
 
 
 
 
 
 
Bauer, Alexander 
 
Characterisation of a Particle Injector for ASDEX Upgrade and  
Simulation of the Particle Trajectories in the Plasma Edge 
 
 
 
 
 
 
 
 
 
 
 
IPP 2018-23 
November 2018 
 



Master Thesis in Physics at
Technische Universität München

Characterisation of a Particle
Injector for ASDEX Upgrade and

Simulation of the Particle
Trajectories in the Plasma Edge

presented by

Alexander Bauer

Garching, 17.09.2018

First Promoter: Prof. R. Neu

Second Promoter: Prof. U. Stroth

Supervisor: Dr. V. Rohde





Abstract

Dust is a problem of future fusion devices. The plasma facing components
(PFCs) are eroded by several mechanisms as sputtering or arcing. This leads to
the creation of atomic W or W particles with sizes up to 100µm and velocities
up to 100 m s−1 in the scrape off layer. Dust can be transported into the core
plasma or deposited on the vessel surfaces. It leads to impurities in the plasma
influencing the plasma operation and hindering the ignition of the plasma.
Especially the high-Z material tungsten (W) used for PFCs of fusion devices
has a large influence on the core plasma. Therefore, the creation of the dust
as well as the penetration into the core plasma have to be investigated.

This thesis describes the characterisation and integration of a particle in-
jector from the Korean tokamak KSTAR into the tokamak ASDEX Upgrade
at the MPI for Plasma Physics in Garching to study the penetration and
effect of macroscopic particles on the plasma. In comparison to the charac-
terisation done in Korea the characterisation is additionally performed under
vacuum conditions. Small, defined amounts of different kinds of W dust can
be injected into a plasma discharge to study the evolution of the core W con-
centration and to follow the particle trajectories. Knowing the characteristics
of the injector and the powder the penetration probability can be calculated
and the behaviour of the plasma after injection can be evaluated.

The injector characteristics are used as initial parameters for trajectory
simulations with the DUCAD code. These give an indication of the penetration
depth and allow to estimate how the particle trajectory will be influenced
by the plasma. These simulations performed with different grain sizes and
velocities showed deeper penetration with increasing size and velocity. The
comparison of simulation and future experiments will provide data to improve
the modelling of dust which could enable to make predictions for future fusion
devices.
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Chapter 1

Introduction

In the recent past the decision regarding the future energy production went
towards an environmental friendly and CO2 neutral energy production to coun-
teract and limit global warming. The rising global need for energy led to the
search for alternative and environmental friendly ways of energy production to
replace the current burning of fossil fuels. One step is to only use renewable
energies, but they are depending on weather conditions and are not available
everywhere. The needed energy cannot reliably be produced by renewable
energies alone. In case of unfavourable conditions or high energy demand a
backup is needed. Additionally, one either needs good storage devices to save
overproduced energy, power plants not reliant on weather conditions or a mix-
ture of both to guaranty a stable energy supply. These power plants would
then operate as a base load and would work in synergy with renewable energies,
backing them up when needed.

One possibility for a base load power plant could be fusion power plants [1].
A power plant of this kind is inherent save as a loss of power supply leads to a
shut down of the power plant and end of the energy production. The amount
of radioactive material in the device at every time is low and the fusion process
does not allow an uncontrolled chain reaction. The fuel inside is only enough
for a few seconds of operation. Tritium (T) is part of the fuel but it is only
weakly radiating and produced inside the device. For the production of the
T no additional facilities are necessary which limits the amount of material
contaminated. As vacuum conditions are required the total amount of T in
the device is about one gram, which could be released into the environment
in case of an accident. However, there is more T in the device as explained
later. Some of the in-vessel components will be activated but they are made
from materials that only get weakly activated or form short lived isotopes only.
This leads to short times until such a plant can be taken down after it is not
used any more. No long term storage of the used components is necessary as
many thousand years for fission products. After 100 years the radiation of the
majority of the radioactive or activated material has decayed below the hands
on limit [2]. The materials can then be reused.

Up to now there is no power plant of this kind and the processes relevant
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2 1. Introduction

for fusion reactors are still researched. A fully operational fusion power plant
will take some time. The International Thermonuclear Experimental Reactor
(ITER), currently under construction in Cadarache, France, will operate for
the first time with fusion power being the major heating mechanism. ITER
is planned to operate at Q = 10 [3]. which means that the the power from
the fusion reaction is ten times that of the additional heating power required
to maintain the plasma temperature. With this reactor no ignition of the
plasma is reached which would equal to Q = ∞. It will gather the necessary
information allowing to run a fusion power plant. It should also show that
the concepts and designs for fuelling, sustaining operation for long times and
energy gain are realised.

The process used in an operating power plant is nuclear fusion, the same
process running in the sun to generate energy. As the conditions of the core of
the sun cannot be realised on the earth as the gravitational pressure is beyond
reachable ones on the earth one adapts this process by using magnetic forces.
The main process of the sun is pp fusion. The fusion process in the sun has
a low reaction rate but in the large volume and at high densities results in
a large energy output. On earth a faster reaction with high fusion rate in
a magnetically confined volume is used. The fusion rate for different fusion
reactions are shown in 1.1. The fusion rate of the pp reaction is several orders
of magnitude lower than those shown. The reaction applied in a fusion reactor
will be the fusion of deuterium (D) and T. It runs at lower pressure but higher
temperature with a high cross section to allow an efficient reaction rate and
energy output. The produced helium (He) will be used to heat the plasma.
High temperatures are needed to be around the maximum of the fusion rate
and to overcome the coulomb barrier to fuse D and T as they have the same
sign of charge. At the high temperatures atoms are ionised and form a plasma.
This plasma then contains only negatively charged electrons and the positively
charged atom cores and allows to confine it magnetically.

Figure 1.1: The plot depicts the fusion rate of different fusion reactions as a

function of the temperature. Picture taken from [4].

To achieve the ignition of a plasma the Lawson criterion sets a threshold
for an ideal plasma. The ignition of the plasma means that the heating from
the fusion products comes up for all energy losses of the plasma.
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n · T · τE > 3× 1021keV sm−3 (1.1)

The plasma quantities in the criterion in equation 1 are n, T and τE which
denote the plasma density, plasma temperature and the energy confinement
time. This triple product is derived from the Lawson criterion. This leads
to necessary values for these parameters of 2× 1020 m−3, 15 keV and 3 s con-
finement time [4] to obtain plasma ignition for a mixture of D and T fuel.
The threshold gets influenced by changing impurity concentrations in the core
plasma [5]. In a realistic fusion device impurities will cause additional losses,
which changes the necessary values of n, T or τE of the criterion as shown
in figure 1.2. Therefore, the impurity concentration needs to be very low as
otherwise a plasma ignition or burning plasma cannot be realised.

Figure 1.2: Shown are the values of the triple product necessary for the ignition of

the plasma as a function of the temperature. Ignition can be achieved in the ideal

case above the solid black line. Additional impurities as He which is the product of

the fusion reaction or W restrict the ignition to parameters enclosed by the lines.

With increasing W concentration the possible parameter range decreases. Picture

taken from [5].

Impurities originate from the fusion reaction as He or from eroded material
inside the vessel transported or diffused into the core. The impurity content
must be held low to allow operation of the plasma in a fusion power plant which
requires understanding of the creation of dust as well as the transport mech-
anisms. Therefore, dust and dust creating processes are studied by analysing
dust collected inside the machine and dust particles are artificially brought
into the plasma to study its impact.

This thesis focuses on the characterisation, commissioning and integration
of a powder injector into ASDEX Upgrade (AUG) that was used at the Korean
tokamak experiment KSTAR [6, 7]. The injector can be utilised to study the
tungsten (W) penetration and impact on the plasma behaviour. This is done
by injecting known amounts of tungsten with a known velocity. The knowledge
of these parameters and the size of the particles allows for a detailed analysis
of the transport and the impact on the plasma performance. The results of
the characterisation are used as input parameters for investigations with the
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DUCAD (DUst Characterisation And Dynamics) transport code. It is applied
to simulate how dust particles with the given properties behave for an injection
into the plasma.

This thesis is structured as follows: chapter 2 provides information about
the dust formed in fusion devices and the impact of dust on the operation of
those devices. In chapter 3 the injector and its functionality are described.
The setup used for the characterisation of the injector is part of chapter 4.
The results of the characterisation of the injector are discussed in chapter 5.
Chapter 6 reports on simulations of particle trajectories using the results of
the characterisation as input parameters for the DUCAD code.



Chapter 2

Dust in fusion devices

2.1 Impurity sources and issues

One major concern for the operation of future power plants is dust formed
inside the machine. The creation mechanism as well as the formed amounts of
dust are intensively studied due to their impact on the performance of a fusion
device, the edge and core plasma.

Dust is eroded material from plasma facing components (PFCs). It can
be redeposited on PFCs forming layers or transported into the core plasma.
With increasing thickness of these deposited layers, they become unstable by
internal stresses and flake off forming dust. Dust particles can deposit in hard
to access locations where they accumulate and built up an in vessel inventory
of dust.

Dust creation will be an increasing problem as the machines are getting
bigger with longer duty cycles and with higher particle and power fluxes [8, 9]
on the PFCs. The eroded amount increases leading to more dust in the machine
building up with operation time.

The PFCs will be continuously eroded during plasma operation with dif-
ferent rates for a low-Z material as carbon (C) or a high-Z material like W.
Whereas low-Z materials are strongly sputtered even by D, high-Z materials
as W can only be sputtered by impurities as they have enough energy to over-
come the sputter threshold. As the sputter yield for W is quite low, other
processes as arcing can play a role in the erosion. Arcs, which are observed
at some regions in all present day fusion devices [8, 10, 11, 12], cause local
melting of the PFCs, which leads to the production of droplets with typical
diameters of some microns. Furthermore, macroscopic particles can be formed
by local melting due to high heat loads.

These erosion processes create dust particles with a size ranging from a few
10 nm to a few 100µm [13, 12]

Dust particles are created with velocities ranging from a few to 100 m s−1

[10, 12, 14, 15]. Some particles are observed with higher velocities [16, 17, 18]
of up to 500 m s−1. Depending on their angle towards the surface they leave
the PFCs towards the plasma. Others are deposited on the wall again.

5



6 2. Dust in fusion devices

The difference of the influence of low-Z and high-Z materials on the core
plasma are the different amount and origin of radiation and the resulting en-
ergy losses. Low-Z elements get fully ionised in the core plasma and are only
emitting bremsstrahlung which is a lesser concern. High-Z materials as W do
not get fully ionised and bremsstrahlung is only a minor contribution. High-Z
materials emit line radiation with a large radiative efficiency [19] and lead to
energy losses by cooling the core plasma [5]. This sets an upper limit of W in
the plasma.

Further, the formed dust inside the device is connected to safety and op-
erational issues. The dust retains the fuels D and T and leads to higher con-
sumption and an increase of the T inventory in the vessel causing operational
issues and subsequently safety ones. As mentioned before only little amounts
of fuel are meant to be in the machine but this retention increases the amount
significantly. A higher T retention leads to an increased radioactive inventory
that can be released in case of an accident. At an incident with air or water
getting into the vacuum vessel the stored hydrogen with the oxygen may form
explosive mixturess [8, 9, 20]. An explosion would distribute present activated
dust in the environment, which is a main concern, and lead to damage of the
machine. As a consequence the maximum allowed inventory of dust as well as
retained T in ITER is limited [20, 21].

During early operation of the AUG tokamak its FPCs were made from C
because it shows only little impact on the plasma and good thermal properties.
Besides the positive aspect of low plasma influence and a higher critical amount
for plasma operation than other elements, C exhibits a disadvantage in case
of fusion operation. The C of the PFCs retains and stores significant amount
of hydrogen by forming hydrocarbons removing it from the plasma inventory.
With time an in vessel inventory builds up and the formation of hydrocarbons
erodes the PFCs. Those erosion processes also lead to the formation of deposit
layers with the issues as mentioned before. The hydrocarbons can get pumped
out by the vacuum pumps resulting in the loss of the reactor fuel or deposit in
hard to access areas and accumulate in the vessel. Whereas the pumped out
portion can be recycled, the hydrogen bound in layers and dust in the machine
is problematic as discussed before.

This led to the change from C as wall material to W. W shows significantly
lower hydrogen retention but does not get ionised fully as mentioned before.
W shows an extremely high melting point and low erosion yields which makes
it a good choice for the PFCs.

After the change from C to W the formed dust in the vessel was inves-
tigated at vent events at AUG. Dust collection showed a significant amount
of macroscopic W particles and spheres hinting to a relevant W source in the
machine.
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2.2 Dust studies at ASDEX Upgrade

For C PFCs deposit layers can form and strong erosion occurs with the con-
nected issues as mentioned before.

With the transition to high-Z PFCs these issues could be reduced but the
effect of the then formed dust needed to be investigated. The concentration of
these high-Z materials in the core is critical as mentioned before and must be
limited to ensure plasma operation.

There are two mechanisms of W penetrating into the core region. Ions in
the scrape off layer (SOL) created at the wall can drift and diffuse into the
confined region and macroscopic particles penetrating the separatrix release
their material in the confined region where it diffuses into the core. For some
discharge conditions W accumulation in the core is observed which leads to
high energy losses and cooling of the plasma [22]. The W profile in the core
is connected to the turbulent and neoclassical transport of W in the core and
pedestal region [23]. Strong peaking of the core W density occurs when the
neoclassical transport dominates [22] in unfavourable condition of inward neo-
classical convection [23]. When W is transported towards the core plasma
radiation in the core increases. The central W content can be controlled us-
ing central electron and ion cyclotron resonance heating [22, 23]. As single
W grains can contain large numbers of W atoms they have strong local and
temporal effects on the plasma and on the core. They are transported into
the core when favoured by the discharge conditions as mentioned before or the
amount of W is large.

Macroscopic particles have a higher probability to penetrate into the core
plasma. The core W content is, therefore, connected to the probability of
particles to penetrate beyond the separatrix. If created particles have a high
probability to release W close to the separatrix the control of dust needs to be
addressed and is critical for the operation. Therefore, the central W content
is linked to the amount of dust created as well as the size and velocity.

The core limit for the W concentration in AUG is at fraction of 1× 10−4

of the plasma density which is around 7× 1019 m−3 in typical D discharges.
The limit for other impurities is different but for the test reactor ITER the W
limit is around 1× 10−5 [5]. Therefore, the mechanism of W transport need to
be understood. W in the SOL can alter the plasma properties in this region.
The interaction of W with the divertor leads to higher sputtering compared to
other impinging species as W is impinging on a W surface.

