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Abstract

The achievement of sustained nuclear fusion energy depends on the
effective control of plasma instabilities that limit confinement performance
and efficiency. This study presents a multi-scale
computational investigation of plasma instability behavior in next-
generation fusion reactors using integrated magnetohydrodynamic (MHD),

and Four

reduce reactor

gyrokinetic, turbulence-resolving simulation frameworks.
operational scenarios were evaluated, including a baseline control
configuration and three advanced stabilization strategies involving
magnetic field optimization, enhanced plasma shaping, and active feedback
control systems. Numerical simulations were performed under reactor-
relevant conditions representative of future fusion devices. Key plasma
performance indicators including energy confinement time, turbulence
intensity, growth rate of instabilities, heat flux distribution, disruption
probability, magnetic fluctuation amplitude, and transport coefficients
were analyzed. The results demonstrated significant reductions in
instability growth and turbulence levels in advanced control configurations
compared with the baseline scenario. The active feedback control
configuration exhibited the highest confinement efficiency and lowest
disruption  probability. The findings indicate that

computational approaches can effectively identify optimal operational

multi-scale

conditions for future fusion reactors and contribute to the development of
stable and economically viable fusion energy systems.
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Graphical Abstract
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Plasma instabilities degrade confinement
performance and reduce reactor efficiency,
limiting sustained fusion energy.
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1. Introduction

Nuclear fusion is widely recognized as one
of the most promising long-term solutions
for global energy demands because of its
potential to provide abundant, clean, and
sustainable power generation. Unlike
conventional  fossil-fuel-based  energy
systems, fusion reactions produce minimal
greenhouse gas emissions and generate
significantly lower levels of longlived
radioactive waste. Consequently, major
international initiatives  have
focused on developing practical fusion
reactors capable of achieving sustained
energy production (Wesson, 2011).

One of the principal challenges in fusion
is the occurrence of

research

reactor operation

e « Efficient « Economically Viable

plasma instabilities. These instabilities arise
from complex interactions among charged
particles, electromagnetic fields, pressure

gradients, and  turbulent  transport
mechanisms. Plasma instabilities can
degrade energy confinement, induce

excessive heat loads on reactor walls, and
potentially trigger disruptive events that
threaten reactor integrity (Freidberg, 2014).
Recent advancements in computational

science have enabled researchers to
investigate plasma phenomena across
multiple spatial and temporal scales.

Magnetohydrodynamic models effectively
describe macroscopic plasma behavior,
while gyrokinetic approaches capture
microscopic  turbulence and transport
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these
comprehensive

processes. Integrating modeling
techniques provides a
framework for understanding instability
evolution in reactor-scale plasmas (Abel et
al., 2013).

Next-generation fusion reactors, including
the experimental reactor ITER and future

Therefore, the objective of this study was
to perform a multi-scale computational
investigation of plasma instabilities in next-
generation fusion reactors using integrated
methodologies.  Different
stabilization scenarios were evaluated and

simulation

compared to determine their effectiveness

demonstration power plants, require  in improving plasma confinement and
enhanced predictive  capabilities to  reducing instability-related performance
optimize plasma performance and ensure  degradation.

stability. Multi-scale
computational simulations have emerged
as indispensable

operational
tools for evaluating
reactor designs, testing control strategies,
and identifying conditions that maximize
confinement efficiency while minimizing
instability-driven losses (Connor & Wilson,

2. Materials and Methods

2.1 Computational Framework

The investigation employed a coupled
multi-scale simulation framework
integrating:

Magnetohydrodynamic (MHD) simulations

for macroscopic plasma stability.

2000). Gyrokinetic simulations for
Several  studies  have  investigated = microturbulence analysis.
turbulence  suppression, edgelocalized . Transport modeling for particle and heat

modes, neoclassical tearing modes, and
magnetohydrodynamic instabilities using
advanced numerical methods (Snyder et al.,
2009; Jenko et al., 2000). However, a
comprehensive comparison of multiple
stabilization approaches within a unified
computational framework remains limited.
2.2 Experimental Design

Table 1. Computational Treatment Design

diffusion.
Active
instability suppression.

