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Abstract 
One of the outstanding problems in fusion research is the heat load on the divertor 
wall. The current method to handle the heat load is based on a magne c configura on 
in which the plasma exhaust is distributed over two divertor legs. This method may not 
provide sufficient heat load handling for large future devices. Alterna ve divertor 
concept, such as the snowflake divertor configura on, are therefore inves gated in 
present day machines. The snowflake divertor has a second order null point in the 
poloidal magne c field. This leads to two addi onal divertor legs and flux expansion 
which reduces the heat flux per surface area on the wall.  

The pure snowflake configura on is topologically unstable. However, by loca ng the 
two x-points close to each other, more stable configura ons can be achieved. These 
configura ons are called the snowflake (+) and snowflake (-). To iden fy the snowflake 
configura on, visible light images are considered. 

This thesis has two main ques ons: 1) Can the snowflake divertor configura on be 
determined from visible light images? 2) Can this analysis be executed in real me? 

For the first ques on, images of the snowflake configura on are acquired with a visible 
light camera. The plasma edge will be reconstructed with the plasma edge reconstruc-

on method OFIT. OFIT is developed to interpret toroidaly symmetric objects and is 
therefore suited for this type of analysis. The intensity distribu on of the snowflake 
plasma edge was examined, and the rela on between the intensity, contrast and 
loca on of the features and the corresponding configura on is studied. 

The visibility study shows that a single null divertor plasma evolves to a full snowflake 
divertor plasma at σ=0.5~0.6 at θ=75°~100°. To extract the snowflake divertor configu-
ra on parameters, two more advanced methods are proposed for future inves ga on. 

For the second ques on, the OFIT algorithm needs to run in real me with a frequency 
of 1kHz. To achieve this, part of the OFIT code must be ported to an FPGA. A proof of 
concept of the real- me OFIT code is implemented. The results from this proof of 
concept are used for a feasibility study of the planned hardware for the real- me 
implementa on on the tokamak. It was found that the algorithm can run on the test 
FPGA at a frequency of 250Hz. Op misa ons are proposed to reach 1KHz with the 
hardware used at the final realisa on.
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De initions	and	symbols 
 CPU Central processing unit, main processing unit of a computer 

 DEMO DEMOnstra on Power Plant, planned successor of ITER that is 
planned to produce energy 

 DMA Direct memory access, digital communica on protocol 

 DSP Digital signal processing, mathema cal manipula on of an infor-
ma on signal to modify or improve it 

 ELM Edge Localised Mode, Plasma instability that deposi ons power on 
a small me scale to the wall of a fusion device 

 FIFO First In First Out, computer communica on protocol 

 FPGA Field Programmable Gate Array, programmable chip with parallel 
processing abili es 

 GPU Graphics processing unit, specialised processing unit for images 
with parallel processing possibili es 

 ITER Interna onal Thermonuclear Experimental Reactor and La n for 
"the way" or "the road", a currently built tokamak that is planned 
to show power mul plica on of Q=10 

 LCFS Last closed flux surface, or separatrix. The last flux surface that 
encloses the whole core plasma 

 LIUQE “EQUIL" spelt backwards, Equilibrium code to reconstruct the 
poloidal magne c flux surfaces in the TCV tokamak 

 MARFE Mul faceted asymmetric radia on from the edge, plasma edge 
instability 

 OFIT Algorithm for plasma boundary reconstruc on based on op cal 
imaging 

 Proof of concept Realisa on of a prototype to test the feasibility 
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 R Major radius 

 ROI Region of interest 

 SF Snowflake divertor 

 Shot Plasma pulse, one opera on of the TCV tokamak, typical 2s 

 SND Single null divertor 

 SOL Scrape-of layer, plasma region characterized by open field lines 
outside the separatrix 

 SP Strike point, loca on where the plasma meets the wall 

 SXD Super-X divertor 

 TCV Tokamak configura on variable, tokamak in Switzerland with 
unique plasma shaping abili es 

 Tokamak Toroidal chamber with magne c fields to confine a plasma in the 
shape of a torus 

 x-point Crossing of flux surfaces in the divertor region 

 푎 plasma or minor radius 

 푑  x-points distance 

 휃 Angle between the x-points with axes through the plasma  

 휎 = 푑/푎  Normalised x-points distance 
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Chapter	1 
Introduction 

1.1 Fusion 
With the current energy consump on, the expected growth in world popula on and 
the finite reserves of fossil fuel it is clear that there is a need for alterna ve energy 
sources. One of the possible solu ons is thermonuclear fusion. In thermonuclear 
fusion, two hydrogen nuclei, a deuterium and a tri um par cle, are merged together 
forming a helium par cle and a neutron. This process delivers energy. For a fusion 
reac on to occur, it is necessary to overcome the Coulomb repulsion between the 
nuclei. This is done by hea ng the hydrogen. At high temperature the hydrogen forms a 
plasma. This plasma needs to be confined. The most developed confinement concept is 
the tokomak, as shown in figure 1a. 

 

 (a) (b) 

Figure 1 (a) A 3D image of a tokamak with magnets and a fusion plasma. The dark lines are the helical 
magne c field lines. (b) A polodial cross sec on of the tokamak with a divertor. The dark green arrow points in 
the toroidal direc on, where the light green arrow point in the poloidal direc on. Images courtesy of 
www.efda.org. 

In a tokamak a hot plasma is magne cally confined with a helical magne c field, 
consis ng of the sum of the toroidal and polodial magne c fields. This results in the 
helical field lines illustrated in figure 1a. The field lines map out to a set of flux surfaces. 
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A schema c view of these flux surfaces are shown in figure 1b. The core of the plasma 
consists of nested closed flux surfaces. At the plasma edge the flux surfaces cross each 
other and form an x-point. This surface is the last closed flux surface. The poloidal 
magne c field at the x-point loca on is 0, hence its other name, null point. Outside the 
flux surface through the x-point, the flux surfaces intersect with the wall. Outside the 
last closed flux surface, the flux surfaces are intersected by the wall of the vacuum 
vessel. 

Charged plasma par cles inside the last closed flux surface 
are confined and follows the field lines on the closed flux 
surfaces. The transport, of par cles and heat occurs 
perpendicular to the flux surfaces in radial direc on. 
When the plasma par cles cross the last closed flux 
surface, the parallel transport becomes dominant and the 
plasma par cles flow over the field lines to the wall.  

There is a thin layer outside off the last closed flux surface, 
called the scrape-of layer. This layer strikes the wall, and 
deposits the containing par cles and heat flux on a small 
surface. In the case of figure 1b, the magne c field is 
shaped to have these strike points located far from the 
last closed flux surface. This is called a divertor configura-

on, where the strike points are located on divertor 
plates. This divertor configura on, as shown in figure 2.  

 
Figure 2 Single null divertor. 
Black line shows the LCFS. 
Red lines visualize the 
divertor plates.  

To manage the heat load on the divertor plates, various divertor configura ons are 
being developed. The tradi onal divertor is called the single-null divertor. It has a single 
null and two divertor legs. This works in exis ng tokomaks, and is planned for ITER. But 
with bigger tokomaks, or in case of plasma instability, the tradi onal divertors have 
heat flux to the wall, which has enough power to melt and erode the wall.  

 

 (a) (b) (c) 

Figure 3 (a) An ideal exact snowflake, (b)an ideal snowflake (+) and (c) an ideal snowflake (-). The red lines 
show the loca on of the divertor. 

In the Tokomak Configura on Variable (TCV) [1] in Lausanne in Switzerland, various 
plasma configura ons are being tested. One configura on is the "snowflake" divertor 
configura on. In this configura on, there is a double x-point in the poloidal magne c 
field. This results in a snowflake shape of the plasma boundary around the x-points. 
This leads to 2 addi onal strike points, as shown in figure 3a. This lowers the heat load 
to the wall by distribu ng the head over more strike points. 
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A small change in the magne c topology of a snowflake divertor configura on plasma 
can change the posi on of the x-points, resul ng in a snowflake (+) of a snowflake (-) 
configura on, shown in figure 3b and c. This changes the heat flow distribu on over the 
strike points. 

Poloidal cross-sec ons of tokamak plasmas are normally analysed with magne c 
reconstruc on using an equilibrium reconstruc on. In case of the snowflake divertor 
configura on this leads to errors in the analysis: notably a small error in the ver cal 
posi on in the plasma can change the configura on from (+) to (-). Therefore, it is 
advisable to have an addi onal diagnos c measurement for the snowflake parameters. 

1.2 Goals	and	research	question. 
The main objec ve of a snowflake divertor configura on is to reduce the heat load to 
the wall, due to the addi onal strike points. It is expected that the configura on of the 
snowflake plasma has influence on the power distribu on over the strike points. 
Therefore, it is important to measure and control the snowflake divertor configura on. 

One poten al method to measure the configura on of the snowflake plasma is to use 
visible light images. By poin ng a camera on the plasma and looking at the light emi ed 
by the plasma edge, the edge can be reconstructed. In this thesis, the work done to 
extract the configura on of the snowflake divertor from these visible light cameras is 
presented. Furthermore, it shows work done to make the edge reconstruc on run in 
real- me. This could open up the possibili es to control the snowflake divertor, and the 
possible power distribu on over the strike points during opera on. The main ques ons 
of this thesis are: 

1. Can the snowflake divertor configura on be determined from visible light im-
ages? 

2. Can the analysis be executed in real- me? 

To answer the ques ons, a literature study of the snowflake divertor is executed in 
chapter 2. Here, the snowflake configura on is introduced. Its advantages and charac-
teris cs are described.  

This report is setup as follows: In chapter 3 and chapter 4 the images of the snowflake 
divertor configura on are examined. In chapter 3 the images of the snowflake divertor 
configura on shots are examined on visible features and analysis based on intensity are 
executed. This chapter answers the ques ons: Are there features in the visible light 
images that depend on the configura on? Is there a rela on between the intensity of 
the visible features and the snowflake divertor configura on? 
In chapter 4 the plasma boundary reconstruc on algorithm OFIT is explained. The 
reconstructed edges are used to answer the ques on: Is there a rela on between the 
posi on of the visible features and the snowflake divertor configura on? 

Chapter 5 treats the second ques on by addressing the sub ques ons: Can the image 
analysis por on of the OFIT algorithm be run on an FPGA? Can the ming goal for OFIT 
be reached on the available and proposed hardware? 
This is achieved by making a proof of concept implementa on for the real- me OFIT 
algorithm. It is executed on an FPGA, and results in advice for the final frame grabber 
that will be used on the TCV tokamak. 

 





 

5 

 

Chapter	2 
Snow lake	divertor	plasmas 

In this chapter the need for a divertor is explained. The snowflake divertor configura on 
is introduced and the characterisa on of the snowflake divertor plasma shape is 
defined. Furthermore, the tokamaks that can create snowflake plasmas are introduced. 

2.1 Nuclear	fusion 
The goal of nuclear fusion research is to create sustainable energy. To achieve this, two 
light nuclei join together with enough energy to overcome the coulomb barrier to form 
a heavier nucleus. This process produces energy. The fusion reac on with the highest 
energy gain is the deuterium-tri um reac on, both hydrogen isotopes. This reac on is 
shown in figure 4 and formula 1. 

 퐻	 + 퐻	 = 퐻푒	 + 푛 + 17.6푀푒푉 1 

 

Figure 4 Visualiza on of nuclear fusion, where two hydrogen isotopes form helium and a neutron. This process 
releases energy. Courtesy image: Lancaster University 

The challenge is to get the hydrogen isotopes to overcome the coulomb barrier, and let 
the losses be smaller than the energy won by the fusion process. This can be achieved 
in a plasma, an ionised gas where the electrons and nucleus are separated, at sufficient 
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high density (푛), temperature(푇) and me the par cle is confined in the system (휏 ). 
For burning fusion reactor, this triple product needs to be sufficient high:  

 푛푇휏 ≥ 10 퐾푒푉		푠/푚  2 

This is called the Lawson criteria.[2] In a fusion reactor the op mal temperature 푇 is 
between 10 – 20 KeV. 

2.2 Tokamak 
The plasma can be confined with magne c fields. The most developed concept is the 
tokamak, shown in figure 5a. The tokamak is a toroidal device that uses a transformer 
to create a toroidal flowing current flowing through plasma. This current produces a 
poloidal magne c field 퐵 . The tokamak also has external coils to produce a toroidal 
field 퐵 . These magne c field combined creates helical magne c field lines. Such helical 
field lines map out a “tube-like” flux surface. On a flux surface, plasma parameters such 
as temperature and density are constant due to the fast movement of the par cles 
parallel to the field. Perpendicular to the flux surface the transport of energy and 
par cles is small compared to the parallel transport. 

             

 (a) (b) 

Figure 5 a)Schema c view of a tokamak. Visible are the toroidal and poloidal field coils (blue), the plasma 
(orange) and the helical field lines. Image courtesy of www.efda.org. b)profile of the flux surfaces 

The flux surfaces map out on a set of closed curves, as shown in figure 5b. These closed 
flux surfaces confine the core plasma. Outside the last closed flux surface (LCFS), the 
flux surfaces are broken up and end on a wall. Here, the par cles and heat are trans-
ported to the wall over the field lines through the fast parallel transport. 

2.2.1 ITER	and	DEMO 

Currently, there is no tokamak or other device that produces a self-sustaining fusion 
reac on. ITER, currently under construc on in Cadarache, France, is built to be self-
sustained and to show energy mul plica on of Q=10. It is designed to produce 500 MW 
of output power for 50 MW of input power. It is an interna onal project, run by the 
European Union (EU), India, Japan, China, Russia, South Korea and the United States. 

But ITER is s ll an experiment. For commercial reactors, the device needs to produce 
even more power. DEMO, the successor of ITER, and planned to produce electrical 
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energy, is planned to produce 500 MW [3]of electricity which will require a thermal 
output of around 1500 MW.[4] This results in even higher heat loads than those that 
will occur in ITER. Addi onal concepts for handling this heat load will be essen al for 
successful opera on of DEMO and other future fusion power plants. 

2.3 Divertors 
To guide the heat load to the wall, the magne c field is shaped to form a null point in 
the poloidal magne c field by adding a coil located under the bo om of the vacuum 
vessel that drives a current that is propor onal to the plasma current. The created null 
point is located near the edge of the plasma, and causes field lines along the plasma 
edge to be guided to the wall. This results in a fixed posi on on the wall where the heat 
is deposited. Also, the null point increases the distance between the wall and the core 
plasma, reducing the influx of impuri es to the core plasma. Because of the distance 
between the core plasma and the wall, there is a larger volume where the plasma loses 
power due to line radia on. A divertor configura on is necessary for H-mode access 
and plasma purity. [5] H-mode is a regime where the plasma has a dras cally increased 
central pressure caused by steeper gradients at the edge. This is beneficial for more 
efficient fusion reac ons. 

The core plasma inside the last closed flux 
surface follows the field lines on the closed flux 
surfaces through parallel transport. The perpen-
dicular transport of par cles and heat is perpen-
dicular to the flux surfaces, as is schema c 
shown in figure 6 with the red arrows. When the 
plasma crosses the last closed flux surface, it 
flow over the field lines in a thin layer, called the 
scrape-of layer(SOL), as shown with the yellow 
arrows. This layer ends at the divertor plates, 
and the containing par cles and heat flux are 
deposited here. The SOL is thin because the 
parallel flow toward the divertor plates is fast 
and allows for li le perpendicular diffusion. 

