogen atoms with
a positive trajectory angle.
The area- and angle-effect determine the detected emissivity from a radiating
particle (see chapter 3.2) and the emissivity therefore depends on the position
of the radiating particle with respect to the line-of-sight. Figure 5.3 shows that
the angle-effect is dominant and leads to a non-symmetric shape of the Doppler
peak. Otherwise, the emissivity would increase with a lower wavelength.
However, there are strong outlier at low wavelengths. Photons with a low
wavelength can be emitted from particles at a position very close to the optic
head. In this region the emissivity of a photon is very sensitive to the particle
position, because a slight change in the position leads to a strong change of the
solid angle. It determines the number of mγ (see section 4.2.3) which are detected in the simulation. On the other hand, the probability of the presence of an
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emitting particle at this position is very low since the trajectory angle is Gaussian distributed. Hence only few photons from these particles are contributing
to the spectrum, however their emissivity is comparatively high. Since the low
calculation time (≈ 12h) is responsible for a low amount of radiating particles
with a large trajectory angle τ , the angle-effect leads to statistical deviations at
low wavelengths in BBC-NI Simple calculations. This error can be in principle
reduced by increasing the calculation time. The presented results are from calculations where a compromise between feasibility and error minimisations was
chosen. The effect of statistical deviations has been already seen in figure 5.1.
Additionally the effect also adds to the form of the Doppler shifted peak a lefthanded asymmetry.

Origin-effect

The angle-effect explains only partially the deviation of the Doppler shifted
peak from an expected Gaussian form. Another deviation comes from the fact
that several beamlets contribute to the spectrum from a line-of-sight, but with
different parts of the trajectory angle distribution.
Figure 5.4 shows the frequency counts of the radiating particles separated by
their trajectory angle, which contribute to the calculated spectrum in figure 5.1.
Additionally, two fits are shown, a Gaussian fit and a Lorentzian fit. The Gauss
curve G(x) is described by the equation
x−η
G(x) = A · exp −0.5
s


2 !

,

(5.1)

where x is the free parameter (in this case the trajectory angle τ ), η is the center
of the peak and s is the standard deviation. The Lorentz curve L(x) is described
by
!


2A
w
L(x) = y0 +
(5.2)
π
(4(x − η)2 + w2 )
y0 is the offset, A is a dimensionless parameter, η is the center of the peak and
w is the width. As already mentioned, a Gaussian shape of the frequency counts
would be expected due to the starting conditions of BBC-NI Simple. Again as in
the real spectrum, the Gaussian fit does not describe the form of the frequency
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Figure 5.4: Photon frequency counts with respect to horizontal angle of the light
emitting particles.

counts. On the contrary the Lorentz fit does much better reproduce the form.
However, whether it is already the most appropriate function is not approved yet.
Still, the standard evaluation can be improved, which will be shown in section
5.1.1.3.
The findings already show that the trajectory angle distribution of the radiating
particles, contributing to one spectrum, is not necessarily Gaussian, although
the distribution of the trajectory angles of the velocity vector for all particles is
Gaussian.
This effect can be explained by the fact that a BES spectrum contains photons
from radiating particles from several beamlets. Figure 5.5 shows on the left
side the grid pattern of the grounded grid at BATMAN. The 126 apertures are
aligned in 12 aperture rows. Additionally, the vertical dimension of the considered
line-of-sight is projected on the pattern. As already introduced in chapter 3.2
the line-of-sight is located around 1.5 m downstream the grounded grid with a
observation angle of 153◦ . The right side of figure 5.5 shows the part of radiating
particles contributing to the LOS in percentage referred to their origin. It can be
seen, that the BES spectrum in the respective line-of-sight is made up of photons
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Figure 5.5: Left side: grid pattern of the LAG at BATMAN. Additionally the
vertical position of the line-of-sight is shown. Right side: origin and amount of
contributing photons from the radiating particles leading to a BES spectrum at
BATMAN.

emitted from particles coming from every aperture row, respectively from every
grid aperture. Thereby the contributions from every row, which lie between 4%
and 17%, are significant. Surprisingly, the largest amount comes from row 3,
which might be due to statistics.
For a better understanding, the formation of the Doppler shifted peak, with
the influence of the origin-effect, can be described in the following. For the sake
of simplicity the line-of-sight in this exemplified case is assumed to be vertically
in the center of the twelve aperture rows. The trajectory angles of the particles
coming from each row are Gaussian distributed as it is the standard starting
condition of BBC-NI Simple. Figure 5.6 shows on the left and on the right side
each three curves of a Gaussian trajectory angle distribution. These distributions
refer to the particles from the respective rows, which can be identified by the
number on the six graphs.
Particles from row 1 and 12, the two most outer ones, can only get into the
centered line-of-sight when the angle between the particle velocity vector and the
beamlet axis perpendicular to the trajectory angle τ is large enough. This angle,
perpendicular to the trajectory angle τ , limits the possible trajectory angle range
due to the geometry. This range is different for each aperture row and indicated
in the six periphery graphs by the grey area.
The trajectory angle distribution of the particles (which is also valid for the
radiating particles) seen by the line-of-sight is the sum of all grey areas. The
graph in the center of figure 5.6 shows the sum with a comparison of the original
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Figure 5.6: Model of the composition for the angular distribution seen by a lineof-sight in the center (vertically). The grey area of the six graphs located on the
left and right side of the main graph indicate the range of trajectory angles from
H0 of the respective aperture rows which are seen by the line-of-sight.

Gaussian trajectory angle distribution for the particles of each aperture. The
contribution from particles from of all apertures leads to a superelevation of the
distribution profile in the center. In a result, the angle distribution seen by the
line-of-sight is more narrow than it was set in the starting conditions and it is
non-Gaussian. The sketch makes clear, that the origin-effect is more pronounced
with increasing divergence.
In the case of the investigated spectrum at BATMAN, the effect described
above, leads to a trajectory angle distribution which is close to a Lorentzian one.
In fact this simple model can only describe roughly the geometric effect while
the 3D calculation in BBC-NI Simple allows the determination of the realistic
trajectory angle distribution.
Discussion
The non-Gaussian shape of the main Doppler shifted peak for small ion source
is mainly understood. Three basic effects lead to the shape of the Doppler shifted
peak. First the angle distribution of the emitting particles seen by the line-ofsight is narrower than the original distribution of the overall beam particles.
Therefore, the Gaussian peak will also be narrower than expected. This effect is
decreasing with lower divergence since this reduces the contribution of radiating
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particles coming from apertures which are vertically far away from the line-ofsight. Secondly, due to the angle-effect the left edge of the Doppler shifted peak
broadens up. Thirdly, the contribution of stripping particles leads to a different
broadening of the right edge. This depends on the density profile in the extraction
system and the extraction voltage (see chapter 5.4).
Summarizing all effects, the shape of the Doppler shifted peak is only Gaussian for the special case when the divergence is low. Besides this a divergence
evaluated from the Doppler shifted peak is rather a global beam parameter than
representing the divergence of some aperture rows.

5.1.1.3 Advanced Doppler peak evaluation
The next step is to find a new evaluation method for evaluating the BES spectra at
BATMAN since the assumption of a Gaussian shape of the Doppler shifted peak
is only valid for low divergence. For small divergences the standard evaluation
(see section 3.2.2) is expected to be still a good application. BATMAN is usually
operating at divergences roughly between 1.5◦ and 4◦ [85]. In the next paragraph
a new evaluation, the parametrisation method, is presented and compared with
the standard evaluation. This comparison will show for which divergence range
the standard evaluation may still be valid and where the new parametrisation
method is necessary.
The idea is to find a parametrisation of the full Doppler shifted peak. For this
purpose, the left side of the peak, which is determined by the beam optics in contrast to the right side (stripping contributions), has to be fitted by a user-defined
function F which delivers a representative parameter w. Since the function is
likely to have a bell-shaped form, the parameter probably will be a kind of width.
This representative parameter is the input for a parametrisation function whose
solution is a value for the divergence. For the function F it turned out, that
the left edge of the Doppler shifted peak can be fitted quite well by a Lorentz
curve (see equation (5.2)). The shape of the left side of the Doppler shifted peak
depends on the individual contribution of the particles from every aperture and
the angle effect. Therefore the shape depends on the position and observation
angle of the line-of-sight. This means the parameters of a parametrisation can
only be provided for every line-of-sight individually. The shape of the Doppler
shifted peak is determined by the normalised perveances in the extraction grid
system and the space charge of the beam. The free parameters are therefore the
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Figure 5.7: Correlation between input divergence in BBC-NI Simple and the
width obtained from the fit of the left side of the simulated Doppler shifted peak
with a Lorentz curve. The parameters for the extraction and acceleration voltage
for the underlying calculations were fixed simulating the change of the divergence
by changing the current density.

acceleration voltage Uacc , the extraction voltage Uex and the extracted current
density jH− .
For a parametrisation a set of calculations with BBC-NI Simple were performed. For a given total voltage, which consists of a tuple of fixed Uacc and Uex ,
several BES spectra for the prevailing line-of-sight at BATMAN were simulated.
For each tuple divergences between 1.5◦ and 4◦ , which is the main divergence
range at BATMAN, with a step size of 0.5◦ were set as input. This variation refers
to different perveances by a change of the extracted current densities, determining the divergence. From a Lorentz fit of the Doppler shifted peak, the width w
was determined from the evaluation of the calculated spectrum for the different
divergences at fixed extraction and acceleration voltage. Figure 5.7 shows the
correlation between the input divergence of BBC-NI Simple calculations and the
width obtained from the Lorentz fit of the Doppler shifted peak in the simulated
BES spectrum. The figure shows the case for an extraction voltage of 5 kV and an
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acceleration voltage of 12 kV. The BBC-NI Simple simulations were performed
for extraction voltages between 5 kV and 9 kV in 1 kV steps at a fixed acceleration voltage. The acceleration voltage was varied between 12 kV and 16 kV in
1 kV steps. It turned out that the correlation between w and the divergence  is
almost linear in every investigated case, hence  can be parameterised by:
 = m1 w + t1 ,

(5.3)

with m1 being the slope and t1 as the interception. Furthermore the slope and
the interception changes again linearly with the extraction voltage keeping the
acceleration voltage fixed. Again this can be described by a linear relation:
m1 (Uex ) = m2 Uex + t2 ,

(5.4)

t1 (Uex ) = m3 Uex + t3 .

