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Abstract 

The demand for high plasma current experiments in tokamak devices has been steadily increasing, driven by the need for 
enhanced plasma performance and relevance to ITER & DEMO; Given the stronger constraints imposed to the inductive current 
drive (CD) capability in the full superconducting magnet devices, various integrated control strategy development for the 
KSTAR plasma current ramp-up has been conducted to make the access path easier [1]. However, the installation of the W-
shaped tungsten divertor at the lower side in 2023 altered the accessible density regime and thus the achievable 𝛽 in KSTAR. 
While a detailed investigation of the effects of impurities will require further research, it is useful to determine how much the 
current operational space has been modified by wall material changes, through statistical analysis of the available experimental 
data. Preliminary statistical analysis indicates the power balance of the plasmas under the W-divertor has been modified, 
compared to the full-carbon divertors; the statistical distribution of plasma current(𝐼!), normalized current (𝐼!"), used beam 
power, and obtained normalized beta (𝛽") is examined through a collection of high 𝐼! =0.7-1.2 MA discharges,  800 points 
obtained during the latest full-carbon wall era (2019-2022) and  60 points during the Tungsten divertor campaigns (2023-2024). 
Through the approach, it is implied that the average density increase in the W-divertor campaigns results in the relative decrease 
of stored energy, normalized 𝛽 and increase of the required auxiliary heating power for the access of the same normalized plasma 
current level as the full-carbon cases. 

 
 

1. INTRODUCTION 

The demand for high plasma current experiments in tokamak devices has been steadily increasing each year, driven 
by the need for enhanced plasma performance. To maximize the triple product for fusion reactions, it is crucial to 
achieve the highest possible values of ion temperature, energy confinement, and plasma density. The empirically 
achievable plasma density maximum is directly correlated with the maximum plasma current level [1], as higher 
currents offer greater capacity for sustaining increased plasma density. 

On the other hand, expanding the operational space of a fusion research device in terms of accessible plasma current 
and density will significantly benefit the physics experiments: Such shots are particularly useful in experiments that 
essentially require high plasma density, and are also beneficial for applications like tritium burn-up or SPI 
experiments, especially when the required total stored energy is higher than average values (e.g., 𝑊!"! ≥ 700 kJ in 
KSTAR). 

The shots in the high-𝐼# and 𝑛$ are also significantly useful for proposed parameter scans and the exploration of 
ITER-relevant operating regime in relatively smaller-scale devices. Such investigations are especially important for 
ITER because the smaller-scale superconducting magnet devices can give practical data for the realistic operation 
conditions, given the stronger constraints imposed to the inductive current drive (CD) capability than conventional 
copper devices. Inductive operation conditions in SC devices are anticipated to provide crucial information to that of 
ITER-relevant operations. 
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In KSTAR new integrated control strategies to control 
the plasma current ramp-up have been proposed and 
conducted, consisting of a selection of scenarios with 
high bootstrap, short 𝐼#  plateau, improved magnetic 
controls, and corresponding heating & current drive 
pulse design. Such integrated control allowed a series 
of reproducible discharges at the plasma current 𝐼#  = 
0.7 ~ 1.1 MA in 2019-2022 campaigns [2]. The 
maximum plasma current, 𝐼#  = 1.1 MA, is sustained 
over 15 seconds at 𝐵% = 2.5 T, 𝛿& ∼ 0.8, 𝜅 ∼1.8, 𝛽' ∼ 
1.6, 𝑞() ∼ 3.6, until a hardware fault stopped the pulse. 
Similar techniques were utilized for access of ITER-
relevant high 𝐼#  plasma with matching 𝛽' ∼ 2 and 
shape parameters, such as 𝜅 ∼  1.8, 𝑞() ∼  3.2; The 
achieved ITER-relevant pulses are distributed in two 
branches of 𝐼#/𝐵%  = 0.76-0.85 MA/1.8T, 0.9-1.1 
MA/2.4-2.6T, which correspond to normalized 𝐼# ∼ 
0.9-1.0 [3]. 

With the replacement of the KSTAR lower divertor by 
a full tungsten configuration in late 2023 [4], changes 
in the design and execution of high-current experiments 
became inevitable. In this paper, we provide an 
overview of the high-current experiments conducted 
during the 2024 campaign, and assess the impact of the 
wall material change on the operational space through 
direct shot-by-shot comparisons as well as statistical 
analyses of zero-dimensional data. 

