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Past, present and future of Burning Plasma Simulation Initiative (BPSI)

M. Yagi

National Institutes for Quantum and Radiological Science and Technology,
Rokkasho Fusion Institute, Rokkasho, Aomori, Japan

Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka, Japan

1. Introduction

The fusion plasma such as ITER and DEMO indicates highly autonomous nature. It is open
system including multi-scale and multi-physics phenomena. The prediction of burning state and
development of burn control method are keys to realize fusion power plant. For this purpose, it
is necessary to simulate self-contained time evolution of whole discharge, i.e., startup,
sustainment, abrupt event such as disruption and termination of core, edge and divertor plasmas.
Figure 1 shows the range of time and spatial scales of the phenomena in fusion plasmas which
includes the wide range of time scale from 100 GHz to 1,000 s and of special scale from 10 um

to 10m. The single simulation code which

covers whole time and special scale could S e L

be developed in principle, but it is not

LENGTH

realistic. The practical approach is the ----------------

integration of multiple codes which

. . . 1GHz 1MHz 1kHz 1Hz
describe various physical phenomena. So TIME

far, the first principle simulations are also Fig.1 The range of time and spatial scales of the

performed, however, to treat multi-scale and phenomena in fusion plasmas (cited from Fig.1 in
multi-physics phenomena are limited due to p.¢ [1]).

the capability of supercomputer. Quantitative

prediction on burning plasmas as well as development of control methods are strategically
important for ITER and DEMO to develop operation scenario and so on. For this purpose, the
Burning Plasma Simulation Initiative (BPSI) has been established in 2002, which is the
collaboration activity between domestic universities, NIFS, QST (JAEA) etc. Table I shows

history of BPSI and related US-Japan JIFT workshops.

Date Event
07/12/2002 Fusion Simulation Project (US)




07/31/2002 BPSI preliminary meeting at NIFS

11/01/2002 BPSI mini workshop at Kyoto University

BPSI discussion forum in JSPF informal meeting II at
11/28/2002

Inuyama
01/07/2003 BPSI mini workshop at Kyoto University

US-Japan JIFS WS on "Theory-Based Modeling and
12/15-17/2003 Integrated Simulation of Burning Plasmas" at Kyoto

University
03/17-18/2003 BPSI mini workshop at RIAM Kyushu University
05/01/2003 BPSI mini workshop at Naka Institute JAEA
07/31- '

Ist BPSI meeting at Kyoto University
08/01/2003

03/18-19/2004 2nd BPSI meeting at RIAM Kyushu University
US-Japan JIFS WS on "Theory-Based Modeling and

9/21-24/2004 Integrated Simulation of Burning Plasmas" at Princeton
Plasma Physics Laboratory
US-Japan JIFS WS on "Integrated Modeling of Multi-Scale

9/13-15/2005

Physics in Fusion Plasmas" at Kyushu University

From 2nd meeting, annual BPSI meeting has been held as research meeting of

RIAM Kyushu University. At present, BPSI is 23 years old.

Table I History of BPSI and related US-Japan JIFT workshops

2. Present status of BPSI

The progress of BPSI can be seen in Ref. [2]. Also, BPSI is tightly coupled with Numerical
Experiment of Tokamak (NEXT) project [3]. Figure 2 shows various physical modules for
integrated transport simulation. The first principle simulation codes are partially coupled with
transport modules, which can improve the prediction capability, although it requires
computational costs. One example is a self-consistent integrated simulation model of core and
scrape-off-layer (SOL)/divertor transport [4]. This model enables the user to investigate
operational scenarios with compatible high-confinement core plasmas and detached divertor
plasmas. A 1.5D core code TOPICS-IB and a 2D divertor code SONIC are successfully coupled
using a Multiple Program Multiple Data parallel computing system. This integrated code, which

can include Monte-Carlo models for neutrals and impurities, provides efficient plasma/neutral



simulations. The dynamic simulation for the L/H transition in JT-60SA is carried out by this
integrated code using a current-diffusive ballooning mode (CDBM) transport model that

includes the ExB shearing effect.
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Fig.2 Various physical modules for integrated transport simulation. The red thick box
indicates modules for integrated simulation such as equilibrium, core plasma transport,
stability, source and peripheral plasma transport etc. The multi-scale simulation is
performed by the first principle simulation codes, which will be partially coupled with

transport modules.

3. Future prospect of BPSI

Future prospect of BPSI is discussed in Ref. [5]. Especially, 1) real time plasma control, 2)
robust transport simulation coupled with advanced turbulence model such as TGLF, 3)
surrogate model of TGLF for accelerated simulation, 4) kinetic integrated transport model, etc.
should be developed in future. Figure 3 shows computer resources required by Fusion
Simulation Project (FSP) cited from Figure II.1 in Ref. [6]. The red circle shows that topics
proposed in 2002 have been already attained in 2025. According to IAEA FEC 2025 [8], we
found that 1) whole device simulation, 2) integrated impurity transport simulation, 3) JOREK

disruption simulation, 4) digital twin were presented which correspond to 1) GK Full Torus, 2)



Virtual Edge, 3) Virtual Disruption, 4) Burning
Plasmas Integrated Simulation in FSP 2002,

respectively.

4. Summary and discussion

BPSI is national integrated modeling activity
(~2002) in Japan. Objective is establishment of
quantitative description of burning plasmas in
ITER. NEXT is numerical experiment of
Tokamak project (~1996) in JAERI, JAEA and
QST. Objective is understanding complex
properties of fusion plasmas and prediction

physical processes in next generation Tokamaks

Memory (Bytes)

101 Burning Plasma .
Integrated Simulation

104 Virtya L)|srupl|(m'

Virtual Edge

'. GK Full Torus
(w/ electn

12 i ® 6K Full TS
10 NERSC (2002) (adiabatic electrons)

Earth Simulator (2002) dynamics)

@ GK Flux Tube
NERSC (1997)

1019 I nersc
(1995)

1010 1022 104 10
Computational Speed (Flops)
Fig.3 Computer resources required by Fusion
Simulation Project cited from Figure II.1 in
Ref. [6]. PS indicates Plasma Simulator
supercomputer in QST & NIFS which has

such as JT60SA, ITER and DEMO. These projects  been operating since July 2025 [7].
are two sides of the same coin. AI/ML is a new
ingredient to join both projects as well as GPU simulation technology. These elements will play

a key role to construct digital twin of DEMO.
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The efficient operation of a fusion reactor requires systematic planning of operational scenarios under con-
trol constraints from plasma ramp-up to sustainment. Conventional scenario design relies on expert knowledge
and has difficulties in exploring complex control spaces. This study proposes an automated scenario planning
framework based on Bayesian Networks (BNs). The framework represents plasma states probabilistically and
employs the backcasting function of BNs to infer feasible operational paths from target conditions. Validation
using artificial test data shows that the proposed method can generate feasible scenarios that reproduce qualita-
tive temporal trends of ground-truth trajectories, even when the network structure is partially inferred from data.
These results suggest that our method provides a practical approach for automated scenario planning of plasmas.

Keywords: Scenario Planning, Bayesian Network, Automated Planning, Fusion Plasma Control

1 Introduction

In the operation of a fusion reactor, it is essential to ac-
curately understand plasma behavior from ramp-up to sus-
tainment of the burning plasma and to control it efficiently
throughout these phases. To achieve these processes, plan-
ning of the optimal operational scenarios that use effec-
tive control parameters is important for improving oper-
ational efficiency and reliability. To date, numerous nu-
merical codes have been developed to predict plasma be-
havior and analyze underlying physical phenomena. Con-
ventional scenario design has typically been performed by
combining such simulation codes with predefined objec-
tive functions to evaluate operational optimality. For ex-
ample, a previous study [1] has investigated operational
scenarios using the integrated simulation code TOPICS. It
aimed to maintain the minimum safety factor above unity,
avoid local minima in its spatial distribution, and reduce
the heat load on divertor components.

However, conventional scenario building relies on ex-
pert knowledge for parameter selection and suffers from
the combinatorial explosion arising from high-dimensional
control parameter spaces. These problems hinder system-
atic exploration of optimal operation, particularly when
complex plasma state transitions and time-dependent ef-
fects must be considered.

In this study, we aim to address these challenges by
developing an automated scenario construction framework
based on Bayesian Networks (BNs), a class of probabilis-
tic machine learning models [2, 3]. The proposed approach
represents internal plasma states and their temporal evolu-
tion within a BN, and employs a path-finding algorithm
to systematically explore optimal operational paths in the

author’s e-mail: anzai.akiyoshi.47w @kyoto-u.ac.jp

state space. In this paper, we report validation results of the
proposed BN-based automated scenario planning method.

2  Method

BN enable probabilistic inference over system states and
allow backward reasoning from target conditions to the
prior states of the previous time step via conditional prob-
abilities. Using the backcasting function of BNs, we could
search for any operational paths that meet the control con-
straints. The aim of using the backcasting function is to
control a fusion reactor, avoiding plasma instability. We
developed two types of BNs based on the test data: a BN
with a correct network structure derived from the equa-
tions in 2.1 and a BN with an inferred network structure.
The inferred network was developed by the time-series
causal discovery code, IEDS-TE [4]. The network struc-
ture inferred by IEDS-TE contains misestimated edges and
missing causal relations, possibly due to finite sample size
and limitations in the causal discovery methods we used.
Therefore, we input some edges in the inferred BN to per-
form probabilistic reasoning. For each BN, we set pseudo
edges of the same time dependence to obey constraints of
causal relations in backcasting phases. Fig. 1 shows the in-
ferred BN with variables of equations in 2.1 and the pseudo
edges. Using these BNs, we employed a greedy algorithm
to search for an operational path.

2.1 Artificial Test Data

Here, the simplified equations for making data are written
as follows,
Yos+1=0.2y0, +x(2)7t_1 +cos (207t /n) + ey,

, (D
Y141 =0.35y1,+0.5y0, +0.2x1 .1 + ey,
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Fig. 1 Inferred BN and pseudo edges. A dashed arrow denotes a
pseudo edge. An edge shows the direction of dependence
and causality.

where the t denotes the subscript of time and e is a noise
term from the uniform distribution U (—0.025,0.025). n is
the sample size of the data. We varied xo and x; as con-
trol variables, mimicking the power input operation from
the ramp-up to ramp-down in a fusion reactor. yp and
y1 are like physical values affected by the power input.
These variables are designed to mimic simplified plasma
responses to external power input, including delayed ef-
fects relevant to operational control. We collected data 10
times, each with a sample size of 200, to learn BNs.

2.2 Backcasting Algorithm

We developed a greedy backcasting algorithm to find the
operational path. Although the proposed algorithm adopts
a greedy strategy and does not guarantee global optimal-
ity, it is sufficient for validating the feasibility of BN-based
backcasting under control constraints in this study. Firstly,
we set the goal parameters and initial conditions. Then,
we infer each variable from the goal one by one, step by
step, using the backcasting functions of the BN. The next
state of a variable is determined by the highest probability
in the BN within the constraints of finding paths. For ex-
ample, when we infer yo ;1 of the ramp-up phase, the next
state is selected, which has the highest probability, based
on the constraint of yp,—1 < yo,. After repeating the infer-
ence many times, it stops if the set of variables satisfies the
initial conditions.

3 Validation of Automated Scenario
Planning

We will show the results of the inferred BN. Fig. 2 shows
the backcasting scenario and the results of inputting the x
parameters of the inferred BN into the equations (1). The
red bars denote the backcasting scenario from the ramp-
up to sustainment. The former time of the vertical dashed
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Fig. 2 The validation result. The red bar shows the estimated
value, and the blue point denotes the ground truth based
on the equation.

line in the figures is the ramp-up phase, and the time after
the line corresponds to the sustainment phase. In both the
ramp-up and sustainment phases, the backcasting scenario
reproduced the qualitative temporal trends of the ground-
truth trajectories generated by the equations. The results of
the BN with the correct network performed well. However,
the results are omitted due to space limitations. These re-
sults indicate that even with imperfectly inferred network
structures, the backcasting with BNs can generate feasible
operational scenarios that meet control constraints.

4  Conclusion

In this work, we developed BNs and a new algorithm
to build operational scenarios. The backcasting scenario
planning was evaluated using artificial data that mim-
icked the operation of a fusion plant. We found that
the backcasting scenario planning performed well in this
data and demonstrated that BN-based backcasting can con-
struct feasible operational scenarios even when the net-
work structure is partially inferred from data. In the future,
we will investigate the constraints on making BNs in detail
and apply our method to plan the operational scenario of
LHD to avoid radiative collapse.
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1. Introduction

Magnetohydrodynamic (MHD) instabilities play a central role in limiting plasma performance
in magnetic confinement fusion devices and pose a critical challenge for reliable reactor operation.
Understanding the non-linear dynamics of these instabilities, as well as developing predictive
and control-oriented modeling capabilities, is therefore essential for next-step devices such as
ITER and future stellarator-based reactors. The primary motivation of my research is to clarify
the physical mechanisms governing instability driven transient events and to provide possible
method for their mitigation through advanced non-linear MHD simulations.

