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Abstract

An advanced workflow for systematically optimizing K-DEMO operational scenarios has been developed by integrating
a comprehensive stability assessment. The process utilizes the TOKAMAKER code to establish a free-boundary equilibrium
environment consistent with the poloidal field coils and to verify vertical stability, while the CHEASE code generates a large
database of fixed-boundary equilibria for detailed analysis. A large-scale analysis of these equilibria against n = 1 kink (§W),
ballooning, and tearing (A’) modes revealed that A’ is highly numerically sensitive to small profile variations, to the extent
that it cannot be reliably predicted by neural networks. This suggests that the search for a single, perfectly stable point solution
may not be sufficient for ensuring robust operation. To address this, we developed a data-driven methodology to identify
robust operational regions stable to ideal MHD modes while simultaneously minimizing tearing instability. This involves
filtering profiles for numerical consistency across codes and using clustering to locate regions with the most suppressed tearing
activity. A representative profile from the most favorable cluster was then selected as a basis for further optimization. This
process culminated in the successful identification of an optimized H-mode scenario that satisfies the target performance of
*#[p = 13 MA and By = 3.0**. The final scenario is stable against low-n (n = 1, 2, 3) external kink modes under ideal-wall
conditions. Although residual ballooning and tearing instabilities remain, this result represents a numerically reliable, least-
unstable optimal solution. This framework provides a pragmatic tool for design, shifting the goal from a binary stable/unstable
search to a quantitative optimization of the operational window.

1. INTRODUCTION

The conceptual design of a fusion demonstration reactor, or DEMO, typically begins with 0D system codes to
rapidly survey a wide design space. This approach is highly effective for identifying a set of global machine
parameters and operational targets that simultaneously satisfy engineering constraints, economic viability, and
physics requirements. For the Korean DEMO (K-DEMO), previous system-level studies [/1]] have successfully de-
fined a promising design window, establishing key specifications such as the major radius, magnetic field strength,
and target performance metrics like plasma beta (/3) and fusion gain.

While 0D analysis provides an essential foundation, validating the physical feasibility of these design points
requires detailed 2D equilibrium and stability calculations based on realistic plasma profiles. Advancements in this
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direction have been made for K-DEMO, with prior work [2]] developing a self-consistent operational scenario using
an integrated modeling workflow. This landmark study successfully identified a high-performance steady-state
solution that satisfies constraints on equilibrium, transport, and, crucially, ideal magnetohydrodynamic (MHD)
stability, including kink and ballooning modes.

However, these studies focused on ideal MHD, leaving resistive modes like the classical tearing mode less ex-
plored for K-DEMO. Tearing modes degrade confinement and risk disruptions, making their systematic evaluation
indispensable for developing a robust operational scenario.

This paper bridges this gap by introducing a workflow that incorporates both ideal and resistive MHD stability.
A key finding was the extreme numerical sensitivity of the tearing stability index, °, which complicates the search
for a single stable point. To address this, we developed a data-driven methodology to identify robustly stable
*regions* in the operational space—areas stable to ideal modes with maximally suppressed tearing instability.
This framework led to an optimized H-mode scenario meeting K-DEMO'’s targets (Ip = 13MA, Sy = 3.0),
presenting a pragmatic approach to quantitatively minimize instability for future reactor designs.

2. ANALYSIS TOOLS AND THEORETICAL BACKGROUND

2.1. Plasma Equilibrium Generation

The plasma equilibria in this study were constructed using the TOKAMAKER code for free-boundary design and
the CHEASE code to generate a large-scale fixed-boundary equilibrium database for detailed stability analysis.

TOKAMAKER: The free-boundary equilibrium of the K-DEMO plasma, which forms the basis of this study,
was determined using the TOKAMAKER code [3]. TOKAMAKER is a direct solver based on the Finite Element
Method (FEM) that finds the plasma boundary within an arbitrary coil and conductor geometry. The calculation
requires user-defined profiles for the pressure gradient (P) and the poloidal current function (FF'), along with
target global parameters such as plasma current (/p) and normalized beta (). For this study, we obtained a
free-boundary solution and its corresponding coil design with L-mode profiles.

Furthermore, TOKAMAKER was also utilized to analyze the vertical stability of the equilibrium. This analysis
involved calculating the plasma’s vertical growth rate () and the wall time constant (7,,) by taking into account the
eddy currents induced in the surrounding conducting structures, thereby quantitatively verifying vertical stability.
The stability was then assessed using the feedback capability index v7,, < 8 [4], which represents the critical
trade-off between the instability growth rate and the feedback system’s response time.

