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Relevance of the Topic 

 The world we live in cannot function without energy. Various alternative energy 

sources are being developed to meet the continuously growing demand for electricity, 

including nuclear fission power plants using uranium fuel, hydroelectric facilities, biofuel 

installations, solar panels, and wind turbines, generally classified as low CO₂ emission 

technologies. Nevertheless, their overall contribution remains minor compared with that of 

fossil fuels. In this context, thermonuclear fusion offers a promising alternative for large-

scale energy production. It is expected to provide a safe, virtually inexhaustible, and 

relatively low polluting energy source, representing an optimal compromise between 

environmental sustainability and humanity’s increasing energy needs [1]. 

 Thermonuclear reactors are devices designed to initiate, sustain, and control fusion 

reactions. The application of appropriately configured strong magnetic fields enables 

plasma confinement within a defined volume and prevents direct contact with the vessel 

walls, thereby ensuring stability and thermal insulation. However, the challenges associated 

with producing a fully stable, long duration, high temperature plasma suitable for net energy 

generation have not yet been completely resolved. 

 The Langmuir probe is a well established diagnostic technique in plasma physics used 

to measure key plasma parameters such as electron temperature and density, the electron 

energy distribution function (EEDF), plasma potential, heat fluxes, and others. This thesis 

examines the application of probe diagnostics for plasma studies in thermonuclear fusion 

devices operating in the presence of magnetic fields. The research focuses primarily on 

experimental approaches aimed at understanding plasma behavior in order to propose 

effective solutions for improving the performance of fusion reactors. 

 Under more complex conditions, typical of the tokamak edge plasma, characterized 

by strong magnetic fields, turbulence, and elevated temperatures, further refinement of 

probe diagnostics becomes necessary. It should be emphasized that the physical processes 

occurring in the Scrape-Off Layer (SOL) (the region extending from the last closed 

magnetic surface to the tokamak vessel wall) are largely independent of the machine size. 

Consequently, results obtained from experiments on the COMPASS and WEST tokamaks 

can be used for extrapolation and for deriving optimization strategies relevant to future 

large-scale devices such as ITER and DEMO. 

 

Aim and Objectives of the Thesis 

 In this context, the main objective of the present thesis was formulated as follows: 

to investigate and implement probe diagnostics in thermonuclear fusion devices for 

the accurate determination of plasma parameters. 

 To achieve this objective, the following tasks were defined: 

❖ To review the existing literature and perform an analysis of the principal probe 

techniques used for determining plasma parameters in thermonuclear fusion devices; 

❖ To use measured current–voltage (I–V) characteristics to determine plasma 

parameters: electron temperature and density, plasma potential, EEDF, heat flux, etc. 

in the divertors of the tokamaks COMPASS and WEST, as well as in the edge and 

SOL plasma of the stellarator TJ-II; 
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❖ To test the hypothesis concerning the origin of the bi-Maxwellian EEDF in magnetic 

confinement fusion devices such as the TJ-II stellarator and the WEST tokamak. This 

includes comparing experimental probe results with those obtained from the numerical 

simulation code EIRENE in order to investigate the influence of ionization of neutral 

atoms by thermal electrons originating from the stellarator plasma. Both deuterium 

and helium plasmas were considered; 

❖ To calculate accurately the heat fluxes in the tokamak divertor under conditions of 

plasma parameter asymmetry, indicative of non-ambipolar currents; 

❖ To determine plasma parameters during experiments aimed at reducing divertor heat 

loads in the WEST tokamak through nitrogen injection. 

 

Structure of the Thesis 

 The thesis consists of an introduction, six chapters, conclusions, and a summary of 

contributions. The total volume is 135 pages. 

 Chapter 1 provides general information and describes the operating principles of the 

fusion devices considered in this work, including the tokamaks COMPASS tokamak and 

WEST tokamak, and the stellarator TJ-II stellarator. The available probe systems used for 

the measurements are also presented. 

 Chapter 2 describes the different probe techniques applied in thermonuclear plasmas 

and includes an analysis of their applicability. 

 Chapter 3 demonstrates the application of probe diagnostics in fusion devices and 

presents the experimental results obtained under various plasma conditions. The following 

plasma parameters are determined: plasma potential, floating potential, and the EEDF (and 

correspondingly the electron temperature and density), as well as the ion saturation current 

in the divertor of COMPASS tokamak and in the edge and SOL plasma of TJ-II stellarator. 

 Chapter 4 applies the first-derivative probe technique to verify the hypothesis 

concerning the origin of the bi-Maxwellian EEDF. 

 Chapter 5 presents a correct evaluation of divertor heat fluxes in the COMPASS 

tokamak, taking into account the technique that includes the grounded current derived from 

the probe characteristic. It is shown that neglecting the influence of non-ambipolar currents 

may lead to an underestimation of the heat fluxes by up to a factor of three. 

 Chapter 6 presents plasma parameters in the divertor of the WEST tokamak 

determined using different probe systems under conditions of nitrogen seeding for divertor 

cooling. 

 The Conclusions summarize the work, outline the main scientific contributions of the 

thesis, and list the references, comprising 174 sources. 
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Brief Overview of the Thesis 

 Chapter 1 of the thesis provides fundamental background information on 

thermonuclear reactors. The main magnetic confinement configurations for fusion - 

tokamaks and stellarators are introduced together with their operating principles. The 

specific devices on which the probe investigations were performed (the COMPASS 

tokamak, WEST tokamak, and the TJ-II stellarator) as well as the corresponding probe 

systems are presented. The experimental results obtained with these systems are discussed 

in the subsequent chapters of the thesis. 

 

1.1. Tokamak 

 Tokamaks employ a combination of toroidal and poloidal magnetic fields, generated 

by external magnetic coils and by the plasma current itself, in order to confine and stabilize 

the plasma [2]. The plasma in a tokamak is heated to temperatures on the order of tens of 

millions of degrees using various techniques, including ohmic heating, radio-frequency 

heating, and neutral beam injection [3]. 

  

 Basic operating principle of the tokamak 

 A tokamak consists of a toroidal vacuum vessel surrounded by a solenoid that 

generates a strong toroidal magnetic field (BT) (Figure 1). A metallic core passing through 

the center of the torus forms the primary winding of a large transformer (Figure 1). The 

helical structure of the magnetic field lines results from the superposition of two steady 

magnetic field components: toroidal and poloidal. The poloidal magnetic field is generated 

by an intense axial current flowing in the plasma, referred to as the plasma current, Ipl. This 

current induces a poloidal magnetic component (Bθ), typically amounting to about 10% of 

the toroidal field. In addition, the tokamak is equipped with poloidal field coils that control 

the vertical position and the shape of the plasma within the vacuum vessel. 

 

Figure 1. Schematic diagram of the WEST tokamak [4]. 
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 Plasma physics in the scrape-off layer and in the divertor 

 The edge plasma region comprises the plasma periphery, including the transition layer 

in the vicinity of the last closed flux surface (LCFS), or magnetic separatrix, and the region 

of open magnetic field lines forming the scrape-off layer (SOL) (Figure 2). The open 

magnetic field lines are located in the outermost plasma layer, where direct interaction with 

the tokamak vacuum vessel wall becomes possible. Most present-day tokamaks operate in 

the so-called X-point magnetic configuration, which allows the open magnetic flux tubes to 

be separated from the core plasma and directed into a dedicated divertor volume, where 

plasma–wall interaction can be spatially localized. 

 The divertor prevents particles from directly striking the main chamber wall and 

subsequently re-entering the plasma, which would otherwise lead to cooling and 

contamination. It is formed magnetically and is typically implemented in tokamaks with D-

shaped vacuum vessels. The locations where the LCFS intersects the divertor targets are 

called strike points (outer, on the low-field side, and inner, on the high-field side) and are 

characterized by maxima of plasma parameters. Field-aligned particles are guided toward 

the divertor targets, producing large heat fluxes. Therefore, various techniques are 

investigated to mitigate the divertor heat load. The most widely applied methods include: 

• Gas puffing (N₂, Ar, Ne) [5] to locally cool the plasma via atomic and radiative 

processes; 

• Strike point sweeping, where the strike points are periodically displaced by several 

centimeters at a prescribed frequency [6] and others. 

 

 Plasma operating regimes: L-mode and H-mode. 

 In magnetic confinement devices, particle and energy transport losses must be 

compensated. 

 In the ohmic regime, a smooth radial transition of the plasma temperature from the 

core toward the edge plasma is observed. This profile corresponds to the operating regime 

known as L-mode (low confinement mode). 

 Further temperature increase requires auxiliary plasma heating systems. The most 

common methods include injection of high-energy (~120 keV) neutral deuterium atoms 

(neutral beam injection, NBI) and/or the application of high-power microwave radiation 

with frequencies of ~140–170 GHz and power levels of ~1 MW. This radio-frequency (RF) 

heating is realized as electron cyclotron resonance heating (ECRH) or ion cyclotron 

resonance heating (ICRH) [7]. 

 Experimentally, it has been established that under certain conditions, a slight increase 

in auxiliary heating power leads to the formation of steeper radial gradients of density and 

temperature in the edge region, accompanied by reduced transport coefficients. The stored 

plasma energy increases significantly, resulting in an abrupt transition to a new confinement 

regime. 

 This regime improves the energy confinement time by approximately a factor of two 

compared to L-mode and is referred to as H-mode (high confinement mode) (Figure 3) [8]. 