In tokamak plasmas operating in the H-mode regime, edge localized modes (ELMs) represent
a major concern due to their intense, transient heat loads on plasma facing components [1].
Controlled ELM triggering by pellet injection is one of mitigation strategies, but its application
to ITER requires reliable triggering at high frequencies while remaining compatible with strict
fuel throughput constraints. Motivated by these requirements, my research has focused on the
non-linear physics of pellet-triggered ELM using the JOREK code (www.jorek.eu) [2],
incorporating realistic pellet ablation models and comparing with experiments of DIII-D [3], JET
[4], ASDEX Upgrade [5]. This work aims to identify the key MHD processes responsible for ELM
triggering, assess the resulting power deposition patterns, and determine pellet parameters
suitable for ITER-scale plasmas.

In parallel, the research addresses core collapse event in helical plasma, where the inherently
three-dimensional magnetic configuration leads to strong non-linear mode coupling. Although
stellarators and helical devices avoid large scale disruptions, core collapse events which degrade
the confinement have been observed in several devices, including Wendelstein 7-X [6]. These
events, often associated with localized toroidal currents and low magnetic shear, remain
insufficiently understood. Motivated by this gap, full 3D non-linear MHD simulations using the
MIPS code [7] is employed to investigate how localized current-driven modifications of the
rotational transform destabilize MHD modes and lead to rapid core density collapse [8].

This manuscript briefly introduces several of my research activities that have contributed to
physical understanding of non-linear MHD instabilities in both tokamak and stellarator
configurations, with the aim of contributing to the development of robust operational scenarios
for future fusion reactors.

2. MHD codes

The JOREK code is a three-dimensional, fully implicit, non-linear extended MHD simulation
code developed to model large scale plasma dynamics in toroidal magnetic confinement devices
such as tokamaks and stellarators. It employs a high-order finite-element representation on flux-
surface-aligned grids in the poloidal plane combined with a toroidal Fourier decomposition,
enabling detailed simulation of realistic geometries including X-points, scrape-off layers, and
divertor regions. JOREK’s numerical solvers are optimized for strongly non-linear evolution,
allowing self-consistent time integration of the extended MHD equations with multiple physics
extensions such as resistive wall interactions, two-fluid effects, neoclassical flows, and kinetic
particle models. The code has been extensively applied to study instabilities relevant to fusion
plasma performance and control, including ELMs, disruptions, and their mitigation strategies in
current and future devices. A notable capability of JOREK is its pellet ablation model, which


http://www.jorek.eu/

enables the self-consistent simulation of the interaction between pellet ablation and the bulk
plasma. In this model, the pellet is represented as a localized, time-varying density source that
moves along an arbitral trajectory with fixed velocity, such that the integrated density source is
consistent with established scaling laws based on the neutral gas shielding (NGS) ablation model.
As the pellet travels into the plasma, the ablation source introduces a localized increase in plasma
density, which in turn drives perturbations that evolve with the MHD dynamics.

The MIPS (MHD Infrastructure for Plasma Simulation) code is a Japan-developed MHD
simulation framework designed for three-dimensional analysis of macroscopic plasma dynamics
in toroidal magnetic confinement devices such as stellarators, tokamaks and RFP devices. MIPS
is the extraction of MHD part from MEGA [9] which is a hybrid kinetic-MHD code that extends
the MHD modelling capabilities to include kinetic effects of energetic particles. MIPS solves the
non-linear MHD equations using finite-difference spatial discretization (typically fourth-order
accuracy) and explicit time integration method using Runge-Kutta (typically fourth-order
accuracy), with parallelization achieved via the Message Passing Interface (MPI) for efficient
execution on high-performance computing platforms. MIPS has been employed to investigate a
range of non-linear MHD phenomena relevant to fusion research.

3. Discussion

The primary physics mechanism of triggering is a localized pressure perturbation induced by
the pellet ablation that transiently pushes the edge plasma across MHD stability limits. As a
pellet penetrates into the pedestal region, it rapidly ablates, creating a dense pellet cloud that
expands along magnetic field lines at the local ion sound speed. Meanwhile, parallel heat
conductivity which is very fast heat transport along magnetic field lines rapidly reheats the local
temperature of the ablated region. This causes a three-dimensionally localized pressure
perturbation and local increase in pressure gradient which pressure driven high-n MHD modes
(12 toroidal mode number) and initiating an ELM crash earlier than it would occur naturally.

Futatani et al. performed the first non-linear MHD simulations of pellet-triggered ELMs using
the JOREK extended MHD code. The result of JOREK simulation is that the key parameter
controlling pellet-triggered ELMs is the magnitude of the localized pressure perturbation created
by the pellet ablation: only when this perturbation exceeds a threshold does the pedestal become
unstable and an ELM is triggered. This leads to the existence of a minimum pellet size for
triggering at a given injection velocity and plasma state. Smaller pellets do not produce sufficient
local pressure increase and therefore do not trigger ELMs in the simulations.

Civit-Bertran et al. present three-dimensional non-linear MHD simulations of core density
collapse (CDC) events in high-B plasmas of the Large Helical Device (LHD), using an extended
version of the MIPS code that includes anisotropic (parallel and perpendicular) heat conductivity.
The goal of the work is to clarify the MHD mechanisms responsible for CDCs and to identify the
role of thermal transport during the instability evolution.

The simulations show that CDCs are initiated by the growth of ballooning-like MHD modes
localized predominantly on the low-field side of the plasma. During the early linear phase, high-
n mode perturbations dominate and produce localized pressure and density distortions without
immediately affecting the plasma core. In the non-linear regime, strong mode coupling transfers
energy from high-n to low-n modes, leading to a global reformation of the magnetic topology. In
this phase, the simulations show that convective transport associated with the plasma velocity
becomes comparable to and eventually exceeds conductive transport. This transition coincides
with magnetic field stochasticity and marks the onset of the rapid density and pressure collapse.



4. Summary

This work has addressed the non-linear dynamics of MHD instabilities in both tokamak and
helical plasmas through comprehensive three-dimensional MHD simulations, with the aim of
improving physical understanding and predictive capability for instability-driven transient
events in future fusion reactors.

For tokamak H-mode plasmas, the non-linear physics of pellet-triggered ELM was investigated
using the extended MHD code JOREK with a self-consistent pellet ablation model. The
simulations demonstrate that ELM triggering is controlled by the formation of a localized three-
dimensional pressure perturbation generated by pellet ablation. When this localized pressure
perturbation exceeds a stability threshold, high-n MHD modes are destabilized and an ELM is
triggered prematurely. This mechanism explains the existence of a minimum pellet size for
reliable triggering and provides a physics basis for optimizing pellet pacing parameters under the
fuel throughput constraints anticipated for ITER. In parallel, CDC events in helical plasmas were
studied using full 3D non-linear MHD simulations with the MIPS code. The results show that
CDCs are initiated by ballooning-like instabilities localized on the low-field side. While high-n
modes dominate the linear phase, non-linear mode coupling transfers energy to low-n modes,
leading to magnetic field stochasticization and global profile degradation. A key finding is that
velocity driven convective transport becomes dominant in the non-linear phase, overtaking
conductive transport and driving the rapid collapse of core density and pressure.

Future work will extend these models toward more reactor-relevant regimes by incorporating
improved physics models, enabling closer integration with experimental observations and
supporting the development of robust instability control and mitigation strategies for next-
generation fusion devices.
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Abstract

To construct an effective transport model, we analyze the time evolution obtained
from gyrokinetic simulations of microturbulence in magnetic confinement plasmas and
evaluate the structure of the reduced solution space. Solving the gyrokinetic equations
yields the time evolution of the plasma phase-space distribution function, which can
be interpreted as a single solution trajectory in a multidimensional parameter space.
Based on gyrokinetic simulation studies, we find that representing the simulation re-
sults in a lower-dimensional space defined by the turbulence fluctuation level, the zonal
flow amplitude, and the transport level integrated over wavenumber space further con-
fines the trajectories to a reduced solution space. Focusing on the structure of this
solution space, we proceed with the construction of a transport model expressed in
terms of turbulence fluctuations and zonal flow amplitude, aiming to develop a model
with robust extrapolation capability. Furthermore, we discuss the effects of relative
“time delays” between turbulence fluctuations and zonal flow amplitude to further
improve the transport model.

In magnetic fusion plasma research, understanding and predicting turbulent trans-
port remains a critical challenge. In particular, gyrokinetic simulations, which enable
accurate calculations, require enormous computational resources. Therefore, simplified
transport models are strongly demanded to perform transport predictions within realis-
tic timeframes. This study focuses on the solution trajectories obtained from gyrokinetic
simulations as plasma turbulence evolves over time, and attempts to construct an effective
transport model on the solution space formed by these trajectories.

In our previous work [1], we found that the solution trajectories obtained by gyroki-
netic simulations remain confined within a specific region of a parameter space composed
of three variables: turbulent fluctuation 7, zonal flow amplitude Z, and transport co-
efficient y. Assuming that this constrained space can be regarded as a universal space,
analogous to the renormalized trajectory in quantum field theory or the inertial manifold
in dissipative systems, allows us to discuss it as the solution space for plasma turbulence,
eliminating the ambiguity of extrapolation. To express this confined space mathematically,
we derive a minimal mathematical model by considering phenomenological requirements
for an effective turbulent transport model: increase in the transport coefficient with in-
creasing turbulent fluctuations, decrease in the transport coefficient with increasing zonal
flow, finiteness of the transport coefficient in the zero limit of zonal flow, and the existence



of a combined invariant between turbulent fluctuations and zonal flow. The model is

x(t) = F(T(t),2()) = s _i_C;’](;()tﬁ)jT(t)'

For the solution trajectory data obtained from gyrokinetic simulations, we found that the
possible range of §, which represents the zonal-flow contribution in this mathematical
model, can be strongly constrained by optimizing a quantity obtained by integrating the
error between the mathematical model and the simulation results over the parameter space
excluding (3 [2]. This procedure yields the range 0.5 < § < 0.7, which is very close to the
tentative value 8 = 0.5 discussed in our previous work [1].

Furthermore, we attempt to improve the model by introducing the effect of relative
“time delays” in the time-series data for each variable 7, Z, and . For each variable, we
explicitly incorporate the time delays of 7 and Z from the transport coefficient into the
mathematical model as Aty and Atz,

. B C1T(t — Aty)”
x(t) = F(T(t),2()) = Co+ Z(t — At2)?/T(t — Aty)

We then evaluate the error between the mathematical model and the simulation data in
the parameter space spanned by these time delays. The results indicate that Aty > Atz,
corresponding that the model error is reduced more significantly in regions where turbulent
fluctuations precede the zonal flow [3].

To further examine the causality implied by these time-series data, we evaluate “Granger
causality [4]”. This method is based on an autoregressive model that eliminates unneces-
sary lag terms using information criteria, enabling an assessment of causality in the data.
The analysis reveals that the relative difference between the time lag at which turbulent
fluctuations 7 most strongly enhance the transport coefficient and the time lag at which
the zonal flow amplitude Z most strongly suppresses the transport coefficient is consis-
tent with the region where the model error is minimized in the Aty-Atz space. In other
words, data-driven causality supports a temporal sequence in which turbulent fluctuations
precede zonal flow.

Finally, we plan to extend this methodology beyond the specific functional forms dis-
cussed here to more general representations, with the aim of developing a transport model
with high extrapolation capability.
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1 Introduction

The confinement performance of H-mode plasmas largely depends on the pressure profile in
the pedestal region. EPED1 model [1] is a widely used pedestal model, which determines the
pedestal height and width based on MHD stabilities and turbulence without considering energy
fluxes. The pressure in the pedestal region of a type-I edge localized mode (ELM) H-mode
plasma gradually increases in the transport timescale, and then it suddenly decreases when it
reaches the upper limit constrained by MHD instabilities and turbulence. Therefore, we need to
solve transport, checking whether the pressure is lower than the upper limit at each time step.
In this study, we propose an empirical transport model for the edge region, and construct a
neural-network-based ideal MHD stability model. These models are introduced into a transport
code and are used to perform transport simulations of H-mode plasmas with ELMs.

2 Empirical transport model for the edge region

A pedestal transport model that is widely used and reliable has not been established. One of
the difficulties for the construction of pedestal transport models come from the fact that various
transport channels bring transport into the region. In this study, we propose a model to predict
transport coefficients using experimental observations. JT-60U experiments indicate that the
ELM frequency frrm depends on the heating power, and the loss of the stored energy due to the
ELM normalized by P, fermAWgLMm/ P, is almost constant [2]. Based on the observations, we
assume that frry and feMAWgrwm/ P can be estimated by a given P, and predict the transport
coefficients to match their values. Here, we solve a transport equation and evaluate the MHD
stability at each time step. When an MHD mode is unstable, we make the pressure decrease,
assuming an ELM. A similar approach has already been taken by the previous study [3, 4],
where they used an empirical model depending on the heating power for the diffusivity in the
inter-ELM phase, and applied an increased diffusivity based on the eigenfunction of the unstable
MHD modes for the decrease in the pressure due to ELMs. In this study, the diffusivity in the
inter-ELM phase and the decrease in the pressure due to ELMs are estimated based on the
experimental observations.