CHEASE: Based on the plasma boundary and shape information determined by TOKAMAKER, a large-scale
equilibrium database was generated using the CHEASE[S] code. CHEASE is a code that rapidly and accurately
calculates equilibrium solutions by minimizing the error of the Grad-Shafranov equation under fixed-boundary
conditions, making it suitable for performing iterative stability analysis on thousands of profiles.

2.2. MHD STABILITY ANALYSIS CODES
2.2.1. DCON, RDCON, and STRIDE

The codes DCON[6], RDCON[7], and STRIDE[S8]] were utilized to evaluate ideal MHD stability and classical tearing
mode stability for low mode numbers (n). All three codes can calculate the change in potential energy from a
perturbation, W, by solving the toroidal Newcomb’s equation, which is derived from the ideal MHD energy
principle. A plasma equilibrium is considered stable against ideal MHD modes if the change in potential energy
is positive for all possible perturbations; therefore, the stability criterion is W > 0. Most stability assessments
performed in this study utilized the *no-wall’ condition, which assumes no stabilizing conducting structures in the
vacuum region surrounding the plasma. This represents the most conservative stability assessment. Additionally,
to gauge the maximum wall-stabilizing effect, stability under the ’ideal-wall’ condition was also calculated using
the DCON code, assuming a perfect conducting wall located at a distance of 1.5 times the minor radius from the
plasma boundary.

The RDCON and STRIDE codes calculate the classical tearing stability index,
advanced shooting methods, respectively.

In a toroidal geometry, various rational surfaces are coupled, meaning the tearing mode stability at one rational
surface is influenced by the plasma response at others. Consequently, U is represented as a matrix rather than a
single value. reffig:DeltaprimeAndcal(a) shows a visual representation of this  matrix. While the off-diagonal
elements represent the interactions between rational surfaces, it is generally known that the diagonal elements
play a dominant role in determining the stability of the mode corresponding to each surface. As seen in the figure,
for a typical g-profile without reversed magnetic shear, the diagonal elements tend to become negative (blue in
the figure) and thus more stable toward the outer rational surfaces with larger g-values. Therefore, in this study,

U, using the Galerkin and
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the tearing mode stability for the n = 1 mode was assessed using only the diagonal element values of the two
innermost rational surfaces. A tearing mode is stable when its corresponding diagonal element is negative and
unstable when positive, so the stability criterionis ¢ < 0.

2.2.2. balf

Ideal ballooning stability for high mode numbers (n) was evaluated using the bal . £ module, which is embedded
in the DCON code. The reliability of this module’s calculations has been verified through benchmarking against
the BALOO code. This module determines stability by solving the ballooning mode equation on each magnetic
flux surface (¢/). The calculation involves integrating a second-order differential equation along the magnetic field
line from 7 to +1. The integration starts exclusively with the physically valid ’small solution” at 1, and
upon reaching + 1, it is determined whether the diverging ’large solution’ has been mixed in.

The coefficient of this large solution is referred to as ‘cal‘. If the solution can be constructed solely from
the small solution (‘cal ‘=0), it implies the existence of a marginally stable eigenmode (6WW = 0), indicating
the system is at the threshold of instability. Conversely, if the large solution is necessary to satisfy the boundary
conditions (‘cal ‘6=0), a physically valid eigenmode does not exist, and the flux surface is stable. Typically, ‘cal‘ is
positive in the plasma core where the pressure gradient (p') is small. Therefore, ballooning stability is determined
by the behavior of ‘cal® in regions with steep pressure gradients, such as the pedestal. [T{b) provides an example
where ‘cal‘ crosses zero in a region of high pressure gradient, indicating the presence of an unstable flux surface.
Consequently, this study assesses ballooning stability using the minimum value of ‘cal ‘ calculated across all flux
surfaces, with the stability criterion being min(cal) > 0.
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FIG. 1. Visualization of tearing and ballooning mode stability metrics. (a) An example of the ° matrix for the

n = 1 tearing mode. The horizontal and vertical axes represent the safety factor (q) values of the respective
rational surfaces. The diagonal elements show a trend of becoming negative (blue), indicating greater stability,
as q increases towards the outer rational surfaces. (b) Radial profiles of the ballooning stability coefficient ‘cal
(blue) and the pressure gradient jigp® (green). The point where ‘cal ‘ crosses zero near the steep pressure gradient
region of the pedestal, indicating an unstable flux surface, is marked with a red cross.

3. RESEARCH WORKFLOW

This study was conducted following a four-stage workflow designed to systematically derive a stable operational
scenario for K-DEMO. The workflow begins with a plasma shape established in prior work, then proceeds through
a staged optimization process that first identifies an optimal core profile shape before introducing an H-mode
pedestal.

