
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학박사 학위논문 

 

Study on Intrinsic Rotation in 

KSTAR Ohmic Plasmas 

 

 

KSTAR 오믹 플라즈마의 고유 유동에 대한 연구 

 

 

 

 

2017년 8월 

 

 

서울대학교 대학원 

에너지시스템공학부 

나 동 현 

   



 

Study on Intrinsic Rotation in 

KSTAR Ohmic Plasmas 

 

 

지도 교수  나 용 수 

 

이 논문을 공학박사 학위논문으로 제출함 

2017년 7월 

 

서울대학교 대학원 

에너지시스템공학부 

나 동 현 

 

나동현의 공학박사 학위논문을 인준함 

 2017년 6월 

 

위 원 장          함 택 수         (인) 

부위원장          나 용 수         (인) 

위    원          황 용 석         (인) 

위    원          장 호 건         (인) 

위    원          고 원 하         (인)

   



 

Abstract 
 

Study on Intrinsic Rotation in 

KSTAR Ohmic Plasmas 

Na, Donghyeon 

Department of Energy System Engineering 

(Fusion & Plasma Engineering) 

The Graduate School 

Seoul National University 

 

Plasma rotation is known to affect tokamak plasma performance 

and stability. The intrinsic rotation study is one of the important 

issues of tokamak plasma because it is expected that the plasma 

rotation by external torque sources is small in large devices such as 

ITER unlike the present tokamaks. Ohmic plasma could be the most 

suitable plasma for studying the physical mechanism of the intrinsic 

rotation generation and the experiments for the intrinsic rotation in 

Ohmic plasma has been conducted in various tokamaks. KSTAR, a 

domestic tokamak, had also been conducting experimental studies on 
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the intrinsic rotation in Ohmic plasmas, but previous studies only 

focused on the core intrinsic rotation using XICS measurement (𝑉𝑉ϕ(0) 

based analysis on the intrinsic rotation). 

In this research, the experiment was designed to measure the 

profiles of the intrinsic rotation, and the profile-based analysis was 

performed to investigate the experimental characteristics of the 

intrinsic rotation in KSTAR Ohmic plasmas. Based on this database 

and experimental characteristics, a comparative analysis with various 

theoretical models for the intrinsic rotation generation was carried 

out. Then, the integrated modelling was conducted to predict the 

intrinsic rotation profiles using the selected model in KSTAR Ohmic 

plasmas and compare the intrinsic rotation profiles in experiments. 

In order to measure the intrinsic rotation profiles in KSTAR, 

neutral beam injection is inevitably required. At this time, neutral 

beam injection not only disturb the plasma properties but also cause 

deformation of the plasma rotation due to external torques, so it is of 

the highest priority to minimize the external perturbation and to 

measure the intrinsic rotation in pure Ohmic plasma as much as 

possible. For this purpose, the optimal operating conditions of the 

neutral beam injection for measuring the intrinsic rotation profiles in 

KSTAR Ohmic plasma were experimentally derived. The optimal 

operating conditions depend on the plasma condition and purpose; in 
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KSTAR Ohmic plasma with a plasma current of 400-600 kA, it is 

confirmed that 20 ms * 2 Hz or less of beam injection duration and 

frequency should be at least satisfied. 

As a result of the investigation of the intrinsic rotation profiles 

measured under various operating and plasma conditions, it is 

confirmed that 𝑉𝑉ϕ(0) based analysis could be limited to capture the 

intrinsic rotation characteristics. To sufficiently cover the intrinsic 

rotation characteristics using 𝑉𝑉ϕ(0) based analysis, two conditions 

are required. One is that the intrinsic rotation near the plasma 

boundary must be negligible, and the other is that the intrinsic 

rotation profile must be a simple curve. It has been confirmed that 

the intrinsic rotation near the plasma boundary depends on various 

operating and plasma conditions in KSTAR Ohmic plasma, and that 

even under the same operating conditions, it depends on when the 

experiment is performed. This means that the intrinsic rotation near 

the plasma boundary is sensitive to not only the operating conditions 

but also wall conditions. Furthermore, the change of the intrinsic 

rotation near the plasma boundary in KSTAR Ohmic plasma is up to 

20 km/s. This is a level that cannot be ignored when compared with 

the typical variation of 𝑉𝑉ϕ(0) in KSTAR Ohmic plasma. The other 

thing is that the intrinsic rotation profile does not have a simple 

curved shape and the toroidal rotation gradient could be varied 
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significantly depending on the radial location. It means that the 

intrinsic rotation profile must be considered in order to understand 

the actual intrinsic rotation characteristics. In consideration of these 

characteristics, we adopted the profile-based analysis and 

investigated the intrinsic rotation characteristics in KSTAR Ohmic 

plasma based on about 300 databases accumulated until 2016 KSTAR 

campaign.  

First, we have examined the typical feature of the intrinsic 

rotation profiles. It is observed that the intrinsic rotation profiles in 

KSTAR Ohmic plasma could have a feature divided into four regions. 

The innermost region near the center of the plasma has a somewhat 

flat or slightly bulging shape, which is consistent with the inversion 

radius of sawtooth activity. Next, the region with a steep slope, called 

gradient region, is observed, and it usually has a positive gradient in 

KSTAR Ohmic plasmas. This region is strongly associated with the 

change in 𝑉𝑉ϕ(0) as a result of the large change in slope with the 

increase of plasma density. The next is the anchor point region. Here, 

the profile seems again flattened and appears to act as the boundary 

region of the gradient region. This region is far from the actual 

plasma boundary, and is distinct from the actual plasma boundary 

region. The last part is the area between the anchor point region and 

the actual plasma boundary, and there are various shapes and values 
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of the intrinsic rotation according to the plasma operating conditions.  

By analyzing the intrinsic rotation profiles for various operating 

conditions, it can be confirmed that the intrinsic rotation evolves from 

nearly flat to hollow shapes with the increase of the plasma density 

in KSTAR Ohmic plasmas and the feature of the intrinsic rotation is 

closely related to 𝑞𝑞95. Here, the evolution of the intrinsic rotation 

mainly results from the change of the normalized rotation gradient 

(𝑢𝑢′) and its variation is only observed in the gradient region with the 

increase of plasma density while no significant change is observed in 

the anchor point region. Note that, the gradient region corresponds 

to the region with a low 𝑞𝑞 value and a weak magnetic shear, and an 

anchor point region with a high 𝑞𝑞 value and a strong magnetic shear.  

The change of 𝑢𝑢′ in the gradient region could be approximated 

by the ratio of the residual stress (the intrinsic rotation generation 

mechanism) and the momentum diffusivity. Here, it is expected that 

both are related to the turbulence characteristics such as ITG / TEM,  

so that the correlation of 𝑢𝑢′  with the plasma properties such as 

𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖 ,𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒 ,𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖, 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 which effect on the turbulence characteristics 

was investigated. The analysis represents that the most important 

correlative properties are 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  and 𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖 . Interestingly, it was 

derived from the time-varying transport simulation that the change 

of 𝑢𝑢′ in the gradient region would be closely related to the significant 
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change of the momentum diffusivity rather than the change of the 

residual stress. This is in agreement with experimental observations 

that 𝑢𝑢′  always have a negative value even with a much lower 

collisionality with the ECH injection and the linear/nonlinear 

gyrokinetic simulations. 

Using the KSTAR Ohmic plasma database, we have evaluated 

which theoretical model can well predict the intrinsic rotation 

characteristics. As a result of comparing and analyzing the 

neoclassical transport model and various turbulent transport models, 

it was found that the "finite ballooning tilting" model could well 

capture the intrinsic rotation characteristics observed in experiments. 

Although an arbitrary (but within a range of possible levels) tilting 

angle was used, the similar magnitude of 𝑢𝑢′ in experiments could be 

represented, and even under fixed tilting angles, the model seems to 

predict similar 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 dependence in both gradient region and anchor 

point region. The difference between the gradient region and the 

anchor point region was found to be related to the magnetic shear 

and the 𝑞𝑞  value. The predicted 𝑢𝑢′  represents the similar 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 

dependence of 𝑢𝑢′  observed in the gradient region for the weak 

magnetic shear and the low 𝑞𝑞 value case while it becomes smaller 

and the tendency is changed for the strong magnetic shear and the 

high 𝑞𝑞 value case. This is consistent with experimental observations 
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where the gradient region and the anchor point region are related to 

the 𝑞𝑞 value and the magnetic shear value. 

Finally, in order to calculate the intrinsic rotation profiles in 

KSTAR Ohmic plasma by applying the "finite ballooning tilting" model, 

an integrated modelling was performed by combining the GKW code 

and the transport code ASTRA. Although the level of the intrinsic 

rotation from the modelling was predicted to be smaller than the 

intrinsic rotation in experiments, the change of 𝑢𝑢′ with the increase 

of the collisionality and the profile feature which consists of the 

gradient region and the anchor point region seem to be well predicted. 

This shows that the “finite ballooning tilting” model has a high 

potential as the intrinsic rotation generation mechanism in KSTAR 

Ohmic plasmas and the integrated modelling for the intrinsic rotation 

prediction would be utilized for various applications. 
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Chapter 1. Introduction 
 

1.1. Nuclear fusion and tokamak 
 

1.1.1. Fusion reaction 
 

Nuclear fusion is the process that more than one nuclei combines to 

form a single nucleus. In this process, the energy may release when 

the mass outcome is smaller than the income, following the mass - 

energy conservation law. The goal of present studies on the 

controlled nuclear fusion is to produce energy from the fusion 

reaction between two hydrogen isotopes; Deuterium (D) and Tritium 

(T). This reaction can be expressed as  

 

𝐷𝐷12 + 𝑇𝑇13 = 𝐷𝐷14 (3.5MeV) + 𝑛𝑛01 (14.1MeV)  (1.1) 

 

D-T reaction is one of fusion process which requires smallest 

income energy. Therefore, it is most easily accessible and this is why 

present research is focused on this. Since kinetic energy outcome of 

this reaction (17.6 MeV) is much higher than income energy to 

overcome the coulomb barrier (~0.01 MeV), D-T reaction may be 

used to generate energy and electricity in future fusion power plant. 

To initiate the fusion reaction without heavy gravitation like sun, 
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temperature over 100 million kelvin is needed. At such temperature, 

most of matter is fully ionized and becomes plasma; the fourth state 

of matter. However, it is not a trivial to sustain a high energy particle 

and confinement of hot plasma for nuclear fusion is very challenging 

issues. 

 

1.1.2. Plasma confinement 
 

To initiate the fusion reaction, it is essential to sustain the hot and 

dense plasma in the limited space. Furthermore, high energy 

confinement is required to increase the plasma temperature with 

limited heating source and maintain the long time operation. 

Specifically, we can define the confinement time, 𝜏𝜏E, in stationary 

conditions as 

 

𝜏𝜏𝐸𝐸 = 𝑊𝑊
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖

  (1.2) 

 

where 𝑃𝑃inj is injected power into plasma and 𝑊𝑊 is total stored 

energy of plasma. 𝜏𝜏E  presents the performance of energy 

confinement and it has to be big enough to make high energy plasma. 

In Lawson Criterion [1], it is found that the product of the plasma 

density 𝑛𝑛 and 𝜏𝜏E requires 𝑛𝑛𝜏𝜏E > 1.5 × 1020m−3s to ignite the fusion 

reactions to provide enough energy to maintain the plasma against 
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energy loss. Also, this condition has to be closely achieved to 

generate power from nuclear fusion under economic feasibility.  

 

1.1.3. Tokamak 
 

Tokamak is one of promising thermonuclear fusion device in present 

days. Its structure is shown in Figure 1.1. Toroidal field is generated 

by the currents in the toroidal field coil and poloidal field is formed 

by the toroidal currents inside the plasma current. There is also 

central solenoid coils to inductively drive the plasma current and 

several poloidal field coils to adjust the plasma position and shape. 

As a result, tokamak has a helical magnetic field configuration. It was 

firstly invented by Andrei Sakharov in 1950s. Through decades, 

concept of tokamak was significantly developed and physics of 

tokamak plasma were discovered within multiple devices, such as 

TFTR (USA), DIII-D (USA), JET (Europe), JT-60U (Japan) and 

KSTAR (Korea). With these development, the plasma performance 

has been greatly improved.  

However, despite being the most effective device, the tokamak 

still faces some problems such as MHD instabilities and micro 

instabilities. These instabilities induce the energy flux to the outside 

of plasma and degrade the performance. Therefore, they have to be 
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controlled and suppressed to achieve the high plasma performance.  

 

 

Figure 1.1 Schematic view of tokamak with plasma current and 

magnetic field [2]. 

 

In tokamak, 𝑛𝑛𝜏𝜏E tends to increase with size of machine due to 

stiffness in plasma profile. As confinement improves in big device, 

large-scale tokamak device is preferred for plasma fusion, and it 

resulted in the construction of large devices such as JET and JT-

60U. Furthermore, ITER (International Thermonuclear Experimental 

Reactor), the next large-scale tokamak, is under construction with 
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the international agreement. This future machine is expected to 

significantly improve the fusion research. In particular, it aims to 

solve the remaining obstacles in nuclear fusion and to prove the 

fusion energy as a resource of electrical power. For this reason, the 

success of ITER will be a key for the commercialization of nuclear 

fusion power plant. To achieve this goal, there is a need to address 

the remaining questions in the tokamak plasma before the ITER 

operation.  

 

1.2. Plasma rotation and intrinsic rotation in tokamaks 
 

In previous research, it has been found that the plasma rotation plays 

crucial role in the plasma performance especially on the MHD 

instabilities and micro-instabilities in tokamak plasma. Rotation can 

stabilize the Resistive Wall Mode (RWM) [3-8], which enables 

plasma to exceed the no wall limit and proceed to the higher operation 

regime. For micro-instabilities, the toroidal rotation may induce the 

shear in radial electric field and suppress the turbulence through the 

increased E x B shearing rate [9-12]. As micro-instabilities are 

weakened, the amplitude of anomalous transport can be reduced and 

energy confinement could be increased. Rotation shear at the edge 

region also can enhance the stability of edge localized mode (ELM) 
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in H-mode plasma and improve the stored energy in the edge 

pedestal [13]. Its influence on the neoclassical tearing mode was also 

reported [14].  

 

1.2.1. Plasma rotation 
 

Plasma rotation or flow of plasma is generally observed in present 

tokamaks. During the operation, the momentum sources such as 

neutral beam injection transfer the momentum to the plasma and the 

momentum is distributed in plasma through the transport process. In 

usual, the plasma rotation refers to the toroidal rotation, and this 

study deals with the toroidal rotation only. Toroidal rotation, 𝑢𝑢𝜙𝜙, can 

be expressed with the governing equation as follows. 