As the divertor plates have direct contact with 
the plasma, they receive a high heat flux. In ITER 
this heat flux without a divertor is es mated at 
1GW/m2. With techniques such as flux expan-
sion and line radia on, this can be reduced to 
10MW/m2. [6] For DEMO this heat load to the 
divertor wall will be even higher. Although a heat 
load of 10MW/m2 is manageable, it is close to 
the limit of what currently known materials can 
withstand. Therefore, addi onal methods to 
further reduce the heat load to the divertor 
plates are probably necessary. 

 

Figure 6 Single null divertor(SND) with the 
LCFS indicated in black and the SOL in red. 
The heat produced at the core plasma 
diffuses radially towards the LCFS (red 
arrows). Once it crosses the LCFS, it flows 
parallel to the LCFS through the SOL (yellow 
arrows). 
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2.3.1 Flux	expansion	and	line	radiation 

A method to reduce the heat flux density is to lt the divertor plate with respect to the 
field lines. When field lines are perpendicular to the divertor plates, the area of impact 
is minimal. When l ng the divertor plates to a small angle with respect to the field 
lines, the heat flux is spread over a larger area, increasing the plasma we ed area. It 
reduces the heat load with a factor 10.[7][8] The same effect can be achieved by 
shaping the magne c field in the divertor in such way that the flux is magne cally 
diverted, increasing the plasma we ed area. 

Another method to reduce the heat load is to emit some power as (visible) light. The 
plasma close to the divertor is cooled to temperatures where it is no longer fully 
ionised. It starts to emit line radia on. This process can be enhanced by increasing the 
density in the divertor region and by adding impuri es. This could reduce the heat load 
with another factor 10. [6][7]  

2.3.2 Alternative	divertor	con iguration 

The methods described above are used in current tokamaks and will be used in ITER to 
keep the heat load at manageable levels during normal opera on. But if an instability 
takes place, like an ELM, or on future machines like DEMO, this is not enough to keep 
the heat load to the divertor wall at acceptable levels. This is why new divertor configu-
ra ons are being developed, that reduce the heat load further when compared to the 
single null divertor as described above. Two of these concepts are the super-X divertor 
and the snowflake divertor.  

The super-X divertor (SXD) is a divertor configura on concept where a divertor leg of a 
single null divertor is extended. This way, the flux expansion, and so the area that is 
we ed by the plasma, is increased with a factor 2-5 compared to other configura ons. 
Through the length of the divertor legs, the temperature of the plasma at the target 
plate is also lowered. [9] This clears the way for compact reactors, for example inside a 
fusion-fission reactor, where the fusion reactor acts as a compact fusion neutron 
source. [10] The disadvantage of the super-x divertor is the big volume that is used up 
by the divertor. This reduces the core volume. 

Another configura on is the snowflake divertor. This configura on has two addi onal 
divertor legs, and a bigger divertor volume, while not leading to a significant reduced 
confined plasma volume. [11]. It is a promising configura on introduced in 2007 by D. 
D. Ryutov[12], and it won the R&D 1001 award in 2012. [13] It is currently proposed for 
implementa on in DEMO and will be tested in ITER satellite tokomaks.[14] The disad-
vantage of the snowflake divertor is the high current through the divertor coils that 
create the divertor legs. This high current also induces high forces on the coils. 

 
1 The R&D 100 awards are awarded yearly to the top 100 technology product of that year and spans industry, academia, and 
government-sponsored research.  
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2.4 Snow lake	divertor	con iguration 
In the single null divertor configura on, the poloidal magne c field is 퐵 = 0 at the x-
point. This splits the separatrix in four regions around the null point. The flux surfaces 
cross each other and form an x-point. When the poloidal field is a second order null, 
∇퐵 = 0, the separatrix is split in six regions. In figure 7a both configura ons are super 
posi oned. The snowflake configura on is named a er the shape of separatrix that 
resembles a snowflake. Because of the second order null in the magne c field, the 
snowflake configura on has a double x-point, as shown in figure 7b.[12] 

 
(a) 

 
 
 

(b) 

Figure 7 (a) A snowflake configura on super-posi oned on a single null point divertor. [12] The dots indicate 
the posi on of the currents. (b) a zoom in of the x-point region, showing the snowflake shape. Both originates 
from a model of a rec fied (i.e., straight) tokamak. All distances are normalized on 푎 

A single null divertor configura on is created by adding a coil under the vessel. In figure 
7a this posi on is indicated by the lower open circle. The snowflake divertor configura-

on can be created by adding two divertor coils. The loca ons of these coils are shown 
with the black circles. The upper circles indicate the plasma current. The minor radius is 
푎, the ver cal distance to the divertor coils is 푏 and the horizontal. 

2.4.1 Snow lake	(+)	and	snow lake	(-) 

The divertor coil currents are dependent on the plasma current and the resul ng 
poloidal field. In the case of figure 7 in a rec fied tokamak, for a tokamak with standard 
reactor propor ons (푏 = 0.3푎), the divertor coil current is: [12] 

 퐼 = I ~0.45퐼  3 

This creates a snowflake configura on where both x-points are located exactly on top of 
each other. 

This exact snowflake configura on from figure 7 is topological unstable. When the 
current does not exactly sa sfy equa on 3, the double x-point splits in two x-points. 
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This changes the shape of the divertor region and on the loca on of the strike points 
substan ally. [15].  

 

Figure 8 An exact snowflake, (a) a snowflake (+) and (b) a snowflake (-), [12] 

If the snowflake is operated on a lower or higher divertor coil current, the shape of the 
separatrix will change. The configura on will become as in figure 8. Here, the snowflake 
(+) is operated on a higher divertor coil current compared to the op mal divertor coil 
current, and the snowflake (-) on a slightly lower divertor coil current. This means that 
the x-points of the configura on are displaced ver cally for the snowflake (+) and 
horizontally for the snowflake (-). 

In the snowflake (+) configura on, only one x-point is connected to the core plasma. 
The second x-point is not connected to the LCFS. Only two divertor legs are directly 
connected to the core plasma. The disadvantage is that the lower divertor legs can only 
have a par cle and heat flux through cross field transport or through turbulent pro-
cesses.[11] 

In the snowflake (-) configura on, both x-points lay on the LCFS. This leads to direct 
transport to all strike points. Also, both x-points are clearly dis nguishable. A disad-
vantage is that the extra plasma edge that is created between the x-points. This could 
increase impurity penetra on in core plasma. 

The symmetric cases described above are not all topological stable. When non-
symmetric combina ons of ver cal and horizontal movement of the x-points are 
allowed, there are four possible topologically different configura ons: an exact snow-
flake, an exact (symmetric) snowflake-minus, both of which are topologically unstable, a 
snowflake-plus that can be asymmetric, and an asymmetric snowflake-minus.  

2.4.2 Snow lake	in	tokamak	geometry 

The toroidal magne c field in figure 7 and 8 are assumed poloidialy symmetric and 
ideal. In reality this field is stronger at the inside of the tokamak because the magnets 
are closer to each other due to the more limited space on the inside of a tokamak. As a 
result, the inner magne c field is stronger (HFS) than the outer side (LFS). In figure 9 the 
three snowflake configura ons are displayed as magne c reconstruc ons in the TCV 
tokamak. 
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Figure 9 The snowflake (+), exact snowflake and snowflake (-) in TCV. Upper images are the magne c 
reconstruc ons. Bo om images are CCD camera images (false color). [16] 

In the snowflake (+) configura on in a tokamak the lower divertor legs are not in direct 
contact with the core plasma. S ll, there is plasma transport to the strike point. This can 
be par ally explained by the diffusion perpendicular to the flux surfaces close to the x-
points. The par cle diffusion coefficient 퐷  depends on the magne c field: [5], [17] 

 퐷 = 2 × 10 ⁄ 	 	[푚 /푠] 4 

As the magne c field goes to zero in the vicinity of the x-points, the diffusion coefficient 
gets bigger. So it is suggested that the diffusion gets large enough to cross the distance 
to the addi onal divertor legs in the case of a snowflake (+) plasma. [18] 

 

Figure 10 The toroidal curvature drives convec on, which distributes the plasma between all divertor legs. 
[11] 

Another hypothesis for the plasma flow over this divertor leg is that it is caused by 
toroidal curvature driven convec on, caused by the imbalance between the plasma 
pressure and the poloidal magne c pressure close to the second order null.[8] This 
curvature creates convec ve eddies in a zone surrounding the x-point, as shown in 
figure 10. This causes broadening of the SOL and the divertor legs, leading to a larger 
plasma we ed area. If the area of low poloidal magne c pressure is large enough, 
exhausted par cles may flow from the primary separatrix to the secondary strike 
points.[19] 



 
Snowflake divertor plasmas 

12  

 

2.4.3 Advantages	of	the	snow lake	divertor	geometry 

A snowflake divertor configura on has advantages to a single null divertor. Because the 
divertor has two addi onal legs and resul ng two addi onal strike points, the heat flux 
is distributed over a larger surface area. The volume of the divertor is larger in the 
snowflake than in the single null divertor, which lead to a larger volume for power 
radia on.[20] Because the second order null in the snowflake divertor, the poloidal 
magne c field is much smaller close to the x-points and the flux expansion is much 
stronger than in the single null divertor.[7]  

The low poloidal field zone also has effect on many other characteris cs of the tokamak 
edge region. In par cular, the magne c connec on length on the open field lines in the 
SOL increases, as does the magne c safety factor q and magne c shear in the pedestal 
region just inside the separatrix. [21] 

Experimental it is found that the snowflake divertor configura on in compa ble with H-
mode (high confinement mode). [22] It was found that in a transi on from SN configu-
ra on to a SF configura on that the volume averaged plasma temperature, total plasma 
energy, confinement me, and H factor increase by ~15%, where the power threshold 
for the transi on from L to H-mode is similar for single null divertors and snowflake 
divertors. 

The instabili es that occur when opera ng a plasma in H-mode, the edge localized 
modes (ELMs) also occur with snowflake divertor plasmas. It is found that the ELM 
frequency is decreased with a factor 2 − 3 while the power drop Δ푊 푊⁄  of the 
ELM is only increased with 20− 30%.[22] Also, experiments show that the power the 
strike points is not equally distributed. But when an ELM occurs, the power to the strike 
points is redistributed, reducing the heat load further during an ELM event. [19] 

2.5 Snow lakes	in	tokamaks 
Currently, the snowflake divertor configura on is achieved in three tokamaks, TCV, DIII-
D and NSXT. They can all make the ideal snowflake, the snowflake (-) and the snowflake 
(+) configura on. Beside these three tokamaks, there are plans for other tokamaks that 
in the future will be built for or upgraded to produce the snowflake divertor configura-

on. These tokamaks are: [23] 

 In China there are modeling proposals for snowflake configura ons for the HL-2M 
and CFETR tokamak. 
The HL-2M tokamak has a separate divertor for the snowflake configura on and 
conceptual design studies on the snowflake configura ons are done.  
In CFETR, the divertor is ITER-like with a ver cal target, accommoda ng snowflake 
configura on without addi onal coils 

 In Italy the proposed ITER satellite tokamak FAST has power exhaust levels similar 
to ITER and relevant to DEMO and is planned to have a lithium divertor and a 
snowflake divertor. 

 In France the WEST tokamak (W Environment in Steady-state Tokamak, currently 
Tore Supra) is planned to have divertor coils located to support the snowflake di-
vertor configura on, and is planned to perform steady state. 

NSXT and DIII-D are tokamaks that can and have created snowflake divertor plasmas 
without addi onal hardware. Although the exact snowflake and the snowflake(+) can 
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be obtained in these tokamaks, only the snowflake(-) can be sustained for longer 
periods of me. Both tokamaks have shown greatly reduced divertor heat fluxes 
between and during ELMs.[24]  

Experiments on NSTX have shown larger plasma we ed area and flux expansion, a 
region of low poloidal magne c field in the divertor region and an increasing magne c 
field line length.[23] Future snowflake experiments on NSTX-U will focus on heat 
transport and power balance in the snowflake divertor, the snowflake opera on with 
ac ve pumping, ELMs, and the magne c control of the SFD[25] and the interac on 
between snowflake divertors and lithium plasma-facing components.[23] 

Experiments on DIII-D have shown broadening of the plasma we ed area during ELMs, 
a flux expansion increase of 2.5 where confinement and radiated power stay similar to 
the single null configura on. [26] Future experiments at DIII-D are planned to study 
magne c feedback control, pedestal evolu on and parallel heat flux distribu on in the 
SF configura ons.[24] 

2.5.1 TCV 

The TCV tokamak (Tokamak à configura on variable) has the shaping ability to form 
mul ple plasma configura ons. This is achieved by 16 independently driven shaping 
coils and two internal coils for fast ver cal control of the plasma, as shown in figure 
11.[1] The basic tokamak parameters of TCV are shown in table 1. The plasma shape is 
obtained with magne c reconstruc on through the LIUQE algorithm. 

The TCV tokamak can create a wide range of snowflake configura ons and can operate 
in L and H-mode. The on-going research at TCV is on edge and SOL proper es of the 
snowflake configura on, SOL turbulence and ELM behaviour. [18] 

 

(a) 

.  

(b) 

Figure 11 a) Varia on of shapes cut-out of the TCV tokamak with the shaping coils and b) cross-sec on of the 
TCV tokamak with the shaping coils surrounding the vessel. 
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Table 1 Specifica ons of the TCV vessel 

Plasma height max. 1.44m 

Plasma width max. 0.48m 

Plasma major radius 0.875m 

Plasma current 1.2MA 

Toroidal magne c field on the magne c axis max.1.43T 

Plasma dura on max. 2 sec 

2.6 Qualitative	description	of	snow lake	
con iguration 

The characteris cs of the snowflake divertor configura on are defined by the posi on 
of the x-points. These posi ons can be reduced to two parameters, the distance 
between the x-points, 휎, and the angle between the x-point, 휃. These two parameters 
define the shape of the snowflake divertor and its characteris cs. They will be defined 
in detail in this sec on. Furthermore, a consistent way of naming the visible features of 
the snowflake divertor plasma is found, in collabora on with the TCV team. 

2.6.1 Naming	convention	of	strike	points	and	x-points 

To consistently compare snowflake divertor configura on plasmas, a naming conven-
on of the features is used. In figure 12 a reconstruc on of a snowflake is shown. The 

primary x-point is the x-point that connects the core plasma with the primary divertor 
legs.  

 

Figure 12 Magne c reconstruc on of a snowflake (+) plasma. The red lines are the last closed flux surfaces 
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The loca on where the divertor legs hit the wall are called strike points. The strike 
points are numbered, star ng with the strike point at the high field side that is con-
nected to the primary x-point. This strike point is called strike point 1 (Sp1). From there, 
the strike points are named counter clockwise, while other strike point that is connect-
ed with the primary x-point is called strike point 4. This naming conven on is always 
used with the snowflake configura on, even in the snowflake-like case, when there is 
not yet a (visible) plasma flow to strike point 2 and 3. 

2.6.2 Distance	휎 

The first parameter of importance for the snowflake divertor configura on is the 
distance between the x-points. If the x-points are located too far apart, there can be no 
transport of par cles to the secondary strike points.  