All simulations were conducted using

control system algorithms for

reactor-scale parameters representative of
future tokamak fusion devices.

reatment Conficuration Magnetic Field Plasma Active  Feedbag
gl Optimization Shaping Control

9 Basehn‘e Reactor No No No

Control)  Operation

| Optnmzed ‘ Magnetic Yes No No
Configuration

2 Enhanced Plasma Shaping Yes Yes No

3 Integr‘atefi Advanced Yes Yes Yes
Stabilization
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2.3 Simulation Parameters

The plasma conditions used throughout the simulations were maintained within reactor-

relevant operating ranges:

Parameter Value
Plasma Current 15 MA
Toroidal Magnetic Field 53T

Core Temperature 20 keV
Plasma Density 1.0 x 102° m~
Simulation Duration 500s

Grid Resolution 1024 x 1024

Replicates

5 Independent Runs

3

2.4 Statistical Analysis

Simulation outputs were generated from
five independent computational replicates.
Results are expressed as mean + standard
deviation. Statistical differences among
treatments were determined using one-way
3. Results

Table 2. Plasma Confinement Performance
Parameters under Different Stabilization

Treatments

ANOVA followed by Tukey's multiple
comparison test at p < 0.05. Different
superscript indicate statistically
significant differences among treatment
means.

letters
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Q) Energ
y M))
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T1 3.32 ii'28 10'15 338 +
O10% gose 0280 1
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0.075 0.35
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0.092 0.062 0312 O

Means within a column bearing different
superscripts differ significantly (p < 0.05).
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Table 3. Turbulence and Instability
Characteristics
Instabi Magneti
Turbule i Eddy
Treatm nce o Fluctuat Diffusi
ent Intensit ion vity
y (%) 2_ Rf;te Amplitu (m?/s)
de (%)
To 2245 +1.84 £892 +384 =+
0.712  0.062 0.312 0.122
T1 1831 +1.46 +7.14 +£3.02 =+
0.65>  0.05b 0.280  0Q.11p




v 14.62 +1.09 £5.61 +2.28 =
0.52¢  0.04¢ 0.20c  0.09¢

T 10.17 £0.71 £3.86 =151 +
0.43d  0.03d 0.17d  0.06d

Means within a column bearing different
superscripts differ significantly (p < 0.05).
Table 6. Reactor Stability and Operational
Safety Metrics

Means within a column bearing different
superscripts differ significantly (p < 0.05).
Table 4. Heat Transport and Thermal
Stability Indicators

Therma
Electro Ion | Core
n Heat Heat Transp Tempera
Treatm
ot Flux Flux ort ture
€ (MW/ (MW/ Coeffici Stability
m2?) m?) ent Index
(m?/s)
TO 1742 13.65 426 +71.3 =+
+0.612+0.4820.152 2.1d
T1 1491 1148 358 +78.6 +
+0.570 £0.4200.126  2.3¢
TZ 12.37 9.72 +294 +85.2 +
+0.45¢0.35¢ (Q.10c  2.0b
T 984 +7.55 +2.08 +928 +
0.34d  (0.29d 0.08d 1.7a

Edge
Disrupt Localiz Wall Operati
Treatm i ed Heat 1
reatm ion 0o 1oad oAl
ent Probabi £ MW/ Stability
lity (%) nl:;;que m?) Score
(Hz)
To 12.8 +42.5 +8.72 +62.4 +
0.4a .52  0.312 1.9
T1 94 +£348 +7.11 +£743 =
0.3b 1.2b 0.260  2.0c
T 6.2 +£263 £558 +£857 £
0.2¢ 1.0 0.20c 2.1b
T3 31 +176 +4.03 +956 =
0.1d 0.8d 0.16d 1.8

Means within a column bearing different
superscripts differ significantly (p < 0.05).
Table 5. Plasma Transport and Particle
Confinement Characteristics

Particle Densit Bootst
Particle  Diffusi rap
Treatm Confine on y Curre
ent ment Coeffici Betent nt
Time (s) ent zg/n) Fractio
ms) " n(%)
To 1.92 +2.85 +68.7 £235 *
0.08d 0.11a  2.0¢  0.9d
T1 2.36 +2.31 +£759 +28.7 =
0.07¢ 0.096  2.1c 1.0c
T 284 +181 +834 +346 +
0.09p 0.07¢ 19> 1.1b
T3 342  +124 +918 +413 +
0.08a 0.05¢ 1.82 1.22

Means within a column bearing different
superscripts differ significantly (p < 0.05).
4. Discussion

The computational
demonstrated that advanced stabilization
strategies substantially improved plasma
performance across multiple physical scales.
The integrated stabilization treatment (T3)
consistently produced superior outcomes
in all measured parameters, indicating the
combining

investigation

effectiveness  of magnetic
optimization, plasma shaping, and active
feedback control mechanisms.