After the transition intensive studies of the dust found in AUG were per-
formed to evaluate the dust creation as well as the size and composition of the
dust. This was done by placing silicon wafers in the machine to collect parti-
cles during operation. After a campaign they were removed and an automated
analysis using scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX) to classify the dust particle size and composition was
applied [13, 10, 24].

Dust particles consist mainly of W but also C and boron (B) contributions
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are present. The elemental contribution to the particles can be explained by
the operation and the elements present in the machine.

Apart from the composition of the particles another point is the size and
shape of the particles as well as the number of them. Investigations [13, 24, 25]
showed the shape of the collected particles separated into two classes. On the
one hand spherical particles and on the other hand irregularly shaped particles
containing W, C and B. The particles range from some nm to 100µm. The
typical size of spheres found is around 1µm.

The mass of the collected dust can be used for an extrapolation of the
mass of the dust created in the whole vessel. This is a rough estimation and
only allows to see a tendency of the total mass. The mass is several 100 mg
per measurement interval [10, 13, 25] between vent events at AUG. For other
machines the collection of dust showed masses of several 100 mg so some 10 g
also including dust collected from underneath vessel components [26, 27]. This
mass is not critical for AUG or other devices but for future devices it will most
likely be as the plasma time at AUG is around 4000 s a year whereas ITER
will have single discharges of up to and over 1000 s [28] leading to a higher
dust creation rate and faster accumulation of the dust [9].

Dust particles are created by different mechanisms as mentioned before.
Arcing is one major creation mechanism [29]. In AUG it is strongly dependent
on the toroidal as well as the poloidal position [30]. The W spheres found
close to arc traces are similar in size and shape to those in the collected dust.
This makes it plausible that the W spheres found are droplets resulting from
arcing processes also because they show no contamination of other impurities
[10, 30]. Another characteristic of arcing along with erosion is the creation
of droplets with a velocity towards the plasma [30]. Depending on the size
and velocity the penetration into the core plasma beyond the separatrix has
different probabilities.

One main disadvantage of the dust collection is that dust is gathered over
a whole campaign and does not allow to identify the creation mechanism of
the dust. There are several in-situ methods to observe the dust, dust creation
events or collect particles during operation [12, 18].

One of those techniques is the analysis of camera recordings from inside
the device [31, 32, 33, 34]. From those recordings properties as speed and
creation location can be obtained. The observation of dust is limited because
only large enough particles are observed. Additionally, particles do not start
to glow instantly and are not visible where they have been created except they
directly originate from melting processes. Particles are only observable when
they have a diameter of 3 to 5µm and a temperature of above 1500 K, hence,
the emitted radiation is high enough for detection by a camera and higher than
the surrounding plasma [35, 34].

The penetration and the effect of artificially introduced dust on the plasma
can be studied. To investigate the penetration of dust, a small known amount
is injected in the SOL with a defined speed. By monitoring the central tungsten
concentration via spectroscopy, the penetration probability can be calculated.
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To study the transport and impact of dust particles simulations are applied.
Those rely on precise input data. For intrinsic dust observed by camera several
parameters are unknown which leads to uncertainties in the calculation. Espe-
cially the size and the composition of observed particles are unknown and have
large influence on the result. This lead to the usage of dust injectors of different
kinds to have control over the initial parameters of the dust [6, 36, 37, 38, 39].
Exact knowledge of the injector is obtained by characterising it. These char-
acteristics can be used as input parameters for the codes in order to validate
the code with injector experiments. When an exact modelling is possible the
simulation can also be applied to model future devices and predict the impact
of impinging dust.
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Chapter 3

Injector setup

To study the effect of dust on the SOL plasma and the penetration into the
core plasma, known amounts of dust are injected into a plasma discharge. The
injector cannot only be used to study the effect of dust on the plasma but its
injection characteristics can also be used as input parameters for simulations.

In the following the injector used for the later characterisation is described
and its functionality is explained.

The injector setup was developed at the Korea Advanced Institute of Sci-
ence and Technology KAIST for the operation in the KSTAR tokamak [7].
The injector, therefore, fulfils the requirements for the operation in such an
environment. It is supplied from the Korean tokamak experiment KSTAR.

3.1 Criteria for motor and materials

The injection device consists of two essential parts, the motor with its control
and the injector.

On the one hand motor and injector must be able to operate under vacuum
conditions which sets limitations on the materials used, see also [7] part II.A.
and II.B. This means that the outgassing of the motor and injector components
in vacuum must be low. On the other hand, the motor must operate under
high magnetic fields of around 2 to 3 T. This makes it impossible to use an
electrical motor. A third point is the ability to work without cooling as no
active cooling is applied to the motor and injector. The motor itself is not
directly exposed to the plasma as a W-coated graphite cap protects the motor
and injector. By positioning the injector behind a limiter the temperature will
not exceed 100 ◦C which can be monitored by an IR camera close by. Only the
tip of the injector penetrating the cap can have direct plasma contact visible
in figure 5.20.

These limitations and necessities lead to the choice of a rotary piezo mo-
tor, the model PUMR-40 from piezo-tech [7] . The vacuum compatibility of
motor and injector was tested and confirmed with the operation under vac-
uum conditions. It was operated in a glow discharge with mounted protection
cap without any detectable damage to the motor, injector or the protection

11
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cap. Dedicated experiments under high magnetic fields were not performed.
Experiments with low fields were done without impact on the injector. The
successful operation during the characterisation at KAIST and in KSTAR un-
der high magnetic fields with the same injector shows the ability to operate
under these conditions.

For the injector the same requirements for the material and operation apply.
The parts of the injector are made of stainless steel [7].

3.2 Injector parts and setup

The device consists of an injector with a magazine filled with dust. The motor
pulls back a piston and compresses a spring. Meanwhile dust is supplied from
the magazine to the piston. Then the piston is released, the spring accelerates
the piston and the powder is injected.

Figure 3.1: The motor is shown in green with the bar mounted on the shaft of it.

The motor runs in counter clockwise direction. The injection gun is shown in light

blue and the trigger in purple. Towards the front of the injection gun the magazine

in purple is placed. The injector is mounted on the midplane manipulator on the

connector in silver on the right.

The injector shown in figure 3.1 consists of three main parts the injection
gun, a moveable piston with trigger and a magazine [7]. The injection gun is
the core part of the injector. At the front of the injection gun the cylindrical
magazine is situated storing the powder for the injections. In the centre is a
small hole where the powder can fall through to supply powder to the piston.
The magazine holds the powder for over 40 injections. The piston is located
inside the injection gun. It has two holes drilled into it. One is drilled from
the front in axial direction with a diameter of 6 mm and the second one is on
top. This is visualised in figure 3.2a.

On the shaft of the motor a bar with a round end is attached. The bar
transfers the rotation of the motor and pushes the trigger back which then
pulls back the piston.
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A compression spring is located inside the injection gun. It is confined by
the thick front part of the piston and the end of the injection gun.

When the piston gets moved back the spring gets compressed and builds up
elastic energy. The built up energy propels the piston to inject the dust when
the bar moves past the trigger and releases it. The forward motion of the piston
is stopped by the trigger hitting the back of the injection gun. The powder is
thrown out as it keeps its gained momentum. The different positions of the
piston during one injection and the loading process are illustrated in figure 3.2.

Figure 3.2: Picture (a) shows the initial state when the motor is at rest. The

magazine on top of the injection gun. Inside of the injection gun the piston (grey)

with the cavity for the powder at the front (left) is located. The spring (symbolised

by the dots) is placed in the injection gun around the thinner part of the piston. At

the back (right) of the piston the trigger is mounted. The motor starts moving and

the bar pushes back the trigger with the attached piston. This allows the powder

to fall into the cavity of the piston to load the powder (b) during the time the hole

in the magazine and the piston are above each other. Once the bar releases the

trigger, the piston is accelerated by the spring. The powder is thrown out when the

piston is stopped by the trigger hitting the injection gun in (c).

The injector and the motor are mounted on a base plate. The dimensions
of the device with the mounted protection cap are 8.3 cm by 8.3 cm for the
base plate and a height of 7 cm with the cap mounted. The base plate also
acts as connector to install the injector at the midplane manipulator (MEM)
which is the installation position for the experiments in AUG. It can be seen
in figure 3.1 on the right side. The installation position is illustrated in figure
5.1 and the installed injector with mounted protection cap is shown in figure
5.20.

3.3 Motor control

In order to control the injector, the motor rotation and the connected bar
position must be controlled. This can be done in two ways.

The first option is to control the motor via a PC based software that allows
to change all running parameters of the motor as well as starting and stopping
the rotation of the motor. The software allows to set the running speed of the
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motor and the run time. The PC is connected to the motor controller directly
by a USB connection. The motion can be stopped at any point by pressing
the respective button.

The used motor does not have an encoder to track the motor position. The
motor position is controlled by setting two parameters, run time and running
speed. In conjunction with the later experiments a run time of 600 ms for one
revolution is chosen. The running speed is connected to the amount of powder
supplied from the magazine to the piston in the time the holes are on top of
each other.

The experiments and tests showed that after 10 to 20 injections the bar has
changed its position by a quarter turn. Some optimisations of the injector de-
creased the position shift per injection and resulted in these values. Therefore,
this effect is still present and noticeable for multiple consecutive injections.
After 20 or more injections the effect of accumulating powder inside the in-
jector sometimes increases this effect. This limits the number of injections to
about 25 injections before an enhanced probability for a malfunction arises.

The problem of not knowing the current position could be solved by in-
stalling a reference switch to give a signal when the bar is at a specified position.
This way it could be kept track of the position and more injections would be
possible. The maximum number of injections is then limited by the magazine
capacity and the powder accumulation in the injection gun.

The second method of control is to trigger the motor by an external signal
and not by PC. The parameters for the motor are set as mentioned above
and saved on the controller. The motor runs with the set properties when
triggered by the external signal. The external control is established by an
connection port on the motor controller for the external trigger signal. The
trigger signal allows a timed and synchronised usage of the injector to the
plasma discharge and the other diagnostics. To connect the PC outside the
experiment hall and the motor controller inside the experiment hall the signal
leaving the PC via the USB port is converted into a LAN signal and back to
USB. A sketch of the wiring is shown in figure 3.3. This allows to change the
running parameters at any time if a change of parameters is necessary. Making
changes to the running characteristics is problematic as the motor position can
not be seen. The operation of the motor and therefore of the injector is based
on the identified characteristics of the motor.

The second method is the one employed for the operation in AUG because
of the synchronisation of the injection with the other diagnostics. This is
done by the AUG timer module [40]. For the laboratory experiments the first
method is used as no synchronisation is needed. The external triggering of the
motor was successfully tested in the laboratory as well as the connection of
the PC outside the experiment hall and the motor controller inside.
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Figure 3.3: The sketch shows the wiring to set the parameters and control the

motor during the experiment. The control starts with setting the run time and

running speed by the software on PC. The signal of the software uses the USB port

for connection to the motor controller. The distance from outside the experiment

hall to the motor in the experiment hall is overcome by a LAN connection. Two

adapters are used to convert to a LAN signal and then back to USB to establish

the connection to the controller. For synchronisation with diagnostics the motor is

triggered by an external signal.
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Chapter 4

Characterisation setup

To evaluate the injection characteristics is the next step before integrating the
injector into AUG. The injections are recorded with a high speed camera at
atmospheric pressure and under vacuum. The analysis of the recordings gives
insight on the injection characteristics as powder speed, range and spread
of the particle cloud. Further, those experiments show the reliability of the
device. In the following the measurement setup used for the recordings of the
characterisation is described.

Under atmospheric pressure the powder is affected by air flows or eddies
as seen on recordings made in the laboratory shown in figures 4.3a and 5.15.
These additional influences alter the shape and behaviour of the dust cloud
of the injected particles. This is especially relevant for longer times after the
injection when the dust cloud gets thinner. Those influences by air can be
almost excluded when the injections are carried out under vacuum conditions.

Due to the observed spread in air a characterisation of the injection is
hardly possible. It is necessary to perform the characterisation under vacuum
conditions to obtain precise properties of the injector. Further, the injector is
operated in vacuum which makes it necessary to characterise it under vacuum
conditions.

The carried-out experiments under vacuum conditions validate the capa-
bility of the motor and injector for vacuum operation that is needed for an
operation in the AUG tokamak. These results confirm the findings in Korea
with plasma injections and operation in KSTAR [6].

4.1 Vacuum chamber

Figure 4.1 shows the used vacuum vessel. The height is around 1 m and the
diameter is about 80 cm. The pumps employed are two scroll pumps and two
turbo molecular pumps. First ones are necessary to reach the pressure range
in which the turbo molecular pumps can operate. When a pressure of below
100 Pa is reached the turbo pumps are switched on in addition. This two stage
pump setup allows to reach pressures below 1× 10−4 Pa, i. e. the influence of
air on the injection and the dust cloud can be excluded.

17
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The chamber has multiple ports that can be equipped with windows allow-
ing to look into the chamber. They are utilised to monitor the injection with
a fast camera and to provide the necessary illumination of the powder.

Figure 4.1: Shown is the vacuum chamber used for the experiments. The port on

the left is replaced by a window and the camera is placed in front of it. The laser

is placed in front of the port seen on the right. Picture taken from [41].

A description of the measurement and recording setup is given in the next
section.

4.2 Measurement setup

The idea and basic principle behind the setup is to record the injected dust
with a fast camera and analyse the recordings to deduce the different properties
of the injection. From the evaluation of the recordings the characteristics
and parameters of the injection and of the powder cloud are obtained. The
properties of interest are the initial injection speed and the spread of the dust
cloud of the particles. In a second step the shape evolution of the dust cloud
can be derived.

The vacuum vessel is a core part of the measurement setup for the charac-
terisation which can be seen in figure 4.2.

The chamber has a window at the front to mount and access the injector.
It allows to monitor the injector and the injected powder inside. In front of
this window the camera is placed. The placement of the injector in the vacuum
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Figure 4.2: The scheme illustrates the recording setup viewed from above. It

illustrates the setup and positioning of the different components but is not to scale.

The distance of the camera (bottom, black) from the injection plane is around 50 cm.

The laser (right, red) is positioned in front of the window on the right about 90 cm

from the injector. The injector (dark blue) is mounted on the left. In blue the ports

of the vessel are shown. The ones for the camera and the laser are equipped with

windows and the others are sealed.

chamber has the drawback that the camera is further away from the injector
than possible outside the chamber.

The camera used for recording is a Phantom V711, which allows to record
with up to 7530 fps with full resolution of 1280 px× 800 px. The chip of the
camera is about 50 cm away from the injection plane. A Nikon AF Micro-
Nikkor 60 mm 1:2.8D objective is used for the recordings. It is positioned
perpendicular to the laser and injection plane to record the light diffracted
from the dust particles. The position of the camera is mostly fixed by the
requirement to be perpendicular to the injection and laser as well as recording
a large enough area where the dust is injected. Another important property
limiting the observation is the amount of light diffracted by the dust that can
be recorded. This favours a close placement of the camera.