 

𝑛𝑛𝑛𝑛 𝜕𝜕〈𝑢𝑢𝜙𝜙〉
𝜕𝜕𝑡𝑡

+ 〈∇ ∙ Γ𝜙𝜙����⃗ 〉 = 〈S�⃗ 〉  (1.3) 

 

Γ⃗𝜙𝜙 = (𝑛𝑛𝑛𝑛𝑢𝑢�⃗ 𝑢𝑢�⃗ )𝜙𝜙 + Π��⃗ 𝜙𝜙   (1.4) 

 

Here, quantities (𝑢𝑢�⃗ ,𝑛𝑛,𝑛𝑛) refer flow velocity, plasma density and mass 

of a single fluid plasma (usually main ion). 〈. . 〉 refers flux averaged 

quantities. For a tokamak topology and cylindrical coordinates, the 

equation (1.3) can be expressed as follows. 
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𝜕𝜕𝐿𝐿𝜙𝜙
𝜕𝜕𝑡𝑡

+ 1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝑟𝑟
�𝑟𝑟𝛱𝛱𝜙𝜙𝑟𝑟� = ∑𝜏𝜏𝜙𝜙  (1.5) 

 

where 𝐿𝐿𝜙𝜙  is the angular momentum ( 𝐿𝐿𝜙𝜙 ≡ 𝑛𝑛𝑛𝑛𝑅𝑅𝑉𝑉𝜙𝜙 ), 𝛱𝛱𝜙𝜙𝑟𝑟  is the 

Reynolds stress, and ∑𝜏𝜏𝜙𝜙 is the sum of the external torque. Here, 

the Reynolds stress term can be decomposed as follows. 

 

𝛱𝛱𝜙𝜙𝑟𝑟 = −𝜒𝜒𝜙𝜙
𝜕𝜕𝐿𝐿𝜙𝜙
𝜕𝜕𝑟𝑟

+ 𝑉𝑉𝑝𝑝𝐿𝐿𝜙𝜙 + 𝛱𝛱𝑟𝑟𝑒𝑒𝑟𝑟 (1.6) 

 

The terms on the right hand side represent the diffusive momentum 

flux (−𝜒𝜒𝜙𝜙
𝜕𝜕𝐿𝐿𝜙𝜙
𝜕𝜕𝑟𝑟

), the convective momentum flux (𝑉𝑉𝑝𝑝𝐿𝐿𝜙𝜙), and the residual 

stress (𝛱𝛱𝑟𝑟𝑒𝑒𝑟𝑟), respectively [15]. 

 

1.2.2. Intrinsic rotation 
 

Unlike the conventional tokamaks, recent studies for the ITER 

prediction suggest that the plasma rotation driven by external source 

would be small in ITER plasmas [16, 17]. It is due to a small 

momentum source when it is compared to the size of ITER. As a 

result, the degradation in the plasma performance and no RWM 

suppression due to the small rotation may expected in ITER. 

Interestingly, the plasma rotation without external momentum 
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source has been observed in multiple tokamaks such as JET [18], 

Alcator C-Mod [19], Tore Supra [20], DIII-D [21] etc. and this can 

be the partial solution to generate the plasma rotation in ITER. This 

is called as “Intrinsic rotation”. Previous studies have revealed that 

the intrinsic rotation in the present tokamaks has magnitude of 0.01−

0.1 MA where MA is Alfven Mach number. In the beginning, empirical 

approach in H-mode plasmas was made to predict the magnitude of 

the intrinsic rotation in ITER. Rice scaling is one of well-known 

results for the core intrinsic rotation based on inter-machine 

database [22]. It showed a relatively good agreement with the 

present devices and predicted that the intrinsic rotation in ITER will 

be order of 0.01 MA. However, the recent subsequent studies in JET 

[23] and DIII-D [24] have suggested that Rice scaling does not work 

at high 𝛽𝛽N plasmas in JET and the ITER intrinsic rotation prediction 

would be much smaller than the previous prediction of 1000 km/s. It 

shows the limitation of the empirical scaling approach; implying that 

the empirical scaling based on the H-mode database has failed. It is 

suggested that physics based study for the intrinsic rotation 

generation mechanisms associated with 𝛱𝛱𝑟𝑟𝑒𝑒𝑟𝑟 in the equation (1.6) is 

required even for the ITER prediction. 
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1.3. Intrinsic rotation study in Ohmic plasmas 
 

For the physics study of the intrinsic rotation and its generation 

mechanisms in tokamaks, Ohmic plasma could be a best choice since 

there is no interaction with auxiliary heating such as ECH and ICRH 

as well as no external torque source. 

It is important to note the history of the intrinsic rotation studies 

in Ohmic plasmas. Most of the intrinsic rotation studies in Ohmic 

plasmas have been focused on the rotation reversal phenomenon 

which was firstly reported in TCV [25]. Above a specific density 

threshold, the core intrinsic rotation is reversed from the co-current 

to the counter-current direction for diverted plasmas (but for limited 

plasmas, it is from the counter- to the co-current direction). The 

rotation reversal has been observed in other tokamaks such as 

Alcator C-Mod [26], ASDEX Upgrade [27], MAST [28], and KSTAR 

[29]. With experimental progresses in various tokamaks [30-41], 

there have been a lot of theoretical advances for the intrinsic rotation 

generation mechanisms as well as the rotation reversal [42-50], 

which include a specific symmetry breaking term of the 

radially/poloidally inhomogeneous turbulence, profile shearing, and 

the deviation of an equilibrium distribution from the Maxwellian. Most 

of them are related to k∥  symmetry breaking where it could be 
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mainly categorized into two features of the spectral shift of the single 

ballooning structure and the mode coupling in the spectral dispersion. 

Figures 1.2 (a) and 1.2 (b) show simplified pictures of them. At a 

local radial location, 〈k∥〉 ≠ 0 is satisfied then it could result in a finite 

radial momentum flux as fluid-like contributions. 

Even with the experimental and theoretical progresses, there 

have been no quantitative comparison between experiments and 

theories since most of the experiments had been focused on 𝑉𝑉𝜙𝜙(0) 

as well as the sign, and theoretical comparisons were only focused 

on the explanation for the reversal (or bifurcation) of the residual 

stress. Although the rotation reversal phenomenon is interesting and 

lead to many theoretical advances for the intrinsic rotation generation 

mechanisms, the observation of the rotation reversal has been the 

starting point for intrinsic rotation studies in Ohmic plasma to focus 

on 𝑉𝑉𝜙𝜙(0) , particularly over the sign; which could make someone 

overlook the actual intrinsic rotation characteristics in Ohmic plasmas. 

More details are covered in the next chapter.  
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Figure 1.2 Simple pictures of the symmetry breaking mechanisms: (a) 

spectral shift [50] and (b) mode coupling in spectral dispersion [46]. 
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Figure 1.3 Schematic pictures of typical intrinsic rotation generation and several types of intrinsic rotation profiles.
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1.4. Objectives and outline of this dissertation 
 

With experiments in various tokamaks and theoretical progresses for 

the intrinsic rotation, there is no conclusive consensus on physics of 

intrinsic rotation generation. Even, the intrinsic rotation 

characteristics in experiments have been not well organized, either 

by devices or by plasma conditions. It could be due to very complex 

and diverse mechanisms of the intrinsic rotation, but one of possible 

reasons is that single parameter for the intrinsic rotation is used 

without considerations of the intrinsic rotation profiles in detail. In 

actual, most experimental analysis in various tokamaks (especially in 

Ohmic plasmas) has been done based on the core intrinsic rotation, 

𝑉𝑉𝜙𝜙(0) , as described above, which could loss the actual intrinsic 

rotation characteristics in experiments. As shown in Figure 1.3 (Ideal 

case), 𝑉𝑉𝜙𝜙(0)  could be a good proxy for the intrinsic rotation 

characteristics in case of the ideal case. The magnitude of 𝑉𝑉𝜙𝜙(0) 

represents the degree of change in the momentum transport and the 

sign of 𝑉𝑉𝜙𝜙(0) indicates the direction of the momentum transport. 

However, if no-slip condition is not satisfied, or the profile is not a 

simple curves then as shown in Figure 1.3, it is difficult to predict the 

momentum transport characteristics with only 𝑉𝑉𝜙𝜙(0).  

In this research, the intrinsic rotation is studied in KSTAR Ohmic 
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plasmas based on intrinsic rotation profiles, called profile-based 

analysis, to capture the intrinsic rotation characteristics well. The 

characteristics of the intrinsic rotation will be studied by experiments 

and analyzed based on statistically sufficient databases. Then, to 

understand the physics of the intrinsic rotation generation, the 

experimental database will be compared with various theoretical 

models. Finally, the integrated modelling will be performed to 

calculate entire profiles of the intrinsic rotation in KSTAR Ohmic 

plasmas with the selected model.  
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Chapter 2. Experimental Observation of Intrinsic 

Rotation in KSTAR Ohmic Plasmas 

 

2.1. Experimental approaches and setups 
 

In KSTAR, the toroidal rotation and the ion temperature can be 

measured using x-ray imaging crystal spectrometers (XICS) [51] 

and charge exchange recombination spectrometers (CES) [52]. In 

the early KSTAR experiments for the intrinsic rotation study, XICS 

measurement was mainly used since it can be operated without the 

neutral beam injection which is one of external torque sources. 

However, its small field of view and a low emissivity in the edge 

region make it difficult to obtain a complete profile of the toroidal 

rotation in KSTAR. On the other hand, the CES measurement is 

reliable in obtaining entire profiles of the toroidal rotation when the 

neutral beam injection is applied to the plasma only. However, with 

proper operating conditions, it can be used for the intrinsic rotation 

study in Ohmic plasmas too. Due to this reason, the experiments in 

this thesis have been conducted using the CES measurement with the 

beam blip techniques under fine-tuned operating conditions for the 

full dissipation of the beam perturbation and the intrinsic rotation 

measurement in Ohmic plasmas. In addition to, dual measurement 
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systems of CES and XICS in KSTAR can improve further ability for 

the intrinsic rotation study. Its application will be dealt in detail. 

The experimental approaches for tuning of the beam operating 

conditions are introduced. In KSTAR, main controllable beam 

operating conditions are the beam energy/power, the beam duration, 

and the beam frequency. Figure 2.1 shows the methodology of the 

intrinsic rotation measurement in KSTAR Ohmic plasmas with the 

beam blips. As a default setup, the CES measurement requires 10 ms 

beam injection at least. Therefore, with the beam injection of 20 ms 

as shown in Figure. 2.1 (a), the CES measurement is performed in 

two time-slices, and the toroidal rotation profiles can be seen in 

Figure 2.1 (b). Finally, the intrinsic rotation profile before the beam 

injection can be approximated by the backward extrapolation method. 

The blue line of Figure 2.1 (b) shows the intrinsic rotation profile 

estimated by the linear extrapolation from the toroidal rotation at the 

first and second frames.  
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Figure 2.1 (a) An example of the beam blip injection in KSTAR for 

CES measurement, and (b) toroidal rotation profiles during the beam 

injection and the intrinsic rotation profile approximated by the 

backward extrapolation method. 
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For more database from the limited discharges, it could be useful 

to apply beam blips more frequently; however, the application of too 

frequent beam blips can distort the plasma information and provide 

beam induced toroidal rotation rather than intrinsic rotation even with 

the backward extrapolation for each beam blips. In the same vein, the 

beam duration and the beam energy/power have also pros and cons 

which means optimal operating conditions would exist for a specific 

experiment propose. Figure 2.2 and 2.3 show beam tuning 

experiments with different types of the beam blip operating 

conditions. In the beam blip tuning experiments, two beam sources of 

NB1 and NB2 were used in a single discharge. Although the footprint 

of two beam sources are slightly different, it is efficient to test more 

cases with limited discharges. An example discharge in Figure 2.2 

was conducted with plasma current of 600 kA and 70 keV beam 

energy (0.88 MW beam power), 5 Hz beam frequency, and 20 ms 

beam duration for NB1 (before 2.5 sec) and 70 keV (0.98 MW), 10 

Hz, and 20 ms for NB2 (after 2.5 sec). With 10 Hz beam frequency 

(from 2.5 s to 4.5 s in Figure 2.2), all plasma properties such as the 

line-averaged electron density, the core ion temperature, the core 

toroidal rotation and the stored energy are increased significantly due 

to the accumulation of the beam blip when each property is compared 

with reference values at 1.5 sec. On the other hand, with 5 Hz beam 
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frequency (from 1.5 s to 2.5 s in Figure 2.2), the changes of the line-

averaged electron density, the core ion temperature, and the stored 

energy are less than 10 % of its reference values; which means the 

accumulation of the beam blip perturbation is not much large. Note 

that, the core toroidal rotation is still significantly changed 

approximately from -10 km/s to 0 km/s due to beam blips. It implies 

that the full dissipation time of the beam blip perturbation could be 

different between the toroidal rotation and other properties. Another 

example discharge in Figure 2.3 was conducted with plasma current 

of 400 kA and 70 keV beam energy (0.88 MW beam power), 3 Hz 

beam frequency, and 30 ms beam duration for NB1 (before 2.5 sec) 

and 60 keV (0.76 MW), 3 Hz, 30 ms for NB2 (after 2.5 sec). Although 

different two beam sources of NB1 and NB2 are used in this 

discharge, it is observed that there is no significant different between 

both cases; implying the only important things are operating 

conditions. Here, although there is no significant change in the ion 

temperature and the plasma stored energy at the every blips, the line 

averaged electron density and the toroidal rotation seem not to be 

fully dissipated even with a low beam power and frequency. Another 

notable thing is the density perturbation for the low plasma current 

(400 kA) discharge could be significantly larger than that for the high 

plasma current (600 kA) discharge.  
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Figure 2.2 Experiment (600 kA) for beam blip tuning in KSTAR. 
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Figure 2.3 Experiment (400 kA) for beam blip tuning in KSTAR. 
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Unlike the beam blip experiments in other devices, with dual 