The distance between the x-points is defined as the normalised length 휎 where 휎 = . 
Here 푑 equals the absolute distance between the x-points and 푎 is the radius of the 
core plasma. 

2.6.3 Angle	휃 

 

Figure 13 Magne c reconstruc on with the LCFS (red), the x-points(green), the coordinate system through the 
magne c axis(black) and the angle 휃 (cyan). 

To define the angle between the x-points, a frame of reference needs to be established. 
This due to the rotated and stretched shape of the snowflake configura on, compared 
to the ideal case of a cylindrical tokamak. In the snowflake configura on in a tokamak, 
this frame of reference is defined by a coordinate system with the origin in the primary 
x-point. The orienta on of the coordinate system is with the y-axes through the 
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magne c axes of the plasma. The angle between the x-points is then defined as the 
angle between the x-axis and the line through both x-points, as shown in figure 13. 

2.6.4 Transition	snow lake	(+)	to	snow lake	(-) 

The two plasma parameters, 휎 and 휃, are the two defining parameters in the snowflake 
divertor configura on. In the ideal snowflake configura on, the x-points are located on 
top of each other. Here, the distance 휎 is zero, where the ange 휃 is undefined. The 
larger 휎 becomes, the more the snowflake deviates from the ideal case and the smaller 
the transport through the secondary x-point and the corresponding legs becomes. So 휎 
is a measurement for the “idealness” of the snowflake configura on. 

To discriminate between snowflake (–) and snowflake (+) the 휃 is used. In the theore -
cal snowflake descrip on, as described in chapter 2.4.1, this is rela vely easy. In the 
snowflake (+) case, the x-points are located above each other, and in the snowflake (-) 
the x-points are located beside each other. This means an angle of respec vely 90° for 
(+) and 	0°/180° For snowflake (-). But as shown in chapter 2.4.1, the snowflake in the 
tokamak is not as nicely shaped as in the theore cal case, and intermediate states exist. 
A defini on for the intermediate states is needed. 

 

Figure 14 Close-up of the last closed flux surfaces in the x-point region of the snowflake divertor, ranging from 
(a) exact snowflake (-), to (f) exact snowflake (+).The red lines are directly connected to the core plas-
ma(primary separatrix ). The blue line is the secondary separatrix. In the case of 60° (d) the transi on 
between (+) and (-) is shown. [15] 

In figure 14 a theore cal model for the intermediate states is shown. It shows the 
transi on from an ideal snowflake (-) to an ideal snowflake (+)[15] based on the 
magne c topology. It shows that in the snowflake (-) configura on the two x-points are 
located at the (primary) separatrix that surrounds the core plasma, while in the 
snowflake (+) configura on only the primary x-point is located on the primary separa-
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trix. The secondary x-point lays on the secondary separatrix, and there is no direct 
connec on to the primary separatrix. 

Based on this observa on, the defini on of the snowflake (-) configura on is, when the 
x-points are both located on the primary separatrix. In the theore cal model, based on 
the last closed flux surface, the transi on is located where 휃 is exactly 60°. 

Figure 15 shows the magne c reconstruc on of a snowflake (-) and a snowflake (+) 
configura on of TCV. Here it is visible that the primary separatrix also changes the 
posi on of the primary strike points, from SP 1 and SP 2 in the case of a snowflake (-), 
to SP1 and SP4 for a snowflake (+).  

In the physical case the separatrix is surrounded with a scrape-off layer (SOL), with a 
thickness of ~2푐푚. Because of the SOL, the defini on for snowflake (-) in the physical 
case is when the x-points are both located in the SOL. This could lead to cases where 
the exact criterion of an angle of 60° is slightly deviated. So an snowflake (+) configura-

on with angles smaller then 60° or snowflake (-) configura ons with angles greater 
then	60	°. 

(-) (+) 

 

 (a) (b) 

Figure 15 Visualiza on of the axes in a (a) snowflake (+) and a (b) snowflake – configura on. Black line is the 
virtual axes through the magne c axes and the primary x-point. The green lines are the 60o and 120o from the 
axes. The light blue lines indicate the angle of the snowflake configura on. 

2.7 Magnetic	reconstructions 
In this chapter, the figures of the snowflake divertor in TCV, such as figure 9, 13 and 15, 
show at least the vacuum vessel and the last closed flux surface. These images of the 
plasma shape are obtained by magne c reconstruc on by itera vely solving the Grad-
Shafranov equa on. [27]  
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The Grad-Shafranov solver used in TCV is called LIUQE. [28] The LIUQE algorithm uses 
diverse inputs, mainly the current through the magnet coils surrounding the TCV 
vessels, magne c pickup coils and magne c probes to determine the plasma current 
and current density.[29] These are then used to (itera vely) solve the Grad-Shafranov 
equa on.  

(a) 

(b) 

(c) 

Figure 16 Three magne c reconstruc ons (LIUQE code, TCV). Plo ed are 휎 and 휃. Blue dots mean a snowflake 
(-), a red dot a snowflake (+). Note the different me resolu on. 
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In a snowflake divertor, it is difficult to determine the plasma current with the magne c 
probes.[18] The results can be improved by manually adding addi onal input values to 
the algorithm, and by manual tweaking of the reconstruc on. In TCV this results in 
three versions of the LIUQE reconstruc on. LIUQE 1 is default reconstruc on based on 
only magne c measurements, LIUQE 2 takes kine c measurements such as polarimetry 
measurements and Thomson sca ering data into account and LIUQE 3 is manually 
adjusted. 

The shape of the last closed flux surface is difficult to compare with itself in me. But 
the parameters that can be derived from the reconstruc on, 휃 and 휎 can be compared 
in me. In figure 16, three me traces of x-point characteris cs 휎 and 휃 of the snow-
flake divertor configura on plasma are shown. 

In the figure, the 휎	and 휃 determined with LIUQE 1,2 and 3 are shown. The first thing 
that is no ceable is the different number of points between the reconstruc ons. In 
LIUQE 2 and 3 the points are located at regular intervals. This is not the case with LIUQE 
1, where the reconstruc on not always converges. This leaves periods where no actual 
informa on over the plasma is known. The difference in frequency between LIUQE 2 
and 3 originates in the manual tweaking of the constrains of the reconstruc on.  

In the LIUQE 1 reconstruc on, the average value of 휎 lay below 40%, where in the 
LIUQE 2 the average is around the 40%. The LIUQE 3 reconstruc on is even higher, and 
most points are larger tha 40%. Furthermore, the LIUQE 1 reconstruc on finds no 
snowflake (-) configura on in this me period where LIUQE 2 found three instances of a 
snowflake (-) configura on. This makes the interpreta on of the snowflake configura-

on difficult. In this thesis, the LIUQE 3 reconstruc on is used where these was availa-
ble. 

Appart from the LIUQE algorithm, one proposed addi onal independent method to 
determine the snowflake parameters is op cal plasma edge reconstruc on. The OFIT 
algorithm is an op cal plasma edge recogni on that is currently being adapted for the 
TCV tokamak. It was developed for the MAST tokamak [30] and can be implemented in 
real- me. 

2.8 Summary 
The snowflake divertor configura on has a double x-point which leads to addi onal 
strike points that can reduce the heat load to the wall. There are two variants of 
snowflake configura on, snowflake (+) and snowflake (-). In the snowflake (-) configu-
ra on, the second x-point is connected with the SOL. It is expected that the different 
configura ons have different proper es with respect to heat load to the wall. 

To differen ate between the configura ons, two parameters can be linked to the 
configura on. The parameter 휎 is the normalized distance between the x-points and is 
linked to how close the snowflake is to the ideal snowflake configura on. The parame-
ter 휃 is the angle between the x-points, with respect to the plasma current. It indicates 
the transi on between snowflake (+) and snowflake (-), with 휃 = 60° as theore cal 
transi on point. 
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Chapter	3 
Optical	analysis	of	
snow lake	shots 

In this chapter, the snowflake divertor configura on in the TCV tokamak will be ana-
lysed. A concept of the rela on between the emi ed visible light and the heat flux to 
the divertor is given. A er this, it is inves gated whether there are features of a 
snowflake divertor in the visible light images that depend on the configura on, and 
whether there is a rela on between the intensity of the visible features and the 
snowflake divertor configura on, as described in the previous chapter. 

For the analyses in this chapter, the op cal shape recogni on OFIT is extensively used. 
This method is further described in chapter 4.  

3.1 Why	the	emission	of	visible	light 
In this thesis, the snowflake divertor configura on will be analysed with light with 
wavelengths in the visible por on of the spectrum. This light is emi ed by (par al) 
recombina on at the edge of the plasma.  

The advantage of light as a diagnos c compared to the magne c reconstruc on is the 
independence of magne c coils that dri  over me or the influence of metallic struc-
tural elements. Because there is no need to itera vely solve the the Grad-Shafranov 
equa on, a diagnos c based on light is poten ally faster than itera ve magne c 
reconstruc on methods. The advantage of imaging of visible light compared to infrared 
measurements is that the visible light emission shows the spa al emission along the 
plasma edge and the divertor legs. It does not depend on material to heat up as with 
infrared imaging, that shows the heat deposited on a wall.  

It is expected that there is a rela on between the intensity of the emi ed visible light 
and the heat and par cle flux. Based on the physics principles, it can be described 
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qualita vely2. The heat flux depends on the electron density, the parallel velocity and 
the temperature: 

 푞 ~푛 푣∥푇 	 5 

Parallel transport is dominant in the SOL, so the parallel velocity	푣∥ is also assumed 
constant over the SOL. The electron temperature is of the same order of magnitude 
upstream, where it enters the SOL, as when it reaches the divertor target. So 	푇  is here 
assumed constant and is typically low. So if the heat flux 푞 increases, then 푛  increases. 
The intensity of the emi ed light depends on the electron density 푛 , the density of the 
neutral background gas 푛  and the cross sec on of light emission 〈휎휐〉. 

 퐼 ~푛 푛 〈휎휐〉 6 

The background gas density 푛  is assumed constant in me. The cross sec on 
〈휎휐〉 depends on the electron temperature		푇 , so this can also be considered constant. 
This leads to the assump on that when the heat flux over a divertor leg increases, the 
electron density also increases, and so does the emi ed light. 

3.2 Visible	light	image	of	snow lake	shots 
In figure 17 a raw image from a snowflake divertor shot is shown, together with the 
reconstruc on and an overlay of the tokamak. The image consists of a 3D projec on of 
the plasma. The plasma edge can be recognised in the images. 

 

(a) 

 

(b) 

 

(c) 

Figure 17 a)Snowflake divertor configura on shot image, b) the corresponding magne c reconstruc on and c) 
the same image with tokamak structure overlay in red and the primary strike points in pink. 

The camera only sees the middle part of the plasma. The two edges of the core plasma 
can be recognised as the bright lines in the upper part of the image (indicated with the 
le er A). The strike points (B) are in figure 17c indicated as pink lines along the tokamak 
vessel. The lines can be indicated as strike points, because the line is not con nuous, 
but shows regular dark spots. This corresponds with the edges between the wall les. 

 
2 For a full descrip on of the visible light emi ed by the plasma edge and the underlying physics in the SOL, computa on 
modelling of the SOL is necessary. For this goal, various plasma codes are developed and could be used on the TCV tokamak 
plasma, for example the SOL code B2.5 EIRENE[52]. To execute this type of analysis falls outside the scope of this thesis. 

A 
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From strike point 1 there seems to go a bright curve to the bo om of the tokamak(C). 
This light corresponds to the divertor leg to strike point 3. 

There is a faint line that lays parallel to the circle caused by the strike point 1 (D). This 
line don’t shows wall les, but it is located where strike point 2 is expected. The 
hypothesis is that this light originates from strike point 2. 

The image is cut-off by a circle. This circle is the wall of the pipe that separates the 
camera and the plasma. This cut-off limits the view over the whole plasma, but it shows 
the x-point region. The field of view is large enough for divertor studies. 

One thing that can be no ced from figure 17 is the difference between the shape of the 
magne c reconstruc on and the emi ed visible light. This is because the light does not 
follow the LCFS, but the SOL. The SOL does not follow the LCFS exactly, especially not 
near the x-points. There is no visible light emi ed by the x-points. Therefore the x-
points cannot be directly extracted from the visible light images. Because it is expected 
that the change in snowflake configura on results in a change in the distribu on of the 
exhaust to the strike points, it is expected that the light distribu on also changes. So in 
the next sec on the emission at different configura ons is treated. 

3.2.1 	Different	cameras	standpoints 

The images in this thesis are obtained with visible light cameras. These cameras view 
the plasma through ports in the tokamak vacuum vessel. In TCV there are mul ple 
ports. These ports give an outlook on the plasma. There are three dis nc ve loca ons 
for the ports, all looking at the side of the plasma, but the first located at the top of the 
vessel, the second at the midplane of the vessel, and the third is located at the bo om.  

 

(a) (b) 

Figure 18 Points of view of the camera. (a) camera located in the middle port of the tokamak and (b) camera 
located in the bo om port of the tokamak. The green crosses indicate the camera posi on. 

In the first part of this thesis, the light from the snowflake divertor configura on is 
analysed from the midplane port, see figure 17 and 18(a). This has the advantage that 
the core plasma and the divertor region are visible. This makes the shots that are filmed 
from this loca on useful for intensity ra o analysis.  

The midplane viewport has limited use for an analysis of visibility and shape of the 
divertor legs and therefore the exact configura on. Therefore camera images from the 
bo om port of the tokamak are also used, see figure 18(b). This viewpoint gives a 
detailed view of the divertor region. Therefore, analysis based on the shape and 
visibility of the divertor legs are based on images from this viewpoint. 
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To get a view of the en re TCV plasma, one camera is not enough. It is planned to 
operate the op cal edge reconstruc on OFIT on TCV with two cameras. These cameras 
will be located on the bo om and upper port of the TCV tokamak. This will give a 
complete view of the plasma shape. In this thesis the focus lays on the snowflake 
divertor, which is visible from the bo om viewport. 

3.3 Light	distribution 
To determine if there are features in the visible light images that depend on the 
configura on, the images of a single shot are analysed in me. This shot has a known 
development in the distance between the x-points such that the snowflake features and 
their intensety can be analysed in different states. The shot used is shown in figure 19. 
The angle between the x-points does not significantly change during this shot, and 
varies between 137°	 and 144°.In figure 19 4 pairs of images are shown. Each pair 
shows a camera image of the plasma and the corresponding magne c reconstruc on. 
The images are made from the middle port of the tokamak. The images are mirrored to 
match the orienta on of the magne c reconstruc ons. 

3.3.1 Stages	of	a	snow lake	divertor	con iguration	in	time 

When a snowflake shot is analysed in the me, four dis nguishing states are found. In 
figure 19 an overview of the stages is displayed during a typical snowflake shot. 

In figure 19a the first state is shown, called the "snowflake like" configura on. Here, the 
plasma has only two strike points and divertor legs to strike point 1 and 4, similar to a 
single null divertor. Here there are two x-points but they are too far apart to form 
addi onal visible divertor legs. Only two strike points are ac vated. 

In the second stage (figure 19b) the x-points are closer together and the third divertor 
leg forms to strike point 3. Because plasma is rela vely far from the bo om wall, it is 
not necessary that during this stage the third strike point is ac vated, even if the 
divertor leg is visible. This because of the length of the leg, where energy can be lost on 
the leg by, for example, radia ve emission. Then not enough power is flowing to the 
strike point at the bo om of the tokamak to be ac vated. 