For the sake of simplicity, we use a given density profile and a given pedestal width. A pressure
limit is determined by the MHD stability analysis. Under the condition, we need to evaluate
the heat diffusivity in the inter-ELM phase and the amount of the temperature reduction due
to ELMs to predict the time evolution of the temperature profile. To determine these unknown
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facy = f(ppea)/f(p). Here, ppeq is the normalized minor radius location of the pedestal shoul-
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shown in figure 1(a), the heat diffusivity in the pedestal region increases with c¢,. For the

der and f(p) is given as a Gaussian distribution: f(p) = (27c

temperature reduction due to ELMs, the temperature is multiplied by facy, which is defined
by facy = (O.5 cos (1_%% (p— ppedfl)) + 0.5) cr + (1 — ep). As shown in figure 1(b), the
amount of the temperature reduction increases with cy. For a given combination of ¢, and cr,
ferm and AWEgpum can be estimated using the calculation results. Therefore, we can find the
combination that fits the experimental observations by the scan of ¢, and cr.

3 Neural-network-based ideal MHD stability model

If the condition of the ELM occurrence is determined with an ideal MHD stability code
MARG2D [6], it takes about 60 seconds. It will take an unreasonable long time for transport
simulations, checking the stability at every time step. We have constructed a neural-network-
based ideal MHD stability model, MARG2D-NN, which predicts stabilities of toroidal modes of
n=1,2,3,4,5,6,8,10,15, 20, 30. Here, n is the toroidal mode number. The inputs of MARG2D-
NN are the radial profiles of the electron density, the electron and ion temperatures, the safety
factor, the current, the ellipticity, and the triangularity. MARG2D-NN has been constructed by
supervised learning with a fully connected neural network model. Training data were generated
by MARG2D calculations with different profile combinations, and the number of the training
datasets is 3,978. In the training datasets, the output of the unstable case is unity, and that
of the stable case is zero. As we use the sigmoid function as the activation function in the
output layer, the input case is judged to be unstable when the output is larger than 0.5. The
MARG2D-NN predicts the stability in about 10™* seconds, and the accuracy is higher than
95 %

4 Transport simulations of H-mode plasmas with ELMs

The empirical transport model and MARG2D-NN have been introduced into the transport
code TRESS. We performed transport simulations assuming an ITER-like plasma: the major
radius R = 6.4 m, the minor radius a = 2.0 m, the plasma current Ip = 4.7 MA, the toroidal
magnetic field Bt = 1.8 T, and the electron cyclotron heating power P = 30 MW. We fix the
density profile, the heating power profile, and the pedestal width as Apeq = 0.1, and use the
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same transport model for the electrons and ions. We do not solve the magnetic equilibrium, but
the change in the bootstrap current due to the change in the temperature profile is considered.
A simulation is executed with ¢, = 0.0195 and ¢y = 0.17 as shown in figure 2. In the
simulation, the temperature increases from the initial profile (the broken line in figure 2(a)),
and goes into the ELM phase. Due to the steep temperature gradient in the pedestal region, the
bootstrap current increases as shown in figure 2(b). In the ELM phase, the temperature changes
oscillatory as shown in figures 3(a) and (¢). The MHD stability is analyzed by MARG2D-NN
at all time steps, showing that the n = 8 is most unstable and determines the pedestal height
as shown in figure 3(d). As the simulation takes only about 50 seconds, we can repeat it with
different combinations of ¢, and cr.
We have evaluated fgra and
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Figure 3. The dependence of feLmMAWELM/P (heat map)
and fgrMm (red lines) on ¢, and cr.

netic equilibrium and perform
transport, MHD stability, and
magnetic equilibrium coupling

simulations in the future.
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1 Introduction

Impurities in tokamak plasma introduce several deleterious effects on the overall performance of the devices. A large amount
of impurities can dilute the fuel and reduce the rate of fusion reactions. Furthermore, one of the most immediate effects is
the loss of radiated power, which leads to lower plasma temperatures.Excessive edge cooling destabilizes the plasma and
leads to plasma disruption, which can severely damage the wall and other structures. On the other hand, impurity ions from
the plasma-facing components, such as tungsten, can travel farther from the edge and cause significant radiation in the core.
This prevents the plasma from reaching a high enough temperature for ignition [1]. Hence, the concentration of impurities
should be minimized.

Despite the downside effects, the radiation of plasma impurities nevertheless has some helpful consequences. Injection
of noble gases such as argon or neon is intentionally used to increase radiation in the edge region of the plasma. A well-
controlled amount of these seeded impurities helps to disperse the plasma power exhaust over wider surface areas and reduce
the temperature in front of the plasma-facing components. This radiative cooling is the primary mechanism for accessing
the detached plasma regime, a state where plasma pressure and particle flux to the divertor targets are significantly reduced,
thereby protecting the wall materials from erosion and melting.

To accurately simulate this complex interplay between impurity transport and divertor physics, we have developed a
new simulation module, TASK/CSD (Core-SOL-Divertor), within the integrated transport code TASK. This module extends

the previous transport models by explicitly incorporating plasma detachment physics. Volumetric recombination (particle

author’s e-mail: apiwat.wis @kmutt.ac.th
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Fig. 1 Schematic diagram showing the geometry of the five-point model which considers the transport along the magnetic field.

sink) and charge-exchange friction (momentum sink) terms have been added to the fluid equations. These improvements
allow the TASK/CSD code to investigate the transition from the attached to the detached state, capturing the characteristic

flux rollover and temperature collapse driven by impurity radiation.

2 Methodology

To dynamically model the SOL and divertor plasma, one may reduce the complexity of the problem by considering only the
transport along a magnetic field line. Instead of using a 1D or 2D transport model, one can focus on the relevant physical
quantities of the plasma at specific points along the field line. The simplest model is the so-called two-point model, which
considers only two points: the upstream (or stagnation point) and the target point. However, the two-point model does
not account for asymmetric transport. A five-point model was originally proposed by Hayashi-san to study thermoelectric
instability. It can also be used to model the dynamic response of SOL-divertor plasma during an ELM crash, which may
induce thermoelectric instability and large SOL currents [2]. The model also only considers the transport of hydrogenic
species without explicitly including impurities. In this work, we first describe the five-point model. The impurity transport
will be solved in the background of the hydrogenic species and will be introduced later in this section.

The geometry of the five-point model is shown in Figure 1. The model considers the flux tube closest to the separatrix in
single-null or double-null plasmas. The flux tube is divided into four regions. The fluid equations are integrated and reduced

to a set of nonlinear algebraic equations with physical variables at the five positions.
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2.1 Model Equations

The transport equations of the hydrogenic species governing the plasma dynamics in the SOL and divertor are given by:

dn,
LSOLd_tO = -I'yg —Tua +SoLsoL,
dng
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t
dng
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The equations for the impurity species are as follows, where j = 1,2, 3, ..., zmax denotes the ionization states:
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To simulate the impurity influx, we calculate the impurity neutral generation at the targets via physical sputtering. The

neutral impurity flux Iy , leaving the target plate (where p denotes either target A or B) is given by:

sin @, (D

Zmax
Ty, = [YHFHJ, + ¥,

=1

where Yy and Y; are the sputtering yields for hydrogen and impurity ions, respectively, and @ is the incident angle of the
magnetic field line. Assuming the neutrals are emitted with a thermal velocity vy and decay via ionization, the neutral density

profile ny(z) near the target is modeled as:

Vo

@)

Ty
no(z) = —2e ¥, where Ay = .
Vo ne@o

These equations capture the key physics required for detachment studies: the source term S explicitly includes volumet-
ric recombination (S ¢ ), acting as a particle sink at low temperatures (< 1.5 eV), and the momentum loss term Pjos accounts
for friction due to charge exchange (S ynom) With neutrals.

To accurately capture the physics of plasma detachment, the model explicitly incorporates a momentum loss term, ,
which represents the dissipation of plasma momentum due to charge-exchange (CX) friction between the plasma ions and
the neutral gas in the divertor region . This term is defined as the integrated drag force over the divertor leg length, L, , and

is calculated as

Ploss,A = minsAno,sA<O-V>CXCSALdiv’ (3)

where m; is the ion mass, n,4 and ng 4 denote the plasma and neutral hydrogen densities at the target plate, respectively, c;4 1S
the ion sound speed, and (ov)cx is the charge-exchange rate coeflicient evaluated at the local target temperature. Physically,
this term quantifies the momentum transfer from the accelerating plasma flow to the background neutrals, serving as the
primary mechanism for decoupling the downstream plasma pressure from the upstream pressure during high-recycling and

detached conditions.
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2.2 Algorithm

Time #;

Solve the dynamics in the

core
‘ Particle and heat flux
Solve the dynamics in the Add radiation power loss &
) SOL and divertor using the momentum loss due to
11 Equations five-point model impurities

* Plasma density and temperature

Solve the impurity
transport
l Density of each impurity species,

impurity temperature is assumed to be
equal to the ion temperature

5Z Equations

Update the boundary
conditions of the core
plasma

Advance the time #; + 6¢

Fig. 2 Algorithm for solving the extended five-point model.

The impurity transport model can be coupled with the original five-point model to predict the densities and temperatures
of both hydrogenic and impurity species. This combined model shall be named the SOL module. The SOL module can then

be integrated into the main plasma simulation for the core region as follows (see Figure 2):

e At each time step, the main simulation numerically solves the plasma dynamics in the core and provides the particle
and heat fluxes to the SOL module.

o Inthe SOL module, the original five-point model is first solved using the classical Runge-Kutta method (RK4), yielding
the densities and temperatures at specific points along the field line.

e Assuming that the impurity ions share the same temperature as the main ions, the impurity transport model is then
solved to determine the densities of the impurity species.

e These impurity densities are returned to the core simulation, updating the boundary conditions for the next time step.

The structure of the TASK/CSD module is designed as a hierarchical workflow centered around a main driver and a ded-
icated physics engine, see Figure 3. Execution begins with csd_main, which sequentially handles initialization (csd_init)
and parameter loading (csd_parm) before entering the primary user interface, csd_menu. From this menu, the user can
trigger the core solver, csd_exec, which manages the time-dependent evolution of the plasma. Within the physics kernel
(csdfunc), the time loop is implemented using a 4th-order Runge-Kutta solver (RK4). This solver iteratively calls ODE_Func
to evaluate the system of differential equations, relying on the ComputerFluxSource subroutine to calculate essential phys-
ical terms—such as atomic rates from OPEN-ADAS, particle sources, and momentum sinks. As shown in the data flow
schematic, csd_exec functions as a state-transition operator, taking the device configuration, core fluxes, and plasma state at

time #; as inputs to compute the evolved densities and temperatures for the subsequent time step #; .
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Fig. 3 Code structure and execution flow of the TASK/CSD module. The simulation is initiated by the main driver (csd-main), which
handles parameter initialization (csd-init, csd_parm) before entering the user control interface (csd-menu). The core physics
engine (csd_exec) advances the plasma state in time using a 4th-order Runge-Kutta solver (RK4), which iteratively calls the
derivative function (ODE_Func) and the flux calculator (ComputerFluxSource) to evaluate atomic rates, source terms, and trans-
port fluxes.

3 Results and Discussion

In this section, we present the simulation results obtained using the newly developed TASK/CSD module. To illustrate the
model’s capability in reproducing the transition from attached to detached divertor regimes, we employed a set of parameters
representative of a medium-sized tokamak device. The simulation configuration is defined by a major radius of R = 3.0 m
and a total separatrix surface area of S, = 120 m?. The computational domain along the magnetic field line is divided into
a main Scrape-Off Layer (SOL) with a connection length of Lgor, = 50 m and a divertor leg with a length of L4y = 2 m.
Carbon (Z = 6) was selected as the impurity species to investigate the impact of radiative cooling on plasma detachment.

3 and

For the initial attached conditions, the upstream electron density and temperature were initialized at 7o = 1.0 x 10" m~
T.o =Tip = 60 eV, respectively, with a recycling amplification factor set to 2.0.

We first examine the plasma dynamics in the sheath-limited regime, configured with an input power of PsoL = 1.5 MW
and a low recycling amplification factor to simulate a pumped divertor. As illustrated in the simulation results in Figure 4,
the target particle flux (I'y) exhibits a linear increase proportional to the rising upstream density, with no indication of flux
rollover. This linear response confirms that the plasma remains in the attached state. Consistently, the electron temperature at
the divertor targets (7, ;) stabilizes at approximately 25 eV, which is significantly higher than the 1.5 eV threshold required to
trigger volumetric recombination. Regarding impurity transport, the core impurity densities demonstrate a stable linear rise,
indicating continuous accumulation in the upstream region. Although the strong plasma flow generates a friction force that
flushes impurities toward the targets, the impurity source term is sufficient to maintain a positive and physically consistent
density profile throughout the simulation.

