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Abstract 

In this Master’s thesis project, several experiments are conducted under three different conditions in 

order to study their effect on the edge plasma profiles. In the first case, the standard case, there is no 

external interference and the plasma is studied under normal lab environments. In the second case, 

the plasma position inside the EXTRAP T2R device is changed by a few millimeters and in the third 

case a magnetic boundary is inserted into the experiment. For each set of the experiment, profiles of 

the plasma properties are studied and compared to each other. The method used in this experiment 

to study the plasma behavior is probe diagnostics which proves to be a very powerful tool. 
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1. Introduction and Background 

1.1 Objective 

The objective of this master’s thesis is to experimentally investigate the magnetically confined fusion 

plasmas. For this purpose, the effects of varying magnetic boundaries on edge plasma profiles are 

specifically studied. The experiment is designed to estimate profiles of plasma density, temperature, 

and potential and plasma velocity using Langmuir probe measurements. In order to achieve this, a 

series of measurements is carried out under different conditions mainly by varying the magnetic 

boundary.  One specific way of varying the magnetic boundary is to vary the degree of axisymmetry 

of the magnetic field which is done by using external magnetic coils. These external magnetic coils 

generate controlled non-axisymmetric fields with varying helicities and amplitudes as well as they 

can suppress spontaneous non-axisymmetric magnetic fields through feedback control. This 

experiment is built on a previous project which has been carried out earlier in spring semester 2011. 

The aim of the project was to estimate the toroidal plasma flow velocity at the edge of the RFP by 

measuring the radial electric field. This was also done by probe diagnostic using the triple-probe 

technique. For this purpose two identical electric circuits are built and connected to the probes.  In 

order to estimate the plasma flow, the radial electric field and the poloidal magnetic field should be 

calculated first.  Then, by determining the toroidal component of the plasma E B drift velocity the 

toroidal plasma flow can be estimated. This drift is of a significant importance for the particle 

transportation in the plasma. These experiments are both carried out in EXTRAP T2R device in Fusion 

Plasma Physics Laboratory at KTH. More details about this device will be given in the next topic.  

1.2 EXTRAP T2R Experiment 

The EXTRAP T2R device is located in Alfvén laboratory at KTH. It confines fusion plasma according to 

reversed field pinch magnetic configuration. The plasma is created in a toroidal stainless steel 

vacuum vessel. A toroidal magnetic field is produced from the toroidal coils outside the vacuum 

vessel. Moreover, a poloidal current is induced in the plasma discharge. This poloidal current heats 

up the plasma and gives rise to a poloidal magnetic field. Therefore the resulting magnetic field in the 

plasma does have both poloidal and toroidal components. Ideally the magnetic field is axisymmetric 

and the magnetic field lines form helical paths around the torus inside the plasma. However this is 

not usually the case. The EXTRAP T2R device consists of 128 magnetic coils which are equally 

distributed outside the torus. These magnetic coils produce small radial magnetic fields in the plasma 

edge region. The current in each one of the coils is controlled individually which give rise to non-

axisymmetric magnetic boundaries with helical deformations. These deformations are in form of 

different helicities and amplitudes. As mentioned in the earlier section, these coils perform two tasks 

simultaneously; one is to suppress the occurring non-axisymmetries of the plasma shape which arises 

due to the MHD instabilities in the plasma and the other one is to create controlled non-

axisymmetric magnetic boundaries. This will consequently result in a plasma boundary with 

predetermined and non-axisymmetric shape. The EXTRAP T2R device has a major radius of 

mR 24,10    and a minor radius of ma 183,0 . EXTRAP T2R is shown in figure 1 and some of its 

parametrical values are shown in table 1.  
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Figure 1. EXTRAP T2R device at Alfvén laboratory in KTH 

 

Parameter Value Unit 

Major Radius 1,24 m 

Minor Radius 0,183 m 

Plasma Current 100 - 300 kA 

Shell Time Constant 6 ms 

Plasma Pulse Length 15 - 100 ms 

Toroidal Loop Voltage 20 - 30 V 

Iron Core Flux Swing 5 Vs 

Electron Temperature 

Plasma Density 

200 - 300 

0,5 – 2.10e-19 

eV 

31 m  

Table 1. Parametric values of the EXTRAP T2R device 
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1.3 Magnetic Boundary 

The plasma in the vacuum vessel wall is limited by a set of molybdenum limiters which are attached 

to the wall. These limiters “scrape-off” the plasma if it extends beyond the innermost limiter point.  

The outermost possible boundary for the plasma is defined at the set of 108 limiter point where the 

limiters are distributed both in the toroidal and the poloidal direction around the vessel wall. The 

magnetic field in the plasma edge region defines the shape of this boundary. It’s known that the 

particles in the plasma move parallel to the magnetic field lines. However these particles are not able 

to move in the direction perpendicular to the field lines. A straightforward result of this is that 

quantities like the plasma density, temperature and potential are to be constant along the field lines 

and vary across the magnetic field. This is of course valid as long as the magnetic field lines do not 

cross the wall. Because of this anisotropic property of the plasma, its shape is determined by the 

shape of the magnetic field lines in the edge region. As a result, an axisymmetric magnetic field 

produces an axisymmetric plasma column. In order to introduce non-axisymmetric disturbance into 

the plasma, a radial magnetic field with toroidal and poloidal variations is inserted along with the 

current axisymmetric field. The non-axisymmetric perturbation causes small radial variations of the 

plasma boundary between the limiters.  