measurement systems of CES and XICS in KSTAR, the beam blip 

experiments in KSTAR can be used for the perturbative transport 

analysis too. Figure 2.4 shows a time-trace of experiments for the 

perturbative transport analysis with the beam blip injection in 400 kA 

KSTAR Ohmic plasmas. In this discharge, the beam blips were 

applied with the following conditions: 20 ms beam duration, 2 Hz 

beam frequency, 70 keV beam energy and 1 MW beam power. Each 

beam blip induces a few percent (<10%) increase in the plasma 

stored energy and the line-averaged electron density, but these 

changes are dissipated within about 200-300 ms. However, the 

dissipation time of the core toroidal rotation with a large variation 

seems longer than 300 ms even for simple viewing. For a better 

resolution, the core toroidal rotation evolution is plotted in Figure 2.5 

(a) by summing the evolution from 2 s to 4 s. In Figure 2.5 (a), the 

beam blip was applied for 20 ms, resulting in an increase in the core 

toroidal rotation, reaching a maximum value of about 100 ms, as 

defined in the ∆𝜏𝜏𝑝𝑝𝑒𝑒𝑚𝑚𝑝𝑝 . Then, the core toroidal rotation gradually 

decreases for 300 ms down to the level before the beam blip had 

been applied. Here, it is clearly seen that the dissipation time of the 

beam blip perturbation on the core toroidal rotation (∆𝜏𝜏𝑑𝑑𝑖𝑖𝑟𝑟𝑟𝑟𝑝𝑝) is about 

400 ms in this discharge. Here, the total increase in the core toroidal 
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rotation is up to 35 km/s and a phase information parameter for the 

transport analysis, ∆𝜏𝜏𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒, is about 200 ms. One notable thing is the 

evolution of the core toroidal rotation can be significantly different 

depending on the operating conditions. Figure 2.5 (b) shows the 

evolution of the core toroidal rotation with beam blips in 500 kA 

KSTAR Ohmic plasmas. For both two experiments in Figures 2.5 (a) 

and 2.5 (b), the toroidal magnetic field is same and the difference of 

the line-averaged electron density is approximately 10 %. Even with 

exactly same beam blip conditions, the evolution of the core toroidal 

rotation is significantly different. For 500 kA discharge in Figure 2.5 

(b), the dissipation time of the beam blip perturbation is about 750 

ms. More importantly, for this discharge, the total increase in the core 

toroidal rotation is about 25 km/s which is less than 35 km/s of 400 

kA discharge. The dissipation time for the smaller change of the 

toroidal rotation is about twice as long. 
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Figure 2.4 Time trace of a beam blip discharge in KSTAR Ohmic 

plasmas. 2 Hz beam frequency and 20 ms beam duration are used. 
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Figure 2.5 Evolution of the core toroidal rotation in the beam blip 

experiment in KSTAR Ohmic plasmas; (a) 400 kA and (b) 500 kA 
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In fact, the optimal beam blip conditions for the intrinsic rotation 

measurement and the perturbative transport analysis depend on 

plasma operating conditions such as the plasma current and the 

plasma density. Through trial and error, some rules of the beam blip 

operating conditions for the intrinsic rotation study have been 

obtained in KSTAR. 

 

- Beam blip operating conditions for the full dissipation of the 

beam perturbation to the toroidal rotation cannot be simply 

determined by comparing other properties such as the 

temperature and the stored energy. 

 

- Even with a low beam energy and a short beam duration, the 

beam frequency larger than 2 Hz is not sufficient for the full 

dissipation of the beam perturbation. 

 

- The toroidal rotation at the first frame of the beam blip is not 

much different from the intrinsic rotation. It means that the 

toroidal rotation profiles at the first frame could be used as the 

approximate intrinsic rotation profiles. 

 

- For the pure intrinsic rotation study, the beam duration of 10 
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ms (a minimum duration for the diagnosis with a default setup) 

could be better; whereas 20 ms could be better for the transport 

analysis study since a relatively large change of the toroidal 

rotation is required for a sufficient resolution. 

 

By considering above rules, further experiments have been 

performed for the intrinsic rotation study in KSTAR Ohmic plasmas 

with the beam energy of 70-100 keV, the beam duration of 10-20 

ms, and the beam frequency of 1-2 Hz in KSTAR Ohmic plasmas. 
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2.2. Typical features of intrinsic rotation profiles 

 

2.2.1. 4 regions of intrinsic rotation profile 
 

In this chapter, typical features of the intrinsic rotation profiles in 

KSTAR Ohmic plasmas are introduced. In usual, the intrinsic rotation 

in KSTAR Ohmic plasmas is in the counter-current direction and has 

a hollow profile regardless of operational conditions such as the 

plasma current, the toroidal magnetic field, and the plasma shape. 

Figure 2.6 (a) shows a typical profile of the intrinsic rotation with 

plasma current of 800 kA, toroidal magnetic field in 2.8 T, a limited 

plasma configuration with 𝜅𝜅~1.4 , and 𝑛𝑛�𝑒𝑒~3.3 × 1019 . The typical 

profile can be divided into four regions; core and/or sawtooth region, 

gradient region, anchor point region, and edge region. 
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Figure 2.6 Typical feature of the intrinsic rotation profile in KSTAR 

Ohmic plasmas: (a) w/ and (b) w/o sawtooth activity. 
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- Core and/or sawtooth region, inside 𝜌𝜌~0.3 in Figure 2.6 (a), 

shows a roughly flat or a somewhat bulging shape. This feature 

seems to be related to the neoclassical toroidal viscosity 

associated with the sawtooth activity [53, 54] so that it is 

localized inside the inversion radius in usual. For normal Ohmic 

plasma operations in KSTAR, the sawtooth activity is commonly 

observed so that this feature is also prevalent.  

 

- Gradient region, approximately between 𝜌𝜌~0.3  and 𝜌𝜌~0.7  in 

Figure 2.6 (a), shows a steep gradient of the profile so that the 

region is referred to as the gradient region. For normal 

discharges in KSTAR Ohmic plasmas, the rotation gradient has 

a positive value, but the gradient can vary depending on the 

plasma density and the collisionality.  

 

- Anchor point region, approximately 𝜌𝜌~0.7 in Figure 2.6 (a), 

shows a nearly flat shape again. It is called an “anchor point” 

since it plays a peripheral boundary for the gradient region. 

Interestingly, it is far away from the actual plasma boundary. 

Usually, the toroidal rotation gradient near the anchor point 

does not change even with the varying of it in the gradient 

region. 
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- Edge region, approximately between 𝜌𝜌~0.7 and 𝜌𝜌~1.0 in Figure 

2.6 (a), covers the area between the anchor point and the actual 

plasma boundary. For the region, the profile and/or the 

magnitude of the intrinsic rotation seems to depend on various 

operating conditions. Due to a low resolution around the actual 

plasma boundary, the edge intrinsic rotation is approximately 

defined as the intrinsic rotation at 𝜌𝜌~0.8 for further analysis on 

the edge intrinsic rotation. 

 

One notable thing is that the nearly flat shape in core region is 

also observed in discharges where the sawtooth activity is not 

observed. In Figure 2.6 (b), the nearly flat shape of the intrinsic is 

still observed inside 𝜌𝜌~0.2. It means that the inner boundary of the 

gradient region does not origin from the sawtooth activity only 

although it is predominant in most experiments. 

 

2.2.2. Variance of edge rotation at similar profile shape 
 

In general, the boundary rotation of the limited plasmas would be 

thought of close to zero rotation regardless of the operating 

conditions. In KSTAR, however, the non-negligible edge intrinsic 

rotation is commonly observed and it is very sensitive to operating 

 ３１ 



 

conditions and wall conditions even for the limited plasmas. Figure 

2.7 (a) shows intrinsic rotation profiles from two discharges with a 

limited configuration and different toroidal magnetic fields in KSTAR. 

Both discharges were operated on the same day and other operating 

conditions were fixed except the toroidal magnetic field. Here, the 

edge intrinsic rotation is approximately 10 km/s for the 2 T discharge 

while it is approximately 5 km/s for the 3 T discharge. Although the 

different of 5 km/s seems to be not large, it is not negligible when 

considering the usual level of the core intrinsic rotation (<20 km/s). 

As shown in Figure 2.7 (b), the difference of the edge intrinsic 

rotation is observed for two discharges operated on different days 

although both discharges were operated with the nearly same 

operating conditions. One has approximately 5 km/s of the edge 

intrinsic rotation and another has approximately -5 km/s of that. By 

considering that the wall conditions can vary significantly depending 

on the operating day, the difference of the edge intrinsic rotation 

could result from the different wall conditions. Note that here, under 

the similar operating conditions, the difference of the edge intrinsic 

rotation only appears as a global shift, with no clear difference in the 

overall profiles. 
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Figure 2.7 Intrinsic rotation profiles with different edge rotation in 

KSTAR Ohmic plasmas: (a) different toroidal magnetic fields and (b) 

different operating days. 
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2.2.3. Variance of profile shape at the same 𝑽𝑽𝝓𝝓(𝟎𝟎) 
 

It is possible to observe the different intrinsic rotation profiles at the 

same core intrinsic rotation in KSTAR Ohmic plasmas. In Figure 2.8, 

two discharges have the same core intrinsic rotation rotation, but its 

profiles are different. For the red line (400 kA, 3 T), the gradient 

region is located approximately between 𝜌𝜌~0.2 and 𝜌𝜌~0.6, but it is 

located approximately between 𝜌𝜌~0.4 and 𝜌𝜌~0.7 for the blue line 

(800 kA, 2.8 T) and shows an internal transport barrier (ITB) like 

structure. These observations clearly demonstrate the limitations of 

the intrinsic rotation analysis based on 𝑉𝑉𝜙𝜙(0) as mentioned in chapter 

1.4. 

 

Figure 2.8 Two different intrinsic rotation profiles at the same core 

intrinsic rotation in KSTAR Ohmic plasmas. 
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Chapter 3. Analysis of Experimental Characteristics 

in KSAR Ohmic Plasmas 

 

A quantitative analysis using the entire KSTAR Ohmic plasma 

database would be helpful for the understanding of the intrinsic 

rotation. Until the 2016 KSTAR experiment campaign, approximately 

300 datasets have been accumulated for this analysis. All of the 

datasets were obtained from experiments with beam blips where the 

intrinsic rotation profiles can be measured using CES. Although these 

datasets are all equipped with the profile measurements of the ion 

temperature and the intrinsic rotation, not all of the datasets contain 

other kinetic profiles such as the electron temperature and the 

electron density. Especially, the electron density profiles are only 

available in the 2016 campaign datasets, which form less than a half 

of the total database. The KSTAR Ohmic plasma database covers 

plasma current (𝐼𝐼p) ranging from 400 kA to 800 kA, toroidal magnetic 

field (𝐵𝐵T) from 2.0 T to 3.0 T, and elongation (𝜅𝜅) from 1.3 to 1.8 

where most of the plasmas are limited on the central column. This 

corresponds to the 𝑞𝑞95 range from 2.5 to 10. Further details of the 

distribution of the operating parameters can be found in Figure 3.1. 

Unlike the elongation distribution, which is somewhat concentrated, 
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the distributions of the plasma current and the toroidal magnetic field 

are a relatively even; this is helpful for non-biased analysis for both 

properties. Using this database, the profile-based analysis were 

conducted to determine the characteristics of the intrinsic rotation in 

KSTAR Ohmic plasmas and its underlying physics. First, the intrinsic 

rotation characteristics with the plasma density is investigated which 

covers the rotation reversal phenomenon in the view of the profile-

based analysis. Second, the 𝑞𝑞95 dependence of the location of the 

gradient region and the anchor point region is investigated since the 

distinction between the gradient region and the anchor point is a 

unique phenomenological feature of the intrinsic rotation 

characteristics in KSTAR Ohmic plasmas. Third, the parametric 

dependence of the normalized toroidal rotation gradient ( 𝑢𝑢′ ) is 

investigated since 𝑢𝑢′ is a key factor in the indication of the residual 

stress in the gradient region (𝑢𝑢′~ − Πres/𝜒𝜒𝜙𝜙). Fourth, the correlation 

between 𝑢𝑢′ and momentum transport components is investigated for 

the further understanding of the 𝑢𝑢′ evolution. For this analysis, the 

effective collisionality (𝜈𝜈eff ≡ 0.1𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑅𝑅𝑛𝑛𝑒𝑒/𝑇𝑇𝑒𝑒2) rather than the line-

averaged electron density is used, since its correlation with the 

variation of 𝑢𝑢′ is greater in KSTAR Ohmic plasmas. Here, where 

𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 is the effective charge number, which is assumed as 1.5 for all 

of the datasets due to a limitation of its measurement, 𝑅𝑅 is the major 
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radius in m, 𝑇𝑇e is the electron temperature in keV at the radial point, 

and 𝑛𝑛e is fixed at the line-averaged electron density in 1019 m−3. 

Although 𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 is expected to change depending on the density and 

the plasma current, the variation of 𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 would not have much effect 

on the overall trend of the collisionality dependence. Each result is 

described in the following sub-chapters. 

 

 

Figure 3.1 Distribution of Ohmic plasma database for the intrinsic 

rotation study until the 2016 experiment campaign in KSTAR: (a) 

Plasma current, (b) toroidal magnetic field, (c) elongation, and (d) 𝒒𝒒𝟗𝟗𝟗𝟗. 
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3.1. Plasma density dependence of intrinsic rotation profile 

 

One of unsolved issues of the intrinsic rotation in Ohmic plasmas is 

the rotation reversal phenomenon which is usually observed with the 

density ramp-up. In KSTAR Ohmic plasmas, the rotation reversal 

phenomenon is also observed in the density ramp-up experiments. 

