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ABSTRACT 

Magnetic confinement fusion research is entering a new era, with increasing 

attention being paid to high-parameter long-pulse plasma operation with high injection 

power, in order to meet the operation requirements of future fusion power plants. The 

study of power balance plays an important role in achieving the desired objectives, and 

the breaking of power balance is one of the significant reasons for the long-pulse 

discharge termination. Hot spot is one of the manifestations of excessive local heat load 

on plasma facing components (PFCs) and can interact strongly with PFCs materials, 

leading to impurity sputtering. The transport of impurities into the main plasma will 

break the power balance and cause the discharge termination. Additionally, hot spot 

can cause melting of the PFCs materials, which will threaten the safe operation of the 

device. Therefore, the study of the formation mechanisms of hot spot is critical for the 

safe operation of both present and future fusion devices. Hot spots have been observed 

during radiofrequency (RF) wave injection on many devices, and the mechanisms of 

their formation have been investigated. The hot spot in Q-shu University Experiments 

with Steady-State Spherical Tokamak (QUEST) was caused by the poloidal orbit 

deviation of the energetic electrons accelerated by electron cyclotron wave (ECW). 

In this thesis, a new relativistic guiding center orbit code (RGCO) was thus 

developed as a powerful tool to explore relevant physics topics. The hot spot on the 

lower divertor in Experimental Advanced Superconducting Tokamak (EAST) has been 

observed when lower hybrid wave (LHW) injection. This thesis systematically studies 

the formation mechanism and energy source of hot spots in EAST by the combination 

of experiment data and code simulations. It is found that the scrape-off layer (SOL) 

magnetic topology plays an important role in the hot spot formation, and the energy 

deposition in the SOL through LHW collision damping is one of the important energy 

sources of hot spot formation. Notably, these findings provide a solution for hot spot 

mitigation, contributing to the achievement of 101.2 s long-pulse H-mode discharge in 
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EAST. This research will also help to accumulate experience for the safe plasma 

operation of future fusion power plants under long duration and high performance. 

This thesis consists of the following chapters: 

In Chapter 1, the background of this thesis is presented. The study of hot spot 

formation induced by RF heating in EAST and other magnetic confinement plasma 

devices is of great importance because hot spot formation on the PFCs could lead to the 

break of power balance during plasma operation, and to the termination of long-pulse 

discharges, which is not beneficial to the achievement of fusion goals. To better conduct 

this study, the magnetic confinement principle and magnetic configuration of the 

tokamak plasma are introduced. Additionally, a summary review of hot spot study in 

other devices is presented, as a cornerstone of this doctoral research. 

In Chapter 2, the relativistic guiding center orbit code (RGCO) is introduced, with 

ripple magnetic field as a perturbation magnetic field also incorporated into the program. 

The actual geometry of PFCs in the device was also taken into consideration in the 

program, allowing for realistic electron orbit simulations for the study of energetic 

electron confinement and loss. Based on experimental data, the energetic electron orbit 

simulations conducted by RGCO reveal the fact that, the energetic electrons can be 

confined both inside and outside of the last closed flux surface (LCFS). Notably, at the 

outside of the LCFS and within a certain range of pitch angles, the electrons will move 

along the magnetic field lines (MFLs) and reach directly to the upper and lower 

divertors. These parts of energetic electrons may contribute to the hot spot formation in 

QUEST. 

In Chapter 3, the main diagnostics systems used for measuring the heat load on 

PFCs of EAST are introduced. The heat load distribution between different PFCs during 

EAST discharges was analyzed through the calorimetric measurement, and the water-

cooling performance of the main PFCs in EAST was evaluated. The results demonstrate 

that these PFCs exhibit excellent water-cooling capacity and are suitable for future 

plasma operation in EAST with higher parameter and longer duration. 
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In Chapter 4, the impact of magnetic configuration in the SOL on the hot spot 

formation is researched. The reason of hot spot formation on the lower divertor of 

EAST during upper single null (USN) discharges is investigated, and it is found that 

the slight change of the SOL magnetic configuration can cause hot spot formation. This 

phenomenon is further explained intuitively through the MFLs tracking in the SOL. 

Meanwhile, combined with calorimetric measurement, it is discovered that the hot spot 

formation on the lower divertor is accompanied by a great variations of energy load 

distribution among different plasma facing components. These findings are confirmed 

in subsequent 101.2 s long-pulse H-mode discharge. 

In Chapter 5, the experiment about two-frequency power modulation of the LHW 

has been performed and detailed researched in order to explore the energy source of the 

hot spot on the lower divertor of EAST. This experiment revealed the hot spot 

generation during low frequency LHW injection and mitigation during high frequency 

LHW injection. Theoretical analysis combined with simulation based on ray-

tracing/Fokker–Planck model elucidated that LHW can transfer wave energy to 

electrons through collision damping in the SOL, and these electrons can move along 

open magnetic field lines in the SOL, then bombard the PFCs and cause hot spot 

generation. Lower frequency LHW tends to deposit more energy through collision 

damping compared to higher frequency LHW. This result agreed with the experimental 

observation in EAST. 

In Chapter 6, an overall summary and a discussion of the future work are described. 
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     Introduction 

1.1 Nuclear fusion as a promising future energy source 

Energy has been the driving force behind the development of human society. 

With the development of human society, the demand for energy has been 

increasing. However, the large-scale exploitation of various non-renewable energy 

sources such as coal, oil, and natural gas has led to their depletion, causing humanity to 

face an energy crisis. In order to cope with the crisis, scientists have been exploring for 

solutions tirelessly. Various new energy sources have been discovered, such as solar 

energy, ocean energy, geothermal energy, wind energy, and so on. But all of them have 

not been widely applied due to their unstable supply and low energy conversion 

efficiency. 

Eventually, scientists turned their attention to nuclear energy. According to 

Einstein's mass-energy equation 𝐸 = 𝑚𝑐2 , with the loss of mass in atomic nuclei, 

tremendous energy is released during the nuclear reaction. Nuclear reaction can be 

divided into nuclear fission reaction and nuclear fusion reaction. The first one to be 

peacefully utilized by humans is nuclear fission energy, huge amounts of fission energy 

are released when heavy atomic nuclei (mainly uranium or plutonium nuclei) split into 

two or more smaller atomic nuclei. Chicago Pile-1 (CP-1) [1] is widely recognized as 

the world's first artificial nuclear reactor. It achieved the first self-sustaining nuclear 

chain reaction on December 2, 1942, marking a major milestone in the validation of the 

chain nuclear fission theory. Building on this success, the Obninsk Nuclear Power Plant 

[2] in the Soviet Union commenced commercial operation on June 27, 1954, as the 

world's first nuclear power station to supply electricity to a power grid. There are now 

over 400 nuclear power plants worldwide, which has greatly alleviated the energy crisis 

of mankind. However, nuclear fission energy has three fatal flaws. The first is the 

depletion of the resource. The nuclear fission material uranium-235 is extracted from 

uranium ore, and its reserves on Earth are limited, which cannot meet the long-term use 
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of humanity. The second is the disposal of radioactive nuclear waste from fission power 

plants, which has always plagued humanity. The third is the lack of safety. There have 

been many serious nuclear accidents at nuclear fission power plants in history, such as 

the Chernobyl disaster in Ukraine in 1986 and the Fukushima nuclear disaster in Japan 

in 2011. Nuclear accidents have caused significant adverse impacts on both humans 

and the environment, resulting in incalculable losses. The areas where these accidents 

occurred remain uninhabitable for humans. 

The three disadvantages of nuclear fission energy are precisely the advantages of 

nuclear fusion energy. Nuclear fusion reactions release enormous energy when light 

atomic nuclei combine into heavier ones. The reaction between deuterium and tritium 

(D-T) is the easiest fusion reaction to achieve on Earth. Both deuterium and tritium can 

be obtained directly or indirectly from seawater, and their reserves are abundant. The 

reaction product of D-T fusion is helium gas, which already exists on Earth and is 

pollution-free. The strict conditions required for fusion reactions provide inherent 

safety for the operation of device. Therefore, the successful utilization of fusion energy 

will be the ultimate solution to the energy crisis of mankind. 

There are three confinement methods for implementing nuclear fusion reactions: 

gravitational confinement [3], inertial confinement [4], and magnetic confinement [5]. The 

sun has been continuously producing light and heat for billions of years. These energies 

come from nuclear fusion reactions with gravitational confinement, which are enabled 

by the strong gravitational field generated by the huge mass of sun. Laser fusion is the 

most promising method among inertial confinement fusion techniques. The 

fundamental principle of laser fusion is to use an intensely powerful laser beam to 

uniformly irradiate a fuel target consisting of a mixture of deuterium and tritium, 

rapidly heating and compressing the target to a plasma state with high temperature and 

high density. Due to inertia, the scattering of the target pellet needs to take a certain 

amount of time, within this extremely short time, the nuclear fusion reaction can be 

quickly realized. On December 5, 2022, at the National Ignition Facility of Lawrence 

Livermore National Laboratory, scientist achieved a record-breaking fusion energy 
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output of 3.15 MJ by delivering 2.05 MJ of energy to the target of deuterium and tritium 

[6, 7]. This marks the first time that a 𝑄 > 1 (𝑄, thermonuclear power produced divided 

by heating power supplied) result has been obtained using the D-T reaction. 

Magnetic confinement fusion is a technique that uses a special configuration of 

magnetic fields to confine fusion fuel in the plasma state to a finite volume, allowing 

the fuel to undergo a controlled reaction and to release energy. Scientists have proposed 

various experiment devices with different magnetic configuration for magnetic 

confinement fusion, including magnetic mirrors [8, 9], stellarators [10-12], tokamaks [13-15] 

and so on. And the tokamak device is currently one of the most promising approaches 

to make significant progress toward commercialization of fusion power. 

1.2 Plasma confinement in a tokamak 

The concept of the tokamak device was proposed by Soviet scientists in the 1950s. 

It is a toroidal plasma confinement system in which the plasma is constrained by the 

magnetic field. The main magnetic field is the toroidal field generated by toroidal field 

coils, as shown in figure 1.1. To confine the plasma, a poloidal magnetic field is also 

required, which is produced mainly by plasma current itself, which moves in the 

toroidal direction. In addition, the poloidal magnetic field generated by poloidal field 

coils controls the shape and equilibrium of the plasma cross-section [14]. 
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Figure 1.1. Schematic layout of the International Thermonuclear Experimental Reactor 

(ITER). (From http://www.iter.org) 

 

The steps for plasma operation in a tokamak are as follows [14]: Firstly, pump in the 

vacuum chamber to make the air pressure close to vacuum, then puff the fuel gas into 

the vacuum chamber before the discharge. Secondly, improve the toroidal magnetic 

field to the predetermined value, charge the ohmic transformer to induce a toroidal 

electric field that ionizes the fuel gas and generates plasma. Thirdly, construct the 

required magnetic configuration by combining the poloidal magnetic field generated 

from the poloidal field coils and plasma current. Fourthly, further heat the plasma by a 

variety of auxiliary heating methods, to achieve the desired plasma parameters and 

operation state. 

In which, the pre-ionization of the fuel gas can also be achieved using 

radiofrequency (RF) waves [16, 17]. The auxiliary heating methods mainly include 

energetic neutral beam injection (NBI) [18, 19] and RF wave injection. According to the 

wave frequency, there are three main types of RF heating, namely ion cyclotron 

resonant frequency (ICRF) heating [20], electron cyclotron resonance heating (ECRH) 

[21, 22] and lower hybrid wave (LHW) heating [23, 24]. The diagnostics system [25, 26] is an 

essential component of the tokamak and is used to measure the plasma parameters and 

confinement performance, such as density and temperature distributions of electron and 

ion, plasma current distribution, and impurity distribution. The diagnostics system is 

the experimental foundation for tokamak physics research and provides strong support 

for improving and developing tokamak operation. By integrating plasma diagnostics 

system, auxiliary heating system, coil system, and fuel supply system, the plasma 

control system (PCS) [27] can provide real-time feedback control of the plasma operation 

to achieve the desired plasma performance. 

For simplicity, a tokamak can be considered as a toroidal symmetric system. The 

magnetic topology in the tokamak can be ideally considered as consisting of layers of 

nested magnetic surfaces, and the magnetic field lines lie in the magnetic surfaces [14], 
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as shown in figure 1.2. The innermost magnetic surface degenerates into a line, namely 

the magnetic axis. 

 

Figure 1.2. (a) Layers of nested magnetic surfaces in tokamak. (b) Magnetic field lines 

and current lines lie in magnetic surfaces [28]. 

 

The basic condition for plasma equilibrium is that the net force at any point in the 

plasma must be zero, which requires a balance between the magnetic force and the 

plasma pressure, that is 𝑗 × 𝐵 = ∇𝑝. It is clear from this equation that 𝐵 ∙ ∇𝑝 = 0, 

which means there is no pressure gradient along the magnetic field lines and the 

magnetic surfaces are surfaces of constant pressure. From this equation we can also get 

𝑗 ∙ ∇𝑝 = 0, which means the current lines lie in the magnetic surfaces [29]. 

In order to attain thermonuclear conditions within a tokamak, it is necessary to 

sustain plasma confinement for a significant duration. The global energy confinement 

time [28] is defined by 

𝜏𝐸 =
∫

3
2 𝑛(𝑇𝑖 + 𝑇𝑒)𝑑3𝑥

𝑃
 

(1.1) 

where 𝑃  is the total input power. In the lack of instabilities, the confinement 

characteristics of a toroidally symmetric tokamak plasma are primarily governed by the 

effects of Coulomb collisions, and the resulting particle and energy transport can be 

accurately calculated. However, the transport observed in tokamak experiments does 

not match the calculated values, especially in the case of electron energy transport, 

which exceeds the theoretical predictions by two orders of magnitude. The observed 

anomalous transport in tokamak plasmas is thought to be caused by plasma instabilities 
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that result in an increased escape rate of particle and energy. This can happen either 

through perturbations that enable transport across the nested magnetic surface structure 

or through a breakdown of this structure, which allows particles and energy to move 

along magnetic field lines that follow random tracks. 

For tokamak plasma with auxiliary heating, their transport behavior can generally 

be described by the scaling law derived from Goldston. This scaling law [28] has been 

proved to be applicable over a wide range of parameters, and takes the form 

𝜏𝐸 ∝
𝐵𝑝

2

𝑛𝑇
𝑙1.8 (1.2) 

where 𝐵𝑝 is the poloidal magnetic field and 𝑙 is the plasma size. 