Subsequently, we investigated the transition to the detached plasma regime by actively controlling the heat flux and

particle flux from the core. Through this systematic variation of boundary conditions, the detached plasma state was success-
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Fig. 4 Temporal evolution of SOL and divertor plasma parameters in the sheath-limited regime (Psor, = 1.5 MW). The panels illustrate:
(a) the main ion densities at the upstream stagnation point (7p) and the divertor targets (n;4, n,5); (b) electron and (e) ion tem-
peratures at corresponding locations; (c) the parallel particle fluxes; (g) charge-state resolved impurity densities (n, ;) for Carbon
(Z =0...6) at the upstream interface; (h-i) impurity densities at the inner (A) and outer (B) divertor targets. The results demon-
strate an attached plasma state, characterized by the linear rise of target fluxes and stable target temperatures (7, = 25 eV) well
above the recombination threshold.

fully observed. A definitive signature of detachment, the “flux rollover,” is clearly evident in the simulation results, Figure 5.
As the upstream density (ng) increases, the particle flux to the targets (I'y) initially rises, reaches a peak, and subsequently
decreases, diverging sharply from the linear behavior observed in the attached case. This rollover is driven by a precipitous
collapse in the target electron temperature (7, ;) to values below 2 eV, the threshold necessary to activate strong volumetric
recombination. The simulation reveals that this recombination acts as a dominant particle sink, extinguishing over 80% of
the plasma flux before it reaches the divertor plates. Furthermore, the momentum loss fraction rises to approximately 90%,
confirming that charge-exchange friction has effectively decoupled the target plasma pressure from the upstream pressure.
This transition is primarily initiated by radiative cooling from Carbon impurities, which lowers the divertor temperature
sufficiently to trigger the recombination-dominated feedback loop.

Based on the simulation results illustrating the transition to detachment , the graphs in Figures 6 depict the non-linear
response of the divertor plasma to increasing upstream density (). Initially, the particle flux to the targets (I') rises linearly,
characteristic of the high-recycling regime. However, as ng exceeds a critical threshold, the target electron temperature
(T.s) collapses below 2 eV, triggering the onset of volumetric recombination . This cooling leads to a sharp “rollover”
in the particle flux, where I'y; decreases despite the rising upstream density. Simultaneously, the momentum and particle

loss fractions increase rapidly to approximately 90% and 80%, respectively, confirming that charge-exchange friction and
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Fig. 5 Temporal evolution of SOL and divertor plasma parameters during the transition to the detached regime. The panels show: (a)
the upstream main ion density (ng) and target densities (1,4, 155); (b, €) electron and ion temperatures at the upstream and target
locations; (c) the parallel particle fluxes; (f) the heat fluxes; (g) carbon impurity densities at the upstream stagnation point; (h, i)
impurity densities at the inner (A) and outer (B) divertor targets.

recombination have effectively decoupled the target plasma from the upstream pressure and particle sources .

4 Summary

In this study, we have developed a time-dependent Core-SOL-Divertor transport module, named TASK/CSD, designed to
simulate the dynamic behavior of tokamak boundary plasmas in the presence of impurities. The model solves a comprehen-
sive set of 11 fluid equations governing the hydrogenic plasma species, fully coupled with transport equations for impurity
ions.

A key feature of this module is the explicit integration of atomic and molecular processes essential for reproducing
plasma detachment. We have incorporated volumetric recombination as a particle sink and charge-exchange friction as a
momentum loss mechanism. Additionally, the model accounts for impurity-induced radiative cooling, using Carbon (Z = 6)
as a test species, which serves as the primary trigger for the temperature collapse necessary to access the detached regime.

Simulation results successfully demonstrated the validity of the model across distinct operating regimes. In the sheath-
limited regime, the code exhibited stable, attached plasma conditions with target particle fluxes scaling linearly with upstream
density. Furthermore, by increasing the upstream density, we successfully reproduced the transition to the detached state.
Key signatures of detachment, including the characteristic particle flux rollover and a precipitous drop in target electron tem-

perature below 2 eV, were clearly observed. These results confirm that the interplay between impurity radiation, volumetric
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Fig. 6 Plasma parameters plotted against upstream density (ry) during the transition to detachment. (a) The target particle flux (I';) rolls
over, deviating from the attached linear trend. This behavior is driven by (b) the collapse of target temperature (7, < 2 eV),
which triggers (d) massive volumetric recombination (> 80% particle loss) and (c) significant momentum loss (~ 90%) due to
charge-exchange friction, effectively decoupling the target pressure.

recombination, and momentum loss is correctly captured by the model.

Future work will focus on the full integration of the TASK/CSD module into the comprehensive TASK transport suite to

provide self-consistent boundary conditions for core plasma simulations. We also plan to validate the model and incorporate

it with the TASK/SOL module to fully integrate with the solver in the core region.
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1. Introduction

One of the most important issues for next generation tokamaks, as ITER and DEMO, is
control of impurity accumulation in the core plasma. High Z impurities as tungsten used in the
divertor wall are possible to cause strong radiation losses, which can degrade plasma
performance. Integrated modelling simulations are useful to investigate evolution of plasma
profiles, and impurity analyses of L- and H-modes for ITER have been performed using the
integrated workflow [1]. For impurities, neoclassical transport plays an important role [2], so
both neoclassical and turbulent transport processes must be considered. We have been
developing integrated transport simulation code TASK [3,4], enabling to calculate profiles
both of main plasmas and impurities in a self-consistent manner. Here we focus on this
self-consistency, and impurity transport calculations are performed using TASK by
considering the energy balance of nuclear burning and external heating.

2. Integrated simulation code TASK

TASK code consists of modular codes simulating equilibrium, transport, wave heating,
energetic particle behavior, etc., and combination of these modules gives integrated transport
analysis. In TASK code, a data exchange interface BPSD links several modules to make
possible to carry out self-consistent simulations. TR module is mainly used to calculate the
transport processes of the main plasma components (ions and electrons). TI module is for
impurity transport, which calculates the transport processes of impurities of various charge
numbers, including neoclassical, turbulent, and atomic processes. The transport coefficients
for neoclassical transport are evaluated using NCLASS routine [5]. The coefficients for
ionization and recombination of impurity ions are obtained from OPEN-ADAS database [6].
The code can be applied to analyze impurity transport dynamics during the formation of
internal transport barriers [4]. Extension of the simulation scheme is also being carried out to
introduce a surrogate model of turbulent transport [7] and a simplified core-SOL coupling
model [8].

3. Particle and heat transport in burning plasmas with impurities

Core plasma impurity transport calculations were performed using the TASK code to
investigate the behavior of high-Z tungsten in nuclear burning plasmas. Evaluations were
carried out using the ITER device parameters. Since TASK code does not yet implement an
H-mode pedestal evaluation routine, the background plasma pedestal profile is fixed for
H-mode calculations here. The effect of plasma rotation [4] is also not considered. Figure 1



shows the radial profiles of main plasma components and impurities in the case with ITER
baseline scenario parameters; plasma current /, = 15MA, toroidal field By = 5.7 T, major
radius R = 6.2 m, minor radius a = 2 m, ellipticity x = 1.85, NBI injection power Png = 33
MW (on-axis), ECH injection power Pec = 5 MW (near-axis). Calculations were performed
for electrons (e), deuterium (D), tritium (T), helium (He), and impurity tungsten (W). Figure
1(e) shows no central accumulation of impurities. Figure 1(h) shows the convection velocity
of impurity ions. In the pedestal region near the plasma edge, the convection velocity is
negative (inward flux), but in the region closer to the center, it is positive due to the
temperature screening effect, indicating no inward accumulation as same as the previous
study [1]. Radiative losses are also localized near the plasma edge (Figure 1(g)).

Parameter dependencies were investigated. Increasing the heating power of ECH gives
slight increase of the impurity density in the central region due to enhanced turbulent
transport in this case. While it is known that ECH application can exhaust core impurities,
this trend is opposite to that. Since this is a small impurity accumulation case and change in
turbulent flux has a rather larger effect than change in neoclassical flux with the increased
temperature gradient. A comparison was also made with and without H-mode pedestal
formation. In a L-mode case the entire of plasma and impurity profiles are calculated, though
in a H-mode case only the core region except the pedestal region is calculated for the
background plasma. In accordance with no inward flux of impurity at the pedestal region, the
impurity density at the center decreases.

These calculation results are the examples when the impurity influx from the boundary
region is small, so the effect of radiation loss due to impurities on the main plasma
components is small. Self-consistent behavior when the influx of the impurity affects the
plasma profiles is the remaining issue. It is necessary to discuss with the formation
mechanism of the H-mode pedestal.
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FIG. 1. Radial profiles of main plasma components and impurities with the ITER baseline
scenario parameters. (a) Density, (b) temperature of the plasma main component, (c) plasma
current, (d) heating and fusion power, and (e) density, (f) averaged charge, (g) radiative loss
power, (h) convection velocity of the impurity tungsten are shown. The profile of the tungsten
density for each valence state and their total sum are shown in (e).
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Introduction The plasma stability is sensitive to the ¢ (or ¢ and j) profile in the magnetic con-
finement fusion devices. However, in the LHD, the MSE measurement, which diagnoses the g (or
t) profile, is not always available. For this reason, most discharges in the LHD have no ¢ (or ¢)
profile measurement. Although most of the poloidal magnetic field is generated by the external coil
current in the LHD, the contribution of the plasma current can not be ignored, especially around the
magnetic axis. Therefore, the current density profile estimation is required for the plasma stability
investigation.

In addition, in the view of the fast-ion confinement study, the estimation of the current density
profile has the potential to be an important criterion. The fast-ion loss mechanism is still unclear in
the LHD, even in the MHD quiescent plasmas. Although the key measurement for the fast-ion con-
finement study is the neutron measurement, this is only available for the deuterium discharge. If the
beam-driven current can be measured, it will be an important criterion of the fast-ion confinement
for the hydrogen discharges because the beam-driven current is driven by fast-ions.

Unfortunately, however, it is impossible to measure only the beam-driven current. In the LHD,
the plasma current is driven by the non-inductive current, j,;, because there is no active external
induction (such as a center solenoid). In this case, the inductive current, jjq4, is induced in the
counter direction to cancel the non-inductive current. Although this inductive current dissipates
due to the plasma resistivity, it costs ~30 seconds, which is sufficiently longer than the NB injection
duration in the LHD.

Because only the net current, j, = Jju + Jjind, 1S measurable, it is necessary to estimate both
the non-inductive and the inductive currents. In this study, the neutral beam current drive (NBCD)
simulation is developed for the LHD experiment analysis. This simulation is consistent with several
measurements, such as n,, T,, T;, and Z.g profiles and the neutron measurement.

Simulation method The non-inductive current consists of three components: the bootstrap cur-
rent jps, beam-driven current j,q, and RF-driven current ji¢. In this study, the bootstrap current is
calculated by DKES/PENTA, the beam-driven current is calculated by TASK3D-a and TASK/FP,
and the RF-driven current is ignored.

The inductive current is governed by Faraday’s Law, Ampére’s Law, and Ohm’s Law. In the
cylindrical coordinate, the inductive electric field can be expressed as as the diffusion equation of
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Figure 1: (a) Radial profiles of Te and ne and (b) NB birth profiles used for the validation.
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where E, is the toroidal electric field, r is the radial position, and o is the toroidal conductivity. The
inductive current is given by ji,q = oE..
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Validation by the model simulation Under the assumptions, dl;/dt = 0 and VI, = f dVE -j, the
evolution of the plasma current can be expressed as I, = (Iy — I;) exp(=t/(L/R)) + I, where [; is
the normalized internal inductance, V is the loop voltage averaged over the poloidal cross-section,
Iy is the initial plasma current, I; is the non-inductive current, L is the plasma inductance, and R
is the plasma resistivity. To validate the simulation of the electric field induction, we compared the
simulation result of the net current to the above expression. Fig. 1 shows the radial profiles of Te
and ne, and the NB birth profiles used for the model simulation. There are four model simulations,
three non-inductive current-drive cases and one full-inductive current case, which assumes the
uniform E field. The NB injection is assumed to continue for 30 s.