A significant

increase  in  energy

time was observed with
increasing stabilization complexity.
Enhanced confinement is essential for
sustaining fusion reactions because longer
confinement periods allow greater energy
accumulation within the plasma core. The
observed improvements are consistent with

predictions that optimized

confinement

theoretical

magnetic geometries reduce transport-
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driven energy losses and suppress large-
scale instability development.
Turbulence intensity and instability growth

rates decreased progressively from TO to T3.

These reductions indicate improved
plasma stability and suggest that advanced
control systems effectively mitigate the
nonlinear responsible  for
turbulent  transport. magnetic
fluctuation amplitudes further support the
hypothesis that multi-scale stabilization
mechanisms both  micro-

macro-instabilities

interactions
Lower

suppress
instabilities and
simultaneously.
Thermal transport showed
substantial improvements in stabilized
configurations. Reduced electron and ion
heat fluxes suggest more efficient energy
retention  within  the
Enhanced temperature stability observed
in T3 reflects improved regulation of heat
reduced

parameters

plasma  core.

transport  pathways  and

turbulence-driven energy leakage.
Particle transport analysis demonstrated
significant gains in confinement quality.
The reduction in diffusion coefficients
coupled with increased density retention

indicates  improved  plasma  fueling
efficiency and reduced particle losses.
Increased bootstrap current fractions

further suggest that optimized operating
conditions enhance self-generated plasma
currents, thereby reducing the external
power requirements necessary for reactor

operation.

Operational ~ safety  metrics  revealed
substantial ~ reductions in  disruption
probability and edgelocalized mode
frequency.  Since  disruptive  events

represent one of the primary engineering
challenges in fusion reactor development,
these findings highlight the importance of
integrated future
reactor designs. Lower wall heat loads

control systems for

observed in T3 may also contribute to
extended component lifetimes and reduced
maintenance requirements.

Overall, the

framework

computational
captured  the
complex interactions among confinement

multi-scale
successfully

physics, turbulence dynamics, transport
processes, and reactor stability. The results
indicate  that integrated stabilization
approaches provide the most promising
pathway toward achieving sustained and
economically energy
production in next-generation reactors.

5. Conclusion
This  study
computational
instabilities  in

viable  fusion

conducted a multi-scale
investigation of plasma
next-generation fusion
using integrated
magnetohydrodynamic, gyrokinetic, and

simulation frameworks. The

reactors

transport
comparative analysis of four operational
configurations demonstrated that advanced
stabilization strategies significantly improve
plasma performance and reactor stability.
Among the evaluated treatments, the
integrated stabilization approach (T3),
incorporating magnetic field optimization,
shaping, and feedback
control, consistently produced the most

plasma active
favorable outcomes.
The results

improvements in energy confinement time,

revealed substantial
fusion gain factor, particle retention, and
stability, accompanied by
marked reductions in turbulence intensity,
instability =~ growth  rates,  disruption
probability, and wall heat loads. These

operational

findings  indicate  that  multiscale
stabilization techniques can effectively
suppress  plasma  instabilities  across

multiple spatial and temporal scales while
enhancing overall reactor efficiency.

Furthermore, the study highlights the
importance of integrating computational
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modeling approaches to better understand
the complex interactions governing plasma
behavior in future fusion devices. The
developed framework provides a valuable
tool for reactor optimization and may
contribute to the design and operation of
commercially viable fusion power plants.
Future should
machine learning-assisted control systems,

research incorporate

real-time plasma diagnostics, and digital

twin to further

predictive capabilities and operational

reliability in advanced fusion reactors.

References

Abel, I. G., Plunk, G. G., Wang, E., Barnes,
M., Cowley, S. C., Dorland, W., &
Schekochihin, A. A.  (2013).
Multiscale gyrokinetics for rotating
tokamak Fluctuations,
transport and energy flows. Reports
on Progress in Physics, 76&11),
116201.

Ahmed, Naveed, Muhammad Saeed,
Aasma Asghar, Muhammad Abdullah

technologies improve

plasmas:

Butt, Muhammad Afzaal, Farhan
Saeed, Rizwan Wahab et al.
"Utilization of Lactobacillus
rhamnosus as probiotic adjunct

culture for the development of
tempeh." International Journal of
Food Properties 27, no. 1 (2024):
1279-1289.