 

2. HIGH PLASMA CURRENT ACCESS WITH W-DIVERTOR 

The installation of the W-shaped Tungsten divertor at the lower side of the KSTAR vessel has brought a major 
change on the accessible density regime and achievable 𝛽. Such results are not unexpected, as similar trends have 
been observed in experiments conducted on other tokamak devices that have adopted tungsten walls, whether partial 
or full [3]. For example, according to the JET and ASDEX-U experiments regarding the ITER baseline (IBL) 
access, consistent performance decreases were reported mainly due to the increased average density; A comparison 
between the JET carbon wall (JET-C) and the ITER-like wall (JET-ILW) revealed a degradation in confinement, 
mainly indicated by 𝐻(*+, [5]. 

The ASDEX-U experiments with ITER-baseline parameters showed that the confinement factor in discharges with a 
full tungsten (W) wall drops to 15-20% of that with a carbon wall under the same heating conditions. The primary 
cause of the confinement drop is believed to be the increased Greenwald fraction. Since it is practically difficult to 
reduce the density sources, the AUG team suggested to introduce an alternative ITER baseline scenario operating at 
lower 𝐼# and thus larger 𝑞(), in order to match the ITER target 𝛽' ∼ 2.0 [6]. A cross-machine statistical study on the 
IBL access [7] also indicates that the effects of W impurities can make larger RMS deviation from the empirical 
confinement scaling IPB98(y,2), which is based mainly on the carbon-wall devices. According to the experiments 
from multiple machines[3], the first wall material changes into high-Z materials generally lead to reduction of 
confinement factor 𝐻(* increase of the Greenwald fraction and increase of required heating power even under same 
confinement. The radiation control requirements become stronger to avoid radiative collapse by high-Z impurities 
accumulation. 

Figure 1. Comparison of boundary shape for #30280 (full 
carbon wall, red) and #37658 (W-divertor at lower side+ 
carbon walls, blue) at t=6.02s; The geometry of carbon 
limiters, vacuum vessel and the W-divertor is shown as 
green lines. The boundaries for each shot are from real-
time EFIT results. 
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Keeping the lesson in mind, the top priorities of designing new experimental scenarios for changed wall conditions 
would be to minimize the impurities entering from the divertor feet when the plasma temperature is low. For the 
2024 campaign scan, the best-working scenario with 𝛽' ∼1.6-2.0 was chosen: Based on the high-performance 
hybrid scenario developed in 2021 [8,9], a newly optimized one by incorporating different neutral beam sources, 
shape constraints, and radiation effects was chosen for the scan. 

Pulse design follows similar criteria as the full-carbon wall cases with minor changes. Adjustments include: 1) The 
scenario design of new stable 𝐼# rampup follows the same criteria as the full-carbon wall cases, and the second-𝐼# 
plateau strategy was inevitably borrowed, yet at a different 𝐼#  level. The monotonic decrease of 𝑞()  is also 
maintained while the plasma column starts at the centre (𝑍 ∼ zero) with lower elongation (𝜅), in order to minimize 
W-induced cooling before major auxiliary heating begins. 2) Various deuterium fuelling actuators, including 
main/divertor gas puff, pellets, and SMBI [10,11], are utilized for preventing the plasma from eating impurities, and 
3) The plasma cross-section is designed to have a slightly smaller bore and lower elongation than that of the carbon 
wall cases, due to the divertor geometry changes. From the shape comparison in Fig. 1, it is interesting that the 
triangularity does not change from the full-carbon cases, while 𝜅 decrease is inevitable for distancing from the 
inboard divertor surfaces. Although it is not an optimal spot for particle exhaust in the intended design, the bottom 
X-point was positioned to avoid unidentified particle sources from central/outboard divertor; The striking point 
movement in the earlier phases of the pulse was often related to unexplained disruptions. 

The resulted pulse design covers a wide range of operational regime under high power conditions (𝑃-./ ∼ 6-8 MW). 
An 𝐼# = 0.6 MA plateau prior to maximum available beam power injection is in common, and each discharge can 
step up to final 𝐼# level, achieving two different operational regimes; The first regime has been achieved at 𝐼#/𝐵% = 
0.7MA/1.9T with 𝛽' = 2.0, 𝑞() = 3.8, 𝑛$ ≈ 5.5 × 100(𝑚12 , 𝛽# = 1.2, and stored energy 𝑊345 = 400kJ. The 

