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We report the results of predictive modelling of advanced operation scenarios in KSTAR. Firstly, the 
operation windows are produced to explore the KSTAR advanced scenarios in the condition of upgrading 
H/CD mix. Using METIS code, the rough ranges of operation condition of Ip and By to utilize for the 
development of advanced operation scenario are determined. Secondly, the advanced inductive and the 
advanced tokamak operation scenario of KSTAR. are developing with the scaling based and the physics 
based transport model by using CRONOS to make a suggestion to on-going KSTAR experiment. Thirdly, 
the dependency of the time of し-H transition on qo and qmin is investigated for the advanced inductive 
operation scenario. These reliable results can become the useful database for exploring the advanced 
regime of KSTAR discharges in the future.

1・ Introduction

KS^rAR mission has a final goal which is an achievement of steady state operation using active profile 
controls. In addition, another important mission is to support ITER relevant urgent issues such as ELM 
mitigation，disruption control, and divertor heat loads reduced. During the next five years, KSTAR would 
be focus on ITER-relevant advanced operation with highly concentrated and optimized our resources. It can 
be characterized to the regime of long pulse (> IOtr) and high performance (Pn〜3.0)[1,2]. In order to meet 
them of KSTAR tokamak, we have to prepare the reliable database before the experiment is conducted. We 
have studied a feasibility of achieving the advanced operation scenario on the basis of heating and current 
drive (H/CD) upgrade plan associated with KSTAR H/CD mix by using CRONOS suites [3] as a 1.5-D 
integrated tokamak plasma transport simulator. Our work is essential to propose a practical guide to 
achieve the advanced operation.

The predictive modelling has been done to develop the advanced operation of KSTAR in the previous 
works [2,4]. To improve those results, we consider more practical heating and current drive (H/CD) system. 
Based on the recent H/CD upgrading plan in KSTAR H/CD systems in next few years, we decide to handle 
two actuators, NBI H/CD and ECH/CD, to depict the KSTAR operation scenario. The details of available 
external H/CD based on the H/CD upgrade plan are as follows. We consider three beam lines and 6 MW of 
delivered beam power in total so that each beam line produces up to 2 MW with 100 keV. We simulate two 
combinations of NBI H/CD system. One is the combination describing all of beam lines aligned to the on- 
axis, and the other is the combination describing part of beam lines aligned to the off-axis (two beam lines 
in off-axis and one beam in on-axis). We also considered 2.4 MW 105 GHz ECH/CD with two radial 
depositions of on-axis and off-axis.

As mentioned before, we calculate KSTAR operation scenarios simulated by using the CRONOS 
suites. The CRONOS includes the SINBAD (PENCIL modeling) module and/or NEMO/SPOT (Monte- 
Carlo modeling) module for NBI H/CD and R.EMA module for ECH/CD.

2. Operation window for advanced operation in KSTAR

Here, we use the METIS code to produce the operation window for the reference inductive operation 
and the advanced inductive operation in KSTAR. The METIS code is a fast integrated tokamak simulator 
tool and it can simulate tokamak plasma evolution using information coming from scaling laws coupled 
with simplified source models. According to tentative H/CD upgrade plan of phase II operation in KSTAR., 
we set the condition of H/CD and expect to use Pnb=6.0 MW and Pec=2.4 MW. We assume 8=0.7, 
ne=0.3nGw, and pq>,Ped=0.95 as control variables in the simulation. As Ip and By are changed, q95, fNi, and pN 
are produced. Figure 1(a) presents the distribution of them. Here, we determine the operation window for
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Figure 1 q95, fbn, and pN against the changes of Ip and Bt (a) and the operation window for reference 
inductive regime and advanced inductive regime (b).

the advanced inductive operation in KSTAR to the condition of q95=3.9-5.5, fNi=0.5-0.65, and Pn=2.5〜3.0. 
The range of q95 is determined for the ITER relevant experiment. Finally, we can deduce the specific 
operation window of the advanced inductive regime of KSTAR. It is presented in Fig.1(b). As a result, we 
expect that the advanced inductive operation in KSTAR is achieved in the range of Ip=-0.7 MA-1.0 MA 
and Bt=M.6T-2.7T.

