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Abstract  

 The recent progress on hybrid scenario in KSTAR is reported. Firstly, the definition of the hybrid 

scenario in KSTAR is described as sustained longer than  at  

without or mild sawtooth. Secondly, the characteristics of KSTAR hybrid scenarios are introduced in three 

perspectives, experimental approaches to access the regime, their categorization by MHD activities, and 

confinement enhancement against conventional H-modes. Four experimental recipes are used to access the 

hybrid regime; early heating, plasma current overshoot adjusted early heating, and late heating scenario. The 

plasma performance shows different properties depending on the type of MHD activities such as fishbone 

and tearing mode. It is clearly shown that the hybrid scenarios exhibit higher confinement than H-mode 

according to the KSTAR energy confinement scaling. Lastly, the origin of performance enhancement is 

investigated. The pedestal enhancement is thought to be the main reason for the confinement improvement 

with some contribution from core ion heat transport improvement in KSTAR hybrid scenarios.  

 

1. Introduction 

The reference scenario of ITER has a typical q-profile of H-mode with central q lower than 1, so 

sawtooth is expected to occur frequently. Since the sawtooth can seed neoclassical tearing modes (NTMs), 

the risk of disruption by NTMs is very high in high beta regimes. Therefore, the reference H-mode scenario 

of ITER must raise the plasma current to obtain a high fusion power gain of Q = 10 at low beta to avoid this 

risk of disruptions. However, in the ‘hybrid’ or ‘advanced inductive’ scenario, q-profile is flat with a central 

q above 1, so that sawtooth is absent or very small. Therefore, it is possible to maintain a high beta and 

consequently Q = 10 for longer at lower plasma current than the reference H-mode. Due to this advantage 

the hybrid scenario has been actively studied in various tokamak devices including KSTAR [1] and included 

as one of the ITER operation scenarios. In this study, the hybrid scenario in KSTAR is defined based on the 

conventional features of the hybrid scenario and the characteristics and the performance improvement factors 

of KSTAR hybrid discharges are studied. In section 2, the detailed process to define hybrid scenario in 

KSTAR is described. Some characteristics of KSTAR hybrid scenarios are investigated in section 3. In 

section 4, the origin of the performance enhancement of KSTAR hybrid scenario is studied. A concluding 

section summarizes and closes the paper.  

 

2. Definition of hybrid scenario in KSTAR  

 The operation window of hybrid scenario in KSTAR is determined by , plasma current ( ) and 

sawtooth activities. 445 of H-mode discharges with total neutral beam injection (NBI) power larger than 3.5 

MW are plotted in the  and  plane with sawtooth activities in figure 1. Because there are no or very 
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weak sawtooth activities in hybrid scenario due to flat q-profile (  as mentioned above, the sawtooth 

activities present inherently among conventional H-mode discharges. In figure 1, only about 8% of discharges 

have sawtooth activities with electron cyclotron heating (ECH) sources in the blue window, which means 

there are no sawtooth activities inherently in the blue window due to larger  and larger  

with the higher fraction of broad NB current drive. Note that the sawtooth is triggered by central ECH in this 

regime. On the other hand, about 40% of discharges have sawtooth activities in the red window. ASTRA 

modelling shows that q(0) goes below unity in this window thus, the red window where sawtooth activities 

present inherently is the operation windows of hybrid scenario in KSTAR. 

  
Hybrid scenario in KSTAR is defined as stationary regime with and  in 

 without severe sawtooth activities where  and  values are from the real-time equilibrium fitting 

code, EFIT. Here, the first condition ‘stationary’ means that the plasma performance factors,  and , 

sustain for longer than 5 times of energy confinement time ( ) [2]. The second condition in terms of  

and  is very important because the discharges of hybrid scenario should have the improved normalized 

fusion power gain expressed in G-factor ( ) according to the objective and advantage of the 

scenario [3]. Due to the strong dependency of G-factor on , normalized performance defined as  

is also used instead for similar  discharges. The reference values of  and  refer to the previous 

study [3] and reflect the fact that the values of the performance factors from the real-time EFIT tend to be 

10 % less than the values from the fully iterated EFIT. The third condition, , is from the operation 

window of hybrid scenario in KSTAR as described. The last condition about no or soft sawtooth activities 

follows the basic feature of hybrid scenario. As a result, 34 discharges of the black square in figure 2 are 

classified as hybrid scenario by satisfying this definition in KSTAR.  

 

Fig. 1  vs  plot with sawtooth activities for 445 high heating H-mode discharges in KSTAR  
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3. Characteristics of KSTAR hybrid scenarios  

 Figure 3 shows four experimental approaches to access hybrid regimes in KSTAR. Early heating during 

the current ramp-up shown in figure 3 (a) has been widely used to obtain hybrid scenario in various tokamak 

devices [4] and also used for the basic plasma operation scenario in KSTAR. 26 out of 34 hybrid discharges 

are operated with this approach and transient peaked high performance is usually obtained in the beginning 

of the high heating phase. The current overshoot recipe shown in figure 3 (b) is used to optimize the magnetic 

shear profile denoted as  in terms of the ITG theory [5]. It has been explored in JET [5] and the early 

stage of KSTAR project [6]. 1 out of 34 hybrid discharges is operated with this recipe in this database where 

the main heating is applied after the current overshoot is finalized. The high performance is obtained with 

100% non-inductive current drive at the main heating phase but degraded after appearance of the n = 2 mode. 