Thermonuclear fusion reactions occur under these conditions. 
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Figure 2. D-shaped poloidal cross-section of the 

COMPASS tokamak – terminology. 

Figure 3. Typical plasma pressure as a 

function of normalized radius (r/a) for L-

mode and H-mode operation. Magnetic 

instabilities are also indicated: sawteeth in 

L-mode and ELMs in H-mode. 

1.2. Stellarator 

 The magnetic configuration of a tokamak is generally simpler to implement compared 

to that of a stellarator. Stellarators offer potential advantages in terms of plasma stability 

and the capability for steady-state operation [9]. Moreover, since stellarators do not rely on 

a plasma-driven toroidal current, they can operate continuously, which constitutes a 

significant advantage over tokamaks that are inherently limited by the pulsed nature of the 

plasma current. 

 Since the 1990s, advances in design and manufacturing techniques have improved the 

quality and strength of magnetic fields and coil systems, leading to enhanced device 

performance. This progress has renewed interest in stellarator configurations. A number of 

new devices have been constructed to test these concepts. A representative example is 

Wendelstein 7-X in Germany (Figure 4). 

 

 

 

 

Figure 4. Example of a stellarator 

design used in the Wendelstein 7-X 

experiment: A series of magnetic coils 

(blue) surround the plasma (yellow). 

A magnetic field line is shown in 

green on the yellow plasma surface. 
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1.3. Fusion devices used in the present Thesis 

 The COMPASS tokamak (COMPact Assembly) [10], Prague, Czech Republic 

(Figure 5), is a medium-size tokamak operated at the Institute of Plasma Physics of the 

Czech Academy of Sciences since 2006. Although relatively small compared with large-

scale fusion facilities, COMPASS has made substantial contributions to plasma physics 

research and the development of fusion technologies. The device is capable of producing 

various poloidal cross-sectional plasma configurations, including circular, vertically 

elongated, and D-shaped plasmas with a single X-point, for both directions of the toroidal 

magnetic field ВT and the plasma current Ipl. Different working gases can be employed, such 

as hydrogen (H), deuterium (D), and helium (He). 

 The vacuum vessel is a torus with a D-shaped cross-section and is equipped with 69 

ports for access, diagnostics, and plasma heating. COMPASS is additionally equipped with 

neutral beam injection (NBI) systems for auxiliary plasma heating. 

 

 

 

Figure 5. COMPASS tokamak – photograph of the 

vacuum vessel. 

 Figure 6. Photograph of the divertor 

probes in the COMPASS tokamak. 

 

 The divertor probe system of the COMPASS tokamak consists of 39 graphite 

single Langmuir probes (LPs) embedded in the divertor structure (Figure 6) [A1, А2, А3, 

А6]. The probes are poloidally arranged within a specially designed graphite divertor plate 

and are spaced 5 mm apart. LP#1 is located on the high field side (HFS) of the tokamak, 

while LP#39 is positioned on the low field side (LFS). Electrical insulation of each probe 

body from the divertor plate and from neighboring probes is achieved using ceramic 

insulators, which also serve as mechanical supports. 

 The WEST tokamak (Tungsten Environment in Steady-state Tokamak), Cadarache, 

France, is designed for long-pulse experiments with tungsten as the primary plasma-facing 

material of the first wall hence the letter “W” in WEST. Tungsten was selected because of 

its high melting point (3422°C), low erosion rate, and good thermal conductivity, making it 

suitable for operation under extreme heat flux conditions.  

 The primary objective of WEST tokamak is to assess tungsten behavior under fusion-

relevant conditions and to develop technologies for high-power, long-duration plasma 

discharges, including studies of material deposition and surface modifications in the 

divertor region [11, 12]. A poloidal view of the vacuum vessel is shown in Figure 7. 
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        WEST is extensively equipped with 

probe diagnostics distributed both 

poloidally and toroidally within the vacuum 

vessel. The probe systems can be 

categorized as fixed and reciprocating 

(movable). 

        The new divertor probes installed in 

2022 are located in the lower divertor, 

positioned between two actively cooled 

divertor elements (Figure 8). The 29 probes 

are spaced 12.5 mm apart, corresponding to 

ITER-relevant monoblock (MB) 

dimensions. These are flush probes with 

dimensions of 2 × 2.5 mm [A7]. 

 
Figure 7. Photograph of the poloidal view of 

the vacuum vessel of the WEST tokamak. 

 

 
Figure 8. Embedded flush (wafer) probes in the tungsten plasma-facing units (W PFU) of the 

lower divertor. 

 

 A pop-up reciprocating manipulator accommodates 27 probes (Figure 9 a)), 

divided into two groups: 17 in the inner divertor and 10 in the outer divertor [A7]. They are 

also spaced 12.5 mm apart. Under magnetic field conditions, the manipulator can be 

actuated such that the probe surfaces briefly emerge approximately 1 mm above the divertor 

surface for a short duration of about 30 ms. The diameter of an individual probe is 3.5 mm. 

 The Mousetrap reciprocating manipulator likewise protrudes approximately 1 mm 

above the divertor surface for a short interval, similar to the pop-up probes. The probes 

mounted on this manipulator are of Bulgarian design (Figure 9 b)) and consist of four 

cylindrical tungsten probes aligned parallel to the magnetic field lines, with dimensions of 

4 mm in length and 1 mm in diameter [A7]. 

 

 а)  b) 

Figure 9. a) Pop-up and b) mousetrap probes in the divertor of the WEST tokamak. 
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 The TJ-II stellarator (Torsatron of Unique Type-II), Madrid, Spain (Figure 10), is a 

project of the Spanish National Fusion Laboratory at CIEMAT and serves as a platform for 

research in plasma physics and fusion technologies [9]. 

 Magnetic confinement is achieved by means of external coils that fully define the 

magnetic surfaces prior to plasma initiation. The three-dimensional twisting of the 

configuration’s magnetic axis is generated by two central coils: one circular and one helical.  

The combined action of these magnetic 

fields produces bean-shaped magnetic 

surfaces that guide plasma particles and 

prevent their interaction with the vacuum 

vessel wall.  

        The highest plasma temperatures are 

achieved by microwave heating (ECRH – 

800 kW at 53 GHz) and by accelerated 

neutral hydrogen beam injection (NBI – 

1.6 MW at 30 keV). TJ-II is equipped 

with 92 access ports for experimental 

diagnostics and machine systems.            

 

 
Figure 10. Engineering model of TJ-II. 

        TJ-II is equipped with two fast 

reciprocating manipulators carrying 

Langmuir probes, with a displacement 

speed of approximately 1 m/s and a stroke 

length of 0.1 m. 

        Figure 11 a) schematically illustrates 

the probe position relative to the LCFS. 

Figure 11 b) shows an example of a 

“staircase”-type probe head used in the 

measurements included in the thesis [A4, 

A5]. It consists of five rows of four 

cylindrical tungsten probes, each 2 mm in 

length and 0.75 mm in diameter. The 

probe head is inserted into the plasma 

between discharges at different vertical 

positions with respect to the LCFS. 

 

 a) 

 

 b) 

Figure 11. a) Probe position and LCFS (dashed 

line) in sector D of TJ-II; b) photograph of the 

probe head mounted on the manipulator. 

  

 Chapter 2 presents a general description of probe diagnostics in fusion plasmas. A 

literature review of the Langmuir probe method is provided, addressing its fundamental 

principles. 

 Various techniques for processing current–voltage characteristics, as well as the triple 

probe method, are presented and compared. Their advantages and limitations are discussed. 

All these techniques are applied in the present work according to the requirements of the 

respective experiments. They are primarily used for comparison of the derived plasma 

parameters. 

 The probe method for gas-discharge plasma diagnostics is a contact technique and has 

been widely used for more than 100 years. When an electrical probe is connected to an 
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external voltage source that maintains a defined probe potential, the current flowing through 

the probe at a given positive or negative potential difference provides information about 

plasma parameters. The probe current is determined by the charged particles collected by 

the probe, i.e., ions and electrons. The measurements consist of recording the probe (I–V) 

characteristic, the dependence of the probe current, produced by plasma electrons and ions, 

on the applied probe potential. 

 

2.1. Langmuir probes in a magnetic field 

 In the presence of a magnetic field, even at low pressures, electron motion in the probe 

sheath can be considered diffusive. In this case, electron gyration with Larmor radius around 

the magnetic field lines increases the number of particle interactions, which must be taken 

into account. 

 Figure 12 shows experimental I–V characteristics obtained at different magnetic field 

strengths. The longest (green) curve corresponds to a weak field, BT = 0.015 T, while the 

shortest (black) curve corresponds to the strongest field used in the experiment, 0.055 T. 

The potential at which the ion and electron currents are equal in magnitude, |Ii| = |Ie|, and 

the net probe current becomes zero is called the floating potential Vfl or isolated probe 

potential. 

        It is evident that with increasing 

magnetic field, the electron branch of 

the characteristic is suppressed and 

reduced, whereas the ion branch 

remains almost unaffected due to the 

much larger ion Larmor radius. For 

this reason, the technique introduced 

by Stangeby [14, 15], here referred to 

as the “conventional” or three-

parameter approximation (fit), has 

been widely used for determining 

plasma parameters in tokamaks. This 

approach utilizes only the region of 

the I–V characteristic around the 

floating potential and the ion 

saturation current, Ii
sat. 

 
Figure 12. Experimental probe characteristics 

obtained at different magnetic field [13]. 