Figure 3.2 shows the temporal evolution of the plasma current, the 

beam power, the line-averaged electron density, the core electron 

and ion temperature, and the core intrinsic rotation during the 

rotation reversal in the discharge #12935. The discharge was 

conducted with a limited plasma configuration using the beam blip 

techniques under fine-tuned operating conditions for the full 

dissipation of the beam perturbation. As the line-averaged electron 

density increases, the core intrinsic rotation evolves from the co- to 

the counter-current direction while no significant changes in the 

electron and the ion temperature are observed. At the same time, the 

profile evolution of the intrinsic rotation for this discharge is plotted 

in Figure 3.3 (a). It is noted here that the rotation reversal, a sign 

change of the core intrinsic rotation, mainly result from a change of 

the toroidal rotation gradient in the localized region, 0.3 < 𝜌𝜌 < 0.6, 

while the intrinsic rotation at 𝜌𝜌~0.6− 0.7  stays nearly constant 

during the rotation reversal in KSTAR Ohmic plasmas. It is the 
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peripheral boundary, called the “anchor point”, for the gradient 

region as described in chapter 2.2.1. Similar features of the evolution 

of the intrinsic rotation profiles during the rotation reversal have also 

been reported for Alcator C-Mod [32] and ASDEX Upgrade [38]; 

implying the rotation reversal observed in KSTAR Ohmic plasmas is 

not different from that observed in other devices. Noteworthy is that 

the rotation reversal can occur without the sawtooth activity in 

KSTAR although the rotation reversal has been observed with the 

sawtooth activity in most devices. The experiment presented in 

Figure 3.3 (b) was conducted with 𝑞𝑞95~9, where a clear sawtooth 

activity signature is not evident. The core intrinsic rotation evolved 

from 5 km/s to –30 km/s as the density was increased. For the 

discharges, the gradient region seems to be located in 0.2 < 𝜌𝜌 < 0.5 

and the anchor point is approximately 𝜌𝜌~0.5− 0.6. Notably, unlike the 

discharge in Figure 3.3 (a), the intrinsic rotation at the anchor point 

changes as well as the core intrinsic rotation even though the 

magnitude is relatively small. The cause of the change of the anchor 

point during the rotation reversal in this discharge is not yet clear; 

however, in any case, the toroidal rotation gradient at the anchor 

point is nearly zero during the rotation reversal, which would be a 

better criteria for the anchor point. Here, the most significant change 

that results in the rotation reversal is the change of the toroidal 
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rotation gradient in the gradient region. Therefore, it is important to 

closely examine the characteristics of the gradient region to 

understand the phenomenon of the rotation reversal. 

Conventionally, the rotation reversal implies a bifurcation-like 

abrupt sign change of the core intrinsic rotation. Inevitably, the 

definition requires the change of the sign of the intrinsic rotation at 

the core. With the conventional definition of the rotation reversal, 

some specific operating conditions such as the plasma current, the 

toroidal magnetic field, and the plasma shape are required in KSTAR 

Ohmic plasmas for the rotation reversal. However, further 

experimental results in KSTAR Ohmic plasmas suggest a doubt about 

the conventional definition since the sign of the core intrinsic rotation 

is not an indispensable indicator for the rotation reversal. By 

considering the continued experiments in some tokamaks including 

KSTAR, a more general definition of rotation reversal, a large change 

of the intrinsic toroidal rotation gradient produced by minor changes 

in the control parameters, was introduced in recent (the experimental 

results in this thesis contributed to it) to capture the characteristics 

of the rotation reversal phenomenon [55]. According to the more 

general definition of rotation reversal, the sign change of the core 

intrinsic and/or its gradient are not required.  
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Figure 3.2 Time trace of the rotation reversal discharge#12935 in 

KSTAR Ohmic plasmas.  
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Figure 3.3 Evolution of the intrinsic rotation profiles during the 

rotation reversal (conventional definition) in KSTAR Ohmic plasmas: 

(a) w/ and (b) w/o sawtooth activity. 
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Figure 3.4 shows the evolution of the intrinsic rotation profiles 

from the discharges, which is applicable for the more general 

definition of the rotation reversal, but not for the conventional 

rotation reversal. For these discharges, the crossing of the zero 

rotation by the core intrinsic rotation is not expected even with the 

nearly flat shape in the gradient region which is a normal variation as 

shown in Figures 3.3 (a) and 3.3 (b). Instead, for these discharges, 

the control parameters of the line-averaged electron density 

changes only less than 30 % but the normalized rotation gradient (𝑢𝑢′ ≡

−�𝑅𝑅/𝑣𝑣𝑡𝑡ℎ,𝑖𝑖�𝑑𝑑𝑉𝑉𝜙𝜙/𝑑𝑑𝑟𝑟) changes approximately two to three times at the 

mid-point of the gradient region. It is noted that, in the 

phenomenological point of view, a difference is not evident between 

the discharges in Figures 3.3 and 3.4, except for the sign change of 

the core intrinsic rotation. Like the conventional rotation reversal 

with the sign change of the core intrinsic rotation as shown in Figure 

3.3, the change of the core intrinsic rotation in Figure 3.4 mainly 

results from the change of the rotation gradient in the local region as 

the density increases and the anchor point region is clearly observed. 

The difference is caused by the difference in the toroidal rotation at 

the edge and/or the anchor point which can vary depending on the 

various operating conditions as described in chapter 2.2.2. In other 

words, it is reasonable to follow the more general definition for the 
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rotation reversal phenomenon in KSTAR Ohmic plasmas. In this case, 

the rotation reversal is commonly observed in KSTAR Ohmic plasmas 

with the increase of the density regardless of the operating 

conditions such as the plasma current, the toroidal magnetic field, and 

the plasma shape. Therefore, it is not required to distinguish the 

rotation reversal from the usual intrinsic rotation in KSTAR Ohmic 

plasmas. The rotation reversal phenomenon can be treated as just a 

behaviour of the intrinsic rotation, the change of 𝑢𝑢′ in the gradient 

region depending on the plasma density and/or the collisionality in 

KSTAR Ohmic plasmas.  
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Figure 3.4 Evolution of the intrinsic rotation profiles during the 

rotation reversal (more general definition) in KSTAR Ohmic plasmas: 

(a) w/ and (b) w/o sawtooth activity. 
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3.2. 𝒒𝒒𝟗𝟗𝟗𝟗 dependence of intrinsic rotation profile 

 

As shown in Figures 3.4 (a) and 3.4 (b), it is easily observed that 

the locations of the gradient region and the anchor point vary with 

𝑞𝑞95 in KSTAR Ohmic plasmas. In Figure 3.4 (a), the gradient region 

seems to be located in 0.4 < 𝜌𝜌 < 0.7 for low 𝑞𝑞95 discharges; whereas, 

the gradient region seems to be located in 0.2 < 𝜌𝜌 < 0.4 for high 𝑞𝑞95 

discharges in Figure 3.4 (b).This trend is clearly captured in the plot 

of 𝑢𝑢′ versus 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 for several of the 𝑞𝑞95 subsets, as follows: the low 

𝑞𝑞95 subset of 𝑞𝑞95 < 5, the mid 𝑞𝑞95 subset of 5 < 𝑞𝑞95 < 8, and the high 

𝑞𝑞95 subset of 8 < 𝑞𝑞95. As shown in Figure 3.5, for all of the subsets, 

there is no clear dependence of 𝑢𝑢′ on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 at 𝜌𝜌 = 0.15; however, at 

𝜌𝜌 = 0.25, 𝑢𝑢′ changes from ~0 to -2 as 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 increases for the high 𝑞𝑞95 

subset, while the other subsets remain at a nearly zero 𝑢𝑢′. Similarly, 

the dependence of 𝑢𝑢′ on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 is observed at other radial positions for 

each of the 𝑞𝑞95 subsets. For the mid 𝑞𝑞95 subset, the dependence of 

𝑢𝑢′ on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 is observed in 𝜌𝜌 = 0.4 − 0.5 but it is observed in 𝜌𝜌 = 0.5 −

0.6 for the low 𝑞𝑞95 subsets. From this plot, it is possible to determine 

the rough locations of the gradient region and the anchor point; for 

the high 𝑞𝑞95 datasets, the gradient region is roughly located in 0.15 <

𝜌𝜌 < 0.5, it is in 0.25 < 𝜌𝜌 < 0.6 for the mid 𝑞𝑞95 subset and 0.4 < 𝜌𝜌 < 0.7 

for the low 𝑞𝑞95 subset. The anchor point is located just outside the 
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gradient region with a nearly zero gradient. Clearly, the locations of 

the gradient region and the anchor point seems to depend on 𝑞𝑞95 

where the gradient region and the anchor point are closer to the edge 

for the lower 𝑞𝑞95  subsets. Furthermore, no clear difference is 

observed in the mid 𝑞𝑞95  subset between the different toroidal 

magnetic fields and plasma currents, implying that 𝑞𝑞95 would be a 

more proper parameter to explain the difference in each of the 

subsets than the toroidal magnetic field and/or the plasma current. It 

is also noteworthy that the inner boundary of the gradient region is 

also observed in the high 𝑞𝑞95 datasets as well, where the sawtooth 

activity is not evident; that is, the inner boundary of the gradient 

region is not determined by the sawtooth activity only.  

Figure 3.6 (a) shows the intrinsic rotation profiles from different 

𝑞𝑞95 discharges for a better understanding. The gradient region seems 

to be located in 0.4 < 𝜌𝜌 < 0.7 for the 𝑞𝑞95~3.5 discharge; whereas, the 

gradient region seems to be located in 0.3 < 𝜌𝜌 < 0.6 for the 𝑞𝑞95~6.0 

discharge and 0.2 < 𝜌𝜌 < 0.5 for the 𝑞𝑞95~9.5 discharge. Figure 3.6 (b) 

shows the approximate location of the anchor point, 𝜌𝜌𝑚𝑚𝑛𝑛𝑐𝑐ℎ𝑐𝑐𝑟𝑟, versus 

𝑞𝑞95 using the discharges with a relatively clear anchor point in the 

KSTAR Ohmic plasma database. Clearly, the locations of the gradient 

region and the anchor point seems to depend on 𝑞𝑞95  where the 

gradient region and the anchor point get closer to the edge for the 
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lower 𝑞𝑞95 discharges. 

The 𝑞𝑞95 dependence of the locations of the gradient region and 

the anchor point could be possibly connected to the local 𝑞𝑞 value 

and/or the magnetic shear (𝑠𝑠 ≡ 𝑟𝑟
𝑞𝑞
𝜕𝜕𝑞𝑞
𝜕𝜕𝑟𝑟

). Figures 3.7 (a) and 3.7 (b) show 

the 𝑞𝑞  profiles and the magnetic shear profiles, respectively, that 

have been calculated from EFIT [56] for the low, mid, and high 𝑞𝑞95 

subsets, where the full lines represent the mean value and the error 

bar shows the standard variation. Then, the 𝑞𝑞  values and the 

magnetic shear at the anchor point are evaluated in Figures 3.7 (c) 

and 3.7 (d), where the approximate locations are 𝜌𝜌 = 0.7 ± 0.025, 𝜌𝜌 =

0.6 ± 0.025, and 𝜌𝜌 = 0.5 ± 0.025 for the low, mid, and high 𝑞𝑞95 subsets, 

respectively. Unlike the above expectations, significant differences 

of the magnetic shear, as well as the 𝑞𝑞 value at the anchor point, are 

observed between the 𝑞𝑞95  subsets. This, however, needs to be 

investigated more delicately with the measurements of the motional 

stark effect (MSE) and the exact location of the anchor point; for 

example, the 𝑞𝑞 value at the axis tends to be overestimated according 

to the comparison with the measured sawtooth inversion radius in 

KSTAR. The only obvious point here is that the 𝑞𝑞 value and the 

magnetic shear would be smaller in the gradient region than those at 

the anchor point. 
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Figure 3.5 𝒖𝒖′ versus 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆 are plotted in various radial positions from 

𝝆𝝆 = 𝟎𝟎.𝟏𝟏𝟗𝟗 to 𝝆𝝆 = 𝟎𝟎.𝟕𝟕. 𝒒𝒒𝟗𝟗𝟗𝟗 dependence of the locations of the gradient 

region and the anchor point in the KSTAR Ohmic plasma database 

where high, mid, and low 𝒒𝒒𝟗𝟗𝟗𝟗 subsets are presented. 

 

 

 ４９ 



 

 

 

Figure 3.6 (a) Intrinsic rotation profiles from different 𝒒𝒒𝟗𝟗𝟗𝟗 discharges 

and (b) the approximate location of the anchor point versus 𝒒𝒒𝟗𝟗𝟗𝟗 in the 

KSTAR Ohmic plasma database. 
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Figure 3.7 (a) q profiles and (b) the magnetic shear profiles with 

different 𝒒𝒒𝟗𝟗𝟗𝟗 subsets. (c) the 𝒒𝒒 value and (d) the magnetic shear at 

the anchor point for each of the subsets.  
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3.3. Parametric dependence of 𝒖𝒖′ in gradient region 

 

The parametric dependencies of 𝑢𝑢′  in the gradient region were 

investigated to understand the intrinsic rotation characteristics using 

the KSTAR Ohmic plasma database. By considering the 𝑞𝑞95 

dependence of the location of the gradient region, the analysis was 

performed at 𝜌𝜌 = 0.5 for the low 𝑞𝑞95 subset, 𝜌𝜌 = 0.4 for the mid 𝑞𝑞95 

subset, and 𝜌𝜌 = 0.3 for the high 𝑞𝑞95 subset. In Figures 3.8 (a) to 3.8 

(d), 𝑢𝑢′  is plotted versus the effective collisionality ( 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 ), the 

normalized logarithmic gradient of the ion temperature (𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖), the 

electron temperature (𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒), and the electron density (𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒). A 

dependence of 𝑢𝑢′ on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  is clearly observed in Figure 3.8 (a), 

where 𝑢𝑢′  is inversely proportional to log (𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒)  regardless of the 

subsets; this represents the plasma density dependence of the 

intrinsic rotation as well as the rotation reversal during the density 

ramp-up. Interestingly, it seems that it is not possible to specify a 

certain point in time for the rotation reversal in the experimental 

observations, which implies that the rotation reversal would not be a 

bifurcation process in KSTAR. Since most of the experiments in this 

study have been performed in a “comfortable” density regime (less 

than 50 % of the Greenwald density fraction), only the left side of the 

U-curves that are reported in Ref. 29 seems to be observed. On the 
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other hand, 𝑢𝑢′ tends to increase toward the counter direction as 

𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖 increases or 𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒 decreases, but the degrees of change in 

𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖, and 𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒 are small when they are compared with the usual 

variation of the normalized gradient length. Although the plot is fairly 

scattered, it looks like there is a certain dependence of 𝑢𝑢′ on 𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒 

in KSTAR, similarly to observations in ASDEX Upgrade [38]. 

However, caution is needed, since the different 𝑞𝑞95  subsets 

contribute to the plot where 𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒 is relatively small for the low 𝑞𝑞95 

subset compared with the others, and it is distributed over a larger 

range for the mid and high 𝑞𝑞95  subsets. Although the correlation 

between 𝑞𝑞95 and 𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒 is not clear as shown in Figure 3.8 (f), it will 

be clarified when a more accurate density measurement is available 

in KSTAR. Figure 3.8 (e) shows that the increase of 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 occurs 

simultaneously with the decrease of 𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖 during the density ramp-

up. 