Ashraf, Muhammad Atiq, Ahmad Sattar
Khan, Muhammad Azam, Sagqib
Ayyub, Muhammad Mohsin Kaleem,
Shumaila Nawaz, Maria Abubakar et
al.  "Innovative  technologies in
postharvest management of fruits and
vegetables: a review." European Food
Research and Technology 251, no. 11
(2025): 3445-3463.

Bateman, G. (1978). MHD Instabilities.

MIT Press, Cambridge, Massachusetts.

2263

Butt, M. A., Ali, M. A., Ishaq, A., Saleem,
A., Hayat, S., & Khalil, N. (2026).
The Influence Of Dietary Zinc
Supplementation On The Expression
Of Insulin-Like Growth Factor 1 (Igf-
1) In Adolescent Athletes: https://doi.
org/10.5281/zenodo.

19438363.  Pakistan  Journal of
Medical & Cardiological Review, X2),
12-19.

Butt, M. A., Ali, M. A., Ishaq, A., Saleem,

A., Saeed, S., & Islam, M. U. (2026).
Phytochemical-Rich Functional Diet
Regulates Epigenetic Markers (DNA
Methylation) Associated with Obesity
and Insulin Resistance: https://doi.
org/10.5281/zenodo.
19438403.  Pakistan  Journal of
Medical & Cardiological Review, X1),
2707-2715.

Butt, M. A., Arshad, M. U., Imran, A., &

Afzaal, M. (2026).
ULTRASONICATION-
ENHANCED MICROBIAL
TRANSGLUTAMINASE

CROSSLINKING OF BOTANICAL
AND FOREIGN PROTEIN FOR
SUSTAINABLE HIGH-MOISTURE
EXTRUDED MEAT ANALOGUE:

A COMPREHENSIVE
MULTIDIMENSIONAL
CHARACTERIZATION. Genetics

and Molecular Research.

Butt, Muhammad Abdullah, Anam Ishaq,
Rizwan  Shukat, Qaisar  Sohail,
Muhammad Hamid Javed, Ambreen
Saleem, Shazia Saeed, and
Muhammad Mudassar Bashir.
"Clinical Effects of Post-Exercise Low-
Carbohydrate Recovery Diets on
Bone Mineral Turnover, Hormonal
Stability, and Lean Mass Preservation
in Endurance-Trained



Adults." Research Consortium
Archive 4, no. 2 (2026): 1586-1599.

Butt, Muhammad Abdullah, Feng Yiwen,
and Umer Javeid. "Risk Governance
Frameworks and Strategic Control
Mechanisms for Managing
Complexity in  Global Business
Operations." Social Science Review
Archives 4, no. 2 (2026): 292-302.

Butt, Muhammad Abdullah, Muhammad
Hameez Shahzad, Samiyah Tasleem,
Rabiya Riaz, Xianjiang Ye, Burhan
Khalid, Muhammad Atiq Ashraf et al.
"Design of a Sustainable Whey-Corn
Hybrid Protein Powder for Enhanced
Nutrition, Functionality, and
Environmental
Stewardship." Innovative Research in
Applied, Biological and Chemical
Sciences 3, no. 2 (2025): 32-51.

BUTT, MUHAMMAD ABDULLAH,
MUHAMMAD UMAIR ARSHAD,
ALl IMRAN, and MUHAMMAD
AFZAAL. "NUTRITIONAL AND
BIOSAFETY ASSESSMENT OF A
NOVEL SOY-WHEY  HYBRID
PROTEIN  CROSSLINKED  BY
MICROBIAL
TRANSGLUTAMINASE IN
SPRAGUE DAWLEY RATS." TPM-
Testing, Psychometrics, Methodology
in Applied Psychology 32, no. S7
(2025): Posted 10 October (2025):
597-608.

BUTT, MUHAMMAD ABDULLAH,
MUHAMMAD UMAIR ARSHAD,
SAMIYAH TASLEEM, ALI IMRAN,
and MUHAMMAD  AFZAAL.
"COMPARATIVE ANALYSIS OF

CHICKEN AND MEAT
ANALOGUE PATTIES:
EVALUATING

PHYSICOCHEMICAL, COOKING,
TEXTURAL, MICROBIAL, AND

2264

SENSORY ATTRIBUTES." T7PM-
Testing, Psychometrics, Methodology
in Applied Psychology 32, no. S6
(2025): Posted 15 September (2025):
1274-1285.