  

 Three-parameter approximation. This is the most widely applied method for I–V 

data analysis due to its simplicity. It assumes a Maxwellian electron energy distribution 

function (EEDF), although it does not determine the actual distribution. From the I–V 

characteristic it allows determination of the floating potential Vfl, the ion saturation current 

Ii
sat, and the electron temperature Te, and enables calculation of the electron density ne, 

plasma potential Vpl, parallel heat flux q//, etc. 

 The approximation of the probe current as a function of probe potential Vp near the 

floating potential Vfl yields Te from [16]: 

𝐼(𝑉𝑝) = 𝐼𝑠𝑎𝑡
𝑖 {1 − exp [

−𝑒(𝑉𝑓𝑙−𝑉𝑝)

𝑇𝑒
]}.     (1) 
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 The electron density can be determined from the ion saturation current: 

                                       𝐼𝑠𝑎𝑡
𝑖 = 0.5𝑒𝑛𝑒𝑐𝑠𝐴𝑝𝑟                                                        (2) 

where Ap is the probe collection area projected along the magnetic field 𝐵⃗ , and 𝑐𝑠 =
[𝑒 (𝑇𝑒 + 𝑇𝑖) 𝑚𝑖⁄ ]1/2 is the ion sound speed; Te and Ti are the electron and ion temperatures 

in eV.  

 The procedure for determining plasma parameters is as follows: from the I–V 

characteristic, Vfl (where the current is zero) and Ii
sat (ion saturation in the negative potential 

region) are directly obtained. Te is derived from the nonlinear fit (third parameter) using 

Eq. (1). Knowing Ii
sat and Te, ne is calculated from Eq. (2). Typically, Ti = Te is assumed. 

 

 Four-parameter approximation. In some cases, when measuring I–V characteristics 

in strongly magnetized plasmas, ion current saturation is not observed, as is typical for flush 

probes [17]. 

 This effect is explained by probe sheath expansion, which depends on local plasma 

parameters such as density, electron and ion temperature, magnetic field, applied probe 

voltage, etc. [18, 19]. In this approach, the same parameters as in Eq. (1) are used, with the 

addition of a fourth parameter—the first derivative of the ion current 𝛥𝐼 𝛥𝑉𝑝⁄ : 

𝐼(𝑉𝑝) = 𝐼𝑠𝑎𝑡
𝑖 {1 − exp [−

𝑒(𝑉𝑓𝑙−𝑉𝑝)

𝑇𝑒
]}

𝛥𝐼

𝛥𝑉𝑝
(𝑉𝑝 − 𝑉𝑓𝑙)   (3) 

 From the above, several conclusions regarding the applicability of conventional 

techniques can be drawn: 

 - It is usually assumed that Ti = Te. For accurate determination of Vpl and ne using 

conventional techniques, Ti must be known. Results from various tokamaks show that in 

the edge plasma Ti may exceed Te by a factor of 2–4 [20, 21]. If Ti is higher, the derived ne 

decreases, while the parallel heat flux q// increases. 

 - Both approximations assume a Maxwellian EEDF, which may lead to significant 

errors if this assumption is not valid. Therefore, a method capable of determining the EEDF 

and plasma parameters directly from measured I–V characteristics is required. 

 

 First derivative probe technique for EEDF determination. 

 The EEDF can be determined from the probe characteristic using the first derivative 

probe technique (FDPT) [22]. 

 Although the probe perturbs the plasma locally within the sheath, information about 

the EEDF in the unperturbed plasma can be obtained provided that electrons reaching the 

probe do not change their energy while crossing the sheath. 

 The theory is developed in the nonlocal approximation, assuming electrons reach the 

probe in a diffusive regime. As shown in [23], for a thin sheath and 𝑊 ≥ 𝑒𝑉 (V is the probe 

potential), the electron current density is: 

𝑗𝑒(𝑉) =
8𝜋𝑒

3𝑚2𝛾0
∫

(𝑊−𝑒𝑉)𝑓(𝑊)𝑑𝑊

1+
(𝑊−𝑒𝑉)

𝑊
𝜓(𝑊)

∞

𝑒𝑉
,    (4) 

where  is a geometrical factor between 0.71 and 1.33. A key quantity is the diffusion 

parameter 𝜓(𝑊), which in a magnetic field depends on probe dimensions, gas pressure, 

magnetic field, and probe orientation relative to magnetic field lines. 

( )W0
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 When 𝜓(𝑊)≫ 1, the EEDF is not given by the Druyvesteyn formula but by the first 

derivative of the probe current: 

𝑓(𝜀) =
3√2𝑚

2𝑒2𝑆

𝜓

𝑒𝑉

𝑑𝐼𝑒

𝑑𝑉
    (5) 

 In many studies of electron motion in gases, electron energy ε is used instead of 

velocity 𝑣 [24], where 𝜀 =
1

2
𝑚𝑣2, 𝑑𝜀 = 𝑚𝑣𝑑𝑣 = (2𝑚𝜀)

1
2⁄ 𝑑𝑣. The EEDF 𝑓(𝜀) is related 

to the velocity distribution 𝑓(𝑊) in the unperturbed plasma by: 

𝑓(𝜀) =
4𝜋√2

𝑚
3

2⁄
𝑓(𝑊),        (6) 

 The EEDF is normalized to unity or to the electron density: 

∫ √𝜀
∞

0
𝑓(𝜀)𝑑𝜀 = 4𝜋 ∫ 𝑓(𝑣)

∞

0
𝑣2𝑑𝑣 = 1, 𝑛   (7) 

 FDPT has been successfully applied in the CASTOR [22], COMPASS [A1, 25], and 

ISTTOK [26] tokamaks, as well as in the TJ-II stellarator [25]. It is one of the main 

techniques used in this thesis for determining plasma parameters from experimental data 

obtained in COMPASS, WEST, and TJ-II. Its application is discussed in detail in the 

doctoral thesis of P. Ivanova [1] and E. Hasan [27], as well as in [22, 28]. 

 

 Triple probe technique (TPT). 

 The triple probe technique is widely used in magnetized plasmas. It employs three 

identical electrodes inserted close to each other, each measuring a specific potential [29, 

30]. Its main advantages are simplicity (no sweep voltage required), straightforward data 

analysis, excellent temporal resolution, and reduced sensitivity to potential fluctuations, 

making it particularly suitable for turbulent plasma studies. 

 TPT assumes a Maxwellian EEDF. Two probes are biased with a fixed voltage (double 

probe configuration), while the third measures the floating potential. Since the double probe 

system is floating, the positive probe collects a maximum electron current equal in 

magnitude to the ion saturation current collected by the negative probe: −𝐼+ = 𝐼− = 𝐼ion
sat, 

and the floating probe current is Ifl = 0. 

 The electron temperature is then obtained from: 

(𝑉+ − 𝑉fl) = (kT𝑒/𝑒)ln2     (8) 

 Thus, the potential difference between the positive and floating electrodes is 

proportional to Te [29]. 

 In [28] was found, that the FDPT reliably determines plasma parameters based on the 

comparison between the values of Te and ne obtained by it and those measured by laser 

Thomson scattering diagnostics, showing very good agreement between them. 

 Here, are summarize the techniques presented and applied in this thesis: 

• Conventional techniques for Te determination are valid only for Maxwellian EEDF. 

Accurate Vpl and ne evaluation requires knowledge of secondary electron emission and 

Ti, since Ti in SOL plasmas may exceed Te several times. 

• For Maxwellian EEDF, Te obtained by FDPT agrees well with conventional methods. 

• If the EEDF deviates from Maxwellian and can be approximated by a bi-Maxwellian 

distribution, FDPT determines the actual EEDF and hence Te and ne. 
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• In the case of bi-Maxwellian EEDF with ion current saturation, the three-parameter 

approximation yields only the high electron temperature, close to that obtained by 

FDPT. 

• If ion current saturation is absent, Vpl and ne from the four-parameter approximation 

agree with FDPT, while Te corresponds to the high-energy electrons [31]. The three-

parameter approximation cannot be applied in this case, as errors may exceed 50 %. 

• Although FDPT is the most complex method, it provides the most reliable plasma 

information, including electron pressure and heat fluxes. Its limitation is the 

requirement to measure the full I–V characteristic, including the plasma potential 

region. 

 

2.2. Determination of heat flux in fusion devices 

 Using Langmuir probes to calculate the parallel heat flux requires knowledge of Te, 

ion saturation current density jsat, and the sheath heat transmission coefficient γ. The parallel 

heat flux to the divertor surface, q// is [32]: 

𝑞// = 𝛾. 𝑇𝑒 . 𝑗𝑠𝑎𝑡      (9) 

 The coefficient γ is derived from Debye sheath theory [32] and describes the heat flux 

deposited on the surface as a function of the potential drop across the sheath. 

 It can be calculated as: 

𝛾 = 2.5
𝑇𝑖

𝑍𝑇𝑒
+

2

1−𝛿𝑒
− 0.5𝑙𝑛 [2𝜋

𝑚𝑒

𝑚𝑖
(𝑍 +

𝑇𝑖

𝑇𝑒
) (1 − 𝛿𝑒)

−2]  (10) 

where mi and me are ion and electron masses, Z is ion charge, and δe is the secondary electron 

emission coefficient. 