1.4 The Effect of the Magnetic Boundary on the Plasma Edge Profiles 

As mentioned in the previous section, varying the magnetic boundary will result in a change in the 

plasma edge profile. For instance, perturbations in the magnetic field will change the plasma profile 

edge by limiting the scrape-off layer to a minor radius defined by these perturbations. Also, the point 

of transition between the closed magnetic field lines inside the plasma and the open magnetic field 

lines in the scrape-off layer will be altered by the magnetic field which is just another way of 

changing the plasma edge profile. By introducing non-axisymmetries in the plasma edge region, the 

changes in the plasma edge profile will be even more complex. According to some previously 

conducted experiments, adding a non-axisymmetric perturbation to the magnetic boundary will 

cause a change in the central plasma flow velocity. However, the effect this perturbation has on the 

edge velocity is still unknown. Studying this case and defining the possible changes this perturbation 

might have on the edge plasma flow be will useful for understanding the effects of the magnetic 

boundary on the plasma flow.  
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2. Outline of the Project 

The project is divided into four parts which are: 

i) Experimental setup of the Langmuir probe system for magnetic profile measurements  

ii) Performing the probe measurements by varying magnetic boundaries 

iii) Data analysis using IDL 

iv) Evaluation of the edge plasma profile with the variation of the magnetic boundary 

2.1 Experimental Setup 

For this purpose, a probe head with 18 Langmuir probes is used. Two electronic boxes which have 

been constructed in the earlier project are also used to perform two simultaneous triple-probe 

measurements. The experimental work further requires the installation of the probe on the EXTRAP 

T2R device, connection of the probe cables to the inputs on the electronic boxes and further 

connection of the outputs from the boxes to transient recorders in a CAMAC crate through optical 

links. More details on this will be given in the section of experimental setup later on in this report. 

2.2 Probe Measurements of the Edge Plasma Profile 

Probe measurements are done at different radial positions. This is done by moving the probe in and 

out between different shots and in this way obtaining a scan of the radial position in the edge region. 

For each time the magnetic boundary is changed, a new series of plasma discharges is required. 

Because of the fluctuations in the probe signals, the measurements need to be done several times in 

order to improve the accuracy of the data.  

2.3 Data Analysis 

As mentioned earlier, the data analysis is done by a software program called IDL from Research 

Systems. The main task in the conducted experiment is to study the radial profiles of the plasma 

properties with and without a magnetic perturbation and by displacing the plasma position. The 

profiles for the plasma properties are created by conducting probe measurements at different radial 

distances in the plasma, starting by very close to the walls and continuing deeper into the plasma. In 

addition to that, the effect of different helicities and amplitudes on the plasma is studied. More 

details on this topic are discussed in the data analysis section. 

2.4 Evaluation of the Edge Plasma Profile Data 

Profiles of plasma density, temperature, potential and several other profiles can be plotted as 

function of the probe radial position. From the plasma potential profile, the plasma flow velocity in 

the edge can be estimated. The aim here is to compare the plasma flow velocity with different 

magnetic boundaries; without perturbation, with changing the positioning of the plasma and with 

magnetic disturbance with predefined amplitude and helicity. 
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3. Theoretical Overview 

3.1 Plasma 

Plasma is created when sufficient*numbers of electrons overcome their binding energy and start 

moving freely among other ions. This usually occurs either by heating a gas to high temperatures 

when the atomic collisions are that high that the electrons can easily overcome the binding energy or 

by applying a magnetic field to the gas so that the electrons can be pulled out of their atoms. As long 

as there is no external factor perturbing the plasma, the net charge in each part of the plasma will be 

zero. Besides, the electrons and ions tend to have the same temperature in the plasma due to the 

collisions among them which is why the electrons have a higher velocity than the massive ions.  

3.2 Magnetic Confinement 

The magnetic confinement of the plasma in a fusion device is built upon the simple principle that 

charged particles follow the magnetic field lines spiral motion. See figure 2 for this motion. This 

confinement is possible in a toroidal-shape device (a torus) with a toroidal magnetic field. In this 

particular case, the magnetic field of the toroid coil is inhomogeneous inside the magnet which will 

result in a drift away from the field lines in the vertical direction for the particles. See figure 3 for this 

drift motion. In order to overcome this drift and the loss of the particle confinement, a poloidal 

magnetic field is added perpendicular to the toroidal magnetic. This will result in helical magnetic 

field lines circling the minor axis of the torus causing the particles to drift from and to the minor axis 

in the above and below mid plane. In this way, since the particles drift in opposite directions in the 

above and below mid plane, then the net radial displacement from the minor axis will be cancelled. A 

simple toroidal system is shown in figure 4. 