(5.5)

m2 and m3 are the slopes and t2 and t3 are the interceptions. For these four
parameters, the same regulation as for m1 and t1 can be continued for the variation of the acceleration voltage leading to four further equations:
m2 (Uacc ) = aUacc + b ,

(5.6)

t3 (Uacc ) = cUacc + d ,

(5.7)

m2 (Uacc ) = eUacc + f ,

(5.8)

t3 (Uacc ) = gUacc + h ,

(5.9)

and by linking equations 5.3 - 5.9 together, the parametrisation function for the
divergence has the form
 = ((a · Uacc + b) · Uex + (c · Uacc + d))w + ((e · Uacc + f ) · Uex + (g · Uacc + h)) . (5.10)
The parameters a, b, c, d, e, f, g, h are then the individual characteristic parameters for a certain line-of-sight.
For a comparison of the two BES evaluation methods, figure 5.8 shows the correlation between input and output divergence. The parametrisation method delivers
evaluated divergences which are rather close to the input. For the standard evaluation this is only valid for input divergences around 2◦ .
Figure 5.9 shows the average error by evaluating the divergence of the calculated
spectra either with the parametrisation method or the standard evaluation. Since
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Figure 5.8: Correlation between the obtained divergence by the parametrisation
method and the standard evaluation with the input divergence of the analysed BES
spectrum.

for every input divergence several calculations (by a variation of the total voltage,
as already explained) were performed, a standard deviation of the average error
was calculated, which is also shown in figure 5.9.
Finally, for a divergence of 3◦ and more the parametrisation method reaches
an error less than 15% which is better then the standard evaluation. At lower
divergences the standard evaluation is still better. For a divergence of 1.5◦ both
methods again have a relative high error of more than 20%. However, in order
to determine a beam inhomogeneity of less than 10% with a relative error of
10% from several BES spectra, as required by ITER, the error of the divergence
evaluation should be at least below 5%. This is because, as explained in section
2.5.2.2, the relative error of the current density measurement, which is necessary
for equation (2.29), should be less than 5%. However the determination of a
current density from several beamlets from the divergence measurement of a
single BES line-of-sight does also have an error. This means that also the present
parametrisation method is still not sufficient for the determination of the beam
inhomogeneity with a BES line-of-sight array.
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Figure 5.9: Error occurring by evaluating the divergence from a BES spectrum
with the standard evaluation and parametrisation method at BATMAN. The green
area indicates the required error range for an absolute error of less than 5%.

The reason for this relative large deviation of the parametrisation method at
the low divergences is more probable due to the fit of the left side of the Doppler
shifted peak with a Lorentz curve. In this regime the Doppler shifted peak is
close to Gaussian, since the shape effects are less pronounced at low divergences.
The Lorentz fit leads to an over estimation of the divergence. For future BES
evaluation it may be the best solution to combine the standard evaluation and
the parametrisation method. This could be done by choosing the respective
evaluation depending on the beam optics regime.
However, also the standard evaluation with a Gaussian fit fails at 1.5◦ . This
is not a mathematical problem, but has its reason in the automatic evaluation
routine. The module, which sets the starting parameters for the Gaussian fit,
is very simple. The determination of the start values for the free parameters is
optimised for large divergences, i.e. > 3◦ .
The simulation and benchmark of the BES spectrum at the small source at
BATMAN gives a better understanding of the spectrum formation. With BBC-
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NI Simple the measurements of the BES diagnostic tool can be simulated and the
evaluation of the spectrum can be improved. With this possibility the next step
is to transfer this knowledge and application to the large source at ELISE. The
aim is to have a proper evaluation of BES spectra at large sources. Furthermore
the main goal is to determine the beam inhomogeneity at ELISE with the help
of the BES line-of-sight array.

5.1.2 Large NBI ion sources
Like at BATMAN, the BES spectra obtained at ELISE will be influenced by
the effects described above. At ELISE the Doppler shifted peak is at a higher
wavelength (red-shifted) than the unshifted peak due to the observation angle
of the BES system. The first effect, influencing the BES spectra, is the angle
distribution of the radiating hydrogen atoms seen by a given line-of-sight (origin effect). Since the grid at ELISE is larger and has more apertures than the
one at BATMAN, the effect will be more pronounced. Secondly the area- and
angle-effect will also influence the Doppler shifted peak at ELISE. Because the
observation angle of the lines-of-sight is smaller than 90◦ , the angle-effect will
increase the left side of the Doppler shifted peak while the area effect again plays
a comparatively minor role due to the same reason as in BATMAN. Thirdly
the photons emitted from stripped particles at high energies comparable to the
total acceleration energy, additionally increase the left side of the Doppler shifted
peak. Therefore, an evaluation of the right side of the Doppler shifted peak to
determine the beam divergence has only to consider the first effect, i.e. the angle
distribution seen by the line-of-sight.
ELISE started its beam operation in September 2013 without caesium. This
means the negative ions are mainly coming from volume production leading to a
low extracted current density. Additionally, the flow of negative ions to plasma
grid aperture can be assumed to be laminar so that the beam models should be
more realistic. Figure 5.10 shows a BES spectrum obtained at ELISE in the lineof-sight number 5 for the pulse # 2764. The pulse parameters are shown in table
5.1. The shape of the Doppler shifted is highly non-symmetric and has a strong
broadening. Both properties are unexpected. Furthermore the maximum of the
Doppler peak is not at the wavelength where the Doppler shift is expected which
cannot be explained up to now. Additionally a stripping peak is not clearly visible.
The observations in the BES spectra obtained for the line-of-sight number 5, are
also valid for the other horizontal lines-of-sight which are arranged in a vertical
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Figure 5.10: BES spectrum obtained at ELISE at the horizontal LOS # 5 in
volume operation. The peak positions predicted from theory are indicated by the
blue dotted lines. The stripping peak is barely pronounced. The pulse parameters
are shown in table 5.1.

array. The BES spectra from the vertical lines-of-sight are much more closer
to the expected ones. Figure 5.11 shows a BES spectrum from the line-of-sight
number 19, also from pulse # 2764. It can be seen in the figure, that the shape
of the measured Doppler shifted peak is much more similar to the shape of the
calculated Doppler shifted peak. However, the width of the measured Doppler
shifted peak is larger than the width of the Doppler shifted peak from the BBCNI Simple calculation. As a result it can be summarised that also in the spectra
from the vertical lines-of-sight the maximum of the Doppler shifted peak is not
at the expected position for unknown reason.
Although having rather off-normal source conditions (low voltages, low extracted current density, no caesium), investigating the irregular Doppler shifted peak,
especially the one spectra obtained with the horizontal lines-of-sight, in this unfavourable perveance condition (below the perveance optimum which is between
0.1 and 0.2 as shown in section 2.5.2.1) might lead to a better understanding of
the BES spectrum in general.
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Table 5.1: Pulse parameters for shot number # 2764. For this shot, the source
was operated in volume prduction.
Parameter

Value

Isotope
Filling pressure
Tank pressure
Extraction voltage
Acceleration voltage
Total voltage
Extracted current density
Ratio of co-extracted electrons to ions
Normalised perveance

Hydrogen
0.59 Pa
0.016 Pa
4.6 kV
29.9 kV
34.5 kV
20.9 A/m2
9.9
0.056

Figure 5.12 shows the Doppler shifted peak for nine different pulses (pulse #
2764 from figure 5.10 is the upper left one) at different normalised perveances.
The peaks were smoothed for a better presentation. From left to right and from
top to bottom the extraction voltage was decreased which led to higher normalised
perveance. The normalised perveance optimum was around 2.1 kV due to the low
extracted current density as the source was operated in caesium-free condition.
In the normalised perveance optimum, the Doppler shifted peak has a bell
shaped curve which seems to be Gaussian. To higher and lower normalised perveances the shape becomes broader and non-regular. Additionally the center of
the peak shifts to lower wavelengths with higher perveance. Within this chapter,
an explanation for the unexpected shape of the Doppler shifted peak will be
discussed.
Figure 5.13 shows again the measured spectrum from pulse #2764 from the
horizontal line-of-sight number 5, which is in the vertical center of the beamlet
groups in the bottom segment (see figure 2.10 on page 32) and as a comparison
spectra from different simulations. The shape of the Doppler shifted peak divers
clearly from the expected one which was calculated with BBC-NI Simple. In order
to understand the reason for the deviation the measured Doppler shifted peak
was fitted with four Gaussians as a first step. The assumption for the fitting
was to separate the ELISE beam into four “sub-beams” representing the four
beamlet groups in a grid segment (see figure 2.10). The focus of every sub-beam,
i.e. the predominant direction, was chosen individually leading to individual
horizontal deflection angles. The Doppler shifted peak generated by each subbeam is assumed to have a Gaussian profile. The deflection angle then determines
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Figure 5.11: BES spectrum obtained at ELISE at the vertical LOS # 19 in
volume operation. The peak positions predicted from theory are indicated by the
blue dotted lines. Additionally a BES spectrum for a BBC-NI Simple calculation
is shown.