 Assuming a Maxwellian EEDF, deuterium plasma, equal ion and electron collection 

areas, and Ti = Te, γ ≈ 7 [27]. However, the electrical currents that flow naturally in the 

tokamak SOL close through the conducting vessel surfaces of the tokamak vessel. These 

currents cause asymmetries in plasma parameters. One of the first explanations was 

proposed for COMPASS-D [33], where strong divertor and SOL currents were attributed 

to thermoelectric, Pfirsch–Schlüter, and E × B drift effects. 

 In the presence of asymmetry, γ is modified to account for local divertor currents. 

These currents can be measured as the probe current at zero applied potential (grounded 

current). 

 According to Brunner [34], γ can then be calculated from experimentally measured jsat 

and Te as: 

𝛾 = 2.5
𝑇𝑖

𝑍𝑇𝑒
+ 2

1−
𝑗𝑔𝑛𝑑

𝑗𝑠𝑎𝑡

1−𝛿𝑒
− 0.5𝑙𝑛 [2𝜋

𝑚𝑒

𝑚𝑖
(𝑍 +

𝑇𝑖

𝑇𝑒
) ((1 −

𝑗𝑔𝑛𝑑

𝑗𝑠𝑎𝑡
)/(1 − 𝛿𝑒))

2

],    (11) 

where jgnd is the current density collected by the Langmuir probe when biased at zero 

potential relative to the divertor. 
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Chapter 3 demonstrates the application of probe diagnostics in magnetic confinement 

fusion devices: the COMPASS tokamak and the TJ-II stellarator. 

 

3.1. Plasma Parameters in the COMPASS Tokamak Divertor 

 The plasma parameters obtained using the 39 Langmuir probes in the COMPASS 

tokamak divertor during the D-shaped plasma configuration are presented. In the first 

example, the plasma parameters were obtained using the FDPT and the three-parameter 

approximation; these results were published in [A1]. Discharge #3912 was used, with a 

magnetic field BT = 1.15 T, plasma current Ipl = 110 kA, and averaged electron density 

ne
avr=3x1019 m-3. The discharge duration was 250 ms, and the plasma was hydrogen. 

 The profile of the floating potential, Vfl, is shown in Figure 13 a). Positive values 

appear in the inner divertor (0.39–0.42 m) and in the region between the strike points 

(Private Flux Region, PFR), (0.49–0.5 m), while negative values occur in the outer divertor 

(0.5–0.55 m). This is the well-known asymmetry of the COMPASS divertor potential 

profile. 

 In Figure 13 b) the poloidal distribution of the plasma potential is presented. 

Calculated Vpl values are shown with open triangles using the three-parameter 

approximation. For a deuterium plasma, the relation is: 

𝑉𝑝𝑙 = 𝑉𝑓𝑙 + 2.8𝑇𝑒,    (12) 

 The agreement is within experimental error, but the ion temperature remains uncertain. 

Measured ion temperature profiles can be found in [21], but no such data exist for 

COMPASS [35]. 
  

 

 

 
a) Floating potential  b) Plasma potential 

Figure 13. Radial distribution of a) Vfl and b) Vpl in the COMPASS divertor. 

 

 The poloidal profile of the electron temperature, obtained by the FDPT, is shown in 

Figure 14 a). In the inner and outer divertor regions, the EEDF is bi-Maxwellian, with a 

low-energy electron group at 4–7 eV (blue triangles) and a high-energy component at 

12÷25 eV (red squares). In the central part of the PFR, the EEDF is always Maxwellian 

with Te in the range of 7 and 10 eV (black circles). Black empty triangles show temperatures 

obtained from the three-parameter approximation. In bi-Maxwellian cases, this technique is 
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sensitive only to the high-energy electron group [16, 22]. For Maxwellian EEDF, results 

from both methods agree well. 

 Figure 14 b) shows the electron density, with both electron groups represented using 

the same symbols as in Figure 14 a), determined by FDPT. Open triangles indicate values 

calculated from the three-parameter approximation using the ion saturation current equation 

(2) and the same assumption for ion temperature (Ti = Te) as for estimating Vpl. 

 The agreement in density values obtained using both techniques is good. For bi-

Maxwellian distributions, the sum of the two electron groups (green points) is compared to 

ne from the three-parameter approximation. 

 The uncertainty of the FDPT for determining Te was calculated via regression analysis: 

for the low-temperature group, it is within 10 %, and for the high-temperature group in bi-

Maxwellian distributions, it is 15 % [A1]. Maximum relative error does not exceed 25 % 

for the densities of both electron groups. Accuracy of Vpl determination in the iterative 

procedure is 10 %, and for Vfl it is approximately ±3 V. 
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a) Electron temperature  b) Electron density 

Figure 14. Radial distribution of a) Te and b) ne in the COMPASS divertor. 

 Plasma potential and EEDF in hydrogen and deuterium 

 This section presents experimental results obtained from divertor probes using 

exclusively the FDPT, with emphasis on the influence of the working gas. Measurements 

were carried out in L-mode hydrogen (#3908) and deuterium (#6036) plasmas at BT 

= 1.15 T, Ipl = 180 kA and ne
avr=8x1019 m-3. The plasma potential and the electron energy 

distribution function were determined from the measured I–V characteristics [A2]. 

 The radial distributions of Vpl in hydrogen H2 (#3908) and deuterium D2 (#6036) are 

shown in Figure 15 a) and 15 aa), respectively. The strike point positions are indicated by 

dashed lines: inner (R = 0.419 m, LP#7) and outer (R = 0.501 m, LP#24) for discharge 

#3908, and (R = 0.431 m, LP#10) and (R = 0.477 m, LP#19), respectively, for #6036. 

During the deuterium discharge, the X-point is located closer to the divertor, resulting in a 

smaller separation between the strike points. In both discharges, Vpl decreases 

monotonically from the high-field side toward the outer strike point and then increases. This 

behavior is more pronounced in deuterium. 
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a) Plasma potential in H2 aa) Plasma potential in D2 

  
b) Electron temperature in H2 bb) Electron temperature in D2 

  
c) Electron density in H2 cc) Electron density in D2 

Figure 15. Poloidal profiles of the plasma parameters obtained by FDPT for discharge #3908 (a, 

b and c) in H2 and #6036 (aa, bb and cc) in D2. The solid squares and triangles indicate the high- 

and low-temperature electron populations and their corresponding densities; the open circles are 

the Te and ne of the Maxwellian EEDF. 

  

 The divertor Te distributions are presented in Figure 15 b) and 15 bb) for hydrogen 

and deuterium plasmas, respectively. The radial Te profile in H2 plasma shows that in the 
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vicinity of the inner and outer strike points the EEDF can be approximated by a bi-

Maxwellian energy distribution, with a dominant low-energy electron population (4–7 eV) 

and a smaller fraction of higher-energy electrons (12–18 eV). In the region between the two 

strike points, the EEDF is found to be Maxwellian (7–10 eV). The corresponding electron 

densities are shown in Figure 15 c) using the same symbols. 

 Figures 15 bb) and 15 cc) present the radial profiles of Te and ne during discharge 

#6036 in D2 plasma. The EEDF is bi-Maxwellian throughout the entire divertor region. 

 

 Investigation of the effect of the gas puff location [A3]. 

 The following experiment investigates plasma parameters in the divertor during 

deuterium gas puff from either the high-field side (HFS, black) or the low-field side (LFS, 

red). The objective is to determine whether the gas puff location affects divertor plasma 

parameters in the COMPASS tokamak [9]. Plasma parameters were determined before and 

during additional gas puff using the 39 probes [36, A1] in L-mode D-shaped plasmas. The 

main plasma parameters for both discharges were: Ipl = 180 kA, BT = 1.15 T and 

ne
avr = 4×1019 m-3.  

 Figure 16 shows the radial profiles of plasma parameters derived from I–V 

characteristics using FDPT for both discharges before (1120 ms, open symbols) and during 

(1175 ms, solid symbols) additional deuterium injection. 

 Before the additional gas puff, Vfl (Figure 16 a)) has positive values in the inner 

divertor (0.39–0.42 m) and in the region between strike points (0.42–0.48 m), and negative 

values in the outer divertor (0.48–0.55 m). Gas puff reduces the absolute value of Vfl. The 

effect is stronger for injection from the low-field side. In the far SOL (from 0.52 m toward 

the wall), the influence of additional gas injection is negligible. 

The changes in Vpl (Figure 16 b)) in the inner divertor are similar (~20 V) to those of Vfl 

during additional gas puff in there. When the puff is on the LFS, Vpl in the inner divertor 

decreases by about 30 V. The Vpl decrease is caused by the increased neutral gas in the 

vacuum chamber. The effect of a higher line-averaged electron density in COMPASS has 

already been reported [37]. The changes in the Vpl in the outer divertor are smaller for both 

gas puff locations and do not significantly modify the profile. 

 The ji
sat profiles are shown in Figure 16 c). Injection from the high-field side produces 

negligible changes. In contrast, injection from the low-field side leads to a decrease of ji
sat 

in the inner divertor and a twofold increase in the outer divertor (red solid symbols), 

indicating gas redistribution detected by the probes. 

 The Te distribution is shown in Figure 16 d). A deviation from a Maxwellian EEDF is 

observed: in addition to thermal electrons, a low-energy (“cold”) electron group is present, 

and the EEDF can be approximated by a bi-Maxwellian. Deuterium gas puff results in 

cooling of the entire divertor, more pronounced in the inner region. This is important for 

impurity seeding strategies (e.g., nitrogen, neon, argon), providing guidance on optimal gas 

injection location (seeding). 
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а) b) 

c) d) 
Figure 16. Poloidal distribution of a) floating potential, b) plasma potential, c) ion saturation 

current density, and d) electron temperature before (empty) and during (solid) the gas puff for 

discharges on HFS (#16304 - black) and on LFS (#16305 - red). 