 

 

 

 

 

 

 

 

Figure 2. The electron spiral motion along a magnetic field line 

 

*The number of charged carriers of a particle is higher than one in the Debye sphere and therefore 

collective behavior of charged particles is valid.  
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Figure 3. The electron drifts in the vertical direction due to an inhomogeneous magnetic field 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A confined plasma by toroidal and poloidal magnetic fields 
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3.3 Probe Diagnostic 

Probe diagnostic is a common method for studying plasmas and the physics behind it will be 

discussed briefly in this section. By inserting an electrically isolated probe into the plasma, the probe 

is exposed to the flowing electrons and ions. Since the electrons have higher velocity, more electrons 

will be in contact with the inserted probe causing a negative voltage V  in comparison to the space 

potential of the plasma sV . After a while the probe starts to repel electrons because of its negatively 

biased potential and hence attracting ions to itself at velocities reaching a maximum value of sound 

speed. The floating potential state 
fV  is reached when the ion saturation current iI is equal to the 

particles flux of the electrons eI . The following equations are satisfied in the floating state: 

 

fs VV         (1)                     

ie II        (2) 

0 ieprobe III      (3) 

One application of the probe diagnostic is the triple-probe method used in the conducted 

experiment for this thesis and it will discussed more in the next section. 

 

3.4 Triple – Probe Technique  

This technique is commonly applied in experimental setups where it’s required to measure the 

plasma potential, electron density and temperature at the same time.  According to this method 

three probes are used simultaneously; one double probe biased at a fixed voltage and one single 

floating probe. The probe head and the triple-probe circuit are shown in figure 5a and figure 9a 

respectively. The electron temperature is determined from the potential difference of the floating 

probe and the double probe and it will be derived here and in the section for the experimental setup. 

The electron current into the probe is given by 
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Where A is the probe tip area, e is the electron charge, em the electron mass, im the ion mass, en is 

the electron density and finally eT is the electron temperature. As seen from the equations above, 

the electron current depends on the probe voltage V while the ion current is independent of it.  

The double probe is connected to a battery which drives the probe circuit. This voltage drives a 

current I through the two tips of the probe, see figure 9b. In this figure, the voltages in each probe 

are marked with the probe’s number so for instance V1 refers to the voltage in probe (1). By 

analyzing the probe circuit, the following equations are satisfied for the current which flows into 

each probe tip: 
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the following relations can be obtained by straightforward algebra 

 
 21

21

exp1
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 II s     (11) 

    3121 exp1
2

1
exp       (12) 

It’s important to notice that 021  and 031   and that the battery voltage is chosen large 

enough compared to the electron temperature so that 

231       (13) 

Further simplifications result in the following approximate results 

2ln21       (14) 
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2ln

12 VV

e

kTe 
     (15) 

II s       (16) 

As mentioned previously, the floating potential is the potential in the floating probe, in other words 

probe marked with number (2) in figure 9b and hence: 

2VV f       (17) 
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4. Experimental Setup 

4.1 Langmuir Probe  

In the experiment, two independent triple-probes are inserted into the plasma, separated by a fixed 

distance d of 6mm. The probe head is shown in figure 5a and some of the probe parameters can be 

seen in table1. As seen from figure 5a, only the first most left row of 3 electrodes is utilized for the 

first triple probe. The third row, 6mm towards the right, is used for the second independent triple-

probe. These electrodes are connected to two electronic boxes by coaxial cables. More details about 

the electronic boxes will be given in the next section. 

 

   
 

Figure 5a.(Left) The probe head of boron nitride with 6 rows of each 3 molybdenum electrodes. 

Figure 5b. (Right) A schematic figure of the probe’s six rows. According to this figure, the number of 

each electrode is the combination of no. of column and no. of row e.g. electrode 11 is the most right 

electrode from above and electrode 63 is the most left one from below.   

 

 

 

 

 

 

 

 

Table 2. Probe head geometrical properties. 

Before installing the probe onto the EXTRAP T2R device, the probe and its electrodes need to be 

examined. This is done by connecting a multimeter to the coaxial cables and the electrodes. In this 

way, electrode 61 is diagnosed as non-functioning and therefore needs to be repaired before 

carrying out the experiment. 
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After repairing the previously named electrode, the probe head is inserted upside down radially into 

the plasma through a gate valve located at the outer edge of the vacuum vessel. For more 

illustration, see figure 6.  

 

 

 

 

 

 

 

 

 

 

Figure 6. The Langmuir probe installed on the EXTRAP T2R device. From the left, the probe 

installation is connected to a pump machine.  

The reason why the probe is inserted upside down in the plasma is for protecting it from the 

electrons which tend to travel upwards while the ions travel downwards with respect to the 

electrodes’ direction in the plasma. While installing the probe, it’s important to do this very carefully 

in order to avoid the probe from getting sucked by the vacuum vessel. For this purpose, a rode of 125 

mm is tied between the head part and the piston to protect the probe and the electrodes from any 

damage that might be caused by the vacuum vessel. This rode is shown by the red arrow in figure 6. 

Before running the experiment, it’s necessary to open the valve to the vacuum vessel by carefully 

turning the red knob anti-clockwise. Also the pump which has been connected to the probe needs to 

be closed. These parts are shown below in figure 7a and 7b. 

Figure 7a. (Left) The pump machine.  Figure 7b. (Right) The valve to the vacuum vessel. 
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During this experiment it’s not possible to directly connect a battery to these electrodes and 

measure the desired voltages. Therefore, two identical electronic boxes, see Figure 8, are built and 

connected to each triple-probe to make the measurements in the experiment easier. More details 

about the electronic boxes and the built-in circuit will be discussed in the section about the 

electronic boxes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Two identical electronic boxes which are used in this experiment; the probe electrodes are 

connected to these boxes which in their turn are connected to the batteries. 