the peak position. Finally the measured Doppler shifted peak was fitted by the
sum of the four Gaussians. Table 5.2 shows the necessary deflection angles of
the four sub-beams with respect to the beam axis. A positive value stands for
a deflection of the sub-beam to the left side relative to the beam direction, a
negative value stands for a deflection to the right side. The predictions for the
deflection angles were checked with BBC-NI Simple calculations. Additionally,
the best solution from a calculation series for the Doppler shifted peak is shown
in figure 5.13 (red line). The deflection angles for the four sub-beams are given
in table 5.2. The trend for the angles obtained by the simple four Gaussian fits
and by BBC-NI Simple is roughly the same and also their magnitude, which is
quite large.
However, introducing the four sub-beams is only a technically solution and
does not have mandatorily a physical background. In order to explain the shape
of the Doppler shifted peak, a significant part of fully accelerated beam particles
have to be horizontally deflected by an angle which is in the range of the pre-
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Figure 5.12: Doppler shifted peaks from a BES spectrum of line-of-sight # 5
obtained at ELISE during a variation of the perveance. In every picture except
for the first one, the actual Doppler shifted peak is indicated as a black curve while
the Doppler shifted peak from the last pulse with a lower normalised perveance is
indicated in grey. This is for a pulse to pulse comparison. The blue dotted line
indicates the position of the maximum of the main Doppler shifted peak according
to the theory.

dicted ones in table 5.2. The reason for the occurrence of these angles is not
clear up to now. The change of the shape of the Doppler shifted peak due to the
normalised perveance variation is an indication that the Doppler shifted peak is
influenced by the beam optics. This means that the electric and magnetic field
configuration in the extraction system might lead to horizontal deflection angles.
Furthermore, the deflected beamlets affect the whole beam represented by BES
spectra. With the presence of a complex 3D magnetic field topology, the space
charge of the beamlets influences the beam optics in an extensively way. For a
different space charge of the beamlet, beam particles can travel through different
magnetic field regions affecting their trajectory in a different way. For this reason
the deflection angle (horizontal and vertical) can be influenced by the magnetic
field, the extraction voltage (at a fixed acceleration voltage) and the extracted
current density. As it will be shown in section 5.3 not only the deflection angle
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Table 5.2: Predicted deflection angles from the fit of the Doppler shifted peak
with four Gaussians and from a BBC-NI Simple calculation with four different
deflection angles for the four “sub-beam” from the four beamlet groups of the upper
and lower grid half.
Beamlet group

Fit

BBC-NI Simple

1
2
3
4

3.2◦
−0.2◦
−3.4◦
−6.5◦

4◦
1.4◦
−1.2◦
−3.8◦

but the whole beamlet homogeneity is affected.
In a next step, in order to study the influence of the magnetic field, the electric
field and the extracted current density on the deflection angle of a beamlet, single
aperture calculations with BBC-NI Advanced with the parameters of pulse # 2764
are presented. Subsequently, in section 5.1.2.4 the BES spectra of BBC-NI Simple
calculations, utilising the obtained deflection angles from the BBC-NI Advanced
calculations will be discussed, in order to check the validity of the calculated
deflection angles.
5.1.2.1 Influence of the magnetic field
Figure 5.14 shows the horizontal and vertical deflection angles for different magnetic field configurations in the ELISE extraction system. As already explained
in section 2.4, the magnetic filter field is generated by a current in the plasma grid
which can be varied. Additionally the field of the deflection magnets is present
in the extraction system, which is fixed. The horizontal and vertical magnetic
field components along the beam axis for the ELISE grid system were already
introduced in figure 2.15 on page 42. The magnetic filter field was calculated by
ANSYS for a plasma grid current of 1 kA. The absolute values for the magnetic
field strength are linearly scaled with the plasma grid current.
Four cases can be seen in figure 5.14:
Case 1: Both magnetic fields are zero, i.e. the plasma grid current is zero and
no deflection magnets in the extraction grid. Then the deflection angles are
zero as expected.
Case 2: No electron deflection field but the magnetic filter field is present. A
vertical deflection only is expected, because the Lorentz force assumes only
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Figure 5.13: BES spectrum obtained at ELISE (same as in figure 5.10). Also
shown is the expected shape of the Doppler shifted peak by the dotted line. Furthermore a fit to the measured spectrum with four Gaussians and a spectrum from
a BBC-NI Simple calculation considering horizontal deflection angles is shown.

magnetic field components in horizontal direction. The calculation shows
also a small horizontal deflection angle. This can be explained by the 3D
structure of the filter field which has also vertical magnetic field components.
However the influence of the filter field on the horizontal deflection is small.
Case 3: Both magnetic fields are present. In this case significant deflection angles
emerge. As expected, a comparatively large horizontal and a small vertical
deflection angle can be seen. The vertical deflection angle increases with
higher PG current due to the higher horizontal magnetic field component.
Below 1.5 kA the vertical deflection angle stays more or less constant.
The horizontal deflection angle shows the same behaviour below 1.5 kA.
However with roughly 0.6◦ the angle is already significant, but still less
than the first predicted angles (see table 5.2). With higher PG current a
small decrease of the horizontal deflection angle can be observed due to the
larger influence of the filter field, which leads to a small decrease of the
vertical magnetic field component.
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Figure 5.14: Influence of various magnetic field configurations on the vertical
and horizontal deflection angle of a beamlet obtained from BBC-NI Advanced
calculations for the underlying pulse # 2764.

Case 4: Both magnetic fields are present, but the deflection field has reverse
polarity to case 3. This is because in the experiment the polarity of the
deflection field alternates from aperture row to aperture row. Hence the two
magnetic fields can also add up their vertical magnetic field components
leading to a higher absolute horizontal deflection angle. However also the
sign of the horizontal deflection angle is changed.
The calculations for the different magnetic field cases show a horizontal deflection
angle due to the deflection field. Since the polarity of the deflection field alternates
for each aperture row, the sign for the horizontal deflection angle alternates.
The absolute value however has only a small variation with the polarity of the
deflection field.
5.1.2.2 Influence of the extraction voltage
Figure 5.15 shows the obtained deflection angles by the single aperture calculations with BBC-NI Advanced for the normalised perveance variation presented
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Figure 5.15: Beamlet deflection for the variation of the normalised perveance
by changing the extraction voltage, which also means a change in the extracted
current density. The values are obtained from BBC-NI Advanced calculations
with the underlying input parameters from the pulses of the perveance variation
shown in figure 5.12 for one beamlet only.

in figure 5.12. The magnetic field configuration refers to plasma grid current of
3.5 kA as in the experiment together with deflection magnets in the extraction
system.
The vertical deflection angle has only a slight increase with higher normalised
perveance. The horizontal deflection angle however decreases with increasing normalised perveance and even changes its sign during the variation. The deflection
also reaches angular values which are comparable with the ones from the simple
analysis of the ELISE BES spectrum (see table 5.2).
5.1.2.3 Influence of the extracted current density
The normalised perveance is commonly changed by the extraction voltage but also
by a variation of the extracted current when the extraction voltage is constant.
In principle the beam optics for a certain normalised perveance value are always
the same without magnetic field. However an additional magnetic field in the

98

Chapter 5. Results

Figure 5.16: Beamlet deflection for the variation of the normalised perveance
by changing the extraction current at a fixed extraction voltage of 4.6 kV . The
values are obtained from BBC-NI Advanced calculations.

extraction system, as it is the case in the negative ion sources for ITER NBI,
increases the complexity of the beamlet formation. The beam optics cannot
be described explicitly by the value of the normalised perveance. Instead the
values of the extracted current density and extraction voltage have to be taken
into account. This means a change in the normalised perveance either by the
extracted current density or the extraction voltage leads to different beam optics
and therefore also deflection angles.
Figure 5.16 shows the horizontal and vertical deflection angle for a normalised perveance variation by changing the extracted current with fixed extraction
voltage Uex = 4.6 kV like in pulse # 2764. The vertical deflection slightly increases up to a normalised perveance of 0.1 and decreases again. However the
minimum vertical deflection angle is always above 0.2◦ .
The horizontal deflection angle first increases up 0.7◦ at a normalised perveance
of 0.07 and then decreases to negative values with a minimum of −0.5◦ at a normalised perveance of 0.25. The zero crossing is at a normalised perveance of about
0.15 which is in the range of the optimum normalised perveance condition for
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the ELISE grid system. At this point an undisturbed BES spectrum is expected,
which means the shape of the Doppler shifted peak is barely influenced by the
beamlet deflection. This has been already observed in figure 5.12.
The reason for the different behavior of the horizontal deflection angle for a normalised perveance variation on the one hand by changing the extraction voltage
and on the other hand by changing the extracted current is due to the space
charge of the beamlet. Increasing the extracted current at the same extraction
voltage leads to a higher space charge of the beamlet. The subsequent attractive
and repulsive forces from particle interaction has a huge impact on the particle
trajectories. The particle will likely travel through different electric and magnetic
field regions for the two cases of normalised perveance variation because of the
beamlet space charge. Therefore the trajectory for both cases at equal normalised
perveance can be complectly different.
5.1.2.4 Reconstruction of ELISE BES spectra
The study on the beamlet deflection by the magnetic field configuration at ELISE
showed up a possible reason for the unexpected shape of the Doppler shifted peak
in figure 5.13. A BBC-NI Simple run for the pulses of the normalised perveance
variation shown in figure 5.12 with the input of the obtained deflection angles
from the BBC-NI Advanced calculations should allow the reconstruction of the
BES spectra.
Figure 5.17 presents the result for two representative pulses from the normalised
perveance variation shown in figure 5.12. The upper one shows the BES spectrum
of LOS number 5 which is in the vertical center of lower beamlet groups. The
extraction voltage was Uex = 4.6 kV leading to under perveant conditions due
to the low extracted current. The Doppler shifted peak in the spectrum of the
BBC-NI Simple calculation, taking the deflection angles obtained from the BBCNI Advanced calculation into account, does not fit the measured one.
The lower graph shows the same spectra (from the measurement and from
BBC-NI Simple) but for a pulse with an extraction voltage of Uex = 2.1 kV. The
beam of this pulse is around the normalised perveance optimum. In principle the
simulated spectrum predominantly fits to the measured one with some deviation
at the left side.
BBC-NI Simple assumes a Gaussian distribution of the particle velocity angle
with respect to the beamlet axis. Considering a horizontal or vertical deflection
angle in the model is simply done by adding an offset angle to the distribution.
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Figure 5.17: ELISE BES spectra for two different extraction voltages. For the
BBC-NI Simple calculation the obtained deflection angles from previous simulations were obtained from the BBC-NI Advanced calculations concerning the deflection angles.