In the NBI heating experiments on ASDEX, it was firstly discovered that under 

specific conditions, the plasma confinement state would suddenly improve [30]. The 

confinement time in this higher confinement state was approximately twice as long as 

that in the previous lower confinement state. This high-confinement plasma state is 

called the H-mode, and the previous lower level state is known as the L-mode [31]. The 

confinement improvement is mainly due to the appearance of an edge transport barrier 

(ETB), a region at the plasma edge with a better confinement state. Other improved 

confinement modes have also been found during the experiments, especially those 

plasma operation involving internal transport barrier (ITB) with hollow current profiles. 

1.3 Plasma configuration in a tokamak 

As mentioned before, in tokamaks the plasma is confined within nested closed 

magnetic flux surfaces, and these magnetic flux surfaces are determined by the 

combined magnetic fields generated by external coils and plasma current in the 

tokamak. There is a special magnetic flux surface known as the LCFS [32], inside which 

the MFLs lie on the closed magnetic flux surfaces and do not extend to the outside. 

However, outside the LCFS, the magnetic surfaces are no longer closed, and hence, 

MFLs on these magnetic surfaces will eventually intersect with the vessel wall. The 

plasma region outside of the LCFS is commonly referred to as the SOL [33], which 

exhibits significant differences in properties compared to the plasma within the LCFS. 
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There are two methods for determining the position of the LCFS during plasma 

operation: through the limiter and the divertor. In the limiter plasma configuration, the 

outer magnetic surface may be interrupted by the surface of the limiter, thereby defining 

the position of the LCFS, as shown in figure 1.3(a). In the divertor plasma configuration, 

divertor coils can create a null in the poloidal magnetic field near the divertor, thus 

separating the open and closed magnetic surfaces, as shown in figure 1.3(b). 

 

Figure 1.3. Schematic diagram of the scrape-off layer (a) in a limiter configuration and 

(b) in a poloidal divertor configuration [28]. 

 

To better understand the plasma configuration in tokamaks, several fundamental 

concepts are presented and elucidated as below. Initially, the length 𝑑𝑅𝑠𝑒𝑝 = 𝑅𝑠𝑒𝑝 𝐿 −

𝑅𝑠𝑒𝑝 𝑈  [34] is defined, where 𝑅𝑠𝑒𝑝 𝑈  and 𝑅𝑠𝑒𝑝 𝐿  represent the upper and lower 

separatrix radiuses, both can magnetically connected to the middle plane in the low-

field side (LFS). In the USN magnetic configuration, the upper X-point denotes the 

primary X-point, which is the point where the upper separatrix converge. And the 

primary (secondary) separatrix is the upper (lower) separatrix. Thus, in the USN case 

the magnitude of 𝑑𝑅𝑠𝑒𝑝 is greater than zero. The primary (secondary) strike point (SP) 
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indicates the point of the primary (secondary) separatrix and the divertor surface 

converge, respectively. For discharge with USN configuration, two primary strike 

points located on the outside and inside surfaces of the upper divertor, and two 

secondary strike points located on the outside and inside surfaces of the lower divertor. 

The 𝑔𝑎𝑝𝑜𝑢𝑡 is refers to the length from the first wall to the primary separatrix in the 

outer middle plane. 𝑑𝑅𝑚𝑖𝑑 is the length from the first wall to the secondary separatrix 

in the outer middle plane. Figure 1.4 shows a diagram of these definitions. The 

connection between the 𝑑𝑅𝑠𝑒𝑝 , 𝑑𝑅𝑚𝑖𝑑  and 𝑔𝑎𝑝𝑜𝑢𝑡  can be mathematically 

expressed as follows: 

𝑔𝑎𝑝𝑜𝑢𝑡 = |𝑑𝑅𝑠𝑒𝑝| + 𝑑𝑅𝑚𝑖𝑑 (1.3) 

For the lower single null (LSN) magnetic configuration, the upper (lower) X-point 

is defined as the secondary (primary) X-point, and the value of 𝑑𝑅𝑠𝑒𝑝 is negative. In 

the case of a double null (DN) magnetic configuration, the upper and lower separatrices 

exhibit a high degree of overlap, resulting in 𝑑𝑅𝑠𝑒𝑝 approximately equal to 0. In the 

EAST tokamak, the secondary X-point is observed within the vacuum vessel, leading 

to alterations in the magnetic topology in its vicinity. 

 

Figure 1.4. The upper single null configuration for EAST discharge #73 993 at 6 s [35]. 
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1.4 Hot spot induced by radio frequency power injection 

During plasma operation, excessive local heat loads are sometimes generated on 

the PFCs. Hot spot, as one of the manifestations of excessive local heat load, is the 

consequence of interactions between plasma and PFCs, often impeding the sustainment 

of high-performance plasmas due to undesirable impurity emissions. Furthermore, hot 

spots can induce the melting of PFCs, leading to severe damage to the machine. Figure 

1.5 shows an example of hot spots formation on the PFCs in the EAST 2022 campaign. 

 

Figure 1.5. Photograph of PFCs for discharge #112 155 at 3.42 s, obtained using an 

infrared camera. Hot spots on P1, P2 and the main limiter. 

 

The occurrence of hot spots resulting from different RF power injections have been 

extensively observed in various devices, and subsequent analyses have been performed. 

In the JET experiment, notable instances of hot spots were noticed both on the ICRF 

antenna as well as in close proximity to the power antenna on the limiters [36]. These 

observations were attributed to amplified heat loads arising from the speeding up of 

ions within the electric field. This electric field is enhanced by the imprecise alignment 

of the antenna guard elements and the combined magnetic fields [37]. A significant 

portion of the heat flux deposited on the PFCs in the QUEST tokamak is attributed to 

the direct loss of energetic electrons, which substantial deviate from the magnetic 
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surface within the ECW heating dominated plasma [38]. In EAST tokamak, the 

introduction of argon gas puffing during experiment led to a notable reduction in heat 

flux at the strike point on the lower outer divertor plate, accompanied by a 

corresponding increase in heat flux at the nearby hot spot region. This observed 

phenomenon was attributed to the enhanced absorption of LHW in the SOL induced by 

the argon gas puffing [39]. A comprehensive investigation was conducted on NSTX with 

high-harmonic fast-wave (HHFW) injection, revealing inspiring insights. The study 

demonstrated that HHFW power could be coupled to the entire plasma region outside 

the LCFS, and the MFLs exhibit connectivity between the hot spot and the plasma 

region outside the LCFS in front of the RF antenna [40]. These studies suggest that hot 

spots could originate from the transport of electrons follow MFLs in the entire plasma 

region outside the LCFS, and ultimately impacting the PFCs. 

LHW has emerged as a prominent technique for electron heating and plasma 

current driving, finding widespread utilization in long-pulse operations across various 

tokamaks [41]. However, the occurrence of hot spots has also become a frequent 

observation in numerous LHW injection experiments, like in Tore Supra [42], TdeV [43], 

JET [36, 44], and EAST [39, 45]. Hot spot formation leads to significantly high energy loads 

on the corresponding plasma facing materials. Regarding the deposition of lower hybrid 

wave power in the plasma region outside the LCFS, three potential mechanisms have 

been identified and taken into consideration. 

The first mechanism, known as electron Landau damping [46], involves the coupling 

of large parallel refractive index parts (𝑁∥) of the injected lower hybrid wave with the 

plasma in close proximity to the lower hybrid wave antenna, which results in the heating 

of electrons. The heated electrons in turn interact with the smaller 𝑁∥ parts of the 

injected LHW, leading to further heating. As a result, low-energy electrons in the SOL, 

typically around 20 eV in energy, can be heated to several keV [47]. The hot spot 

appearance on the guard limiter of Tore Supra has been attributed to the generation of 

fast electrons through the parasitic absorption of large 𝑁∥ lower hybrid wave spectrum 
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[48]. By employing self-consistent particle-in-cell simulations, it is possible to 

quantitatively calculate a radial deposition width of several millimeters. 

The second mechanism of power deposition associated with LHW is referred to as 

collision damping [49]. This mechanism primarily occurs in the plasma edge 

characterized by low electron temperature. Collision damping plays a significant role 

in wave damping as it hinders a portion or even the majority of LHW power from 

arriving the plasma region inside the LCFS, where Landau damping is anticipated. To 

assess the impact of collision absorption on the performance of lower hybrid current 

drive (LHCD), a combination of experimental data and simulation using a ray-

tracing/Fokker–Planck model can be employed. This approach provides an 

understanding of the LHCD experiments conducted on the FTU tokamak [49]. 

The third mechanism can be elucidated by the phenomenon known as parametric 

decay instability (PDI) [50], which induces spectral widening of the wave that was 

initially launched. This widening leads to a power deposition profile that is more 

peripheral, via the mechanisms of electron Landau damping and collision damping 

described above. By incorporating the PDI influence into the ray-tracing/Fokker–

Planck model, more precise simulations of the deposition situation of the LHW could 

be achieved. These delicate simulations provide valuable insights into the sustained 

long-lasting internal transport barriers observed during lower hybrid current drive 

experiments conducted on the JET tokamak [51]. 

The above investigations have made significant contributions to the understanding 

of RF wave deposition in the plasma region outside the LCFS and the reason of hot spot 

formation. These findings highlight the importance of two key factors for the hot spot 

generation during long-pulse plasma operations, namely the physics parameters in the 

plasma region outside the LCFS and RF energy deposition in this region. The physics 

parameters in the plasma region outside the LCFS influence the absorption of RF power 

in this region, which serves as a critical energy source for hot spot generation. While 

the magnetic topology outside the LCFS is a significant parameter, and its impact on 

hot spot generation has received only limited attention thus far. Effective prevention of 
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hot spot formation is of paramount importance for achieving longer duration plasma 

operation. In this thesis, a series of configuration-control experiments were conducted 

to investigate the influence of SOL magnetic topology on hot spot formation, with 

magnetic field line tracing outside the LCFS providing intuitive physical images. The 

results of this research have significantly contributed to the attainment of the longest 

H-mode discharge in EAST [52]. 

1.5 Motivation and objective 

The pursuit of steady-state operation in magnetic confinement fusion devices 

represents a fundamental objective within the field of fusion research. Numerous 

attempts have been made to achieve this goal on various tokamaks, including JET [53], 

Tore Supra [54], JT-60U [55], TRIAM-1M [56], KSTAR [57], EAST and QUEST [58], 

yielding highly promising outcomes. QUEST and EAST are among the few tokamaks 

in the world that can achieve long-pause steady-state operation, to approach the 

requirements of future fusion reactors. In the future fusion power plant, the plasma is 

only a heat source in the electricity production process and the generated energy should 

be completely clarified for the safety of the plant operation, because a little heat load 

could cause a serious damage to the device. The heat load on the PFCs should be 

controlled within tolerable limits and excessive local heat load should be avoided. The 

motivation of this research is to investigate the cause of excessive local heat load on 

current tokamak, such as EAST and QUEST, in order to accumulate experience for the 

safe and steady-state operation of current tokamaks and future fusion power plants. 

The formation of hot spots is the result of the interaction between the plasma and 

plasma facing components, significantly impeding the sustenance of high-performance 

plasmas due to the undesired emission of impurities. Notably, this phenomenon has 

been observed in one of the longest H-mode experiments achieved on the EAST [59]. 

Furthermore, the occurrence of hot spots can lead to the meltdown of the plasma facing 

materials, resulting in severe damage to the fusion device. In EAST, unwanted hot spots 

sometimes appeared in the lower divertor. This thesis detailed analyzes the mechanism 
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of hot spot generation and the impact of hot spot appearance on the energy load 

distribution between different plasma facing components. 

Carrying substantial amounts of energy, energetic electrons may escape the 

confinement of the magnetic field and eventually attack the plasma facing components, 

which might cause damage to the PFCs and threaten the device safety. And a large 

number of energetic electrons have been found and researched in the QUEST discharge 

[60, 61]. QUEST is a medium sized spherical tokamak and can perform steady state 

operations with all-metal temperature-controllable plasma facing walls (PFWs) called 

the “hot wall” [58]. QUEST possesses improved high-beta stability compared to 

conventional tokamaks, with major radius 𝑅 ~ 0.64 m and minor radius 𝑎 ~ 0.4 m. 

The 8.2 and 28 GHz RF sources are utilized to achieve the plasma heating. One of the 

longest pulse discharges in the world was achieved by QUEST lasting ~6 h, with well-

controlled wall temperatures utilizing the hot wall [58, 62] and effective feedback control 

of the 𝐻𝛼 [63, 64]. The schematic view of QUEST is shown in figure 1.6. 

 

Figure 1.6. Schematic view of QUEST [65]. 

 

While the presence of energetic electrons has been observed through many 

diagnostics systems on QUEST [60, 61], their quantitative characteristics remain difficult 

to analyze. As one of the effective methods for the above study, particle orbit simulation 
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can provide quantitative features and precise physical images of the particle motion. A 

series of numerical codes have been developed for the study of particle orbits. However, 

these codes are primarily used to investigate the confinement and loss of energetic ions, 

and therefore relativistic effects are not incorporated. But for the research of energetic 

electrons, relativistic effects is essential and cannot be neglected. Therefore, in this 

thesis, a novel code called the relativistic guiding center orbit code (RGCO) [66] has 

been developed and employed to investigate the mechanism of confinement and loss of 

energetic electrons in the QUEST tokamak. By utilizing the orbit simulation framework 

in cylindrical coordinates, the code enables particle tracking within the entire vacuum 

vessel, including the plasma regions both inside and outside the LCFS. Consequently, 

this approach provides a more realistic assessment of particle confinement and loss 

compared to previous studies. Simulation results of energetic electron orbits reveals 

that these electrons can be confined to the main plasma region and the SOL region, 

within the vacuum vessel of the QUEST tokamak, thereby contributing to non-

inductive current driving. 