Outside the vessel on the right of the camera the light source for illumina-
tion is located. A line laser is pointing at the injector through another window
to illuminate the injected dust. This kind of laser device creates a laser line
when projected on a wall. As shown in figure 4.2 the laser is aligned to the
injection direction. The laser position is about 90 cm away from the injector.
The laser device used is a 180LR from Fluke. The projected laser line has a
width of 6 mm at the position of the injector. This is the size of the piston
diameter.

The possible observable horizontal field of view is around 20 cm with the
injector visible on the left of the recorded images. The vertical field of view is
about 16 cm with the injector visible in the middle. Such pictures are shown
in figures 4.3d and 5.11 which are converted to a size of 25.3 cm× 15.8 cm at
the distance of the injector. For a recording with the injector in the vacuum
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chamber the resolution is 0.198 mm px−1 and a frame rate of 500 fps is used.
Recordings outside the vacuum chamber can have different resolution due to
different distances from the camera to the injector.

4.3 Dust illumination

For initial investigations in air the illumination was done with bright halo-
gen lamps connected to flexible light guides to focus the light on the injection
plane. This provides good illumination in the volume in front of the injec-
tor. To enhance the contrast and minimise the background a black fabric was
positioned behind the injector.

In the vacuum chamber a different method was needed as the halogen lamp
could not be placed inside the vacuum chamber and a line laser was chosen.
After validating this way of illumination in the laboratory under atmospheric
conditions this was applied in the vacuum vessel. To reduce the background
all lights in the lab were turned off and all windows of the vacuum vessel that
were not needed were covered.

The advantage of the illumination by the halogen lamps is that the illu-
mination is much brighter and the whole 3D cloud is visible. The cloud is
transformed into a 2D projection of the cloud by the camera recording. The
drawback is that particles in front or behind the focus of the camera are not
recorded sharp. The line laser only illuminates one plane and therefore the
recordings only show a 2D slice of the cloud where all recorded dust is sharp
but showing smaller signal intensity. Dust that spreads or moves horizontally
out of the laser plane is not observed but visible with the lamp illumination.
This is a reason why there is no dust visible with the laser close to the injector
compared to the halogen lamp. The dust is outside of the laser plane because
of the spreading and influence of air flows in the laboratory on the cloud. With
a larger injection angle

The effect of the spread due to a horizontal injection cone was found to be
small compared to the observed spread of the dust cloud along the injection
direction. The spread was determined in the laboratory at atmospheric pres-
sure with a sheet of paper that was placed 15 cm below the injector to evaluate
the impact region. The majority of the dust with the highest range was found
on the paper within an angle of less than 6◦ towards both sides of the injector
axis at ranges of around 17 cm. This shows that the observed spread is not
due to a large spread of the injection angle but originates from the interaction
with the air. The dust would be more spread at the farthest position if the
injection angle would be the dominant factor.

A comparison of the illumination methods in the different environments is
illustrated in figure 4.3.

With the lamp illumination in the laboratory in air shown in figure 4.3a
more dust is seen compared to the laser illumination. This is especially evident
in regions close to the injector some time after the injection when the dust
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Figure 4.3: Comparison of the two illumination methods used in the laboratory

with the halogen lamp in (a) and in (b) by the laser. The difference of the laser

illumination in the vacuum vessel is shown for atmospheric pressure in (c) and

for vacuum in (d). All pictures are taken 50 ms after the injection. The contrast

of pictures with the laser illumination (b,c,d) was enhanced for better visibility.

Pictures (a) and (b) have a field of view of 10.6 cm× 6.6 cm, (c) of 16.3 cm× 10.1 cm

and (d) of 25.3 cm× 15.8 cm. The pictures show the full recorded image with a

resolution of 1280 px× 800 px except for (c) which is only a 820 px× 512 px section.

Pictures (c) and (d) can be found in figure 5.16 and 5.19 with different contrast,

respectively.

cloud is spread and faint. In this case only the front parts of the dust cloud
are illuminated by the laser as seen in figure 4.3b. To evaluate the speed the
information is sufficient in some recordings but to determine which portion of
the dust reaches the necessary ranges especially in air the laser illumination
does not provide enough information. For injections with atmospheric pressure
in the chamber shown in figure 4.3c the laser illumination shows a lower signal
compared to the laboratory case which is due to the larger distance of the
laser from the injector. This leads to limited identification already shortly
after injection. Observation is already hardly possible around 50 ms after the
injection or around 6 cm from the injector. The bad visibility of the dust in
the chamber under atmospheric pressure is especially relevant for longer times
after the injection when the dust cloud gets thinner.

Under vacuum conditions as shown in figure 4.3d the signal with laser illu-
mination is much better indicating a denser cloud due to the smaller noticeable
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spread and higher signal intensity. The recording in vacuum can be well eval-
uated over the whole time interval of the recording until the dust leaves the
field of view.

The tests under vacuum are necessary and beneficial for a precise deter-
mination of the characteristics and for the demonstration of the operation in
vacuum.



Chapter 5

Injector characterisation

5.1 Characterisation motivation

Prior to the integration into AUG the injection system needs to be charac-
terised. It is essential that the injector works reliably before the device is
mounted on the MEM. Further, there are several requirements for the injector
to be met before the device can be installed.

The exact knowledge of the injection properties is also important to simu-
late and calculate the transport and trajectories of the dust after the injection.

It is important to ensure that the powder reaches the separatrix position.
Due to the mounting position at the MEM an injection range of at least 10 cm is
needed. Results of simulations shown later will evaluate whether this distance
is reached in plasma or not.

Figure 5.1: On the left the installation position of the injector on the MEM is

shown in a poloidal cut of AUG with a typical plasma shape. The injector is located

in the shadow of a limiter. The distance from the separatrix (blue) will be about

10 cm. The picture on the right shows the injector position (red) as seen by a fast

camera used for monitoring and recording the injection.

23
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Additionally, the initial injection speed is necessary to be measured. This
provides the trajectory of the particles in vacuum. The speed is important
to know as it has a strong effect on the penetration depth which controls the
location where the grains evaporate and release W. This will also be investi-
gated in the simulations presented later. Further, most of the powder should
get close to the separatrix position which requires knowledge about the shape
and evolution of the powder cloud after injection. This is important to show
how the powder is distributed. Other parameters of the injector are the mass
per injection, the grain size and shape of the powder. The information of the
mass is necessary to allow the calculation of the penetration probability from
the comparison with the measured W content. The properties of the powder
like grain size and its distribution are necessary as different sizes presumably
have different effects on the plasma and behave differently when in contact
with the plasma.

With these properties a qualitative and possibly quantitative analysis of
the results from experiments with plasma injection can be obtained.

In the following the analysis of these parameters is given performed with
the setup described before. The methods applied are given, too. There were
two injectors available called Injector A and Injector B. For the experiments at
AUG Injector A is proposed as initial investigations showed that the injected
mass by Injector B is significantly higher which may cause unduly high W
concentration after injection. From a mechanical point of view Injector B is
structurally almost identical to Injector A. Small differences are the diameter
of the moving piston and the holes in the magazine and the piston.

5.2 First characterisation and pre-experiment

adjustments

Before performing injection experiments in vacuum or recording injections,
the reliability of the motor and the injector needed to be established and en-
sured. In this phase slight optimisations were made to the injector to obtain
a smoother running and less friction between the moving parts of the injec-
tor. For example, at the interface of the trigger and the guides material was
removed and the interface where the rotor pushes and slides over the trigger
was polished.

The stopping or slow down due to dust remaining in the injector could be
reduced and almost excluded. Mainly because the reduction of friction allows
the motor to reliably overcome additional friction due to powder inside. The
motor operates the injector even in the case that dust has been deposited inside
the injector which is the case after multiple injections. This deposition cannot
be avoided due to the spacing between the outer cylinder and the piston.
The malfunctions due to stopping were significantly reduced by the applied
adjustments. After many injections, 35 to 45 or more, the motor sometimes
still gets stopped by powder accumulated inside the injection gun. This high
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number of injections points to another problem. As mentioned before the end
position of the bar changes slightly adding up after many injections and gets
enhanced by the accumulating powder. This induces a shift of the bar position
of a quarter rotation after 10 to 20 revolutions. 25 injections are possible before
any problems occur by the bar not releasing the trigger due to the shift of the
end position to a position before releasing the trigger.

The spring and the built up energy in it define the injection. By increasing
the strength of the spring, the injection properties like the injection velocity
can be changed. During the initial test this was done by inserting two identical
springs, but the frequency of malfunctions was higher and not applicable for
injections in AUG. This could be solved in the future by the use of a stronger
motor or further optimisation of the injector.

5.3 Particles

The W powder used for the experiments is from Treibacher Industrie A.G.
Type L29864 W100. A digital microscope (Keyence VHX-5000) was used to
characterise the size and shape. The digital microscope and the optics allow
to take pictures with magnifications ranging from 50 up to 2500. The device
has a panorama mode that automatically takes multiple pictures in a defined
area and stitches them together for pictures with higher resolution.

Figure 5.2: The picture depicts a large area of the sample with the dust. Ob-

servable are the different sizes of the dust ranging from grains with a diameter of

10µm to agglomerates with length of 100µm. The size of the shown picture is

1030µm× 942µm and is a result of the panorama mode of the device. The W

grains are supplied from Treibacher Industrie A.G.

The evaluation of the pictures shows grains of different sizes and shapes.
As seen in figure 5.2 a wide variety of particles is present. The powder con-
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Figure 5.3: Both pictures show different spots with single grains, round agglom-

erates, stick like agglomerates and some particles with a more complicated shape.

The size of the pictures is 340µm× 255µm. Both show the particles of Treibacher

Industrie A.G.

tains many agglomerated particles that are larger than the single grains. The
number of agglomerated particles is higher than that of single grains. Single
grain particles are regularly observed with a size of 8 to 15µm. These are in
the most cases of spherical shape as seen in figure 5.3b shows a spot with a
size of 340µm× 255µm.

Agglomerated particles with a size of around 30µm are more common.
Some of the agglomerated particles have an elongated shape with a width of
around 15µm which is around the size of one or two single grains. The length
of these particles varies strongly from 20 to up to 150µm in rare cases. This
is observable in figure 5.2 as well as in figure 5.3a. Other agglomerates form
clusters with a round shape and typical sizes of 30 to 50µm. Large particles
above 80µm are not found frequently. Particles with a size between 15 and
60µm are the main contribution showing different shapes from spherical to
elongated.

After the first investigation of the powder and the observation of the many
agglomerates the powder was placed in a small glass and put into an ultrasonic
bath. The goal was to split the agglomerates into smaller grains but there was
no observable, clear difference compared to the untreated particles.

This is illustrated by figure 5.4 which shows a similar size distribution as
figure 5.2. A lot of agglomerates are visible as well as many small grains.
Overall the difference to the untreated case is not significant and only some
spots show different size distributions or less large agglomerates and more
single grains. Therefore, the treatment has some influence on the sizes of the
particles, but the majority does not get affected.

As a result, the powder is used without any treatment for the injection
experiments and characterisation of the injection properties.
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Figure 5.4: The picture is taken using the panorama mode. The size of the

picture is 1628µm× 1223µm The size distribution ranges from small single grains

to agglomerates with size of 50µm. It shows the powder of Treibacher Industrie

A.G. after ultrasonic treatment.

5.4 Mass

The next parameter characterised is the mass per injection. This is a important
parameter for the plasma interaction because of the core W concentration limit
for the AUG tokamak. The radiation of the injected particles will modify the
plasma or even cause a disruption in case of the core limit concentration is
exceeded. If the injected mass is significantly above the limit already a small
portion entering the plasma is critical. Therefore, a reasonable injected mass
is aimed for which is large enough to have an impact on the plasma but low
enough not to cause a disruption. The core W limit for AUG is 1× 10−4 of the
plasma density. This is equal to around 29µg W in the whole plasma volume
for a typical discharge.

The mass per injection is also important to identify which fraction of the W
dust penetrated the plasma beyond the separatrix. This portion contributes
to an increase of the W concentration only. Knowing the injected mass and
the core W concentration increase a penetration probability can be calculated.
The mass corresponding to the core W increase divided by the injected mass
gives the penetration probability of the injected powder.

During this mass characterisation additional substances like boron nitride
(BN) and spherical W particles were used aside from the powder shown before.

5.4.1 Measurement method

The direct measurement of the injected mass is difficult and an indirect way to
measure the injected mass is chosen. A rubber cap is used to catch the powder
thrown out by one injection. The dust gets deposited inside the rubber cap and
all ejected dust is collected. The net mass is evaluated by weighing the empty
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cap before the injection and the filled one after the injection. The weighing
machine MC 21 S from Sartorius is used to weigh the caps. The measuring
error of the device is 2µg and the readout error is 1µg.

The following procedure is applied to determine the mass of the caps.
Three balance weights from the lab are used for referencing. First, three
metal weights (1 g, 200 mg and 100 mg) are weighed. Then all rubber caps are
weighed. Between measurements of the different samples and reference weights
it is made sure that the weighing device resets to zero when the sample is re-
moved. This was done five times resulting in five data sets per rubber cap and
balance weight. The mass is determined by calculating the difference of empty
and filled caps.

5.4.2 Weight evaluation process

First for each weight or cap the average and the standard deviation are cal-
culated from the series of five measurements. The standard deviation of the
five measurements is larger than the error of the device. The deviation of each
measured mass is in the order of 5 to 15µg for W injections. In the case of W
injection this is small against the calculated mass of several 100µg. A typical
W grain with a diameter of 25µm has a mass of 0.16µg. Hence, the devia-
tions do not arise from one grain more or less supplied to the piston but from
strongly varying particle numbers. For BN injections the standard deviation
of the five measurements is in the range of 3 to 7µg with the measured mass
being several 10µg.

The measurement of the metal weights was utilized to determine weight
differences due to changed environment conditions in the laboratory. By com-
paring the measurements of the balance weights done together with the series
of empty caps and the filled caps a weight loss or gain of them can be deter-
mined. This mass change of the balance weights is added or subtracted from
the calculated weight of the filled caps. The weight loss or gain was typically
small compared to the standard deviation and has minor impact on the in-
jection mass. The deviation was of the order of the standard deviation of the
balance weights at 1 to 4µg. After taking this into account the difference of
the empty and filled caps is formed to obtain the actual injected mass.