Actually the presence of the magnetic field may change the whole velocity angle
distribution of the beamlet particles. The model of BBC-NI Simple does not
sufficiently take this into account.
The next step should be a simulation of the BES spectra shown in figure 5.17
again but with BBC-NI Advanced. For this calculation of the whole beam, at
least two different magnetic and electric field maps are necessary because of the
alternating polarity of the deflection field. This means a further improvement of
BBC-NI.
Up to now the case for a caesium free source was investigated. By caesium
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Figure 5.18: ELISE BES spectrum in a caesium conditioned source with optimum perveance conditions. Additionally two simulated BBC-NI Simple spectra,
one for 1◦ divergence and one for 2◦ , are shown. The pulse parameters were Uex =
4.6 kV , Uacc = 24.1 kV , jex = 81 A/m2 Π/Π0 = 0.178 and psource = 0.49 P a.

conditioning of the source, i.e. evaporating caesium into the source, the extracted
current density is increased affecting the space charge of each beamlet. Also the
electric field in the first gap of the extraction system is different at the perveance
optimum, i.e. stronger, compared to the case of an unconditioned source. Finally
the flow of the negative ions to the meniscus is different due to the change from
volume to surface production. This all affects the beam optics.
Figure 5.18 shows the BES spectrum of the beam pulse # 3331. The spectrum
was measured in a well-caesiated source. The beam optics were in the perveance
optimum at 0.178 for a extraction voltage of Uex = 4.6 kV, because of the extracted current density, which was at 81 A/m2 due to low RF power operation.
The Doppler shifted peak is very narrow in contrast to the peaks obtained in an
unconditioned source while the edges show a broadening.
Additionally two simulated spectra are shown in the figure, which come from
BBC-NI Simple calculations. No deflection angle was considered. The input divergences were 1◦ and 2◦ . Although the obtained total voltage in the BBC-NI
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Simple calculations comes from the measurement, it turned out that the Doppler shift in the calculated spectra is less than in the measurement. In order to
compare the Doppler shifted peak from the measurement and from the simulations, the simulated spectrum was shifted by a wavelength of 0.1 nm to a higher
wavelength. The deviation in the Doppler shift between measurement and simulation corresponds to a difference in the observation angle of about 1.4◦ . The
observation angle is 50◦ with respect to the beam axis. A deviation of 1.4◦ means
an error of 3 %, which could come partly from the imprecision of the installation.
However this is unlikely to fully explain this deviation since the adjusting of the
optics heads was carefully performed. Still a small horizontal beam deflection
must be present.
The BBC-NI Simple calculation with a divergence of 1◦ fits very well to the
measured peak in the center. In contrast the peak from the simulation with 2◦
has a good agreement with the measurement at the edges, above all on the left
side. For the calculation with 1◦ the full width at half maximum (FWHM) is
0.22 nm while for calculation with 2◦ the it is 0.28 nm. The measured Doppler
shifted peak has a FWHM of 0.25 nm. This means that the mean divergence of
the beamlets seen by the line-of-sight will be very likely between 1◦ and 2◦ .
The simulation did not consider any deflection angle but the BES spectrum still
fits very good to the measurement. This was already indicated by the perveance
variation by changing the extracted current (see figure 5.16). Again, this underlines the statement that the magnetic field is the reason for the unexpected BES
spectra, which were obtained in caesium-free source operation and non-optimum
normalised perveance conditions.
As a result, this means in optimum normalised perveance conditions, the predicted BES spectra fit to the measured ones. This means for a negative hydrogen
ion source for ITER NBI operating with caesium at high performance in the normalised perveance optimum, the BES can be evaluated in the same way as for
small sources. However, the question which BES evaluation method (standard
evaluation or parametrisation method) obtains better results in large ion source
still is not answered yet. This will be discussed in the next section.
5.1.2.5 Advanced evaluation of ELISE BES spectra
Several BBC-NI Simple runs for various divergences at different extraction voltages
but constant acceleration voltage were performed. Again like in section 5.1.1.3 for
BATMAN the simulated BES spectra were evaluated by the standard evaluation
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Figure 5.19: Correlation between the obtained divergence by the parametrisation
method and the standard evaluation with the input divergence of the analysed BES
spectrum.

method, which is a Gaussian fit to the center, and with a Lorentz fit of the right
side of the main Doppler shifted peak and a parametrisation function following.
Figure 5.19 shows the comparison of the two evaluation methods within typical
divergence range for ELISE. The results from the standard evaluation overestimates the divergence while the results from the parametrisation method are already
very close to the optimum case. An explanation for this behaviour will be given
within the discussion of figure 5.20 in the following.
As for BATMAN several variations of the divergence at fixed voltages have
been performed to get a standard deviation of the error. The results are shown
in figure 5.20. The parametrisation method shows less error than the standard
evaluation. While the error of the standard evaluation is always ≥ 10%, the
parametrisation method has an error of less than 10% for divergences ≥ 1.5◦ .
Only for small divergences the error is up to 30% but significantly lower than for
the standard evaluation. Compared to BATMAN, the results from the standard
evaluation at ELISE are much worse.
The reason for the standard evaluation failing at low divergences can be again

104

Chapter 5. Results

Figure 5.20: Error occurring by evaluating the divergence from a BES spectrum
with the standard evaluation and the parametrisation method at ELISE. The green
area indicates the required error range for an absolute error of less than 5%.

explained by the insufficient parameter initialisation for the Gaussian fit. This
issue was already discussed at the end of section 5.1.1.3. Additionally the size
of the beam has an influence. Since the radiating particles in one line-of-sight
at ELISE have their origin in 640 apertures the horizontal angular distribution
seen by the LOS is not Gaussian even at lower divergences as it is the case at
BATMAN.
Furthermore the parametrisation method has better results since only the right
side of the Doppler shifted peak is fitted with a Lorentz curve. The shape of this
side is only correlated with the trajectory angle distribution seen by the line-ofsight. This distribution fits very good to a Lorentz function as already shown
in chapter 5.1.1. However, the error at low divergences (less than 1◦ ), which are
required for ITER is still too high.
5.1.2.6 Discussion
This chapter showed two important results for BES in large hydrogen ion sources.
First, the Doppler shifted peak of the BES spectra in an uncaesiated source
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or/and at bad normalised perveance conditions cannot be fully explained up to
now. However the influence of the magnetic field on the beam particle trajectories
leading to an average beamlet deflection is very likely to be the reason for the
unexpected shape of the Doppler shifted peak in the BES spectra obtained at
ELISE. A better understanding of the underlying beamlet formation is a future
task in beamlet reconstruction. At high performance conditions with a beam
at normalised perveance optimum, the simulation indeed does fit very well the
measured spectrum. Therefore in this operation scenario, beam parameters can
be obtained by the BES system. This is the important operation regime, where
the required beam inhomogeneity has to be proven.
Furthermore, the parametrisation method allows a more precise determination
of the divergence measurement from a BES spectrum as the standard evaluation.
However, the standard evaluation is valid in small ion sources with a low aperture number. With the new large negative hydrogen ion source for ITER, the
parametrisation method has to be implemented and further improved in order to
minimise the error of the evaluation at least below 5%.

5.2 Beam inhomogeneity
This section deals with the possibility to reconstruct the beam inhomogeneity, i.e.
the current density distribution at the extraction, from the spectra measured with
a BES line-of-sight array and the subsequently evaluation of the spectra with the
newly parametrisation method and the standard evaluation as a comparison. The
current density distribution at the plasma grid aperture directly influences the
individual beamlet divergence. Due to the generation and transport mechanisms
of negative ions (see chapter 2.5.1) a variation of the current density distribution
along the plasma grid is more likely to happen in vertical direction, because of
the presence a vertical plasma drift in the source (see chapter 2.4.3). Obtaining
and evaluating BES spectra from an vertical array of lines-of-sight will be a
technique to measure the beam inhomogeneity as it is the case at ELISE and
as it is envisaged for MITICA and SPIDER [98]. The definition of the beam
inhomogeneity was already given in section 2.5.2.2 by equation (2.29). It considers
the deviation of the extracted current density between the individual beamlets
and should not exceed 10% (see section 2.3). Since the extracted current density
does affect the beamlet divergence, an inhomogeneous beam is also reflected by
an inhomogeneous divergence profile at the apertures.
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In the following the principle feasibility of the reconstruction of the vertical
divergence profile is investigated by assuming a certain vertical beam inhomogeneity as input for BBC-NI Simple calculations of BES spectra, although the
error in the determination of the divergence for a single BES spectrum might be
still to large (see section above). Hence, a case of a mean divergence of 2◦ was
investigated as here the error is rather low. BBC-NI Simple is used, since it is
not possible to reconstruct proper BES spectra with BBC-NI Advanced, yet (see
section 5.3.4). For the following study two assumptions were made:
1. The current density is smoothly distributed along the vertical axis.
2. The extracted current at the edges can be either higher or lower. This
results into a higher or lower divergence for the beamlets at the edges than
for the central beamlets.
Since the divergence is an input parameter, its value was determined by a formula
leading to a parabolic vertical divergence distribution at the apertures:
s (z) = Np Cz 2 + 