1.6 Thesis organization 

The thesis is organized as follows: 

In Chapter 1, the operation principle of tokamak and plasma configuration in the 

tokamak are introduced. With the increasing global demand for energy and the looming 

energy crisis, the search for sustainable and clean energy sources has become a top 

priority. Nuclear fusion has the potential to provide nearly unlimited and 

environmentally friendly energy, so it has gained attention as a promising solution to 

the energy crisis. Among various fusion confinement methods, tokamak, as a type of 

magnetic confinement fusion technique, has shown significant prospects for practical 

applications. As one of the manifestations of excessive local heat load, hot spot 

formation on PFCs induced by RF heating during plasma operation has been observed 

on several tokamaks, including EAST and QUEST. Such excessive local heat load 

poses a significant threat to the safe operation of the device. In order to conduct further 



15 

 

research on hot spots observed on EAST and QUEST, a review of this phenomenon is 

presented. 

In Chapter 2, the development and validation of the RGCO code are described. The 

motion of charged particles in a tokamak can be simplified as a combination of motion 

along the MFL and Larmor gyration motion perpendicular to the MFL. Full orbit 

simulation model is based on the real motion of particles in the tokamak, resulting in 

high accuracy, but it has the drawback of slow tracking speed and high computational 

resource consumption. On the other hand, guiding center orbit simulation model 

achieves higher computational speed and good accuracy by simplifying the impact of 

Larmor gyration motion. The code is based on guiding center orbit tracking formula 

that incorporates relativistic effects. And the correctness of orbit calculations and 

relativistic effects in this code were verified through comparison with orbit simulated 

by other programs. The RGCO code was then used for preliminary studies of energetic 

electrons in QUEST, and the physical image of energetic electrons being confined in 

QUEST chamber were demonstrated by the code. 

In Chapter 3, an overview of the EAST device is presented. There are five main 

diagnostics systems for heat load measurement in EAST: calorimetric diagnostics 

system, infrared (IR) camera, divertor Langmuir probe, thermocouple, and radiation 

diagnostics system. The calorimetric diagnostics is based on the water-cooling system 

of PFCs in EAST, and its working principle and data processing methods are described. 

Furthermore, the water-cooling capacity of the main PFCs in EAST is evaluated using 

calorimetric measurements. 

In Chapter 4, the mechanism of hot spot formation induced by the lower hybrid 

wave operation in EAST experiments were systematically investigated. It was found 

that changes of the magnetic configuration in the plasma region outside the LCFS have 

a significant impact on the hot spot formation, and the formation of hot spots is 

accompanied by a great variations of energy load distribution among different plasma 

facing components. These findings also provide an effective solution for mitigating 

excessive local heat load during LHW injection on EAST. 
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In Chapter 5, the influence of LHW frequency on the hot spot formation is analyzed. 

Theoretical calculations reveal that lower frequency of LHW result in more energy 

deposition on the electrons in the plasma region outside the LCFS due to collision 

damping. These heated electrons can move along the open MFLs in the plasma region 

outside the LCFS and eventually impact the PFCs, leading to an increase in heat load 

on the PFCs. This theoretical analysis is validated through the simulation based on the 

ray-tracing/Fokker–Planck model. 

In Chapter 6, an overall summary and a discussion of the future work are described. 
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     Particle orbit simulation 

2.1 Introduction 

Energetic particle (EP), generated through auxiliary heating or by the deuterium-

tritium reaction, play a significant role in current driving, plasma heating, and 

momentum injection. Ensuring the effective constraint of energetic particle is crucial 

for achieving better confinement and safe operation in both current tokamaks and future 

fusion power plants. The loss of energetic particle can lead to the formation of hot spots 

and cause severe damage to PFCs. Consequently, a careful investigation of the 

confinement and loss mechanisms of EP is imperative. During the QUEST discharge, 

the existence of a considerable population of energetic electrons has also been observed 

through the Langmuir probe [60] and hard X-ray diagnostics [61], and the research on 

energetic electrons is ongoing. 

Particle orbit simulation serves as an effective complement for the above 

investigation. Among many optional techniques, the particle-in-cell (PIC) method [67] 

is employed to track the motion of numerous charged particles within self-consistent 

electromagnetic fields, making it suitable for addressing plasma instability issues. 

However, the computational time required by the PIC method becomes unacceptable 

long when tackling physics issues involving large time ranges, like the deceleration 

procedure of alpha particles. In such cases, the test particle method emerges as an 

appealing alternative, which describes the motion of individual particles in an 

equilibrium electromagnetic field and simulates particle orbit in the same way as the 

PIC method. Several simulation codes have been developed based on this approach, 

including NUBEAM [68], ORBIT [69], and ASCOT [70]. These codes were primarily 

focus on investigating the phase space dynamics of energetic ions, and therefore do not 

contain relativistic effects. Nonetheless, for such research of energetic electrons, their 

energy levels are at the same level as those of energetic ions, yet their masses are 

approximately three orders of magnitude smaller than that of ions, leading to 
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pronounced relativistic effects. Consequently, the development of an orbit simulation 

code incorporating relativistic effects has become a pressing necessity. 

In this context, the development of the RGCO code has been performed. This code 

conducts orbit simulation of charged particles utilizing cylindrical coordinates, thus 

enabling a better comprehensive assessment of the confinement and loss of fast 

electrons inside the whole vacuum vessel. The implementation of the RGCO code 

represents a significant advancement in the investigation of energetic electron 

confinement within the QUEST tokamak. 

2.2 Single particle orbit motion and full orbit simulation 

There are three methods to describe the motion state of plasma. The first method 

is the single particle orbit description [71, 72], which is also the simplest one, considering 

only the motion of charged particles in a given electromagnetic field without taking into 

account the back-reaction of particle motion on the field or the interactions between 

charged particles. This method provides an intuitive physical picture of the motion of 

charged particles and serves as a foundation for further research on the complex motion 

of plasma. The second method is the fluid description [71, 73], where the charged particles 

in the plasma are treated as an electromagnetic fluid, governed by a self-consistent 

system of fluid equations and Maxwell's equations. This method can describe the 

collective interactions and self-consistent fields among charged particles, and it is 

widely used in plasma physics as many phenomena in plasma can be described using 

this method. However, the physical quantities in the fluid approach are averaged over 

fluid elements, thus making it unable to study the velocity distribution of particles 

within a fluid element. The third method is the kinetic description [72, 74], which 

considers the velocity distribution function of each species of particles in the plasma. 

In the single particle orbit description [71, 72], the motion of a particle with mass 𝑚 

and charge 𝑞 in a magnetic field 𝐵 is described by equation 2.1. 

𝑚
𝑑𝑣

𝑑𝑡
= 𝑞𝑣 × 𝐵 (2.1) 
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If the magnetic field is uniform and in the 𝑧 direction, the components of equation 2.1 

are 

𝑑𝑣𝑥

𝑑𝑡
= 𝜔𝑐𝑣𝑦,

𝑑𝑣𝑦

𝑑𝑡
= −𝜔𝑐𝑣𝑥,

𝑑𝑣𝑧

𝑑𝑡
= 0 (2.2) 

where 𝜔𝑐 = 𝑞𝐵/𝑚  is the cyclotron frequency of the particle. Separation of the 

variables in equation 2.2 leads to 

𝑑2𝑣𝑥

𝑑𝑡2
= −𝜔𝑐

2𝑣𝑥,
𝑑2𝑣𝑦

𝑑𝑡2
= −𝜔𝑐

2𝑣𝑦 (2.3) 

and the solutions of equation 2.3 can be written as 

𝑣𝑥 = 𝑣⊥ 𝑠𝑖𝑛𝜔𝑐𝑡, 𝑣𝑦 = 𝑣⊥ 𝑐𝑜𝑠𝜔𝑐𝑡 (2.4) 

Using 𝑣𝑥 = 𝑑𝑥/𝑑𝑡 and 𝑣𝑦 = 𝑑𝑦/𝑑𝑡, equation 2.4 can be integrated to give 

𝑥 = −𝜌 𝑐𝑜𝑠𝜔𝑐𝑡, 𝑦 = 𝜌 𝑠𝑖𝑛𝜔𝑐𝑡 (2.5) 

where 𝜌 =
𝑣⊥

𝜔𝑐
=

𝑚𝑣⊥

𝑞𝐵
. 

Therefore, in the direction perpendicular to the magnetic field, the particle undergoes 

circular motion (Larmor gyration motion) with a cyclotron radius 𝜌 (Larmor radius), 

and moves with a constant velocity in the direction parallel to the magnetic field. And 

the orbit simulation that includes Larmor gyration motion is referred to as full orbit 

simulation. In cylindrical coordinate system, the full orbit motion of a particle can be 

expressed as 

𝑑𝑅

𝑑𝑡
= 𝑣𝑅 ,

𝑑𝜙

𝑑𝑡
=

𝑣𝜙

𝑅
,

𝑑𝑍

𝑑𝑡
= 𝑣𝑍 

(2.6) 

𝑑𝑣𝑅

𝑑𝑡
=

𝑞

𝑚
(𝑣𝜙𝐵𝑍 − 𝑣𝑍𝐵𝜙) +

𝑣𝜙
2

𝑅
 

𝑑𝑣𝜙

𝑑𝑡
=

𝑞

𝑚
(𝑣𝑍𝐵𝑅 − 𝑣𝑅𝐵𝑍) −

𝑣𝑅𝑣𝜙

𝑅
 

𝑑𝑣𝑍

𝑑𝑡
=

𝑞

𝑚
(𝑣𝑅𝐵𝜙 − 𝑣𝜙𝐵𝑅) 

The full orbit model incorporates both Larmor gyration motion and guiding center 

drift motion, resulting in a more accurate description of particle orbit. However, the 

calculation of particle full orbit is time consuming. 



20 

 

2.3 Relativistic guiding center orbit code (RGCO) 

2.3.1 Equilibrium and perturbation magnetic fields 

Due to the absence of a closed magnetic surface in the SOL, particles within this 

region exhibit a tendency to move along the MFLs and hit the PFCs. This leads to the 

accumulation of excessive localized heat load, a scenario that future fusion power plants 

strive to avoid. To facilitate the calculation of particle orbits within the SOL, the code 

employs cylindrical coordinates as the selected coordinate system. 

In order to conduct accurate particle orbit research, both equilibrium and 

perturbation magnetic fields must be obtained and incorporated into the simulation. The 

equilibrium magnetic field can be calculated from the poloidal flux 𝛹𝑃 and poloidal 

current function 𝑓 provided by the Equilibrium Fitting (EFIT) code [75, 76], the 𝛹𝑃 is 

defined in a two-dimensional uniform (𝑅, 𝑍) grid and 𝑓 = 𝑅𝐵𝜙 is defined in a one-

dimensional uniform 𝛹𝑃 grid. The poloidal plot of the 𝛹𝑃 in QUEST discharge #35 

442 at 2.5 s has been presented in figure 2.1. The radial and vertical components of the 

poloidal magnetic field can be determined using the following equations [77]. 

𝐵𝑅(𝑅, 𝑍) = −
1

2𝜋𝑅

𝜕Ψ𝑃(𝑅, 𝑍)

𝜕𝑍
 (2.7) 

𝐵𝑍(𝑅, 𝑍) =
1

2𝜋𝑅

𝜕Ψ𝑃(𝑅, 𝑍)

𝜕𝑅
 (2.8) 

By employing this approach, the equilibrium magnetic field satisfying the divergence-

free condition is acquired, serving as the fundamental requirement for precise orbit 

calculations. 
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Figure 2.1. The poloidal plot of the 𝛹𝑃 in QUEST discharge #35 442 at 2.5 s. The red 

line corresponds to the boundary of the first wall within the QUEST device, while the 

yellow circle indicates the location of the LCFS [66]. 

 

The ripple magnetic field, arising from discrete toroidal field coils, is recognized 

as a significant perturbation magnetic field. It poses a risk of inducing classical particle 

loss through the diffusion of banana orbits, wherein the turning points of these orbits 

are situated within a specific zone in close proximity to the top and bottom regions. 

Consequently, when designing a new tokamak, the ripple magnetic field emerges as a 

crucial engineering parameter that necessitates careful consideration. Incorporating the 

ripple magnetic field into the simulation, the toroidal magnetic field can be computed 

using the following equation [78]. 

𝐵𝜙(𝑅, 𝑍) = 𝐵𝜙0(𝑅, 𝑍) + 𝐵𝜙0(𝑅, 𝑍) ∗ 𝛿(𝑅, 𝑍) ∗ cos (𝜙) (2.9) 

where 

𝛿(𝑅, 𝑍) = (𝐵𝑚𝑎𝑥 − 𝐵𝑚𝑖𝑛)/(𝐵𝑚𝑎𝑥 + 𝐵𝑚𝑖𝑛) (2.10) 

The first term on the right-hand side of equation 2.9 represents the equilibrium magnetic 

field, while the second term corresponds to the ripple magnetic field. Here, 𝛿 denotes 

the ripple magnitude at a specific location within the tokamak. To determine 𝛿, the 

maximum value of 𝐵𝜙(𝑅, 𝜙, 𝑍) is obtained on the 𝑅 − 𝑍 plane coinciding with the 
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location of the toroidal field (TF) coil (𝜙 = 0). Similarly, 𝐵𝑚𝑖𝑛 is acquired on the 

plane situated in the middle of two 𝑅 − 𝑍 planes where the two TF coils are positioned 

(𝜙 = 𝜋/𝑁𝑐𝑜𝑖𝑙). The value of the magnetic field at any given location within the tokamak 

can be estimated using the Biot-Savart Law. By combining equation 2.10, the ripple 

present in the tokamak can be evaluated. Figure 2.2 illustrates the ripple of the QUEST 

tokamak, revealing a negligible ripple magnitude within the vacuum vessel of the 

QUEST device. 

 

Figure 2.2. The value of ripple exhibited in the QUEST tokamak. The red line 

corresponds to the boundary of the first wall, while the yellow circle indicates the 

position of the LCFS [66]. 