Here, since the difference of 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 between the 500-to-600 kA 

datasets and the 800 kA datasets for the low 𝑞𝑞95 subset is clearly 

observed, two marks (half-filled square for the 500-to-600 kA 

datasets, fully-filled square for the 800 kA datasets) are used in 

Figures 3.8 (a) and 3.8 (e). Two possible reasons should be 

considered here. First, 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  does not completely unify vastly 

different plasma currents. It would be related to assumptions used in 
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this study such as a fixed 𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 that can be varied with the plasma 

current and the density. Second, the ECE diagnostic of the 500-to-

600 kA datasets is conducted on the high field side (HFS), whereas 

for most of the 800 kA datasets, the low field side (LFS) is used. 

Since the normalized radius (𝜌𝜌) on both sides would not be located 

on the exact same flux surface, a significant difference between 𝑇𝑇𝑒𝑒 

and 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 (∝ 1/𝑇𝑇𝑒𝑒2) will be derived from the slight radial difference with 

a large 𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒. It is noteworthy that nearly-zero or small 𝑢𝑢′ values 

with a positive sign are observed, while extremely large 𝑢𝑢′ values up 

to -2 are observed with a negative sign. This small positive 𝑢𝑢′ 

seems to result from the influence of an outward-extending sawtooth 

activity. 
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Figure 3.8 Parametric dependences of 𝒖𝒖′ versus (a) 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆, (b) 𝑹𝑹/𝑳𝑳𝑻𝑻𝒊𝒊, 

(c) 𝑹𝑹/𝑳𝑳𝑻𝑻𝒆𝒆, and (d) 𝑹𝑹/𝑳𝑳𝒏𝒏𝒆𝒆, and (e) 𝑻𝑻𝒆𝒆/𝑻𝑻𝒊𝒊 versus 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆, and (f) 𝑹𝑹/𝑳𝑳𝒏𝒏𝒆𝒆 

versus 𝒒𝒒𝟗𝟗𝟗𝟗  at the gradient region in the KSTAR Ohmic plasma 

database. Each colour represents each 𝒒𝒒𝟗𝟗𝟗𝟗 subset.  
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It is interesting that there is no significant levels of the positive 

𝑢𝑢′ in the KSTAR Ohmic plasma database while the negative 𝑢𝑢′ up to 

-2 is typically observed. Naturally a question arises whether a 

positive 𝑢𝑢′ can be observed at a much lower collisionality. Due to the 

lower limit of the density in tokamaks, it is difficult to consistently 

lower the density in Ohmic plasmas. As an alternative, ECH injection 

would be useful for an investigation of the low collisionality regime. 

Figures 3.9 and 3.10 show the relations between 𝑛𝑛�𝑒𝑒, 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒, and 𝑢𝑢′, and 

the linear growth rate (𝛾𝛾) multiplied by the sign of the real frequency 

(𝜔𝜔𝑟𝑟) for the datasets with and without ECH. To exclude the other 

factors as far as possible, all of the datasets in these figures are taken 

at the same plasma current, toroidal magnetic field, and plasma shape 

of 𝑞𝑞95 > 7 , where it is not expected that the sawtooth would 

significantly affect the intrinsic rotation at 𝜌𝜌 = 0.5. The experimental 

observation shows that the ECH injection makes 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 lower than in 

Ohmic plasmas at the same line-averaged electron density so that a 

much lower 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 regime can be explored, as shown in Figure 3.9 (a). 

Interestingly, 𝑢𝑢′  seems to show a similar trend versus 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 

regardless of the ECH injection in KSTAR as shown in Figure 3.10 

(a), while 𝑢𝑢′ versus 𝑛𝑛�𝑒𝑒 is different for the datasets with and without 

ECH as shown in Figure 3.10 (b). It is possible to think in a different 

direction, but the above argument is more convincing when it is 
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considered that 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 better unifies the plasma density dependence of 

the intrinsic rotation than the density in Ohmic plasmas. Here, the 

positive 𝑢𝑢′ is not clearly observed even for a very low 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 regime, 

if the measurement error is considered. The plasma is TEM dominant 

at 𝜌𝜌 = 0.5, and the linear growth rate of TEM for the ECH plasma with 

a lesser 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 than Ohmic plasmas is large as shown in Figure 3.9 (b). 

It is clear that a sign change of 𝑢𝑢′ in KSTAR is non-existent even 

when the collisionality is much lower and/or TEM becomes more 

unstable. 
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Figure 3.9 Parametric dependence of (a) 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆 on 𝒏𝒏�𝒆𝒆 and (b) linear 

growth rate (𝜸𝜸) multiplied by the sign of the real frequency (𝛚𝛚𝐫𝐫) at 

𝝆𝝆 = 𝟎𝟎.𝟗𝟗 for the datasets with and without ECH in KSTAR. 
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Figure 3.10 Parametric dependence of (a) 𝒖𝒖′ on 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆 and (b) 𝒖𝒖′ on 

𝒏𝒏�𝒆𝒆 at 𝝆𝝆 = 𝟎𝟎.𝟗𝟗 for the datasets with and without ECH in KSTAR. 

 ５９ 



 

3.4. Correlation between 𝒖𝒖′ and momentum transport 

components 

 

To understand the behaviour of the intrinsic rotation, it is important 

to decompose the residual stress and other momentum transport 

components. The experiments using perturbative methods or 

balanced momentum sources are very useful for this decomposition 

analysis [57-62]. In this chapter, the methodology and the results 

of the perturbative momentum transport analysis in KSTAR Ohmic 

plasmas were introduced. The perturbative method using the beam 

blip allows us to perform a transport analysis by implementing the 

equation (1.6) in the transport code, ASTRA [63] to solve the 

equation (1.5). In this analysis, the torque from the beam blips can 

be calculated by using NUBEAM [64]. Since the change in the stored 

energy and the line-averaged electron density is only of several 

percent as described in chapter 2.1, we can assume no variations in 

the momentum diffusivity (𝜒𝜒𝜙𝜙), the normalized pinch (𝑅𝑅𝑉𝑉𝑝𝑝/𝜒𝜒𝜙𝜙), and 

the residual stress (𝛱𝛱res ) during this period for the beam blip 

perturbation. For simplicity, the momentum diffusivity and the 

normalized pinch are assumed to be radially constant and the effect 

of the sawtooth activity is neglected (a possible profile such as 𝑃𝑃𝑟𝑟𝜒𝜒𝑖𝑖  , 

where 𝜒𝜒𝑖𝑖 is calculated from the power balance, can be assumed for 
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𝜒𝜒𝜙𝜙). The residual stress term can be replaced by the momentum 

diffusivity, the normalized pinch term, and the stationary profile 

before the beam blip injection as follows. 

 

𝛱𝛱res ≡ 𝜒𝜒𝜙𝜙
𝜕𝜕𝐿𝐿𝜙𝜙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝜕𝜕𝑟𝑟
− 𝑉𝑉𝑝𝑝𝐿𝐿𝜙𝜙,𝑖𝑖𝑛𝑛𝑖𝑖𝑡𝑡   (3.1) 

 

Here, 𝐿𝐿𝜙𝜙,𝑖𝑖𝑛𝑛𝑖𝑖𝑡𝑡 is 𝐿𝐿𝜙𝜙 before the beam blip. This allows us to have 

two unknowns and two measured quantities so that the unknowns can 

be obtained. By solving the time evolution of the toroidal rotation 

considering the beam blip torque, the confinement time of the core 

toroidal rotation (∆𝜏𝜏𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒) and the change in the amplitude of the core 

toroidal rotation (∆𝑉𝑉𝜙𝜙) can be obtained in terms of 𝜒𝜒𝜙𝜙 and 𝑅𝑅𝑉𝑉𝑝𝑝/𝜒𝜒𝜙𝜙. To 

find the values to best reproduce the experiment, 𝜒𝜒𝜙𝜙 and 𝑅𝑅𝑉𝑉𝑝𝑝/𝜒𝜒𝜙𝜙 are 

scanned to minimize the difference ratio (𝜖𝜖). 

 

𝜖𝜖 ≡
��∆𝜏𝜏𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒−∆𝜏𝜏𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐,𝑠𝑠𝑖𝑖𝑠𝑠�

2

∆𝜏𝜏𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒
+

��∆𝑉𝑉𝜙𝜙,𝑒𝑒𝑒𝑒𝑒𝑒(0)−∆𝑉𝑉𝜙𝜙,𝑠𝑠𝑖𝑖𝑠𝑠(0)�
2

∆𝑉𝑉𝜙𝜙,𝑒𝑒𝑒𝑒𝑒𝑒(0)
 (3.2) 

(exp: obtained from the experiments, sim: from the simulations) 

 

Figure 3.11 shows an example of this transport analysis result in 

KSTAR Ohmic plasmas. In this case, the best matching values of 𝜒𝜒𝜙𝜙 

and 𝑅𝑅𝑉𝑉𝑝𝑝/𝜒𝜒𝜙𝜙 are found to be of about 1.1 𝑛𝑛2/𝑠𝑠 and -6, respectively. 
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Figure 3.11 Difference ratios (𝝐𝝐) versus 𝝌𝝌𝝓𝝓  and 𝑹𝑹𝑽𝑽𝒑𝒑/𝛘𝛘𝛟𝛟 from the 

transport simulations of the beam blip experiment in the discharge 

#11202 at 2.5 s at KSTAR 

 

Above analysis is applied for two different 𝑢𝑢′  cases to 

investigate the mechanism of the 𝑢𝑢′ change. Although 𝑢𝑢′~ − Π𝑟𝑟𝑒𝑒𝑟𝑟/𝜒𝜒𝜙𝜙 

is satisfied in the gradient region, it is impossible to obtain further 

information for each component with stationary profiles only. Figures 

3.12 (a) and 3.12 (b) show the evolution of the core toroidal rotation 

(black line) measured after beam blips using XICS. It was also 

compared with the simulated one as follows above analysis 

methodology. Two cases of 𝑢𝑢′ are compared, as follows: low 𝑢𝑢′ and 
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high 𝑢𝑢′ cases that are due to the different 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 values of 0.5 and 1.3 

at 𝜌𝜌 = 0.5. For the two cases, the line-averaged electron densities 

are 1.0 × 1019m−3  and 1.6 × 1019m−3 , respectively. The operating 

conditions are the same and the background plasma is not much 

changed after the beam blips. To compare the beam blip effects and 

the evolution of the core toroidal rotation, the volume integrated 

beam driven torque (TNB) calculated from NUBEAM is presented in 

Figures 3.12 (a) and 3.12 (b). The torque exists after the beam 

duration of 20 ms since the collisional torque contributes to it. For 

the low 𝑢𝑢′ case, the beam driven torque exists approximately 200 

ms after the beam blip while it exists approximately 100 ms for the 

high 𝑢𝑢′ case. Here, it is clear that the change of the core toroidal 

rotation (∆𝑉𝑉𝜙𝜙(0)) due to the beam blip perturbation remains at the 

much higher rotation (~ 15 km/s) for the low 𝑢𝑢′ case compared with 

the rotation (<10 km/s) for the high 𝑢𝑢′ case when the beam torque 

is nearly dissipated (0.25 s, the blue area in Figures 3.12 (a) and 

3.12 (b)). Then, the change of the core toroidal rotation is nearly 

dissipated before the second blip injection for the low 𝑢𝑢′ case while 

it is not fully dissipated for the high 𝑢𝑢′ case when the second blip is 

injected. It is clearly observed in the toroidal rotation profile at the 

second beam blip. For the low 𝑢𝑢′ case, the toroidal rotation profile at 

the second beam blip is not much different from the profile at the first 
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beam blip, as can be seen in Figure 3.13 (a). However, the increase 

of the toroidal rotation is clearly observed at the second beam blip 

for the high 𝑢𝑢′ case compared with the profile at the first beam blip 

as shown in Figure 3.13 (b). These findings can be explained by the 

momentum confinement time (∝ 1/𝜒𝜒𝜙𝜙) of the low 𝑢𝑢′  case that is 

shorter than that of the high 𝑢𝑢′ case, since the evolution of the core 

toroidal rotation without any torque sources approximately 

represents the pure momentum transport phenomenon. By solving 

the time evolution of the core toroidal rotation with the methodology 

in Ref. 29, the evolutions of the measured core toroidal rotation are 

well matched with the evolutions of the simulated core toroidal 

rotation with 𝜒𝜒𝜙𝜙 = 0.7 m2/s and 𝜒𝜒𝜙𝜙 = 0.3 m2/s for each case (green 

line in Figures 3.12 (a) and 3.12 (b)), which correspond to 𝑃𝑃𝑟𝑟 = 0.5 

and 𝑃𝑃𝑟𝑟 = 0.3, respectively.  
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Figure 3.12 (a) to (b) Evolution of the core toroidal rotation after a 

beam blip perturbation for two different 𝒖𝒖′ cases (low and high cases 

that are due to different 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆) compared with the simulation for which 

𝝌𝝌𝝓𝝓 = 𝟎𝟎.𝟕𝟕 𝐦𝐦𝟐𝟐/𝐬𝐬 and 𝝌𝝌𝝓𝝓 = 𝟎𝟎.𝟑𝟑 𝐦𝐦𝟐𝟐/𝐬𝐬, respectively, are assumed.  
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Figure 3.13 (a) to (b) Toroidal rotation profiles at the first (red) and 

the second (blue) beam blips for the different 𝒖𝒖′ cases. 
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Figure 3.14 shows the calculated momentum diffusivity (𝜒𝜒𝜙𝜙) and 

normalized residual stress (−𝛱𝛱res/𝑛𝑛𝑛𝑛𝑣𝑣𝑡𝑡ℎ) for 400 discharges and 500 

kA discharges in KSTAR Ohmic plasmas. This summarized plot 

shows that the change of 𝑢𝑢′ in the gradient region could be dominated 

by the reduction of the momentum diffusivity with the increase of the 

collisionality rather than the change of the residual stress. 