 

4.2 Electronic Boxes 

The electronic boxes are built from scratch during the previous project and are used again in this 

experiment. The outputs P1, P2 and P3 from these boxes are connected to the electrodes of the 

probe head through coaxial cables. It’s important to mention here that electrode (1) is connected to 

P3 and electrode (3) is connected to P1 while the floating probe (2) is bound to the output P2. The 

output P4  is connected to the vacuum vessel, i.e. the ground.  The entire electrical circuit of figure 

9a is shielded in a metal box with eight BNC connectors; three for input from the probe electrodes, 

one for grounding and four for output voltages. 
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Figure 9a. (Left) The electrical circuit built inside the electronic boxes.   

Figure 9b. (Right) Triple-probe schematic circuit. 

 

From this circuit the voltages indicated as V13, V23, V43 and I31 on figure 9a are measured. These 

analogue signals are then sent through optical links to an analogue-to-digital converter which 

displays the digital data on the lab computers. More information about the optical links will be given 

in the upcoming section. To understand the designations in figures 8a and 8b, see the table below. 

 

Figure 9a Figure 9b 

V(P3) - V(P4) V1 

V(P2) - V(P4) V2 

V(P1) - V(P4) V3 

Figure 9a 

V13 = V(P1) - V(P3) 

V23 = V(P2) - V(P3) 

V43 = V(P4) - V(P3) 

 

Table 3. This table shows the relationship between figure 9a and figure 9b.  

 

 In order to prevent aliasing in this conversion, a low-pass filter has to be created.  The cut-off 

frequency   1
2


 RCfc   for all measured voltages is about 480 kHz.  At the same time, voltage 

dividers resulting in about 1% of the original value of V13, V23 and V43 are implemented. These 

calculations are done by applying an AC voltage with amplitude 5V between P4 and P3, P2 and P3, 

and between P1 and P3.  The following results are obtained; about 50mV below cf  at , 

decreasing to about 35mV above cf   at , further decreasing until 25mV at . 
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In the case of 31I , about 9,1% of the voltage over the 10Ω is measured due to the voltage divider 

there and therefore the current I10 through the 10Ω is calculated according to  
101,9

100 31
10

I
I  .  

As mentioned earlier, the boxes are further connected to batteries from where they are connected 

to a converter through optical links. These batteries are rechargeable and have a voltage of 12 V. See 

figure 10 for how these batteries look like.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. The transmitters and batteries used in the experiment. These batteries are rechargeable 

and drive a voltage of 12 V each.  

4.3 Optical Links 

The optical links are used in this experiment to send over the analogue signals from the electronic 

boxes to an analogue-to-digital converter which will be used to observe the signals on a computer. 

The optical links used here are based on the commercial DYMEC 5710 Series with a 1MHz bandwidth 

analogue fibre optic data link. There are two steps for the conversion process. In the first step, the 

analogue voltage signal is conveyed using frequency modulation by varying the signal’s 

instantaneous frequency. What happens in the second step is that the signal is retrieved by 

subsequent demodulation. The frequency modulation is done in the transmitter while the 

demodulation occurs in the receiver. The transmitted FM signal has a frequency range of 9+/-1 MHz 

and the bandwidth of the optical link varies between DC to 1 MHz.   

The transmitters used for this experiment are located inside the metal boxes shown in figure 10 

where the batteries also lie. Except for the batteries’ power supply, in each transmitter there is an 
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internal voltage converter of a voltage of +/-15V and a voltage of +5V necessary for the DYMEC 

module. Such a battery will normally last for few hours so it’s important that these batteries are fully 

charged before each set of experiment to assure the data received on the lab computer is of good 

quality.  

The receivers provide also voltages of +/-15V and +5V likewise the transmitters. At the receivers, the 

analogue output voltage can be set to either +/-2,5V or +/-5V and can drive up to 50  load.  

Ideally, the optical link gain is a unity if the input and the output signals are identical but often this is 

not the case. In order to obtain the gain, a 50  impedance is assumed to be connected to the 

receiver and therefore resulting in: 

geRangeInputVoltaageRangeOutputVoltGain   

If on the other hand, the receiver is connected to an impedance of M1 , the gain will be multiplied 

by a factor of 2.  

4.4 Measurements and Radial Profiles 

In this experiment, the focus has been on estimating radial profiles for some important plasma 

properties like the radial electric field, the toroidal plasma velocity, the plasma temperature and the 

plasma electron density. There are different sets of experiments which are carried out and each of 

them has a specific aim.  

Before starting the experiments, some inputs and outputs need to be classified and marked to make 

sure the signal received on the computer lab is the expected signal. In the tables below, one can see 

how these different signals are grouped. Observe that the outputs and inputs for box one are given 

the suffix ‘a’ and suffix ‘b’ for box two. For example, signal V13_a is signal V13 from box one and 

signal I31_b is signal I31 from box number two.  

 

Module 27 

Signal Optical Link Cable No. 

V13_a 14 -> 14 

V23_a 18 -> 18 

V43_a 19 -> 19 

I31_a 20 -> 20 

V13_b 21 -> 21 

V23_b 25 -> 25 

 

Table 4. This table demonstrates which signal is connected to which optical link and further to 

module 27 at the receiver. 
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Module 26 

Signal Optical Link Cable No. 

V43_b 13 -> 13 

I31_b 4 -> 4 

 

Table 5. The signals shown in the table are retrieved at module 26. 