  

 The radial ne distribution (Figure 17 a), b)) generally follows the changes in ji
sat. 

During additional deuterium injection, ne increases. For high-field-side injection, the EEDF 

remains bi-Maxwellian in both divertors, but the density of “cold” electrons increases 

significantly. 

  

  
а) b) 

Figure 17. Poloidal distribution of a) the electron density at gas puff on HFS (discharge #16304) 

and b) on LFS (#16305), before (empty symbols) and during (solid symbols) gas injection. 
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 When the gas puff is on the LFS (Figure 17 b)), the EEDF becomes Maxwellian due 

to increased collisionality; as the Te decreases, while ne increases, except within a 4 cm 

interval on the LFS close to the outer strike point. In the far SOL and in the PFR, the ne are 

almost twice as high during the puff than before the puff (black solid stars in Figure 17 b)). 

 The study demonstrates that plasma parameters depend strongly on the gas injection 

side. Low-field-side injection significantly modifies divertor plasma parameters: in the 

inner divertor, Vpl, ji
sat, and Te decrease. After the puff, Te decreases from 10÷15 eV to 

5÷9 eV, leading to a reduction of parallel heat flux q//. In the outer divertor, plasma 

parameters remain nearly unchanged. The LFS puff facilitates divertor detachment by 

increasing the neutral particle density. In contrast, high-field-side injection produces only 

minor changes; Te decreases by only a few eV due to the increased neutral pressure. 

 

3.2. Plasma parameters in the edge region of the TJ-II Stellarator [A4] 

 This section presents plasma parameter measurements in deuterium plasmas in the 

TJ- II stellarator. Langmuir probe measurements were performed using a reciprocating 

probe manipulator (Chapter 1, Figure 11 b)). The probe bias was swept between ±100 V. A 

tungsten probe was inserted into the plasma at different vertical positions relative to the last 

closed flux surface between discharges. A series of reproducible discharges (#44769–

#44785) with continuous gas puffing was carried out to enable measurements during 

different heating phases: electron cyclotron resonance heating (ECRH) and neutral beam 

injection (NBI). 

 During the first half of the discharges, heating was provided by ECRH (2 × 250 kW 

gyrotrons at 53.2 GHz, second harmonic, X-mode polarization), yielding an average density 

of approximately ~5x1018 m-3. In the second half, NBI heating was applied using a 400 kW 

beam at 30 kV. 

 Figure 18 a)-c) presents, respectively, the radial distribution of the Vfl, Тe and Ii
sat for 

the TJ-II plasmas of interest during the NBI (in black) and ECRH (in red) as determined by 

the FDPT (solid symbols) and the triple probe technique (empty triangles) [22, 25]. Both 

techniques produce very similar Vfl profiles (Figure 18 a)).  

 During ECRH, Vfl is always positive (15–60 V), with a minimal value at the LCFS 

(dashed line at 0 mm). During NBI, Vfl remains below 20 V outside the LCFS and reaches 

negative values (to –35 V) inside the confined plasma (Z-ZLCFS), while monotonically 

decreasing in outside-to-inside direction. 

Figure 18 b) shows the radial Te profiles. Triple probe measurements overestimate Te: 

approximately 25 % higher outside the LCFS and up to twice as high in the hot plasma 

compared to values derived from I–V characteristics. During ECRH, the EEDF determined 

by FDPT is non-Maxwellian and can be approximated by a bi-Maxwellian with thermal 

electrons (14–25 eV) and “cold” electrons (4–5 eV). The triple probe results should be 

referred to the thermal electron population, since the theory of processing the data thus 

provided assumes a Maxwellian EEDF and is insensitive to low-temperature electrons. 

 During NBI, Te in the SOL is around 5 eV (black solid circles), then slightly increases 

in the confined plasma, but always remains below 10 eV. 

 As shown in Figure 18 c), the ion saturation current during ECRH remains higher than 

in the case of NBI. The TPT (empty triangles) and the FDPT (solid squares) produce very 

similar values with good agreement. 
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а) b) 

c) 

 

 

 

 

 

 

 

Figure 18. Radial profiles of a) the floating 

potential, b) the electron temperature, and c) the 

ion saturation current during ECRH (red) and 

NBI (black) heating in the TJ-II stellarator. 

 In Figure 19, the radial profiles of the electron densities are shown as registered by the 

two techniques using swept data (the four-parameter fit, empty stars, and FDPT, solid 

symbols) during ECRH (Figure 19 a)) and NBI (Figure 19 b)). The ne values determined by 

the FDPT are found by integrating the EEDF for each electron group. 

 In the case of a bi-Maxwellian EEDF, the density values of both groups of electrons 

(thermal, red squares, and cold, blue triangles, in Figure 19 a)) are comparable in the 

confined plasma. Outside this region, the thermal electrons are dominating, while in the 

vicinity of the LCFS this tendency is reversed as the cold electron population starts 

increasing. The total electron density (sum of thermal and cold electrons, green dots) 

increases fourfold in the confined plasma with respect to the density in the edge region. 

a) 

 

б) 

Figure 19. Radial profiles of the electron density during a) ECRH (red) and b) NBI (black) heating, 

determined using FDPT and the four-parameter approximation. 
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 During NBI (Figure 19 b)), the increase in ne is much larger, reaching 1018m-3, or one 

order of magnitude compared to 1017 m-3 observed in the SOL. The ne values obtained using 

the four-parameter fit are overestimated. This technique assumes a Maxwellian EEDF and 

is not sensitive to the cold electron population; so that the determined Te is very similar to 

that of the thermal electrons in the Maxwellian case. 

 The plasma potential was also determined using both techniques; the FDPT results are 

shown as solid dots in Figure 20 a). Based on the technique, its value is close to the 

minimum of the first derivative of the I–V. This is in agreement with the relation between 

Te and Vfl (empty stars), given by equation (12) [32], used in the four-parameter 

approximation. As seen in Figure 20 a), the plasma potential profiles follow the floating 

potential profiles up to 20 mm inside the confined plasma during NBI heating, where Vpl 

becomes negative. 

а) б) 

Figure 20. Radial profiles of a) the plasma potential during ECRH (red) and NBI (black), obtained 

using FDPT and the four-parameter fit, and b) radial electric field as found by the FDPT. 

 Since the radial electric field is given by the first derivative of the plasma potential, 

Figure 20 b) presents the electric field profiles for both heating regimes, calculated from the 

experimental Vpl data obtained by FDPT. During NBI, the electric field is almost entirely 

negative. In contrast, during ECRH it exhibits more complex behavior: it is generally 

positive, changes sign near the LCFS, reaches a maximum value approximately 1 cm inside 

the LCFS, and then decreases further inward. 

 

 Chapter 4 presents the application of the FDPT to verify the hypothesis 

concerning the origin of the bi-Maxwellian electron energy distribution function. 

 The origin of the bi-Maxwellian EEDF is still under discussion. In previous work [25], 

it was suggested that ionization of hydrogen and deuterium neutral atoms by high-energy 

electrons penetrating from the hot plasma into the scrape-off layer is the primary cause of 

the deviation of the EEDF from a Maxwellian shape. As a consequence of ionization 

processes, a population of low-temperature electrons is generated. In the reaction H + e → 

H⁺ + 2e, two electrons are produced as a result of ionization. 

 In the present work, this assumption is adopted as a working hypothesis. The 

ionization energies of D₂ and He is different. For deuterium, it was confirmed that the 

appearance of a bi-Maxwellian EEDF requires Tₑ ≈ 13.6 eV [38]. A way to test the validity 
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of this hypothesis is to repeat the measurements in helium plasmas, where a non-

Maxwellian EEDF is expected to appear only when the electron energy exceeds the 

ionization threshold of helium, approximately 24.5 eV. Such experiments were performed, 

and below we present the measured Tₑ and nₑ in helium plasma in the TJ-II stellarator [39] 

and in the divertor of the WEST tokamak [40]. 

 

4.1 Plasma parameters in the divertor of WEST in a He–H mixture [A5] 

 In an experiment with different helium fractions in the discharges, I–V characteristics 

were measured using the mousetrap probe. A four-parameter approximation was applied 

for processing the I–V curves. The FDPT is not sensitive to the non-saturated ion branch 

and is mainly used for determining the EEDF. 

 Figure 21 presents results from L-mode discharges #55824 (97 % He/(He+D2)) and 

#55816 (59 % He/(He+D2)), with plasma current Ipl = 0.3 MA, ne
avr = 3×1019 m-2 and 

BT = 3.7 T. Figures 21 a) and 21 b) show the temporal evolution of Tₑ and nₑ in the interval 

9.13–9.23 s, when the probe was inserted 1 mm into the plasma and measured I–V 

characteristics. It is seen that in the discharge with a highest amount of He (red symbols), 

the EEDF is Maxwellian. In the case of the discharge with less helium fraction (59%, black 

symbols), together with the thermal electrons with temperatures 13–17 eV there appears a 

group of cold electrons with 4–4.5 eV. The corresponding nₑ values show that the more 

populated electrons are the thermal (black squares in Figure 21 b)), which are almost twice 

more than the cold electrons (black triangles). 

a) b) 

Figure 21. Temporal distribution of a) the electron temperature Tₑ for 59 % (black) and 97 % (red) 

He, and b) the corresponding electron density nₑ, measured by the mousetrap probe. 