Figure 2. Three different level of 𝐼!s with W-divertor achieved in KSTAR: 𝐼! = 0.7, 0.8 and 0.9 MA for the shot numbers 
37645, 37657 and 37658, at toroidal field 𝐵#=2.6 Tesla. From top to bottom: plasma current (𝐼! [MA]), safety factor 𝑞$%, 
𝛽", Ion temperature [keV] at R=2.0m, and line-averaged density in 10&$𝑚'(. The heating conditions and the shape 
reference is the same; 𝑛) and 𝛽" changes at #37658, t= 8-10s are made by intentional gas puffing. 
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second regime is performed at 𝐵%=2.6 T, using 2-3 140 GHz gyrotrons instead, and the final 𝐼# plateau reaches from 
𝐼# =0.8, 0.9, and 1.0MA with corresponding normalized current 𝐼#' = 𝐼#/(𝑎𝐵%) ∼ 0.61 − 0.76. Figure 2 shows the 
key parameters of the achieved 𝐼#=0.7, 0.8, and 0.9 MA plasmas in 2024 plasma campaign; The temporal 𝑞() profile 
is consistent with the 𝐼# traces, indicating the shape control was working fine. On the other hand, it was observed 
that the 𝛽' (and corresponding 𝛽#) results are more variant than the previous carbon experiments; The reason is not 
clear yet, which should be investigated with radiation measurements. It is also notable that the average bulk density 
needs to be controlled to achieve working discharge; otherwise, it was not easy to maintain the second plateau. 

 

3. COMPARISON OF PERFORMANCES BY WALL TYPES 

3.1 Direct comparison 

In order to characterize the high-𝐼# shots obtained in these new experiments, a direct comparison was first made 
with plasma shots from the Carbon wall era that had similar plasma current, shape, and 𝛽'. An example of the 
comparison is shown in Fig. 3. Despite having the same plasma current target (𝐼# = 0.9 MA) and similar plasma 
shaping (See Figure 1), the two experiments show noticeable differences in kinetic parameters, which are believed to 
account for the resulting differences in 𝑞(). From the behavior seen at t=8-10s in #37658, it seems that the 𝛽' is 
more sensitive to the density increases. It should be also noted that the ion temperature was much higher in the 
carbon case #30280 during the ramp-up phase – the main cause would be about 30-50% higher average density at 

Figure 3. Direct comparison of full-carbon and W-divertor cases using shots at 𝐼!= 0.9 MA; #30280 (carbon, red) and 
#37658 (W-divertor, blue); From top to bottom, plasma current (𝐼! [MA]), safety factor 𝑞$%, 𝛽", Ion temperature [keV] at 
R=2.0m, and line-averaged density in 10&$𝑚'(  at 𝐵# =2.6T. 𝑛)  and 𝛽"  changes at #37658, t= 8-10s are made by 
intentional gas puffing. 
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the same timing. 

A spider chart shown in Fig. 4 indicates that the most evident difference is the bulk density, increased by 
approximately 30% under the tungsten wall. This increase appears to result in the rest of other parameters, especially 
causing reductions of both stored energy (𝑊345) and 𝛽# under comparable heating conditions. Given the KSTAR 
geometry with minor radius 𝑎 = 0.5 meters, the Greenwald density is calculated as 𝑛67 = 1.15 × 10,8	m12, thus 
the Greenwald fraction (𝑓67) increases from 0.35 to 0.52 accordingly. 

It is notable that the 𝛽'  value does not change as significantly as the drop in 𝛽# , which may be attributed to 
differences in each operational scenario. Additionally, although we were not able to acquire direct measurement of 
the radiation by high-Z impurities, the observed decrease in core ion temperature (𝑇-) can imply the influence of the 
impurity radiation. 

In fact, a shot-by-shot comparison may have limited significance, as the range of feasible early plasma ramp-up 
scenarios under the tungsten wall is substantially more constrained compared to the carbon wall. In several cases, 
scenarios involving specific X-point trajectories failed to execute properly, suggesting that the operational flexibility 
in plasma scenario development is narrower with the tungsten wall.  

 

 

3.2 Statistical comparison and its implications 

While it would require further research in order to do a detailed investigation of the effects of impurities, which is 
introduced through the tungsten divertor under identical to those under the carbon wall, it would be useful to 
determine how much the operational space has been modified by wall material changes through statistical analysis 
of the available experimental data. 

Figure 4. Spider chart to compare the full carbon (#30280, red) and the W-divertor (#37658, blue) cases; 𝛽! , 𝛽" , 
normalized current 𝐼" = 𝐼!/(𝑎 ∗ 𝐵#), stored energy 𝑊*+,, safety factor 𝑞$% , elongation 𝜅, and line-averaged density 
𝑛)-.) are compared. Colored numbers indicate the value of vertices nearby. 
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A preliminary statistical analysis indicates the 
power balance of the plasmas under the W-
divertor has been modified, compared to the 
full-carbon divertor cases; the statistical 
distribution of 𝐼# , 𝐼#' , used beam power, and 
obtained 𝛽' is examined through a collection of 
high 𝐼#  =0.7-1.2 MA discharges; 788 points 
obtained during the latest full-carbon wall 
campaign (2019-2022) and 63 points collected 
during the Tungsten divertor campaigns (2023-
2024). 