 

 

 

 

 

 

Table 6. In this table one can see which signal is displayed as which signal on the lab computer. 

For the purpose of obtaining radial profiles of the plasma properties, it’s required to do probe 

measurements in different radial positions inside the plasma. This is done by the support of wooden 

rods with different lengths. These rods are inserted in between the probe head and the main body of 

the probe device. In this way, the probe head is inserted inside the plasma at different radial 

distances from the vessel walls. The insertion radius of the k:th row of the probe’s tip is given by the 

expression below: 

  mmkrr holderk 135     (18) 

where holderr is defined as 

 mmlr rodholder  58     (19)     

In the expressions above, k is row index and it can take the values between 1 and 6. rodl is the length 

of the rod which in the conducted experiment can have one of the following values 

 mm104,107,110,113,116,119,122,125  

While conducting the experiment, the length of the rods used is gradually decreased to prevent the 

probe head from being suddenly sucked into the vacuum-chamber.  For example a rod of length 

125mm would prevent the most inner part of the probe head only just from passing the plasma-

edge.  Then by using a shorter rod, one can reach 5mm deeper in the plasma where the first 

electrodes are. This procedure is continued until all the electrodes are inside the plasma, in other 

words the measurements are done using 122, 119, 116, 113, 110 , 107and 104 mm rods.  

Box 1 Box 2 

Signal Data Channel Signal Data Channel 

V13_a Probe_07 V13_b Probe_11 

V23_a Probe_08 V23_b Probe_12 

V43_a Probe_09 V43_b Probe_01 

I31_a Probe_10 I31_b Probe_02 
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The plasma is not pretty much perturbed by the inserted probes since no significant change is 

observed in the measurement characteristics throughout these steps.  Thanks to the two triple-

probes the radial electric field and other plasma properties can be computed after deriving the 

electrical potential at each row according to the formulas given in the data analysis section. 

For the radial profiles, this set of the experiment is conducted under three different conditions; one 

with standard circumstances i.e. no external perturbation, the second one with changing plasma 

position and the last case is with magnetic perturbation. The outcome of all the set experiments is 

presented in the results section.  

Another set of the experiment is conducted under magnetic perturbation but with different 

amplitudes and different periods. The results will be also presented in a later section where 

comparing these two cases becomes easier by looking at their plot.  

Finally it’s worth mentioning that all the data is acquired using MDS from MIT and that data from the 

probe is typically sampled at a sampling frequency of 1MHz.  Furthermore all the graphs are plotted 

using IDL.   
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5. Data Analysis 

5.1 Plasma Properties 

After reading all the stored probe signals in an IDL-program file, the next step is to write a program 

which calculates estimated values for some significant plasma properties.  By combining equations 

(3), (4) and (5) from earlier sections, the following expression is obtained 
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Which gives 
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Equation (21) can be approximated for hydrogen as 

e

kT
VV e

fs 3,3                                                                 (22) 

Where is defined using equation (17). This equation can be rewritten using the signals in figure 9a 

and table 3 according to below 

   3223 PVPVV                     (23)     

        43233432 VVPVPVPVPV     (24) 

43232 VVVV f       (25) 

It’s important to notice here that the voltages with the two indices are actually multiplied by 100 

because of the voltage dividers. 

Rewriting equation (15) and combining it with equations (22) and (25) leads to the following 

expression 
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Equation (27) is an approximate expression for the plasma temperature and will be used further to 

estimate the electron density. Observe that the temperature according to (27) has the unit eV. 
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The plasma space potentials for the two sets of triple-probes are used to determine the radial 

electric field. The magnetic poloidal field is then calculated using Ampere’s law and the plasma 

current. Finally, the toroidal plasma velocity is estimated using the two quantities mentioned above. 

The final expressions are given by the following equations 
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Where mmd 6  is the radial separation of the probes,  0  is the permeability constant and pI  is 

the plasma current.  

By modifying equation (5), an expression for en can be derived. Because of the voltage dividers 

named previously, the signal 31I is multiplied by a factor 10 and therefore giving an ion current equal 

to: 
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Where 
e

kTe is the temperature in eV from (28), A is the sheath plasma area and it’s given by the 

probe tip area as viewed along the magnetic field. Further e is the electron charge, im the ion mass 

and 31I  is the current signal obtained form the electronic box. A is calculated using the following 

expression: 

ldA  2     (33) 

Where d is the diameter of cylindrical tip of the probe and l is the length of this cylindrical tip. Factor 

2 in equation (30) indicates that the current is coming along the field from both sides. In table 7, one 

can see a summary of the all the constants which is used for the calculation part.  
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Table of Constants 

Constant Value Symbol Unit 

Electron Charge −1.602×10−19 e C 

Permeability (Magnetic Constant) 4π×10−7 μ0 NA−2 

Boltzmann Constant 1.38×10−23 kB JK−1 

Proton Mass 1.67×10−27 mi kg 
 

Table 7. Table of constants used in the calculations. 

5.2 IDL Program 

All the plots which are viewed in the results section are generated using IDL. The programming 

process in IDL is simple and it’s based on straightforward calculations which are shown in the 

previous section. In order to analyze the data from the experiment, some build-in functions in IDL are 

used. For instance, the function DERIV(x,y) is used for estimating the radial electrical field by taking 

the radial derivative of the plasma potential registered in the probe’s first and third row respectively. 