  

 Analyzing the discharges with different amount of helium it is found that below 80 % 

the EEDF is always bi-Maxwellian. At 82 % of He (discharge #55825), a Maxwellian 

distribution appears with Tₑ = 13–15 eV. It means that the deuterium in the gas mixture with 

He still plays important role for the ionization and is the reason for the non-Maxwellian 

EEDF. 

 These initial results demonstrate that in nearly pure helium plasma the EEDF is 

generally Maxwellian with Tₑ ≈ 17 eV. In contrast, at lower helium fractions, where 

deuterium remains the working gas, the EEDF may deviate from Maxwellian. The 

temperature of the helium plasma is not sufficiently high to produce a bi-Maxwellian 
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distribution the production of electrons requires that the primary electron temperature be 

near He ionization potential, around 24 eV. 

 

4.2 Plasma parameters in helium plasma on the TJ-II stellarator [A5] 

 The helium experiment was performed on the TJ-II stellarator through a series of 

discharges with magnetic field BT = 1 T and NBI heating, using the FDPT. 

 The radial distribution of Tₑ is shown in Figure 22 a). Solid triangles represent the 

“cold” electrons of the EEDF in the bi-Maxwellian case; squares correspond to the thermal 

electrons; circles denote Tₑ for Maxwellian EEDF (black for LP#1 and red for LP#2). 

 For Maxwellian EEDF, the Tₑ values obtained by the two techniques coincide in the 

range Z − ZLCFS is 0.025 to -0.015 m. In the case of bi-Maxwellian EEDF, the four-

parameter approximation is strongly influenced by the high-energy tail of the electron 

energy distribution. 

 The radial distribution of nₑ is shown in Figure 22 b). Only results from LP#1 are 

presented, since LP#2 is partially shadowed and measures slightly lower Iₛₐₜ and nₑ. Blue 

triangles indicate the “cold” electrons, nₑc, red squares the thermal electrons, nₑth, of the bi-

Maxwellian EEDF, and circles nₑ for Maxwellian EEDF. Open green triangles represent 

plasma parameters obtained using the four-parameter method, corresponding to the sum of 

ne
c and ne

th, in the bi-Maxwellian case. 

 Figure 22 shows that near the LCFS and in the far SOL, the EEDF is Maxwellian with 

temperatures 9 ÷ 20 eV. In the region deeper than 20 mm inside the confined plasma, where 

Tₑ exceeds 21 eV, the EEDF becomes bi-Maxwellian and the profile splits into two 

branches. The cold electrons (triangles) have a density approximately half that of the 

thermal electrons (squares). In deuterium plasmas (see [25]), the bi-Maxwellian EEDF 

appears in the SOL at about 4 mm from the LCFS when Tₑ exceeds 12 eV, and the cold 

population is much more populated, about three times higher than the thermal population. 

  

 

а) б)  

Figure 22. Radial distribution of a) Tₑ acquired by LP#1 (black) and LP#2 (red), and b) nₑ 

obtained from LP#1 in helium plasma on the TJ-II stellarator. The triangles refer to the cold 

electrons and squares to the thermal electrons in the bi-Maxwellian EEDF obtained by using 

the FDPT; circles represent Tₑ for a Maxwellian EEDF. The empty, green triangles present the 

results obtained by the four-parameter technique. 

 

  

-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02

0.0

5.0x10
17

1.0x10
18

1.5x10
18

2.0x10
18

2.5x10
18

n
e
  
[m

-3
]

Z-Z
LCFS

 [m]

 n
e
 Maxwellian EEDF

bi-Maxwellian EEDF

 n
e
 cold e

-

 n
e
 thermal e

-

 n
e
 total (n

c
+n

th
)

 n
e
 from I

sat



 25 

4.3 Comparison of experimental results with EIRENE modeling on TJ-II 

 The EIRENE code [41] accounts for kinetic processes in magnetically confined 

plasmas. The calculated electron source term Sₑ due to ionization is compared with the 

electron density obtained using the FDPT (Figure 23 a)). The Sₑ calculations assume a pure 

helium plasma. The experiments were done on TJ-II discharges started by hydrogen-NBI 

on a background of helium neutrals without further gas puffing. 

 Figure 23 b) presents a zoomed view near the LCFS, where the trend of the low-

temperature electron population clearly follows the intensity of the modeled electron 

source. 

a) b) 

Figure 23. a) Comparison between the radial distribution of the electron source Sₑ (solid line), 

calculated by EIRENE code, and the experimental electron densities for NBI-heated helium 

discharge in the TJ-II stellarator; b) expanded view of the region around the LCFS. 

 It should be noted that the radial profile of the electron source is only calculated in the 

plasma region, i.e., inside the confined hot plasma. Figure 24 a) informs that the atomic-

neutrals density near the LCFS is very significant in both types of plasma. The large source 

term in D₂ is due to the contribution from molecular deuterium, which outnumbers by about 

one order of magnitude the atomic deuterium density near the LCFS [42]. At the same time, 

the cold population densities follow the trend of Sₑ inside the confined plasma, not the 

neutral densities. This is again consistent with the statement that the main reason for bi-

Maxwellian EEDF is the ionization of neutral atoms. 

  

a) b) 

Figure 24. Radial distribution of a) the atomic density and b) the electron source Sₑ, calculated 

with the EIRENE code for deuterium (blue) and helium (red) discharges. 
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 Figure 24 b) presents the calculated electron source profiles in D₂ (blue) and He (red) 

discharges. For comparison, the new results show that the maximum of Sₑ for He appears 

more deeply in the plasma than for D₂. This figure confirms the observation that in D₂ 

plasma, because the electron source (the cold, low-temperature electrons) is located further 

out, in the separatrix region, they outnumber the main, high-temperature electrons. 

 The difference in the ionization rate 

coefficients of He and H₂ (shown in 

Figure 25) is about one order of magnitude 

higher for H₂ around 10 eV. Since the 

ionization rate coefficients for both gases 

are at the dashed line level (5×10⁻⁹ 

cm³s⁻¹); then one has to expect that the bi-

Maxwellian EEDF in He appears above 

21 eV energy of the primary thermal 

electrons, but above 10 eV in deuterium. 

Although there are many more atomic 

neutrals in He plasma, but the ionization is 

more difficult because a higher electron 

temperature is needed for the ionization to 

take place.  

 

 
Figure 25. Ionization rate coefficients for 

hydrogen and helium [38]. 

 This is confirmed by the data in Figure 24 b), where the maximum of the electron source 

profile is located more deeply in the confined plasma. In a deuterium plasma, ionization is 

“easier” due to the lower ionization energy.  

        It should be noted that not only the ionization is the responsible for the non-Maxwellian 

EEDF but also excitation of neutrals, which need a little lower energy of the electrons and 

can explain why the bi-Maxwellian in the experimental result appears, respectively for D₂ 

and He at 10 eV and 21 eV, which are lower than the ionization energy (13.6 eV for D₂ and 

24.5 eV for He). 

The comparison of probe measurements with the EIRENE code calculations supports the 

hypothesis that the primary mechanism for the appearance of the bi-Maxwellian EEDF near 

the LCFS is the excitation and ionization of neutral atoms when the energy of the high-

energy electrons is sufficient for these processes to occur. 

 

 Chapter 5 is devoted to the correct determination of the heat flux in the divertor 

of the COMPASS tokamak, taking into account the influence of non-ambipolar 

currents [A6]. 

 A novel approach is applied to incorporate non-ambipolar currents [33] flowing from 

the plasma into the divertor when determining the heat flux in COMPASS. The so-called 

grounded current extracted from the probe characteristic is used. 

 The floating potential Vfl is directly related to the grounded current density jgnd. When 

the net current is jgnd=0, by definition Vfl=0, and the flux is ambipolar. In all other cases, 

when Vfl=0, the flux is non-ambipolar, implying that net electric currents flow into the 

grounded surface. 
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5.1 Determination of the grounded current from the I–V characteristic 

 The local electrical current flowing to the divertor jgnd is determined by the I–V 

characteristics measured by the Langmuir probes. An example of two I–Vs is shown in 

Figure 26: one in the inner divertor (blue) and one in the outer divertor (red) during H-mode 

discharge #16981, when both neutral beam injection heating systems were in operation. 

 The data are processed in the inter-ELM period, which can be seen in Figure 27 from 

the Hα signal (black), where the main discharge parameters are also shown. Figure 26 

indicates that the inner divertor probe (LP#6) registers a positive Vfl, so that the ratio 

Vfl/Te>>0, meaning that there is net ion current flowing into the divertor surface, jgnd=jsat. 

The outer divertor probe (LP#21) has a negative Vfl and a strongly negative value of the jgnd, 

meaning that electrons dominate the particle flux in this case. The grounded current density 

is calculated as jgnd = I0V/Apr, where I0V is the probe current measured at zero bias voltage 

and Apr, is the collection area of the probe. Apr is approximated as the geometric area 

calculated as the surface of the probe in the projection plane perpendicular to the incoming 

field lines. 

 Generally, in the divertor of the COMPASS tokamak in the case of a forward BT, 

orientation (clockwise), in L-mode, Vfl has positive values in the inner divertor and negative 

in the outer divertor (Figure 13 a)). Equivalently, there is a net ion flux to the inner divertor 

and a net electron flux to the outer divertor. In H-mode profiles, the negative Vfl is more 

closely localized around the strike points; also, at 3 cm from the outer strike point (OSP) in 

the outer divertor, Vfl switches to positive. In L-mode with forward BT, the negative currents 

are measured in the entire outer divertor (about 6–7 cm). 