2.3.2 Motion equation and solution algorithm 

The equation for guiding center orbit motion is more complex compared to the full 

orbit motion equation, but the computational efficiency is greatly improved by 

reasonably averaging the effect of the Larmor gyration motion. The equations of 

guiding center orbit motion without relativistic effects [79] are expressed as 

𝑑𝑋⃗

𝑑𝑡
=

𝐵⃗⃗∗

𝐵∥
∗ 𝑣∥ +

𝜇

𝑚Ω𝐵∥
∗ 𝐵⃗⃗ × ∇𝐵 +

1

𝐵𝐵∥
∗ 𝐸⃗⃗ × 𝐵⃗⃗ (2.11) 

𝑑𝑣∥

𝑑𝑡
= −

𝜇

𝑚

𝐵⃗⃗∗

𝐵∥
∗ ∙ ∇𝐵 +

𝑍𝑒

𝑚

𝐵⃗⃗∗

𝐵∥
∗ ∙ 𝐸⃗⃗ (2.12) 
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In the above equations, the guiding center position of particle motion, denoted as 

𝑋, can be decomposed into three components within the cylindrical coordinate system: 

𝑅, 𝜙, 𝑍 . The parallel velocity of the particle with respect to the magnetic field is 

represented as 𝑣∥, while 𝑚 and 𝑍𝑒 correspond to the mass and charge of the particle, 

respectively. The magnetic moment is defined as 𝜇 = 𝑚𝑣⊥
2/2𝐵, where 𝑣⊥ denotes 

the perpendicular velocity of the particle relative to the magnetic field. Additionally, 

Ω = 𝐵𝑍𝑒/𝑚  signifies the cyclotron angular frequency. Equation 2.11 contains the 

curvature drift, ∇𝐵  drift, and 𝐸 × 𝐵  drift of the charged particle motion. The 

quantities 𝐵⃗⃗∗ and 𝐵∥
∗ are introduced and defined as follows, where 𝑏⃗⃗ = 𝐵⃗⃗/𝐵. 

𝐵⃗⃗∗ = 𝐵⃗⃗ + 𝐵
𝑣∥

Ω
∇ × 𝑏⃗⃗ (2.13) 

𝐵∥
∗ = 𝑏⃗⃗ ∙ 𝐵⃗⃗∗ = 𝐵(1 +

𝑣∥

Ω
𝑏⃗⃗ ∙ ∇ × 𝑏⃗⃗) (2.14) 

In the case of energetic particles, particularly fast electrons, which can attain 

velocities close to the speed of light due to the auxiliary heating systems employed in 

tokamaks, such as LHW and ECRH. The confinement of fast electrons becomes a 

critical concern. At such elevated energy levels, these electrons may experience 

confinement loss, leading to interactions with the PFCs and resulting in excessive 

localized heat deposition on the PFCs. This poses a significant challenge to achieving 

steady-state operation in future fusion power plants. Consequently, investigating the 

confinement mechanisms of energetic particles becomes imperative. The motion of 

guiding center orbits for particles subjected to relativistic effects [66, 80] can be described 

as follows (assuming the absence of electric field) 

𝑑𝑋⃗

𝑑𝑡
=

𝐵⃗⃗∗

𝐵∥
∗

𝑝∥

𝑚𝛾
+

𝜇

𝑚Ω𝐵∥
∗ 𝐵⃗⃗ × ∇𝐵 (2.15) 

𝑑𝑝∥

𝑑𝑡
= −𝜇

𝐵⃗⃗∗

𝐵∥
∗ ∙ ∇𝐵 (2.16) 

where 𝑝∥ = 𝛾𝑚𝑣∥ represents the relativistic parallel momentum, while 𝐵⃗⃗∗, 𝐵∥
∗ and 

the relativistic factor 𝛾 are defined as follow 
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𝐵⃗⃗∗ = 𝐵⃗⃗ + 𝐵
𝑝∥

mΩ
∇ × 𝑏⃗⃗ (2.17) 

𝐵∥
∗ = 𝑏⃗⃗ ∙ 𝐵⃗⃗∗ = 𝐵(1 +

𝑝∥

mΩ
𝑏⃗⃗ ∙ ∇ × 𝑏⃗⃗) (2.18) 

𝛾 = √1 +
2𝜇𝐵

𝑚𝑐2
+

𝑝∥
2

𝑚2𝑐2
 (2.19) 

The aforementioned equations are employed in the code to trace the orbits of 

charged particles. Equations 2.15 and 2.16 represent typical ordinary differential 

equations (ODEs), and to ensure a minimal numerical error at each time step, the fourth-

order Runge-Kutta method (RK4) [81, 82] is utilized to numerically solve these ODEs. 

The fundamental equations for RK4 are presented as follows 

𝑘1 = ℎ𝑓(𝑥𝑛, 𝑦𝑛) 

(2.20) 

𝑘2 = ℎ𝑓(𝑥𝑛 +
ℎ

2
, 𝑦𝑛 +

𝑘1

2
) 

𝑘3 = ℎ𝑓(𝑥𝑛 +
ℎ

2
, 𝑦𝑛 +

𝑘2

2
) 

𝑘4 = ℎ𝑓(𝑥𝑛 + ℎ, 𝑦𝑛 + 𝑘3) 

𝑦𝑛+1 = 𝑦𝑛 +
𝑘1

6
+

𝑘2

3
+

𝑘3

3
+

𝑘4

6
+ 𝑂(ℎ5) 

where ℎ  represents the step length employed in the calculation. To guarantee the 

accuracy of the orbit calculation, a rectangular mesh grid of 200 × 200 is generated 

in the 𝑅 − 𝑍 plane. The magnitude of magnetic field at the particle location is acquired 

using the cubic spline interpolation method. With these preparations in place, the 

particle orbit can be computed iteratively. 

2.3.3 Benchmark of the code 

The first step involves utilizing a previously published guiding center orbit 

simulation code (without considering relativistic effects) [83] to validate the accuracy of 

the newly developed RGCO. In this validation process, an electron with 100 eV is 

selected as the test particle, with relativistic effects being negligible. The motion 

trajectory of the test particle within the EAST equilibrium is calculated using both the 

RGCO and the test code. Subsequently, the obtained orbits are decomposed into three 
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orthogonal components within the cylindrical coordinate system: 𝑅 − 𝑡, 𝜙 − 𝑡, 𝑍 − 𝑡. 

Figure 2.3 presents these orbits. The remarkable sameness of the trajectories computed 

by the RGCO and the test code in all three directions strongly suggests the capability 

of the RGCO in accurately calculating particle orbits. 

 

Figure 2.3. The motion trajectory of electron within the EAST tokamak is computed 

using both the RGCO (depicted in blue) and the test code (depicted in red). The initial 

conditions of the test particle are set as follows: position (𝑅, 𝜙, 𝑍) =

(2.15 m, 0, 0.2 m), pitch angle of 0°, and particle energy of 100 eV. The resulting orbits 

are decomposed into three distinct components (a): 𝑅 − 𝑡, (b): 𝜙 − 𝑡, and (c): 𝑍 − 𝑡. 

(d): A three-dimensional view of the orbit computed by the RGCO. 

 

The next step involves assessing the accuracy of relativistic effects within the 

RGCO. To perform this evaluation, fast electron is chosen as the test particle with initial 
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pitch angles of 0° and 30°, possessing high energy of 1 MeV, considering the non-

negligible influence of relativistic effects on such particle. Both codes are employed to 

calculate the motion trajectory of the test particle. The outcomes are illustrated in figure 

2.4. It is evident that neglecting the relativistic effects leads to an increase in electron 

velocity, resulting in accumulated errors over the simulation time steps. Furthermore, 

the pitch angle significantly impacts the trajectory of the particles. Through the two-

step validation, it is confirmed that the RGCO is suitable for particle orbit simulations, 

including energetic particles. 

 

Figure 2.4. The trajectory of energetic electrons in EAST equilibrium is calculated. The 

initial conditions of the test particle include its position at (𝑅, 𝜙, 𝑍) =

(2.15 m, 0, 0.2 m) and its energy of 1 MeV. The orbit calculation by RGCO with 

initial pitch angle 0°  (represented by the red curve), with initial pitch angle 30° 

(represented by the blue curve), calculated by the test code with initial pitch angle 0° 

(represented by the green curve). The decomposition of the orbits into three different 

components is presented in: (a) 𝑅 − 𝑡, (b) 𝜙 − 𝑡, and (c) 𝑍 − 𝑡. 

2.3.4 Energetic electron orbit simulation in QUEST 

Despite the toroidal symmetry of the EFIT equilibrium in a tokamak, the motion 

of electrons within the plasma is inherently three-dimensional. Various auxiliary 

systems employed for plasma operation, such as auxiliary heating systems and RMP 



27 

 

coils, are positioned at different toroidal locations within the tokamak. Consequently, 

the local electron motion can be influenced by these systems. To account for this, a 

three-dimensional flexible geometric model is implemented in the code. For instance, 

the model can incorporate features like the LHW guard limiter in EAST and the 

movable limiter in QUEST. When a particle reaches these kinds of boundaries, the orbit 

tracking is automatically terminated and the termination position is recorded. By 

assigning different boundary conditions in distinct simulation cases, various physics 

phenomena can be explored, including the formation of hot spots and the confinement 

of energetic particles. 

Experimental evidence has demonstrated the excitation and maintenance of 

energetic electrons in QUEST plasma through the utilization of 2nd harmonic ECRH 

[61]. In order to investigate the confinement characteristics of these energetic electrons 

during such experiments, an energetic electron orbit simulation employing the RGCO 

code is conducted. The required plasma equilibrium for the RGCO code is provided by 

the EFIT code. Using the magnetic reconstruction data from discharge #35 442 at 2.5 

s, the forward-tracking of electron orbits is carried out both inside and outside the LCFS. 

A pitch angle scan is performed, ranging from 0° to 180° at 10° intervals. The initial 

energy of the electrons is set to 20 keV, representing the average energy of the tail 

electrons observed in this discharge [61]. 

The initial location of the test particle within the LCFS is defined in cylindrical 

coordinates as (𝑅, 𝜙, 𝑍) = (0.55 m, 0, 0 m). Figure 2.5 illustrates the electron orbit 

simulations for various pitch angles, utilizing the RGCO code. Notably, the 

observations reveal distinct behaviors: when the pitch angle ranges between 0° and 40° 

or between 140° and 180°, the electron follows a passing orbit, whereas a banana orbit 

is followed when the pitch angle ranges from 50° to 130°. The shape of the banana orbit 

demonstrates systematic changes with alterations in the pitch angle. As the pitch angle 

increases from 50° to 90°, the width of the banana orbit gradually diminishes from 

approximately 1 cm to about 0.02 cm. Simultaneously, the poloidal extent occupied by 

the banana orbit gradually contracts, and all orbits exhibit an inward shift. Conversely, 
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as the pitch angle increases from 90° to 130°, the width of the banana orbit 

progressively expands from around 0.02 cm to approximately 1 cm. Additionally, the 

poloidal range encompassed by the banana orbit gradually increases, resulting in 

outwardly shifting orbits. Notably, all electrons with varying pitch angles can be 

confined within the LCFS. 

 

Figure 2.5. The motion of energetic electrons within the LCFS exhibits different orbit 

patterns. In each subplot, the red curve represents the electron orbit characterized by a 

specific pitch angle, while the black dotted curve represents the LCFS boundary. 

Additionally, the blue dot corresponds to the initial starting point of the orbit [66]. 

 

After the orbit analysis within the LCFS, electron orbit simulations are conducted 

outside the LCFS as well. The initial location of the test particle is specified as 

(𝑅, 𝜙, 𝑍) = (0.8 m, 0, 0 m). Figure 2.6 portrays the simulations of electron orbits for 

different pitch angles, implemented using the RGCO code. Notably, distinct behaviors 

are observed depending on the difference in pitch angle. For pitch angles ranging 

between 0° and 50°, electrons exhibit an upward trajectory that ultimately leads to 

hitting the PFCs. This phenomenon has the potential to induce a heat load on the upper 

divertor. Conversely, when the pitch angle falls within the range of 130° to 180°, 

electrons move in a downward direction and ultimately hit the lower divertor, which 

may result in heat load on the lower divertor. Within the pitch angle range of 60° to 

120°, electrons follow a banana orbit, thereby remaining confined by the magnetic field. 



29 

 

Similar to the banana orbit observed within the LCFS, the shape of the banana orbit 

outside the LCFS exhibits analogous patterns when the pitch angle undergoes variation. 

 

Figure 2.6. The motion of energetic electrons outside the LCFS exhibits different orbit 

patterns. In each subplot, the red curve represents the electron orbit associated with a 

specific pitch angle. The LCFS is depicted as a black circle, while the blue dot signifies 

the initial starting point of the orbit [66]. 

 

The obtained simulation results provide confirmation that energetic electrons can 

be confined within the plasma, thereby contributing to the non-inductive current driving 

of the QUEST discharge. However, this discharge was performed in 2017 QUEST 

campaign, the water-cooling data for the PFCs were not preserved, and moreover, this 

discharge lasted only a few seconds. Therefore, it was hard to conduct the study of heat 

load distribution and hot spot formation in this discharge. But as a powerful tool to 

research particle motion, RGCO has been developed. The next step is to study the topics 

related to energetic electrons in QUEST, such as the confinement of energetic electrons 

and the hot spot formation caused by the energetic electrons, through the combination 

of experiment data and RGCO code simulation. 
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2.4 Conclusion 

EP physics constitutes a vital area of study in magnetic confinement fusion research. 

In order to gain a deeper understanding of the confinement and loss mechanisms 

governing energetic electrons in spherical tokamaks, a novel numerical code called 

RGCO has been developed. This code incorporates relativistic effects and operates on 

the basis of the test particle method. It enables the orbit simulation within a cylindrical 

coordinate system, taking into account the realistic tokamak geometry, including the 

first wall as a tracking boundary, as well as the three-dimensional magnetic field 

encompassing the ripple magnetic field. The presented simulation results obtained 

using the RGCO code provide evidence for the confinement of energetic electrons 

within the tokamak magnetic configuration. This confinement is observed both inside 

and outside the LCFS, and it is influenced by the pitch angle. 