 

 

Figure 3.14 Calculated momentum diffusivity (𝝌𝝌𝝓𝝓) and normalized 

residual stress ( −𝜫𝜫𝐫𝐫𝐫𝐫𝐬𝐬/𝒏𝒏𝒏𝒏𝒗𝒗𝒕𝒕𝒕𝒕 ) for 400 discharges and 500 kA 

discharge in KSTAR Ohmic plasmas. 
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Chapter 4. Quantitative Comparison of Experimental 

Data with Theoretical Models 

 

4.1. Neoclassical transport model 

 

For the neoclassical theory [65], the toroidal rotation profiles is 

obtained by assuming the zero radial momentum flux. Here, the 

toroidal rotation can be generated by the gradient of density and 

temperature. Its possibility for the intrinsic rotation in KSTAR Ohmic 

plasmas was checked by using a simplified formulation for the 

neoclassical flow. Without any additional momentum sources, the 

toroidal rotation gradient can be written as follows from a two fluid 

treatment [66]; 

 

𝑢𝑢′ ≅ 0.107𝐾𝐾2
𝑞𝑞2

𝑅𝑅𝑣𝑣𝑖𝑖ℎ

𝑇𝑇𝑖𝑖
𝑒𝑒𝐵𝐵𝜃𝜃

� 𝑅𝑅
𝐿𝐿𝑇𝑇𝑖𝑖
�
2
   (4.1) 

 

Here, 𝐾𝐾2 is -1.83 for PS regime and 1.17 for banana regime. Figure 

4.1 shows the calculated 𝑢𝑢′  from the equation (4.1) and the 

measured 𝑢𝑢′ at 𝜌𝜌 = 0.5 with a subset of the KSTAR database which 

has all kinetic profiles. 𝜌𝜌 = 0.5 is selected as the location that can 

effectively capture the change of 𝑢𝑢′ since most of the datasets used 
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in this analysis are included in the low and mid 𝑞𝑞95 subsets. The 

result shows that the neoclassical transport model cannot present a 

sufficient magnitude of 𝑢𝑢′ to compare with the measured 𝑢𝑢′ in the 

gradient region. The magnitude of the measured 𝑢𝑢′ is up to 1.5, but 

that of the calculated 𝑢𝑢′ from the neoclassical transport model is 

always less than 0.5. Even if we consider 𝐾𝐾2 = 1.17 in this calculation, 

the conclusion will not change. 

 

 

Figure 4.1 Calculated 𝒖𝒖′ from the neoclassical transport model and the 

measured 𝒖𝒖′  versus 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆  at 𝝆𝝆 = 𝟎𝟎.𝟗𝟗 , represented as blue and red 

squares, respectively, in the selected KSTAR database. 
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4.2. Turbulent transport model 

 

As mentioned in chapter 4.1, the neoclassical transport model 

prediction seems to be not sufficient to explain the experimental 

observation of the significant magnitude of 𝑢𝑢′  in KSTAR Ohmic 

plasmas. In recent years, there have been a lot of theoretical 

advances for the intrinsic rotation mechanisms associated with the 

turbulent transport, which include a specific symmetry breaking 

mechanism. Here, we compared some of the frequently mentioned 

mechanisms related to the turbulent transport. 

 

4.2.1. Turbulence mode transition model 
 

As described in chapter 3.1, the change of 𝑢𝑢′ in the gradient region 

with the increase of the density and the collisionality has been 

referred as the rotation reversal in the conventional view. In most 

devices, the co- to the counter-current rotation reversals are 

observed near the LOC to SOC transition [27, 29, 32, 34, 38]. Based 

on the observations, it has been suggested that a change of the most 

dominant turbulence from TEM to ITG mode would be a key 

mechanism for the rotation reversal phenomenon [34-37, 39]. In 

experiments, analysis of the fluctuation spectra can be useful in an 

evaluation of the turbulence characteristics since both of the micro-
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instabilities contribute to the spectra [67, 68]. The fluctuation 

spectra have been measured in KSTAR during the rotation reversal 

using multi-channel microwave imaging reflectometry (MIR) [69]. 

Figure 4.2 shows the measured fluctuation spectra in the discharge 

#12935 that are represented in Figure 3.2. It is notable that Quasi-

coherent (QC) modes with tens of kHz frequency are observed at 

𝜌𝜌~0.3 in the middle of the rotation reversal phenomenon (3.4 s with 

𝑛𝑛�𝑒𝑒~2.1 × 1019𝑛𝑛−3  and 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒~0.25  in Figure 4.2), but then they 

disappeared as the density and the collisionality increase. Recent 

reports stated that the QC modes in the fluctuation spectra would be 

linked to the TEM instability [70-73]; therefore, the observation of 

the QC mode in the middle of the rotation reversal is likely to indicate 

that the plasma is still TEM dominant at that time. It means that the 

change of 𝑢𝑢′ in the gradient region with the increase of the density 

and the collisionality would not be related to the turbulence mode 

transition. 
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Figure 4.2 Fluctuation spectra from the discharge #12935 in KSTAR. 

QC modes are observed at tens of kHz frequency at 3.4 s with 

𝒏𝒏�𝒆𝒆~𝟐𝟐.𝟏𝟏 × 𝟏𝟏𝟎𝟎𝟏𝟏𝟗𝟗𝒏𝒏−𝟑𝟑 and 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆~𝟎𝟎.𝟐𝟐𝟗𝟗, but then they disappeared as the 

density and the collisionality increase. 

 

As another useful methodology for the investigation of the 

turbulence characteristics, linear gyrokinetic calculations were 

carried out using GKW [74]. With the available datasets for this 

analysis, 𝑢𝑢′ and 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  versus the linear growth rates (𝑅𝑅𝛾𝛾/𝑣𝑣𝑡𝑡ℎ,𝑖𝑖 ) at 

𝜌𝜌~0.5 are plotted in Figure 4.3. In Figure 4.3, the linear growth rates 
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(𝛾𝛾) represent the positive value through a multiplication of the sign 

of the real frequency ( 𝜔𝜔𝑟𝑟 ). The negative linear growth rates 

consequently imply that the plasma is unstable and TEM dominant, 

whereas the positive growth rates mean the ITG mode is a dominant 

unstable mode. The stable mode appears as 0. The calculations were 

conducted with the real plasma geometry and the measured kinetic 

profiles using assumptions of electrostatic, kinetic electrons, 

collisional plasmas, and 𝑘𝑘𝑦𝑦𝜌𝜌𝑖𝑖 = 0.3. In Figure 4.3, TEM is dominant at 

𝜌𝜌 = 0.5 in most of the cases; however, their growth rate becomes 

smaller as the collisionality increases and 𝑢𝑢′  increases in the 

negative direction. All of the above described analysis implies that 

the transition of the dominant turbulence mode from TEM to ITG may 

not be a triggering mechanism of the change of 𝑢𝑢′ and/or the rotation 

reversal in KSTAR Ohmic plasmas. 
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Figure 4.3 (a) 𝒖𝒖′  and (b) 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆  versus the linear growth rate (𝜸𝜸) 

multiplied by the sign of the real frequency (𝝎𝝎𝒓𝒓) of the dominant 

turbulent mode calculated with GKW using the KSTAR database with 

𝒌𝒌𝒚𝒚𝝆𝝆𝒊𝒊 = 𝟎𝟎.𝟑𝟑 at 𝝆𝝆 = 𝟎𝟎.𝟗𝟗. 
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The local nonlinear GKW was conducted to calculate the actual 

momentum fluxes during the change of 𝑢𝑢′ with the increase of the 

density and the collisionality. Figure 4.4 (a) shows the turbulent heat 

(Qe  and Qi ), particle (Γ), and momentum fluxes (Π) that were 

normalized to the fluxes at the reference point of the lowest 

collisionality. Here, the collisionality is scanned consistently with 

𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖 from 3 to 1 (𝜈𝜈 ∝ 1/(𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖)2) with a constant 𝑇𝑇𝑖𝑖 and the fixed 

𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒 = 6, 𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖 = 6, and 𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒 = 10, which are representative values 

at 𝜌𝜌 = 0.5 during the change of 𝑢𝑢′ as described in chapter 3.3 and the 

fixed 𝑞𝑞 = 1.5 and 𝑠𝑠 = 1.0. The momentum flux was calculated with a 

finite 𝑢𝑢′, which captures the diffusive momentum flux only (Π~𝜒𝜒𝜙𝜙). It 

is clearly observed that all of the turbulent fluxes rapidly decrease 

as the collisionality increases and it goes to nonlinearly stable 

conditions. Note that the plasma in this analysis is always TEM 

dominant, and the maximum linear growth rate of 0.1 ≤ 𝑘𝑘𝑦𝑦𝜌𝜌𝑖𝑖 ≤ 1 

decreases as the collisionality increases as shown in Figure 4.4 (b); 

this is in agreement with the linear growth rates for the experimental 

database in Figure 4.3. The comparison with the collisionless 

simulations indicates that the TEM stabilization arises from the 

decrease of 𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖, as well as from the increase of the collisionality. 

Both weaken TEM, resulting in the decrease of all of the turbulent 

transport.  
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Figure 4.4 (a) Trends of the turbulent transport from the nonlinear 

gyrokinetic calculations and (b) the maximum linear growth rate (𝜸𝜸𝒏𝒏𝒎𝒎𝒎𝒎) 

of 𝟎𝟎.𝟏𝟏 ≤ 𝒌𝒌𝒚𝒚𝝆𝝆𝒊𝒊 ≤ 𝟏𝟏 from the multiplication of the real frequency (𝝎𝝎𝒓𝒓) 

sign with respect to the collisionality. 
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The result is partially consistent with the perturbative analysis 

as described in chapter 3.4. In both cases, the change of 𝑢𝑢′ in the 

gradient region seems to be dominated by the reduction of the 

momentum diffusivity with the increase of the collisionality. 

 

4.2.2. Non-Maxwell distribution model 
 

Another mechanism was introduced to explain the rotation reversal 

in MAST [28]. It is the neoclassical equilibrium effect due to the 

deviation of the equilibrium distribution function from a Maxwellian 

[49] that is significantly dependent on the collisionality. To evaluate 

whether the mechanism would be dominant for the change of 𝑢𝑢′ in 

KSTAR or not, a simplified approach based on equations (3) and (4) 

in Ref. 28 was applied for the KSTAR database. Here, the 

assumptions of Π�0 = 0.3 , Π�∞ = 1 , and 𝜈𝜈𝑐𝑐 = 1.7  from Ref. 28 are 

followed, and the Prandtl number (𝑃𝑃𝑟𝑟 ≡ 𝜒𝜒𝜙𝜙/𝜒𝜒𝑖𝑖) is assumed to be unity. 

 

𝑢𝑢′ ≈ −�𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟
� 1
2𝑃𝑃𝑟𝑟

� 𝑅𝑅
𝐿𝐿𝑇𝑇𝑖𝑖
�
2
�𝜕𝜕𝑖𝑖
𝑟𝑟
� 𝑞𝑞Π�(𝜈𝜈∗)  (4.2) 

Π�(𝜈𝜈∗) = Π�0(𝜈𝜈∗ 𝜈𝜈𝑐𝑐⁄ −1)
1+(𝜈𝜈∗ 𝜈𝜈𝑐𝑐⁄ )(Π�0 Π�∞⁄ )

   (4.3) 

 

Figure 4.5 shows the simple prediction of 𝑢𝑢′ from the neoclassical 

equilibrium effect and the measured 𝑢𝑢′  at 𝜌𝜌 = 0.5  in the KSTAR 
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database. Although the residual stress from the neoclassical 

equilibrium effect in this calculation does not appear to be negligible 

in KSTAR, it is far less than the magnitude of the measured 𝑢𝑢′ . 

Furthermore, it looks distinctly different from the measured 𝑢𝑢′. The 

predicted 𝑢𝑢′  from the neoclassical equilibrium effect is always 

positive whereas the measured 𝑢𝑢′  is negative for most of the 

datasets. In addition, the predicted 𝑢𝑢′  from the neoclassical 

equilibrium effect does not show any clear dependence on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. This 

finding is because the normalized collisionality (𝜈𝜈∗ ≡ 𝑞𝑞𝑅𝑅𝜈𝜈𝑖𝑖𝑖𝑖/(𝑣𝑣𝑡𝑡𝑖𝑖𝜖𝜖3 2⁄ )) 

is approximately from 0.1 to 1.0 at 𝜌𝜌 = 0.5 in the KSTAR database, 

which is far less than the assumed 𝜈𝜈𝑐𝑐 . If 𝜈𝜈𝑐𝑐  can be reduced to 

approximately 0.1, only then could this conclusion be changed. In 

recent, GKW calculations coupled with NEO [75] performed on the 

ASDEX Upgrade data showed that the predicted 𝑢𝑢′  values were 

significantly smaller than the measured values and didn’t show a 

clear dependence on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 [76]. This approach is expected to help 

clarify the interpretation of the simplified approach above. 
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Figure 4.5 Simple prediction of 𝒖𝒖′ from the neoclassical equilibrium 

effect and the measured 𝒖𝒖′ versus 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆 at 𝝆𝝆 = 𝟎𝟎.𝟗𝟗, represented as 

blue and red squares, respectively, in the KSTAR database. 

 

4.2.3. Intensity gradient model 
 

The mode coupling due to the turbulence intensity gradient is one of 

possible mechanisms for the intrinsic rotation generation. It can 

break 𝑘𝑘∥ symmetry and generate the intrinsic rotation. The intensity 

gradient can be measured in experiments so that its contributions can 

be separately estimated in principle. To investigate its contributions 

on the intrinsic rotation in KSTAR Ohmic plasmas, a simplified 

formula from Ref. 46 was used and its possibility was evaluated. For 
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the strong overlap case among modes, 𝑢𝑢′  associated with the 

intensity gradient can be expressed as follows; 

 

𝑢𝑢′ ≅ − �̂�𝑟
𝑞𝑞
〈𝑚𝑚2〉
𝜕𝜕𝑖𝑖
2
𝜕𝜕𝑖𝑖
𝑅𝑅
𝑅𝑅
𝜖𝜖
𝜕𝜕𝜖𝜖
𝜕𝜕𝑟𝑟

  (4.4) 

 

Since the intensity (𝜖𝜖) information does not exist for most datasets 

in KSTAR, the contributions from the intensity gradient was simply 

estimated rather than the quantitative analysis. In KSTAR Ohmic 

plasmas, 
�̂�𝑟
𝑞𝑞

~1, 
𝜕𝜕𝑖𝑖
𝑅𝑅

~ 1
100

, 
〈𝑚𝑚2〉
𝜕𝜕𝑖𝑖
2 ~1 and 

𝑅𝑅
𝜖𝜖
𝜕𝜕𝜖𝜖
𝜕𝜕𝑟𝑟

~ 1
�𝜕𝜕𝑖𝑖𝑚𝑚

~1− 10 are expected. It 

implies the contributions from the intensity gradient is much less than 

the measured 𝑢𝑢′  in the gradient region. In actual, the normalized 

intensity gradient (
𝑅𝑅
𝜖𝜖
𝜕𝜕𝜖𝜖
𝜕𝜕𝑟𝑟

) could be estimated from the fluctuation 

amplitude which can be directly measured in experiments. Figure 4.6 

shows the normalized fluctuation amplitude of the electron 

temperature measured by using the ECE imaging (ECEI) diagnostic 

in KSTAR [77] and its gradient length for the discharge #12935 in 

Figure 3.2 (one of few discharges which have ECEI). The normalized 

fluctuation amplitude of the electron temperature does not change 

much during the density ramp-up. Here, the intensity gradient could 

be expressed as 
𝑅𝑅
𝜖𝜖
𝜕𝜕𝜖𝜖
𝜕𝜕𝑟𝑟

~ 𝑅𝑅
𝐿𝐿𝛿𝛿𝑇𝑇𝑒𝑒

 and it represents that the magnitude of 

𝑅𝑅
𝜖𝜖
𝜕𝜕𝜖𝜖
𝜕𝜕𝑟𝑟

 is not much different from above expectation. 
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Figure 4.6 Fluctuation amplitude of the electron temperature measured 

by using ECEI and its gradient length for the discharge #12935 in 

KSTAR (see Figure 3.2). 