 In the case of a reversed BT (counterclockwise direction) in L-mode, the profile 

behavior is reversed: Vfl is positive in the outer divertor and negative around the strike points 

and in the inner divertor. Near the inner strike point (ISP), where strongly negative values 

of Vfl are measured, the heat flux is dominated by electrons. 

 

 

 

 
Figure 26. Examples of I–V 

characteristics in the inner (blue) and outer 

(red) divertor illustrating the 

determination of I0V. 

Figure 27. Main plasma parameters of discharge 

#16981: plasma current (red); line-averaged electron 

density from interferometry (green); ion source 

current from NBI#1 (9 A, grey) and NBI#2 (10 A, 

blue); H-alpha signal (black). 
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 Various discharges were analyzed to determine the limits under which the heat 

transmission coefficient γ must be calculated using the grounded current, and to identify the 

divertor regions where non-ambipolar effects are significant. 

 

5.2 Correct evaluation of the heat transmission coefficient 

 The three-parameter approximation technique [15, 32] is employed due to its 

straightforward implementation. 

 As can be seen in Eq. (11), the important parameter is the ratio between jgnd/jsat. 

Figure 28 a) shows how the ratio varies and indicates the regions where it will increase γ. 

The critical values are its negative one: the more negative the ratio jgnd/jsat, the higher the 

resulting γ. 

 An example of the radial distribution of γ in the COMPASS divertor is presented in 

Figure 28 b). The profile depends on several parameters, including magnetic field direction, 

plasma current, line-averaged electron density, and others.  

 It is seen that γ has radial distribution with some very sharp features. This means that 

there are local electrical currents flowing into or out of the divertor. In L-mode with forward 

BT (in black, #15947), the values of the heat transmission coefficients in the inner divertor 

are similar to the classical value for the floating sheath (γ∼7). The heat flux is ion-

dominated, introducing only a minor correction. However, near the outer strike point, where 

Vfl is strongly negative, the heat flux is dominated by electrons and γ increases by a factor 

of two. 

 In H-mode and reversed BT (green curve, #16486), γ is higher in the vicinity of both 

strike points. The kinetic modeling of the COMPASS’s SOL found twice higher γ than the 

ambipolar value which agrees with our observations [43]. 

a) b) 
Figure 28. Radial distribution of a) ratio of the grounded current to the ion-saturation current, 

jgnd/jsat, and b) the sheath heat transmission coefficient γ in the COMPASS divertor for forward (L-

mode in black, H-mode in blue) and reversed magnetic field (L-mode in green). 

 

 The measured jgnd/jsat values in COMPASS are found to be higher than in larger 

devices. This is likely due to stronger radial gradients in the smaller machine, which drive 

enhanced thermoelectric and Pfirsch–Schlüter currents. 
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 To clarify how jgnd/jsat is used in this study, we consider the minimum in the radial 

profile (Figure 28 a)), corresponding to the maximum non-ambipolar current intensity and 

the maximum heat transmission coefficient γmax. 

 For example, in H-mode, the blue curve at 0.428 m (near ISP) and at 0.487 m (near 

OSP) defines γmax. Typical summarized values of γmax in H-mode with forward BT are 

approximately 25 near the OSP and about 15 near the ISP. In reversed BT, L-mode, the 

calculated values are around 20 near the ISP and smaller near the OSP γ ~ 15. The calculated 

γmax in L-mode with forward BT, the highest values are 10–15 in the outer divertor and about 

7 near the inner strike point. 

 

5.3 Influence of the grounded current during nitrogen seeding 

 It is important to understand the physics during seeding experiments because of the 

future operation of tokamaks. For this reason, special attention is given to the results on the 

COMPASS divertor. It was found that jgnd /jsat (Figure 29 a)) and respectively γ 

(Figure 29 b)) vary with respect to the seeded amount of nitrogen. The figures are temporal 

profiles on the probe LP#22, where the most negative values of jgnd were registered. 

 In all cases, after the seeding begins (1100 ms), a significant increase in the absolute 

value of abs(jgnd /jsat) is observed that leads to an increase of γmax from values of 

approximately 11 to above 15. Then, except for the low seeding discharge (black curve), a 

sudden drop of abs(jgnd /jsat) happens, leading to a significant decrease of γmax to the 

ambipolar value level (around 8). 

  

a) b) 

c) 

 

 

 
Figure 29. Temporal profile of a) the ratio of 

the grounded current to the ion saturation 

current, b) the sheath heat transmission 

coefficient γ calculated by Eq. (11), and c) heat 

fluxes in discharges with nitrogen seeding in the 

divertor of COMPASS. In each case seeding 

begins at t=1100 ms. 
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 Figure 29 a) clearly shows a reduction of the non-ambipolarity for high nitrogen 

concentration, as the ratio jgnd /jsat approaches zero. When the seeding is more effective, the 

biggest amount of gas (green curve) leads to the fastest change of the divertor conditions 

and jgnd is minimized. The heat flux is shown in Figure 29 c), where the dependence on the 

seeding rate is seen -more N2, leads to a faster drop of the heat loads. 

 In summary, during N2 seeding: 

• jgnd follows the Vfl profile and it is depressed; 

• γ decreases with the increase of the amount of the seeded gas down to the 

ambipolar value of 8; 

• the heat flux decreases from 22 to 2 MW/m2. 

 

5.4. Comparison of heat fluxes determined by probe diagnostics and infrared (IR) 

thermography on the COMPASS tokamak 

 The fast infrared camera (FIRCAM) [44] observe a specially constructed divertor tile 

from above and measure its temperature at a sampling rate up to 90 kHz. In order to 

calculate the parallel heat flux, one needs a magnetic field reconstruction to obtain the angle 

() between the field lines and the slightly inclined divertor tile. Then the equation for the 

parallel heat flux is: 

𝑞// = 𝑞⊥ × sin 𝛼     (13) 

 Figures 30 a) and 30 b) the radial profiles of the parallel heat fluxes determined by the 

swept probes (symbols) and IR camera (solid line) for the two cases, respectively: in H-

mode with forward BT and L-mode with reversed BT, are shown. For the probe analysis, q// 

is calculated using Eq. (9), where the heat transmission coefficient is obtained either from 

Eq. (11) (stars) [34], following the Brunner formulation including jgnd, or from the classical 

approach assuming γ=7 (black squares [15, 32]). The difference between the two probe-

derived results originates solely from the different values of γ. A significantly better 

agreement with the IR measurements is achieved when γ is calculated using the Brunner 

equation, i.e., when the contribution of non-ambipolar currents is explicitly taken into 

account in the probe analysis. 

 

a) 

 

b) 
Figure 30. Radial profile of the parallel heat flux in a) H-mode with forward BT and b) L-mode 

with reversed BT determined from probes (symbols) and IR thermography (solid line). 
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 In Figure 31 (a) in L-mode at forward and reversed BT and b) H-mode, forward BT), the 

maximum values of the heat flux in the vicinity of the strike points in the divertor of 

COMPASS tokamak are found by the probes. The main conclusions of Figure 31 are: 

• The heat flux in the vicinity of the ISP is always lower than the one on the OSP, 

independently of the orientation of BT. 

• X-point position effect: – closer to the divertor, the negative current caused by 

electrons is stronger, but the heat flux is lower (black square) compared to the higher X-

point (half-filled black square). Higher X-point – higher q//; 

• In the case of forward BT, typical values for the heat flux in L-mode (empty circles, 

squares) are about 20 MW/m2. In NBI assisted H-mode (solid dots magenta, blue, green), 

q// is 2-3 times higher than in L-mode at the OSP; 

• In the case of reversed BT, higher values of the heat flux (above 40 MW/m2 at the OSP) 

are for the discharge with higher ne
avr (purple triangles). 

 a)  б) 
Figure 31. Calculated heat fluxes from the probes with respect to the strike point distance. a) in 

L-mode at forward and reversed BT and b) H-mode, forward BT. 

  

 Chapter 6 presents the results of the plasma parameters determined in the divertor 

of the WEST tokamak. 

 The first results for plasma parameters in the divertor of WEST during long-duration 

discharges are reported here. The analysis is again based on measured current–voltage 

characteristics, processed using the four-parameter fitting approach and the FDPT. The 

principal discharge parameters for shot #58249 are: BT = 3.7 T, Ipl = 0.4 MA, 

ne
avr=3.8x1019 m-2, and pulse duration 65 s. The example shown includes measurements 

from reciprocating pop-up probes (solid symbols) and mousetrap probes (star symbols). 

 Figure 32 a) presents an example of the floating potential Vfl distribution determined 

by the pop-up probes. Over most of the divertor surface, Vfl values are close to zero, positive 

in the inner divertor and slightly negative in the outer divertor. However, in the vicinity of 

the strike points, Vfl becomes strongly negative. This behavior is consistently observed 

throughout the measurement interval. 