3・ KSTAR operation scenarios: reference inductive, advanced inductive, and advanced 
tokamak

We adopt two approaches to describe the anomalous heat transport in the CRONOS simulation. One is 
the Scaling Based Model (SBM) like KIAUTO [5] and the other is the Physics Based Model (PBM) like 
GLF23 [6], CDBM, Weiland, MMM95, etc. When we use SBM, the confinement enhancement factor 
would be a constraint. That is, if we assume the target H-factor in the simulation, the plasma is controlled 
by the proportional modification of heat conductivity. It is a kind of inductive approach. Therefore, it is 
useful to measure the plasma performance/state against the assumed confinement. On the other hand, when 
we use PBM, the anomalous heat conductivity is determined by the physics based on the micro instabilities 
like Ion Temperature Gradient (ITG), Trapped Electron Mode (TEM), Electron Temperature Gradient 
(ETG), Resistive Ballooning Mode (RBM), etc. It is a kind of deductive approach. Here, we use KIAUTO 
and GLF23 for SBM and PBM, respectively, to develop the KSTAR operation scenarios.

3.1. Reference inductive and advanced inductive scenarios with scaling based model

In our work, based on the operation window as shown in Fig.1(b), we are producing three types of 
the operation scenario of KSTAR using the CRONOS code. One is the reference inductive operation 
scenario. It is the normal H-mode discharge. It can be characterized to Bt^1.88 T, Ip=1.2 MA, Pn=2.0〜2.5, 
q95〜ふ H98(y，2)〜1.0. The on-axis H7CD are used to produce the normal H-mode operation as the reference 
operation scenario. The other is the advanced inductive operation scenario so called the hybrid operation 
scenario. It is the longer discharge than the reference inductive operation scenario. It can be characterized 
to Bt〜1.88 T，Ip=1.0 MA, Pn=2.5~3.0, q95〜4, 1198^ュ广1・1-1.3, fNi>0.8. The last is the advanced tokamak 
operation scenario which is the fully non-inductive steady state operation. It can be characterized Bi—1.88 
T, Ip=0.8 MA, Pn>3.0, q95〜5, H98（y,2）>1.3, fNi>1.0. The off-axis H/CD are used to produce the advanced 
inductive and the steady state operation scenarios. Table 1 describes the operation condition and the target 
plasma performance and confinement of KSTAR operation scenarios.

Firstly we devote to develop the reference inductive and advanced inductive operation scenarios with 
SBM. The detailed schemes of H/CD are as follows. We inject the 6 MW of NBI with on-axis configuration
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Table 1 The operation condition and the target plasma performance and confinement for KSTAR 
operation scenarios.

Bt(T) IP (MA) P‘、 Pnb(MW) Pec(MW)

Reference Inductive 

operation
1.88 1.2 〜3.0 ~1.0 2.0-2.5 6 (on-axis) 2.4

Advanced Inductive 

operation
1.88 1.0 -4.0 -1.11.3 2.5-3.0 >0.8

2 (on-axis)

4 (off-axis)
2.4 (ofT-axis)

Advanced Tokamak 

operation
1.88 0.8 〜5.0 >1.3 >3.0 >1.0

2 (on-axis)

4 (off-axis)
2.4 (off-axis)

Figure 2 The time traces of plasma operation 
parameters like Ip, Pnb, Pec, ne, a, k, and 8 of the 
reference inductive (blue) and the advanced 
inductive (red) scenarios for KSTAR.

1 2 3 4 5 6
time (s)

Figure 3 The time traces of parameters describing 
the plasma performance and the confinement like 
Te,o, fNi, Pn, and H98（y>2）of the reference inductive 
(blue) and the advanced inductive (red) scenarios 
for KSTAR.

Figure 4 The time traces of qo and qmin (a) and the profiles of q and current density at 7.0 s (b) in the 
reference inductive (blue) and the advanced inductive (red) scenarios for KSTAR.
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and 2.4 MW 105 GHz X2 ECCD with slightly off-axis configuration ((9, 0)=(+lOo，+lO0)) for producing 
the reference inductive operation scenario. On the other hand, for the advanced inductive operation 
scenario, we inject 2 MW of NBI with on-axis and 4 MW of NBI with off-axis and 2.4 MW 105 GHz X2 
ECCD with further off-axis configuration ((<p, 0)={+1〇。，+270)).

The time traces of plasma operation parameters like Ip, Pnb，Pec, ne, a, k, and 5 for both those scenarios 
are described in Fig. 2. For both operation scenarios, we set the same schemes of Br, Ip ramp-up rate 
(dIp/dt=0.5 MA), the Greenwald density fraction (fGw=0.3) in H-mode phase, and the plasma shape. We set 
the beam is injected to the plasma after 0.4 s from the time which Ip plat-top phase is reached and the 
ECCD is injected after 1.0 s from the time which the NBI is injected. Also we set the L-H transition is 
occurred with the full injection of NBI. So, L-H transition of each operation scenario is occurred at 2.8 s 
and 2.4 s, respectively. Note that ne is different between two scenarios in H-mode phase and it is lower in 
the advanced inductive scenario due to lower Ip.

