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ABSTRACT

Achieving controlled thermonuclear fusion represents one of the most significant engineering and physics challenges of the 21 st
century. Replicating stellar power mechanisms on Earth requires confining deuterium-tritium plasma at temperatures exceeding
100 million °C while satisfying the Lawson Criterion (Lawson, 1957; Godes & Shablov, 2023). This paper examines the primary
experimental paradigms of plasma confinement—specifically Magnetic Confinement Fusion (MCF) via tokamaks and
stellarators, alongside Inertial Confinement Fusion (ICF). We analyze magnetohydrodynamic (MHD) instabilities, turbulent
transport phenomena, and plasma-wall interaction constraints. Furthermore, we review milestones from flagship facilities
including ITER, the National Ignition Facility (NIF), and Wendelstein 7-X (IPB Editors et al., 1999; Abu-Shawareb et al., 2024;
Klinger et al., 2019), evaluating pathways toward steady-state net energy generation.

1 INTRODUCTION

The global transition toward carbon-free baseload energy requires revolutionary technological solutions. Controlled
nuclear fusion offers an abundant alternative to fossil fuels and fission, producing no long-lived high-level radioactive

waste. The predominant terrestrial fusion reaction relies on deuterium-tritium (D-T) fuel:

2 H+3 H~* He (3.5MeV) +n (14.1 MeV)

Overcoming the electrostatic Coulomb repulsion between fuel ions requires kinetic energies corresponding to ion
temperatures (7;) between 10 and 20 keV (= 100 to 200 million °C). At these conditions, matter exists entirely in the

plasma state.

1.1 The Lawson Criterion & Confinement Requirements

Because physical wall contact quenches thermal energy and causes catastrophic ablation, plasma must be trapped using
magnetic or inertial fields. Net energy gain requires satisfying the triple-product form of the Lawson Criterion (Lawson,
1957):

netge T>3 x 1071 m™3-skeV

where n is plasma density, 7z is energy confinement time, and 7 is temperature. Achieving this balance requires

suppressing micro-turbulent transport and macroscopic fluid instabilities (Godes & Shablov, 2023).

2 MAGNETIC CONFINEMENT ARCHITECTURE

Magnetic Confinement Fusion (MCF) utilizes Lorentz forces (F = g(E + v % B)) to pin charged particles to field lines. A
simple toroidal magnetic field creates gradient and curvature drifts (vyp+g) that cause charge separation and rapid radial
expansion. Restoring equilibrium requires twisting field lines helically around the torus.

2.1 Tokamak Physics and Stability Metrics

Tokamaks generate a helical field by combining an external toroidal field (By) with an internal poloidal field (By) induced by
driving a large plasma current (/,) via central transformer action (IPB Editors et al., 1999). The safety factor (g)

parameterizes this pitch:
q(r)=(r-By) /(Ry - By(r))

Rational values (¢ = m/n) can trigger tearing modes and magnetic islands. Incorporating positive or negative magnetic shear
(s = (r/q)(dq/dr)) mitigates turbulence and promotes Internal Transport Barriers (ITBs).
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2.2 Optimized Stellarators

Stellarators bypass internal current requirements by shaping complex 3D non-planar modular coils to provide magnetic twist
externally (Klinger et al., 2019). This eliminates current-driven plasma disruptions and enables continuous steady-state
operation.

3 INSTABILITIES & DIAGNOSTIC SYSTEMS

Confinement performance is governed by macroscopic MHD modes and sub-millimeter micro-turbulence:

s« Sawtooth Instabilities (m=1, n=1): Periodic core temperature crashes occurring when core safety factor ¢(0) < 1.

«  Edge Localized Modes (ELMs): Violent heat bursts at the edge pedestal during H-mode, requiring control via
Resonant Magnetic Perturbations.

+  Thomson Scattering Diagnostics: Incoherent Nd:YAG laser scattering measures localized 7, and broadens spectrally

to yield 7, (where 72 T,).

COMPARATIVE FACILITY ANALYSIS

FACILITY CONFINEMENT PRIMARY TARGET OPERATIONAL HORIZON
TYPE

ITER (France) Tokamak Q > 10 Burning Plasma (500 MW) Long Pulse (400-600 s)
(Magnetic)
NIF (USA) Laser Inertial (ICF) Target Fusion Ignition (Q > 1) Pulsed Shots
(Nanoseconds)
Wendelstein 7-X Optimized Disruption-Free Confinement Steady-State (> 30 Minutes)
(Germany) Stellarator Validation

3 CONCLUSION & OUTLOOK

Laboratory fusion has achieved landmark physics milestones, including laser ignition at NIF (Abu-Shawareb et al., 2024;
Danson & Gizzi, 2023) and steady-state optimization at W7-X (Klinger et al., 2019). Realizing commercial fusion power
requires advancing tungsten wall survival under 14.1 MeV neutron bombardment, establishing tritium breeding self-
sufficiency, and scaling high-temperature superconducting (HTS) magnets.
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