(5.11)

s (z) is the beamlet divergence for a beamlet at the vertical position z, Np is
the inhomogeneity parameter (i.e. it describes the bending of the parabola) with
Np being a simple integer, C being a constant and  is the minimum, respective
maximum divergence depending on the sign of Np .
In twelve BBC-NI Simple calculations Np was varied between -6 and 6 with
 = 2◦ . The simulated spectra of the 16 vertical lines-of-sight were obtained and
analysed.
Figure 5.21 shows two examples from these modeled cases: Np = −1 and
Np = −5, i.e. a rather flat and a rather inhomogeneous divergence profile at the
apertures. For the case of Np = −1 the reconstruction does not work well, while
in contrast the reconstruction for the case Np = −5 is quite good. The standard
evaluation overestimates the divergence in both cases as already shown in chapter
5.1.2. The shape of the profiles from the standard evaluation in a first glance
seems to be in good agreement with the aperture profiles, however this might
only be by chance for the two shown profiles. The divergence values obtained
from the simulated BES spectra by the help of the parametrisation method show
different behaviour for the two cases. For the flat aperture profile (Np = −1), the
evaluated divergence values scatter widely around the input profile. In the case
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Figure 5.21: Two assumed aperture divergence profiles at ELISE and the obtained divergence profiles from the vertical line-of-sight array with the two evaluation techniques.

of Np = −5 the scattering is less pronounced and the input aperture divergence
profile is predominantly reproduced by the parametrisation method.
However, looking at the error bars it can be already seen that a reconstruction
of the input divergence profile (aperture profile) still is not possible. The error
obtained at the divergence evaluation was presented in last section (see 5.1.2.5).
A more detailed analysis, which will be presented in the following, can emphasize the fact that a reconstruction of the aperture profile with the present
methods is not possible. The BES divergence profile from the parametrisation
method, where two profiles were already shown in figure 5.21, is fitted with a
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Figure 5.22: Comparison between the inhomogeneity parameters of the aperture
divergence profile Np and the inhomogeneity parameter Nq of the fit from the BES
divergence profile .

simple parabola formula:
BES (z) = Nq Cz 2 + m .

(5.12)

BES (z) is the divergence depending on the vertical position z. C is again a
constant as in equation (5.11) and Nq and m are fit parameters, where Nq is representing the inhomogeneity parameter of the fitting curve. m is the maximum,
respectivly minimum divergence of the parabola fit of the BES divergence profile.
Comparing Np and Nq shows whether an aperture profile reconstruction is possible from the obtained divergences of the simulated BES spectra. Figure 5.22
shows the obtained correlation between Np and Nq . A linear correlation would
mean that the reconstruction of the input divergence profile, which is directly
linked to the current distribution in front of the plasma grid apertures, is possible. In fact, due to the large error bars of the evaluated divergence values from
the lines-of-sight even with the parametrisation method, the parabola fitting does
more or less produce a flat line. Therefore, the reconstruction of the divergence
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profile at the apertures cannot be achieved with the current data evaluation of
the BES system. As a consequence, as already mentioned, the evaluation error
has to be minimised furthermore.
There are three solutions possible:
1. Improvement of the parametrisation method. Within the work of this
thesis, the principle application of the parametrisation method was checked.
Therefore the obtained fit function was kept simple. Up to now, the right
side of the ELISE BES spectrum is fitted with a Lorentz function. However,
in the case of low divergences, the main Doppler shifted peak is expected
to be more Gaussian, since the origin-effect has only a minor role. A Voigt
profile V (x) described by the formula
2

e−t
2AwL ln(2) Z ∞
V (x) = y0 +
q
2 q
2 dt ,
π 1.5 wG 2 −∞
c)
ln(2) wwGL +
4 ln(2) (x−x
−
t
wG
(5.13)
might fit better to the shape of the Doppler shifted peak in any beam optics
case, because a Voigt function is a superposition of a Gaussian and a Lorentz
curve. y0 is the offset variable, A is a dimensionless parameter and xc is the
center of the peak, wG and wL are two widths and t is a integral parameter.
However, this would result into two values for the width representing the
Doppler shifted peak. Generally, increasing the number of free parameters
in a fit increases its quality. As a result the fitting of the Doppler shifted
peak with a Voigt profile would lead to a standard deviation and a widthparameter. The two free variables parametrisation function would increase
the complexity of the parametrisation technique.
2. Forward modeling of the BES spectra. For this method, the input parameters are chosen in a way, which leads to a good agreement of the obtained
BES spectra from the calculation with the ones from a dedicated shot that
is planned to be analysed. By adjusting the input parameters in consecutive steps, the agreement between calculation and measurement can be
increased. At the end of this iterative approach, the assumed divergence
profile for the simulation at the grounded grid is likely to be the realistic
one.
The advantage of this approach is a full database of all beam parameters
for the specific pulse since they can be extracted from the simulation data.
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However, in order to achieve successful forward modeling, the operator of
the code has to know the input parameter very well. Additionally, a solution
from the simulation which fits to the measurement might not necessarily
be the best one. Other ones with different starting conditions but the same
good agreement could refer to the realistic conditions more closely. It may
only be separated by the help of additional diagnostic tools. This means for
forward modeling, the experimental database of the whole diagnostic setup
(e.g. calorimeter, grid currents,...) has to be taken into account.

3. The profile of the integrated Doppler emissivity obtained with the line-ofsight array depends also on the divergence and on the beam inhomogeneity.
For determining this emissivity, the shape of the Doppler shifted peak is
negligible. Only a calibration of the lines-of-sight is needed, which was
done at ELISE. Comparing the obtained emissivity profile at ELISE with
BBC-NI Simple calculations could give the possibility to determine a beam
inhomogeneity. This method is also a version of forward modeling and will
be done in a next step.

5.3 Beamlet homogeneity
Up to now, most of the results from BBC-NI calculations in this thesis were
obtained with the BBC-NI Simple application. This means no consideration of
electric and magnetic fields, all particles from one aperture start in the center
and the velocity angle with respect to the beamlet axis is Gaussian distributed.
The benchmarks on BES spectra obtained at BATMAN support this assumption.
At ELISE the assumption of a Gaussian beamlet was only true for an operation
scenario at relevant current densities and optimum normalised perveance conditions. However, the assumption of a Gaussian beamlet does not necessarily have
to be valid. As it was shown in section 5.1.2, the magnetic and electric fields
have a big influence on beam particle trajectories leading to “unexpected” BES
spectra. Additionally TrajAn simulations indicate an inhomogeneous illumination of extraction aperture [70, 77], which can also influence the whole shape of
the beamlet due to a different space charge distribution than it is the case for a
homogeneous laminar flow of negative ions to the meniscus. Therefore the impact
of these effects on the beamlet homogeneity has been studied for the ELISE grid
system with BBC-NI Advanced simulations.
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Figure 5.23: Spatial flux distribution of a single beamlet at ELISE 0.6 m downstream the grounded grid with different magnetic field configurations.

Beamlet homogeneity concerns the spatial particle flux distribution of a beamlet after the extraction system as well as the beam particle directions, which can
be described by the distribution of the individual beam particle trajectory angle
τ.

5.3.1 Influence of the magnetic field
As already explained in section 2.5.2.2, two magnetic fields are present in the
extraction system, i.e. the filter field and the electron deflection field. Figure
5.23 shows the spatial ion flux distribution from a BBC-NI Advanced simulation
of one single beamlet for four cases with no magnetic field present (case 1), each
field individually (case 2 and 3) and the superposition of both magnetic fields
(case 4) respectively. The input parameters refer again to pulse # 2764 at ELISE
(see table 5.1 on page 91) without having caesium in the source, i.e. the extracted
negative hydrogen ions are mainly generated by volume production and have their
origin in the plasma bulk. The flow of negative ions to the meniscus therefore
can be assumed to be laminar and spatially homogenous. The spatial particle
flux distribution in figure 5.23 is taken about 0.6 m downstream the plasma grid.
Case 1 shows the flux distribution of the beamlet with no magnetic field. As
expected, it is very well focused and symmetric to the center where the highest
flux is present, which is expected from the beam optics.
Adding only the deflection field (case 2) shifts the particle flux to the right side,
due to the polarity of the magnetic field, as shown in the upper middle contour

112

Chapter 5. Results

plot of figure 5.23. For a reversed polarity of the deflection field (which is present
due to the alternating polarity in the aperture rows as explained in section 2.5),
the shift would turn to the left side. The influence on the beamlet homogeneity
by the magnetic filter field, generated by a current through the plasma grid (for
case 3 it is 3.5 kA), can be seen in the lower middle contour plot. A band of high
particle flux is formed with a prolongation from the upper right to the lower left.
A simple horizontal magnetic field component would only shift the center, i.e.
the position with the largest particle flux, upwards or downwards, depending on
the field polarity. However the 3D shape of the real magnetic filter field leads to
the observed particle flux distribution.
Having both magnetic fields present in the extraction system results in case
4 for the particle flux distribution. The influence on the beamlet homogeneity
coming from the deflection field is higher than from the filter field. The particle
flux distribution of the beamlet is completely different from the case without
magnetic field. A functional description of the trajectory angle distribution, as
it is done in BBC-NI Simple, is difficult for the case of the presence of magnetic
fields.
Figure 5.24 shows the trajectory angle distribution for the two cases: with no
magnetic fields and filter plus deflection field respectively. When no magnetic
field is present, most of the particles have a very low trajectory angle τ . This
results in the high particle flux in the beamlet center. Still, the trajectory angle
distribution from this BBC-NI Advanced simulation is not symmetric and the
maximum is not a trajectory angle of 0◦ . This is because of some numerical problems with the KOBRA3-INP electric field input. The reason is due to the beamlet
formation calculated by KOBRA3-INP, which is not fully self-consistent like in
PIC-codes and additionally, numerical artifacts occurring during the KOBRA3INP simulation can have a slight influence on the symmetry of the trajectory
angle distribution.
The maximum trajectory angle due to the solid angle of the aperture, determined by the grid geometry, would be at around ±9◦ . Due to the beam optics, the
maximum trajectory angle is at ±6.2◦ . Taking the magnetic field into account
changes this distribution. The shape is more smooth and the maximum is shifted
to higher trajectory angles, because of the polarity of the deflection magnets.
Figure 5.23 and 5.24 show that the magnetic field in the extraction system
can completely change the beamlet homogeneity. By chance, the assumption
of a Gaussian trajectory angle distribution with BBC-NI Simple may fit to the
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Figure 5.24: Horizontal angular distribution of the beamlet particles for the case
with no magnetic field and the magnetic field configuration at ELISE with a PG
current of 3.5 kA.

trajectory angle distribution of the realistic beamlet. This seems to be the case for
BATMAN, since in the benchmark the BES spectrum could be reconstructed (see
section 5.1.1.1). Dedicated beamlet homogeneity studies have to be performed
though.
At ELISE the influence of the magnetic field changes the beamlet homogeneity
in a way, that only for optimum normalised perveance conditions BBC-NI Simple
is a valid model for the ELISE beam. This could be seen already in chapter
5.1.2. Apart from the optimum normalised perveance operation regime, BBC-NI
Advanced with a realistic optic code has to be used for the simulation.