Alpha particles, with an energy of 3.5 MeV, hold significant importance as a 

prominent product in D-T nuclear fusion reactions. Their role is crucial in achieving 

self-sustained burning within future fusion power plants. Consequently, the 

investigation of the confinement and loss mechanisms governing alpha particles 

represents a fundamental aspect of research in this field. And the research on energetic 

electron in QUEST, through the combination of physics experiment and RGCO code 

simulation, will serve as the foundation for the related study of alpha particle. 
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     Experimental apparatus and diagnostic 

techniques 

3.1 EAST tokamak 

EAST, a medium-sized superconducting tokamak, adopts magnetic configurations 

similar to ITER, featuring a major radius (𝑅) of 1.85 m, a minor radius (𝑎) of 0.45 m, 

a plasma current (𝐼𝑃) of 1 MA, and a toroidal field (𝐵𝑇) of 3.5 T [84, 85]. EAST employs 

actively water-cooled metallic PFCs, following the design principles applied in ITER 

[86-88] and CFETR [89-91]. Figure 3.1 provides a comprehensive view of the EAST facility, 

with the main chamber predominantly coated by molybdenum, the upper divertor clad 

in mono-block tungsten of ITER-grade quality, and the lower divertor clad in graphite, 

as illustrated in figure 3.2. In early 2021, EAST successfully developed and installed a 

new lower tungsten divertor, replacing the previous graphite divertor. This upgrade 

significantly enhanced the power handling capability of the divertor from less than 

2 MW/m2 to approximately 10 MW/m2 [92]. Consequently, EAST has achieved the 

utilization of all-metallic PFCs, as demonstrated in figure 3.3. 

The principal objective of the EAST tokamak is to attain the stable, long-duration, 

and high-confinement H-mode plasmas, employing configurations and operation 

schemes akin to that of ITER. EAST achieved a high-temperature long-pulse plasma 

operation with an electron temperature exceeded 4.5 keV and a duration of 102 s in 

2016 [93], a 101.2 s long-duration H-mode plasma operation in 2017 [59, 94, 95], a 1056 s 

improved confinement plasma operation with Super I-mode in 2021 [96], and a 403 s 

long-pulse high-confinement H-mode plasma operation in 2023. 

EAST possesses a total of sixteen equatorial ports, labeled as ports A to P in the 

toroidal orientation, as depicted in figure 3.4. Among these ports, ports N and E are 

equipped with two distinct sets of LHW systems, LHW 1 and LHW 2, operating at 

frequencies of 2.45 GHz and 4.6 GHz, as illustrated in figure 3.4. 
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Figure 3.1. The full view of EAST. 

 

 

Figure 3.2. Materials of EAST's plasma facing components with graphite lower divertor. 
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Figure 3.3. Materials of EAST's plasma facing components with tungsten lower 

divertor. 

 

 

Figure 3.4. The top view of the toroidal arrangement of EAST and the location of the 

two LHW launchers are depicted. The orange lines represent the field of view (FoV) of 

the infrared (IR) camera, while the green lines represent the FoV of the visible-light 

camera [35]. 



34 

 

 

EAST is equipped with a combined power capacity of approximately 32 MW for 

plasma heating and current driving purposes. This power allocation includes NBI power, 

contributing around 8 MW, and RF power, accounting for approximately 24 MW. The 

RF power distribution comprises three components: 

(a) LHW, delivering approximately 10 MW in power, with a division of approximately 

4 MW at 2.45 GHz and approximately 6 MW at 4.6 GHz. 

(b) ECRH, providing around 2 MW of power at the frequency of 140 GHz. 

(c) ICRF, supplying approximately 12 MW of power within the frequency range of 27 

to 80 MHz. 

EAST has the capability to effectively achieve a significant energy injection in 

steady-state thousand-second operation [96]. This achievement aligns with the objectives 

of steady-state and long-duration discharge in future fusion devices, such as ITER. 

In accordance with the advancements in system upgrades and physics research, a 

three-phase plan has been developed for EAST [85]. Phase I-a has been successfully 

achieved after the completion of the systems upgrade. 

A. Phase I 

a) Achieving 100 s plasma operation under full metal wall, 𝑇𝑒0 > 8.5 keV. 

b) Achieving H-mode plasma operation with an energy injection of 1.0 GJ sustained 

for over 400 seconds, 𝐻98𝑦2 > 1.0. 

c) Achieving plasma operation with a total integrated heating power of 10 MW, 

under full metal wall. 

 

B. Phase II 

a) Achieving reactor-oriented operation for a duration exceeding 20 times the current 

diffusion timescale, typically ranges from 10 to 20 s. In which, 𝑞95~6.5, 𝑛𝑒/𝑛𝐺 =

0.5 − 0.85, 𝑣∗~0.02 − 0.05, and 𝑇𝑒/𝑇𝑖~2.0. 

b) Demonstrating a divertor configuration plasma operation with capable of handling 

heat exhaust at a level of 10 MW/m2, sustained for a duration of 100 s. 
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c) Achieving plasma operation of the ITER-baseline-like scenario, with 𝑞95~3.0 −

6.0, 𝛽𝑁~2.0 − 3.0, and 𝐻98~1.5 − 2.0. 

 

C. Phase III 

a) Achieving 1000 s timescale plasma operation with high 𝑇𝑒, 𝑇𝑒0 > 8.5 keV. 

b) Extension of the reactor-oriented operation to 400 s timescale. 

3.2 Heat load measurement of plasma facing components (PFCs) in EAST 

3.2.1 Introduction 

Heat load deposition on the first wall due to the interaction between plasma and 

PFCs. Excessive local heat load can cause damage to the PFCs, significantly affecting 

their lifespan and posing a threat to device safety. Excessive local heat load can also 

cause melting of the first wall material, leading to impurity sputtering. Currently, many 

fusion experiment devices use tungsten as the plasma-facing material for the first wall 

due to its favorable properties. However, sputtering of tungsten from the first wall can 

increase the tungsten content in the main plasma, resulting in increased radiation and 

decreased plasma performance, or even cooling and disruption of the plasma. Moreover, 

the sputtered impurity ions can transport parallel to the magnetic field lines, leading to 

substantial ion bombardment on the first wall. As the retention of fusion fuel particles 

in the PFCs is related to the temperature of the PFCs, excessive energy load on the first 

wall can also enhance the recirculation of fuel particles, severely impacting the 

confinement property of the plasma. Therefore, real-time monitoring of the first wall 

heat load and timely mitigation of excessive local heat load are crucial for the safe 

operation of plasma devices. 

Currently, EAST possess five diagnostics systems related to heat load 

measurement, including calorimetric diagnostics [59, 97, 98], infrared camera [99, 100], 

divertor Langmuir probe [101, 102], thermocouple, and radiation diagnostics [103, 104]. 
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Calorimetric diagnostics system provides accurate measurement of the total heat 

load on the component during discharges through the measurement of cooling water for 

the component. However, due to limitations in measurement principles, the time and 

spatial resolutions of this system are not very high. Cross-validation of energy load 

measurement between calorimetric diagnostics and IR camera has been completed, 

achieving excellent results [59]. 

Infrared camera has advantages such as non-contact measurement, wide 

temperature measurement range, and fast temperature measurement response. However, 

its measurement is influenced by factors such as impurity deposition layers, emissivity 

of materials, viewing angle, background environmental temperature, and transmittance 

of the optical system. 

Divertor Langmuir probe has a simple structure and convenient data processing, 

and can measure many parameters such as heat flux, electron temperature, and electron 

density. However, it is susceptible to factors such as magnetic fields, electron velocity 

distribution, RF fields, and secondary electron emission, and can only measure the heat 

flux generated by localized electrons and ions. 

Thermocouple diagnostics system has a simple structure and easy to use, and has 

been installed on the first wall. But it is susceptible to factors such as magnetic field 

interference and poor contact, and requires the use of inverse algorithms [105] to convert 

the temperature of the measurement point to the heat flux on the component surface 

[106]. 

Radiation diagnostics system on EAST consist of the absolute extreme ultraviolet 

photodiodes diagnostic (AXUV) [103] and the metal foil resistive bolometer system [104], 

which can measure the radiation power of the entire plasma region, but the energy load 

deposited on the plasma facing components includes energy loss channels other than 

radiation. 
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3.2.2 Infrared camera 

The temperature and heat flux are two important heat load parameters for the PFCs 

during plasma operation, particularly for the divertor target plates. Many nuclear fusion 

devices, such as EAST [99, 100], HL-2A [107], DIII-D [108], JET [109], JT-60U [110], KSTAR 

[111], ASDEX-U [112], Alcator C-Mod [113], Tore Supra [114] and NSTX [115, 116], are 

equipped with infrared cameras for thermal radiation measurement. Thermal radiation 

is one of the most common forms of electromagnetic radiation in nature, emitted by all 

objects with a temperature above absolute zero degree in a wide range of wavelengths 

in all directions. The amount of radiation energy emitted from the surface of an object 

at a given wavelength depends on the material, surface condition, and surface 

temperature of the object. Therefore, even at the same surface temperature, different 

objects may emit different amounts of radiation. 

Infrared camera utilizes the detection of thermal radiation emitted by objects to 

measure their temperatures, based on the theory of blackbody radiation [117]. A 

blackbody is an idealized object that has the highest radiation power density at a 

particular temperature and wavelength, while the radiation from real objects is less than 

that of a blackbody. The Planck's blackbody radiation law is given by: 

𝑀𝑏(𝜆, 𝑇) =
2𝜋ℎ𝑐2

𝜆5

1

𝑒ℎ𝑐/𝑘𝑇𝜆 − 1
 (3.1) 

where ℎ is the Planck constant, 𝑐 is the speed of light, 𝜆 is the wavelength, 𝑇 is the 

absolute temperature of the blackbody, and 𝑘 is the Boltzmann constant. 𝑀𝑏(𝜆, 𝑇) is 

the monochromatic radiance, which represents the radiation emitted per unit time, per 

unit surface area, per unit wavelength interval, into the entire hemisphere of space 

around the blackbody, and its unit is W/m3. Equation 3.1 indicates that an object at a 

specific temperature 𝑇 will emit electromagnetic waves of different wavelengths, and 

a specific wavelength 𝜆 corresponds to a specific value of monochromatic radiance. 

The blackbody radiation power can be obtained by integrating over wavelength in 

equation 3.1. 

𝑀𝑏(𝑇) = 𝜎𝑇4 (3.2) 
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This is known as the Stefan-Boltzmann law, where 𝜎 = 5.670 × 10−8 W ∙ m−2 ∙ K−4 

represents the Stefan-Boltzmann constant. However, real objects are not perfect 

blackbodies and their radiation capacity are less than that of a blackbody. Therefore, 

the emissivity 𝜀 of the object is introduced to modify equation 3.2. 

𝑀𝑏(𝑇) = 𝜀𝜎𝑇4 (3.3) 

The field of view (FoV) of the IR camera in EAST is depicted in figure 3.4. In the 

divertor region, the spatial resolution achieved was approximately 4 mm in cases with 

a large FoV. The frame rate in the full-frame mode was 115 Hz; however, by reducing 

the FoV, it was possible to increase the frame rate to several kHz. 

Although infrared camera is widely used for temperature measurement in the 

fusion devices due to its high temporal and spatial resolution, there are several factors 

that can affect the accuracy of temperature measurements, as listed below. 

(1) Impact of emissivity: 

Emissivity represents the rate of the radiation energy launched from the surface of an 

object to that of a blackbody at a given temperature. However, the emissivity of a 

specific material is influenced by surface roughness, surface temperature, and the 

specific wavelength. In EAST experiment, the heat load from the plasma is mainly 

deposited on the target plate of the tungsten divertor, but the emissivity of tungsten is 

relatively low, making it susceptible to the influence of infrared radiation from the 

background environment. 

(2) Impact of background environment temperature: 

During temperature measurement of a target object, the radiation energy from 

surrounding high-temperature objects can be reflected by the target object and detected 

by the infrared camera, introducing measurement errors. When the emissivity of the 

target object is low and the reflectivity is high, the measurement error will be larger. 

(3) Impact of viewing angle: 

The emissivity of the target object is not uniform within different solid angles in space. 

 



39 

 

Therefore, it is more reasonable to research the surface temperature and energy flux 

on plasma facing components through the combination of different heat load 

diagnostics systems. 

3.3 Calorimetric diagnostics system 

3.3.1 Measurement principle 

The EAST possesses a pressurized water system to eliminate the energy load on 

the PFCs during the plasma operation, which consists of five water-cooling modules. 

In early 2021, with the upgrade of the lower divertor, the water-cooling systems 

underwent upgrades as well, as shown in figure 3.5. 

 

Figure 3.5. The schematic layout of the water-cooling modules in EAST, both before 

(a) and after (b) the upgrade of lower divertor, is presented in the poloidal cross-section. 

In the pre-upgrade arrangement (a): module A is responsible for cooling the upper 

divertor, module B is responsible for cooling the upper passive plate and the upper low-

field side PFCs, module C is responsible for cooling the high-field side PFCs, module 

D is responsible for cooling the lower divertor with inside and outside target plates, and 

module E is responsible for cooling the lower divertor with the dome part, and part of 

the first wall on the low-field side. In the post-upgrade arrangement (b): module A is 

responsible for cooling the upper divertor, module B is responsible for cooling the 

lower divertor, module C is responsible for cooling the upper part of the first wall on 
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the low-field side, module D is responsible for cooling the lower part of the first wall 

on the low-field side, and module E is responsible for cooling the part of the first wall 

on the high-field side. 

 

The data of the calorimetric diagnostics system are obtained from the temperature 

sensors and flow meters installed in the water-cooling system of EAST. During 

discharge, the energy load on the plasma facing components is transferred to the cooling 

water of the water-cooling system, resulting in an increase in water temperature. The 

energy load carried away by the cooling water is equal to the energy load on the plasma 

facing components, and can be calculated as 

𝐸 = 𝐶𝐺𝜌 ∫ [ 𝑇𝑜𝑢𝑡𝑙𝑒𝑡(𝑡) − 𝑇𝑖𝑛𝑙𝑒𝑡(𝑡) ] 𝑑𝑡
𝑡0+∆𝑡

𝑡0

 (3.4) 

where 𝐸 is the energy load taken away by the cooling water, 𝐶, 𝐺 and 𝜌 are the 

specific heat capacity, volume flow rate and density of the cooling water. 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 and 

𝑇𝑖𝑛𝑙𝑒𝑡  are the temperatures measured at the outlet and inlet of cooling water. ∆𝑡 

represents the cooling time, the time for the temperature difference ∆𝑇 = 𝑇𝑜𝑢𝑡𝑙𝑒𝑡(𝑡) −

𝑇𝑖𝑛𝑙𝑒𝑡(𝑡) to increase from zero to the maximum value and then decrease to zero. The 

schematic diagram of the calorimetric diagnostics system is shown in figure 3.6. 