Table 1: Fitting parameters for the four simulation results are shown.

j prof l; | tfitting | L/R
flat 0.73 | 3.89s | 3.44s

exp like 1.5 | 4.09s | 4.46s
peaked 3.1 | 4.32s | 6.58s
full inductive | 1.24 | 4.00s | 4.11s

Table 1 shows the fitting parameters for the four simulation results. The value of the normalized
internal inductance is at t=30s. The regression value of the time constant tau for the full inductive
case is in good agreement with the L/R value. In contrast, the time constants in three non-inductive
cases are separated from L/R by more than 10%. This is because the assumptions, d/;/dt = 0
and VI, = f dVE -j, are violated for the non-inductive cases, especially immediately after NB
injection starts. This result implies that the estimation of the non-inductive current in the actual
LHD discharge from the regression values is invalid for the non-inductive current drive case.
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1. Research objective

In magnetically confined plasmas, physical processes
including magnetic equilibrium, heating, and transport
evolve in time and are mutually coupled. Therefore, it
is effective to investigate discharge scenarios using an
integrated transport code that self-consistently de-
scribes the core plasma by coupling models for individ-
ual physical phenomena. In tokamak fusion reactors,
turbulence dominates heat and particle transport, and
more physics-based turbulence-transport models as well
as faster simulations are required. In this study, to im-
prove the predictive accuracy of the TR transport mod-
ule in the TASK code, we implemented a turbulent
transport model based on gyro-fluid equations. Further-
more, to mitigate the increased computational cost, we

developed a machine-learning-based surrogate model.

2. Integrated transport code TASK

TASK]1] is an integrated transport code that couples multiple
modules, such as equilibrium, transport, and heating, to compute
the time evolution of tokamak plasma self-consistently. The TR
module evolves the density and temperature of the main plasma
by solving one-dimensional transport equations such as the par-
ticle transport (1) and the heat transport (2).
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Here, ng denotes the density of species s; V; the parti-
cle pinch velocity; D; the particle diffusivity; Ty the
temperature; Vgs the heat pinch velocity; and y, the
thermal diffusivity. In addition, Sy represents the particle
source term, and P; the heating (energy) source term. The
NCLASS model is used for neoclassical transport, and the
CDBM (Current Diffusive Ballooning Mode) model [2]
has conventionally been used as a turbulent transport
model. Because the CDBM model is a single-fluid model
and thus cannot adequately account for mass and charge
effects, introducing a more advanced physics model has
remained an important challenge.

3. Gyrofluid code TGLF

The TGLF (Trapped Gyro-Landau Fluid) code [3] is a
quasilinear turbulence-transport model that predicts parti-
cle, heat, and momentum fluxes driven by turbulence in
tokamak plasma. In this study, we developed a coupling
routine between TASK and TGLF. TGLF is executed us-
ing an input file generated by TASK. The resulting nor-
malized fluxes, I;/Icg and Qs/Qgg, are converted by
multiplying by the normalization factors

. 2 . 2
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and then dividing by the corresponding density and tem-
perature gradients to obtain the particle diffusivity Dg
and the thermal diffusivity y,. Here, note that TGLF nor-
malizes its input and output variables in the CGS unit sys-
tem. In addition, because the diffusivity are derived by di-
viding the fluxes by the corresponding gradients, the cal-
culated diffusivity can become extremely large when the
profiles are nearly flat.

Figure 1 shows the dependence of the fluxes on repre-
sentative input parameters. As the normalized electron
temperature gradient, a/Ly, (RLTS 1), increases, the
electron heat flux @, (shown by the vermilion curve) in-
creases markedly (Fig. 1(a)). In addition, as the tempera-
ture ratio T;/T, (TAUS_2)increases, the ion heat flux Q;
increases significantly (Fig. 1(b)). Thus, while some vari-
ables make a large contribution to transport, other input
variables have only a negligible impact.

In TGLF, the saturation model (SAT), which deter-
mines the overall magnitude of the predicted fluxes, can
be selected by choosing SAT RULE=0-3. In Fig. 1(b), the
flux obtained with SAT3 (solid line) is larger than that ob-
tained with SAT1 (dashed line).
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Figure 1. Dependence of the fluxes on input parameters

TGLF exhibits a strong sensitivity in that small changes
in the inputs can lead to abrupt variations in the outputs.
When used within an integrated transport code, the time



step must therefore be chosen sufficiently small to avoid
numerical instabilities, which in turn increases the compu-
tational cost.

4. Development of a TGLF surrogate model

To improve the computational efficiency of transport cal-
culations, we integrated an existing TGLF surrogate
model (TGLF-NN) [4] into TASK. Because this model is
implemented in Julia, we enabled fast execution from
TASK, which is written in Fortran, by using Julia’s Pack-
ageCompiler. However, because the existing surrogate
model was trained based on experimental data from the
DIII-D tokamak, applying ITER parameters may result in
a loss of accuracy due to deviations from the training do-
main.

Therefore, we constructed a TGLF surrogate model tar-
geting ITER using a neural network. The training data
were generated by uniformly sampling each input variable
over the full radial domain so that the samples cover the
prescribed lower and upper bounds. We then readjusted the
training range in the region p = 0.2 — 0.8 , where p is
the normalized radius, and performed additional training.
The inputs consist of 12 variables that contribute to
transport, and the outputs are four normalized flux quanti-

ties. The SiLU function was used as the activation function.

We employed three hidden layers with 256 units each, and
confirmed that the training was reasonable from the learn-
ing curves.

As an example of the training results, Fig. 2(a) shows
the electron heat flux and Fig. 2(b) shows the ion heat flux.
The vermilion curves correspond to the TGLF results,
while the blue curves show the fluxes predicted by the
developed TGLF surrogate model. Although some dis-
crepancies remain, the overall trends are in good agree-
ment.
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Figure 2. (a) Electron heat flux Q./Q;z and (b) ion
heat flux Q;/Qgp computed by TGLF (vermilion)
and by the TGLF surrogate model (blue).

5. Simulation results
A simulation was performed for an ITER low-current,
low-magnetic-field L-mode scenario [5] (Ry = 6.2m,

a=20m, By,=265T, I,=5MA). As heating,
20 MW of ECRF (electron cyclotron resonance heating)
was applied with a Gaussian deposition profile. The parti-
cle source was also adjusted to maintain the density near
the core at 0.3 x 102° m~3. Figure 3 shows the electron
temperature T, (solid black) and ion temperature T;
(dashed red) obtained using (a) the CDBM model and (b)
the developed TGLF surrogate model (SAT3). Although
the profile shapes differ slightly, the central temperatures
are in overall agreement between the two cases and are
broadly consistent with previous work [5]. Moreover, in
this model, the particle diffusivity does not include the ef-
fect of an inward particle pinch. Further improvements are
therefore required to accurately reproduce the core profiles.

CDBM TGLF surrogate model (SAT3)
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Figure 3. Electron temperature T,(black) and ion
temperature T;(red) obtained using (a) the CDBM

model and (b) the TGLF surrogate model.

6. Summary

In this study, to improve the accuracy of turbulent-
transport calculations, we integrated the gyrofluid code
TGLF into TASK. To address the associated computa-
tional-cost issue, we developed a neural-network surrogate
model and demonstrated that it can reproduce the TGLF
results with good fidelity. In the conventional CDBM
model, calculations were performed assuming that elec-
tron and ion transport are identical. However, the TGLF
surrogate model enables the separate evaluation of each
particle. Applying this model to ITER-parameter simula-
tions, we obtained results that are in good agreement with
those from the CDBM model and with previous studies.
Future work will focus on improving model accuracy by
revising the training procedure, implementing particle
transport, and extending the framework to impurity
transport.
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1. Introduction

Tungsten (W), which will be used as the plasma-facing material in ITER, causes significant radiation loss when
mixed into the core plasma; therefore, characterization of transport and accumulation is important. In JT-60U
experiments, it has been reported that W accumulation in the plasma center is suppressed when Electron
Cyclotron (EC) waves or Negative-ion-based Neutral Beams (N-NB) are injected in addition to Positive-ion-
based Neutral Beams (P-NB) [1]. The purpose of this study is to reproduce W transport and accumulation in
JT-60U using TOTAL code to quantitatively evaluate transport coefficients and W density distributions under
EC or N-NB injection conditions.

2. Calculation Model in TOTAL (Toroidal Transport Analysis Linkage)
TOTAL is an integrated code capable of solving 2-D equilibrium magnetic field analysis and 1-D heat and

particle transport analysis in a time-dependent manner. In the TOTAL code, the particle flux I'; for tungsten

ions with charge state Z is expressed by the following equation:

any
L = —(D" + DkAN)g + WM+ v MOmy,

vaN =C- (kaHZ + vkEr)’ DkAN — f . DkNC,

where, p is the normalized minor radius, v is the pinch velocity, and D is the diffusion coefficient. The
subscripts NC and AN denote neoclassical and anomalous transport, respectively. Neoclassical transport
coefficients are calculated using NCLASS [2].

Anomalous diffusion of high-Z impurities is difficult to predict theoretically, so this study assumes it is
proportional to neoclassical diffusion DN¢. The anomalous pinch velocity is assumed to be proportional to the
PHZ pinch and Er pinch models [3]. The PHZ and Er pinches are high-Z impurity pinch effects caused by
particle orbits shifting relative to the magnetic plane due to centrifugal force when toroidal rotation is
significant. Specifically, in the PHZ pinch mechanism, particles move across regions with different background
plasma temperatures due to orbit deviation. Since ionization and recombination coefficients depend on the
electron temperature, the charge state of tungsten ions changes during a single orbit period. The resulting
variation in drift velocities generates an inward pinch. On the other hand, the Er pinch is an inward pinch
resulting from Coulomb collisions in an orbit deformed by potential variations along the orbit in the counter-
rotating plasma.

Analysis was done on three shots from JT-60U experiments that exhibited large toroidal rotation: E49530
(P-NB injection only), E49528 (P-NB + EC injection near plasma center), and E49523 (P-NB + N-NB

injection near plasma center). The experimental waveforms for each shot are shown in Fig. 1.
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Fig. 1 Experimental waveforms for each shot [1].

In JT-60U, line-integrated SX intensity in the plasma are measured using an SX detector with 16 lines of
sight (Fig. 2). The second plot from the bottom in Fig. 1 shows the contour plot of SX intensity. The vertical
axis corresponds to the lines of sight in Fig. 2, with ch5 and ch6 passing through the center. As confirmed in
Fig. 1, the temporal increase in soft X-rays is suppressed during EC or N-NB injection. In the TOTAL code,
the experimental output is simulated by calculating the radial profile of W ion density and performing line
integration of the soft X-rays [4]. In this study, we determined the transport coefficients to match the SX
calculation results with the experimental results (Fig. 3).
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Fig. 3 Profiles of measured and
Fig. 2 SX measurement line in JT-60U calculated SX intensity (E49530, 8.0 s)

The main parameters used in the calculations are shown in Fig. 4. Experimental data corresponds to three
time slices (6.1s, 7.5's, 9.0 s) for E49530 shot, and four time slices (6.1s, 6.8's, 7.5 s, 9.0 s) for E49528 and
E49523 shots. The time evolution of parameters is fitted via spline interpolation.
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Fig. 4 The main parameters used in the calculations; electron density (n,), electron temperature (T,),
toroidal rotation velocity (V,), radial electric field (E,), PHZ-Er pinch velocity (Vpy, + Vg,), neoclassical
diffusion coefficient (Dy,).
3. Results

Regarding the coefficient f for anomalous diffusion, previous research showed that experimental time evolution
is roughly reproduced when f = 10; therefore, we fixed f = 10 in this study. Coefficients C, which relate to the
anomalous pinch, were determined for each shot so that the SX profiles agreed well with the experimental data.
The optimal values were found to be € = 30 for E49530, € = 20 for E49528, and C = 10 for E49523 as shown
in Fig. 5. For the P-NB only shot, € was held constant throughout the entire duration. For the other

shots, € was modified only during the change in heating method—specifically, 7.0-10.0 s for the EC shot and
7.0-9.0 s for the N-NB shot—while € = 30 was used for other times. Fitting calculation with experiment was
performed during 6.5-9.5 s for P-NB and EC shots, and during 6.5-9.0 s for the N-NB shot. These results
indicate that, under the assumption of the same f, the anomalous pinch coefficient € decreases to

approximately 2/3 during EC injection and 1/3 during N-NB injection.
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Fig. 6 shows the time evolution of W density near the center and transport coefficients in this simulation.
The dashed lines in the pinch velocity plots indicate the values when the coefficient € is fixed at 30 after 7
seconds. During EC injection (E49528), the central W density decreased significantly, while the pinch velocity
was smaller and the diffusion coefficient was comparable to that in the P-NB only shot (E49530). In the N-NB
injection shot (E49523), by reducing the coefficient C, the pinch velocity decreased and became to a level
similar to the P-NB only shot. Although W accumulation decreased significantly in this case as well, differences
in W density existed prior to 7 seconds and the diffusion coefficient became small.

Although the experimental trends after 7 seconds were reproduced, significant discrepancies were observed
prior to 7 seconds. This early-stage mismatch suggests that the assumption of a constant anomalous diffusion
coefficient f = 10 may be insufficient. Therefore, the evaluation method requires reconsideration, potentially
by treating both € and f as fitting parameters, or by applying a more comprehensive transport model to
better capture the transport physics in all time.