5.4.3 Injection mass

The first mass investigated corresponds to injections using the W powder de-
scribed before. Later the mass of injections using (BN) and spherical W par-
ticles are investigated. As mentioned earlier two injectors were available and
used for these measurements.
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Figure 5.5: The mass injection per shot of two measurements series consisting

of 11 caps each. Injector A is used for these measurements. The dust used is the

powder from Treibacher Indistrie A.G.

5.4.3.1 Injector A: irregular W powder

Figure 5.5 shows the mass injection of Injector A of the powder from Treibacher
Industrie A.G shown earlier. The 22 data points are obtained from two mea-
surements series with 11 consecutive injections each.

As seen in figure 5.5 the measured masses are quite close together. The first
11 measurements have an average mass per injection of 556µg with a standard
deviation of 89µg. The second set of 11 measurements has an average of 577µg
and a standard deviation of 74µg. The observed scatter of the masses shows
that the mass per shot is not constant with the same running properties but
overall the masses are consistent showing not many strongly differing masses.
The differences of the masses arise from the loading mechanism that is relying
on the powder falling through the holes which is only driven by gravity as
well as the capability of the powder to flow through the holes. The average
of both measured series is 565µg. The standard deviation of the injected
mass is 83µg which corresponds to 15 % of the mean value. Plotting both
measurement series in a histogram and comparing them to the corresponding
gauss fit shows good agreement and only few masses strongly deviating from
the mean value.

The standard deviation of each measurement is of the order of 6 to 15µg
which is around 3 % of the mean injected mass. It is smaller than the standard
deviation of the whole series. This supports the assumption that the loading
mechanism is the defining source for the scattering of the masses. The errors
by the measurement are significantly lower than the observed scatter of the
masses and the only remaining factor is the mechanic and loading itself.
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5.4.3.2 Injector B: irregular W powder

Those measurements were also done with Injector B that has a slightly different
piston diameter and hole sizes to supply the powder. The results of these
measurements are shown in figure 5.6. The series contains 10 consecutive
shots.
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Figure 5.6: The mass injection per shot of one measurement series with Injector

B. At injection 7 the bar got stuck after loading and no injection was performed.

The next injection therefore shows a higher mass ejection. For the plot on the right

point 7 and 8 are not included. The dust used is the dust from Treibacher Industrie

A.G.

The injected mass is significantly larger due to the different hole diameters
of this injector compared to Injector A used before. Additionally, the scattering
of the masses is larger than for Injector A.

Two measured masses deviate strongly from the mean value of the other
masses due to a malfunction of the injector. Those points are the masses 7
and 8 and are taken out of the calculation. They result from the bar getting
stuck on the trigger after loading the powder for injection 7. As it was not
sure whether powder fell into the cap it was not used again but measured
afterwards. This showed that some powder had fallen out of the cylinder when
pulling the piston back. For the next injection the motor was rotated back so
the bar was in front of the trigger. The mass is therefore higher as powder got
loaded twice. The mass of this shot does agree quite well with the double of
the average of the other masses. This case shows that an optimisation of the
device is necessary to get a reliable working. In the laboratory such an error
can be seen and solved but for the experiment the protection cap is mounted,
and the position of the bar cannot be seen or accurately adjusted.

The average mass of these 8 measurements is 21.7 mg with a standard
deviation of 6.3 mg. The standard deviation is 29 % of the average injected
mass. Two data points are outside the standard deviation of the mean value
showing a larger scattering of the injected masses compared to Injector A.
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Moreover, by comparing to the gauss fit in figure 5.6 for the mean value and
standard deviation it can be seen that Injector B has a larger scattering of the
masses compared to Injector A.

The mass is a factor of 40 higher than that of Injector A.

5.4.3.3 Injector A and B: BN powder

Additional tests were performed with other powders. One of the tested sub-
stances was BN. The density of BN is much lower than that of W at only
2.2 g cm−3 compared to 19.3 g cm−3 for W. Therefore, a smaller mass per in-
jection is expected.
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Figure 5.7: Results of the mass measurement using BN. The plots on the left show

the mass for Injector A and the right plots belong to Injector B.

As shown in figure 5.7 the mass per injection is significantly lower than
that of W. Injector A had a W mass ejection of 565µg whilst Injector B had
masses around 22 mg. The BN masses ejected are in the low 10 µg range. This
applies for both injectors.

Injector A has a mean ejected BN mass of 16.6µg. The deviation of the
measured masses is 5.5µg which is 33 % of the mean injected mass. In this
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case the deviation of the mean value is of the order of the standard deviation
of the single masses. This shows a higher uncertainty compared to the W
measurements due to the low mass. Furthermore, the masses plotted in a
histogram show a wide scatter and no mass range that occurs frequently. The
masses are oriented towards the high and low end of the measured masses.

The mass injected by Injector B is at 61.6± 23.4µg. The measuring error
of each mass is about a factor 3 smaller than the deviation of the different
measured samples. This deviation is 38 % of the mean mass. The masses
are almost homogeneously distributed over the range from the lowest to the
highest mass. Multiple data points are outside the standard deviation even
including the error each measured mass. This indicates the impact of the
loading mechanism on the ejected mass as well as the influence of the powder
used.

The stronger deviations of the masses of over 40 % of the mean value of a
series could be due to the worse supply of the powder to the piston. As the
powder is lighter there is less gravitational force on the powder to fall through
the holes. Further, due to the shape of the powder some of it could get stuck
in the hole of the magazine hindering the powder from the magazine to fall
into the cavity, so it can get injected. This shows some limitations to the
powder that can be injected as well as the masses of a substance achievable.
Additionally, the results highlight the influence of the loading mechanism on
the mass.

5.4.3.4 Injector A: spherical W powder

As seen before the used W particles have an irregular shape. An additional
test with spherical and equal sized W particles was done. The powder is from
LPW Technologiy Ltd. The size of the spheroids is around 30µm. Even before
the measurement of this powder it was noticed that this powder is flowing
better than the W powder used before. This might lead to an increased mass
compared to the irregular W powder that does not flow that well. This test was
only performed with Injector A which is used for all following investigations
about the injection properties.

The ejected mass per shot was evaluated in two measurement series. The
first one resulted in 11 measurements and the second one in 13 masses. The
evaluation of the first 11 caps filled with powder resulted in a mass per shot of
21.7± 3.4 mg. The second series of 13 measurements shows a mean mass per
shot of 23.2± 3.7 mg. The deviations of 16 % from the respective mean value
are similar to that of the measurement of the irregular W powder injected with
the same injector. The mean value of all 24 masses is 22.5± 3.6 mg, which is
a deviation of 16 %. The amount of W is comparable to the injections done
with Injector B using the irregularly shaped W powder suggesting that the
ejected mass with injector B would be even higher. The increase of the mass
can be explained by the better flowing of the powder that results in a more
homogeneous loading compared to the irregularly shaped W powder. The
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Figure 5.8: The injection masses of 24 measurements with the spherical W powder

done with Injector A. The measurement is done in two series containing 11 and 13

caps.

spherical powder might not lead to powder getting stuck or blocking the hole
of the magazine which leads to a higher amount of W supplied.

As seen in figure 5.8 the distribution of the masses does fit very well to the
gauss fit for the determined mean value and standard deviation. As the relative
deviation from the mean value is similar to that of the other W powder this
also supports the assumption that the deviation originates from the loading
process itself.

5.4.3.5 Injection mass and core W limit

Table 5.1 summarises the results of the measurements of the injection mass for
the different powders tested and the two applied injectors.

Injector A Injector B

powder/mass mean σ mean σ

irregular W 565µg 83µg 21.7 mg 6.3 mg

BN 16.6µg 5.5µg 61.6µg 23.4µg

spherical W 22.5 mg 3.6 mg not measured

Table 5.1: Results of the mass per injection characterisation of Injector A and

Injector B. Values are given as the mean value with the standard deviation of the

measurement series.

Coming back to the initially mentioned core W limit, one can calculate the
concentration of the injected W for the plasma volume. The mean injected
mass is 565µg. The W mass equals to 1.85× 1018 W atoms. The volume of
the plasma is 14 m−3. The concentration would then be 1.3× 1017 m−3. This
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is 2× 10−3 of a typical plasma density of 7× 1019 m−3 and would be a factor
20 higher than the W core limit itself.

The penetration probability for paticles created by laser blow-off is 10 %
which is equal to a screening factor of 10 [42, 43]. For the injection of the
powder the probability is expected to be lower due to the lower velocity of
the particles. This makes it reasonable to use Injector A for injections. For
Injector B with a mass of 22 mg the number of atoms is factor of 40 higher.
This would require a lower penetration probability, compared to that of laser
blow-off or Injector A, to not exceed the core limit. This amount of dust is
operationally not reasonable due to the large amount of W dust deposited
inside the machine and the high probability to cause a disruption.

Therefore, Injector A is chosen for further characterisation.

5.5 Video evaluation

The next important quantities considered and evaluated are the initial injection
velocity, the resulting trajectory of the particles and the spread of the powder
cloud. These parameters are defining the main characteristics and are key
parameters of the injection. They are directly linked to the spring in the
injector as it is the force behind the injection and the resulting velocity of the
piston.

To evaluate the initial velocity and the trajectory the same method is used.
With the velocity of the dust cloud and the trajectory the range and height
loss can be evaluated and characterised. Knowing the size and shape of the
dust cloud after injection the necessary information about the portion of the
dust reaching the separatrix can be estimated. These characteristics later on
provide the data for a precise simulation of the transport and penetration into
the plasma. The detailed data about the injection give very defined initial
parameters for simulation and modelling.

In the following the position tracking is described. Afterwards the results
of the characterisations for the different cases of an injection in air in the
laboratory, in air in the vacuum chamber and under vacuum conditions in the
vacuum chamber are presented.

5.5.1 Evaluation and position tracking method

To evaluate the trajectory and velocity the video data is analysed applying
a global threshold to each frame of a recording. Those pixels with a signal
of the laser light diffracted by the dust are obtained. Filtering the relevant
pixels above a threshold allows to process the data of the position and calculate
the trajectory and the velocity of the powder. The threshold is chosen after
identifying signal intensities corresponding to the background by plotting the
signal intensities in a histogram. The background fills most of the picture
as seen in figure 4.3d or 5.11. The counts of the corresponding intensities
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are significantly higher than for the intensities of the dust. The signal of the
particles are those pixels with intensities distinct above the background. From
the position of those pixels in each frame a mean position of the dust cloud is
calculated.

Additionally, to this method a second approach to access the position of the
dust is applied. For this method not all pixels of one frame above the threshold
are used to calculate the mean position but only the most forward ones. The
centre of the 25 most forward pixels in injection direction is calculated. This
corresponds to the position of the dust cloud front.

By calculating two positions and the according velocities a comparison of
the mean and the front motion can be made. As seen in figure 5.9 the different
methods do not show a significant deviation for the fit of the trajectory. Only
in the beginning the deviation is larger than for the rest of the trajectory. With
time the recorded intensity of some cloud parts decreases so that the overall
number of pixels above the threshold decreases. The number of pixels with
intensities above the threshold gets closer and finally below the value chosen
for the definition of the front. Then the position for both methods becomes
the same.

The trajectory fit is similar and the difference at the beginning has a small
influence on the trajectory fit towards the end for the method using the mean
of all pixels above the threshold. The difference mainly originates from the
different position of the early frames compared to tracking the front part of
the dust cloud. The front tracking method is closer to the observed trajectory
and to the position where the front part actually leaves the picture. In the
following the front tracking method is applied for the determination of the
position.

The fitted trajectory and others investigated rise in the beginning due to the
powder cloud spreading and the tracking method. The upper part is brighter
and at the front of the dust cloud shifting the traced front position above the
middle of the injector. This increase of the dust position does not surpass the
upper edge of the cavity drilled into the front of the piston. Then the dust
falls down which is fitted by a quadratic function as expected for a free falling
motion.

5.5.2 Evaluation issues

There are some issues occurring while analysing the videos. Some injections
show a very low diffraction signal in the later frames of the recording making it
difficult to identify the dust against the background. The signal intensity drops
early below the limit in these frames and no data in regions far from the injector
is obtained. This leads to less data points for the powder position. Those
missing points can be interpolated using the trajectory fit of the obtained
points of earlier frames, but few points lead to a less constrained fit for the
region far from the injector. Recordings with good and long visible dust are
chosen for the tracking of the dust position.
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Figure 5.9: The plots show the difference of the tracking methods close to the

injector in (a) and towards the end of the observed image section in (b). The

trajectories shown in the picture are found by fitting a quadratic function to the

positions found by tracking the dust with the respective method. The picture

shows the dust signal for each frame superimposed. The yellow points are obtained

by plotting all points above the set threshold and the cyan fitted trajectory is the

respective fit to the mean position of each frame. The blue fit and the magenta

points are obtained from the front method only using the 25 most forward pixels.

The method considering all points is lower in the beginning as also particles of the

lower cloud part contribute. Later both methods contain the same points when the

overall number is below the criterion for the front. Due to the initial difference

the trajectories also vary at the end. The threshold chosen for both methods is

the same. The distances on the axes are given in pixels and can be converted by

multiplying by 0.198 mm px−1. Larger versions of the pictures can be found in figure

A.1 in the Appendix.

Different recordings show different ratios of dust signal to background and
overall dust signal intensity. As a result of different dust intensities, the thresh-
old to identify the dust is not the same for all recordings and varies for different
recordings and injections. The limit is chosen for each injection individually
but is often the same. Deviations occur as the change of the threshold is
connected with different pixels contributing to the position calculation. This
induces a shift of the calculated mean front position of the considered pixels
and the fitted trajectory.

As seen in figure 5.10b a higher threshold in the case of the investigated
recording leads to the trajectory fit being lower than for the lower limit. Other
recordings can have a trajectory located higher for a higher threshold compared
to a trajectory obtained with a lower limit. This leads to deviations connected
with the choice of the threshold depending on the injection.

After analysing 18 injections the deviation of trajectories due to different
limits is found to be in the millimetre regime. The largest separation of the
trajectories induced by the different thresholds is below 15 pixels at the same
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Figure 5.10: The trajectories shown in the pictures are found by fitting a quadratic

function to the points found by tracking the 25 most forward pixels above the

intensity threshold chosen for the dust. The middle, blue trajectory is obtained

by applying a threshold. The red one above has a lower threshold and the green

one below has a higher threshold. Points and fits of the same colour belong to

each other. The difference of the higher and lower threshold from the middle one

is the same. The injection analysed was an injection in the chamber under vacuum

conditions. Shown in (a) is a zoom on the region close to the injector and (b) is a

zoom in on the last part of the trajectory. The distances on the axes are given in

pixels and can be converted by multiplying by 0.198 mm px−1. Larger versions of

the pictures can be found in figure A.2 in the Appendix.

height or distance. This corresponds to less than 3 mm. Directly after the
injection the difference is below 1 mm. At a range of 20 cm a difference of the
range of below 2.5 mm is induced by a different limit. It will be shown later
that the cloud is larger far from the injector than shortly after the injection
and that the above mentioned deviation is smaller than the cloud extension.
This shift due to the limit choice is negligible and the trajectories of different
shots vary more than these aberrations which is shown later. The same applies
for the error of the length calibration which is of the same order.