 

Figure 3.6. The schematic diagram of the calorimetric diagnostics system. The green 

circle and blue triangle represent the temperature sensors and flow meters of the water-

cooling system, respectively. 
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The flow rate of cooling-water in each module is very stable during one campaign, 

and figure 3.7 shows the volume flow rate of cooling water in module A on April 8, 

2023, throughout the day. Figure 3.8 (a) shows the outlet and inlet temperature of 

cooling water in module A for the whole day on April 8, 2023, and the temporal 

evolution of temperature difference for EAST discharge #122 058 is shown in (b). The 

duration of this discharge is 262.56 s with ~0.5 MW LHW 1, ~1.6 MW LHW 2, and 

~1.7 MW ECRH. In Figure 3.8 (a), the significant fluctuations of water temperature 

observed between 0:00 and 12:00 are attributed to diurnal temperature variations, while 

the peaks in the water temperature curve between 12:00 and 24:00 are caused by the 

injection of energy during discharges. 

 

Figure 3.7. The volume flow rate of cooling water in module A. 
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Figure 3.8. (a) The outlet and inlet temperature of cooling water in module A. (b) The 

temporal evolution of temperature difference for EAST discharge #122 058. 

 

In figure 3.8 (a), the temperature increase of the inlet water is caused by the fact 

that the outlet water is not sufficiently cooled after passing through the cooling tower, 

then flow back to the inlet channel. This portion of water with temperature increments 

passes through the tokamak and then flow to the outlet channel and be measured, cause 

the further temperature increase of the outlet water. In addition, it takes some time for 

the cooling water to flow from the inlet to the outlet. When analyzing data from the 

calorimetric diagnostics system, this time delay between the inlet and outlet water 

temperature measurement should be taken into consideration, to eliminate the effect of 

insufficient cooling of the cooling water. The value of time delay can be determined by 

comparing the moments when the inlet and outlet water temperature data start to rise 

during the discharge. The effect of time delay and insufficient cooling have been 

eliminated in figure 3.8 (b) 

The time delay and insufficient cooling of the cooling water have resulted in 

difficulties in data analysis of calorimetric diagnostics system during long-pulse 

discharges, while this difficulty does not exist in relatively short-pulse discharges. 

3.3.2 Analysis of the cooling capacity of main PFCs in EAST through the 

calorimetric measurement 

The data from the calorimetric system can be utilized to analyze the cooling 

capacity of the PFCs. The water-cooling curve of one module during discharge is the 

temporal evolution of the cooling power of the cooling water 𝑃𝑐𝑜𝑜𝑙 . 𝑃𝑐𝑜𝑜𝑙  can be 

calculated by 

𝑃𝑐𝑜𝑜𝑙 = 𝐶𝐺𝜌Δ𝑇 (3.5) 

There are three typical water-cooling curves as shown in figure 3.9, and the 

definitions of 𝑡1, 𝑡2, 𝑡3, and 𝑡4 in figure 3.9 are shown in table 3.1. 
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Figure 3.9. The three typical water-cooling curves. 

 

 

 



44 

 

Table 3.1. The definitions of 𝑡1, 𝑡2, 𝑡3, and 𝑡4. 

𝑡1 The duration from the beginning to the end of the discharge. 

𝑡2 The duration from the end of the discharge to reaching the maximum of Δ𝑇. 

𝑡3 
Constant of water-cooling time, the duration from the maximum of Δ𝑇 

(max Δ𝑇) to the (max Δ𝑇)/𝑒. 

𝑡4 Cooling time, the duration from Δ𝑇 = 0 to Δ𝑇 = 0. 

 

There are several indicators in the water-cooling curve that can be applied to 

evaluate the cooling performance of the module: (1) A shorter duration from Δ𝑇 = 0 

to max Δ𝑇 in the water-cooling curve indicates a faster rising rate of the water-cooling 

curve, which implies better water-cooling capability. (2) A shorter 𝑡2 indicates better 

water-cooling capability. In the case of figure 3.9(a), where 𝑡2 > 0, the cooling power 

exhibits a further increase after the discharge termination, indicating a sustained rise in 

the temperature of the cooling water. This observation suggests the presence of heat 

accumulation within the module, which implies poor cooling performance of the 

module. In the case of figure 3.9(b) and (c), 𝑡2 = 0, which exhibits better water-cooling 

capability. (3) A shorter 𝑡3 indicates a faster cooling rate of the water-cooling system, 

which means a better water-cooling capability. 

In addition, the flat-top phase in the curve of figure 3.9(b) indicates the 

achievement of power balance, where the energy load deposition on the module is the 

same as the energy carried away by the cooling water. 

Figure 3.10 demonstrates the water-cooling curves of the upper divertor [figure (a)], 

lower divertor [figure (b)], and the first wall [figure (c)] for I-mode discharge #106 914 

and H-mode discharge #110 726 (both performed after the upgrading of the lower 

diverter) in EAST, with the corresponding 𝑡3  listed in table 3.2. The durations of 

discharges #106 914 and #110 726 were 124.65 and 225 s, respectively. Both 

discharges are double null configuration. The total injected energy in shots #106 914 

and #110 726 were about 172.8 and 959.2 MJ, respectively. The curves in figure 3.10 

indicate: (1) The lower divertor reached the power balance in both discharges. (2) All 
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three modules exhibit good water-cooling capabilities, as indicated by 𝑡2 = 0 in their 

respective water-cooling curves. (3) The lower divertor has better cooling ability, as it 

has shorter 𝑡3 and faster rising rate of the water-cooling curve. 

 

 

 

Figure 3.10. The water-cooling curves of the upper divertor (a), lower divertor (b), and 

the first wall (c) for I-mode discharge #106 914 (blue curve) and H-mode discharge 

#110 726 (red curve), where the solid line represents the water-cooling curve, and the 

dashed line indicates the moment of discharge termination. 
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Table 3.2. Constant of water-cooling time for the upper divertor, lower divertor, and 

the first wall for I-mode discharge #106 914 and H-mode discharge #110 726, unit s. 

 

Discharge Upper divertor Lower divertor The first wall 

#106 914 56.8 6.7 125.7 

#110 726 57.2 9.1 135.6 
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     Hot spot formation in the upper single null (USN) 

configuration discharges on the lower divertor 

4.1 Experiment description 

In the 2017 campaign of EAST, notable achievements were made in the attainment 

of high-performance long-pulse H-mode plasmas [118]. However, a tricky issue of 

undesired hot spots in the lower divertor region was observed. Prior to the steady-state 

101.2 s H-mode shot #73 999, a series of shots were carried out to determine the optimal 

experiment conditions. These attempts included shots #73 991 to #73 998, excluding 

discharge #73 996 due to an unexpected termination of plasma occurring around 3.7 s. 

Each of the seven discharges, was sustained for approximately 9.6 s. With direction 

of ion 𝐵 × ∇𝐵 drift pointed to the lower X-point, these discharges exhibited nearly 

identical physical parameters, as illustrated in figure 4.1 (with #73 993 and #73 994 as 

specific examples). For these shots, the plasma current was approximately 400 kA 

(figure 4.1(a)), while the loop voltage is controlled well, close to 0 V (figure 4.1(b)). 

This signifies that the majority of the plasma current was driven noninductively. The 

chord-averaged electron density at 6 s was approximately equal to 3.0 × 1019 m−3 

(figure 4.1(c)), measured by the POlarimeter-INTerferometer diagnostics system 

(POINT) [119] at the middle plane. Power injection through the different auxiliary 

heating systems was of the following values: the power from the LHW 1 is 

approximately 0.43 MW, the power from the LHW 2 is approximately 1.48 MW, the 

power from the ECRH is approximately 0.35 MW, the power from the ICRF is 

approximately 0.12 MW (figure 4.1(d)). All auxiliary heating power with consistent 

magnitude and duration are injected into the seven shots, apart from shot #73 998, 

where the heating power of LHW 2 was approximately 10 kW greater than the other 

six shots. At 6 s, the stored energy was estimated to be approximately 1.30 × 105 J 

(figure 4.1(e)). 



48 

 

Visible-light camera observations revealed the presence of hot spots in the lower 

divertor of port C at the same location in discharges #73 991, #73 992, and #73 993. 

However, in the case of discharges #73 994, #73 995, #73 997, and #73 998, hot spots 

did not manifest at the same location, as depicted in figure 4.2 (with #73 993 and #73 

994 as specific examples). The total energy injection in shot #73 993 was approximately 

16.06 MJ, with contributions from Ohmic heating (~0.34 MJ), LHW 1 (~3.10 MJ), 

LHW 2 (~9.42 MJ), ECRH (~2.47 MJ), and ICRF (~0.73 MJ). Similarly, in shot #73 

994, the total energy injection was approximately 16.20 MJ, with contributions from 

Ohmic heating (~0.35 MJ), LHW 1 (~3.16 MJ), LHW 2 (~9.49 MJ), ECRH (~2.47 MJ), 

and ICRF (~0.73 MJ). 

 

Figure 4.1. A comparison of various parameters between discharges #73 993 and #73 

994 is presented. These parameters include: (a) plasma current, (b) loop voltage, (c) 

line-averaged electron density measured using the 6th chord of the POlarimeter-

INTerferometer diagnostics system, (d) auxiliary heating power consists of the LHW 

system, ECRH system, and ICRF system (with all auxiliary heating power being the 

same for both discharges), and (e) stored energy [35]. 
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Figure 4.2. Pictures captured using a visible-light camera for discharges #73 993 and 

#73 994 at 6 s [35]. 

4.2 Heat load distribution in discharges with and without hot spot 

The utilization of calorimetric system enables the investigation of the relationship 

between the formation of hot spots and the distribution of energy load on the plasma 

facing components. Table 4.1 presents the heat load removed by the cooling water 

flowing through modules A and E for shots #73 993 (hot spot appeared) and #73 994 

(no hot spot appeared). The measured data indicate that the heat load removed by 

module E in shot #73 993 was larger in comparison to shot #73 994. Furthermore, the 

energy removed by module A in shot #73 993 was lower in comparison to shot #73 994. 

For shot #73 994, ratios of the energy removal from modules A and E to the overall 

injected power were calculated to be approximately 52.8% and 10.7%. These values 

are closely similar to mean rates of 47.1% and 11.5%, derived from a dataset 

encompassing numerous statistics for typical shots with upper single null configuration 

in the EAST 2017 campaign [59]. These findings provide evidence that, the hot spot 

appearance accompanied by a notable alteration in the distribution of energy load 

among different plasma facing materials. 

The data obtained from calorimetric diagnostics system offers the opportunity to 

evaluate the extra energy load on the lower divertor. In the case of shot #73 993, the 

occurrence of hot spots was observed within a duration of approximately 3 to 8 s. A 

comparison of calorimetric measurements between shots #73 993 and #73 994 
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indicated a notable energy difference of 3.82 MJ within module E. Consequently, the 

additional deposited energy onto the lower divertor was estimated to be about 0.76 MW. 

Due to the limited field of view of the visible-light camera, it was not feasible to 

determine the total number of hot spots on the entire lower divertor, nor was it possible 

to estimate the energy flux on each individual hot spot. Nevertheless, the presence of 

hot spots has the potential to induce localized excessive heat flux, which significantly 

impacts the distribution of energy load on different plasma facing components. 

 

Table 4.1. The energies removed by the cooling water in modules A and E for shots 

#73 993 and #73 994 were determined using the calorimetric diagnostics. The values 

enclosed in brackets represent the ratios of energies removed from each module with 

respect to the total power injection [35]. 

Discharge Module A Module E 

#73 993 5.20 MJ (32.4%) 5.56 MJ (34.6%) 

#73 994 8.56 MJ (52.8%) 1.74 MJ (10.7%) 

4.3 Main parameters for hot spot formation 

The magnetic topology from shot #73 991 to #73 998 (excluding #73 996) is the 

typical upper single null configuration in EAST. By comparing the plasma 

configuration of shot #73 993 (with hot spot) depicted in figure 1.4 and the hot spot 

position illustrated in figure 4.2, it was noticed that the hot spot position was in close 

proximity to the strike point (SP) on the lower outer target plate. Consequently, further 

investigation into the association between hot spot generation and the SP location 

becomes imperative in order to gain a reasonable interpretation of this phenomenon. 

The stable plasma configurations for the seven analyzed shots were established 

starting from approximately 2.3 s which were determined using the EFIT code. Prior to 

this time, the configuration changes exhibited consistent trends among the seven shots. 

Hot spots appeared from around 3 s onwards. To investigate the time evolution of the 

SPs location on the lower outer divertor during the time interval from 3 to 8 s, the EFIT 
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reconstruction was utilized. Figure 4.3 presents the calculated SPs location on the lower 

outer divertor for shots #73 991 to #73 998 (excluding #73 996). The red and blue points 

in figure 4.3 correspond to the heights of the SPs on the lower outer divertor for these 

7 shots, with and without hot spots, in the cylindrical coordinate system. Remarkably, 

it was observed that the hot spot and lower outer SPs in all analyzed shots, within the 

time interval of 3 to 8 s, were situated on the lower divertor (outside dome). Figure 4.3 

illustrates that the spatial separation between the hot spot and SP on the lower outer 

divertor did not exhibit a discernible correlation with hot spot formation across these 

shots. This observation arises from the fact that the location of the SP on the lower outer 

divertor for shots #73 994 and #73 995 (no hot spot appearance) was nearly identical to 

that of the shots with hot spots appearance. 

 

Figure 4.3. The temporal evolution of the height positions of the lower outer strike 

points of these seven shots in cylindrical coordinates was demonstrated. The shots with 

hot spots are represented by red lines, while the shots without hot spots are represented 

by blue lines. The height position of the hot spot on the lower dome is indicated by a 

black dashed line. Additionally, the estimated hot spot area is denoted by the green 

color [35]. 

 

The time evolution of the values of the 𝑔𝑎𝑝𝑜𝑢𝑡 , 𝑑𝑅𝑠𝑒𝑝 , and 𝑑𝑅𝑚𝑖𝑑  were 

demonstrated from shot #73 991 to #73 998 (excluding #73 996), as depicted in figure 
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4.4. In Figure 4.4(a), the 𝑔𝑎𝑝𝑜𝑢𝑡 alone did not distinguish between shots with or 

without hot spot occurrences. However, shots with hot spots could be discerned based 

on the 𝑑𝑅𝑠𝑒𝑝 and 𝑑𝑅𝑚𝑖𝑑 values displayed in figures 4.4(b) and 4.4(c). Specifically, 

hot spots emerged in shots characterized by smaller 𝑑𝑅𝑠𝑒𝑝 value and larger 𝑑𝑅𝑚𝑖𝑑 

value. EAST possesses the capability to finely manipulate the plasma magnetic 

topology by modifying the 𝑔𝑎𝑝𝑜𝑢𝑡 and 𝑑𝑅𝑠𝑒𝑝 magnitudes at millimeter accuracy. 