5.3.2 Influence of the electric field
The beamlet homogeneity is also influenced by the electric field. If there is a variation of the extraction and/or acceleration voltage with no magnetic field present,
the beam optics are changed leading to different beamlet divergences. However
the shape of the spatial particle flux distribution will stay rather constant. This
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Figure 5.25: BBC-NI Advanced calculations on the spatial negative ion flux distribution of a single beamlet at ELISE for different extraction voltages (affecting
the normalised perveance), 0.6 m downstream the grounded grid. The full magnetic field configuration at ELISE is taken into account.

means, most of the particles are in the beamlet center with a low trajectory angle
τ.
When the magnetic field is taken into account, the influence of an electric
field variation becomes complex too. Figure 5.25 shows the beamlet particle flux
distributions for a variation of the extraction voltage. The underlying pulses
are the same as for the perveance variation shown in figure 5.12. In the upper
left contour plot the maximum of the spatial flux distribution is shifted to the
right side. By decreasing the extraction voltage the area of a high particle flux
is split up in two areas. For an extraction voltage of Uex = 2.1 kV, which is the
normalised perveance optimum, they are located on the lower right and the upper
left side.
The evolution of the spatial particle flux distribution clearly shows the big
influence of the electric and magnetic field on the beamlet homogeneity. Due
to the different electric field configuration, particles are led in different magnetic
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field regions. As a result, the variation of the beamlet homogeneity during a
variation of the normalised perveance is a complex process.
The conclusion from this behaviour was already made up for the case of the
magnetic field variation. By chance the assumption of a Gaussian trajectory
angle distribution with BBC-NI Simple on the starting conditions may fit to the
realistic beamlet homogeneity. However this might not be true in any case, which
means BBC-NI Advanced has to be used in general.

5.3.3 Influence of asymmetric illumination
Beside the influence of the electric and magnetic field in the extraction system
on the beamlet homogeneity, the starting conditions of the negative ions at the
meniscus are also of importance. The distribution of the space charge at the
meniscus and the transversal velocities have a big impact on the evolution of the
beamlet shape in the extraction system.
Simulations which are performed with beam optic codes assume a laminar
flow of the negative ions to the extraction aperture. As explained in section
2.5.2.1, this might be a good approximation in a caesium free source, where
the negative ions are mainly coming from the plasma bulk. When the negative
ion production happens on the plasma grid via the surface effect, the starting
conditions are different. With the help of the code TrajAn (see chapter 4.3)
the velocity components of the extracted particles at the meniscus have been
determined. Additionally the code delivers the aperture illumination as shown in
section 2.5.1. Since the negative ions have to come from the plasma grid surface
around the extraction aperture the ions have a transversal velocity. Together with
the space charge at the meniscus due to the inhomogeneous aperture illumination
(see figure 2.11 in chapter 2.5.1) it is supposed to be the reason for some kind of
beamlet halo or non-Gaussian beamlet shape (see section 2.5.2.2). The halo/non
Gaussian beamlet particles with a relatively large divergence angle could be peeled
off from the beamlet at the grounded grid aperture leading to the losses on it
measured as the grounded grid current.
In KOBRA3-INP individual starting coordinates and velocities for every particle
can be initialised. These input parameters are taken from the output of TrajAn
(see section 4.3.3). Figure 5.26 shows the trajectory map with starting the conditions of the extracted negative ions, obtained from TrajAn. Every particle
initialised for this calculation should be extracted. This is predicted by TrajAn
and illustrated by the arrows. But it can be seen in the figure that many traject-
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Figure 5.26: Beamlet trajectories from a KOBRA3-INP simulation for BATMAN with the input of the starting conditions obtained from TrajAn. The parameters were Uex = 4.7 kV , Uacc = 13.1 kV and jex = 275 A/m2

ories lead back into the plasma. This means KOBRA3-INP cannot work properly
with realistic input parameters for negative ions. Probably, the space charge map,
build up in the code, leads to the back reflected particles. KOBRA3-INP has a
rudimentary compensation module, simulating the plasma, building up the space
charge map at the meniscus. The space charge compensation in the plasma in
axial direction is Boltzmann distributed. The compensation degree can be adjusted by parameter variation, however it was not possible to reduce the back
reflected particles. This indicates again that the plasma model in KOBRA3-INP
like the models in other codes is not sufficient enough to take a non-laminar and
perhaps more inhomogeneous flow of negative ions to the meniscus into account.
It should be mentioned here, that this problem might be less severe for the
ITER NBI system, as here some “rectification” of the beamlet due to the acceleration to 1 MV appears. Simulations showed that for voltages of around 0.5 MV
the calorimeter pattern from the beam could be reproduced very well [118].

5.3.4 Conclusion
In contrast to positive ion sources, the beamlet homogeneity in negative ion
sources is much more complex. The beamlet homogeneity is determined by the
electric and magnetic fields as well as by the aperture illumination. At least for
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Figure 5.27: Comparison of the measured BES spectrum at BATMAN with the
simulated spectrum from BBC-NI Advanced. The broadening of the Doppler shifted peak in the simulation is less pronounced compared to the peak in the measurement.

caesium free operation (i.e. a laminar flow of negative ions to the meniscus),
simulations, for example with KOBRA3-INP, deliver valid results, where only
the space charge compensation is a free parameter.
However, for the NBI system at ITER negative ions have to be generated
by the surface effect, which needs a caesium coverage of the source walls. The
currently available beam optic codes are not able to do a realistic simulation of
this scenario. However, BBC-NI Advanced needs realistic electric field maps in
the extraction system in order to be able to reconstruct BES spectra and power
density profiles obtained at the large source at ELISE. In order to illustrate
this problem, figure 5.27 shows a measured spectrum of the BATMAN pulse
#84969 and a simulated spectrum from a BBC-NI Advanced calculation. The
shift of the main Doppler peak and the stripping peak are in good agreement
with the measurement. However, with BBC-NI Advanced and the respectively
used KOBRA3-INP input, the broadening of the Doppler shifted peak and the
stripping peak due to beam optics is heavily underestimated. With the electric
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field map from present beam optic codes like KOBRA3-INP, it is not possible to
reconstruct realistic BES spectra obtained at negative ion sources for NBI.
New approaches by simulating the generation and extraction or the acceleration
of negative ions self-consistingly with particle-in-cell codes (e.g. ONIX) may
deliver these realistic electric field maps.

5.4 Stripping
A low beam inhomogeneity (see section 2.5.2.2) is important in order to minimise losses during the beam transmission to the fusion plasma. But also the
stripping losses of the negative ions in the extraction grid system have to be minimised as far as possible in order to increase the source efficiency. Furthermore
hydrogen atoms generated in the extraction system or hydrogen molecules from
the H2 background gas can be ionised by collisions and become backstreaming
ions. These backstreaming can have severe damage to the source when their flux
is too high (see chapter 2.5.2). This means, by the reduction of collision reactions and subsequently by the reduction of stripping losses, also the amount of
backstreaming ions can be reduced.
The stripping losses depend on the density profile of the background gas in
the extraction system as described with equation (2.28) on page 44. Because it is
technically not possible to measure that profile it has to be described by dedicated
models with proper assumptions, e.g. 3D Monte Carlo codes [22, 119]. For this
thesis, for the sake of simplicity, the density profile is determined with the simple
program Excelstrip [120], which describes the density profile quite well compared
to the sophisticated codes. In Excelstrip, the H2 temperature and the gas pressure
(from gas pulses) in the source as well as the gas pressure in the tank are taken
as input from the measurements. From that, the density profile together with
the conductance of the grids is calculated as explained below. Figure 5.28 shows
the results from this calculation.
The H2 temperature in the plasma was determined from the Fulcher band,
measured with optical emission spectroscopy [43]. It is around (1200 ± 100) K
for an ITER relevant source filling pressure of 0.3 Pa. With increasing source
filling pressure also the temperature increases (e.g. for 0.6 Pa it is (1400 ± 150) K)
[43]. Although this temperature increase is not considered in the following BBCNI Advanced calculation, it will be shown, that the plasma temperature has
only minor effect on the stripping losses. The H2 temperature in the tank is very

5.4. Stripping

119

Figure 5.28: Model of the pressure and estimated temperature profile in the
extractions system of BATMAN. The values at the positions 0 mm and 40 mm
on the beam axis are taken from measurements.

likely to be room temperature. The pressure in the source is obtained by Baratron
measurements while in the tank a Penning gauge is in operation. They measure
the gas filling pressure, which is higher than the plasma pressure, due to the
temperature of the heavy particles in the plasma. The positions of the pressure
measurements are not close to the extraction system, which leads to a small error
on the parameters that are shown in figure 5.28. The respective density profile for
a background gas temperature in the second gap, which is exemplarily at 500 K,
is shown in figure 5.29.
The temperature evolution in the grid system is determined by the temperature
accommodation coefficient Kac of the grids. This coefficient is defined as follows
[22]:
Tm1 = Tw + (Tm0 − Tw )(1 − Kac ) ,
(5.14)
with Tw being the temperature of the respective grid surface and Tm0 and Tm1
being the "temperature" of a gas molecule before and after the collision with that
surface.
The temperature distribution in the extraction system is calculated with the
following assumptions:
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Figure 5.29: Model of the density profile in the extraction system of BATMAN
with a background gas temperature in the second gap of 500 K.