During the third stage (figure 19c) the divertor leg to strike point 2 and strike point 2 
become visible. The x-points are now even closer together. During ELMs, strike point 2 
is ac vated. 

In the fourth stage (figure 19d) the plasma discharge ends. The x-points move apart and 
the plasma configura on changes from a snowflake divertor configura on to a limiter 
configura on and the plasma finalises. 

Of the four stages, two deal with the complete snowflake configura on. Here, complete 
means that at least one addi onal divertor leg is visible. Because strike point 3 becomes 
ac vated during the second stage, the hypothesis proposed: The intensity of the 
divertor leg is related to the configura on of the snowflake plasma, where the divertor 
leg to strike point 3 becomes brighter when the distance between the x-points becomes 
smaller. To test this hypothesis, the next sec on deals with the intensity along a 
divertor leg. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 19 Camera images and their magne c reconstruc ons of a snowflake (+) configura on at four different 
mes during one discharge. Images from TCV, shot 45098. 

3.3.2 Intensity	along	plasma	edge 

To measure the intensity along the edge, a shot with a dis nc ve x-point distance 
profile is used. This profile has steps, and holds the distance constant for 200푚푠. This 
has the advantage of reducing the influence of fluctua ons in the light emission. 

To determine the edge of the snowflake divertor plasma, the OFIT algorithm is used. 
This algorithm searches the steepest gradient in the region of interest (ROI). For this 
analysis, the intensity on the loca on of this strongest gradient is used. The OFIT 
algorithm is explained in chapter 4. Here, the algorithm is modified so it also deter-
mines the intensity on the edge loca ons. 

SP1 

SP2 

↓SP3 

SP4 

SP1 SP4 SP3 

SP2 
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Figure 20 Snowflake divertor plasma as seen through OFIT. The circular ROIs are indicated in green, where 
the recognized plasma edges are indicated in blue. The red lines indicate the tokamak structure. The pink 
dots indicate the strike points. 

For the snowflake divertor, three ROIs are used. These ROIs are aligned to follow the 
shape of the plasma edges, see figure 20, and are chosen to contain for this shot the 
divertor leg to strike point 1, 2 and 3, together with the inner and outer plasma edge. 
The divertor leg to strike point 4 isn't visible and is omi ed from this analysis. The 
intensi es over the ROIs are shown in figure 21. Here, ROI 1 is from SP 1 to SP 3, ROI 2 
from the outer plasma edge to SP 2 and the ROI 3 follows the inner divertor leg from 
the bo om to the top. 

Because of the triangularly of the plasma and the difficulty to determine the plasma 
radius	푎, not the normalised distance 휎 is used, but rather the absolute length between 
the x-points. In this shot the angle lays between 휃 = 137°~144°. This makes this 
discharge a snowflake (+) configura on. 

The first thing to no ce in figure 21 is the big difference in intensity between consecu-
ve me steps. These spikes in intensity are most likely caused by ELMs. An ELM is an 

instability that deposits power to the SOL. This can be seen by a temporary increase in 
intensity over the plasma edge, as shown in figure 21. The peaks caused by the ELMs 
are super posi oned on the base signal and causes satura on of the camera chip. This 
means care needs to be taken to make a qualita ve measurement of the intensity of 
the light emi ed by the divertor legs. For future measurements a camera with a higher 
dynamic range could be used, or care could be taken with deciding on the camera 
se ngs to prevent the satura on during ELMs. The problem then becomes to ensure 
enough signal in the absence of ELMs. 
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Figure 21 All three ROIs of shot 45098. Upper graphs show the intensity over the edge in the ROIs (scale blue 
to red, red means higher intensity), where the lower graphs show the steps in the x-points distance (blue) and 
the integrated intensity over the ROIs in me (yellow). The angle 휃 is between 137°	 and 144°. 

In figure 21, the lower graphs show the steps in the x-points distance. Here the x-points 
distance of 0.14 m corresponds with stage 1, the snowflake-like configura on. Here 
there is no divertor leg to strike point 2 and 3 visible and this stage gives no useful 
informa on about the snowflake divertor region. 

The second step is at 0.105 m at 1100 ms. This corresponds with phase two, and the 
divertor leg to strike point 3 is visible, but it emits dim light. In the intensity along the 
divertor leg, as shown in ROI 1, an increases in intensity close to SP1 is visible. This 
suggests that a change in configura on leads to a change in intensity close to the strike 
points. This is further inves gated in the next sec on. 

At an x-points distance of 0.06 m the third stage is entered. Here strike point 2 becomes 
visible, although it is very dim compared to the other divertor legs and strike points. 
The divertor leg to strike point 3 lights up and it seems that the divertor leg to strike 
point one has a lower intensity. The other edge regions have no clear changes in 
intensity. 

A er the 3rd step the plasma finalises and the x-points separate quickly. The plasma 
goes from a snowflake divertor configura on to a limiter plasma. This is visible in the 
intensity plots by a lowering in the intensity of the plasma edge, apart from the inner 
edge, where the shrinking of the plasma is visible a er 1650ms.  

From the whole edge that is considered here, only the divertor legs have shown a 
change in intensity with a change in configura on. The next sec on considers the 
intensity at the strike points. The loca ons where this is measured are indicated in 
figure 21. 

←SP1 

←SP3 ←SP2? 
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3.3.3 Intensity	close	to	the	strike	points. 

Because of the indica on of redistribu on of intensity over the strike points in the 
previous sec on, the me traces of the divertor leg intensity close to the strike points3 
are displayed in one graph. To filter out the ELMs and the camera satura on caused by 
the ELMs, a baseline filtering is applied on the data. 

The x-point distance has 3 plateaus. Of these plateaus, only the second and third one 
deliver useful data for the divertor leg to strike point 2 and 3, because the divertor legs 
to these points are formed at smaller x-point distances. The dip in x-point distance near 
the end is caused by the finalisa on of the plasma. This is visible in the emi ed light by 
a peak in intensity. Here, the plasma is no longer in a snowflake divertor configura on. 

 

Figure 22 Intensi es close to the strike points, baseline filtered intensity close to the strike points and the 
distance between the x-points as func on of me. Shot 45098 

The first thing to no ce in figure 22 is the cut-off of the light emi ed by strike point 1. 
This cut-off is caused by satura on of the CCD camera during an ELM and the high 
frequency the ELM occurs. 

S ll, a trend can be seen in the graph. When the peaks caused by ELMs are eliminated 
by baseline filtering, it is clear that the intensity on the divertor leg to strike point 3 is 
increasing. Furthermore, the average baseline for strike point 1 seems to be lower. This 
indicates that the power gets redistributed with different x-point distances. It proves 

 
3 The intensity on the loca on where OFIT finds the steepest gradient is used. Three data points close to, but not on the strike 
points are averaged and used here as the intensity. For the SP3, that is not visible from this camera viewpoint, the three 
lowest points of the ROI are used. 
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the hypothesis from sec on 3.3.1, that states that the intensity of the divertor leg is 
related with the configura on of the snowflake plasma. 

It is remarkable that the light from what is assumed strike point 2 behaves differently 
from the other two analyzed strike points. The amplitude during ELMs is lower and the 
intensity does not change with the configura on. This might indicate that the hypothe-
sis that the belt of light corresponds with strike point 2 might not be correct. 

3.3.4 Stable	emissive	belt	in	snow lake	divertor	plasmas 

The belt of light that was assumed to be strike point 2, is visible in all snowflake shots. 
In contrary to strike point 1 and 4, the edges of the divertor les are not visible in this 
belt. Also, upon closer inspec on, this belt seems to be located on the center column of 
the tokamak, but extrudes further. It seems to be located on the divertor leg to strike 
point 3, as seen on the blue and green line in Figure 23c. This is incompa ble with the 
hypothesis that this light originates from strike point 2. 

 

(a) 

 

(b) 

 

(c) 

Figure 23 a)Snowflake divertor configura on shot image, b) the corresponding magne c reconstruc on and c) 
the same image with tokamak structure overlay in red and the primary strike points in pink. The divertor leg 
from SP 1 to SP 4 is indicated in blue and the belt of light is indicated in green 

To inves gate this phenomenon further, images of a snowflake shot with a visible 
divertor leg to strike point 2 are analysed. This shot is filmed from the bo om viewport 
of the tokamak. This gives a clearer view of the x-points region. The images are shown 
in figure 24. In this view, the belt is also visible, together with the divertor leg to strike 
point 2. In more snowflake shots from this vantage point, it is found that this belt forms 
the moment the divertor leg 3 is formed. It occurs on all snowflake divertor shots. From 
figure 22 it is known that the intensity is constant with changing configura on. 

This feature is visible under the x-points, and is located on divertor leg to strike point 3, 
below divertor leg to strike point 1 and 4. The belt is sta onary and stable in me. It has 
minimal movement in me, and is located far from the wall. From the measurements in 
figure 22 it is known that the amount of emission of light during an ELM does not 
depend on the configura on. 



 
Op cal analysis of snowflake shots 

30  

 

Sp 1 
Sp4 

Sp 2 

Belt 

Sp3 

 

 

Figure 24 Image of a snowflake divertor with all four divertor legs visible, and the belt under the x-points on 
leg to strike point 3. Contrast is enhanced. Shot 47040 

To ensure the belt is no artefact of the sight lines of the camera, an inverse mapping is 
executed of the visible light image to the RZ-space used by the magne c reconstruc-

on. One of these mappings is shown in figure 25. Here a thickening in the emi ed light 
below the x-points is visible. 

 
 
 
 
 

  

Figure 25 Image of shot 47142 and an inverted version of the same image in the magne c reconstruc on, 
showing an increase of emission below the x-points. False colored to increase contrast. Images courtesy of G. 
Paganini Canal 

The belt is expected to be beneficial for the divertor configura on. It increases line 
radia on and so it reduces the heat flow to the divertor les. The effect is located close 
far from the wall and under the secondary x-point. If the snowflake divertor configura-

on is implemented in an op mized tokamak, with a smaller divertor volume than is 
the case in the TCV tokamak, it could poten ally s ll benefit from this effect.  

The origin of this phenomenon is unknown. To fully explain this phenomenon goes 
outside the scope of this thesis but a short summary of the proposed ideas on the 
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phenomena will be presented here, together with the main difficul es of these theo-
ries. 

A hypothesis is that the light is emi ed by a x-point. To inves gate this, the x-points 
posi ons as found by LIUQE are mapped to the image, as shown in figure 26. The x-
points are drawn as yellow circles, where the belt is indicated in green. The x-points are 
located higher than the belt, disproving this hypothesis. 

 
Figure 26 Same image as in figure 24, but with tokamak structure drawn in red. The mapped x-point loca ons 
are drawn in yellow, the belt in green. Shot 47040. 

The belt cannot be caused by full detachment. Full detachment is the recombina on of 
the plasma before the wall, where no ionized par cles hit the wall anymore, is unlikely 
due to the visible leg a er the belt and the visible strike point on the bo om of the 
tokamak.  

 

Figure 27 Schema c view of a MARFE .Image courtesy of www.efda.org 

A MARFE, (Mul faceted Asymmetric Radia on From The Edge,) is a radia ng thermal 
instability where part of the cool edge plasma together with neutrals and impuri es get 
detached from the target. It then enters the confined core plasma, and causes high 
radia on levels. This may result in thermal instability of the whole plasma[31] 
The problem with the MARFE theory is the stability. A MARFE is no sta onary effect, 
where the belt in the snowflake divertor configura on is extremely stable, and is visible 
the moment a leg is created and disappears together with the leg. Therefore, the belt 
cannot be caused by a MARFE. 
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Cushioning is an effect where a plasma temperature near a target, like a divertor plate, 
is low, which leads to an increase in the recombina on of the plasma close to the wall. 
The resul ng neutral par cles slow the plasma flow to the target, and become ionized 
again. This results in be er confinement of the plasma and reduces the deposited 
energy on the target, because of the neutral plasma ‘cushion’ between the plasma and 
the target. [32] 
The problem with the cushioning theory is the distance to the wall. The belt is located 
on the third leg, far away from the bo om of the tokamak. Therefore, this cannot be a 
cushioning effect. 

3.3.5 Problems	 with	 absolute	 interpretation	 of	 visible	
light 

From figure 22 it can be concluded that the change in configura on influences the ra o 
between the emi ed light close by the strike points. But this has some problems. With 
this camera, the ELMs saturate the chip. This leads to a lower measured value for the 
intensity at strike point 1 than that is emi ed. Furthermore, the interpreta on of visible 
light images is not as straigh orward. As is described by the stable emissive belt 
phenomenon above, light is emi ed at more loca ons than only the plasma edge and 
the strike points.  

The emission of light can also be influenced by external factors, for example impuri es 
in the plasma, by local pressure differences or by local impuri es on the divertor wall 
that can be ac vated when the loca on of the strike point is changed. As the loca on of 
the strike points can change between configura ons, this effect can nega vely affect 
the ra o between emi ed strike points.  

This makes the ra o of emi ed light measured with a visible light camera is not a good 
diagnos c. S ll, it was found that the divertor leg to strike point 3 becomes apparent at 
certain 휎. In the next sec on the visibility of the snowflake divertor legs is considered 
as diagnos c. 

3.4 Visibility	of	divertor	leg 
From the analysis done in chapter 3.3.1 it is known that the divertor leg becomes visible 
at a certain 휎. To inves gate on a larger parameter space if there is a connec on 
between this appearing and the snowflake parameters, mul ple snowflake shots are 
analysed on the visibility of the divertor leg 3. 

To determine if a leg is visible, the OFIT algorithm is used. The algorithm determines the 
edge on basis of the gradient in the emi ed light. It uses a confidence parameter to 
determine it the detected gradient is an edge, based on the local contrast. The camera 
was located at the bo om plane of the tokamak in this analysis. This gives the possibil-
ity to observe the whole length of divertor leg 3. The region of interest is located from 
the x-points region to just above the strike point. This placing has the advantage that a 
part of the core plasma/divertor leg to sp1 is included, so there is signal as soon as 
there is visible plasma. The OFIT algorithm analyses an ROI at 30 points. In the edge 
reconstruc on of OFIT, a value is accepted as an edge point if the confidence is higher 
than 0.3. 
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For this analysis, the confidence value of the thirty points are summated. This is done at 
mes where the 휎	and 휃	are known. Fi een snowflake shots are analysed in this 

manner. The results are shown in figure 28 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 28 Parameter scan of the confidence of the OFIT analysis of the divertor leg versus the 휎 and 휃 of the 
snowflake divertor configura on. 

The first thing to no ce is that all snowflake shots follow the same path when they are 
created. At the start of the shots the x-points distance is 휎~3 and the magne c 
configura on is in a snowflake (-) configura on (휃 = 50°). At 휎 = 1.5~1.75	, 휃~80 
there is a rise in confidence to ~10. The discharge is in a single null divertor configura-

on, and has visible plasma, but no divertor leg to strike point 3. There is no divertor leg 
visible.  

From there, the discharges follow a path in 휎휃-space with decreasing 휎 with 휃 slowly 
spreading to 휃 = 75°~100°. At 휎 = 0.5~0.6 the divertor leg to strike point 3 is 
formed. A er forming, a wide range of 휃 and so snowflake (+) and (-) are possible. The 
visible divertor leg to strike point 3 is sustained a er forming at 휎 larger than	휎 = 0.5. 