Another build-in function which is frequently used is the Smooth(x,n) function. This function is used 

in order to get a rather even distribution of the signal and avoid sharp peaks in the plots. In addition 

to that, PLOT, OPLOT and some graphical tools are also utilized to demonstrate the results in a 

clearer way.  

5.3 Data Interpolating 

In some cases during the experiment, parts of the collective data aren’t as smooth as the rest of the 

data. This happens mainly because some of the signals fluctuate a lot in a chosen interval while other 

signals are more stable. The fluctuating signals cause sudden and huge changes in the calculation and 

that’s why they cannot be used to produce a result or a conclusion. The reasons why some signals 

are noisy can be different. One of the reasons can be because of a sudden current pulse or the so 

called oscillations in the plasma. In order to keep the consistency of the data in the calculations, one 

signal is interpolated by taking into account the two nearby signals. The interpolated signals belong 

to the first and the third row of the probe when it’s placed 179 mm and 185 mm from the vessel wall 

respectively. Observe that in this particular case, the probe is placed on the peripheral of the plasma 

edge when these two signals are registered and that’s again one of the reasons why these signals are 

very noisy particularly there.  
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6. Results and Error Analysis 

6.1 Plotted Graphs 

In this section, the plots of interest will be presented and a description will be added after each plot 

or set of plots.  

To start with, the simplest plot is presented first. This plot shows all the received signals from the 

probe and the boxes in the computer lab for shot number 23546. As mentioned before the suffix ‘a’ 

is for the signals from the first box and the probe’s first row while suffix ‘b’ is for the signals from box 

two and the probe’s third row.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Plasma properties for plasma shot 23546. This shot is taken under the standard conditions 

and the rod length is 113 mm. 
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In the plots below i.e. figures 14, 15and 16, the plasma’s foremost properties for three different 

cases are shown. These three cases are the standard one, the case where the plasma positioning is 

changed and the case where magnetic disturbance is added. For the plasma displacement case, the 

plasma position changes from 5,8 to 6,8. This change can be expressed in mm for example by looking 

at the figures below. 

 

 

 

 

 

 

Figure 12. Shot no. 23595 where the plasma position is at level 5,8. (Standard Case) 

 

 

 

 

 

 

Figure 13. Shot no. 23586 where the plasma position is at level 6,8. (Changed Plasma Position Case) 

The plasma position have changed from -1,5mm (Standard Case) to 1,5mm (Plasma Position Case) at 

the time 10ms and 20ms resulting in a 3mm change in the plasma position. 

Regarding the third case, with the added magnetic perturbation, an external array of magnetic 

control coils has been used for applying a controlled magnetic perturbation. A nearly sinusoidal 

perturbation of the radial magnetic field at the plasma boundary is applied. The spatial variation of 

the applied field is nearly a single harmonic with poloidal mode number m=1 and toroidal mode 

number n=1. The nominal amplitude of the magnetic field perturbation is A=0,08. This corresponds 

to a local displacement of the plasma boundary of similar magnitude as the plasma position 

displacement. The perturbation rotates toroidally with a frequency of f=50 Hz. The perturbation is 

applied at t=10 ms and lasts for 20 ms until t=30 ms. The time variation is one period (cycle) during 

this time interval. The plot refers to the time interval [14,8 - 15] ms when the signals are expected to 

show the most effect.  

As can be noticed from these plots, for the probe’s third row, the first two shots in the series are not 

included neither in the plots nor in the calculation itself. The probe is placed at the furthest radial 

distance at 191mm and 188 mm for this particular case. The reason for this exclusion is the extremely 
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high and sudden fluctuation of the signals which results in negative values for the temperature. 

These values are of course not accepted for the temperature; moreover the negative values will 

cause an arithmetic error in the calculation of the electron density. 

As for the first raw, it can be seen that these two first signals which are plotted with black and pink 

color, indicate very low values for the electron density for instance. This can be explained by the fact 

that the probe is not placed quite inside the plasma yet and the low electron density implies simply 

that the probe is not totally in contact with the plasma. 

Comparing all the three cases together, one can notice that there is a significant difference between 

the three cases. However, on the other hand a slight difference is noticeable when comparing the 

second case with the case of the magnetic disturbance. For example, the values for the radial electric 

field and the toroidal plasma velocity in the disturbance case are almost double the values for the 

plasma position and standard case. Comparing the electron density, one can see that the second and 

the third cases have higher and almost triple and double the value for the standard case respectively.  
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Figure 14. Plasma properties for the plasma shots 23592, 23593, 23594, 23595, 23596, 23597, and 

23598 where the probe’s first row is positioned at the radial distances 185,182,179,176,173,170 and 

167mm from the vessel center. This figure reflects the standard case.  
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Figure 15. Plasma properties for the plasma shots 23583, 23584, 23585, 23586, 23587, 23588, and 

23589 where the probe’s second row is positioned at the radial distances 191,188, 185,182,179,176 

and 173mm from the vessel center. This figure reflects the changing position of the plasma - case.  
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Figure 16. Plasma Properties for the plasma shots 23695, 23692, 23691, 23679, 23683, 23685 and 

23686 where the probe’s first row is positioned at the radial distances 185,182,179,176,173,170 and 

167mm from the vessel center. The figure reflects the case with the magnetic disturbance with 

amplitude 0,08 and one period. 
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In the figures below; figures 16, 17 and 18, profiles of the plasma space potential and the floating 

potential for the first and the third row for the three different cases are shown. It’s from these 

signals that properties like the radial electric field and the toroidal velocity are calculated. The 

floating potential is given by equation (25) while the plasma space potential is given by equation (26).  