In this section the collected plasma data clusters 
are distinguished as the datapoints with the full-
carbon divertor (denoted as ’Ip-C’, red ×s) and 
the ones with the tungsten divertor (denoted as 
’Ip-W’, blue squares) as shown in Fig.5-8. The 
main focuses on the investigations are the 
relations with the heating power used for each 
wall clusters, which would be crucial to find 
further enhancement or upgrade requirements. 

Figure 5 shows the achieved 𝐼# level vs the used 
heating power (beam and EC gyrotrons); The 
first observation is that the average heating 
power, regardless of the heating kind, increases 

to obtain the same 𝐼#  under W-divertor. The vertical shift seen in the plot is about 3 MW, corresponding to 
approximately two beam ion source power. 
It is premature to determine the maximum 
reachable 𝐼# yet. 

On the other hand, as shown in Fig. 6, the 
stored energy (𝑊345 ) obtained from the 
W-divertor cases completely resides within 
the envelope of carbon-wall cases; The 
implications of Figs. 5-6 are rather 
disappointing, to realize that the present 
W-divertor configuration would require 
more auxiliary heating power in order to 
obtain the plasma under the same energy 
level. 

--- 

It is also educational to compare the 
dimensionless parameters with the 
hardware capacity (i.e. heating power). As 
shown in Fig. 7, by comparing the average 
of each majority of data clusters, it is 
found that additional beam power of over 
3 megawatts may be required to achieve 
the same level of normalized plasma 
current 𝐼#'. 

Figure 6. Scatter plot for obtained stored energy [kJ] and obtained 
plasma current 𝐼!  = 0.7 - 1.2 MA collected from 2019-2024 KSTAR 
campaigns; ’Ip-C’ [red cross] denotes the full-carbon cases, and ’Ip-W’ 
[blue square] the W-divertor cases. 

Figure 5. Scatter plot for injected total heating power [MW] and 
obtained plasma current 𝐼! = 0.7 - 1.2 MA collected from 2019-2024 
KSTAR campaigns; ’Ip-C’ [red cross] denotes the full-carbon cases, 
and ’Ip-W’ [blue square] the W-divertor cases. 

 



SANG-HEE HAHN et al. 
 

	

The achievable normalized 𝛽  under the specific 
wall condition can be clustered more if we control 
other parameters; Here the datapoints with the same 
normalized current ( 𝐼#' ) are used (total 530 
datapoints) to see the 𝛽' accessibility at a specific 
ratio of 𝐼#/𝐵% . The result is shown in Fig. 8; The 
segregation between the Ip-C and the Ip-W is more 
vivid at the total beam power maximum used.  

The average 𝛽' values for each -C and -W cluster 
are reported as 𝛽'=1.91, 𝑃'9=3.91 MW for the Ip-C 
group, and 𝛽' = 1.63, 𝑃'9=5.81 MW for the  Ip-W 
group in Fig. 8; it implies that an average of 1.9 
MW more beam power is needed to achieve the 
same (𝛽') under W-divertor, at 𝐼#' ∼0.8. 

These statistical observations largely match with the 
previously reported results from JET with a W/Be 
wall, and show a similar trend to ASDEX-U with a 
full tungsten wall, suggesting that the presence of 
impurities introduced through the main separatrix 
likely contributes to plasma performance 
degradation due to increased radiation. Possibilities 
to enhance or mitigate the tendency need to be 
investigated in the future experimental campaigns, 
especially when the planned wall upgrades target to 
a full tungsten wall configuration. 

 

 

Figure 8. Scatter plot for injected beam power [MW] and obtained normalized beta 𝛽" for the same 𝐼!" ∼ 0.8. Total 530 
data points with 𝐼! = 0.7 - 1.2 MA are used, among the collection from 2019-2024 KSTAR campaigns; ’Ip-C’ [red 
cross] denotes the full-carbon cases, and ’Ip-W’ [blue square] the W-divertor cases. 

Figure 7. Scatter plot for injected beam power [MW] and 
obtained normalized current 𝐼!" = 𝐼!/(𝑎𝐵#). Data points with 
𝐼!  = 0.7 - 1.2 MA collected from 2019-2024 KSTAR 
campaigns; ’Ip-C’ [red cross] denotes the full-carbon cases, 
and ’Ip-W’ [blue square] the W-divertor cases. 
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