Consequently, the distinction in the value of 𝑑𝑅𝑚𝑖𝑑 between shots with and without 

hot spots, as depicted in figure 4.4(c), is not so evident as that of 𝑑𝑅𝑠𝑒𝑝 in figure 4.4(b). 

Additionally, 𝑑𝑅𝑚𝑖𝑑  can be indirectly controlled by adjusting the values of 𝑑𝑅𝑠𝑒𝑝 

and 𝑔𝑎𝑝𝑜𝑢𝑡. It is worth noting that the accumulation of zero drift in the magnetic 

measurement system can lead to distortion of the plasma configuration control in long 

pulse discharge. However, this issue has been resolved in 2019 campaign and explained 

in the next section. 

Figure 4.4 provides a plausible correlation between the formation of hot spots and 

the plasma configuration in the plasma region outside the LCFS. 

 

Figure 4.4. The temporal evolution of the values of 𝑔𝑎𝑝𝑜𝑢𝑡, 𝑑𝑅𝑠𝑒𝑝, and 𝑑𝑅𝑚𝑖𝑑 for 

the seven shots is depicted, where shots with hot spots denoted by red lines and shots 

without hot spots denoted by blue lines [35]. 
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The mechanism underlying the generation of hot spots in the above experiments 

was investigated through MFL tracking in the plasma region outside the LCFS utilizing 

the RGCO. Magnetic field line simulation was adopted because: (1) the orbit simulation 

of bulk electrons needs to consider Coulomb collisions, which are not included in 

RGCO, (2) the fast electrons in EAST are of keV magnitude and their orbit are along 

MFLs, (3) the energy transport in the SOL is along MFLs. Figure 4.5 demonstrates the 

simulation results, and the equilibrium magnetic configuration of shot #73 993 at 6 s 

were obtained from the EFIT reconstruction. As shown in figure 4.5, the motion of 

electrons along the red MFLs, associated with the 𝑑𝑅𝑚𝑖𝑑  region, resulted in their 

hitting on the lower divertor, and ultimately leading to the generation of hot spots. 

 

Figure 4.5. Magnetic field line tracking was conducted in the SOL to investigate the 

electron motion. The tracking analysis involved different sets of magnetic field lines, 

each representing distinct tracking directions and regions within the SOL. The blue 

magnetic field lines correspond to the forward electron tracking, and the onsets are in 

the 𝑑𝑅𝑠𝑒𝑝 region, which is located between the primary and secondary separatrices. 

The red magnetic field lines correspond to the forward electron tracking, and the onsets 

are in the 𝑑𝑅𝑚𝑖𝑑 region, which is located between the secondary separatrix and the 

first wall. The pink magnetic field lines correspond to the backward electron tracking, 

and the onsets are in the 𝑑𝑅𝑚𝑖𝑑  region, which is located between the secondary 
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separatrix and the first wall. The green magnetic field lines correspond to the backward 

electron tracking, and the onsets are in the 𝑑𝑅𝑠𝑒𝑝 region, which is located between the 

primary and secondary separatrices [35]. 

 

Magnetic field lines backward tracking originating from the hot spot region of shot 

#73 993 was conducted, as depicted in figure 4.6. The simulation was configured to 

auto-terminate when the tracked MFL reached the vicinity of the LHW antenna within 

the plasma region outside the LCFS. The results presented in figure 4.6 illustrate that 

the backward-tracked MFL could reach to the 𝑑𝑅𝑚𝑖𝑑 area and finally stopped in front 

of the antennas of lower hybrid wave 1 and 2. The ends of the MFLs are indicated by 

black points in figure 4.6(a), revealing a broad distribution in both poloidal and toroidal 

directions in front of the lower hybrid wave antenna. These findings suggest that 

electrons in a large geometric space ahead of the lower hybrid wave antenna may absorb 

the energy from lower hybrid wave. Subsequently, these heated electrons hit the lower 

divertor region, thus contributing to the generation of hot spots. 

The separation between the start points of the red and blue tracked MFLs in figure 

4.6(b) was only approximately 6 mm within the hot spot region, however, notable 

differences in their trajectories is exhibited. As illustrated in figure 4.2, the observed 

hot spots in these shots exhibited a toroidal localization pattern. This phenomenon can 

be explained by the presence of small bulges on certain lower divertor materials, which 

create an enlarged contact area with the magnetic field lines. Consequently, a greater 

number of electrons can move along the MFLs and hit these specific bulges, leading to 

localized excessive energy loads on these regions. 
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Figure 4.6. Demonstration of the magnetic field lines backward tracking in 𝑅 − 𝑍 

view (a) and top view (b). In figure (b), the red and blue magnetic field lines can be 

back-tracked to the 𝑑𝑅𝑚𝑖𝑑  region in front of the antenna for LHW 1 and 2, 

respectively. The color of the start and end points of each magnetic field line 

corresponds to the color of the line itself, with circles indicating the start points and 

stars representing the end points [35]. 

4.4 Appearance of hot spot in the 101.2 s H-mode discharge 

From Sections 4.2 and 4.3, two conclusions can be drawn: (1) the emergence of 

hot spots is combined with a significant variation in the distribution of energy load 

among different plasma facing materials; and (2) large 𝑑𝑅𝑚𝑖𝑑 tends to cause the hot 

spot generation on the lower divertor. These two findings can be proved in the later 

discharge #73 999. 

As one of the contributions of this thesis, the SOL magnetic topology plays an 

essential role in the hot spot generation. This point has been delivered to EAST 

operators and used to mitigate the hot spot formation. EAST achieved the 101.2 s long-

pulse H-mode shot #73 999. However, the magnetic measurement system of EAST 

existed an issue of zero drift, leading to minor but continuous modifications in the SOL 

magnetic configuration throughout the shot, as depicted in figure 4.7. Consequently, 
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hot spots emerged on the lower divertor from approximately 55 s, and progressively 

intensifying over time, as illustrated in figure 4.8 captured by the visible-light camera. 

 

Figure 4.7. The time evolution of the value of 𝑔𝑎𝑝𝑜𝑢𝑡, 𝑑𝑅𝑠𝑒𝑝, and 𝑑𝑅𝑚𝑖𝑑 for shot 

#73 999 [35]. 

 

 

Figure 4.8. Visible-light camera images captured at 50 s, 55 s, 60 s, and 65 s for EAST 

shot #73 999 [35]. 

 

Figure 11(b) of the previous study [59] presented the observation of heat load 

redistribution among various PFCs following the formation of hot spots in EAST shot 

#73 999. The depicted red curve in the figure illustrates that, the energy removed from 

module A exhibited a decreasing trend starting at approximately 55 s. This decline 

implies a reduction of energy load on the upper divertor during this period, with a 

corresponding increase in power deposition on the lower divertor, as shown in the green 

curve. 
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The zero drift problem of the magnetic measurement system in EAST has been 

resolved by the application of a new designed analog integrator in the system [77, 120]. 

Benefiting from this upgrade, EAST can achieve more stable plasma configuration 

control in thousand-second discharge [121], and the hot spot formation has been 

mitigated. 
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     Hot spot formation in the LHW modulation 

experiment 

5.1 Experimental results and heat load analysis 

The analysis presented in Chapter 4 explains the generation of hot spots, which 

arise from the electrons in the plasma region outside the LCFS move along the MFLs 

and eventual hit the lower divertor components. Nonetheless, the precise energy source 

of electrons in the plasma region outside the LCFS is still unknown. Therefore, 

experimental shot #74 864 was conducted, involving LHW modulation at two 

frequencies. 

The L-mode shot #74 864 followed a typical upper single null magnetic topology, 

where the direction of ion 𝐵 × ∇𝐵  drift pointed to the lower X-point. Figure 5.1 

presents several significant plasma parameters for this shot. The plasma current reached 

approximately 400 kA (figure 5.1(a)). Throughout the flat-top phase, the electron 

density remained well-controlled, with a chord-averaged electron density in the middle 

plane around ~2.23 × 1019 m−3 at 5 s (figure 5.1(c)). The power injection from the 

auxiliary heating systems consisted of two parts: approximately 0.52 MW from the 2.45 

GHz LHW and approximately 0.58 MW from the 4.6 GHz LHW. The duty ratios for 

the 2.45 GHz and 4.6 GHz LHWs were approximately 50%, with each heating period 

lasting approximately 2 s (figure 5.1(d)). The phases of the injected lower hybrid waves 

at frequencies of 2.45 GHz and 4.6 GHz were 325° and 90°, and their power spectra 

were calculated through the ALOHA code [122], as depicted in figure 5.2. Notably, the 

plasma stored energy experienced a clear increase during the LHW injection, as 

demonstrated in figure 5.1(e). This observation suggests the effective plasma heating 

capability of the LHW. Moreover, the plasma loop voltage exhibited a decrease during 

the LHW injection, as shown in figure 5.1(b), indicating the sufficient drive of 

noninductive current in the core plasma through lower hybrid current driving. However, 

it is worth noting that the mean plasma loop voltage over the first 4.6 GHz lower hybrid 



59 

 

wave injection was approximately 0.2 V, which was approximately 60 mV lower than 

that observed during the first 2.45 GHz lower hybrid wave injection. This disparity 

suggests distinct performance of the lower hybrid waves at frequencies of 2.45 GHz 

and 4.6 GHz during this discharge, with a higher efficiency of LHCD in the core plasma 

during the 4.6 GHz lower hybrid wave operation. 

 

Figure 5.1. The plasma parameters of shot #74 864 were demonstrated. (a) the plasma 

current, (b) the loop voltage, (c) the line-averaged electron density measured through 

the POINT system, with measurement chord located in the middle plane, (d) the 

auxiliary heating power of LHW 1 (2.45 GHz) and LHW 2 (4.6 GHz), and (e) the stored 

energy [35]. 
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Figure 5.2. The normalized power spectra of the LHWs at 2.45 GHz and 4.6 GHz 

indicated in red and blue curve, respectively, calculated through the ALOHA code. 

Only demonstrate the spectra in the range of −8 ≤ 𝑁∥ ≤ 8 [35]. 

 

Figure 5.3(a) is a picture captured through the IR camera positioned in port G. On 

the left side of the figure, one can observe the LHW antenna operating at the frequency 

of 4.6 GHz, accompanied by two graphite guard limiters. To investigate the energy load 

deposited on the divertor components within the shot period, 4 representative patches 

were carefully selected as indicated in figure 5.3(a). Patches one and two, situated in 

the lower outer divertor, were chosen to compare the heat load in the presence and 

absence of hot spots, respectively. Patches three and four were situated in the outside 

and inside surfaces of the upper divertor. Particularly, the hot spot observed in patch 

one was potentially dangerous, while patch two served as a reference for comparison 

purposes. In this upper single null shot, it was anticipated that the upper divertor 

components would endure considerably greater energy loads than the lower divertor 

components, so patches three and four are selected in this research. Figure 5.3(b) 

portrays the average temperature variation of these four patches, measured by the IR 

camera. Figures 5.3(c) to 5.3(f) illustrate the temporal derivatives of temperature for 

the four selected patches. It is evident from figure 5.3(b) that the temperature in patch 

one exhibited a strong correlation with the injection of LHW at the frequency of 2.45 

GHz. Nonetheless, following the second injection phase of 2.45 GHz LHW, the 

temperature in patch one displayed a continuous decrease, which weakly associated 

with the injection of 4.6 GHz LHW. This observation suggests that the formation of the 

hot spot in patch one is likely influenced by the different performance of these two 

frequencies of LHWs. Further investigation of this finding will be conducted in the 

subsequent section. 

The temperatures in patches three and four changed simultaneously with the lower 

hybrid wave injection at frequencies of 2.45 GHz and 4.6 GHz. This synchronicity 

indicates that in this shot with USN configuration, the heat load deposited on the upper 
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divertor comes from the plasma region inside the LCFS. Since the time derivative of 

temperature is strongly correlated with the energy flux, figures 5.3(e) and 5.3(f) 

demonstrate that the upper divertor component is subjected to a substantial energy flux 

during LHW operation. Furthermore, the position of patch one was subjected to a higher 

heat flux compared to patch two during LHW operation at 2.45 GHz, as depicted in 

figures 5.3(c) and 5.3(d). 

 

Figure 5.3. (a) Photograph captured by an IR camera for EAST shot #74 864. Patches 

one to four are clearly labeled in this photograph. (b) Temporal variation of the average 

temperature in the 4 patches labeled in figure 14(a). (c)–(f) Temporal derivatives of 

temperatures for the 4 patches [35]. 

5.2 Analysis of LHW power deposition 

Extensive research conducted on various magnetic confinement devices have 

proved that LHW and LHCD are powerful approaches of electron heating and 

noninductive current driving, thereby facilitating steady-state and high-performance 

operation of the plasma [123]. The electrons received energy and momentum transferred 

from the lower hybrid wave mainly through the mechanism of electron Landau 

damping. In accordance with quasi-linear theory, electron Landau damping [124] occurs 

when the condition 𝜔/𝑘∥ ≤ 3𝑣𝑇  is satisfied, in which 𝑣𝑇 = (2𝑇𝑒/𝑚𝑒)1/2 . The 

corresponding equation can be expressed as below 
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𝑁∥ ≥
6.9

√𝑇𝑒(𝑘𝑒𝑉)
 (5.1) 

Figure 5.2 displays the power density spectra of the LHW operating at frequencies 

of 2.45 and 4.6 GHz for the shot #74 864. Consequently, electron Landau damping 

occurs in the presence of quite high electron temperatures, typically in the range of 

several keV. However, when the electron temperature is relatively low, the lower hybrid 

wave can still transfer energy through the mechanism of collision damping. It is worth 

noting that the initial spectrum of the lower hybrid wave can be altered due to the 

parametric decay instability effect when lower hybrid waves cross the plasma region 

outside the LCFS before they reach the core plasma. For shot #74 864, the formation 

of hot spot on the lower divertor components was strongly associated with the 2.45 GHz 

LHW injection, and weakly associated with the 4.6 GHz LHW injection. To study this 

phenomenon, it is reasonable to firstly consider the potential impact of the PDI effect. 