From this data, it is known that the appearing of the divertor leg occurs at a fixed region 
in 휎휃space. Because the snowflake shots all follow the same path when they are 
created, this region is only known for 휃 = 75°~100°. The found value of 휎 = 0.6 is 
confirmed by Langmuir probe measured at TCV.[19] A er the establishment of the 
snowflake divertor leg to strike point 3, a wide range of snowflake parameters can be 
sustained while the divertor leg keeps radia ng: 휃 = 0°~210°	,휎 = 0~1.4 
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3.5 Conclusions 
In this chapter, the intensity of the divertor legs close to strike point 1 and 3 are 
compared. It shows a redistribu on of the power with decreasing	휎. This is consistent 
with measurements of other diagnos cs on TCV. The exact ra o is difficult to obtain, 
due to ELMs and the high intensity at strike point 1, and other local emissive effects at 
the strike points. 

It is found that a snowflake divertor configura on starts as a single null divertor 
configura on. At 휎 = 0.5,휃 = 75°~100° the divertor leg to strike point 3 is formed. It 
is found that the contrast of the divertor leg does not depend on the configura on a er 
the establishment of the snowflake divertor leg. The contrast can only be used to 
measure where the leg is located, but in itself it is only useful as diagnos c of two 
points in the parameter space, the crea on of the plasma and the crea on of the 
divertor leg to strike point 3. 

Furthermore, it is found that there is a radia ve belt below the strike points. This belt 
lies on the divertor leg and is located under the x-points. Further research on the origin 
of this belt is necessary.  

 



 

35 

 

Chapter	4 
Analysis	of	snow lake	edge	

position	with	OFIT 
As seen in the previous chapter, the snowflake configura on has an influence on the 
op cal proper es of the emission in the diverter region. Features such as the divertor 
leg to strike point 3 indicate whether or not a snowflake divertor configura on is 
formed, but the intensity and contrast cannot directly provide informa on about the 
snowflake configura on. Therefore, the ques on in this chapter is: “Is there a rela on 
between the posi on of the visible features and the snowflake divertor configura on?” 

In this chapter, the OFIT method will be explained. The reconstructed edges from OFIT 
will be used to research if there is a connec on between the reconstructed edges and 
the parameters of the snowflake divertor configura on plasma. 

If the OFIT algorithm is executed in real- me it can be used to control the plasma. If the 
snowflake divertor characteris cs can be extracted from the image, this also opens up 
the possibility for control of the power split of the snowflake divertor. Chapter 5 shows 
the work done to make OFIT run in real- me. 

4.1 	Introduction	to	OFIT 
OFIT is developed by Gillis Hommen at the TU/e and FOM/DIFFER [30] as an alterna ve 
plasma boundary diagnos c. It does not have the limita ons of magne c reconstruc-

on, namely influence of passive conduc ng structures of the tokamak or dri s due to 
the integra on of the me deriva ve of the flux measurements. The use of visible light 
also provides informa on on other phenomena such as filament structures, ELMs, and 
hot spots on plasma-facing components such as divertor les. 

OFIT can be used offline as an addi onal boundary reconstruc on besides magne c 
boundary reconstruc on. When implemented in real- me it can be used for shape and 
posi on control. For snowflake divertor configura on plasmas, where magne c 
reconstruc on has some difficul es and the heat to the wall is expected to be influ-
enced by the two snowflake parameters 휎 and 휃 this would be a desired addi on. 
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4.1.1 Principle 

The OFIT diagnos c assumes that only a thin shell at the toroidialy symmetric plasma 
boundary emits light. This assump on is acceptable, because the light is inside the 
LCFS, the plasma is fully ionised. Outside the LCFS, there is a narrow region where the 
hydrogen plasma is exited and emits line radia on. A camera is used to measure this 
light, where every pixel is the line-integrated measurement of the light emi ed by the 
plasma. The intensity is maximal if the sightline is tangen al to the radia ng plasma 
shell, and will be significantly lower when where the sight lines cross the plasma surface 
or when the sightline does not cross the plasma whatsoever.  The peaks in intensity can, 
via a coordinate transform, be converted to tokamak coordinates: [33] 

 푅 = ( )  7 

 푍 = 푣 + (푣 − 푣 ) ( ) 8 

 tan(φ ) =
( ) ( )

 9 

where the coordinates of the sightline on a projected surface are (푢 ,푣 ), the camera 
coordinates are (푢 ,푣 ,푤 ) and the toroidal angle of the tangent point on the sight-
line	is	휑 . A schema c drawing with these vectors is shown in figure 29a. 

 

 

(a)        a (b) 

Figure 29 a)Colored view of a spherical tokamak. The tangent point on the plasma surface is indicated with a 
small blue circle. The sightline of the camera in black, the projec on plane in red, the tokamak coordinates R 
and Z in blue. The projec on plane is drawn in red. The vectors used in the coordinate transform are drawn in 
green. [33] b) Sketch of the intensity distribu on around the plasma edge. 

The OFIT method assumes the highest intensity is at the plasma edge. [33] But the 
inside of the plasma close to the edge also emits light. This is why the OFIT algorithm is 
based on contrast, and uses the loca on of the strongest gradient in the direc on 
perpendicular to the plasma edge instead, seefigure 29b. 

To determine the plasma edge based on the gradient in the direc on of the edge, 
several steps are taken, see figure 30. 
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Figure 30 The opera ons executed in the OFIT algorithm 

The images of the plasma are obtained by a CCD camera aimed at the plasma. To 
compensate for the curved plasma shape, regions of interest (ROIs) containing the 
plasma edge and divertor legs are straightened. This is done by mapping the image on a 
ring segment, like the red area in figure 31. 

The principle of the mapping is as follows: the value of each curved pixel in the red area 
is calculated based on the underlying value of the gray grid. Then, the red curved grid 
can be further processed as a normal rectangular grid. 

 

Figure 31 Principle of remapping for plasma edge reconstruc on 

The next step is to determine the gradient in the remapped area. This is done by 
convolu on if the remapped image with a gradient mask. This  results in an image that 
is brightest at the strongest gradient. The reshaping of a ROI and the convolu on on a 
snowflake divertor configura on plasma are shown in figure 32.  

  remapped convoluted 
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(a)  (b) 

Figure 32 a) the images as received by OFIT with the ROIs drawn in green and b) le : the reshaped 
ROIs(enlarged), right : the convoluted ROIs 
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The next step is to find the loca on of the highest value per row in the convoluted 
images. The intensity of the convoluted image is also recorded. This value is used for 
the confidence in the detected point. If the value of the convolu on for that loca on is 
low, then there is just a weak gradient and it becomes less possible that there is the 
loca on of the edge. 

The loca ons and the confidence are then used to fit a third degree polynomial. This 
polynomial is then transformed to the poloidal coordinate system 푅푍 through the 
transform given by formula 7, 8 and 9. These polynomials form the reconstructed 
plasma boundary. 
Figure 33 shows reconstruc on of a single null divertor and a snowflake divertor.  

(1) 

 

(2) 

 
Figure 33 OFIT reconstruc on of a (1) normal divertor configura on plasma and (2) snowflake configura on 
plasma. Le  is the camera image  

4.1.2 Limitations 

OFIT assumes the visible light is emi ed by the thin SOL around the last closed flux 
surface. But in the vicinity of a x-point the SOL is expanded. This hinders the analysis. 
This effect is larger in a snowflake divertor plasma. Here, the x-point region is increased 
through the double x-point, resul ng in an even further devia on from the last closed 
flux surface. This makes direct x-point iden fica on of the snowflake plasma with the 
OFIT reconstruc on difficult. 

Another complica on for the OFIT analysis is that the plasma edge is not the only 
source of light in a (snowflake) plasma. ELMs form a (semi) periodic disrup on that 
emits large amounts of light. This saturates the camera used for OFIT. The difference in 
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emi ed ELM light and light without ELMs is so large, that a camera cannot prevent 
satura on by a shorter exposure me and keeping enough signal when there is no ELM 
in the image. This makes OFIT ill-suited for measurements during an ELM. 

Furthermore, in chapter 3.3 another light source is found in a snowflake divertor 
plasma. This emissive belt can interfere with the analysis. Therefore, care needs to be 
taken with the choice of the ROIs. 

A fundamental problem with the OFIT method is the resolving power of sightlines. 
Horizontal lines on the plane of the camera have the op mum resolving power. If the 
trajectory of the plasma edge is ver cal, the the edge is not sharp on the camera and is 
diffeculd to find with OFIT. This can be resolved par aly by using mul ple cameras from 
mul ple angles. 

4.1.3 Problem	the	used	movies 

A specific complica on for the use of OFIT in this work is the opera on of the camera 
within the high magne c field at TCV. Because cameras are typically not designed with 
high magne c fields in mind, they fail to work in a strong magne c field. This can be 
counteracted by using a shield. In this case, the camera is enclosed in a steel profile. 
The enclosed camera is not secured to the tokamak structure.  

 

 

 

 

 

Steel profiles 

Camera cables (blue) 

 

 
Figure 34 The OFIT camera placement on TCV. The cables to the camera are visible, together with the steel 
casing of the camera. 

Because the camera is not connected to the tokamak structure, the metal will be 
influenced by the magne c field. This results in a shi ed image. For OFIT this needs to 
be corrected. It was inves gated whether this is a large problem in the used videos of 
snowflake plasmas. This is done by correc ng the images of one shot at all meframes. 
This is manually done on the basis of the passe partout that surrounds the image, as 
shown in figure 35a in the OFIT algorithm. The algorithm can correct images on x and y 
posi ons and for the roll of the camera. In figure 35b the correc ons are shown. No 
correc on of the roll of the camera were found to be necessary. The correc ons in the 
x-and y-direc on are large enough to have an influence on the loca on of the recon-
structed edges, and need to be corrected.  

The correc ons as shown in figure 35b are not universal, each shot needs to be 
corrected. One suggested improvement is to fix the camera to the tokamak support to 
avoid the need for this me-consuming correc on on future data. 
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(a) 

 
(b) 

Figure 35 a) the camera with passe partout encircled in blue and b) the correc on in pixels in the x- and y 
direc on 

4.2 Edge	position 
In chapter 3.4 it was found that the intensity and contrast don’t have a straigh orward 
rela on with the snowflake configura on parameters 휎 and 휃. In this sec on it is 
inves gated if the posi on of the edges, as calculated with OFIT, have a rela on with 
these parameters. 

4.2.1 Extrapolation 

At a first glance, it seems that the x-points can be located by extrapola ng the recon-
structed OFIT edges. This is further inves gated in figure 36.  

       

Figure 36 three magne c and OFIT reconstruc ons. The x-points are indicated in red. a)shot 47040, SF(-), b) 
shot 47031, SF(+), c)shot 47040, SF(-). Extrapola ons in green, the line from SP1 to SP4 in orange. 
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From figure 15 in chapter 2 it seems that a line between the strike points goes through 
the primary x-point. In figure 36 an orange line is drawn through the strike points. The 
line does not correspond with a x-point in this cases. Therefore, the line through the 
strike points cannot be used to determine the x-point loca ons. 

In figure 36 are the plasma edges far away from the x-point region extrapolated, where 
the start point is chosen to be the tangent at the beginning of the x-point region. As can 
be seen in the figure, in almost all the cases one or more of the extrapolated lines go 
through the x-points. Therefore, only the three reconstructed edges can be used. If the 
two x-points are both located on one extrapolated line, then, in theory, it could be 
possible to find the loca ons from the extrapolated reconstructed edges. However, the 
x-points are not per defini on both located on a extrapolated edge. Even if a x-point is 
located on an extrapolated edge at one par cular configura on, this is not for certain 
the case at a next configura on. 

This originates from the fact that OFIT receives light from the SOL instead of the last 
closed flux surface. Those are not corresponding close to the x-points. Therefore the 
exact loca on on the reconstructed edges that must be used for the extrapola on is 
unclear. This leads to the conclusion extrapola on is no valid route to determine 휎 and 
휃. 

However, the OFIT edges are in agreement with the LCFS away from the x-point region. 
Therefore the OFIT edges could be an addi onal restraint on the LUIQE reconstruc on. 

4.2.2 Correlation	polynomials	and	휎	and	휃 

To inves gate if there is a rela on between the reconstructed edges from OFIT and 
휎	&	휃,	a linear regression is executed on the polynomials of OFIT (in RZ-space). The 
polynomials are of the type: 

 푧 = 푎 푥 + 푎 푥 + 푎 푥 + 푎   10 

Where the coefficients 푎 , 푎 ,푎 and 푎 	depends on 휎and 휃. A parametric descrip on of 
the LCFS of a snowflake divertor configura on plasma in a rec fied tokamak is 
known[15]: 

 − 	 퓍 + 	3퓍푧̃	cosθ + 	 푧̃ − 3퓍 푧̃ + 푧̃ = 0 11 

 − 	 퓍 + 	3퓍푧̃	cosθ + 	 푧̃ − 3퓍 푧̃ + 푧̃ = −  12 

Where 푥 and 푧̃ are coordinates normalized on the x-point distance 휎. This rela on is 
not linear, but gives a indica on how 푎  depends on 휎and 휃. Here, we simplify to 
determine the coefficients with: 

 푎 (휎,휃) = 푏 휎 + 푏 	푠푖푛휃 + 푏 	휎푠푖푛휃 + 푏   13 

To inves gate if there is a rela on as described above between the OFIT coefficients 
and 휎 and 휃, a linear regression of the divertor leg to strike point 3 is described in 
detail. In table 2 are the results of this regression shown. When these results are 
plugged in formula 10, the results are: 

 

 



 
Analysis of snowflake edge posi on with OFIT 

42  

 

 푧 = (0.1023	휎 − 1.056 	sin휃 + 1.481	휎 sin휃 − 0.075)	푥  

 +(0.098	휎 − 1.552 	sin휃 + 2.119	휎 sin휃 − 0.025)	푥   14 

 +(0.114	휎 − 0.538 	sin휃 + 0.786	휎 sin휃 − 0.025)	푥 

+(−0.004	휎 − 0.191 	sin휃 + 0.199	휎 sin휃 − 0.826) 

This gives a system with four found values (푎 ,푎 ,푎 and 푎 )	 and two unknowns (휎 and 
휃). This makes the system over determined, and the snowflake parameters should be 
possible to extract from this system.  