Next, Fig. 7 shows the radial distribution of W ion density for specific charge states at 8.5 seconds. The
density of W ions with charge states in the 40's decreased to less than 1/3 due to EC or N-NB injection. In the
N-NB injection shot, while the W density in the central region was reduced, a strong peak occurred at the
center. This is considered to be the effect of the central peak of the PHZ and Er pinches at 9.0 seconds as
shown in Fig. 4.

4><1016
—all —all —all
o3 —— 40+ ~ 49+ L —— 40+ ~ 49+ —— 40+ ~ 49+
I
= —— 50+ ~ 59+ | ——50+ ~ 59+ ——50+ ~ 59+
22 » ‘
s
&4 P-NB only EC N-NB
0—02 04 06 08 1.0 02 04 06 08 10 0.2 04 06 08 1.0
r/a [-] r/a [-] r/a [-]

Fig. 7 Density of W ions with charge states in the 40s, 50, and all states (time = 8.5 s).

4. Summary

We reproduced the experimental results by adjusting the coefficient C related to the anomalous pinch in EC
and N-NB injection shots. The TOTAL calculation results successfully demonstrated the suppression of W
accumulation during EC injection. However, large discrepancies between experimental and calculated results
prior to the change in heating method suggest the need to adjust the anomalous diffusion coefficient f as well
as C or to apply different transport models. Future work will involve analyzing rare gas ion injection
experiments to develop an anomalous transport model effective for ions with a wide range of charge states and
masses, followed by verification using the TOTAL code.
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1. Introduction

In a tokamak fusion reactor, the plasma current must be sustained continuously. Ohmic current
drive is limited by the available magnetic flux, while it has excellent current drive efficiency. To
reduce magnetic flux consumption, non-inductive current drive, such as neutral beam current
drive and electron cyclotron current drive (ECCD), is required. Since electron cyclotron wave
(ECW) can propagate in vacuum, antenna does not need to be placed close to the plasma,
resulting in reduced antenna erosion. Furthermore, by combining multiple gyrotrons operating
at different oscillation frequencies or by sweeping the injection angle using mirrors, the current-
drive location can be adjusted. Owing to this high selectivity in the current drive location, various
applications such as current profile control and suppression of instabilities have been actively
investigated with ECCD. ECW injection conditions must be optimized based on the evolving
density and temperature profile, and for analysis of long-pulsed operation, an enormous number
of numerical simulations are required.

To establish a faster analysis method while maintaining sufficient accuracy, we develop a model
that derives the current-drive efficiency and current-density profile avoiding the Fokker-Planck-
based velocity-space analysis, which is the most time-consuming step in ECCD calculations, and

instead using an alternative approach.

2. Analysis method

We use the integrated code TASK, which combines modules for analysis of equilibrium (EQ),
ray tracing (WR), and kinetic transport (FP), enabling an exact analysis of ECCD. In TASK, the
FP module computes the driven current based on the Fokker-Planck equation, but it is
computationally expensive. To avoid full kinetic transport analysis, we develop a model based on
the Fisch-Boozer formulation [1] and a theory incorporating the electron trapping effect [2]. This

proposed model enables fast evaluation of the current-drive efficiency and the EC-driven current



density profile.

The current drive efficiency is given by

I 4e2kgT, j*
=2 8.l AW
P  RneedlnA p* [A/W]

where j*/p* is the normalized current drive efficiency, that is given by [1]:

o 3(wu)
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where w (= v)/vy,) is the accelerated electron velocity parallel to the magnetic field, and u (=
v/vyy,) is the electron speed; both are normalized by the thermal velocity.

At each ray step, the average value (wu) over all electrons on the resonance curve in the
velocity space is evaluated as the weighted average of wu with the relativistic Maxwell
distribution fy;(y) [3] over the range of Lorentz factors that satisfy the relativistic resonance
condition.

The radial profile of the driven current is derived by multiplying the current drive efficiency by
the absorbed power at each ray step calculated by TASK/WR.

3. Results

Analysis was performed using the plasma parameters of JA-DEMO. The injection conditions
are Pgc = 1MW, fi,; = 220 GHzand 6, = 0 deg., with different injection toroidal angles 6oy,
where Pg¢ is the injection power, fi,; is the wave frequency, 8, is the injection poloidal angle.
The current-drive efficiency n (= I/P) and the absorbed power along the wave propagation path
are shown in figure 1. The dashed line on the left indicates the point at which the fundamental
resonance condition begins to be satisfied in the developed model, whereas the dashed lines on
the right indicate the termination of the calculation due to sufficient ECW absorption. Resonance
occurs at the up-shifted second harmonic (left peak of the absorbed power distribution) and the
down-shifted fundamental (right peak). The developed model performs calculations only when
the fundamental resonance is present, and the fundamental resonance ranges (enclosed by the
dashed lines) approximately coincide with the widths of the current-drive efficiency and the
absorbed power peaks. Note that the right-hand tail of the absorbed power distribution remains

a finite value up to the right dashed lines, and that the maximum ray step varies with the injection



conditions because they determine the length of the wave propagation path.
The total driven current Iy, is obtained by applying trapezoidal integration to the driven-
current at each ray step, as summarized in table 1. The driven-current profiles for various 6,

are shown in figure 2.
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Figure 1. The current-drive efficiency 5 calculated with the developed model (upper figure).
The current-drive efficiency is evaluated only at ray steps where the resonance condition is
satisfied and the absorbed power remains finite. The absorbed power calculated by TASK/WR
(lower figure) is shown for the same ray steps, which are equally spaced along the wave
propagation path. The dashed lines indicated by the arrows denote the range where 7 is defined,
and this range is projected onto the absorbed power distribution.

Table 1. Total driven current I, at each toroidal angle 6,,,.

Figure 2. Radial profiles of EC-driven current density jgc for different toroidal angles 6,,,.

4, Summary and Prospects

A fast current profile calculation module was developed using the Fisch-Boozer formulation,
and reasonable results were obtained for current-drive efficiency. The second harmonic
absorption and the finite Lamor radius effect must be considered. To verify the accuracy, the

following three direct comparisons are desirable: ( i ) an exact solution of Fokker-Planck equation



(ii ) an approximate solution (adjoint method) (iii) the EC simple analysis model in this study.
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Effect of resonance surface position on flattening process of the
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1. Research background and objectives

In fusion tokamak plasmas, various instabilities are excited by the presence of density and
temperature gradients[1]. In addition, electromagnetic instabilities can be driven at resonant surfaces,
leading to the formation of magnetic island structures. The growth and saturation of these instabilities,
as well as the resulting formation of plasma profiles, play a key role in particle and heat transport in
fusion plasmas, making it essential to evaluate their impact. In this study, global simulations from the
core to the edge of a tokamak plasma are performed using a six-field reduced magnetohydrodynamic
(MHD) model. By varying the relative positions of the temperature gradient region, where micro
instabilities are excited, and the resonant surfaces, where electromagnetic instabilities are driven, the
interaction mechanisms between these two types of instabilities are investigated.

2. Simulation model

In the global reduced magnetohydrodynamic code R6F [2], the time evolution of six
fields—namely the electrostatic potential ¢, vector potential A, parallel flow velocity v,
density N, electron temperature T,, and ion temperature T;—is solved three-dimensionally
in space by employing the following set of equations: (1) the vorticity equation, (2) Ohm’s law,
(3) the ion parallel momentum equation, (4) the continuity equation, and the evolution

equations for (5) the electron and (6) ion temperatures. Here, € = a/R,is the inverse aspect

ratio, Ryis the major radius, and v, = B/,/4nnm;denotes the Alfvén velocity.
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Here, F:= ¢+ 6P;, P, = (B./B)N +T,, P, = (B;/B)N + T;, P = P; + P,. The convective time
derivative is defined as d;:= 0; + [P, ], and the parallel gradient operator as V= Vﬁo) —-[4,].
Length is normalized by the minor radius a, and time is normalized by the poloidal Alfvén time
a/(ev,). The computational parameters used in this study are as follows: the major
radius R, = 1.5m, the minor radius a = 0.5m, the inverse aspect ratio € = 0.33, the ion
skin depth § = 1072, the mass ratio m,/m; = 1/1836, the resistivities n,and n, =
1075, the thermal diffusivities y,, = 107°and y,, = 1, the neoclassical viscosity
coefficients p; = 4.6 X 107 %and p, = 1.4 x 1073, and the thermodiffusion coefficient

2)2

ar = 0.71.The initial density profile is given by Ngq = (8/€)(1 — r<)*. The initial electron and

ion temperature profiles are assumed to have the same hyperbolic-tangent functional form, with
normalization factors of f5,/cand f;/€, respectively.

3. Analysis results

Time evolutions were calculated starting from the initial density and temperature
profiles shown in Figs. 1 and 2, under the safety factor profile (q profile, representing the
magnetic field line twist) shown in Fig. 1. In this configuration, the rational surface with
q = 2 is located at r = 0.6. As illustrated in Fig. 2, three cases were considered, in which
the position of the steepest ion temperature gradient r = r;was set to (i) 0.4, (ii) 0.5, and
(iii) 0.8. The purpose of this setup is to evaluate the effect of varying the distance between
the g = 2rational surface and the steep temperature-gradient region. The ion and
electron beta values, which determine the strength of the temperature gradients, were
fixed at B; = B, = 0.004, and the magnitude of the temperature gradient itself was kept
identical among cases (i)—(iii). Fig 3 shows the time evolution of the internal energy for each
Fourier mode in the three cases. Here, mand ndenote the poloidal and toroidal mode numbers,
respectively. In all cases, unstable modes initially grow during the linear phase, followed by a
transition to a nonlinear phase in which interactions among different wavenumber components become
dominant, and eventually reach saturation. In the nonlinear phase, low-mode-number components
such as (m,n) = (—2,1)and (—3,2)dominate and form magnetic island structures in all cases. We
first compare the growth characteristics in the linear phase. In cases (ii) and (iii), the linear phase (up
to t =2100and t =480, respectively) is dominated by the ion temperature gradient (ITG)
instability. The ITG instability is a microscale (high-wavenumber) instability driven by steep ion
temperature gradients; the resulting turbulence enhances heat transport and ultimately weakens its own
drive by flattening the temperature gradient. Consistent with this picture, high-wavenumber ITG
modes with resonant surfaces located near the steep temperature-gradient region grow dominantly,
such as (m,n) = (—20,11)and (—19,11)in case (ii), and (m,n) = (—24,9)and (—25,9)in case

(iii).In contrast, during the linear phase of case (i) (up to t = 1900), the growth of a low-wavenumber



resonant macroscale instability, (m,n) = (—3,2), dominates rather than the ITG instability. This is
attributed to the placement of the temperature gradient in a region of low magnetic shear, which
weakens the ITG drive. We next examine the nonlinear growth processes in each case. In cases (ii)
and (iii), the ITG instability nonlinearly enhances macroscale instabilities such as the
(m,n) = (—2,1)mode. In case (i), although the growth of the (—2,1)mode and ITG instability is
delayed until the nonlinear phase (t = 2100), similar nonlinear interactions are observed in this case
as well. Furthermore, in case (ii), a rapid increase in density fluctuations is observed in the time interval
t = 39004000, as shown in Fig. 4. This abrupt increase is associated with modifications of the
density profile caused by a magnetic island formed around r = 0.6. Figs. 5 and 6 show that magnetic
islands flatten the density and temperature gradients within the island while simultaneously steepening
them externally. It has been determined that the steepened density gradient acts as a driving factor that

excites instability, leading to the observed rapid increase in fluctuations.
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Fig. 1 Initial density profile and safety factor. Fig. 2 Initial ion temperature profile.
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Fig. 3 Time evolution of the density fluctuation energy.
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4. Conclusion

Using a six-field reduced MHD model, global tokamak simulations were conducted to investigate
instability interactions as a function of the steep temperature gradient location. In the nonlinear regime,
the ITG instability consistently enhanced the growth of the macroscopic (—2, 1) mode. Furthermore,
the subsequent increase in instability levels was found to be linked to density profile modifications

induced by magnetic island formation, providing insight into global energy transfer among modes.

5. Acknowledgments

This work was partially supported by the collaboration program of QST on development research
of the fusion DEMO reactor, and of RIAM in Kyushu University. Simulations were carried out using
the supercomputer system at Computational Simulation Centre of International Fusion Energy
Research Centre (IFERC-CSC) in QST.

References

[1]R. Okazaki, #Z@l&HEREIA.
[2] M. Yagi, et al., Proc. 20th BPSI meeting (2023) 1-10.



A Comparative Study on Determining Methods for
Multi-Variable PID Control Gains of JA DEMO Using TOTAL
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1 Introduction

The design of fusion DEMO reactors is progressing, and control of core plasma is one of the significant
challenges[1]. In the reactor, numerous physical quantities are interrelated. A single manipulated variable
affects many controlled variables. For example, heating inputs (NBI, ECRH, etc.) simultaneously affect not
only plasma temperature rise but also current distribution. Therefore, constructing multi-variable control logic
for such complex system is necessary.