Muhammad Abdullah, Rizwan
Shukat, Muhammad Afzaal, Farhan
Saeed, Ali Imran, Aftab Ahmed,
Fakhar Islam et al. "Comparative
evaluation of the quality and safety
attributes of local and branded beef
seekh kabab." Cogent Food &
Agriculture 10, no. 1 (2024): 2360769.
Connor, J. W., & Wilson, H. R. (2000). A
theories of the L-H

transition.  Plasma  Physics  and
Controlled Fusion, 4X1), R1-R74.

Fatima, = Ambreen,  Nadia
Muhammad Abdullah Butt,
Muhammad Noman, Talha Riaz,
Shazia Saeed, Ambreen Saleem, and
Qaisar  Sohail.  "CRISPR-Casl2a
Mediated Epigenome Editing of DNA
Methylation at  the DREBIA
Promoter Enhances Drought Survival
Rate by> 35% in Zea mays Seedlings:
https://doi. org/10.5281/zenodo.
20031798."  Research Consortium
Archive 4, no. 2 (2026): 1093-1102.

Freidberg, ]. P. (2014). Ideal MHD.
Cambridge University Press.

Hazeltine, R. D., & Meiss, ]. D. (2003).
Plasma Confinement. Dover
Publications.

Helander, P., & Sigmar, D. J. (2002).
Collisional Transport in Magnetized
Plasmas. Cambridge University Press.

Horton, W. (1999). Drift waves and
transport. Reviews of Modern Physics,
71(3), 735-718.

ITER  Physics Expert Group on
Confinement and Transport, ITER
Physics Basis Editors. (1999). Chapter

Butt,

review of

Jabeen,



2: Plasma confinement and transport.
Nuclear Fusion, 3X12), 2175-2249.
Jabeen,  Nadia, @ Musaffa  Shahzadi,
Muhammad Taha, Nida Shahzadi,
and Muhammad Abdullah Butt.

mediated

"CRISPR-Cas genome
editing for disease resistance in crops:
advances and challenges." Pakistan

Journal of Medical & Cardiological
Review 4, no. 3 (2025): 2677-2689.

Jenko, F., Dorland, W., Kotschenreuther,
M., & Rogers, B. N. (2000). Electron
temperature gradient driven
turbulence. Physics of Plasmas, 75),
1904-1910.

Kadomtsev, B. B. (1966). Hydromagnetic
stability of plasma. Reviews of Plasma
Physics, 2, 153-210.

Kamal, Numra, Muhammad Abdullah
Butt, and Umer Javeid. "An empirical
study on the effectiveness of artificial
intelligence tools in English language
acquisition and teaching strategies
within an ESG framework." Social
Science Review Archives 4, no. 1

(2026): 3562-3568.

Khalid, B., M. U. Javed, M. A. Ashraf, H. Z.

Saeed, M. Shaheen, T. Riaz, R. Riaz,
and S. "Microbial  bio

stimulants as sustainable strategies for

Nawaz.

enhancing plant resistance to viral

diseases: mechanisms and

applications." Hosts Viruses 12 (2025):

93-110.

khan Swati, Menahil, Musaffa Shahzadi,
Muhammad Taha, Nida Shahzadi,
and Muhammad Abdullah Butt. "The
impact of orthodontic treatment on
periodontal health: gingival recession,
bone loss and patientspecific risk
factors." Research Consortium
Archive 4, no. 2 (2026): 1198-1213.

khan Swati, Menahil, Musaffa Shahzadi,
Muhammad Taha, Nida Shahzadi,

2265

and Muhammad Abdullah Butt.
"Silver diamine fluoride for caries
arrest in pediatric and special needs
populations: a decade of clinical
evidence."  Pakistan  Journal  of
Medical & Cardiological Review 5,
no. 2 (2026): 693-704.

Khan, Waqgas Ahmad, Muhammad
Inam-ur-Raheem, Hina Rasheed,
Muhammad Abdullah Butt, Farhan
Saeed, Muhammad Afzaal, Faiyaz
Ahmed, Noor Akram, Aasma Asghar,
and  Gebremichael ~Gebremedhin
Hailu. "Comparative effect of olive oil
and flaxseed oil on drug induced
hepatotoxicity in rats." Food Science
& Nutrition 12, no. 11 (2024): 9673-
9681.