Figure 17. Radial profiles of the floating potential and the space plasma potential for the standard 

case. 

 

Figure 18. Radial profiles of the floating potential and the space plasma potential for the plasma 

position case. 

 

Figure 19. Radial profiles of the floating potential and the space potential for the disturbance case.  
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In the following plots i.e. figures 19, 20 and 21, the radial profiles of the plasma properties are 

demonstrated. For the radial electric field, this is achieved in two different ways. In the first way, the 

radial electric field is calculated for both rows using equation (28) while in the second way, it’s 

calculated for each row separately by taking the radial derivation of the plasma potential for the first 

and the second row respectively. The first method is demonstrated in figures 13-15 for different 

shots and is also shown in the figures below. There is a notable difference between the two cases 

and that can explained by the fact that the calculated radial electric field in the second way is less 

affected by the probe geometrics. In the first way of calculating the radial electric field, the 

difference in the plasma space potentials for the two rows is divided by the distance d between the 

rows while in the second way only the radial distance of the probe is considered. Another point 

worth mentioning here is the shift of the radial electric field’s sign for the two rows in the second 

method. This effect cannot be seen in the first method.  

The same procedure mentioned above is also introduced for the toroidal plasma velocity. Since this is 

based on the same concept; radial derivation of the plasma potential, the same difference is 

observable in this case too. 

 

 

Figure 20. Radial electric field and toroidal plasma velocity for the standard case. In the upper two 

rows, both quantities are calculated with the second method described above while the third row 

shows the results from the first method.  
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Figure 21. Radial electric field and toroidal plasma velocity for the plasma position case. In the upper 

two rows, both quantities are calculated with the second method described above while the third 

row shows the results from the first method.  

Figure 22. Radial electric field and toroidal plasma velocity for the case of magnetic perturbation. In 

the upper two rows, both quantities are calculated with the second method described above while 

the third row shows the results from the first method.  
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Profile plots of the plasma temperature and the electron density for the three cases; standard, 

plasma position and magnetic disturbance, can be seen in figure 23, 24 and 25. To trace back how 

the electron density is calculated, the term 
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 from equation (31) is plotted before 

dividing by the temperature term
e

kTe . According to theory, the temperature seems to have the 

expected order of magnitude. This is even confirmed in the previous project. However, for the 

electron density, there is one order of magnitude difference between the obtained results and the 

expected ones, in other words the obtained results for the electron density are higher. This can be 

explained by looking back at how we calculated the electron density in equation (31). From this 

equation, one can see that two factors affect the result of the calculation; one is the area of the 

probe tip and the other is the current signal from I31. Having received quite good signals, the issue 

with the high results can be attributed to the area. It’s important to note here that the probe tip area 

used in the calculations is just an approximation which proves not to be very accurate in this case. 

Since the area factor is in the dominator in expression (31) and the expected result is supposed to be 

lower, then a larger area than the one assumed is more suitable. Discussing and approximating the 

sheath plasma area is beyond this particular study.  

 

 

 

Figure 23. Radial profiles of the temperature and the plasma electron density for the probe’s first and 

third rows. (Standard Case) 
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Figure 24. Radial profiles of the temperature and the plasma electron density for the probe’s first and 

third rows. (Plasma Position Case) 

 

Figure 25. Radial profiles of the temperature and the plasma electron density for the probe’s first and 

third rows. (Disturbance Case) 

 

In the coming plots, the effect of different applied magnetic perturbation amplitudes and toroidal 

mode number (periods along toroidal direction) on the signals is illustrated. In figure 26 and 27, the 

average signals from shots 23669, 23675, 23676, 23674, 23677, 23678, 23679 and 23680 are plotted 

against the amplitudes A= 0, 0,01, 0,02, 0,03, 0,04, 0,06, 0,08 and 0,09 for two time intervals 15-20 

ms and 20-25 ms. The reason why these two intervals are chosen is the fact that the periodical 

disturbance is having a maximum and minimum tops in these intervals. As explained in previous 

sections, the perturbation starts at the time point 10 ms and it continues for 20 ms. If the 

perturbation is one cycle, which it is in this particular case, then the max and min tops are to be 

found in these intervals.  On the other hand, in figure 28, signals from shots 23548, 23550 and 23552 

are plotted as a function of applied toroidal mode numbers n=1, 2 and 4, corresponding to time 

variations of 1, 2 and 4 periods over the time interval (20 ms) during which the rotating perturbation 

is applied. One can observe that for higher magnetic amplitudes, the signals V13 and I31 have a 

tendency of getting higher while V23 and V43 tend to decrease. For the case with different periods, 
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the plots show that things happen when there is only one period of disturbance. As mentioned 

earlier, for the conducted experiment only one case out of all these cases is chosen which is the case 

with amplitude 0,08 and one single period.  

 

 

 

 

 

 

 

 

Figure 26. Averaged signals are plotted as a function of perturbation amplitude between 15 ms and 

20 ms. The solid lines represent the probe’s first row while the dashed lines illustrate the probe’s 

third row. 