 

4.2.4. Finite ballooning tilting model 
 

In ASDEX Upgrade, an intrinsic rotation generation mechanism has 

been investigated with a finite ballooning tilting angle (𝜃𝜃0) in linear 

gyrokinetic simulations [38]. The experimental observations from 

ASDEX Upgrade, in terms of both the magnitude of the normalized 

rotation gradient and its dependence on 𝑅𝑅/𝐿𝐿𝑛𝑛, were well reproduced 

[38]. In this study, the mechanism was investigated using the KSTAR 

database. To calculate the magnitude of the normalized rotation 
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gradient from the mechanism, linear GKW simulations were 

conducted with the real plasma geometry, the measured kinetic 

profiles and 𝑘𝑘𝑦𝑦𝜌𝜌𝑖𝑖 = 0.3 with the assumptions of electrostatic, kinetic 

electron, and collisional plasma. The pinch term [78, 79] was not 

considered in this calculation since its contribution on 𝑢𝑢′ was usually 

much less than 0.5. A unique 𝜃𝜃0 was used for all of the datasets. 

Figure 4.7 (a) shows the predicted 𝑢𝑢′ and the measured 𝑢𝑢′ versus 

𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 at 𝜌𝜌 = 0.5 in the datasets presented in Figures 4.1, 4.3 and 4.5. 

Some of the datasets with a linear growth rate less that is than 0.1 

( 𝑅𝑅𝛾𝛾/𝑣𝑣𝑡𝑡ℎ,𝑖𝑖 ) were filtered out since the calculated fluxes are 

unreasonable for the nearly stable plasmas (a number of 

unreasonable positive value results, which are unfiltered by the 

criteria but have a low linear growth rate, still remain). Interestingly, 

the predicted 𝑢𝑢′ could represent the similar magnitude order in the 

experiment, and it is also quantitatively dependent on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 as in the 

experiment. Here, 𝜃𝜃0 = −1.0  was used in this analysis, which is 

arbitrary but comparable to that from global simulations [48]. 

Considering that 𝑅𝑅/𝐿𝐿𝑛𝑛 is fairly scattered in the KSTAR database, the 

𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  dependence of the predicted 𝑢𝑢′ , unlike the result of ASDEX 

Upgrade, would not result from the 𝑅𝑅/𝐿𝐿𝑛𝑛  dependence. It is also 

notable that the best matching value of 𝜃𝜃0 for the KSTAR database 

is much larger than the value of -0.25 for the TEM datasets that was 
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used in ASDEX Upgrade, implying that there could be different 

processes contributing to the ballooning tilting angle in KSTAR and 

ASDEX Upgrade. In addition to the features of the gradient region, 

the existence of the anchor point is an important implications for the 

validation of the intrinsic rotation mechanism. The above analysis 

was applied to the typical anchor point for the mid and low 𝑞𝑞95 

datasets, 𝜌𝜌 = 0.7 , to investigate whether the mechanism can also 

capture the anchor point characteristics. In Figure 4.7 (b), the 

predicted 𝑢𝑢′  and the measured 𝑢𝑢′  versus 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  at 𝜌𝜌 = 0.7  were 

plotted for the given database. The measured 𝑢𝑢′ comprises nearly 

zero values regardless of 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 , which shows the anchor point 

characteristics. Interestingly, the predicted 𝑢𝑢′  at 𝜌𝜌 = 0.7  shows 

relatively lower values than the predicted 𝑢𝑢′ at 𝜌𝜌 = 0.5 even with the 

same 𝜃𝜃0 = −1.0 . Additionally, it does not represent the clear 

dependence on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 ; these characteristics are in line with the 

experiments. It is surprising that the simplified calculation for the 

residual stress with the finite ballooning tilting shows quite similar 

characteristics with both of the experimental observations of the 

gradient region and the anchor point. 
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Figure 4.7 Predicted 𝒖𝒖′  from the profile shearing effect and the 

measured 𝒖𝒖′  versus 𝝂𝝂𝒆𝒆𝒆𝒆𝒆𝒆  at (a) 𝝆𝝆 = 𝟎𝟎.𝟗𝟗  and (b) 𝝆𝝆 = 𝟎𝟎.𝟕𝟕  in the 

KSTAR database where 𝜽𝜽𝟎𝟎 = −𝟏𝟏.𝟎𝟎 is assumed. 
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The manner in which the residual stress with the finite ballooning 

tilting can reproduce the different collisionality dependences at the 

gradient region and the anchor point is of a significant interest. To 

investigate the reason, further calculations were carried out. In the 

calculations, several sets of the magnetic shear (𝑠𝑠) and the 𝑞𝑞 value 

were evaluated since both are considered as key parameters in the 

division of the gradient region and the anchor point in the KSTAR 

experiments. Here, the collisionality is scanned consistently with 

𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖 from 3 to 1 (𝜈𝜈 ∝ 1/(𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖)2) with a constant 𝑇𝑇𝑖𝑖 and the fixed 

𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒 = 6, 𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖 = 6, and 𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒 = 10, which are representative values 

at 𝜌𝜌 = 0.5 during the change of 𝑢𝑢′ in KSTAR. For simplicity, circular 

geometry, electrostatic, kinetic electrons, collisional plasmas, and 

𝑘𝑘𝑦𝑦𝜌𝜌𝑖𝑖 = 0.3  were assumed. Figure 4.8 (a) shows the predicted 𝑢𝑢′ 

versus 𝜈𝜈 with different magnetic shears and 𝑞𝑞 values in the linear 

GKW calculations. Interestingly, the predicted 𝑢𝑢′  with 𝑠𝑠 = 0.5 

increases to a negative value as the collisionality increases, which is 

similar to the characteristics of 𝑢𝑢′ in the gradient region. However, 

for 𝑠𝑠 = 1.5 cases, the predicted 𝑢𝑢′ shows a monotonic decrease to 

the zero value as the collisionality increases. The 𝑞𝑞 value used in the 

calculations does not affect the trend, but the magnitude of the 

predicted 𝑢𝑢′  is smaller for the large 𝑞𝑞  values regardless of the 

magnetic shear. These findings seems to explain the analysis results 
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in the above comparison between the predicted one and the measured 

one; furthermore, it is consistent with the experimental observations, 

where the gradient region is only observed with the small 𝑞𝑞 value 

and the weak magnetic shear.  

Now, the question regarding the way that the residual stress 

changes to increase 𝑢𝑢′ with the increase of the collisionality or the 

decrease of 𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖  in the gradient region can be considered. The 

momentum diffusivity and the residual stress would be strongly 

coupled with the turbulence amplitude since it is usually considered 

that the turbulent transport would be dominant for the momentum flux; 

therefore, with the given symmetry breaking, the variation of the 

momentum diffusivity and the residual stress could be approximately 

estimated from the linear growth rate. In Figure 4.8 (b), it is clearly 

observed that the linear growth rate of the dominant mode decreases 

with the increase of the collisionality, or the decrease of 𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖 , 

regardless of the 𝑞𝑞 value and the magnetic shear. This means that 

both the momentum diffusivity and the residual stress would 

decrease with the increase of the collisionality, or the decrease of 

𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖. This is consistent with the experimental observation in chapter 

3.4 and the nonlinear GKW calculations in chapter 4.2.1. 
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Figure 4.8 (a) Predicted 𝒖𝒖′ from the finite ballooning tilting, (b) linear 

growth rate (𝜸𝜸) multiplied by the sign of the real frequency (𝝎𝝎𝒓𝒓) of 

the dominant mode with different 𝒔𝒔�  and 𝒒𝒒  values versus the 

collisionality. The collisionality is scanned consistently with 𝑻𝑻𝒆𝒆/𝑻𝑻𝒊𝒊 

from 3 to 1.  
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Figure 4.9 (a) 𝝌𝝌𝝓𝝓/𝝌𝝌𝒊𝒊, and (b) 𝚷𝚷𝒓𝒓𝒆𝒆𝒔𝒔/𝝌𝝌𝒊𝒊 with different 𝒔𝒔� and 𝒒𝒒 values 

versus the collisionality. The collisionality is scanned consistently with 

𝑻𝑻𝒆𝒆/𝑻𝑻𝒊𝒊 from 3 to 1. 
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At this time, it should be noted that the relative dependence of 

Π𝑟𝑟𝑒𝑒𝑟𝑟 and 𝜒𝜒𝜙𝜙 on the collisionality. As shown in Figure 4.9 (b), Π𝑟𝑟𝑒𝑒𝑟𝑟/𝜒𝜒𝑖𝑖 

increases as the collisionality increases for 𝑠𝑠 = 0.5  cases, but 

decreases for 𝑠𝑠 = 1.5. On the other hand, 𝜒𝜒𝜙𝜙/𝜒𝜒𝑖𝑖  does not change 

much with the increase of the collisionality regardless of the 𝑞𝑞 value 

and the magnetic shear as shown in Figure 4.9 (a). It implies that the 

reduction of the momentum diffusivity would be comparatively larger 

than the reduction of the residual stress, which could result in the 

increase of 𝑢𝑢′ in the gradient region, where the magnetic shear is 

weak and the 𝑞𝑞 value is small. Meanwhile, at the anchor point where 

the magnetic shear is strong and the 𝑞𝑞 value is large, the profile 

shearing effect is limited so that a nearly zero 𝑢𝑢′ and the absence of 

a dependence on the collisionality are observed. Although the finite 

ballooning tilting model with arbitrary and finite 𝜃𝜃0 is used in the 

calculations, it is interesting that most of the intrinsic rotation 

characteristics observed in KSTAR Ohmic plasmas as described in 

chapter 3 can be explained by the model prediction. 
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Chapter 5. Application to KSTAR Ohmic Plasmas 

with Integrated Modelling 

 

5.1. Integrated modelling for intrinsic rotation prediction  

 

By comparing and analyzing the characteristics of the intrinsic 

rotation observed in the experiment and some theoretical models, it 

was confirmed that there is a high possibility model which is the finite 

ballooning tilting model. In this chapter, we describe how to calculate 

the intrinsic rotation profiles through the integrated modeling that 

integrates the model calculation code with the transport code. This 

integrated modeling is based on the KSTAR experimental data, and 

other plasma properties such as 𝑇𝑇i, 𝑇𝑇e, and 𝑛𝑛e except the plasma 

rotation are fixed at the measured values. Here, a single loop 

calculation is used for the integrated modelling and the intrinsic 

rotation prediction in KSTAR Ohmic plasmas. This approach is valid 

when the plasma properties except the plasma rotation are fixed and 

the plasma rotation does not effect on the momentum transport 

component calculations. Figure 5.1 shows a schematic diagram of this 

system. ASTRA was introduced as a transport code to solve the 

plasma rotation, and the integrated modelling system was built by 

combining the GKW code for the model calculation proposed in 
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chapter 4 with the ASTRA code. First, the various plasma properties 

in the experiment are reflected in ASTRA. Second, the information 

used in GKW calculations is calculated from the ASTRA code and 

transferred to the GKW code. Then, the components constituting the 

momentum transport are calculated and transferred to the ASTRA 

code. In the calculations where no external torque is injected, the 

intrinsic rotation profile is determined solely by 𝑉𝑉𝑝𝑝/𝜒𝜒𝜙𝜙 and Πres/𝜒𝜒𝜙𝜙, 

and 𝜒𝜒𝜙𝜙 does not effect on the intrinsic rotation profiles (but it effects 

on the time-evolution of the plasma rotation when there is some 

perturbations to the plasma rotation). Here, the GKW calculation for 

a radial point consumes about 10-100 CPU hours, but since only a 

single loop is considered as mentioned above, the total calculation 

time would be acceptable. 

 

Figure 5.1 Schematic diagram of the integrated modelling system for 

the intrinsic rotation prediction in KSTAR Ohmic plasmas using 

ASTRA and GKW. 
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5.2. Prediction of intrinsic rotation in KSTAR Ohmic plasmas 

 

Intrinsic rotation profiles in KSTAR Ohmic plasma was predicted by 

applying the integrated modeling system developed in chapter 5.1. 

As a test case, the intrinsic rotation profile evolution according to the 

plasma density in a single discharge is selected. Here, the intrinsic 

rotation profiles at the low 𝑢𝑢′  case and the high 𝑢𝑢′  case were 

predicted and compared with the measured intrinsic rotation profiles. 

In this calculation, the finite ballooning tilting angle (𝜃𝜃0) is assumed 

to be -1.0 for the all radius to reflect the result of chapter 4, and the 

calculation boundary is fixed at 𝜌𝜌 = 0.9. In Figures 5.2 (a) and 5.2 (b), 

the predicted intrinsic rotation (red line) at the core is similar to the 

experimental values for both cases. Furthermore, the change of 𝑢𝑢′ 

and the anchor point characteristic seem to be well captured. 