1. The temperature is constant within the gaps.
2. The temperature decreases linearly within an aperture, because of collision
of gas particles with the wall.
The gas temperature in the second gap is a free parameter for the setting of the
temperature profile. The calculations from BBC-NI Advanced presented in this
chapter will also predict a value for this temperature. However the main aim of
these calculations is to enhance the evaluation of the stripping losses from a BES
spectrum as it will be shown in this section.
With a certain temperature profile, the pressure evolution is calculated by text
book formulas [121]. The assumption for the pressure is a linear decrease within
the grid apertures, a constant pressure in the grid gaps and no additional lateral
gas losses. This can be described by the formula
pa,d = pa,u −

Γ
,
La

(5.15)

where pa,d is the pressure downstream of one aperture and pa,u refers to the upstream pressure. Γ is the gas flow and La the conductance of the aperture. However this equation is only valid for equal temperatures upstream and downstream
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the grid. For the sake of simplicity this was assumed, however it is probably not
the case, leading to a calculated density profile in the grid system which has some
deviation from reality. This error might be not too large, as a comparison of the
model from Excelstrip with the ITER calculations showed a maximum deviation
of 20%.
The conductance of one aperture is calculated by using the formula for circular
tubes:
!−1
c̄
3la
La = Aa 1 +
,
(5.16)
4
8ra
Aa being the aperture area, ra the radius and la the aperture length. The mean
gas velocity c̄ can be written as:
s

c̄ =

8kB Tg,a
,
πm

(5.17)

with Tg,a as the background gas temperature and m is the mass of the gas
particles. kB is the Boltzmann constant. Tg,a is an average temperature, obtained from the background gas temperature upstream and downstream of the
respective grid. This reduces the error from equation (5.15).
The total gas flow is calculated with the conductance La,i of an aperture a from
grid i, the source pressure psource and the tank pressure ptank :
!−1

Γ = Na

X

L−1
a,i

(psource − ptank ) ,

(5.18)

i

Na being the number of apertures. The total gas flow from the source to the
tank can be obtained from the pressure measurement in pure gas pulses. During
plasma phases the H2 gas flow through one aperture is reduced because of the
dissociation degree which is around 10% [43]. Since the negative ion source is
operated with a constant gas flow, the source pressure is reduced because the
conductance increases with higher gas temperature, which is the case in plasma
operation. From the temperature and the pressure profile the H2 density in
the extraction system is calculated. Figure 5.29 shows such a density profile
exemplarily.
The stripping losses can be measured by BES only. As explained in chapter
3.2 this is done by the ratio of the integral of the Doppler shifted peak and the
stripping peak (equation (3.11)). In the standard evaluation the integral borders
for the stripping peak are chosen by reasonable assumptions: The cross section
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of reaction (2.21) has its maximum around 5 keV/amu. This is comparable to the
ion energy at the beginning of the extraction grid. At this position the density
of the background gas still is very high. Therefore most of the stripping occurs
in this region. This results into the clear formation of the stripping peak in the
BES spectrum (see figure 5.27). In order to take the Doppler broadening into
account, in the standard evaluation the integral borders are set ±0.25 nm around
the wavelength (see this practice in figure 3.9 on page 57) which corresponds to
the extraction voltage.
For the simulation on the stripping losses, BBC-NI Advanced has to be used.
For a plasma temperature of 1200 K and 1000 K respectively, the gas temperature
in the second gap was varied in 100 K steps down to room temperature.
BBC-NI Advanced generated a BES spectrum, which was then analysed with
the standard evaluation leading to a value for stripping losses. However, since
the emissivity of radiating stripped particles is obtained by setting the integral
borders to ±0.25 nm, the evaluated stripping losses might be underestimated.
This is because photons from stripped particles with a high energy (comparable
to the full accelerated particles) are not in the wavelength range of the stripping
peak. BBC-NI records if a stripping collision occurs for every single H− . This is
counted up leading to the total value for the stripping losses in the simulation.
Figure 5.30 shows the results from the BBC-NI Advanced calculations. The
underlying pulse parameters were Uex = 5.7 kV, Uacc = 13.1 kV, jex = 229 A/m2
and a source filling gas pressure of psource = 0.58 Pa referring to the BATMAN
pulse #84969 (see figure 5.27). The full dotted points show the total stripping
losses, counted up by the code. The values in the figure are therefore labeled with
“Counter”. With a lower gas temperature downstream the extraction grid, i.e. a
larger H2 density, the stripping losses increase exponentially. The difference in
the H2 gas temperature in the source does not have a large effect on the stripping
losses.
In a second step, the simulated BES spectra are evaluated by the standard
evaluation. The results on the stripping losses from this evaluation are lower
than the total losses in the code. The stripping losses obtained from the stimulated spectra are indicated with the open dots. They can be compared to the
experimental data of the shot which is underlying to these calculations. The blue
horizontal lines indicates the stripping losses obtained from the measured BES
spectrum in the experiment. The line crosses the exponential fit of the stripping
losses determined by the simulated BES spectra between 400 K and 500 K. From
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Figure 5.30: Stripping losses for two H2 gas temperatures in the source, obtained
from BBC-NI Advanced calculations, for the variation of the temperature in the
second gap of the extraction grid. Additionally the stripping losses measured by
BES from the experimental shot, underlying to the calculation, is marked as a
horizontal line. The normalised perveance of the used pulse is 0.12.

the modeling two basic results can be drawn:
1. The stripping losses obtained from the standard evaluation of the BES
spectrum clearly underestimate the predicted total losses. In this example
the total stripping losses are about 2 times higher due to considering the
high energetic stripped particles. This is shown by figure 5.31 for a BBCNI Advanced calculation referring to the same BATMAN pulse # 84969.
The gas temperature in the plasma for this calculation was set to 1200 K
and the background gas temperature in the second gap was at 500 K according to the results above. In the figure, the relative amount of detected
photons separated by the energy of the radiating stripped particles is presented. The histogram shows that a BES spectrum contains contributions of
photons from stripped particles in the whole energy range up to the energy
related to the total voltage of Utot = 18.8 kV. However, due to the standard evaluation of the stripping peak (with the fixed integral borders), only
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Figure 5.31: Relative amount of detected photons from stripped particles, separated by their energy. For the determination of the stripping peak in the standard
evaluation, only a certain energy range is considered indicated by the blue bars.
In this case photons from radiating stripped particles with an energy > 8 keV are
not considered in the standard evaluation. This refers to 35 % of the detected
photons from stripped particles. The extraction voltage was 5.7 kV.

a part of the photons are considered by the evaluation, in this case only
65%. Photons which are emitted by high energetic particles (in this case
> 8 keV), which have had a stripping reaction after the extraction grid at
higher velocities, contribute to the main Doppler shifted peak. Hence, the
separation between the amount coming from stripped particles and from
fully accelerated particles in this wavelength region in the spectrum is quite
difficult. A fast enhancement could be the fitting of the Doppler shifted
peak, only taking the one side of the peak into account, namely the one
which is not influenced by photons from stripped particles. Subtracting
this fitted peak from the spectrum leaves only the spectrum coming from
stripped particles. The two integrals which are necessary for the evaluation
of the stripping losses can be taken from the subtracted spectrum and the
fit of the Doppler shifted peak.
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However, as already shown in chapter 5.1.1 and 5.1.2, the Doppler shifted
peak is not necessarily Gaussian. This means also the stripping losses which
would come from an enhanced standard evaluation have a notable error.
But it would be at least smaller since the part of high energetic stripped
particles would be increasingly taken into account.
A second more precise method would generate a BES spectrum with BBCNI Simple, where the simulated Doppler shifted peak fits good to the measured one. Again, a substraction of the simulated peak from the measurement would lead to the spectrum coming from stripped particles. The error
of the obtained value for the stripping losses would be smaller compared
to the fitting method. This is due to the more precise reproduction of the
Doppler shifted peak from the simulation than from the Gaussian fit.
2. The gas temperature after the extraction grid is around 500 K. This means a
low temperature accommodation coefficient Kac within the extraction grid.
As a result, the density of the background gas in the gap between extraction
grid and grounded grid is comparatively large since the gas temperature is
close to room temperature. A decrease of this density could also decrease
the stripping losses and subsequently also the backstreaming ions. The
decrease of the stripping losses could be achieved by minimising the source
filling pressure as far as possible while still having an ITER relevant negative
ion current.
Furthermore the validity of the density profile predicted from the BBC-NI Advanced simulations can be confirmed by the BES spectrum obtained from the
calculation.
Finally, figure 5.32 shows the simulated and respective measured spectrum
from one BES channel for the case 1200 K gas temperature in the source and
500 K background gas temperature downstream the extraction grid. The beam
optics determined by KOBRA3-INP are not fully correct. The reason for this was
already discussed in detail in the last section. For the spectrum from BBC-NI
Advanced this means that every peak in it is narrower than it should be in reality.
The stripping peak in the measurement is not clearly separated, however it is
present and shows a hint of a double peak. With the density profile for the simulation, this double peak structure can be reproduced. Imagining a broadening of
the peaks in the simulated spectrum, due to the use of a correct potential map,
one could imagine a very good reconstruction of the measured spectrum.
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Figure 5.32: Comparison of the measured BES spectrum at BATMAN with the
simulated spectrum from BBC-NI Advanced. The agreement for the stripping
losses is at a optimum for the given temperature profile.