As mentioned above, we adopt SBM to describe the anomalous heat transport. In the reference 
inductive operation scenario, SBM is applied in all phase (L- and H-mode) with the assumption of 
H98（y,2）=1.0. In the advanced inductive operation scenario, SBM is also applied in all phase (し-，H-, and AI- 
mode), so that H98（y,2）=1.0 is assumed in L- and H-mode. But H98（y,2）=1.2 is assumed in Al-mode to reflect 
the confinement enhancement. In the scenario, we consider that the plasma is entered to Al-mode from 7.0 
s, so that the H-factor constraint is changed from H98（y,2）=l.0 to H98（y,2）=1.2 as shown in Fig. 3 (d). We can 
confirm clearly that Pn and fNi increase against the H-factor constraint.

At 8.0, Pn=2.7, fNi=0.55, H98（y,2）=0.90, li=0.86 (internal inductance) and Vioop=114 mV (loop voltage) 
are achieved in the reference inductive scenario. Compared with reference inductive scenario, (3n (=3.07)， 
fbu (=0.83), and H98(y，2) (=1.09) are improved，h (=0.82) is slightly reduced, and ViooP (=10 mV) is 
dramatically reduced in the advanced inductive scenario.

It is worthy to explain here how we can determine whether the plasma is entered into the Al-mode or 
not. It comes from the q profile. Figure 4 presents the time trace of qo and qmin and the profiles of q and 
current density at 7.0 s in the reference inductive and the advanced inductive operation scenarios of 
KSTAR. In the reference inductive scenario, qo decreases gradually and reaches below qo<l.O even ECCD 
is injected to the plasma from 3.8 s. On the other hand, although the time traces of qo and qmin are similar 
between two scenarios before ECCD is injected, qo increases gradually with ECCD deposited at p（p〜0.4 
from 3.4 s in the advanced inductive operation scenario as shown in Fig. 4 (a). Then, we can confirm that q 
profile eventually presents the hybrid-like q profile (not monotonic) at 7.0 s as shown in Fig. 4 (b). So the 
discharge can be assumed to access advanced inductive regime by manually changing the H-factor 
constraint to 1.2. Hereafter the shape of q is held in similar. That is, qo does not decreases in time and the 
plasma of the advanced inductive scenarios reaches the stationary condition.

The reduced Ip in the advanced inductive operation scenario is the main reason which the qo and qmin 
increase with the off-axis injection of ECCD. In other word, the reduced Ip makes increase the 
controllability of qo and qmjn by the external H/CD as the non-inductive induced current, because the 
inductive portion of the total current goes smaller with the reduced Ip.

3.2. Reference inductive and advanced inductive scenarios with physics based model

In the previous section, the reference inductive operation scenario is developing by SBM. Here we 
report that it is also developing by PBM. Figure 5 presents the comparison between SBM and PBM, which 
is the time traces of parameters describing the plasma performance and the confinement like Te，。，fNi，Pn, 
and H98(y，2) in the reference inductive scenario of KSTAR. After the L-H transition, the plasma performance 
with GLF23 model is not much different from one with KIAUTO model. However, qo shows different trend 
and decreases quickly with GLF23 model. It comes from the low Te in し-mode phase.

Secondly the advanced inductive operation scenario is also ongoing to develop using PBM. Before full 
simulation of the advanced inductive scenario, the trend of qo has to be checked whether it is accessible to 
the advanced inductive regime or not. When we adopt the GしF23 model, qo is below the unity too much so 
that it is hard to expect to recover qo to above the unity even ECCD is injected as shown in Fig. 6. (a). It 
means that is hard to make the hybrid-like q profile to access the advanced inductive regime. Therefore, in 
this work, we investigate that how much qo would be adjustable by the time of し-H transition in our limited 
H/CD condition. Figure 6 (b) presents the dependency of the time of し-H transition on qo and qmin. As the 
L-H transition is occurred at earlier time, qo is elevated more so that the time of qo=l.O is delayed more. It 
means that earlier L-H transition has the controllability more to the hybrid-like q profile to access the
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Figure 5 The time traces of parameters 
describing the plasma performance and the 
confinement like Tc,o, fNi, Pn，H<?8(y，2)，and qo and 
qmin with SBM (blue) and PBM (red circle) in 
the reference inductive scenario for KSTAR.

Figure 6 The time traces of qo and qnun with SBM 
(blue) and PBM (red circle) in the advanced 
inductive scenario for KSTAR (a) and the 
dependency of the time of L-H transition (tL-H) on 
qo and qmin (b).

advanced inductive regime. Furthermore, if we inject the ECCD before 2.0 with combination of earlier し-H 
transition, we can expect the hybrid-like q profile is produced. In conclusion, we cannot determine the 
advanced inductive regime is achieved with applying PBM even though we simulate the same operation 
scenario of the SBM case. However we can expect the possibility of achieving the advanced inductive 
regime with the adjustment of the time of L-H transition and the time of injection of ECCD.