This investigation involves analyzing the frequency spectrum broadening of the two 

lower hybrid waves, which can be determined using a radio frequency probe system 

mounted outside the first wall of the device. The position of the probe away from the 

LH antenna, ensured that the detected data was the result after the interaction of lower 

hybrid waves and plasma, rather than a direct measurement from the LH antenna. 

Figure 5.4 provides a comparison of the measured frequency spectra broadening for the 

2.45 GHz LHW (red curve) and the 4.6 GHz LHW (blue curve). The spectrum widths 

of the two LHWs were found to be nearly identical, indicating that the parametric decay 

instability effect is not the main reason for hot spot generation. 
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Figure 5.4. Frequency spectra broadening of the LHWs at frequencies of 2.45 GHz 

(represented by the red color) and 4.6 GHz (represented by the blue color) [35]. 

 

In accordance with the findings presented in Chapter 4, the hot spot formation on 

the lower divertor components is attributed to the motion of electrons follow the MFLs 

within the plasma region outside the LCFS starting from the front of the lower hybrid 

wave antenna. It is noteworthy that the electron temperature within the plasma region 

outside the LCFS remains quite low, necessitating consideration of the differential 

collision effects resulting from the injections of LHWs at frequencies of 2.45 and 4.6 

GHz. The collision damping induced by the LHW [125] can be described by equation 

5.2. 

𝐼𝑚 𝐷(𝑐𝑙) =
𝜈𝑒𝑖

𝜔
 (

𝜔𝑝𝑒
2

𝜔𝑐𝑒
2

𝑁⊥
2 +

𝜔𝑝𝑒
2

𝜔2
𝑁∥

2) 𝑁⊥
2 (5.2) 

where 𝜈𝑒𝑖 ∝ 𝑛𝑒/𝑇𝑒
3/2

 represents the electron–ion collision ratio, and 𝜔 = 2𝜋𝑓 

denotes the circular frequency of the LHW. Specifically, LHW 1 corresponds to the 

frequency of 2.45 GHz, while LHW 2 corresponds to the frequency of 4.6 GHz. In 

addition, 𝜔𝑐𝑒 = 𝑒𝐵/𝑚𝑒  signifies the electron cyclotron frequency, and 𝜔𝑝𝑒 =

(𝑛𝑒𝑒2/𝑚𝑒𝜀0)1/2 represents the electron plasma frequency. Utilizing typical physics 

parameters of the EAST plasma outside the LCFS, where 𝑛𝑒 = 2.5 × 1018 m−3 , 

allows us to calculate the approximate values of 
𝜔𝑝𝑒

2

𝜔𝑐𝑒
2 ≈ 0.06, 

𝜔𝑝𝑒
2

𝜔2 ≈ 33.68 (for LHW 
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at 2.45 GHz), and 
𝜔𝑝𝑒

2

𝜔2
≈ 9.52 (for LHW at 4.6 GHz). The magnitudes of 𝑁∥ (near 

the main probe) and the correlative 𝑁⊥  were of the same order. Consequently, in 

comparison to the second item, the first item in equation 5.2 is sufficiently minor and 

could be disregarded. Therefore, 

𝐼𝑚 𝐷(𝑐𝑙) ≈
𝜈𝑒𝑖𝜔𝑝𝑒

2

𝜔3
𝑁∥

2𝑁⊥
2 ∝

𝑛𝑒
2

𝑇𝑒
3/2

𝜔3
 (5.3) 

As demonstrated by equation 5.3, the collision damping is significantly influenced 

by the LHW frequency. Assuming all other parameters remain constant, the collision 

effect induced by the lower hybrid wave operating at 2.45 GHz is approximately 6.6 

times higher than that of the lower hybrid wave operating at 4.6 GHz. Collision 

damping mainly happens within the region of low electron temperatures, known as the 

SOL. Consequently, it can be inferred that, in comparison to the LHW at the frequency 

of 4.6 GHz, the 2.45 GHz LHW deposits more power into the plasma region outside 

the LCFS by collision process, consequently causing the hot spot formation on the 

lower divertor region. The localized generation of hot spot is likely attributed to minor 

bulges present in certain lower divertor tiles, as elaborated in Chapter 4. Moreover, in 

contrast to the LHW at frequency of 2.45 GHz, the 4.6 GHz LHW exhibits a greater 

energy deposition within the primary plasma region, which results in higher levels of 

LHCD and a lower loop voltage during the 4.6 GHz LHW injection, as mentioned in 

Section 5.1. 

In order to obtain a more quantitative understanding of LHW energy deposition 

through different mechanisms at varying frequencies in this discharge, in comparison 

to the equation analysis, a simulation based on ray-tracing/Fokker–Planck model with 

GENRAY/CQL3D code package [126] [127] was performed, using 3.4 s and 7.4 s (2.45 

GHz and 4.6 GHz lower hybrid wave operation) as examples. 

In these two specified times, the electron densities were determined through a 

combination of the POINT diagnostics (measuring the core plasma) and the 

reflectometry (measuring the edge plasma), the electron temperatures were determined 

through a combination of the heterodyne radiometer (X-mode ECE) (measuring the 
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core plasma) and the Thomson scattering system (measuring the main plasma). 

Additionally, the electron density and temperature values in the SOL were evaluated 

utilizing the equations provided in reference [128] as below. 

𝑛𝑒(𝜌) = 𝑛𝑒,𝐿𝐶𝐹𝑆 exp (
1 − 𝜌

𝜆𝑛𝑒
) (5.4) 

𝑇𝑒(𝜌) = 𝑇𝑒,𝐿𝐶𝐹𝑆 exp (
1 − 𝜌

𝜆𝑡𝑒
) (5.5) 

where 𝜆𝑛𝑒 equals to 0.05 and 𝜆𝑡𝑒 equals to 0.02, adopting the empirical values of the 

EAST tokamak [129]. The simulation outcomes calculated by the GENRAY/CQL3D 

code are presented in table 5.1. 

 

Table 5.1. The power absorption contributions attributed to electron Landau damping 

and collision damping for LHWs operating at frequencies of 2.45 GHz and 4.6 GHz [35]. 

Power absorption share 2.45 GHz LHW 4.6 GHz LHW 

Electron Landau damping (kW) 396.6 463.7 

Collision damping (kW) 141.3 106.1 

Total power (kW) 537.9 569.8 

 

Through the simulation, it is observed that the collision absorption power resulting 

from the injection of the 2.45 GHz LHW exceeded that of the 4.6 GHz LHW by about 

35.2 kW. This finding aligns with the observed surface temperature evolution in patch 

one, as depicted in figure 5.3(b). It is worth noting that this difference of 35.2 kW is not 

as tremendous as the trend depicted in equation 5.3, which can be attributed to the 

presence of slight variations in the electron density and temperature profiles in the SOL 

when the two different frequencies of LHW injection. 

This finding also confirms that, compared to 2.4 GHz LHW, 4.6 GHz LHW 

exhibits higher capabilities of electron heating and noninductive current driving in the 

core plasma, which has been employed to guide the EAST physics experiments. 
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     Summary and future work 

6.1 Summary 

The long-pulse steady-state plasma operation with high power injection is a key 

issue in magnetic confinement fusion research. In order to achieve higher plasma 

performance and confinement levels, various types of RF waves are often utilized for 

plasma auxiliary heating in experiments. However, due to engineering limitations and 

related physical issues, RF wave injection can sometimes cause excessive local heat 

loads on PFCs, leading to the hot spot formation as one of its manifestations. As a type 

of RF wave, LHW has been widely used in various devices due to its good plasma 

heating and current driving effects, and it is also an important means for EAST to 

achieve long-pulse steady-state operation. However, observations in EAST 

experiments have revealed that LHW injection leads to the generation of hot spots on 

the lower divertor. The formation of hot spots may result in melting of PFCs materials 

and impurity sputtering, and impurities entering the main plasma can degrade the 

plasma confinement, leading to a decrease in plasma quality or even plasma disruption. 

Therefore, measurement and study of the heat load on PFCs during discharges, 

investigation of the mechanisms of hot spot formation induced by RF wave injection, 

and research of the interaction between RF waves and plasma are crucial for the further 

enhancement of high-parameter, long-pulse operation capability of EAST, and even for 

the safe and steady-state operation of future fusion power plants. This thesis makes 

contributions to the field of fusion research in three fundamental areas, namely 

simulation, diagnostics, and physics experiment. 

 

In terms of simulation: 

It is a highly intuitive and effective approach to research the confinement and loss 

mechanisms of the charged particle through the combination of physics experiments 

and particle orbit simulation. In this study, a guiding center orbit tracking code 
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incorporating relativistic effects was developed, which can be used for energetic 

particle orbit simulations in different devices. Compared to full orbit simulation model, 

guiding center orbit simulation model simplifies the Larmor gyration motion of the 

particle, resulting in a significant acceleration of particle orbit tracking, which 

facilitates particle orbit simulations under different conditions for detailed physics 

analysis. Based on this code, a study of energetic electrons in the QUEST device was 

conducted, providing physical pictures of the confinement of energetic electrons in the 

device. 

 

In terms of diagnostics: 

Calorimetric diagnostics system is one of the important heat load measurement systems 

in fusion devices, which indirectly measure the heat loads on PFCs by measuring the 

energy carried away by cooling water during discharges. In this study, the water-

cooling capability of main PFCs in EAST was evaluated by the analysis of water-

cooling curves, measured from the calorimetric diagnostics system. The results show 

that the water-cooling system of EAST can effectively cool the upper divertor, lower 

divertor and the first wall during discharges, ensuring the device safety. The excellent 

water-cooling capability can support longer pulse and higher power injection 

experiments on EAST. Additionally, the impact of hot spots formation on the energy 

load distribution among different plasma facing components was investigated using 

calorimetric diagnostics system. The results indicate that the presence of hot spots 

significantly alters the energy load distribution among different plasma facing 

components, with an increase of heat load on the plasma facing component where the 

hot spot is located and a decrease of heat load on other plasma facing components. 

 

In terms of physics experiment: 

The generation of hot spot on the lower divertor of EAST during discharges was 

observed using infrared and visible light cameras. The formation mechanism and 

energy source of hot spots have been clearly studied, which provides two primary 
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insights. Firstly, minimize the deposition of auxiliary heating energy (such as LHW) 

within the plasma region outside the LCFS. This portion of power directly contributes 

to the energy load deposited on the plasma facing materials that are magnetically linked 

from the SOL. Consequently, endeavors should focus on enhancing the deposition of 

auxiliary heating energy within the main plasma for effective plasma heating and 

current driving. This approach will lead to improved plasma confinement and reduced 

cost-of-energy for the fusion device. Secondly. it is possible to redistribute the heat load 

among various PFCs by making slight modifications to the magnetic topology within 

the SOL. These findings provide a new solution for mitigating hot spots on PFCs during 

discharges, which is beneficial for achieving safe plasma operation of the device at 

longer pulse and higher parameters, and for accumulating valuable experience for the 

safe operation of future fusion power plants. 

6.2 Future work 

In this thesis, a preliminary study of the power balance topic in EAST and QUEST 

is presented, including the hot spot formation induced by LHW injection in EAST and 

the confinement of energetic electrons in QUEST. However, due to the broad range of 

research involved in power balance, there is still a need for further refinement in future 

research. 

 

On the QUEST: 

(1) A particle guiding center orbit tracking code that includes relativistic effects has 

been developed for studying the abundant energetic electrons observed in QUEST. The 

next step is to combine diagnostics data (such as hard X-rays and movable probes) from 

the experiment with the related electron orbit simulation results, to obtain the spatial 

and velocity-space distribution of energetic electrons in QUEST discharge. This will 

contribute to the research of the confinement and loss mechanisms of energetic 

electrons, also to the heat load distribution and mechanism of hot spot formation on 

QUEST. 
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(2) Produced from D-T nuclear fusion reaction, alpha particle plays an important role 

in the plasma self-heating in future fusion power plants, as shown in figure 6.1. This is 

a completely different heating source than the in-service tokamaks, and therefore 

difficult to study currently. With the similar physics properties, the behavior of alpha 

particle can be researched through energetic electron. Both energetic electron and alpha 

particle are energetic particles and therefore have similar collision situations. Alpha 

particle has positive charge and greater mass than energetic electron. The charge 

difference is not significant and the mass different play an essential role in the research. 

In QUEST, plenty of energetic electrons can be generated during ECW injection. 

Therefore, the study of confinement and loss mechanisms of alpha particle can be 

conducted through the related research of energetic electrons on QUEST. 

(3) Perform the research of power balance on QUEST discharges, by utilizing 

calorimetric diagnostics system and other diagnostics measurements. The main energy 

loss channels of the future fusion power plants during operation are depicted in figure 

6.1. For QUEST, physics processes related to alpha particle are missing because no D-

T reaction occurs. The main energy loss channels of QUEST are outlined as follow: (a) 

particle and heat flux from the main plasma region, (b) particle and heat flux from the 

SOL region, (c) radiation, and (d) charge exchange (CX). Only by thoroughly studying 

the energy loss contributions from each channel during discharges can make sure the 

device safety during plasma experiments with longer pulse operation and higher power 

injection. 

 

Figure 6.1. Diagram of energy transfer process in future fusion power plants. 
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On the EAST: 

(1) Currently, calorimetric diagnostics system can achieve measurements of about 80% 

of the injection power during EAST discharge, with unaccounted heat loads potentially 

arising from the main limiter, RF antennas, guard limiters of the LHW and ICRF 

systems, as well as the ports not covered by the water-cooling system. In order to 

conduct power balance studies on EAST, achieving 100% measurement of the injection 

power is crucial. The next work is to expand the measurement range of the calorimetric 

diagnostics system to include the PFCs mentioned above. Subsequently, integrating 

with other diagnostics systems, such as infrared cameras and radiation diagnostics 

system, to achieve comprehensive measurement of power injection during discharges. 

(2) Conducting research on the energy load distribution and power balance during long-

duration high-parameter shots on EAST, and thoroughly clarifying the energy loss 

contributions from each channel. These results will be useful in predicting the core-to-

edge energy flow in future fusion devises. All these researches can provide guidance 

for the safe operation of self-sustained future fusion power plants. 
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