To facilitate this staged optimization, the plasma profiles for the pressure gradient (p° = dP/d),,) and the
poloidal current function (FF") were parameterized analytically. The general form of these profiles includes
terms for both the core and a pedestal structure:
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where 1), is the normalized poloidal flux. This functional form allows for a decoupled optimization of the core
profile shape (determined by a,, by, a;, b;) and the pedestal structure (determined by Hpeap, Hped;, Yo, w).
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1. Stage 1: Vertical Stability (VDE) Assessment of the Baseline Design: The workflow commences based
on the plasma boundary requirements established in prior research. A Poloidal Field (PF) coil system to
realize this boundary is designed using the TOKAMAKER code, and the vertical stability of this design is
assessed as a primary step. Assuming L-mode profiles, the vertical stability index (vy7,,) is calculated by
scanning the normalized beta () across the target operational regime. This preliminary step ensures that
the proposed plasma shape has a sufficient stability margin against Vertical Displacement Events (VDEs) in
the high-beta regime, establishing a robust foundation for the subsequent analysis.

2. Stage 2: Construction and Optimization of the L-mode Equilibrium Database: Based on the vertically
stable plasma boundary, a large-scale equilibrium database is constructed by generating L-mode profiles.
This is achieved by setting the pedestal height parameters to zero (Hpcap = Hpeqj = 0) in Egs. (1) and
(2). An extensive scan is then performed over the core shape parameter set (ay, by, a;, b;), while fixing
the plasma current (/p) at 13 MA and Sy at 2. The stability of each equilibrium is assessed for n = 1
modes under no-wall conditions using DCON, RDCON, STRIDE, and bal . f. This approach allows for the
optimization of the core profile shape with respect to ideal and resistive stability metrics prior to H-mode
pedestal optimization.

3. Stage 3: MHD Stability Assessment and Data-Driven Stable Region Search: To address the high nu-
merical sensitivity of °, we applied a data-driven methodology. First, equilibria were filtered for ideal and
resistive stability (min(cal) > 0,6W > 0,max( ;) < 0). Second, clustering analysis was performed on
the stable profiles to identify distinct regions in the parameter space. A robustness test was then conducted
on each cluster by calculating a “stability fraction” within a progressively expanding hypersphere around
the cluster’s centroid. A cluster was deemed robust if this fraction remained above 0.5, ensuring the re-
gion represents a genuine operational window, not a numerical artifact. The most favorable robust cluster’s
parameters were then selected for the H-mode optimization.

4. Stage 4: Focused H-mode Scenario Optimization: Using the representative core shape parameter set
identified in Stage 3, an H-mode scenario is generated by scanning the pedestal height parameters, Hpeqp
and Hpcqj. The multiplier term (1 ,,)1,, in the pedestal function is included to ensure that both the
pressure gradient and current density contributions from the pedestal vanish at the magnetic axis (¢, = 0)
and the plasma edge (¢,, = 1), which enhances the numerical stability of the CHEASE solver. To reduce
the dimensionality of the parameter space, the pedestal location () and width (w) are fixed at 0.95 and
0.025, respectively. The final operating point is determined by performing a more rigorous stability analysis
to satisfy the performance targets of Ip = 13 MA and Sy = 3.0. This analysis involves DCON calculations
for n = 1,2, 3 modes under both no-wall and ideal-wall conditions, while RDCON and STRIDE are used to
assess the n = 1 tearing stability.

4. RESULTS

This chapter presents the results of optimizing the K-DEMO operational scenario following the four-stage work-
flow. We begin by analyzing the vertical stability of the baseline design, then discuss the characteristics of the
initial L-mode database and the data-driven methodology used to identify robustly stable regions. Finally, the
derivation of the final H-mode scenario is demonstrated.

4.1. Vertical Stability Analysis

Prior work on K-DEMO specified a plasma shape with an aspect ratio (A) of 3.1, triangularity (§) of 0.6, and
an elongation (k) of 2.0. For this study, a more conservative design with a reduced elongation of xk = 1.8 was
adopted to provide a greater intrinsic margin against vertical displacement events (VDEs). Using TOKAMAKER,
we confirmed that this shape is sufficiently robust in the target operational regime. [J{(a) illustrates the configuration
of the PF coil system designed to achieve the target plasma shape. Based on this configuration, we calculated the
feedback capability index, y7,,, by scanning Sy for an L-mode equilibrium.

As shown in [2|b), the y7,, value near the target operational point of 35 = 3.0 was calculated to be approx-
imately 0.89. This value is significantly lower than the stability limit of 8, indicating that the proposed plasma
shape possesses a wide stability margin against VDE.

4.2. Characteristics of the L-mode Profile Database

A database of L-mode equilibria was constructed based on the vertically stable boundary. Using the parameteri-
zation described in Sec. 3, a systematic scan was performed over the core shape parameters (ap, b,, a;, b;). Each
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