 The application of the FDPT allows the determination of the EEDF, which again 

deviates from a Maxwellian. It can be approximated by a bi-Maxwellian distribution 

(Figure 32 b)), consisting of a group of cold electrons (empty triangles, below 5 eV), more 

populated in the outer divertor, and a group of thermal electrons (squares, distributed 

between 5 and 30 eV), as obtained from the pop-up probes. Similar behavior is observed 
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with the mousetrap probes, where the symbols corresponding to the low- and high-energy 

groups are downward-pointing triangles and stars, respectively. The highest electron 

temperatures are measured at the strike-point locations. 

a) b) 

c) d) 

Figure 32. Comparison of a) floating potential, b) electron temperature, c) ion saturation current 

density, and d) heat flux measured by pop-up probes (dotted curve) and mousetrap probes (stars), 

discharge #58249. 

  

 Figure 32 c) shows the profile of the ion saturation current density. A difference 

between the values obtained by the two probe systems is observed, mainly in the outer 

divertor, where the mousetrap probes (stars) indicate higher values compared with the pop-

up probes (circles). The observed profile is noteworthy: the maxima do not coincide with 

the strike-point positions but are shifted by 2–3 cm (1–2 monoblocks) in the outer divertor 

and by approximately six monoblocks in the inner divertor. The deviation near the strike 

points, particularly in the outer divertor, may be attributed to non-ambipolar currents, 

whereas in the inner divertor it is primarily related to ion dynamics. 

 Figure 32 d) presents the profile of the calculated parallel heat flux. Comparison of 

the two probe systems near the inner strike point shows good agreement, whereas 

differences are observed in the outer divertor due to discrepancies in jsat. In addition, the 

maximum near the outer strike point is shifted. This behavior can be explained by the 

strongly negative values of Vfl, indicative of non-ambipolar conditions, electron sources, 

and local radial currents responsible for the displacement. Therefore, q// was recalculated 

using the ratio jgnd/jsat, as proposed in Chapter 5. The resulting heat transmission coefficient 

γ is predominantly around 7; only probe #16 yields γ=9.7 and probe #25 γ=10.6, i.e., the 

maximum value remains below 11. 
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 Plasma Parameters in the Divertor During Nitrogen Seeding 

 The operation of future reactors will be supported mainly by a method of suppressing 

heat flows, namely, the addition of an inert gas for cooling via atomic and molecular 

processes. At WEST tokamak, a series of experiments with various gases most frequently 

nitrogen has been conducted. During these experiments, divertor plasma interactions 

rapidly shift toward the vicinity of the X-point. Figure 33 (left) shows a camera view prior 

to nitrogen injection, which in this case is performed from the low-field side. The image on 

the right displays the so-called X-point radiator: a luminous ring characterized by intense 

ionization and excitation processes, responsible for the observed emission [45]. 

 A comparison of plasma parameters obtained using three probe systems in the WEST 

divertor (fixed divertor probes, pop-up probes, and mousetrap probes) was performed for 

these discharges. 

 The results are presented in Figure 34, where the profiles of electron temperature Тe 

(a) and parallel heat flux q// (b) are shown. The four-parameter fit was applied, mainly due 

to the flush divertor probes, which exhibit a wide region of non-saturated current in the ion 

branch of the I–V characteristic. The comparison refers to conditions before the seeding 

(black symbols), since no data from the reciprocating probes are available after the nitrogen 

seeding. The other colored symbols correspond exclusively to measurements from the fixed 

divertor probes during nitrogen seeding. 

 What is observed from the divertor probes (squares) is that during nitrogen seeding 

the electron temperature Tₑ decreases significantly, from 25 eV to 3 eV across almost the 

entire divertor. Only in the inner divertor is the change weaker, with Tₑ dropping below 

10 eV later in the discharge, around 22 s. As for the parallel heat flux q//, similarly to the 

nitrogen effect reported in the COMPASS tokamak [A6], it is reduced by approximately 

one order of magnitude (Figure 34 b)). 

 

 

 

 

 

 

 

 

 

 
Figure 33. Plasma image 

before (left) and during (right) 

the formation of an X-point 

radiator induced by additional 

nitrogen injection. 

  

 From the comparison of the three probe diagnostic systems, it can be concluded that 

there is overall excellent agreement in the determination of Tₑ and q// among all probes. 

These parameters are the most frequently used input quantities for modeling calculations, 

and the results can therefore be considered reliable regardless of which probe system is 

employed. 
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а) electron temperature b) parallel heat flux 

Figure 34. Comparison of divertor plasma parameters on the WEST tokamak measured by divertor 

probes (squares), pop-up probes (stars), and mousetrap probes (grey circles), in black before 

nitrogen injection. 

 

Conclusions 

 Following the presentation of various probe diagnostic techniques for magnetized 

fusion plasmas, an analysis of their applicability under different plasma conditions has been 

carried out. In accordance with the stated research objectives, these techniques were 

implemented in several fusion devices for improved accuracy in determining plasma 

parameters. 

 Chapter 3 presents plasma parameter results obtained in the COMPASS tokamak and 

the TJ-II stellarator, using different probe diagnostic techniques for comparison. The 

application of the first-derivative probe technique, which provides direct information on the 

EEDF, revealed that in many tokamaks and in the stellarator, particularly near the separatrix 

and in the divertor region, the EEDF is not Maxwellian but can be approximated by a bi-

Maxwellian distribution. 

 A new investigation conducted in helium plasma in the TJ-II stellarator, combined 

with simulations using the EIRENE code, confirmed that the origin of the bi-Maxwellian 

EEDF is the ionization of neutral atoms by high-energy electrons from the plasma. The 

calculated electron source corresponds to the low-temperature electron population 

identified experimentally. 

 By applying a new technique involving determination of an additional parameter from 

the current–voltage characteristic namely the grounded current accurate evaluation of heat 

fluxes in the divertor of the COMPASS tokamak was achieved, where strong plasma 

parameter asymmetry was observed. This asymmetry is attributed to non-ambipolar 

currents in the region. Taking their influence into account through the grounded current 

allowed a precise calculation of the heat transmission coefficient, which had previously 

been assumed constant (equal to 7) under simplifying assumptions. The results show that 

this coefficient exhibits spatial variation in the divertor and reaches values up to three times 

higher in the outer strike-point region, resulting in a corresponding threefold increase in the 
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evaluated heat flux. Comparison with infrared thermography confirms the validity of the 

proposed approach, as the heat flux values are in very good agreement. 

 The experiment conducted on the WEST tokamak plays a central role in this work due 

to its relevance to a key objective: reduction of divertor heat flux through atomic processes 

by injection of nitrogen or other noble gases such as argon or neon. A reduction of the heat 

flux by approximately one order of magnitude was observed following nitrogen seeding in 

the WEST divertor. 

 The divertor of WEST was investigated using three probe systems in the lower 

divertor flush probes and the reciprocating pop-up and mousetrap probes. The plasma 

parameters determined by the different diagnostics are in good agreement. 

 A general conclusion derived from this thesis is that two conditions must be satisfied 

for a bi-Maxwellian EEDF to be observed: first is the presence of neutral atoms, i.e., the 

plasma must not be fully ionized; and second is the existence of a sufficiently hot electron 

population with temperature exceeding the ionization or excitation threshold of the neutral 

atoms, enabling the ionization process to occur. 

 
Perspectives for Further Development 

• Application of the first-derivative probe technique for investigation of the EEDF in 

plasmas under weak magnetic field conditions. 

• Implementation of the grounded-current technique for heat flux determination in other 

fusion devices. 

• Investigation of the SOL plasma of the WEST tokamak using reciprocating probe 

diagnostics. 

• Measurement of ion temperature in the divertor of WEST using a retarding field 

analyzer. 

 

Main scientific contributions of the Thesis: 

1. The applicability of all existing probe diagnostic techniques in a magnetic field, 

based on current–voltage characteristics, has been analyzed and evaluated depending 

on the specific experimental conditions. Significant new results have been obtained 

concerning the accurate determination of the main plasma parameters in controlled-

fusion reactors by employing the appropriate data analysis technique. 

2. It has been established that the type of electron energy distribution function depends 

on the location of working gas injection in the tokamak, as well as on the gas species 

(hydrogen or deuterium). Plasma parameters in the divertor of the COMPASS 

tokamak—including electron temperature and density, plasma potential, EEDF, and 

heat flux—have been determined. Both Maxwellian and non-Maxwellian EEDFs were 

identified, the latter being approximated by a bi-Maxwellian distribution. These 

results were obtained from experiments in the divertor of COMPASS tokamak and in 

the edge region of the TJ-II stellarator. 

3. The hypothesis concerning the origin of the bi-Maxwellian EEDF has been confirmed 

through a series of experiments in the TJ-II stellarator and the WEST tokamak. It has 

been demonstrated that in the TJ-II stellarator the non-Maxwellian EEDF originates 
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from ionization of neutral atoms by high-energy electrons coming from the plasma. 

This conclusion was reached through comparison of experimental results with 

simulations performed using the EIRENE code, where the calculated electron source 

corresponds to the low-energy electron group. The result was further confirmed by 

comparing experiments conducted in helium plasma with those performed in 

deuterium plasma. 

4. A new approach has been proposed for the accurate determination of divertor heat 

fluxes in the presence of plasma parameter asymmetry, indicative of non-ambipolar 

currents in this region. It has been demonstrated that accounting for these non-

ambipolar currents can increase the evaluated heat flux values by up to a factor of 

three in certain regions of the divertor of the COMPASS tokamak. 

5. It has been established that the heat flux decreases by approximately one order of 

magnitude during experiments involving nitrogen seeding in the divertor of the WEST 

tokamak. First results from the divertor region obtained using three probe systems are 

presented for comparison of plasma parameters. Very good agreement between the 

different probe diagnostics has been achieved. 
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