5.5.3 Length calibration

In order to convert the obtained pixel positions and distances into distances
in units of mm a conversion factor is necessary. When recording the injection,
the front part of the injector is also visible. With laser illumination the size
of the cylinder cannot be defined well. An additional recording is made with
illumination by a lamp which provides a better picture. This is done without
changing anything of the setup to have the same setting as during the record-
ing. The picture taken with the bright illumination can be seen in figure 5.11
allowing a precise determination of the top and bottom borders and thus the
extension of the cylinder in pixel. This picture shows the field of view recorded
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for the following characterisation.

Figure 5.11: Picture of the injector mounted in the vacuum chamber recorded for

the size calibration. The illumination is done by a halogen lamp in the vessel. The

resolution of the picture is 1280 px× 800 px.

From the size of the cylinder in pixels and the known diameter of the
cylinder this factor can be derived. The extension is 48 px in the recording
and the diameter of the observable cylinder is 9.5 mm. The conversion factor
calculated is 0.1979 mm px−1 or 5.0526 px mm−1. With this method the size of
the recording, distances and objects therein can be converted from pixel into
millimetre.

The size of this image is 1280 px× 800 px which converts to a size of
25.3 cm× 15.8 cm.

The error of the conversion factor resulting from a wrong determination of
the extension in pixel is 0.004 mm px−1 for a wrong determination by 1 pixel.

The error of the calibration factor connected to an measurement error of
the diameter of the cylinder of 0.1 mm induces an error of 0.002 mm px−1.

5.6 Injection in air in the laboratory

As first case the injections performed in the laboratory with atmospheric con-
ditions are evaluated. The lighting is done with the line laser. The properties
of the injection investigated are the trajectory, the velocity evolution and the
spread of the cloud after injection.

5.6.1 Trajectory

Outside the vacuum chamber observation is possible for long times as the cam-
era can be placed close to the injection plane, but this restricts the observable
field of view. From the evaluable time interval a trajectory can be derived.

On the other hand, this trajectory applies for the dust in the laser plane at
the front only due to tracking the bright front only. The dust cloud does not
have a compact shape, but some parts spread strongly as visible in figure 5.12.
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This leads to only a small portion of the dust following this trajectory and a
large portion of the dust spreading below and behind the tracked front. Some
of the dust is not observed because it is in front or behind the laser plane from
the point of view of the camera as discussed for the illumination of the dust.
This makes the trajectory inaccurate as for later times only a small part of the
powder follows a trajectory. A more detailed study of the shape evolution of
the dust cloud after injection is given later.

Rarely a large portion of the dust stays compact in air long times to have a
sufficient amount of dust that can be traced. Such an injection with a compact
front is shown in figure 5.12 with the corresponding trajectory of the front. The
injection was performed in the laboratory using laser illumination. The dust
position was tracked up to a distance of 9 cm where the powder cloud leaves
the field of view.

The trajectory is obtained by fitting a quadratic function to the obtained
position data. The resulting equation of the trajectory is y(x) = a · x2 +
b · x + c. The coefficients of the equation are with their respective standard
deviation a = 3.74± 0.39× 10−3 mm−1, b = −1.51± 0.38× 10−1 and c =
1.08± 0.55 mm. Six analysed injections showing a compact front lead to these
values. The value of x is handed in mm to receive the height loss in mm. The
direction of the y-axis is inverted compared to figure 5.12.

Figure 5.12: Trajectory fitted for an injection at atmospheric pressure. The dust

cloud (white) is taken 60 ms after injection. The recording is done outside the vessel

with the line laser as illumination.

As mentioned, only in some cases such a compact dust front was observed.
In most other cases a huge dust cloud developed after injection with only a
minor portion of it following a trajectory. This is shown in figure 5.14. Only
in those injections with a compact part at the front distances in the range of
9 cm are reached. As can be seen the dust has dropped by 20 mm when leaving
the field of view but this resembles only the front part of the injected dust. In
air the majority does not reach the necessary distance of 10 cm.
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5.6.2 Velocity

Following the investigation of the trajectory the positions determined for the
trajectory in figure 5.12 are now used to calculate the initial velocity.

Figure 5.13: The velocity evolution depicted is obtained from the recording of the

dust cloud in laboratory using laser illumination. For the fit of the velocities the

first 25 points are used. This corresponds to an interval up to 50 ms after injection.

Figure 5.13 depicts the evolution of the dust velocity for an injection per-
formed in the laboratory. The illumination was done with the laser.

The initial velocity of this shot is 1.4 m s−1. The velocity decreases right
after the injection. This is expected for the injection in air as friction slows
down the dust.

After 50 ms the velocity of the particles at the front has decreased by 15 %
of the initial velocity. Particles behind the front get slowed down more and
have no velocity in x direction after 60 to 70 ms any more.

The observed velocities of the injections showing a compact dust front
result in a velocity of 1.38± 0.03 m s−1. Six injections entered this calculation
due to the limited number of injections showing a compact front.

5.6.3 Cloud spread

As mentioned for the tracking of the position for the trajectory fit the most
forward dust is considered. So strictly the trajectory does only refer to the
dust front. It represents the particles that could enter the plasma, i. e. have
the highest penetration into the plasma. In the following the evolution of the
shape of the dust cloud is investigated to determine how close the overall dust
cloud is to the trajectory and range determined before.

The initial testing for the illumination showed that the dust widely spreads
in air and the laser does not illuminate all dust. Especially the thin and faint
parts behind the front of the dust cloud are not well resolved.

Figure 5.14 shows the evolution of the powder cloud in air recorded in
the laboratory. The air injections show a large spread and particle loss along
the horizontal injection direction. A lot of dust falls down behind the front
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Figure 5.14: The pictures of different injections (a) and (b) of a cloud are taken

50 ms after the injection. The two images (c and (d show the powder cloud after

80 ms. The left (a,(c) and right (b,d) pictures illustrates the different structure of

the cloud that form after injection in air. In some recordings the powder is spread

over a large volume. Those shots could not be used in the previous characterisation.

Other injections show a wide spread cloud but also a compact portion at the front

which was tracked. All images are from recordings done with laser illumination at

atmospheric pressure. The contrast has been increased to make the dust better

visible. The pictures have a size of 10.1 cm× 6.3 cm.

forming a tail under the trajectory of the particle front. This is due to powder
getting slowed down by the air friction and falls down by gravity. In some
occasions small parts of the cloud stay compact and close together and follow
a trajectory as described before. As seen in figure 5.14c injections showing no
defined front part develop into a dust cloud with reduced range.

As explained with the illumination test not all dust is observed and the
cloud spreads in a volume from the injector to the front horizontally and
vertically. 80 ms after injection the dust cloud is spread over 10 cm horizontally
and 5 cm vertically. In the case of the injection with illumination by the halogen
lamp turbulent features can be seen in the powder cloud in front of the injector
where the cloud is very thin. These eddies resulting from instabilities lead to a
spreading of the cloud that gets amplified by these eddies. This indicates the
influence of the ambient air on the cloud development. This can be observed in
figure 5.15. Those recordings also show the actual size of the cloud compared
to laser illumination making the front parts visible only.
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Figure 5.15: Development of turbulent features visible with lamp illumination in

air in the laboratory. Pictures taken 74 ms (a) and 86 ms (b) after the injection. Ob-

servable is a large portion of the cloud that is not observable with laser illumination

in figure 5.14. The size of the pictures is 10.1 cm× 6.3 cm

5.7 Injection in air in the vacuum chamber

Due to the installation in the vacuum vessel the distance of the camera from
the dust is increased and the illumination by the laser hindered, which is also
due to the increased distance from the dust. As a result, the tracking of the
dust cloud in air in the chamber over a long time is difficult due to a strong
spreading of the dust cloud after the injection. It turned out that under these
conditions the tracing of the dust is possible for 50 ms or a distance of 7 cm
inside the chamber as already discussed in chapter 4.3 and figure 4.3.

For recordings inside the vessel at atmospheric pressure no injection with a
compact front with high enough intensity of the dust was observed for which
a trajectory could be fitted over a reasonable distance with good agreement to
the observed one. The low intensity of the recorded signal and the spread of
the cloud lead to a strong scattering of the tracked position.

The size shortly after the injection inside the vacuum chamber is at around
6 mm. The cloud starts to spread and especially the lower part is affected
by this and spreads faster. The cloud after 30 ms is shown in figure 5.16b.
The comparison to figure 5.15 taken with different illumination shows that the
faint and thin cloud locations forming behind the front parts are not visible
when illuminated by the laser. 50 ms after the injection the powder cloud is
widespread. The size of the visible cloud has a horizontal elongation about
25 mm and a vertical one of 20 mm. Compared to the injection in the labo-
ratory with laser illumination the observation range and time are significantly
reduced.

The evaluation outside the chamber showed that the size is much larger
than the size derived from the recordings in the vacuum chamber in air. This
is due to the fact that the illumination in the laboratory is brighter, uncovering
even very thin regions of the dust cloud and single grains. Further to notice
are the different intensities using the laser illumination in the laboratory and
inside the vacuum chamber due to the distance from the injector which is
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Figure 5.16: The figure depicts the evolution of the powder cloud inside the

vacuum chamber with atmospheric pressure illuminated by the laser. Pictures taken

after the injection when the cloud is fully visible (a), after 30 ms (b) and 50 ms (c).

The decreasing visibility is connected to a spread of the dust. Due to the spread

the cloud is barely visible after 50 ms.

connected to different sizes of the visible cloud.

5.8 Injection in vacuum in the vacuum cham-

ber

After the analysis of the injection in air that showed a large spread of the
dust after injection and that the necessary range was not reliably reached the
injections were investigated under vacuum conditions.

5.8.1 Trajectory

Performing the injection in vacuum lead to a more compact dust cloud resulting
in a much better determination of the trajectory similar to the case in the
laboratory in air. This is the relevant case for the characterisation of the
injector as it shows how the powder cloud evolves without external influences
except gravity.
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For the vacuum case the powder can be seen clearly, and the determination
of the dust position is possible for long times. The trajectory or range for
different shots is traceable up to 20 cm and the drop up to a height loss of
7.5 cm. This is limited by the field of view of the recording.

Figure 5.17: The fitted trajectory of an injection is shown as the red dashed line.

The picture of the powder (white) is taken 80 ms after the injection. From 5 cm on

the black bars indicate the drop of trajectories of different injections. The highest

and lowest point correspond to the least or highest observed drop at that range.

The tracked dust positions on the first 3 cm are above the middle of the injector

due to the tracking and due to the shape of the injector. This shifts the trajectory

above the middle of the injector.

The trajectory of the powder is again described by the following quadratic
equation y(x) = a · x2 + b · x + c. Fitting the measurements yields the
coefficient a = 2.35± 0.11× 10−3 mm−1, b = −9.92± 2.37× 10−2 and c =
0.306± 0.705 mm. The coordinate system associated is a different compared
to the one in figure 5.17. The positive x-axis is in the same direction but the
positive y-axis is down in falling direction of the dust. y(x) provides the drop of
the dust injected by the injector at a certain distance in mm. The value of x is
in mm and denotes the horizontal distance from the injector. The coefficients
and their standard deviation are obtained from 18 injections analysed.

The trajectory fit of a typical injection is shown in figure 5.17. The analysis
of different injections lead to the vertical black bars. The top and bottom of
the bars indicate the positions where the highest and lowest trajectory at that
range were observed.

The fitted trajectory is above the middle of the injector up to a distance
of 2.2 cm due to the powder cloud spreading and the tracking method. The
upper part is brighter and at the front of the dust cloud shifting the traced
front position above the middle of the injector. This increase of the dust
position does not surpass the upper edge of the cavity drilled into the front of
the piston. Then the dust falls down which is fitted by a quadratic function
as expected for a free falling motion.
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The necessary range of 10 cm is reached with a drop of less than 25 mm.
This position is exceeded after 68 ms. At a range of 17.5 cm the dust has
dropped by 51 mm. This shows that the injector is reliably capable of ejecting
the powder much further than necessary in vacuum.

To evaluate the impact of different uncertainties a look is taken at the
changes due to limit setting, length calibration and different injections. The
variation of different shots is larger than the deviation due to a change of the
limit as seen before. The spread that can occur due to different threshold is
about 5 times smaller than the one that is observed when analysing different
shots at a range of 10 cm. At larger ranges it is even smaller. The error of the
calibration is also small leading to a deviation of the range of 2 mm for a range
of 10 cm.

Therefore, the dominant effect leading to deviating trajectories and ranges
are the injections themselves.

5.8.2 Velocity

Following the trajectory the velocity evolution is analysed. It is an important
parameter along with the trajectory and the mass for the characterisation of
the device. The velocity has large influence on the penetration depth of the
particles into the edge plasma. The effect of different initial velocities on the
penetration and the release of W will be discussed in chapter 6.

Figure 5.18: The velocity evolution depicted is obtained from the recording of the

dust cloud under vacuum conditions in figure 5.17. To both velocity evolutions a

linear fit over the first 40 velocities or 80 ms is applied.

The plot of the velocity development of an injected powder cloud in vacuum
is show in figure 5.18. It is the same injection shown in figure 5.17. As under
vacuum conditions friction is not present, the horizontal velocity of the dust
stays constant for a long time. The velocity evolution does only show a small
decrease over the interval for which the position of the dust position can be
tracked and the velocity can be calculated.
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The mean value over the first 40 ms after the injection is 1.507 m s−1 for this
injection. Towards the end of this interval the velocity starts to fluctuate. This
is due to the lower intensities observed which leads to an increased effect of
distribution and intensity changes of the cloud itself. This makes the tracking
at later times less precise than at the beginning. With time the number of
tracked points decreases as shown in figure 5.9. Due to the low number of
points tracked, changes of the brightest position within the cloud affects the
tracked position converting into velocity changes.

The same 18 injections evaluated for the trajectory are evaluated to deter-
mine the mean velocity and its deviation. By evaluating these injections the
initial velocity is found to be 1.492± 0.027 m s−1. The velocity stays almost
constant in all recordings and only decreases slightly. This is expected for the
injection in vacuum apart from the decrease of the velocity, which might be an
artefact of the tracking due to the spreading of the cloud and intensity changed
in it.