Also, real-time simulation based on measured data is required for the prediction of physical quantities that
are difficult to measure. This requires the development of integrated codes that simulate the core plasma.
The integrated code TOTAL[3] we use is a 1.5D equilibrium and transport code that performs 1D particle
and thermal transport analysis and 2D magnetic equilibrium analysis. TOTAL has the advantage of relatively
low computational cost, making it suitable for real-time simulation, and it also has the multivariable feedback
control function.

In TOTAL, PID (Proportional-Integral-Derivative) control is employed to control plasma parameters. The
control equations are describes as follows:

X, () = XP() + X (1) + Y CF () M
k

C]’?(t) = G}’;J (ek(t) + Tik /ek(t')dt’ + Tff,j dest(f)) (2)

ex(t) = V™5 Y (h) ®)

Here, X; is the j-th manipulated variable, X;re is the pre-programmed value, X;’ase is the base (steady-state)
value, C’j’.c is the correction value of the j-th manipulated variable determined by the k-th controlled variable,
wa» is the proportional control gain for controlling the k-th controlled variable with the j-th manipulated
variable, Ti’fj is the integral time constant, T(lij is the derivative time constant, e(t) is the deviation of the
k-th controlled variable, Y, *®" is the target value of the k-th controlled variable, and Y} is the k-th controlled
variable.

Conventionally, the constants Gg,j’ Ti’fj,
rules of thumb. In this study, we examined multivariable PID control gains and time constants using the step

and T(’i ; required for these calculations have been determined by

response characteristics of the controlled variables, aiming to construct appropriate multivariable control logic
for JA-DEMO[2] reactor plasma.

In this study, we set line-average electron density 7, and fusion power Py, for the controlled variables, and
NB power Pyp and pellet fueling rate f,eo for the manipulated variables.

2 Determination of multi-variable control gains and control tests

We attempted to determine the multi-variable PID control gains and time constants using step response
characteristics of the controlled variables. The procedure to obtain step response of the controlled variables is
as follows:

i. Turn off feedback control at the time when each parameter has stabilized (¢t = 250 s).
ii. At t = 260 s, change each manipulated variable by £10%.

The responses of the controlled variables are shown in figure 1.
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Figure 1: The responses of each controlled variables.

2.1 Determining method 1

For the first method to determine the gain, we expressesed the response of the controlled variable as a matrix
and determines the gain from it. To calculate the gain, first calculate the response matrix A. A is calculated

as follows: A pea
EPrn.) _ Pyg/ Py
Q;>—A(A@wﬁ§) (4)

Here, each variables are defined as follows:

ePn. = (Prus = Prog) [Py €n0 = (e = 1¢%) /0, APNs = Pag — Py, Afpel = foel — fral ()
Then, calculate the inverse matrix of A.
APxg/ Pyt 1 (cp
= A ( fus) 6
(A@wﬁf iy (6)
When performing actual multivariable control, focusing on proportional control, the control (calculation) is

performed as follows:

APNB _ €pfus>

(apm) =6 (0 g
By comparing equations (6) and (7), the multivariable proportional control gain matrix was determined as

follows.
G — ( 0.3147 [] —1.386 x 1077 [MW - m3])
pl —

0.000 [s~*-MW]  9.388 x 10 [s~! - m?] (8)

To evaluate the validity of the gains, control tests was caried out. The content of the control test are that the
target value of the electron density A&t is reduced while keeping the target value of the fusion power Pfr&e
constant. The results of the control test is shown in figure 2.
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Figure 2: The results of control test using Gp;.



Due to G2 that corrects Pyp from ez, Pyp increases and P, also increases and fluctuation occurs. Also,

the controlled variables do not fully agree with the target value. Therefore, the results of the control test using
G indicate that better gains may exist.

2.2 Determining method 2

To find the better gain, another determining method, Ziegler Nicholas’ Process Reaction Curve method (ZN

method)[4], was attempted. This method is a long established method used in other fields. The procedure of
determining gains and time constants are follows:

i. Find the tangent line with the maximum slope on the response curve.
ii. Calculate the slope R of the tangent line and the response delay time L like figure 3.

0.02
5
— 0.01F
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Figure 3: Conceptual diagram for determining R and L values gor using the ZN method.
iii. Determine the gains and the time constants according to the following equation:

G _ Xed 1.2
P Yea (R/AX)L’
71 =2L, 19 =0.5L
From this method, the calculated gains and time constants are in the following table.

Table 1: Gains and time constants determined by ZN method

sz Ti [S] Td [S}
11 1.790 [—] 1.053 0.263
21 0.000 [MW - m‘s] - -
21 2.766 x 10 [Sfl . MWfl] 3.271 0.818
22 3.033 x 103 [S_l . m3] 0.812 0.203

As there was virtually no response of o by Pyg and R, L could not be determined, the gain was set to zero.

To evaluate the validity of the gains, the same control test in figure 2 was carried out. The results of the
control test is shown in figure 4.
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Figure 4: The results of control test using Gps.

As we can see from figure 4, the controlled variables almost agreed with the target value. Therefore, the



gains determined by the ZN method enabled good control performance. However, the values of the manipulated
variable fluctuates significantly, so the engineering constraints must be taken into account (Actual manipulated
variable may not achieve this fluctuation).

2.3 Differences in determination method

There are two big differences in determination method. First, G (determined by the ZN method) is generally
larger than Gy (using response matrix). This difference arises from their design principles: G is determined
solely by the final steady-state response ey, whereas G is determined by the transient characteristics, specifi-
cally the maximum slope R and the delay time L. To clarify the relationship, consider a single-variable control
case. The two gains become equal (Gp1 = Gp2) only when the following condition is satisfied:

R-L=12-gy X% (9)

This equation represents the balance between R - L and ey of the process. In this case, R is relatively small
compared to the final steady-state change, causing G2 to be larger than G1 to compensate for the slow initial
response. Second, the treatment when there is no (little) response of the controlled variable. In the method
using response matrix, no particular mattersto consider. However, in ZN method, when R becomes small, gain
becomes large. Therefore, there is a possibility that excessive corrections may be applied to the manipulated
variable. This time, the gain derived from the response of n, to Py was set to zero.

2.4 Considering response delay between the calculation and the actuator’'s movement

From the results of control test using Gp2, we mentioned that the engineering constraints must be taken into
account. This time, as a possible constraint, we considered the response delay between the PID calculation and
the actuator’s response. We modified the logic to enable simulation of actuator response delays, and did the
same control tests considering this constraint. The results are shown in Figure 5.

—

o ‘ ! m Target | —

| Target 1! . . = rso0p 1

£ o Achievement| g Achievement _‘”‘NMAWNW‘W"W‘

3 S ]
0.80 : + "

o

—

—o0.76

(]

< 1300

—

—

|

n ol

Ll

o

o

=t

5 Achievement Achievement

W Real-time calculation Real-time calculation

T i M
0 260 280 300 320 340 0 260 280 _300 320 340 0 260 280 . 300 320 340 0 260 280 . 300 320 340
Time [s] Time [s] Time [s] Time [s]

Figure 5: Left: Control test using G,; considering the delay 2.0 s. Right: Control test using Gp2 considering
the delay 0.3 s.

When using G, and set the delay 2.0 s, the vibration of the controlled variable remains virtually unchanged.
However, when usin G2 and set the delay 0.3 s, a periodic oscillation with a period of approximately 2 seconds
appeared. The results suggest that shorter actuator response delays are required for a larger gain (Gp2), whereas
longer delays are required for a smaller gain (Gp1).

3  Summary

In this study, toward multi-variate PID control in JA-DEMO, we compared methods for determining control
gains using TOTAL. We set Pr,s and 7. as the controlled variables, and Pyg and fpe as the manipulated
variables. We calculated the PID gains G}, and time constants 7, 74 using two different methods based on
step responses. First, the method using response matrix can determine all gains mechanically regardless of the
magnitude of the step response, though it still requires empirical tuning for the time constants. Second, while
the ZN method showed good overall control, we observed significant deviations of the manipulated variables. We
also considered response delay between the control calculation and the actuators movement. Results indicate
that a larger gain (Gp2) is appropriate to a shorter delay, while a smaller gain (Gp1) is appropriate to a longer
delay.

As the next step, we plan to determine the optimal gains that specifically match the expected response delays



of actual hardware actuators.
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Study on Image Reconstruction of Lensless Microwave Holography
in a Linear Plasma Device

Yuya Ohta, Mayuko Koga

University of Hyogo

1. Research Background

In fusion research, microwave diagnostics are one of the
primary methods for observing plasmas [1]. In microwave
diagnostics, microwaves are injected into the plasma, and the
intensity and phase of the reflected waves are measured,
making this technique suitable for determining positions along
the line of sight. However, conventional microwave diagnostics
do not provide sufficient spatial resolution [2].

To address this issue, we propose lensless microwave
holography. Compared with conventional microwave
holography employing optical systems which consisted of lens
or mirrors, the lensless approach offers a wider field of view.
However, this approach requires complex reconstruction
calculations, and solving them mathematically results in high
computational cost [3].

Therefore, we propose an image reconstruction method
based on machine learning. In previous studies, a corrugated
planar mirror was used as the target object [4]. In this study, we
use simulation data from a linear plasma device (PANTA)
provided by Professor Naohiro Kasuya of the Research
Institute for Applied Mechanics, Kyushu University, as the
target object, and attempt to reconstruct plasma density
distribution images of argon (Ar) and helium (He) from the

received microwave data.

2. Method

The procedure for generating training data for machine
learning is described below. Fig.1 shows a schematic overview
of the procedure used to construct plasma density distribution
images of Ar and He, which serve as the target objects.

First, plasma data at the cutoff density were extracted from
linear plasma simulation data. Spatial windows referred to as
probes were arranged at the plasma surface. These proves were

Linear Plasma
Simulation Data

99 probe
windows

Fig.1 Schematic overview of the procedure for generating
plasma density distribution images

In microwave holography, the received signal g can be
expressed by the equation Hf = g, where H denotes the
propagation function and f represents the scattering rate,
defined as the reflectivity f(x,y,z)at a point (x,y,z). Using

this equation, electromagnetic wave calculations were

performed, and complex microwave amplitude images were
generated as received data from plasma density distribution
images. These data were used as training data for the learning

process.

In this study, a convolutional neural network (CNN) was
employed as the learning model. An example of the model
architecture is shown in Fig. 2. The input consists of complex
microwave amplitude images; since the data are complex-
valued, they were provided as two-channel inputs
corresponding to the real and imaginary parts. The output is the
plasma density distribution image.

In this work, training was performed while varying the filter
size and the number of convolutional layers: one layer with a
5 x5 filter, one layer with a 7 X 7 filter, and one to four
layers with 3 x 3 filters. The reconstruction accuracy was
compared using two error metrics: the root mean square error

(RMSE) and the mean absolute error (MAE).

set 300 mm from the microwave antenna array. These probes Output Image

: i Re structed I
were set along the plasma surface, with a total of 99 probes. For Input Image  Convolutional Layer Fully Connacted Layers (Reconstructed Image)

(Microwave signal) . . . (Cut-off surface)
each probe, the distance between each probe and the plasma . . .
cutoff surface was calculated. 4 P T
This procedure was repeated at 294 equally spaced time steps, He Ar He Ar
17x 170 000 5.

resulting in a total of 29,106 plasma density distribution images
for Ar and He.

Three layers with
50 neurons each

(Scaled to -1 to 1) (Scaled to —1to 1)

Fig.2 Schematic diagram of the CNN model



3. Results

Fig.3 shows the error values obtained by varying the filter
size and the number of layers while keeping the receptive field
the same, and Fig. 4 shows the error values obtained by varying
the number of layers with the same filter size. The error bars
represent the standard deviation of the error values obtained
from training on five different datasets, which were created by
changing the assignment of the training, validation, and test
data from the ground-truth dataset.

In all cases, both RMSE and MAE were consistently smaller
for Ar than for He.
configurations with the same receptive field—namely, one

Furthermore, when comparing
layer witha 5 X 5 filter versus two layers with 3 X 3 filters,
and one layer with a 7 X 7 filter versus three layers with
3 x 3 filters—the error values for Ar were lower when
multiple layers with smaller filters were stacked, whereas little
difference was observed for He. In addition, the lowest error
was obtained with four layers of 3 X 3 filters for Ar, while
three layers of 3 X 3 filters yielded the lowest error for He.
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Fig.3 Error values obtained by varying the filter size and
the number of layers with the same receptive field
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Fig. 4. Error values obtained by varying the number of
layers with the same filter size

Figure 5 shows the reconstructed images for Ar, and Fig. 6
shows the reconstructed images for He. In the reconstructed
images of Ar, it can be seen that variations in brightness and
gradation are reproduced with high accuracy. In contrast, the
reconstructed images of He are generally darker than the
corresponding ground-truth images. Furthermore, the positions
and the number of stripe-like patterns are not correctly
reproduced, and lines that are partially interrupted in the
ground-truth images are reconstructed as continuous lines

extending from top to bottom. As a result, accurate image
reconstruction could not be achieved for He in this study.