Table 2 Linear regression of the coefficients of the reconstructed divertor leg to strike point 3 

 Es mated coefficients pValue 

푎  

푅 = 0.194 

휎 푏  0.1032 0.69418 

sin휃 푏  -1.0561 0.000151 

휎 sin휃 푏  1.4814 0.00018 

푖푛푡푒푟푠푒푝푡 푏  -0.07551 0.75029 

푎  

푅 = 0.331 

휎 푏  0.098839 0.78122 

sin휃 푏  -1.5524 4.85E-05 

휎 sin휃 푏  2.1189 8.76E-05 

푖푛푡푒푟푠푒푝푡 푏  -0.02052 0.94914 

푎  

푅 = 0.234 

휎 푏  0.11429 0.49728 

sin휃 푏  -0.53805 0.002014 

휎 sin휃 푏  0.78683 0.001532 

푖푛푡푒푟푠푒푝푡 푏  -0.14106 0.35509 

푎  

푅 = 0.639 

휎 푏  -0.00443 0.85647 

sin휃 푏  -0.19069 3.09E-09 

휎 sin휃 푏  0.1995 7.08E-07 

푖푛푡푒푟푠푒푝푡 푏  0.82629 6.84E-34 

To determine if a term is significant, the pValue4 of the lineariza on is used. This pValue 
acts as a threshold where terms with a pValue below the significance level are not 
relevant. If a significance level of 0.05[34] is used, then formula 14 reduces to 

 푧 = (0.1023	휎 − 0.075)푟 + (0.098	휎)푟  

 +(0.114	휎 − 0.025)푟 + (−0.004	휎) 15 

Formula 15 does only contain a 휎 term. Therefore 휎 can be determined from the OFIT 
coefficients, and there is no rela on with 휃. This is unexpected and suggest that the 

 
4 The pValue describes the chance that a measurement in the model deviates at least as much as the measurement does. [34] 
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dependence of 휃 is manifested in another form. 

To determine if the regression is relevant, the coefficient of determina on (푅 ) can be 
used5. The 푅  in this analysis are low for 푎 , 푎  and 푎 	and barely significant for 푎 . This 
makes the result not reliable to determine 휎 or 휎. 

S ll, there seems to be a rela on between 휎 and the coefficients, but based on formula 
11 and 12, it is most likely more complex than the linear approxima on used here. 
Therefore, sec on 4.2.3 presents a possible route to find a rela on between the plasma 
edges and 휎&	휃. 

4.2.3 Function	parameterisation	and	neural	networks 

To analyse non-linear rela ons, func on parameterisa on or neural networks can be 
used. 

Func on parameterisa on is a method to relate a computer model of a physical 
phenomenon with measurements. It can be used to find the inverse mapping from the 
model onto the measurements quickly, to es mate the corresponding parameters. [35] 

For func on parameterisa on a model that describes the inputs and outputs is neces-
sary. This model could be based on formula 11 and 12. However, care needs to be taken 
that these formulas are based on a rec fied tokamak, and not on a realis c tokamak. 
This shape needs to be transformed to the gradient in the magne c field, as is used in 
TCV. This can be connected to the OFIT edges. Herefore, the LCFS descrip on of a 
snowflake divertor configura on for the TCV tokamak must be Taylor-expanded around 
the middle of the ROIs. This can result in polynomials of the same order as the OFIT 
polynomials. The coefficients should correspond, and should give a similar over 
determined system as was found in sec on 4.2.2. This could be used for func on 
parameterisa on. 

An alterna ve method uses neural networks. Neural networks use ar ficial intelligence 
to try connec ons between the inputs. This network can be trained on data to make 
parameter es ma ons. In this case the OFIT edges of mul ple shots and the corre-
sponding 휎&	휃 could be used as training data. This method is independent of the 
physical model of the snowflake. [36][37] 

4.3 Conclusions 
In this chapter the OFIT methods for reconstruc ng plasma edges for toriodally 
symmetric tokamak plasmas are introduced.  

It is found that the loca on of the x-point cannot be determined by extrapola ng the 
reconstructed edges as found by OFIT. The reason is that the not enough informa on is 
contained in only three edges to find two intersec ons. Also, the LCFS and the SOL are 
not equivalent near the x-points. Therefore the extrapola on has to be done from far 
away of the x-points, what introduces large uncertain es in the extrapola on. Further-
more, there is no consistent rela on between the extrapolated edges and the x-points. 

 
5 The coefficient of determina on, or R2 indicates how good a fit is by squaring the rela ve devia on of a data point to the 
fi ed curve. It ranges from 0 no correla on to 1 for complete posi ve correla on.. 
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A straigh orward linear regression with the polynomials as found by OFIT is tested, but 
does not deliver reliable results. There are indica ons that there is a rela on between 
the coefficients and the polynomials, but no hard evidence is found. 

Based on the non-linear descrip on of the snowflake last closed flux surface in a 
tokamak, two methods are proposed for further research of the reconstructed snow-
flake divertor plasma edges: Func on parameteriza on and neural networks. 
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Chapter	5 
FPGA 

In the previous chapter the OFIT algorithm for plasma boundary reconstruc on is 
introduced. It is also described why OFIT is needed in addi on to magne c reconstruc-

ons for reactor condi ons and real- me control, and how it could iden fy the snow-
flake divertor configura on. In addi on to improving the LIUQE data, the OFIT algo-
rithm could be used for improving real- me magne c reconstruc on and for real- me 
control of the plasma shape.  

In this chapter, it is inves gated if the OFIT algorithm can be run in real- me at an 
execu on rate of 1KHz. To inves gate this, a proof of concept implementa on is made 
to answer the ques on if the image analysis por on of the OFIT algorithm can run on a 
FPGA, at the desired frequency. Also the knowledge found with this implementa on is 
translated to the hardware for the final implementa on. 

In this chapter a general introduc on in FPGA programming and the feasibility study for 
using an FPGA for OFIT are presented. A Na onal Instruments FPGA is used for the 
proof of concept implementa on. It can be programmed with Na onal Instruments 
LabVIEW programming language. An introduc on to FPGA programming on the level of 
LabVIEW is given. 

5.1 Motivations 
When using the OFIT algorithm to monitor and control the posi on and shape of a 
snowflake divertor plasma, and fusion plasmas in general, it is necessary to measure 
the posi on of the edge in real- me. Because a shot at TCV takes 2 seconds, the 
measurement and control system needs to have a fast response me. For TCV, the 
frequency to obtain data with O-FIT is aimed at 1kHz. This 1kHz is based on the limited 
response me of the exis ng control system for the magne c coils of the plasma. The 
power supply for the coils has a response me approximately 1 ms[38].  

To reach this frequency, a high speed camera is used to acquire the images. A frame 
grabber is used to get the images from the camera to the real- me PC for further 
processing. The unprocessed images that are acquired at high frame rate lead to a large 
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data flow and use a large bandwidth. A CPU can't handle this large data flow at this 
me scale.  

A solu on for this high frame rate and corresponding data flow lays in reducing the 
amount of data a er the camera by using a separate processing unit before the CPU 
that pre-process a part of the OFIT algorithm. In chapter 5.3 an in-depth discussion is 
held about the part of OFIT that is fi ed most for the data reduc on.  

There are two op ons for this pre-processing unit. First the GPU, as used on a graphics 
card in a PC. It can be used to process large matrixes and other scien fic compu ng 
problems and is fairly inexpensive. [39]. The disadvantage of a CPU is the extra lead 

me between the frame grabber and the CPU. The image needs to be transferred from 
the camera to the frame grabber in the PC. This occurs through a full CameraLink 
connec on. This has a rate of 680 MB/s, see table 3. Then, the image is transferred to 
the memory, from the frame grabber to the motherboard through PCI express. A four 
link PCI Express connec on, with a rate of 2000MB/s is sufficient. From here, it needs to 
be transported to the graphics card. Most modern video cards have a 16 link PCI 
Express 2.0 or 3.0 connector, so this is sufficient to transfer the image. Note the amount 
of transfer that is happening with the unprocessed image. This has a big lead me, 
which is not preferred for real- me processing. 

Table 3 Bandwidth comparison [40][41] 

Technology Rate (bit/s) Rate (byte/s) 
Camera Link full (dual) 
64-bit 85 MHz 5.44 Gbit/s 680 MB/s 

PCI Express 1.0 (×1 link) 2.5 Gbit/s 250 MB/s 
PCI Express 1.0 (×4 link) 10 Gbit/s 8 GB/s 
PCI Express 2.0 (×1 link) 5 Gbit/s 500 MB/s 
PCI Express 2.0 (×4 link) 20 Gbit/s 2000 MB/s 

PCI Express 2.0 (×16 link) 80 Gbit/s 8 GB/s 
PCI Express 3.0 (×1 link) 8 Gbit/s 1024 MB/s 
PCI Express 3.0 (×16 link) 128 Gbit/s 15.75 GB/s [y] 
 

An alterna ve that circumvents the lead me through the data transfer to the pro-
cessing unit is to use a frame grabber with an on-board processing unit. A solu on is a 
frame grabber with a field programmable gate array (FPGA). An FPGA is a programma-
ble chip that is fit for parallel processing of data. This chip receives the data directly 
from the frame grabber and reduces the data that is further processed by the CPU on 
the real- me analysis PC. The only transfer is that of the processed data to the CPU, 
which occurs through a PCI Express connec on. Because the processed data is smaller 
than the original data, the transfer rate can be lower than the original rate of the 
CameraLink connec on of 680MB/s. This makes a mul -lane PCI Express connec on 
sufficient. For this reason, a frame grabber with an FPGA will be used in the final RT-
OFIT implementa on. 

There are other specifica ons for the frame grabber and FPGA combina on 1) the 
frame grabber needs to have a double CameraLink connec on to connect the camera to 
the frame grabber at high enough data throughput and 2) the FPGA needs to have 
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enough processing logic to contain the algorithm to analyse the images at a high 
enough frequency. To make a choice for the frame grabber with FPGA a feasibility study 
is done in this thesis by using an available Na onal Instrument system that consists only 
of an FPGA (the Flex-RIO 7851 with a Virtex-5 LX30 FPGA)[42]. It is possible to insert an 
op onal CameraLink card, but for this study this op on was not used because this card 
was not available onsite.  

For the implementa on on the TCV tokamak, a frame grabber will be used. The 
proposed frame grabber is the microEnable IV VD4-from silicon so ware. This card has 
two FPGAs. One FPGA is used for controlling the camera and capturing the images. The 
other FPGA is programmable for pre-processing and is the Spartan-3 XC3S4000. The 
proof of concept implementa on in this chapter will be used to determine if this card is 
sufficient for the OFIT algorithm  

5.2 General	FPGA 
The abbrevia on FPGA means Field Programmable Gate Array. An FPGA is a completely 
configurable integrated circuit(IC). This means that the chip can be configured with 
exactly the logic needed for the project in an architecture op mised for the solu on. 
When a FPGA is programmed, the logic units on the chip get connected, resul ng in an 
op mised configura on. This opens up the possibility to execute the same logic 
mul ple me in parallel. 

For OFIT, a large dataset coming from the image from the camera, needs to be pro-
cessed fast. It would greatly benefit when the data is processed in parallel. This can be 
implemented on a FPGA, as it is highly suited for parallel processing. 

 

Figure 37 Schema c view of an FPGA and a few of its components. [43] 

5.2.1 Components 

An FPGA can be configured in a flexible way, because it consists of different elements. 
These elements are configurable logic blocks (also called slices or logic cells), fixed 
func on blocks (for specific func ons as fixed point mul plica on) and I/O pads (for 
communica on with the outside world).  Rou ng channels are used to connect these 
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elements. Figure 37 shows a schema c drawing of these components of a FPGA. There 
are limited amounts of configurable logic blocks, fixed func on blocks and I/O paths 
available. 

The fixed func on blocks, on the Xillinx Virtex FPGAs called DSP48 Slices and mul pli-
ers, are pre-built signal processing and mul plying circuitry. This saves space on the 
FPGA and improves performance. 

The configurable logic blocks consist of different types of logic. These are[43][44][42]:  

 Flip-Flops 
A flip-Flop is a binary shi  register. It is used to store logic states between 
clock cycles within the FPGA. This way it can store small datasets, such as inte-
gers or small arrays directly on the chip. 
The Xillinx Virtex-5 has 8 Flip-flops in one configurable logic cell. 

 LUTs 
Look-Up Tables are used to implement truth tables in the FPGA and act as 
combinatorial logic. 
The Xillinx Virtex-5 has 8 LUTs in one configurable logic cell. 

 Block RAM 
Block RAM is memory that is embedded on the chip. Because the FPGA has 
limited space, the use of larger arrays is problema c because it lacks the 
space to store it. Block RAM is directly available from the FPGA and has the 
space to store big arrays. It is limited to blocks of 16 of 36 kb (kilobits). The 
Xillinx Virtex-5 has 256 bits of memory per slice, and 128 KB of embedded 
Block RAM on the FPGA card. 
For larger data sets, such as the images of the camera, this is not enough. A 
frame grabber has on-board DDR2 DRAM on the card in addi on to the 
block RAM. This DDR memory is typically larger; 128 mb for the microEna-
ble IV VD4-CL. The access to this memory is slower compared to the block 
memory, because the DDR is not located on the chip. The choice for the 
kind of memory needs to be based on the memory needed and the band-
width that is needed for the applica on.  In this chapter, an FPGA without 
DDR is used. This is why there is no evalua on included in the needed co-
munica on bandwidth to the DDR memory. 
 

Communica on to and from the chip happens via the I/O pads. This happens with the 
NI FPGAs, on a First In, First Out (FIFO) basis. Here the elements are placed in a buffer 
and can be read out on an element by element basis by the FPGA or a host computer 
through direct memory access (DMA) channels. 

5.2.2 Timing 

The FPGA uses a base clock to synchronise between each step executed on the FPGA. 
This synchronisa on is necessary to keep the different ways of data analyses in sync. 
One example where this is necessary is the reading of the FIFO communica on to the 
memory.  

The internal clock is the default choice for this synchronisa on clock. A faster frequency 
can be obtained by using a derived clock. The clock used for synchronisa on is the top 
level clock. Care needs to be taken with the chosen frequency. If a step in the algorithm 
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takes more me to be executed than the me between two clock cks, a ming 
viola on occurs. This result in the FPGA compiler that can’t compile the code and the 
FPGA won’t be programmed.[45] 

An FPGA normally executes all parallel steps at once, and the next set of parallel steps is 
executed at the next clock ck. For sequen al steps, this results in a delay un l the next 
clock ck before the next steps in the sequence are processed. Within a single-cycle 

med loop, all sequen al steps are executed within one clock- ck. This increases the 
execu on rate, but can't be used on all algorithms because ming viola ons can occur 
much easier. [44] Because data does not need to be saved between two opera ons 
within a single cycle loop, it saves on FPGA resources.[46] 

Because the saving of resources and the faster execu on rate, the single cycle med 
loop is used for op misa on of simple logic operators within an algorithm. Such 
operators are series of mathema cal operators, for instance adding. It can also be used 
with me cri cal data acquisi on, like acquisi on via a high capacity CameraLink 
connec on. 

5.2.3 Programming 

To program an FPGA the low level language HDL (Hardware Descrip on Language) is 
used. This language configures the logic blocks and connects the rou ng channels to 
the logic blocks, making dataflow through the chip possible. 

The two main FPGA producers, Xillinx and Altera both use a dialect of the HDL, namely 
VHDL and verilog. Some mayor programming environments have modules that use a 
subset of their func ons and can generate HDL code, such as LabVIEW (LabVIEW FPGA 
module) [43] or matlab (HDL coder) [47]. Frame grabber producers have dedicated 
image libraries for programming and compiling their hardware. Examples are Visu-
alAplets from SiliconSo ware [48] or Matrox Image library from Matrox [49]. 

5.3 Porting	O-FIT	to	FPGA	 

5.3.1 Setup 

The OFIT algorithm, as described in chapter 4.1.1, consists of several steps. A flowchart 
of these steps is shown in figure 38. The rectangular boxes show the input of the 
algorithm, the camera and the output, the detected plasma edges. The rounded blocks 
show the steps inside the OFIT algorithm. 