The vertical velocity is also analysed and shows a linear increase corre-
sponding to an acceleration of 9.64± 0.51 m s−2. This value is around the
expected gravitational acceleration of 9.81 m s−2, which is the only force act-
ing on the dust in vacuum. This verifies the fitted quadratic equation and
the velocity evaluation. As mentioned before only the brightest front of the
dust is tracked which is always in the top section of the cloud and showing the
least drop. Dust that is not visible and tracked would shift the traced position
below the actual tracked dust position which would result in a higher acceler-
ation. Overall this setup is not designed for a precise determination of the the
gravitational acceleration, but this result validates the constant vertical accel-
eration close to the expected value which supports the quadratic trajectory fit
described before. Also, by validating the vertical velocity and acceleration the
obtained horizontal velocity can be assumed as accurately evaluated.

Due to the resolution of the picture and the conversion factor a tracked
position of the dust that is shifted one pixel to where it is expected by a
constant velocity leads to a change of the velocity of 0.1 m s−1. Considering
this the gained velocities in the first 40 ms are in a narrow band showing only
little scattering and therefore constant velocity and accurate tracing.

5.8.3 Dust cloud shape

5.8.3.1 Observed 2D size

The previous characterisation of the dust cloud backs up the idea to charac-
terise the injection under vacuum conditions as the air environment has huge
influence and impact on the development of the dust cloud after injection. In
vacuum those effects should be suppressed and the characteristics of the cloud
should be well observable.

The evaluation is done by evaluating the highest and lowest pixels that can
be associated with the injected dust. The left and right edge of the dust cloud
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which corresponds to the horizontal spread are also measured.

Figure 5.19: The development of the injected dust cloud directly (a), 40 ms (b)

and 80 ms (c) after injection in the vacuum chamber at a pressure of 4.7× 10−4 Pa.

The cloud stays compact, does not spread fast and is visible over the whole distance.

The shape evolution shows a consistent shape feature occurring in all recording. The

illumination is done with the line laser.

As depicted in figure 5.19 the size of the cloud is clearly smaller and more
compact than in air at any time after injection. The cloud evolution follows
a scheme after injection and has a consistent shape. The dust cloud is clearly
visible over a longer range than for injections in air in the chamber or labora-
tory. Also, the intensity of the light scattered by the dust only decreases little
indicating only a minor loss of powder. The overall intensity indicates that
the powder density of the cloud is high.

After injection the horizontal and vertical extension of the dust cloud are
4 mm and 5 mm, respectively. After a time of 40 ms as in figure 5.19b corre-
sponding to a distance of 6 cm the extension of the cloud are 7 mm horizontally
and 10 mm vertically. The dust cloud after 80 ms at a distance of 12 cm from
the injector is shown in figure 5.19c. The horizontal extension is 13 mm and
vertical extension is 17 mm. Due to the small but continuous spread of the
dust the intensity decreases stronger in the lower part.

By evaluating the size of multiple dust clouds an average size of 10± 2 mm
and 13± 2 mm is found 10 cm from the injector which is the planned distance
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from the seperatrix. 20 cm from the injector the mean size is 21± 2 mm and
24± 3 mm.

In the vacuum case apart from the size of the cloud a structural feature
can be identified in all recordings. The ejected powder has a distinct shape
where a pronounced upper and less pronounced lower part can be observed as
in figures 5.19b and 5.19c. The lower part is pointing down and forward and is
quite straight. With time this structure gets longer and the intensity decreases.
The upper part is pointing horizontally. This part is bulkier and sometimes
almost round in the beginning, although, the horizontal length varies a bit. At
later times the upper part gets thinner and longer forming a line with a small
downward component. The upper part contains more dust judging from the
intensity of the reflected light over the curse of the injection. The intensity
of the lower part starts to decrease earlier and is barely visible at a distance
of 20 cm. Even at this distance the upper part can still be recognised well
indicating that the particle density is higher. The change of the lower part
and the change of the upper part from compact to a elongated structure show
that the cloud is prone to a spread and that there are particles with different
velocities present.

The observed shape of the cloud is due to the injector and the geometry
of the cavity from which the dust is injected. Injector B showed another,
consistent shape of the cloud. The shape of the dust cloud is a feature of the
injector. When accelerated the dust is pressed against the back of the moving
cylinder. Upon injection two sections form, an upper and a lower part that
separate with increasing distance from the injector. The lower part is always
lower and behind the upper part. This has an effect of the range of the dust.
The upper portion has a 15 to 20 mm larger range compared to the lower
portion for ranges above 10 cm.

5.8.3.2 3D cloud approximation

During the analysis described above only the 2D extension of the cloud as
illuminated by the laser could be accessed. The dust is only recorded parallel to
its trajectory. The component parallel to the camera view cannot be resolved.
In addition, only a 2D plane of the dust cloud is illuminated by the laser
and no 3D information is contained in the recordings. The recordings in the
laboratory with the lighting by the halogen lamps indicated that there is dust
not illuminated by the laser. To interpolate this for the 3D cloud an estimate
for this direction parallel to the camera view is looked for.

This extension is approximated by looking at the spread of the powder on
a sheet of paper. The sheet of paper was placed 15 cm below the injector to
investigate the dust impact region in air. In the range of 1.5 cm perpendicular
to the injector axis the majority of the dust was deposited. As this is done in
air the spread in vacuum is expected to be smaller as seen for the investigation
of the cloud in air and vacuum. On the other hand comparing the height of the
cloud in air in the laboratory in figure 5.14 and in vacuum in figure 5.19 they
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are similar but the horizontal extension is different. It is assumed that the
size is two thirds of that in vacuum. It then increases from 6 mm which is the
diameter of the cavity to 15.2 mm at 10 cm and 24.6 mm at 20 cm. Therefore,
the approximation seems reasonable considering that the travelled distance of
the dust is larger than that of the dust observed in the recordings.

The total size of the powder cloud in vacuum is increasing from around 4,
6 and 6 mm at 5 ms after injection to about 10, 13 and 15 mm at 10 cm. At
distance of 15 cm the size is 17, 20 and 25 mm. The sizes are given as width
and height as observed in the recordings and the approximated size in the
direction parallel to the camera.

The size in the observation plane can be determined accurately in vacuum
whereas the third dimension is imprecise because of the estimation and the
interpolation from the injection in air. The given size for this direction is only
an estimate.

5.9 Dust range

Combining the information gained from the vacuum injections about the tra-
jectory tracking the front of the upper part and the size evolution of the cloud
the portion of the dust at different ranges can be described.

All the observed dust reaches a range of above 10 cm with different height
losses as seen for different injections in figure 5.17. Taking into account the
shape of the dust and the observation that the upper part is brighter than the
lower part this lead to the conclusion that this cloud part has a higher particle
density and therefore the majority of the dust is there.

Simulating particles with the obtained initial velocity will represent and
account for the majority of the injected dust. The dust below the trajectory
with a lower recorded intensity does only have a small reduction of the range
and does reach the same ranges as the top part following the trajectory but
with a larger height loss.

Regarding the initial conditions used for the simulation of the dust injec-
tion into plasma, this means that the major portion of the dust follows the
determined trajectory with the given initial velocity. These values are used for
the simulation of the dust injection into plasma.

5.10 Comparison to Korean Characterisation

The results can be set into perspective by comparing them to the characteristics
that were obtained at KAIST. A short comparison to the performance of the
injector in [7] is given as such a device was supplied and used for the performed
characterisation.

The first difference is that the experiments of [7] were only performed un-
der atmospheric conditions which at the present investigation did not provide
useful information for the characteristics.
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Further, the W material used in the tests in [7] is different. In those
experiments cylindrical shaped W particles with diameters around 0.1 mm and
length of 1 mm were used. Those are significantly larger than the grains and
particles in the powder investigated here. The injected mass is around 15 mg
which is closer to that of Injector B than the used Injector A.

According to performed injections with the injector at KSTAR tokamak
[6] the particles used ranged from 10 to 100µm and the injected mass was
about 2 mg. Those particles are similar to the ones evaluated during this
investigation but the mass obtained from the characterisation of Injector A is
smaller hinting to differences of the injector.

As reported in the characterisation of [7] 90 % of the W particles reach a
range of 10 cm. Under atmospheric conditions this was not expected due to
the strong friction effect and spread of the dust. In vacuum this range was
well achieved and the results were similar to the ones obtained at KAIST.

The velocity in [7] is given as 2 to 4 m s−1. This is higher than the velocity
observed in this experiment. The range of 10 cm is given with the drop for
different W particles. The drop of these grains is lower at the range of 10 cm
than in the experiments described here. The differences could be due the use
of a different spring.

Experiments at KSTAR [6] with such an injector showed that the injected
dust has a strong influence on the plasma operation leading to disruptions
shortly after the injection of the W powder. The studies focused on the trans-
port of the injected particles. The injections were recorded with a fast camera
to compare them to a particle simulation. The recordings showed two different
behaviours of the dust as one portion was dominated by gravity and the other
one was transported in toroidal direction by the ion drag. The first class was
associated with large and heavy particle whereas the second one with small
and light particles. Simulation using the observed trajectories of the dust lead
to good agreement of the trajectories of the large grains with the observations
of the presumably large grains. For the simulation of the small grains with
the toroidal motion the trajectories of the simulation are much shorter than
the observed ones, which is due to limitations of the applied code. During
the injections the core W concentration was not measured, and no penetration
factor could be calculated. Therefore, no information about the penetration
or the increase of the core W concentration was gathered. Only the occur-
rence of disruptions gives a rough indication of the effect of the injected W.
Differences to these results might occur due to the use of a different injector
with other properties as explained above and different plasma parameters as
the experiments will be done at the AUG tokamak.

5.11 Conclusion on Characterisation

During the operation in vacuum or in the tokamak the motor and the in-
jector cannot be accessed. Therefore, the injector must operate reliable and
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predictable. This was shown with the previously done characterisation.

The reliability was shown by operating the motor under different condi-
tions, air and vacuum, making sure that the injector does carry out the needed
amount of injections without a malfunction. The consistency and predictabil-
ity were shown by the characterisation and the underlying uncertainties. The
largest impacts are the difference of different injections and the mass deviations
due to the loading mechanism.

The number of consecutive injections without failure is approximately 35.
The number of injections is limited by a small position change of the motor
and the attached bar with every revolution. 10 to 20 injections shift the bar
position by a quarter circle against the running direction of the motor. This
sets the limit of consecutive shots to 25 injections.

As seen the used powder does not consist of uniform grains but of agglomer-
ates. There are more agglomerates than single grains. Grains have a spherical
shape and a diameter of around 20µm. The agglomerates are around 30 to
60µm long and 10 to 20µm wide resulting in an elongated shape.

As shown, different powders can be injected with a powder specific mass
per injection. The W powder and injector were identified which provide a rea-
sonable mass per injection, i. e. the mass is high enough to expect a noticeable
increase of the core W concentration but low enough not to cause a disruption.
During the characterisation a mass of 565µg per injection was determined for
Injector A. This mass is a factor 20 higher than the core W limit. Injector
B as well as the spherical W powder injected by Injector A led to a much
larger mass that is considered not reasonable for operation. The reason for
the scattering of the masses was the loading mechanism of the powder as the
measuring errors are much smaller than the standard deviation of the mean
mass. The influence on the core depends on the penetration which is evaluated
with a simulation.

The characterisation of the injection in air and in vacuum showed differ-
ences. The initial velocity of the dust after injection for both cases is almost
equal with a decrease in air due to friction. As a result of the friction effects in
air the maximum range of the cloud is decreased compared to the injections in
vacuum. An exception are those injections showing a compact front which is
less affected by the friction and spreading but also have a reduced range com-
pared to the vacuum case. The reason for this difference is the different shape
of the particle clouds and the friction effect of the air. In air the cloud size
increases due to instabilities, visible by the turbulent structures in figure 5.15
that alter the shape of the cloud and lead to the spread of the dust. As a re-
sult, the friction effect on the dust particles increased, which leads to a further
spreading of the cloud as well as stopping the forward motion of the particles.
The size of the cloud the same time after the injection is very different. This
is the biggest and most important difference.

The evaluation of the different properties proofs that the necessary range
of the powder is achieved as seen in figures 5.17 and 5.19. The largest drop of
a trajectory observed at a range of 10 cm is 18 mm. The observed dust cloud
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has an extension of 10 mm in the horizontal, 13 mm in the vertical and 15 mm
in the direction perpendicular to the injection plane. This validates that the
majority of the powder reaches the separatrix from the installation position
under vacuum conditions.

After making sure that the injector works reliable and the characteristics
of the injection are known the injector was installed on the MEM. The injector
was mounted on the MEM but the planned operation has been delayed due to
repair and maintenance after a water/steam leak at AUG.

The mounted injector with the protection cap can be seen in figure 5.20.
The injector and motor under the cap are arranged as shown in figure 3.1. The
tip of the injection gun penetrating the protection cap can be observed in the
lower part of the protection cap at the front. For the experiments the injector
will be moved to its final position in the tokamak.

Figure 5.20: The injector is mounted on the MEM of AUG with the installed

protection cap required for operation. In the lower part of the cap the tip of the

injection gun penetrating the cap can be seen. On the right the mounting on

connection to the MEM is visible which corresponds to the brown connection of

base plate and MEM in silver seen in figure 3.1. This allows to adjust the position

of the injector and move it into the tokamak that is on the left outside the field of

view of the image.

Information about the penetration will be gained by modelling the injection
by applying a simulation code for dust particle trajectories using the injection
parameters of the injector.



Chapter 6

Modelling

After the characterisation of the device and before an operation in AUG the
injector parameters are used to simulate the injection. Operation in AUG
was planned but due to delays of the operation after a major water leakage
could not be performed. The results of the simulations give an estimate of
the penetration depth of different grain sizes and the locations where W is
released along their trajectory. To study the influence of the initial velocity,
simulations are done with different velocities.

This will also show changes of the trajectories by the plasma compared
to the vacuum case of the characterisation, e. g. whether the range of the
dust is decreased. Depending on differences between simulation and later
experiments the code can be adjusted to reproduce the experiment. In case
of good agreement of a simulation and experiment, the modelling can also be
used to extrapolate future devices.

6.1 Modelling code

The DUCAD code (DUst Characterisation And Dynamics) [44], provided by
Guillermo Suárez López, was used for the simulation of the dust behaviour.
The code is based on the orbit limited motion (OML) theory.

The DUCAD code was developed to obtain the dust sizes of particles from
fast camera recordings by comparing the simulation with the experimental
trajectories [44, 14]. This was found difficult due to little effect of the simulated
particles when changing their size due to the high velocity and inertia. While
some features of the experimental trajectories were well reproduced by the
code some aspects could not be modelled and the simulation shows deviations
from the observed trajectory.

In this work the code is used to simulate the trajectory without the inten-
tion to identify the size of observed particles as it is known but to simulate
the trajectories of particles to estimate the result of future experiments. Of
special interest are the penetration depth and the mass release of the simulated
grains.