3.3. Advanced tokamak scenarios with both physics based and scaling based model

In this work, we also try to develop the advanced tokamak operation scenario with applying both PBM 
and SBM. We adopt CDBM as PBM and KIAUTO as SBM. As mentioned before and shown in Fig. 7, we 
also set the same schemes of By, Ip ramp-up rate (d!p/dt=0.5 MA), the Greenwald density fraction (fbw=0.3) 
in H-mode phase, and the plasma shape compared with the previous two operation scenarios. We set the 
beam is injected to the plasma with on-axis 2 MW and off-axis 4 MW at 2.0 s which is the time after 0.4 s 
from the time of Ip plat-top phase reached, and the ECCD is injected with the toroidal and poloidal 
injection angle to (<p, 0)=(+lO°,+25°) at 3.0 s which is the time after 1.0 s from the time of full injection of 
NBL The L-H transition assume to be occurred with the full injection of NBI at 2.0 s. Note that ne is more 
reduced due to lower Ip (=0.8 MA) in the advanced tokamak operation scenario.
In the advanced tokamak operation scenario, SBM is applied in し-and H-mode phase with assumption of 
H98（y,2）=1.0. If the plasma is satisfied the condition of AT-mode, the anomalous heat transport model is 
changed KIAUTO with CDBM as shown in Fig. 8. Figure 8 presents the time traces of parameters 
describing the plasma performance and the confinement like Te,o, fbn，Pn, and H98（y,2）of the advanced 
tokamak scenarios for KSTAR with green colored dashed line. Compared with the reference inductive 
operation scenario, pN (=3.11) and 心（=1.05) are improved and V|00p (=-10 mV) exhibit to the negative. 
That is, the discharge achieves fully non-inductive operation. However, H98（y,2）(=0.94) is not improved 
significantly. It seems to be required the H/CD power more to get the improved confinement.
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Figure 8 The time traces of parameters 
describing the plasma performance and the 
confinement like Te,o, fki，Pn, and H98（y,2）of the 
reference inductive (blue), the advanced 
inductive (red circle), and the advanced 
tokamak (green ex) scenarios for KSTAR.

Figure 7 The time traces of plasma operation 
parameters like Ip, Pnb, Pec, ne. a, k, and 8 of the 
reference inductive (blue), the advanced inductive (red 
circle), and the advanced tokamak scenarios (green ex) 
for KSTAR.

time(s)

(b)

Figure 9 The time traces of qo and qmin (a) and the profiles of q, current density, electron temperature and io 
n temperature at 7.0 s (b) in the reference inductive (blue), the advanced inductive (red circle), and the adva 
need tokamak (green ex) scenarios for KSTAR.
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It is worthy to explain here how we can determined whether the scenario is entered into the AT-mode 
or not. It comes also from the q profile as we did in the advanced inductive operation scenario. As shown in 
Fig. 9 (a), from 3.0s, qo increases gradually with ECCD deposited at p（p-0.35. We can confirm the q profile 
is reversed enough in the core at 5.0 s Therefore, from 5.0s, the plasma assumed to be entered into AT 
regime by manually applying CDBM. Hereafter the shape of q is held in similar and the plasma reaches the 
stationary condition. As shown in Fig. 9 (b), the internal transport barrier (ITB) is formed in the electron 
and ion channel as indicated by the high gradient region around p（p〜0.35.
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4. Summary

In this work, the Operation Windows are produced to explore the KSTAR Advanced Scenarios in the 
condition of upgrading H/CD mix. Using METIS code, rough ranges of operation condition (Ip and Bt) to 
use for development of advanced operation scenario could be determined. Based on the operation window, 
the advanced inductive and advanced tokamak operation scenario of KSTAR are developing with SBM 
(KIAUTO) and PBM (GLF23, CDBM) transport model by using CRONOS to make a suggestion to on
going KSTAR experiment. The advanced inductive operation scenario are developing with SBM and PBM 
(GLF23). SBM could make a hybrid-like q profile, but PBM could not. We investigate the qo dependency 
against different timing of し-H transition to find the optimized condition of the advanced inductive 
operation scenario. As the し-H transition is occurred earlier time, qo is elevated more so that the time of 
qo=1.0 is delayed more. Finally, the advanced tokamak operation scenario are developing using the 
combination of SBM (KIAUTO) and PBM (CDBM). Up to now, the discharge achieves fully non- 
inductive state. However, H98（y,2）(=0.94) is not improved significantly. These reliable results could become 
a useful database for exploring the advanced regime of KSTAR discharges in the future.
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