 
Figure 38 The opera ons executed in the OFIT algorithm. The rectangles are the input and output. Rounded 
blocks are opera ons. 

The blocks are colored blue and red. Here, the blue blocks are the blocks that work on 
big matrixes with image data, while the red blocks work on the reduced data from the 
images. Because the images consist of much data, it is aimed at three mes 300x300 
pixels, this results in a large amount of data. In the blue blocks, this is reduced to three 
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mes 32 coordinates. This is a data reduc on of ∗ ∗
∗ ∗

= 1	406 mes less data. This 
significant decrease in data makes the bandwidth needed to communicate with the 
CPU of the host computer manageable.  

The hardware for this setup consist of the camera with a dual CameraLink connec on to 
the frame grabber. This frame grabber is then connected with the host PC. This PC runs 
in real- me. A flowchart of this setup is shown in figure 39. The colors used in figure 38 
and 39 are corresponding to the steps that are executed on that specific hardware. 
Here blue is used for the steps executed by the FPGA and red for the CPU of the host 
PC. 

 
Figure 39 Setup of the OFIT hardware and data transfers. The rectangles are the input and output. Rounded 
blocks are opera ons. 

5.3.2 Proof	of	principle	implementation 

For the proof of concept implementa on for the O-FIT algorithm an NI FPGA is used. 
This FPGA is not part of a frame grabber, and has limited block memory and no DRAM. 
This will limit the implementa on to only a small part of the image (100x100 px) from 
the host PC, instead of using a camera and analysing three parts (± three mes 300x300 
px) at once. In a final implementa on, a frame grabber with FPGA will be used. This 
frame grabber will have a bigger memory and more logic blocks. 

The tasks that are executed on the FPGA are: 

 Acquiring the image  
 Acquiring the parameters for remapping region 
 Calculate coordinates for remapping 
 Remap the image 
 Convolute the remapped picture with a filter 
 Find the maximums in the convoluted picture and corresponding intensity 
 Send found loca ons and intensity to host computer 

These tasks are visualised in figure 40. Note to be taken; the two acquisi on tasks of the 
list presented here, are necessary for the implementa on of OFIT on the FPGA, but are 
not part of the core OFIT algorithm. In figure 40 the core OFIT is visualised by the blue 
color and a white color for other steps. 

 

Figure 40 The opera ons of the OFIT algorithm executed on the FPGA 
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5.3.3 Memory	allocation 

To transfer data from one step in the algorithm to the next, memory is used. Because a 
FPGA has limited memory and needs to be configured, all memory loca ons need to be 
allocated beforehand. Therefore it is necessary to determine the memory needed.  

Figure 41 shows a flowchart with the same steps as in figure 40, but now the memory 
loca ons needed are indicated with diamonds. These memory loca ons need to be 
allocated beforehand in the configura on of the FPGA. As described in chapter 5.2.1 
there are two choices for the memory, block RAM and DDR ram, where the block RAM 
is fast but had limited capacity, and the DDR ram is large but slow compared to the 
block ram.  

 
Figure 41 The steps that are executed on the FPGA. The memory loca ons needed are indicated as diamonds 

The memory that is needed for one ROI can be calculated, in a back of the envelope 
style, on the basis of the known sizes of the image and the ROIs, combined with the 
knowledge of the data types of the informa on to be stored. 

For a 300 × 300 pixel image with a bit depth of 16 bit, the necessary memory is 
300 × 300 × 16푏푖푡 = 180푘퐵, just to store the image. The ROIs and the coordinates for 
the ROIs have a fixed size of 32 × 32 pixels. For the en re algorithm the necessary 
memory is calculated in table 4. 

Table 4 The necessary memory on the FPGA 

loca on Bit depth Size (pixels) Memory (bit) 

Picture 16 300x300 1440000 

Coordinates 32 32x32 32768 

Remapped picture 16 32x32 16384 

Convoluted picture 30 32x32 32768 

Loca on edges 16 32x3 1536  

Total   1523456 

 
The minimal total memory necessary for the image of 300 × 300 and three ROIs is 
3 × 	1523456	푏푖푡푠 = 0.5713	푀퐵. The typical block RAM capacity of an FPGA is of the 
order of 1 kB. The best way to store the images and other memory loca ons is there-
fore the DRAM memory. This is for current frame grabbers in the order of 1 GB. This is 
sufficient for this goal. The block RAM is then free to use as storage of local parameters, 
freeing space on the FPGA. 
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5.3.4 NI	FPGA	Flex-RIO7851 

To test the feasibility of the FPGA part of the code, an FPGA card without frame grabber 
abili es is used. This card is from Na onal Instruments and is programmed with 
LabVIEW. Main limita ons and problems that where encountered when working with 
the LabVIEW FPGA environment: 

 The labVIEW FPGA environment can't use mul dimensional arrays with mul -
ple indexes. It can’t store an image as a 2D array with an [푥, 푦] index. A be er 
way to implement is a 1D array where the index of the array is a composite of 
푥 and 푦: 

 푖푛푑푒푥 = 푥 + (푦 ∗ 푥 )  

 The logic and memory resources are limited. This results in a limited imple-
menta on where not a whole image can be stored. Furthermore, the memory 
that is used must be known beforehand to be allocated before compiling. 
Also, there is not enough logic on the chip to implement all op misa ons. The 
basic algorithm uses 81,6% of the available slices. The op miza ons in the 
convolu on, as suggested in chapter 5.4 increases this to 105%. 

 The FPGA can only use the integer and fixed point data type. This results in 
difficulty with the mul plica on and sine func ons needed in the reshaping 
part of the algorithm. Part of the solu on for this problem are the DSP48 Slic-
es, which have specific fixed point func ons for mul plica ons and geometric 
func ons like the sine and cosine. 

 Special fixed point op mised complex func ons (for example a cosine and si-
ne) are available in "high throughput" form, but are implemented in a non-
standard way (sin and cosine are implemented with inputs normalised to 휋, 
ranging from 0 to 2). 

 Most complex func ons, like a prebuilt convolu on or a “find maximum in da-
taset” func on are not available for LabVIEW FPGA, and must be built from 
scratch. 

 The NI card had no CameraLink connector. This is solved, for the proof of con-
cept implementa on, by replacing it with a FIFO connec on with the host. 
This makes use of a DMA channel to the host PC. An image is transferred over 
this channel to the PC. Note to be taken: this method is slower than the Cam-
eraLink connec on to a camera. 

 Normally in FPGA programming, pipelining is implemented. This means data 
(of for example an image) is processed before the whole dataset is loaded on 
the FPGA. In this case, because of the dependency of the whole image for the 
reshaping of the ROI, tradi onal pipelining6 cannot be implemented. So the 
algorithm needs to wait un l the whole image is loaded in the memory of the 
FPGA before star ng the convolu on. 
Par al pipelining, where the image is divided in blocks that are analysed as 
soon as the image data is available, is possible a er the reshaping of the ROI. 
The convolu on can be started as soon as a block of reshaped image as big as 
the convolu on mask is available. This was not implemented in this proof of 
concept. 

 
6 Here tradi onal pipelining means input goes directly to the output, without wai ng for the complete image to be acquired. 
Currently the final frame grabber is being configured. Here, because of the slow DRR memory, an extra processing step is 
used before convolu on to keep the bandwidth to the DDR memory manageable. This process is pipelined. But s ll the 
acquisi on of the image needs to be finished before advancing to the convolu on. 
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The FPGA used on the NI card is a Flex-RIO 7851. This card has a Virtex-5 LX30 FPGA 
and 128 kB of onboard RAM. It can communicate with the host PC through 3 DMA 
channels. It has a clock frequency of 40MHz. The clock frequency can be derived to 
200MHz. The disadvantage of higher clock frequencies; at frequencies above 80 MHz 
considerably fewer func ons can be executed. [46]  

5.3.4.1 Timing 

The implemented algorithm is med to find out how the FPGA has performed. On the 
host it was found that the whole program, from sending to FPGA and returning the data 
wanted, could be executed at a rate of 250 Hz. This was measured by measuring the 
frequency at with the host program runs. 

A erwards, the FPGA code is edited in such way that the clock cks are saved between 
each step. These clock cks are then read out to acquire the me each step takes to 
execute. In table 5 the ming of the separate steps is shown.  

Although in this table only the ming of the analysis of one ROI with a resolu on of 
100x100 pixels is used, there is no increase in execu on me when going to larger ROIs 
on the final frame grabber. Because the remapped area would s ll be the same size 
(32x32 elements), the only step that would increase me is the loading of the picture. 
Because on the frame grabber that is chosen there will be a separated FPGA core 
dedicated to this task, this will not influence the execu on me of the algorithm. The 
FPGA on the frame grabber has enough logic to implement the algorithm three mes in 
parallel. This should not increase the execu on me, because of the parallel implemen-
ta on. 

Table 5 Timing of the Na onal Instruments Flex-RIO 7851 for base clock frequency of 40 and 80 MHz 

 

40MHz 80MHz  

 

μs μs factor 

Loading picture 1000 500 2 

Calcula ng coordinates 353 177 1.99435 

mapping 128 64 2 

convolu on 2566 1283 2 

maximum finding 267 133 2.007519 

send to host 205 103 1.990291 

Sum of individual steps 4519 2260 1.999558 

Total execu on me measured by FPGA 6645 4353 1.526533 

 

The step of the OFIT algorithm that takes most me to execute is the convolu on, 
indicated in blue in the table. It takes about the same amount of me as the rest of the 
OFIT steps, as shown in table 5. This long execu on me is problema c for real- me 
execu on. In chapter 5.4 one of the op misa on sugges ons is focused on this prob-
lem. 
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Table 5 shows that increasing the base clock frequency from 40 MHz to 80 MHz reduces 
the execu on me for most steps in the algorithm to 50%. A clock frequency of 120 
MHz could not compile due to ming viola ons.  

The table also indicates that when the clock frequency is increased with a factor two, 
almost all steps of the OFIT algorithm have their execu on me reduced with a factor 
two. Note the difference with the total execu on me. With both clock frequencies 
there is an overhead me of 2ms. The cause of this overhead is of unknown origin.  

Possible causes for this overhead can be found in the clock me needed to me the 
algorithm. Furthermore, the me needed for the programming structures, such as the 
overhead me of the while-loop that keeps the whole program running, the transfer 

me of data between runs of the program and the displaying of parameters on the 
screen could not be separately med. This could explain part of the overhead me and 
could not be improved. Some other not- med components of this implementa on that 
could result in such a big overhead are the ini alisa on of the used memories. Ideally, 
this happens at the start up of the FPGA, but in this case the ini alisa on of the 
memory takes place in the loop. This could be moved to improve the execu on me. 
Also, the communica on of the parameters for reshaping is transferred to the FPGA via 
a LabVIEW specific communica on protocol that makes use of the front panel, the 
LabVIEW representa on of the FPGA on the computer screen. This has a slow transfer 
rate, especially compared with the preferred, faster DMA communica on with the host 
PC. The DMA communica on of these parameters is a challenge, not only because the 
parameters are not all of the same data type, which is not generally possible with the 
FIFO communica on of the FPGA, but also because this card has only 3 DMA channels, 
that are used for transferring the data to- and from the FPGA card. That is why in this 
implementa on there was chosen for the method that uses the slow transfer rate. 

5.3.4.2 Issues at implementa on 

During the proof of concept implementa on, some difficul es are found. These 
difficul es can be divided in two groups, ming and the implementa on difficul es. The 

ming difficul es are: 

 FIFO and synchroniza on 
The communica on of the host PC and the FPGA, via the FIFO channels is not 
standard synchronized. Because the FPGA is opera ng at a faster rate than the 
host computer (or even the camera), care needs to be taken for the FPGA not 
to read out elements of the image before the whole image is available to the 
chip, or at least that the indexing of the image is not skewed. By only reading 
the FIFO buffer when the Buffer is full and only reading out a data set as large 
as the expected image, this type of synchronisa on errors can be avoided. 

 Timing of coordinates 
The FPGA receives the details of the ROIs from the host PC. Here is the same 
issue with synchronisa on occurs as with the FIFO. There is a possibility that 
the host PC is sending new data, and the FPGA is already working with part of 
the new data and part with the old data. The solu on to this is to either wait 
with calcula ng the coordinates un l the transmission of the data from the 
ROIs is finished, or only calculate new coordinates when a new dataset from 
the ROIs is available. In the cycles where there is no new dataset for the ROIs, 
the coordinates from the last cycle are used. 
A similar issue can occur with using the coordinates to reshape the image. 
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When the algorithm isn’t implemented with ming in mind, it is possible for 
the algorithm to already start reshaping the image, while the calcula on of 
the coordinates is not yet finished. In the proof of concept implementa on 
this is overcome by wai ng for these sensi ve steps un l all the data from the 
previous step is ready for processing. 
An alterna ve is to have the ROIs, and so the coordinates, sta c. This elimi-
nates the ming issues, but removes the flexibility of the FPGA implementa-

on. This is workable, if the loca on of the plasma edge is roughly known be-
forehand. 

 
Figure 42 Interface of the LabVIEW program. Run on the host PC, it shows (a)a test image, the reshaped 
image on (b) the FPGA and (c) the host PC and the convolu ons of those images. In green the ROI is displayed. 

In figure 42, a screenshot of the host PC is shown. Here the algorithms used on the 
FPGA are compared with the build in LabVIEW func ons on the host PC. Neglec ng the 
edge effects, it can be seen that both methods obtain same results. There are a few 
points of interest. In the final implementa on, care needs to be taken on these points: 

 Discre za on issues 
Because the FPGA is not suitable to calculate with floa ng point numbers, the 
reshaping happens with discre zed fixed point coordinates. When the fixed 
point data type is chosen with too few digits, this leads to rounding errors 
compared with the floa ng point algorithm. The decision for the amount of 
digits in the fixed point data type used on the FPGA will be a tradeoff, because 
a bigger amount of digits, increases the amount of logic necessary on the 
FPGA.  
The same is true for the integer data types used.  

a 

b 
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 What happens if ROI ends outside the image? 
The main difference between the reshaped image on the FPGA, figure 42 (b), 
and the reshaped image on the host PC, figure 42 (c) is the handling when the 
ROI is located outside the image. This originates from the implementa on of 
the image array and the coordinate array. In the host the coordinates are im-
plemented in 2D, so all the values outside the image are equal to 0. On the 
FPGA, the coordinates are in 1D, derived from the formula	푐표표푟푑푖푛푎푡푒 = 푥 +
푥 	∙ (푦 − 1). If the 푥 or 	푦 is outside the range of the image, this will s ll 
give a coordinate that contains informa on, hence the filled area in figure 42 
(b). This could poten ally give problems with the convolu on. This can be pre-
vented by checking for values outside range in the “calcula ng coordinates” 
step. 

 Watch how edge effects in convolu on are implemented. 
When looked at the convoluted images from both the PC and the FPGA, a 
bright area at the top of the image is visible. This is an ar fact of the edge 
handling of the convolu on algorithm, and should be excluded from the final 
finding of the maximum value of the convoluted image 

 Convolu on intensity 
On the FPGA, the convolu on is not normalized, because mul plica on and 
division are very resource intensive. This leads to a different intensity when 
compared to the LabVIEW built in convolu on. This difference is only a nor-
maliza on factor, and has no influence on the further outcome of the algo-
rithm. The value of the convolu on is used as the confidence factor in OFIT. 
Therefore, a normaliza on is necessary to receive the confidence values de-
sired.  