Nevertheless, it is observed that 𝑢𝑢′ in the gradient region is under-

estimated than the measured one. In order to have a similar 𝑢𝑢′ in the 

gradient region, 𝜃𝜃0 should be twice larger than the previous one for 

the low 𝑢𝑢′ case and four times larger for the high 𝑢𝑢′ case. In this 

integrated modelling system, the sawtooth activity was not 

considered so that the required 𝜃𝜃0  might be reduced when we 

consider the momentum redistribution caused by the sawtooth 

activity. It is interesting that this system predicts the characteristics 
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of the plasma density dependence of 𝑢𝑢′ in the gradient region and the 

anchor point, although there is a limit to precisely predict the intrinsic 

rotation profile in experiments. When the more accurate plasma 

equilibrium and the estimation for 𝜃𝜃0 are prepared, it is expected that 

this system will show more precise results. 
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Figure 5.2 Examples of the predicted intrinsic rotation profiles with 

the above integrated modelling system and the intrinsic rotation 

profiles in experiments: (a) the low 𝒖𝒖′ case and (b) the high 𝒖𝒖′ case. 
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Chapter 6. Conclusions and Future works 

 

For the intrinsic rotation study in KSTAR Ohmic plasmas, a new 

approach of the experiment was designed to measure intrinsic 

rotation profiles where the discharge is conducted with the beam blip 

techniques under the optimal operating conditions of the beam. For 

the several years of the KSTAR experimental campaigns, statistically 

sufficient intrinsic rotation profiles under various operating and 

plasma conditions were accumulated and its characteristics were 

investigated from the profile-based analysis (far different from the 

conventional 𝑉𝑉𝜙𝜙(0)  based analysis). The typical feature of the 

intrinsic rotation profiles were investigated where two main features 

of the intrinsic rotation are the normalized toroidal rotation gradient 

(𝑢𝑢′) change in the gradient region with the increase of the plasma 

density and the collisionality (represents the conventional rotation 

reversal phenomenon in KSTAR) and the existence of an anchor 

point. It was found that the locations of the gradient region and the 

anchor point is closely related to 𝑞𝑞95 and the strong dependence of 

𝑢𝑢′ on 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒 is clearly observed in the gradient region, whereas the 

dependence on 𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖, 𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒, and 𝑅𝑅/𝐿𝐿𝑛𝑛𝑒𝑒 is unclear. Further analysis 

implies that the increase of 𝑢𝑢′  in the gradient region with the 

increase of the plasma density and the collisionality would occur 
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when the reduction of the momentum diffusivity is comparatively 

larger than the reduction of the residual stress. It is supported by the 

perturbative analysis of the experiments and the linear/nonlinear 

gyrokinetic simulations. The absence of the sign change of 𝑢𝑢′ even 

at a much lower collisionality by additional electron cyclotron heating 

(ECH) brings further experimental support to this interpretation. The 

experimental observations were compared with the theoretical 

models. It seems that the residual stress associated with a finite 

ballooning tilting well reproduces the experimental observations of 

both the gradient region and the anchor point; the difference was 

explained by the magnetic shear and the 𝑞𝑞 value in the regions. The 

integrated modelling which combines ASTRA and GKW was applied 

to predict the intrinsic rotation profiles in KSTAR Ohmic plasmas 

with the selected theoretical model. Although the predicted intrinsic 

rotation profiles do not exactly match with the measured intrinsic 

rotation profiles in experiments, the change of 𝑢𝑢′ with the increase 

of the plasma density and the collisionality and the existence of the 

anchor point region seems to be well captured by the integrated 

modelling. 

This study shows the limitation of the 𝑉𝑉𝜙𝜙(0) based analysis, 

which has been usually conducted for the intrinsic rotation study in 

various tokamaks, and represents the importance of the profile-
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based analysis. As a result of this study, the experimental in KSTAR 

Ohmic plasmas and several ECH plasmas were characterized, and a 

possible mechanism of the intrinsic rotation generation was 

suggested through a comparison of theoretical models with the 

collected large database in KSTAR until the 2016 experiment 

campaign. This study contributed to the understanding of the intrinsic 

rotation characteristics and its generation mechanism in KSTAR 

Ohmic plasmas. This study could be extended further by investigating 

another operating regime in KSTAR such as Ohmic H-mode and 

operations with auxiliary heating. For the possible mechanism of the 

intrinsic rotation generation, the finite ballooning tilting model could 

be more precisely investigated through a global nonlinear simulation. 
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Abstract in Korean 
 

플라즈마 유동은 토카막 플라즈마 성능 및 안정성에 영향을 주는 

것으로 알려져 있다. 한편, ITER와 같은 대형 장치에서는 현존하는 

토카막 장치와 달리 중성입자입사 시스템에 의한 플라즈마 유동이 매우 

작을 것으로 예측되기 때문에, 고유 유동 연구는 토카막 플라즈마의 

중요한 이슈 중 하나이다. 오믹 플라즈마는 토카막 고유 유동의 물리적 

기작을 연구하기에 가장 적합한 플라즈마로써, 다양한 장치에서 실험이 

수행되고 있었다. 국내 토카막 장치인 KSTAR의 경우도 고유 유동에 

대한 실험적 연구가 오믹 플라즈마에서 수행되고 있었으며, 본 연구가 

수행되기 이전까지는 XICS 진단을 기반으로 한 플라즈마 중심에서의 

유동 연구만 수행되고 있었다 (𝑉𝑉ϕ(0)  을 기반으로 한 고유 유동 특성 

분석). 본 연구에서는 전체 고유 유동 분포를 진단할 수 있게 실험을 

설계하고, 이를 기반으로 하여 KSTAR 오믹 플라즈마의 고유 유동에 

대한 실험적 특성을 분석하였다. 이를 바탕으로 다양한 고유 유동 기작 

이론과의 비교 분석을 수행하였고, 통합 모델링을 통한 전체 고유 유동 

분포의 계산 및 비교의 과정을 통해 KSTAR 오믹 플라즈마의 고유 

유동 기작에 대해 논의하였다. 

KSTAR에서 전체 고유 유동 분포 진단을 위해서는 필연적으로 

중성입자입사가 요구된다. 이 때, 중성입자입사는 플라즈마 성질에 

섭동을 줄 뿐만 아니라, 외부 토크로 인한 플라즈마 유동의 변형을 

초래하므로, 이런 외부 섭동을 최소화하고 가능한 실제 오믹 플라즈마의 
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고유 유동을 측정하는 것이 가장 우선시 된다. 이를 위해 KSTAR 오믹 

플라즈마에서 고유 유동을 측정하기 위한 중성입자입사 장치의 최적 

운전 조건을 실험적으로 도출하였다. 플라즈마 상태 및 목적에 따라 

최적 운전 조건은 달라질 수 있지만, 400-600 kA의 플라즈마 전류의 

KSTAR 오믹 플라즈마에서 일반적으로는 20 ms x 2 Hz 이하의 입사는 

최소한으로 만족되어야 하는 것을 확인할 수 있었다. 

다양한 운전 및 플라즈마 조건에서 측정한 고유 유동 분포를 살펴본 

결과, 기존의 𝑉𝑉ϕ(0)  기반의 분석이 한계가 있음을 실제적으로 

확인하였다. 𝑉𝑉ϕ(0) 기반의 분석이 고유 유동 특성을 충분히 포함하려면, 

크게 두 가지 조건이 요구된다. 하나는 플라즈마 경계 부근의 고유 

유동이 무시할만해야 하며, 또 다른 하나는 고유 유동의 분포가 단순한 

곡선 형태를 띄어야 한다는 것이다. KSTAR 오믹 플라즈마의 다양한 

운전 및 플라즈마 조건에서 플라즈마 경계 부근의 고유 유동이 달라질 

수 있으며, 심지어 동일한 운전 조건이더라도 언제 실험이 

수행되었느냐에 따라 달리지는 것이 확인되었다. 이는 플라즈마 경계 

부근의 고유 유동이 운전 조건뿐만 아니라 불순물 정도 등에 민감하다는 

것을 의미하며, KSTAR 오믹 플라즈마에서의 경계 부근의 고유 유동 

변화는 최대 20 km/s까지 이르는 것이 확인되었다. 이는 𝑉𝑉ϕ(0)의 변화 

정도와 비교해 볼 때 결코 무시할 수 없는 수준이다. 또 다른 하나는 

고유 유동의 분포가 단순한 곡선 형태를 띠지 않고 기울기가 내부에서 

급격하게 변하는 영역이 존재할 수 있다는 것이다. 이는 곧 실제 고유 

유동 특성을 파악하기 위해서는 전체 고유 유동의 분포를 고려하여야 
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한다는 것을 방증한다. 이런 특성을 고려하여, 2016년 KSTAR 

캠페인까지 확보된 약 300여개의 데이터베이스를 활용하여 KSTAR 

오믹 플라즈마의 고유 유동 특성을 분석함에 있어 고유 유동 분포에 

기반한 분석을 수행하였다. 

먼저, 전형적인 고유 유동 분포에 대해 살펴보았으며, KSTAR 오믹 

플라즈마의 고유 유동은 크게 네 개의 영역으로 구분되는 구조를 가지는 

것을 확인하였다. 플라즈마 중심부와 가까운 가장 안쪽 영역은 다소 

평평하거나 약간 볼록한 형상을 가지는 구조가 보이며, 이는 주로 톱날 

불안정성의 영역과 일치하는 것이 확인된다. 다음은 기울기 영역으로 

가파른 기울기를 갖는 분포가 쉽게 관측되며, 일반적으로 KSTAR 오믹 

플라즈마에서는 양의 기울기, 즉 결과적으로 오목한 형상의 고유 유동 

분포를 나타내게 하는 주요 요소로 작용하는 영역이 관측된다. 이 

영역은 플라즈마 밀도 증가 시 기울기가 크게 변화하며, 결과적으로 

𝑉𝑉ϕ(0) 의 변화를 초래하는 것과 가장 큰 연관이 있다. 그 다음은 앵커 

포인트 영역이다. 여기서는 고유 유동의 분포가 다시 평평해지며, 

안쪽의 기울기 영역의 경계영역으로 작용하는 것처럼 보인다. 이 영역은 

실제 플라즈마 경계에서 멀리 떨어진 곳으로, 실제 플라즈마 경계 

영역과 구분된다. 마지막은 앵커 포인트 영역과 실제 플라즈마 경계 

사이의 영역으로, 이 구간은 플라즈마 운전 조건에 따라 형상 및 고유 

유동 값이 다양하게 존재한다.  

여러 가지 운전 조건에 대해 분포를 분석해 본 결과, KSTAR 오믹 

플라즈마에서 고유 유동 분포는 밀도가 증가함에 따라 평평한 형상에서 
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오목한 형상으로 바뀌는 것을 확인할 수 있으며, 이런 고유 유동의 변화 

영역은 𝑞𝑞95  와 밀접하게 관련이 있는 것을 확인할 수 있었다. 이 때, 

고유 유동 분포 형상 변화는 플라즈마 밀도 증가에 따라 정규화된 고유 

유동의 기울기 ( 𝑢𝑢′ )가 크게 변화함에 따라 나타나는데, 그 변화는 

기울기 영역으로만 제한되며 앵커 포인트 영역에서는 거의 변화가 

관측되지 않는다. 이 때, 기울기 영역은 q 값이 낮고 자기 전단이 작은 

영역에 해당하고, 앵커 포인트 영역은 q 값이 기울기 영역보다 크며, 

자기 전단이 큰 영역에 해당하는 것으로 확인된다. 

기울기 영역에서 𝑢𝑢′ 은 근사적으로 잔류 응력(고유 유동 유발 

기작)과 운동량 확산 계수의 비로써 나타낼 수 있다. 이 때, 잔류 

응력과 운동량 확산 계수는 ITG/TEM과 같은 난류 특성과 관련이 있을 

것으로 예상되므로, 난류 특성에 영향을 미치는 주요 플라즈마 인자인 

𝑅𝑅/𝐿𝐿𝑇𝑇𝑖𝑖 ,𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒 ,𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖, 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  등과의 상관 관계를 분석하였다. 그 결과 가장 

높은 상관성을 보이는 인자는 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒  와 𝑇𝑇𝑒𝑒/𝑇𝑇𝑖𝑖  인 것으로 도출되었다. 

흥미롭게도 기울기 영역에서의 𝑢𝑢′  변화는 시변 수송 전산모사 분석을 

통해 운동량 확산 계수의 큰 변화와 관련이 있을 것으로 확인되었다. 

이는 EC 인가를 통해 훨씬 낮은 𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒에 대한 𝑢𝑢′을 분석하였을 때에도 

양의 값을 갖지 않는 실험적 관측 및 선형/비선형 자이로키네틱 

전산모사 결과와 합의를 이룬다. 

KSTAR 오믹 플라즈마 데이터베이스를 활용하여 이론적 모델이 

앞서 관측한 고유 유동 특성을 잘 예측할 수 있는지 비교 분석해 보았다. 

신고전 수송 모델 및 다양한 난류 수송 모델을 비교 분석해 본 결과 
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“유한 벌룬 틸팅”모델의 경우가 실험에서 관측한 고유 유동 특성과 

가장 잘 일치하는 것으로 확인되었다. 비록 임의의 (그러나 가능한 

수준의 범위 내의) 틸팅 각도가 사용되었지만, 실험에서 관측한 수준의 

𝑢𝑢′ 의 값을 나타낼 수 있었고, 특히 고정된 틸팅 각도 하에서도 기울기 

영역의 𝑢𝑢′  변화 특성과 앵커 포인트 영역의 서로 상반된 특성도 잘 

예측하는 것으로 평가되었다. 영역에 따른 모델 예측의 차이는 자기 

전단과 큰 관련성이 확인되었는데, 자기 전단이 1보다 작고 q가 

작을수록 전산모사 결과가 기울기 영역의 𝑢𝑢′  변화와 경향성을 보이고, 

자기 전단이 1보다 크고 q가 클수록 𝑢𝑢′의 예측값이 작아지며 경향성이 

달라지는 것을 확인할 수 있었다. 이는 기울기 영역과 앵커 포인트 

영역이 q 값과 자기 전단 값과 관련이 있는 실험적 관측 결과와 

일치한다. 

마지막으로, “유한 벌룬 틸팅” 모델을 적용하여 KSTAR 오믹 

플라즈마의 전체 고유 유동 분포를 계산하기 위해, GKW 코드와 수송 

코드인 ASTRA를 결합하여 전산모사를 수행하였다. 실제 실험에서 

진단된 고유 유동보다는 작게 예측하는 결과를 보였지만, 밀도 증가에 

따른 𝑢𝑢′  의 변화 경향성 및 앵커 포인트와 기울기 영역을 갖는 분포 

경향성을 잘 예측하는 것으로 확인되었다. 이는 “유한 벌룬 틸팅” 

모델이 KSTAR 오믹 플라즈마의 고유 유동 기작으로써의 높은 

가능성을 가지는 것을 보여주며, 특정 고유 유동 기작을 포함한 통합 

수송 모델링 및 플라즈마 유동 예측 방법론은 향후 다양한 응용 

가능성을 포함하고 있다. 
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