Khurshid, Jamila, Zarlakhta Babar, Sajjad
Ahmed, Muhammad Abdullah Butt,
Umer Javeid, and Nida Khalil.
"Beyond carbon footprints: unpacking
the social dimensions of sustainability
performance in
firms."  Social ~ Science  Review
Archives 4, no. 1 (2026): 3386-3402.

Mahmood, Basit, Minahil Arif, Hafiz
Muhammad Moiz Basit, Beenesh
Nadeem, Ammarah Abdullah, and
Muhammad Abdullah Butt. "Long-
term knee joint loading alterations in
athletes 5 years postACL
reconstruction: A comparative gait
analysis." Pakistan Journal of Medical
&  Cardiological Review 5, no. 2
(2026): 310-321.

Miyamoto, K. (2005). Plasma Physics and
Controlled Nuclear Fusion. Springer-
Verlag.

Naeem, Waleed, Muhammad Abdullah
Butt, and Umer Javeid. "From
entrepreneurship theory to startup
execution: A simulation-based
benchmark analysis of Al-enhanced

emerging market



venture decision systems in early-stage Riaz et al. "Microbiological safety,

business performance." Social Science adulteration, and heavy metal-
Review Archives 4, no. 1 (2026): associated health risks in raw cow and
4065-4075. buffalo milk from Punjab,

Rashid, Mian Shahan, Zubaria Gull, Pakistan." Food Science & Applied
Muhammad Abdullah Butt, Sawera Microbiology Reports 5, no. 1 (2026):
Hayat, Shnshah E. Azam, Shazia 18-28.
Saeed, Muhammad Mudassar Bashir Snyder, P. B., Wilson, H. R., Ferron, J. R.,
et al. "The Role of Functional Leonard, A. W., Osborne, T. H.,
Probiotic  Yogurt Consumption in Turnbull, A. D., Mossessian, D.,
Medical Weight Loss: A GLP-1 Murakami, M., & Xu, X. Q. (2009). A
Friendly Nutritional Approach to first-principles predictive model of the
Metabolic Health in UK Adults: pedestal height and  width:
https://doi. org/10.5281/zenodo. Development, testing and ITER
19121209."  Pakistan  Journal of optimization with the EPED model.
Medical & Cardiological Review 5, Nuclear Fusion, 4948), 085035.
no. 1(2026): 1623-1632. Umar, N., Rakha, A., Butt, M. S., & Faisal,

Riaz, Talha, Areej Azhar, Zhijun Xia, Aliza M. N. (2026). CARICA PAPAYA
Batool, Xianjiang Ye, Burhan Khalid, EXTRACTS REDUCE TH2
Muhammad Moeid Khan et al ASSOCIATED CYTOKINES AND
"Advances in plant-based functional ALLERGIC INFLAMMATION IN
foods: Emerging trends, nutritional RAT MODEL OF ALLERGIC
potential, and health RHINITIS. Genetics and Molecular
implications."  Food  Science & Research.
Applied Microbiology Reports 5, no.  Wesson, ]. (2011). Tokamaks (4th ed.).
1(2026): 1-17. Oxford University Press.

Riaz, Talha, Syed Tahaa Munawar, Ahmad White, R. B. (2014). The Theory of
Din, Muhammad Abdullah Butt, Toroidally Confined Plasmas (3rd ed.).
Sawera Hayat, Areej Azhar, Rabiya Imperial College Press.

Zohm, H. (1996). Edge localized modes
(ELMs). Plasma  Physics  and
Controlled Fusion, 382), 105-128.

226¢€



	MULTI-SCALE COMPUTATIONAL INVESTIGATION OF PLASMA 
	Muhammad Saleem Shah & Muhammad Abdullah Butt
	University of the Punjab, Lahore, CENTRE FOR HIGH 
	sale
	Department of Food Science, Government College Uni
	Corresponding Author: 
	Graphical Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Computational Framework
	2.2 Experimental Design
	Table 1. Computational Treatment Design

	2.3 Simulation Parameters
	2.4 Statistical Analysis

	3. Results
	Table 2. Plasma Confinement Performance Parameters
	Table 3. Turbulence and Instability Characteristic
	Table 4. Heat Transport and Thermal Stability Indi
	Table 5. Plasma Transport and Particle Confinement
	Table 6. Reactor Stability and Operational Safety 

	4. Discussion
	5. Conclusion
	References