53
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A detailed description of the code is given in [44] and important points are
presented in the following.

A basic assumption of the code is that the the particles are considered as
pure W spheroids due to computational and analytical reasons. There are no
wall collisions that alter the trajectory of the particles and the ablation cloud
of the grain is not implemented which may alter the plasma conditions. For
bigger particles and strong erosion significant local cooling of the plasma will
occur, which will influence the further erosion as well as the penetration. For
the simulations a constant time step is used which adds uncertainties in the
region with steep gradients around the separatrix position.

The code has different routines to calculate the properties of the dust as it
is moving in the plasma. This includes charging, heating and mass loss of the
grain and the calculation of the forces on the grain to obtain the acceleration
and position of the next time step. The terms and formulas for these calcula-
tions are inspired by other codes as DTOKS [45], DUSTT [46] and Migraine
[47]. The equations in the following are taken from [44].

6.1.1 Dust charging

The charging of the dust is described by the following equation:

dQd

dt
=

∑
Z

Ii + Ie + Ith + Isee (6.1)

In this equation Qd is the dust grain charge Z0 · e. Ii and Ie are the ion
current of ions with charge Z and electron current to the grain. Ith is the
thermionic emission of the grain and Isee the current due to secondary electron
emission. In typical SOL conditions dust charging can be assumed as an
instantaneous process, which results in the relation Itot =

∑
Z Ii + Ie + Ith +

Isee = 0 that is calculated in every time step. As these currents are depending
on the charge of the grain these terms are calculated for a range of charges of
the grain. From the minimisation of Itot the charge of the grain is obtained.

6.1.2 Dust heating

The temperature of the dust grain in DUCAD is obtained by solving the
differential equation for the enthalpy:

d(Md hd)

dt
=

∑
Z

Qi +Qe +Qth +Qsee +Qisn +Qrad +Qvap (6.2)

Qi and Qe are the heat fluxes due to ions and electrons, Qth and Qsee are
the heat fluxed connected to thermionic and secondary electron emission. Qisn

the heat flux due to ion surface neutralisation and Qrad and Qvap account for
thermal radiation losses and due to atoms lost by vaporisation. This is limited
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to temperatures up to 6000 K as above no enthalpy data for W is implemented
due to insufficient literature sources.

6.1.3 Grain mass

The mass evolution is written as:

dMd

dt
=
dM vap

d

dt
(6.3)

The only mass loss mechanism considered in DUCAD is the vaporisation of
the dust grain calculated by the Hertz-Knudsen formula. Mass loss mechanisms
due to sputtering, ion implantation or backscattering of ions species of the grain
material are not implemented.

6.1.4 Forces

To propagate the particles DUCAD calculates the forces acting on the grains.

Md dvd
dt

=
∑

Fi + Fe + Fg + Froc + Fn (6.4)

The forces calculated are the ion drag force Fi containing contributions of
scattering and absorption of plasma ions, electrical forces Fe, the gravitational
force Fg, the rocket force Froc and the neutral friction force Fn. Magnetic field
effects are marginal in this regime and are neglected for the dust dynamics.

6.1.5 Plasma background

To calculate the interaction of the dust grain with the plasma a plasma back-
ground is needed. A 3D background plasma is used due to the 3D motion of the
grain. Unfortunately, only a limited set of validated plasma reconstructions are
available. For the simulation of the injection of dust into plasma a plasma back-
ground calculated with the code EMC3/Eirene was used. From this DUCAD
reads the data for the plasma as well as the computational grid which resem-
bles 8 sectors. This is half of the torus. The plasma background used in the
following simulations is the AUG shot # 29464 at 2500 ms when the current
flat top was reached. This discharge was a deuterium plasma performed in L-
mode. The plasma current was 0.8 MA. The toroidal B-field of this discharge
was Bt = −2.519 T and auxiliary heating was only provided by ECRH with
0.592 MW. The average electron density was ne = 2.16× 1019 m−3. The safety
factor at 95% of the toroidal flux is q95 = 5.365. Figures 6.1 and 6.2 show the
values of the plasma parameters used for the simulation of the electron density
ne, neutral D density nD, electron temperature Te and ion temperature Ti.

The electron density and temperature at the height of the injector are
illustrated in figure 6.3 which depicts the radial evolution of these parameters.
The small gap between the red and blue part results from the transition of
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Figure 6.1: Plot of the poloidal cross section of the background plasma values for

the electron density in m−3 (a) and the neutral D density in m−3 (b) of discharge

# 29464 at 2500 ms.

computation regions. The red part corresponds to the calculation grid of the
core region whereas the blue part is from the SOL region. Therefore, the change
of the colours describes the location of the separatrix of the computational grid
at the height of the injector.

6.2 Modelling results

The complete views of the toroidal and poloidal view can be found in figure
B.1 and B.2 in the Appendix. Moreover, they contain the coordinate systems
for the following plots. The close views on the trajectories in the following
show the relevant sections of the plots with the simulated trajectories only.

The coordinate system of the toroidal, top view of the tokamak is a carte-
sian coordinate system. The x- and y-axis pass through the center of the
tokamak. The φ coordinate gives the angular position in this plan. It is zero
on the x-axis and increases in counter clockwise direction. The z coordinate is
perpendicular to the plane and provides the distance to the shown equatorial
plane.s

The poloidal view is a slice through the torus. The x-axis plots the R
coordinate which gives the radial distance from the central axis of the torus
and the y-axis plots the z coordinate that provides the height in the device.
The origin of this axis is at the equatorial plane of the device.

The initial position of the simulation is the position of the injector on
the MEM in the torus at (R[m], φ[◦], z[m]) = (2.18, 168.75, 0.312). R is the
distance from the central torus axis, z the distance from the equatorial plane
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Figure 6.2: Plot of the background plasma values for the electron temperature in

eV (a) and the ion temperature in eV (b) of discharge # 29464 at 2500 ms.

of the device and φ is the angular position in the toroidal view.
The initial velocity in cartesian coordinates of the toroidal view is

vini[m/s] = (−1.5 · cos(168.75/180 · π),−1.5 · sin(168.75/180 · π), 0)

= (1.471,−0.293, 0)

in radial inward direction with the magnitude 1.5 m s−1 taken from the pre-
vious characterisation. There is no z component as the injection is horizontally.

For the modelling different grain sizes are chosen to resemble particle sizes
of the dust found inside the machine [13] as well as of the powder used for
injection. Calculations are done for particles with a diameter of 1µm, 2µm,
10µm and 25µm.

6.2.1 Injector modelling

For the calculations a time step of 50µs is chosen. The simulation for each
particle is run until the particle is evaporated or in a region far from the plasma.

The obtained trajectories are illustrated in a toroidal, top view in figure
6.4a and a poloidal slice in figure 6.4b. The toroidal displacement of the 1µm
and 2µm grain is significantly larger than that of the larger grains. In the
poloidal view the trajectories show a large difference for the case of a very
small grain, 1µm, and the larger grains. The 1µm grain does get accelerated
back to the wall and is in the limiter shadow after crossing the solid black
line in figure 6.4b. The trajectory continues as collisions with the wall are not
implemented. The 2µm lies in between the 1µm and the larger grains. It shows
large toroidal displacement as the 1µm grain but does not get accelerated back
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Figure 6.3: Electron density (a) and temperature (b) as function of the radial

direction at the height of the injector. The red curve corresponds to the core region

of the code and plasma reconstruction and the blue to the SOL region. The dashed

vertical lines mark the position of the injector which is the initial position of the

radial inward motion of the grains.

to the wall and approaches the separatrix as the larger grains. The difference
of the 10µm and 25µm is rather small evaluating the trajectories of them.
The 10µm grain has a little larger displacement in the toroidal and poloidal
direction which shows that the inertia of the grains has a dominant effect over
the forces acting on them. This does not apply for the smaller grains as they
are significantly influenced by the interaction with the plasma and the forces
acting on them. The penetration depth is smaller than that of the 25µm grain.

All simulated particles with the injector parameters do not reach the sep-
aratrix position except the 25µm grain which comes close to the separatrix,
enters the calculation grid of the core region and evaporates eventually. In the
core region and close to the separatrix the calculated trajectory is not accurate
due to limitations as no ablation cloud is considered and missing enthalpy for
temperatures above 6000 K. When approaching the separatrix the gradients
of Te and ne get steeper and lead to uncertainties due to the constant time
step of the calculation. The motion deeper into the core plasma is reasonable
as the grain does not get slowed down when approaching the separatrix but is
accelerated.

The development of the grain radius and velocity are shown in figure 6.5.
The velocity increases slowly. The 1µm and 2µm accelerate faster due to
their lighter mass. The velocity of the 1µm grain does not get accelerated
further and stays constant when moving away from the plasma. The strong
oscillations near the evaporation are a result of the increasingly steep gradients
and the constant time step. Some grains show a significant velocity increases
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Figure 6.4: (a) Close view on the toroidal projection of the trajectories calculated

with DUCAD. The grey line indicates the separatrix position at the height of the

injector. (b) Close view on the poloidal projection of the trajectories of the DUCAD

simulation in the AUG tokamak. The marking on the y-axis at 0.312 m indicates

the position of the injector. The 1µm grain in red, the 2µm one in purple, the

10µm in blue and the 25µm one in green. The full toroidal view can be found in

B.1 and the poloidal view in B.2.

a few ms before the grain evaporates but the results may be artefacts due to
the limits of the code. For the 25µm grain almost no change of the velocity is
observed which shows the dominant effect of the inertia of the grain compared
to the plasma forces acting on it. The forces responsible for the acceleration of
the grains are shown in figure 6.8 for the 25µm grain and are explained later.

The temperature evolution of the grains is illustrated in figure 6.6. For
the 1µm and 2µm grain the temperature increases quickly whereas it rises
slower for the 10µm and 25µm grain. This is due to the much larger mass
and the larger amount of energy needed to heat the grain. The temperature
of the 1µm grain decreases after 10 ms because the particle moves away from
the plasma as seen for the trajectory of the grain in figure 6.4b. For the other
grains the melting of them can be observed by the temperature plateau at
3695 K. Upon reaching a temperature of 6000 K, the 10µm and 25µm have
the maximum temperature calculated by the code. Sublimation enthalpy as
well as molar enthalpy for temperatures above 6000 K are not implemented.
Additional heat fluxes to the grain do not increase the grain temperature. The
grains in this case evaporate in the next calculation step after reaching this
temperature and the simulation stops. The grains then enter as W plasma
and cannot be considered a grain any more which does not allow to give a
position of the grain. Moreover, towards these temperatures the calculation
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Figure 6.5: Development of the grain radius (solid) and the grain velocity (dashed)

with time after injection. The last plotted radius of the 2µm, 10µm and 25µm grain

is the one before the grain is evaporated. The behaviour of the 1µm grain is shown

in red, the 2µm one in purple, the 10µm one in blue and the 25µm one in green.

is not precise as no ablation cloud is considered in the code that breaks the
assumption of OML theory.

The important point to evaluate the penetration is the mass loss of the
grain along the trajectory. The development of the radius in time in figure
6.5 further shows that the ablation of the grain sets on when or shortly before
reaching the melting temperature. The focus here is on the position of the
mass release compared to the separatrix position. In terms of operation, mass
release inside or close to the separatrix is more critical than the release far
from it.

Therefore, the mass of the dust grain is plotted against the radial coordi-
nate of the AUG tokamak shown in figure 6.7. The grain ablation is negligible
in the beginning but significantly increases when the grains approach the sep-
aratrix. This is due to the steep temperature and density gradients around
the separatrix and therefore the rising grain temperature. The reason for the
low mass loss at the beginning is that the only implemented mass loss mecha-
nism is vaporisation that requires high temperatures. These are not present at
the injection position as depicted in figure 6.3. Physical sputtering as erosion
mechanism is not implemented in the code. This is a valid assumption as the
sputter yield for D on W is quite low.

The major mass loss of the particles is always close to radial position where
the grains evaporate. The exeption is the 1µm grain which does net experience
any mass loss as it does not reach sufficiently high temperatures because it is
accelerated away from the plasma towards the wall. As seen for the trajectories
only one of the simulated particles reaches the separatrix. The other grains
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Figure 6.6: Temperature of the grains obtained from the simulation. For the 2µm,

10µm and the 25µm grain they are evaporated after the last data point. The 1µm

grain does not evaporate. The color code is the same as in figure 6.5.

evaporate before they reach the separatrix. For the 25µm grain this leads to
a significant mass release in the separatrix region and even inside it but the
limits of the code in this region do only allow an estimation. Other sources of
uncertainty regarding the plasma background will be discussed later.

For the 25µm grain also the contribution of the forces to the acceleration of
the grain is shown to illustrate which forces have a high impact on the motion
of the dust grain. The corresponding development of the forces can be found in
the Appendix in figure B.4. The plot of the magnitude of the acceleration for
the 25µm grain in figure 6.8 illustrates the main contributions of the ion drag
and the gravitational force. Towards the end close to the point of evaporation
the contribution of the rocket force increases as the magnitude of the rocket
force is dependent on temperature of the grain. Overall the trajectory of the
grain does only get altered little by the plasma as the comparison to the 2µm
grain in figure 6.4a shows.
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Figure 6.7: Mass of the grains over the radial coordinate of AUG. The last shown

mass for the 2µm, 10µm and 25µm grain is the mass one time step before the

grains evaporate. The color code is the same as in figure 6.4.
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Figure 6.8: Acceleration of the 25µm grain with injector velocity due to the

different forces that are implemented in DUCAD. The last data point is obtained

in the time step before the grain is evaporated.
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6.2.2 Modelling of faster particles

Additionally, to the modelling using the parameters of the injector, a different
initial velocity is considered. The velocity of the injected particles of the
injector are at the lower end of the observed velocities resulting from arcing.
Therefore, in this section grains with a velocity of 10 m s−1 are considered.
This is still at the lower end of observed velocities [12, 31] or velocities of
particles created by arcing [10, 13] but significantly higher than the velocity
of the injector. The calculation is done with the same time step of 50µs.
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Figure 6.9: (a) Close view on the toroidal projection of the trajectories calculated

with DUCAD. The grey circle indicates the approximate separatrix position at the

height of the injector. (b) Close view on the poloidal projection of the trajectories

of the DUCAD simulation in the AUG tokamak. The marking on the y-axis at

0.312 m indicates the position of the injector. The range of the y-axes is smaller

than that in figure 6.4. The color code is the same as in figure 6.4.