The discrepancy in the stripping losses between the model and the measurements described in section 2.5.2.2 might be explained by the error made in the
standard evaluation, but also from a density profile which is not realistic enough.
With the obtained results the deviation between model and measurement might
be decreased in future investigations. The achievement of the obtained results
was only possible, due to the large Doppler shift, provided by the design of the
BES system, especially at ELISE. This allows a clear separation of the stripping
peak from the Doppler shifted peak and the unshifted Hα peak in the range of
the perveance optimum. However at SPIDER, the BES observation angle will
be close to 75◦ and at MITICA even 85◦ [98]. This will smear the three peaks
to one complex peak since the development of the Doppler shift is small and the
spectrum will be even more difficult to analyse.
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6 Summary
The main goal was to provide a tool for the determination of the beam properties
of the large half ITER size (1 m × 0.86 m) negative hydrogen ion source at ELISE.
This is the trajectory code BBC-NI which has been developed within this thesis.
It is able to simulate the whole beam from the extraction to the calorimeter
including beam diagnostic tools and the outcome of their measurements. The
desired beam properties are the beam divergence, the beam inhomogeneity and
the stripping losses. With beam emission spectroscopy (BES) the Hα light of the
beam was measured spatially resolved with an vertical array of 16 lines-of-sight.
By obtaining the averaged divergence from each spectrum, a vertical divergence
profile of the beam can be obtained. In optimum normalised perveance conditions,
this profile correlates with the extracted current density distribution at the front
of the plasma grid, which cannot be measured directly. In order to investigate
the possibility of reconstructing the current density distribution at the plasma
grid from BES spectra, BBC-NI came into operation.
With the help of BBC-NI Simple the formation and the quality of the beam
parameter evaluation of a BES spectrum at small and large negative ion sources
for NBI has been investigated. Subsequently the results from this task were
applied on the reconstruction of the vertical current density distribution at the
plasma grid. Finally, the evaluation of the stripping losses, which are important
for the beam power losses and the amount of backstreaming ions, was analysed.
The standard evaluation of the Doppler shifted peak, i.e. a Gaussian fit of
the Doppler shifted peak, in order to determine the line-of-sight averaged beam
divergence originates from positive ion sources. This is a backward calculation of
the beam divergence from the measured spectrum. The analysis of the Doppler
shifted peak in negative ion sources is much more complex. This is due to the
presence of the magnetic fields and the source size, because negative ion sources
are larger than positive ions due to the achievable extracted current density.
With BBC-NI Simple the formation of the Doppler shifted peak in a BES
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spectrum was analysed in detail. In small sources, like the ITER prototype source
at BATMAN or smaller, the reconstruction of the measured Doppler shifted peak
by BBC-NI simulation was achieved. Several geometrical effects lead to the bellshaped peak. These effects are the area- and angle-effect as well as the origineffect.
In the large ion source (with several hundred apertures) at ELISE, depending
on the perveance, a more complex deformation of the Doppler shifted peak was
observed. This might come from the magnetic field (filter and electron deflection
field) together with the electric field in the extraction system. Furthermore, the
trajectories can be influenced by an inhomogeneous illumination of the extraction
aperture, that might be present. The beamlet spatial flux distribution is no more
Gaussian shaped as it is the case in positive ion sources but much more intricate
in the directional and spatial flux distribution of the beamlet particles. This leads
to the complex BES spectra.
The backward evaluation of the divergence from such a spectrum is not possible
anymore. With larger size and number of apertures, the influence of the geometric
effects increases, which makes the evaluation of the spectrum even more difficult.
However, operating the negative ion source in the normalised perveance optimum
leads to a less or not at all deformed Doppler shifted peak which can be treated
with the standard evaluation of a BES spectrum. BBC-NI Simple simulations
for a BES spectrum obtained at ELISE in optimum perveance conditions show a
beam divergence between 1◦ and 2◦ , which is in the range of the design value.
Still, the divergence can be measured with less error by a new evaluation which
is called the parametrisation method. Here, one side of the Doppler shifted peak
is fitted by a Lorentz curve. With a relatively simple method for the parametrisation of the Lorentz curve, which was contrived within this thesis, the error
of the divergence evaluation could be reduced. While the error of the standard
evaluation for BES spectra in the large source at ELISE is always above 10%,
the parametrisation method reaches an error of less then 10% for divergences
larger than 1.5◦ . For a smaller divergence, the results from the parametrisation
method have an error below 30% which is significantly lower than for the standard evaluation in this divergence regime. However, for a determination of the
beam inhomogeneity, an error of a least 5% is necessary. The development of the
parametrisation method was only possible due to the better understanding of the
formation of the Doppler shifted peak due to the geometric effects.
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Assuming a reasonable inhomogenous beam, simulated ELISE BES spectra
were evaluated with the parametrisation method in order to check the possibility of a reliable reconstruction of the input divergence profile. It was found out
that a reconstruction is not possible. The error of the divergence evaluation even
with the new parametrisation method is still too large. The reason is due to
the fit function of the Doppler shifted peak, which is still not adequate yet, i.e.
the squared deviation between Doppler shifted peak and fit function is too large.
This means, the determination of the beam inhomogeneity at ELISE, solely with
the BES system is not possible. Furthermore, when operating ELISE in the perveance optimum a variation of the extracted current density has only a marginal
effect on the divergence, due to the beam optics design. Therefore an inhomogeneous current density distribution in front of the plasma grid is hardly visible
in the divergence profile.

In source operation it has been observed that stripping losses obtained by BES
measurements showed smaller values (≈ 3%) as predicted by models (≈ 8%). In
order to find the reason for this deviation the evaluation of the stripping losses
from BES spectra has been investigated in this thesis. Several BBC-NI calculations with different density profiles in the extraction system were performed. The
outcome of the evaluated simulated BES spectra were compared with the evaluations from the underlying pulse. The density profile of the extraction system
from the calculation which had the best agreement on the evaluated stripping
losses compared to the experimental results could be a very close indication to
the real profile, which cannot be measured directly. Additionally, the calculation shows a discrepancy between the stripping losses evaluated by the simulated
BES spectrum and the total stripping losses occurring in the simulation. The
standard evaluation of the stripping losses underestimates the total losses by a
factor of about two. This is in the order of the deviation for the stripping losses
between measurement and model. The reason is due to the high energetic stripped
particles which cannot be neglected. The strong presence of the high energetic
stripped particles is due to the relatively large background gas density in the
gap between extraction and grounded grid and high cross sections for the stripping reactions a particle energy related to the extraction voltage. The radiation
of these particles does not contribute to the stripping peak but to the Doppler
shifted peak, i.e. the stripping peak (coming from not fully accelerated radiating
beam particles) and the main Doppler shifted peak (coming from fully accelerated
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radiating beam particles) have an overlap. Therefore the high energetic stripped
particles are not taken into account by the evaluation of the measured BES spectra since the deconvolution of the Doppler shifted peak is almost impossible.
The main results are, that first of all, the evaluation of the beam divergence
from a BES spectrum was improved with the parametrisation method. Furthermore it turned out that the evaluation of stripping losses and beam inhomogeneity
in large negative hydrogen ion sources cannot be performed by backward calculations from a BES spectra, i.e. by the analysis of the spectra. This means forward
modeling has to be done, which does also include the simulation of other beam
diagnostic tools, like the power density profile measured by the calorimeter. Combining all beam diagnostic tools and reconstructing their outcome with a BBC-NI
Advanced simulation, gives the possibility to determine the beam parameters by
extracting them from the BBC-NI code protocols. This requires a lot of effort
and is not well suited for a routine analysis.
For ITER this means that solely a BES system for the determination of the
beam parameters (i.e. stripping losses and beam inhomogeneity), as it is presently
foreseen, is not sufficient. Several beam diagnostic tools, e.g. the calorimeter
which can determine the power density profile of the beam, and a code like BBCNI are necessary. Additionally for the application of BBC-NI Advanced, a beam
optic code is needed, which is able to generate a realistic electric field map in the
extraction system. Such an optic code is not available so far.
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Appendix
A Error discussion on the beam inhomogeneity
For the derivation of the error of the beam inhomogeneity it is assumed that the
beamlet current density jk , of the clearly defined beamlet k, has the maximum
deviation from the averaged beamlet current density from N apertures. Thereby
ji is the beamlet current density from beamlet i, with i ∈ [1, N ] \ k. Equation
(2.29) on page 46 can then be written as:
Υ=

PN

(N − 1)jk −

i=1,i6=k ji
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i=1 ji
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with ∆ji being the error of the current density measurement from beamlet i.
Equation (6.2) becomes:
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The first summand S1 can be written as:
N

PN

ji
S1 = ∆jk P i=1,i6=k2 .
N
i=1 ji

(6.4)

For large N , and for small deviations of ji from the average beamlet current
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density, which is the case for a beam with a beam inhomogeneity of 10%, it can
PN
P
be approximated that N
i=1 ji . Equation 6.4 can be eased to
i=1,i6=k ji ≈
S1 =

∆jk
1
N

PN

i=1 ji

(6.5)

.

The second summand S2 can be approximated by assuming ∆ji = ∆jk . This
case leads to the largest possible error, because by definition jk should have the
maximum deviation from the averaged beamlet current. S2 can be written as:
S2 = N ∆jk
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PN
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(6.6)

.

For a low beam inhomogeneity with Υ being less then 10% it can be assumed
P
that jk ≈ ji ∀i. For a large N , this means that N
i=1 ji ≈ (N − 2)jk . The second
summand can then be written as
S2 =

∆jk
1
N

PN

i=1 ji

(6.7)

.

As a result equation (6.3) is simplified to
∆Υ = 2

∆jk
1
N

PN

i=1 ji

(6.8)

.

For an ITER relevant beam inhomogeneity of 10%, jk = 1.1 N1 N
i=1 ji respect1 PN
ively jk = 0.9 N i=1 ji , the relative error of the current measurement for jk is
∆Υ
∆Υ
either 2·1.1
or 2·0.9
, which is both approximately ∆Υ
. This means for a relative
2
error of Υ being 10%, the current density measurement has to have a relative
error less than 5%.
P
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