Based on the early heating scenario, the main heating time is adjusted to optimize plasma performance as 

shown in figure 3 (c). 6 out of 34 discharges are operated with this operation scenario where the high 

performance phase sustains without any harmful MHD modes. In figure 3 (d), full heating is applied in the 

current flattop phase after the Ohmic current is fully diffused as explored in [4]. 1 out of 34 hybrid discharges 

is operated with this heating scenario with the similar performance to the adjusted early heating scenario. 

The safety factor profiles at the high performance phase were taken from MSE-EFIT for figure 3 (c) and 3 

(d) which are presented in figure 4 (a) and 4 (b) respectively. Both have flat  profiles around the core and 

 exhibiting the typical hybrid scenario feature.  

 In other tokamaks, hybrid discharges typically have MHD modes such as n = 1 Fishbone or n = 2 NTMs. 

The hybrid scenarios in KSTAR also exhibit MHD modes and can be classified according to the type of these 

modes in the plot of the plasma performance and density. Figure 5 (a) shows that the higher normalized 

performance can be obtained for the hybrid discharges with n = 1 Fishbone, n = 2 mode or no mode in the 

low density regime. On the other hand, figure 5 (b) presents that the higher G-factor can be obtained with 

Fishbones in the high density regime. The difference results from the dependency on  

 

 

Fig. 2  vs  plot with sawtooth activities for the discharges in the red window shown in figure 1 

(the operation window of hybrid scenario in KSTAR)   
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(a) (b)

(c) (d) 

Fig. 3 Operation scenario and plasma performance,  and , plots of 4 experimental approaches   

(a) (b) 
Fig. 4 Safety factor (q) profiles from MSE-EFIT during the high performance phase of figure 3 (c) and 

(d), respectively  

(a) (b) 
Fig. 5 Performance factors (  and ) vs average density plot with MHD modes at 

high performance phase of hybrid discharges 
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 Like the hybrid scenarios in other tokamaks, the KSTAR hybrid discharges also tend to have larger 

energy confinement time than that of conventional H-mode discharges. The H-mode energy confinement 

time scaling in KSTAR,  [7] which was derived by 

including dataset of high beta plasmas, is used to estimate the energy confinement of hybrid discharges. In 

figure 6, the hybrid discharges shown in red tend to be located above the scaling clearly but, the other H-

mode discharges in black spread evenly around it. This implies the hybrid discharges exhibit higher energy 

confinement than that of standard H-modes in KSTAR. 

 

4. Analysis of performance improvement 

 The origin of improved performance of the hybrid discharges is investigated. Figure 7 shows an example 

of the adjusted early heating scenario with n = 1 Fishbone (#16545) where  increases after each 2nd and 

3rd NBI is injected but,  does not increase. However, delayed performance improvements of ,  

and  (total plasma stored energy) occur at 4.8 s and 5.2 s after the 3rd NBI.  

  

Fig. 6 Experimental energy confinement time of hybrid discharges (red) and H-mode discharges (black) 

presented in figure 2 

  

Fig. 7 Time evolution of ,  and  of #16545 where delayed performance improvement is 

indicated with the blue and red box  
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 To find the origin of these delayed performance improvements, time evolution of 7 radial positions of 

the electron ( ) and ion ( ) temperature is compared with total plasma stored energy in figure 8. They are 

from electron cyclotron emission (ECE) diagnostics and charge exchange spectroscopy (CES), respectively 

and the total plasma stored energy is from the diamagnetic loop signal. It is clearly seen that the increase of 

 accompanies the increase of outer  in both the blue and red time window. The core  is increased 

via the stiffness. In the red window, the increase of core  begins to contribute to the performance 

improvement. Comparing evolutions of  and  profiles with  shows the trend more clearly in 

figure 9. 

 

  (a) (b) (c) 

Fig. 8 (a) time evolution of n=1 mode amplitude, ,  and  (b) time evolution of electron 

temperature at 7 radial positions (c) time evolution of ion temperature at 7 radial positions  

(a) (b) 

Fig. 9 Changes in (a) electron temperature profiles and (b) ion temperature profiles during the delayed 

performance improvements  
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Figure 10 shows the delayed confinement improvement accompanying increase of outer  in other 

hybrid discharges, #15269 and #16543. Figure 11(a) and (b) show comparison of  and  profiles 

between high and low performances in #10962 and figure 11(c) shows the relationship between the 

experimental confinement time ( ) and the pedestal height. As a result, the confinement improvement 

of the hybrid discharges mainly results from the pedestal enhancement of  or  as reported in [1] and 

ASDEX Upgraded [8] together with slight core ion heat transport improvement probably due to fast ions [9]. 

 

5. Conclusion 

 The operation window of hybrid scenario is determined as  by investigating the inherent 

presence of sawtooth activities of 445 H-mode discharges in KSTAR. Based on the operation window and 

characteristics of hybrid scenario, the hybrid scenario in KSTAR is defined as stationary and 

 in  without severe sawtooth activities. 34 discharges satisfying this condition are 

classified as hybrid scenarios in KSTAR. The KSTAR hybrid discharges are obtained with four different 

experimental approaches but can be categorized by their MHD activities and the subsequent confinement 

property. The origin of improved performance is studied and improved pedestal of electron or ion temperature 

(a) (b) 
Fig. 10 Time evolution of , core  and outer  during the performance improvement in  

#15269 (a) and #16543 (b) 

(a) (b) (c) 
Fig. 11 (a), (b) ion and electron temperature profiles between high and low performance in #10962, (c) 

relationship between pedestal height and energy confinement time in #11421 and #10961 
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is thought to be the main factor with some contribution from core ion heat transport improvement. The cause 

of pedestal enhancement is still under investigation. 
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