Compared to the previous case all trajectories approach the separatrix and
all particles evaporate or the calculation stops by reaching a limit of the code.
In comparison to the previous case the ranges of the y-axes in figure 6.9 are
smaller whilst the x-axes have similar ranges. This means that the observable
displacements in figure 6.9 are smaller than in the previous case. The 1µm and
2µm grains have a larger toroidal displacement compared to the larger grains
but much less than in the previous case. With a higher velocity the plasma
force acting on all grains have less impact on the trajectory. The small grains
are still affected by the forces acting on them whilst the other grains are almost
not affected by the plasma forces. The trajectories end when the particle
evaporates. The 2µm shows less toroidal and poliodal displacement but does
not get closer to the separatrix than the 1µm grain. Both get closer to the
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separatrix compared to the injector case with the lower velocity investigated
before. The larger grains do not show a displacement until they get to the
separatrix. The motion of the 10µm grain is strongly altered when it is near
and beyond the separatrix which is in a region of limited validity of the code.
This also applies for the trajectory of the 25µm grain inside and close to
the separatrix. The grains with a diameter of 10µm and 25µm evaporate
after crossing the separatrix and release W inside of the core plasma. Both
trajectories can be considered accurate outside the separatrix. By approaching
the separatrix the neglected effects like an ablation cloud can lead to breaking
the assumptions of the OML approach. As those grains have a velocity in
almost radial inward direction before reaching the separatrix and the calculated
trajectories are inside of it, it is reasonable to assume that the particles will
penetrate the separatrix.

The velocity of the 1µm and 10µm grains does increase significantly only
just before the evaporation as shown in figure 6.10. The other grains do not
show an increase in the velocity. The velocity is almost unchanged from the
initial velocity in the beginning. The temporal evolution of the radius and
velocity of the grains can be found in figure 6.10.
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Figure 6.10: Development of the grain radius (solid) and the grain velocity

(dashed) as a function of time after injection. The last radius or velocity of the

grains is the one, one time step before the grain is evaporated. The color code is

the same as in figure 6.9.

The development of the grain temperatures is illustrated in figure 6.11. The
1µm and 2µm show a faster temperature increase than the two larger grains.
Due to the larger velocity the grains reach regions with higher plasma temper-
ature earlier than in the previous case. This explains the faster increase of the
grain temperature. For all grains the transition from a solid to a liquid grain



6.2 Modelling results 65

0 1 2 3 4 5 6 7 8
Time [ms]

0

1000

2000

3000

4000

5000

6000

Te
m

pe
ra

tu
re

[K
]

1 m
2 m
10 m
25 m
Melting temperature W

Figure 6.11: The temperature of the grains obtained from DUCAD. All grains

have evaporated after the last data point. The color code is the same as in figure

6.9.

can be observed at the melting temperature by the step in the temperature
plot.

The 25µm grain reaches a temperature of 6000 K when crossing the separa-
trix which is the highest temperature calculated by the code. Further heating
would lead to a fast evaporation of the grain. The 10µm also reaches tem-
peratures of 6000 K multiple times before the grain evaporates. Due to the
restrictions of the code and focus on the SOL region the calculation in this
region is not accurate. Limitations arise also by the neglected impact of the
ablation cloud on the background plasma.

The mass loss of the grains along the radial coordinate is shown in figure
6.12. The 1µm and 2µm grains in this case approaches the separatrix but
evaporate before they reach it. The 10µm and 25µm grains evaporate inside
the separatrix position of the calculation grid but the data is prone to uncer-
tainties. Those particles release almost all of their mass inside the separatrix
as their mass loss of the grains before crossing the separatrix is small.

All particles penetrate further than in the previous case with the injector
properties. For higher velocities the penetration depth increases as well as
when considering larger grains but by the limitations of the code only the
trajectory up to the start of the evaporation provides accurate and reliable
results. After the onset of the evaporation which depends on the grain size and
velocity the results are an estimation and approximation of the real behaviour
especially when the ablation gets stronger when approaching the separatrix.

For the 25µm grain the forces and the resulting acceleration are inves-
tigated. The acceleration of the grain is shown in figure 6.13 and the corre-
sponding forces are depicted in figure B.6. As observed before the temperature
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Figure 6.12: Mass of the grains over the radial coordinate of AUG. The last masses

of the grains are the ones one time step before the grain is evaporated. The color

code is the same as in figure 6.9.

reaches 6000 K and the obtained data is not accurate. Shortly before this tem-
perature is reached the main acceleration originates from the rocket force. The
drag force results in the highest acceleration from the injection on until it is
exceeded by the rocket force.

6.3 Possible differences to experiment

Differences of the trajectories from these simulations to an injection in AUG
may occur due to idealised grain shape, having a plasma background unaf-
fected by the W release as well as the limitations of the code. Some of those
restrictions were not relevant because for the comparison of the simulation
with real trajectories these were in the SOL region and the effects have a lower
impact.

The shape of the particles will influence the direction of the rocket force
acting on the particles due to the complicated geometry which is neglected by
calculating with spherical particles.

The plasma discharge used as background in this simulation with DUCAD
is a L-mode discharge but a high power H-mode discharge will be used in the
experiment. For a high power H-mode the power flux and density in the SOL
is much higher leading to higher erosion of the particle.

In a real plasma discharge in comparison to the background plasma used
for the calculation the plasma parameters are changing. This has an effect
on the temporal evolution of the separatrix position as well as the plasma
parameters like temperature and density. Further, a different discharge will
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Figure 6.13: Acceleration of the 25µm grain by the different forces calculated. The

last data point of the grain is the one one time step before the grain is evaporated.

likely have a different separatrix position compared to the one considered in
the simulations before. Grains getting to the separatrix in the simulation may
or may not reach the separatrix for an injection into the plasma. Therefore,
the previously mentioned separatrix position is only an approximate one as
reference for the penetration depth.

This plays a larger role for the particles from the injector as their trajec-
tories are influenced more by the forces acting on them and they are longer in
the plasma environment until reaching the separatrix region.

The particles injected with a velocity of 10 m s−1 are less effected by the
forces acting on them. In comparison to the injector case the toroidal and
poloidal displacement is smaller which shows the effect of the initial velocity.
The large grains will most likely be not affected much by different parameters
and even faster particles will travel almost unaffected by the plasma.

The velocity behaviour and trajectory of the particles will be measured
by fast cameras during the plasma experiment and can be used as input and
comparison for simulations.

High gradients in the separatrix region and the constant time step in
the simulation code lead to inaccurate results in this region which results in
strongly varying values as seen for the temperature, acceleration and partly
the velocity.

Following this the simulation handles one single grain but the injector as
seen before has an injection mass of 565µg per injection. Assuming only
spherical grains with a diameter of 25µm each grain has a mass of 0.16µg and
contains 5.2× 1014 atoms. With this estimation one injection would contain
3600 particles which illustrates the difference of simulation and experiment.
This will have an effect on the surrounding plasma and will alter the plasma
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in the SOL. Those effects are not included in the calculation of a single grain.
Following the simulation, the large grains of the powder ejected by the in-

jector have the probability to penetrate the separatrix. The injector is capable
to inject particles close to the separatrix where they evaporate and release W.
Additional effects such as an ablation cloud and especially the much higher
number of particles will play a role. The penetration probability for particles
with a velocities of 10 m s−1 is higher. The trajectory for the large grains are
almost not influenced by the plasma.



Chapter 7

Conclusion

A particle injector supplied from the Korean tokamak KSTAR was successfully
taken into operation. After initial testing and optimisation a reliable operation
was ensured and the injector was installed at AUG.

The idea with the injector at AUG was to inject known amounts of charac-
terised W powder to evaluate the change of the core W concentration. From
the experiments the penetration probability of different W particles and pow-
ders could be determined. This allows conclusions about the effect of intrinsic
W dust in the machine. With fast cameras the trajectory of the injected par-
ticles can be tracked to gain information about the transport of the dust in
the machine.

The characteristics of the injection were determined. The mass per injec-
tion was evaluated for different powders and showed the dependence of the
injected mass on the powder as well as the influence of the loading mechanism
of Injector A. The parameters of the injection like initial velocity and cloud
shape were evaluated by recording the injected dust cloud with a fast camera
and analysing the recordings. For the illumination of the dust different meth-
ods were tested. The evaluation of the initial velocity at atmospheric pressure
and under vacuum condition showed small differences but the evolution was
different. Further, the achieved ranges were shorter due to the friction in air.
In vacuum a compact dust cloud was observed whereas in air the spread of the
cloud was much larger. The investigation of the injection in vacuum was an
extension to the characterisation done in Korea. The exchangeable spring al-
lows injections with different characteristics which in conjunction with different
powders allows to perform a variety of experiments in the future. This would
require additional characterisations of the properties for different combinations
of spring and powder.

The characteristics of the investigated injector fulfil all mechanical and
injection properties required for the installation and operation at AUG. The
device was mounted on the MEM of AUG, however experiments were not
possible, since the operation was delayed after a steam leak and the necessary
repairs.

Instead, the penetration of the injected particles was studied using the

69



70 7. Conclusion

characterisation of the injection as input parameter for the simulations of the
dust trajectory in the plasma. The DUCAD code was applied to calculate
the trajectories of dust grains. The simulations showed a clear dependence of
the penetration on the size of the grain as well as on its initial velocity. For
injections with the determined initial properties of the injector only the largest
grains simulated come close to the separatrix and evaporate. Small grains get
accelerated back to the wall and do not show any penetration probability.
With a higher velocity the large grains evaporate inside the separatrix and
the small grains also penetrate deeper than for the simulations with injector
properties.

Differences between code and experiments are expected due to temporally
changing plasma parameters compared to the constant modelled plasma back-
ground and the much larger mass and particle number per injection compared
to the single grain simulated.

Nevertheless, the comparison of the experimental data with simulations
can help to further improve the modelling and simulations of dust transport in
the future. The characterised initial conditions of the injector are known. The
interaction with the plasma can be measured during experiments. Combined
they provide a large data set with only few variables unknown that can be
used for accurate simulations and code improvements.



Appendix A

Evaluation method and
threshold choice

During the description of the video evaluation two methods were mentioned.
One tracking all dust above a certain threshold and one tracing the most
forward particles. Further, the influence of the threshold was discussed and
its impact on the trajectory evaluated. The plots of the comparison of the
method as well as of the threshold are shown here for better illustration.

Figure A.1 illustrates the difference of the choice of the tracking method.
Figure A.2 shows the difference of the limit on the fitted trajectory and the

included pixels. The tracked dust positions in figure A.2a at the start below
the trajectory are part of the lower cloud portion that with increasing time is
behind the traced front particles, shows lower signal intensity and therefore is
not considered with the front tracking method. Moreover, this can be observed
in figure A.1a in which the method tracking all dust also traces the particles
of the lower cloud portion. The front method only traces a small portion of
the front of the lower portion as the upper part is farther in injection direction
and is therefore traced.

71



72 A. Evaluation method and threshold choice

200 300 400 500 600 700
Range in pixel

380

390

400

410

420

430

440

450

460

He
ig

ht
 in

 p
ix

el

a)

1000 1050 1100 1150 1200 1250
Range in pixel

600

625

650

675

700

725

750

775

800

He
ig

ht
 in

 p
ix

el

b)

Figure A.1: The plots show the difference of the tracking methods close to the

injector in (a) and towards the end of the observed image section in (b). The picture

shows the dust signal for each frame superimposed. The yellow points are obtained

by plotting all points above the limit and the cyan fitted trajectory is the respective

fit to the mean position of each frame. The blue fit and the magenta points are

obtained from the front method. The method considering all points is lower in the

beginning as also particles of the lower cloud part contribute. Later both methods

contain the same points when the overall number is below the criterion for the front.

Due to the initial difference the trajectories also vary at the end. The limit chosen

for both methods is the same. The distances on the axes are given in pixels and

can be converted by multiplying by 0.198 mm px−1.
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Figure A.2: The trajectories shown in the picture are found by fitting a quadratic

function to the points found by tracking the 25 most forward pixels above the

intensity threshold chosen for the dust. The middle, blue trajectory is obtained by

applying a threshold. The red one above it has a lower threshold and the green

one below has a higher threshold. Points and fits of the same colour belong to

each other. The difference of the higher and lower threshold from the middle one

is the same. The injection analysed was an injection in the chamber under vacuum

conditions. Shown in (a) is a zoom on the region close to the injector and (b) is a

zoom in on the last part of the trajectory. The distances on the axes are given in

pixels and can be converted by multiplying by 0.198 mm px−1.
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Appendix B

Additional simulation plots

In the following there are additional plots to illustrate the position of the
injector and the trajectory of the dust in the device. Additionally, 3D plots
of the trajectories are given. To extend the shown plot of the accelerations of
the grains here the different forces on the grain are given. Figures B.1 and B.2
show the complete the toroidal and poloidal cross section of AUG with the
calculated trajectories of the injector. The close view on the trajectories is in
found in chapter 6 in figure 6.4.
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Figure B.1: Toroidal, top view of the trajectories calculated with DUCAD. The

1µm grain in red, the 2µm one in purple, the 10µm in blue and the 25µm one in

green. The grey circle indicates the separatrix position at the height of the injector.

The inner black circle is the position of the inner wall and the outer black circle is

the outer wall of the vacuum vessel.
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Figure B.2: Projection of the trajectories of the DUCAD simulation in the poloidal

plane of the AUG tokamak. The grains are delivered by the injector. The 1µm

grain in red, the 2µm one in purple, the 10µm one in blue and the 25µm one in

green.

Figure B.3 shows a 3D plot of the trajectories for the injection with the
injector.

Figure B.4 illustrates the forces acting on the simulated 25µm grain for a
particle simulated with initial properties of the injector.

A 3D plot of the trajectories for an injection with 10 m s−1 initial velocity
is shown in figure B.5.

Figure B.6 illustrates the forces acting on the simulated 25µm grain cal-
culated with a velocity 10 m s−1.
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Figure B.3: 3D plots of the trajectories viewed in direction of the initial velocity.

The 1µm grain in red, the 2µm one in purple, the 10µm in blue and the 25µm one

in green.



78 B. Additional simulation plots

0 5 10 15 20 25 30 35
Time [ms]

10 14

10 12

10 10

10 8

10 6

|F
or

ce
|[

N]

Drag Force
Scattering Force
Gravitational Force
Electric Force
Rocket Force
Neutral Friction Force

Figure B.4: Evolution of the forces that are implemented in DUCAD acting on

the grain 25µm for simulated for the injector. The last data point is obtained in

the time step before the grain is evaporated.

Figure B.5: 3D plots of the trajectories obtained from simulations with an initial

velocity of 10 m s−1. The 1µm grain in red, the 2µm one in purple, the 10µm in

blue and the 25µm one in green.
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Figure B.6: Evolution of the forces acting on the grain 25µm calculated with an

initial velocity of 10 m s−1. The last data point is obtained in the time step before

the grain is evaporated.
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