Figure 27. Averaged signals as a function of perturbation amplitude between 20 ms and 25 ms. The 

solid lines represent the probe’s first row while the dashed lines illustrate the probe’s third row. 
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Figure 28. Averaged signals for different perturbation periods.  The solid lines represent the probe’s 

first row while the dashed lines illustrate the probe’s third row. 

6.2 Error Analysis 

From the data analysis, it appears that the aim of this experiment is to get a general picture of the 

plasma profile under different magnetic conditions. In other words, the focus has been on the bigger 

picture and on how to estimate these profiles. Therefore, in all the profile calculations, the mean 

average of the signals has been considered when constructing the radial profiles of the plasma 

properties i.e. radial electric field, temperature, toroidal velocity and electron density. To have a 

picture of how these averages vary, one can take a look at how these profiles look in the extreme 

cases, in other words maximum and minimum values. This is illustrated for two cases in the figures 

below.  

 

 

 

 

 

 

 

 

Figure 29. Maximum and minimum range for the floating potential. (Plasma Position Case) 
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Figure 30. Maximum and minimum range for the space plasma potential. (Standard Case) 

The same procedure is done for the radial profiles introduced earlier. For an overview over the 

variation of these signals, one can take a look at the figures below 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Maximum and minimum range for the radial profiles. For reference see figures 13, 16, 19 

and 22. (Standard Case) 
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Figure 32. Maximum and minimum range for the radial profiles. For reference see figures 14, 17, 20 

and 23.  (Plasma Position Case) 
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 Figure 33. Maximum and minimum range for the radial profiles. For reference see figures 15, 18, 21 

and 24. (Disturbance Case) 
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7. Conclusion 

7.1 Conclusion and Discussion 

In this experiment, the main aim has been to conduct experiments on the plasma in EXTRAP T2R 

using probe diagnostics. The purpose of these conducted experiments is to get an overview of how 

the plasma properties vary radially inside the EXTRAP T2R device. Earlier in this report, the radial 

profiles of some of the foremost plasma properties are demonstrated. By a glance at the patterns 

these radial profiles create, one can easily spot a trend which is visible in most of the profiles. Since 

the number of shots considered in each of the three cases described throughout the report, varies 

between five and seven shots; one can notice that the middle shots act as some kind of transition 

modes. Middles shots in this context mean the shots which are taken while the probe is half way 

inside the plasma. By transition mode, one means that these particular points act as a peripheral 

area between an outer shell surrounding the plasma and an inner shell inside the plasma. Another 

thing that can be observed from the radial profiles of the plasma properties is that the direction of 

increasing or decreasing is different before and after the transition point. For instance, if the 

temperature is decreasing by inserting the probe’s first row deeper and deeper into the plasma, this 

change will turn into an increasing temperature after passing the rand of the plasma and vice versa.  

As for the effect of the three cases; the standard case, the plasma position case and the magnetic 

disturbance case, some major differences are observable. For the radial electric field, by looking at 

the profiles in figures 19-21, one can clearly see that the strength of the radial electric field for the 

third case is almost double the strength for the first two cases. This leads to the same conclusion for 

the plasma toroidal velocity in the third case but the difference is not as high as in the comparison 

just mentioned above. The reason for this is the fact that the poloidal magnetic field for the 

disturbance case is also higher than the other cases and since it’s placed in the nominator according 

to equation (30), it will result in a bit lower plasma toroidal velocity.  

For the temperature profiles, no big differences are noticed from the profiles in figures 22-24 except 

for the plasma position case and for the probe’s third row. The temperature tends to be lower than 

the other two cases and this can be explained by the plasma position. In the plasma position case, 

the plasma is edge is moved radially outwards which means the probe’s tips will pass through the 

rand of the plasma in an earlier stage.  

As discussed in the results section, the electron density is noticed to be higher for the disturbance 

case compared to the other two cases. 

In general one can say  

 Probes are useful tools in studying the plasma’s properties at the plasma boundary.  
 

 However, some of the plasma properties like the electric field and the drift velocity are 
strongly sheared in the RFP. Therefore, there is a strong dependence on the radius as seen 
from the profile figures throughout the report. This sheared behavior can possibly be useful 
in suppressing turbulences, which is very important for particles transport in the plasma. 
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 The inserted magnetic field defines the plasma profile and behavior in this experiment and 
hence the changes in the plasma properties.  

 
Regarding the limitations in this experiment, one can mention the oscillations in some of the signals 
which make it difficult to analyze the signals. This has been overcome partially by interpolating some 
of the strongly oscillated signals. Should a better result be needed, then this experiment needs to be 
repeated many times in order to select the best signals with the least oscillations as possible. In 
addition to that, it’s important to mention that the probe signals depend very much on the local 
circumstances i.e. how long the device has been run or what types of gases there are in the vessel. 
That’s why the plasma shots are slightly different from one shot to the other. Another limitation is 
that throughout the experiment it was unknown where the plasma is in correlation to the magnetic 
disturbance. Therefore, a future work can be built upon estimating the plasma displacement in 
correlation to the disturbance signals and determination of the plasma column shape from these 
external magnetic fields. Also a numerical analysis can help in obtaining a better understanding of 
the plasma behavior under the three cases; the standard case, the plasma displacement case and the 
magnetic perturbation case.  
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