5.4 Optimizations 
One of the strengths of an FPGA is that (parts) of the algorithm can be implemented for 
parallel processing. In the case of the OFIT algorithm this means that the steps, as 
shown in figure 41, can be implemented in such a way that not every pixel is analysed 
on a one by one basis, but for every step, mul ple pixels are analysed at the same me. 
Of the tasks executed on the FPGA, only the acquisi on of the image and the DMA 
connec on to the host pc must be implemented in serial. This is because of the FIFO 
principle of communica on with the host PC, which is executed per element.  

The convolu on is the step of the OFIT algorithm on the FPGA that takes most me. 
This originates from the defini on of a convolu on, here for a convolu on of the image 
with a 6x3 mask: 

 (퐼 ∗ 푚푎푠푘)[푥,푦] ≝ ∑ ∑ 	퐼[푛 ,푛 ] ∙ 푚푎푠푘[푥 − 푛 , 푦 − 푛 ] 16 

In formula 16 the convolu on has three mes a summa on of six elements. For each 
element there is a mul plica on. This is implemented on the FPGA with a for-loop that 
runs six mes and has three mul plica ons. This was done to balance speed and 
available logic on the FPGA. The strength of an FPGA is the parallelisa on. To take 
advantage of this, the algorithm could be implemented in such a way that all 18 
mul plica ons are executed at the same me. This would cut the execu on me 
needed by 6 because the for-loop doesn’t need to run 6 mes, and because there is no 
need to access the memory to retrieve the results from the previous itera on. This 
approach was not implemented on the NI FPGA because the logic resources needed 
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were es mated by the compiler to be 105% before giving the ‘could not compile error’. 
The es mated me needed for the convolu on with these op misa on is six mes 
smaller. From the mes as measured in table 5, the es mated me needed for the 
convolu on with the op misa ons, at 80 MHz, 1283	휇푠	/6 ≈ 214	휇푠. This is of the 
same order of magnitude as the other OFIT steps. 

The acquisi on of the image is implemented in the proof of concept as a FIFO channel 
with the host PC instead of a CameraLink connec on. This was done because there was 
no CameraLink connector on the FPGA board used. The disadvantage of this method is 
that the acquisi on of the image is done via a DMA channel, which is slow compared to 
a full CameraLink connec on. Firstly because the CameraLink connec on gets a transfer 
speed of 680 MB/s, which is significantly higher than the highest theore cal transfer 
speed of the NI 7851R DMA channels of 133 MB/s. Secondly, because the host not only 
receives the image, but also needs to send the image in this proof of concept, there is 
an overhead for the host PC that will not be there when the image comes from another 
source than the host PC. 

Furthermore, the simulated acquisi on is done in sequence with the rest of the 
algorithm. With a CameraLink module the acquisi on could be done parallel to the rest 
of the algorithm, where the image is wri en to the DRAM of the card. This reduces the 

me the FPGA needs to process the image, because image acquisi on is done while the 
image is analysed, instead of before the start of the analysis. 

This principle can be expanded for further me improvements. The image is stored in 
different memory loca ons between the steps of the OFIT algorithm. This makes it 
possible to change the dataflow through the FPGA from sequen al, as shown before in 
figure 43 , where every step is executed a er the other step is completed, to a more 
parallel implemented dataflow, see figure 44 . In this parallel dataflow, the steps of the 
OFIT algorithm are divided in three blocks. The output of each block at a me step is 
the input of the next block in the next me step. This result in an approach where more 
parts of the FPGA are ac ve at once. Time wise, this means a lag of 3 images, but faster 
overall execu on. The sample me will be in the order of the me of the longest step. If 
this solu on is paired with the solu on for the convolu on, this will be es mated in the 
order of 250	휇푠, with a lead me of 750	휇푠. With the desired frequently of 1kHz, the 
process me for one image is 1푚푠 = 1000	휇푠. This leaves 250	휇푠 for the processing of 
the reduced data to reconstructed edge on the real- me host PC, without a delay in 
processing me of the OFIT algorithm.  

 
Figure 43 Sequen al approach of the OFIT algorithm. The memory loca ons needed are indicated as 
diamonds. 
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Figure 44 More op mized approach of the algorithm. Three main parts in the algorithm are implemented in 
parallel, shown in block 1,2 and 3. Each block executes a part of the algorithm and uses the data from the 
previous block. This means a delay of 3 images, but faster overall execu on. 

In the flowchart in figure 44 three main blocks are drawn. Each block is executed in 
parallel, where each sequen al block uses the data from the previous cycle. This is 
called pipe lining and has the advantage that more data can be processed in one clock 
cycle. When implemen ng the algorithm in this more parallelised way, care needs to be 
taken to synchronise each step and to prevent informa on to be overwri en that needs 
to be accessed first in other steps, as described in chapter 5.3.4.2.  

Another way of op mizing is the use of single-cycle med loops. Within these loops, 
part of the algorithm can be executed faster. Good candidates for this type of op misa-

on are the calcula on of the coordinates for remapping and some parts of the 
convolu on. This would save both logic, mainly look-up tables, and decreases execu on 

me. This is because the result from each logic opera on does not need to be saved 
but is immediately used by the next logic operator within the single cycle med loop.  

5.5 Compatibility	with	microEnable	IV	
VD4-CL 

The frame grabber card with FPGA that is intended to be used with the OFIT algorithm 
is the microEnable IV VD4-CL from Silicon-So ware. This card has a CameraLink 
connec on for connec on with the camera and 2 FPGAs. One of these FPGAs is used 
only for acquiring the image. This results in no overhead me for acquiring the image.  

The card has 512푀퐵 DDR-RAM memory. In chapter 5.3.3 the minimum memory 
needed was calculated to be 0.5652	푀퐵. The memory on this card is enough to store 
the image a er acquisi on and during processing, with enough memory le , both on 
the card and the chip, to implement the op misa ons. One disadvantage of using the 
DDRram is the me needed to write to the memory is slower than using the block RAM. 
This could affect performance significantly. In the implementa on on the microEnable 
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IV VD4-CL care needs to be taken with the bandwidth to the DDRram does not become 
the bo leneck of the implementa on. 

For the transfer to the host PC, DMA transfer is used. The DMA transfer rate on the 
microEnable IV VD4-CL is 850푀퐵/푠. The transferred data is 3 ∙ 1536푏푖푡. The hypo-
the cal transfer me for the data from the three analysed regions becomes 0.640	μ푠. 
This is fast compared to the 103	μ푠 needed by the proof of concept implementa on for 
only one analysed region. 

In the proof of concept implementa on the FPGA is a Virtex-5 LX30 FPGA. The frame 
grabber uses a Spartan-3 XC3S4000. A comparison of the available logic is in Table 6.  

Table 6 Comparison of proper es of the used and planned FPGAs [50], [51] 

 
Virtex-5 

LX30 
Spartan-3 
XC3S4000 factor 

Logic cells 30,720 62,208 2.025 

Flip-flops 19,200 62,208 3.24 

Look-Up Tables 19,200 248,832 12.96 

Block RAM 32*36 kbits 1.728 kbits 1.5 

DSP48E Slices/dedicated 
mul pliers 32 96 3 

 

The Spartan has more logic. The algorithm with the op misa ons, and with the 
acquisi on of the image uses 105% of the logic on the NI FPGA Flex-RIO7851. The 
Spartan-3 XC3S4000 has 3.24 mes as much logic. A back of the envelope calcula on 
should say there is enough logic on the chip to implement the algorithm three mes, 
once for each region of interest. 

Also, the microEnable IV VD4-CL frame grabber has its own programming tools, called 
VisualApplets. This so ware has op mised prebuilt vision algorithms that adapt to the 
available hardware, while parallelising as the algorithms where possible with respect to 
the available logic. This gives confidence that the microEnable IV VD4-CL can implement 
the algorithm for all regions while parallelising the algorithm enough to reach the 

ming of 1KHz. 

5.6 Conclusions 
In this chapter the basic principle of FPGA programming is explained. There is progress 
in making the OFIT algorithm operate in real- me. This is done by crea ng a proof of 
principle implementa on on a NI FPGA. Furthermore, the problems when por ng the 
OFIT algorithm to a FPGA are assessed, namely the limited amount of logic and space 
available, and the synchronisa on issues. 

The proof of principle implementa on is a success within the hardware limits of the 
FPGA used. A frequency of 250Hz is reached. The desired frequency of 1kHz can be 
reached when the op misa ons, as presented in this chapter are implemented on a 
FPGA with the same clock frequency and more logic blocks. The best candidates for 
op misa on are the parallelisa on of the convolu on algorithm and the parallelisa on 
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of the total algorithm on the FPGA. The first one has only nega ve impact on the space 
used on the FPGA, while the second one has minimal effect on the occupied space of 
the logic of the chip, but leads to increase of memory usage and a me delay of 3 
cycles.  

This informa on is used to validate if the specifica ons of the frame grabber are 
sufficient to reach the desired performance when placed in the TCV tokamak. Based on 
this analysis, the card’s hardware should be sufficient for real- me OFIT. The compari-
son is based on the features that can be compared between both cards. One important 
component that is needed in the final implementa on is the DDRram memory. This is a 
slower memory type compared to the type of memory used on the NI FPGA (block 
RAM). This could be a bo leneck and care needs to be taken in the implementa on. 
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Chapter	6 
Conclusions	and	

recommendations 
For fusion research, the exhaust to the wall and the heat load that comes with it is s ll 
an outstanding problem. One possible solu on is a snowflake divertor configura on 
plasma. In this configura on, the exhaust is spread over four divertor legs, instead of 
the two legs of a standard single null divertor.  

In this thesis, the main ques ons are: 

1 Can the snowflake divertor configura on be determined from visible light 
images? 

2 Can the analysis be executed in real- me? 

6.1 Visible	light	analysis 
Several approaches are explored to determine the defining snowflake parameters 휎 and 
휃 from the visible light images, based on the emi ed light or on the reconstructed 
plasma edge.  

Based on intensity and contrast it is found that a snowflake divertor configura on 
transits from a single null configura on to a snowflake divertor configura on at 
휎 = 0.5,휃 = 75°~100°. It is found that the contrast of the divertor leg does not 
depend on the configura on a er the establishment of the snowflake divertor leg.  

Two approaches are tried to determine the snowflake parameters from the recon-
structed plasma edges; extrapola on of the edges, and linear regression on the 
coefficients of the OFIT polynomials. Both were unsuccessful with respect to determin-
ing the plasma parameters. However some indica ons are found that suggests that 
future work could possibly relate the snowflake divertor configura on with the OFIT 
edges. 

Apart from the snowflake configura on, it is found that there is a emmisive belt below 
the strike points in snowflake divertor configura on plasmas on TCV. This belt lies on 
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the divertor leg and is located under the x-points. Further research on the origin of this 
belt is necessary.  

6.1.1 Recommendations 

The visible light analysis suffers from satura on of the camera chip. This hinders 
absolute and rela ve measurements between strike points. Furthermore, it prevents 
accurate measurements by OFIT during an ELM. A camera with a higher dynamic range 
could be implemented to prevent this from occurring while s ll having enough signal in 
the other regions of the plasma and when there is no ELM.  

For an indica on how the intensity is distributed over the strike points, SOL simula on 
codes such as B2.5 EIRENE could be implemented. This could also benefit the analysis 
of the snowflake divertor configura on in another way, as these codes are looking at 
the SOL instead of the last closed flux surface. A camera only sees the emi ed light, and 
this originates from the SOL instead of the LCFS. This could possibly improve the 
recogni on of 휎 and 휃 because a descrip on of the snowflake edge can be used that is 
closer to the actually emi ed light close to the x-points as received by the camera. 

Because the SOL and LCFS are in agreement further away from the x-points, here the 
magne c descrip on of the snowflake shape could be used. A theore cal descrip on of 
the snowflake divertor shape as func on of 휎and 휃 is found in literature for a rec fied 
tokamak. This could be transformed to the actual TCV geometry. To compare the 
theore cal shape with the polynomials as found with OFIT, a Taylor-expansion of the 
theore cal shape at the loca on of the ROI could be made. If the coefficients in the 
Taylor-expansion are found to depend on 휎and 휃 then can be extracted and compared 
with the coefficients from the OFIT polynomials. 

Alterna vely, a large amount of snowflake shots in the 휎휃 parameter space could be 
analyzed and processed with a neural mapping algorithm.  

For the crea on of the plasma it was found that the transi on from SND to SFD occurs 
at 휎 = 0.5, 휃 = 75°~100°. In this campaign on the TCV tokamak, the snowflake 
plasma is always created along the same path in the 휎휃 parameter space. For a further 
understanding on the transi on and the transport processes in a snowflake (+) configu-
ra on, a further study with different start-up paths would be useful. 

Furthermore, the interes ng stable emissive belt in the snowflake divertor configura-
on is not understood. Further research on this phenomenon and its possible benefits 

is necessary. The light emi ed by this phenomenon can influence the outcome of the 
OFIT analysis, because OFIT assumes all the emi ed light in a ROI originates from the 
plasma edge 

6.2 Real-time	execution 
To let the OFIT analysis run in real- me, a CPU is not sufficient. A frame grabber with 
FPGA that pre-processes the image data is necessary. Part of the OFIT algorithm is 
intended to run on this FPGA to reduce the data flow to the CPU. 

For the second part of this thesis, a proof of concept implementa on of the OFIT 
algorithm was made. This proof of concept has shown that the intended part of the 
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OFIT algorithm can be run on a FPGA. A run frequency of 250Hz is reached at the proof 
of concept implementa on. It is found that the convolu on of the OFIT algorithm takes 
the most me to execute. This can be reduced by parallelising the convolu on, but this 
takes up more logic than is available on the used FPGA. Further op misa ons needed 
to reach the desired 1KHz for real- me execu on are suggested, based on the ming of 
the individual components of the OFIT algorithm.  

A comparison is made of the proposed hardware for the final implementa on (mi-
croEnable IV VD4-CL) and the FPGA used for the proof of concept implementa on (NI 
FPGA Flex-RIO7851). Based on the available logic on both chips, the microEnable has 
enough resources to implement three mes the OFIT algorithm, and to implement all 
op miza ons needed to reach 1KHz. The comparison is based on the features of both 
cards. One important component that is needed for the final implementa on is the 
DDRram memory. This is a slower memory type compared to the type of memory used 
on the NI FPGA (block RAM). This could be a bo leneck and care needs to be taken in 
the implementa on. 

6.2.1 Recommendations 

For the real- me implementa on of OFIT a frame grabber is used. At this moment the 
microEnable IV VD4-CL from Silicon-So ware is being used for this implementa on. 
This has its own programming environment, visual applets. This environment has the 
op misa ons as proposed in chapter 5, such as parallelisa on and memory to DDRram, 
built-in. The main problem in this implementa on is the bandwidth to the DDRram. 
Ini al results shows that the algorithm fits in the logic and can run at 1kHz. 

For real- me opera on, it is preferable to minimise the amount of stabilisa on needed. 
Therefore, measures must be taken to stabilize the camera, for example by securing it 
to the tokamak structure. 

The current implementa on with one camera only shows one part of the plasma. To 
monitor the whole plasma shape, a second camera at the top of the vacuum vessel will 
be used. This gives the possibility to monitor the whole plasma shape. 
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