Ground Reconstructed
Truth Image
Image |, L ,
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Fig. 5. Reconstructed images of Ar

Reconstructed
Image
L

Fig. 6. Reconstructed images of He

4. Data analysis

To investigate the reason why high-accuracy image
reconstruction could not be achieved for He, the plasma density
distribution images used as the training data were analyzed.
First, histograms of pixel values for each pixel are shown in Fig.
7. Most of the Ar data are distributed in the range of pixel
values from 0.3 to 0.9 and exhibit a distribution similar to a
Gaussian. In contrast, most of the He data are concentrated near
a pixel value of 0, followed by a secondary distribution around
a pixel value of approximately 0.5. This indicates that the He
data are biased toward darker values.

In this study, the mean squared error (MSE) was used as the
loss function in the machine learning model, which causes the
reconstructed images to be biased toward the mean of the
training data. As a result, the reconstructed images for He are
considered to be generally darker than the corresponding
ground-truth images.
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Next, the pixel-wise variance of pixel values for He and Ar
is shown in Fig. 8. The variance for Ar is generally small, with
only slight variations observed near both edges. In contrast, the
variance for He is significantly larger and strongly dependent
on the position along the horizontal. These results indicate that
the He data exhibit greater pattern diversity than the Ar data,
making the learning task more challenging.
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Fig. 8. Pixel-wise variance of pixel values for
He (left) and Ar (right)

5. Conclusion and future work

In this study, it was found that, for Ar, stacking smaller filters
improved the reconstruction accuracy even when the receptive
field was kept the same, whereas for He, the accuracy showed
little dependence on the filter size or the number of layers. The
highest accuracy was achieved with three layers of 3 X 3filters
for He and four layers of 3 X 3 filters for Ar.

Although high-accuracy reconstruction of plasma density
distribution images was successfully achieved for Ar, several
issues were observed for the reconstructed images of He, such
as discrepancies in the positions of stripe-like patterns, darker
reconstructed patterns compared to the ground-truth images,
and difficulty in reproducing partially interrupted lines.

To investigate the causes of these issues, the training data
were analyzed. The results showed that, for Ar, the pixel values
follow a Gaussian-like distribution, whereas for He, the pixel
values are biased toward a smaller range. In addition, while the
pixel-wise variance is small for Ar, it is large for He, indicating
greater diversity in the He data.

As future work, in order to achieve high-accuracy
reconstruction of He plasma density distribution images,
several approaches can be considered. One approach is to
mitigate the bias in the training data by applying weighting to
brighter data. Another possible approach is to employ
different model architectures, such as encoder—decoder—type
networks, for training.
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1. Introduction

In fusion reactors, burning plasma is heated by high-energy alpha particles generated by the fusion
reaction of deuterium and tritium inside the plasma. The confinement of fast ions is necessary for stable
heating. As a method for measuring the spatial and velocity information of fast ions, FIDA (Fast Ion D-
Alpha) measurement, which utilizes light generated by the charge exchange reaction of fast ions (Fig. 1),

is attracting attention.
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Fig. 1 Ilustration of charge exchange reaction.

In the spectral analysis of FIDA measurement, measured spectrum can be compared with a calculated
spectrum using a simulation (FIDASIM) by inputting plasma parameters. By repeating this process
changing the input parameters until both spectra match, realistic fast ion distribution can be estimated. In
this study, aiming to speed up data analysis for FIDA, we attempted to directly estimate the fast ion density

distribution from spectral data using machine learning.

2. Experimental Methods and Results

Spectroscopic data from FIDASIM and fast ion density distributions calculated assuming the FIDA
geometry in the Large Helical Device (LHD) at National Institute for Fusion Science (NIFS) were used as
training data. A Convolutional Neural Network (CNN) was used as the machine learning model to construct
a network that reconstructs the spatial distribution of fast ion density from the input FIDASIM spectrum.
ReLU was used as the activation function. Model performance was evaluated by varying the number of

convolutional layers (kernel size 3X 1) from 1 to 5 layers. RMSE (Root Mean Square Error) and MAE



(Mean Absolute Error) were used as evaluation metrics. Additionally, MAE and RMSE normalized by the
maximum value of each data were defined as MAE,,,, and RMSE,,m- The evaluation metrics for
different numbers of convolutional layers are shown in Fig. 2. It can be seen that the model accuracy is

highest with of 4 layers.
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Fig. 2 Evaluation metrics versus the number of convolutional layers.

Figure 3 shows typical ground truth and predicted fast ion density distributions at various toroidal angles
¢ using the 4-layer convolutional model. It is clearly seen that the model successfully captures the three-
dimensional shape of the plasma in the LHD.

Figure 4 shows a comparison between the ground truth and predicted fast ion density distributions at ® =0
for various density cases. From Fig. 4, it can be seen that the trends in the distributions are successfully

predicted. However, the predicted densities tend to be lower than the ground truth data. This is likely due

k Low density
' ®=0.0000
e - -
| ©=0.1466
®=0.3142

Ground truth Predicted

to bias in the training data.

o
G

o8
o

Ground Truth Predicted
Fig. 3 Typical ground truth and predicted fast ion Fig. 4 Ground truth and predicted fast ion density

density distributions at various toroidal angles. distribution at ®=0 for various density cases.

3. Future Work
In future work, we aim to mitigate data imbalance to improve reproduction accuracy, particularly in the
region near the magnetic axis. Furthermore, we plan to extend the framework to estimate fast ion

distributions in velocity space.
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Reconstruction of Turbulence Spectrum from PCI Signals
by Using Numerical Diagnostics
Lin Hanging', Naohiro Kasuya'?, Kenji Tanaka'~
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1 Research Background and Objective

Phase Contrast Imaging (PCI) is one of the key diagnostics for plasma turbulence [1],[2], but its line-integrated
nature compresses 3D information into a 2D signal. In JT-60SA, the magnetic field direction rotates by over 90
degrees along its tangential line of sight, making traditional inverse techniques for profile reconstruction to be
challenging [3]. Machine Learning (ML) is a powerful tool to retrieve radial profiles from the integrated signals [4].
Developing such an ML algorithm requires a massive training dataset. First-principle simulations for tokamaks can
produce 3-D patterns of turbulent fluctuations, which can be used as the training dataset. The objective of this work
is to validate the forward model for evaluating PCI signals numerically by using high-fidelity simulation data. By
scanning turbulence-driving parameters, we verify whether this synthetic diagnostic correctly captures the spectra
in the real geometry, serving as a benchmark for future development of reconstruction tools from PCI signals.

2 PCI Simulation: Forward process for obtaining observation signals

We have constructed a numerical scheme for PCI simulation [5]. This forward modeling calculates the observed
signal from the PCI measurement by line-integration of density fluctuations (Figure 1). The 3D density fluctuation
field, i, is calculated by gyrokinetic code GENE [6], mapped onto the realistic JT-60SA magnetic configuration
provided by TASK/EQU [7]. As shown in Figure 1, the simulated turbulence by the flux-tube model is typically
localized around specific flux surfaces with clean spectral features, representing an idealized physical state. Then
line integration generates a 2D simulated PCI detector signal, /(x,y), through a synthetic diagnostic routine [3], [5].
Finally, to analyze the spatial characteristics, we apply a 2D Fast Fourier Transform (FFT) to /(x,y). This yields the
2D wavenumber spectrum, S(kx, ky), which is the primary statistical quantity for verifying the forward model's
sensitivity. Noted that the frequency resolution of the PCI diagnostic is determined by the detector’s physical width
(Ly) and normalization using the ion Larmor radius p;:

kypr = (725) x (Feme)

Ly eBref

where j is the harmonic index, Trer, Mper, and Bref are the reference temperature, ion mass, and magnetic field,

respectively.
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Figure 1. PCI Forward Simulation Workflow. (a)Simulation data of 3D fluctuation field are used for (b)obtaining
the PCI signal by line-integration, from which (c)physical quantities (e.g. 2D density fluctuation) are evaluated.
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3 Analysis of Saturated Turbulence
To validate response of the forward model to physical parameter changes, we performed nonlinear simulations



comparing a Strong Drive case (R/Lr=7.0) with a Weak Drive case (R/L;=5.0). In the simulation analysis, the
normalized temperature gradient is defined as R/Ly, where R is the major radius and Ly = —(VT/T)™?! is the
temperature gradient scale length.

During the initial analysis of the Weak Drive case (R/L7=5.0), a sharp spectral peak was observed at k, p; =
0.275. Figure 2(a) presents the “Full” fluctuation field mapped on the poloidal cross-section. A “Bandpass” filtered
field (retaining only components with k,,p; € [0.2,0.35]) reproduces the primary eddy structures observed in the
Full field, whereas the “Residual” field (Full minus Bandpass) shows no coherent structures. This confirms that the

mode at k,p; = 0.275 indeed dominates the spatial turbulence structure in the Weak Drive case.
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Figure 2. Spatial distribution of ion density fluctuations on the poloidal plane ({ = 0). (a) Full fluctuation field,
(b) Band-pass filtered field (k,,p; € [0.20,0.35]) and (c) Residual field (Full minus Band-pass) are shown.

We compare the GENE spectra with the synthetic PCI spectra. Figure 3 compares the density fluctuation power
in the local poloidal wavenumber spectra, S(ky), in the flux coordinates used in the GENE simulations. The Strong
Drive case (red) shows significantly higher power (1-2 orders of magnitude) than the Weak Drive case (blue). In
addition, a distinct shift is observed; the spectral peak moves from &y pi = 0.28 (Weak) to a lower wavenumber

region (Strong), indicating that dominant eddy scales increase by an inverse cascade process under stronger
instability driving.

Next, we processed these fields through the PCI synthetic diagnostic. To evaluate the observed energy, we
integrated the 2D PCI spectrum along the radial wavenumber k:

S(ky) = [k k)l . )
where ﬁ(kx, ky) is the Fourier transform of the density fluctuation (Figure 4). This integration approach captures
the total fluctuation power at a given poloidal scale, averaging out radial structural variations.

Comparison between Figures 3 and 4 represent the characteristic features are captured in the PCI synthetic
diagnostic signals. In the PCI integrated spectrum (Figure 4), the Strong Drive case consistently exhibits higher
power than the Weak Drive case. The distinct peak in the Weak Drive case and the trend of the spectral peak shifting
towards the lower wavenumber region are qualitatively preserved in the synthetic observation. However, the exact
shape of the spectrum is modulated. The sharp feature observed in Figure 4 appears smoothed in the PCI observation.
This is mainly given by limited spatial resolution with a finite number of the detectors. As discussed in Ref. [3], the
PCI signal is a superposition of fluctuations from various radial locations weighted by the optical geometry. This
line-integration effect also distorts spectral features such as the decay rate and peak sharpness.

4 Summary
In summary, we have built and validated a forward model of the PCI observation for JT-60SA. The simulation
results confirmed that the synthetic PCI signal effectively detects macroscopic shifts in turbulence scales caused by
changes in driving gradients. This validates the forward model as a reliable tool for generating input-output pairs.
Future work will focus on constructing a large-scale training database to solve the inverse problem using Deep
Unfolded Networks. To overcome the high computational cost of first-principle simulations as nonlinear simulation
with GENE, we will develop computationally efficient "toy models" (stochastic turbulence generators). Crucially,



these stochastic models will be employed for data augmentation to generate synthetic turbulence profiles with
broader spatial distributions and multi-scale background noise. This strategy aims to bridge the gap between
idealized simulations and complex experimental environments, ensuring the ML model is robust enough to
reconstruct radial turbulence profiles from real PCI measurements in JT-60SA.
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Figure 3. Local poloidal wavenumber spectra S(ky) in the flux coordinates of GENE.
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Figure 4. Wavenumber spectra derived from simulated PCI signals in the Cartesian coordinates of the observation
line of the sight.

References
[1] S. Coda, et al, Nucl. Fusion 61, 106022 (2021).
[2] K. Tanaka, et al., Rev. Sci. Instrum. 79, 10E702 (2008).
[3] N.Kasuya, et al., Nucl. Fusion 58, 106033 (2018).
[4] L. van Leeuwen, et al., Plasma Phys. Control. Fusion 67, 025024 (2025).
[51 K.Kuwamiya, et al., Proc. 22th BPSI meeting (Kasuga, 2024) 1-8.
[6] F.lJenko, et al., Phys. Plasmas 58, 1904 (2000).
[7]1 https://bpsi.nucleng.kyoto-u.ac.jp/task/



	BPSI_proc2025_ver2
	表紙_発行日
	program23rd
	poster_list
	S1_Yagi
	3_3_Anzai
	3_4_Futatani
	4_1_Nunami
	4_5_Narita
	5_1_Wisitsorasak
	5_2_Kasuya
	5_6_Nuga
	P01_Kawamura
	P02_Tanaka
	P03_Hirai
	P04_Sakamoto
	P05_Yasui
	P06_Ohta
	P07_Nakata
	P08_Lin


