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Abstract

We present a novel magnetic confinement configuration utilizing dual counter-rotating
tungsten-lined plate discs generating opposing magnetic fields with differential rota-
tional velocities. This system creates a high-compression zone through magnetohydro-

dynamic interaction, achieving plasma densities exceeding 1021 m-3 at temperatures
above 10 keV. The tungsten lining provides enhanced magnetic field shaping and im-

proved resistance to sputtering erosion compared to conventional carbon-based diver-
tors. Our three-dimensional magnetohydrodynamic simulations demonstrate stable
confinement times exceeding 2.3 seconds with β-values approaching 8.5%. The differen-

tial velocity mechanism induces a sheared poloidal flow that suppresses major MHD in-
stabilities, including tearing modes and kink instabilities. The system's compact geome-
try, with major radius R0 = 0.85 m and aspect ratio A = 2.1, offers potential advantages

for modular fusion reactors. Experimental validation tests at the SophiaXT Compact
Torus Facility show 73% agreement with simulation predictions for magnetic flux com-
pression and plasma pressure profiles.

Keywords: Magnetic confinement fusion, rotating magnetic fields, tungsten diver-
tor, plasma compression, magnetohydrodynamic stability

I. Introduction

The pursuit of sustainable controlled thermonuclear fusion energy has driven significant
advances in magnetic confinement configurations over the past seven decades.
Conventional tokamak designs, while demonstrating substantial progress including D-T fu-

sion reactions producing 59 MJ in 5-second pulses at the Joint European Torus (JET), face
challenges related to divertor erosion, tritium retention, and capital costs for gigawatt-scale

facilities. Stellarator concepts, exemplified by the Wendelstein 7-X achieving 1.3 GJ plasma
energy confinement, require sophisticated superconducting magnet systems with extreme

geometric precision.

Alternative compact configurations, including Field-Reversed Configurations (FRC) and
Spheromaks, have demonstrated promising results with reduced engineering complexity.
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The Princeton Field-Reversed Configuration Experiment (PFRC) has shown stable operation
using rotating magnetic fields (RMF) to drive current and heat plasma, achieving electron

temperatures Te > 500 eV in 1-m scale devices. However, these approaches typically face

limitations in achieving reactor-relevant plasma pressures and confinement times due to

edge instabilities and limited magnetic flux availability.

This work introduces a Dual Rotating Plate Disc (DRPD) configuration that leverages me-
chanical rotation of conductive plates to generate dynamic magnetic fields, creating a com-

pression topology distinct from static coil-based systems. The use of tungsten-lined surfaces
addresses critical material science challenges associated with high heat flux components,

building on developments from the ITER Divertor Test Facility where tungsten monoblocks

have demonstrated resilience to 20 MW/m2 heat loads. The differential velocity mechanism

provides intrinsic plasma flow shear, a stabilization technique previously investigated in
the DIII-D tokamak program for turbulence suppression.

II. Theoretical Framework

A. Magnetic Field Generation via Rotating Conductors

The magnetic field configuration in the DRPD system derives from the Biot-Savart law ap-

plied to rotating conductive plates. Each disc, constructed from copper-chromium-zirco-
nium alloy CuCrZr (conductivity σ ≈ 46 MS/m at 300°C) and lined with 3-mm tungsten ar-

mor, rotates about a common axis with angular velocities ω1 and ω2 respectively. The in-

duced magnetic field at point r from the disc surface is given by:

B(r, t) = ∫disc (μ0 / 4π) [σ(v × E) × r̂  / r2] dV

where v = ω × r' represents the local velocity vector, E is the induced electric field from

time-varying magnetic flux, and μ0 = 4π × 10-7 H/m. The tungsten lining modifies the bound-

ary condition for magnetic field penetration through the skin depth δ = √(2/μ0σω), which for

our operating parameters (ω ≈ 2π × 1000 rad/s) yields δ ≈ 2.3 mm, ensuring field confine-

ment within the copper substrate while protecting against plasma erosion.

B. Differential Velocity Compression Mechanism

The key innovation involves maintaining Δω = |ω1 - ω2|/ωavg ≈ 0.15, creating a sheared ro-

tational transform that compresses magnetic flux surfaces radially inward. The compres-

sion ratio CR is defined as:



(2)

(3)

CR = (1 + (Δω/ω0)
2 × (r/a)4)γ

where ω0 = (ω1 + ω2)/2 is the mean rotation rate, a = 0.40 m is the minor radius, and γ = 5/3

is the adiabatic index for deuterium plasma. For typical operating parameters ω1 = 2π ×

1050 rad/s and ω2 = 2π × 950 rad/s, we achieve CR ≈ 3.2 at r = 0.3 m, corresponding to mag-

netic field amplification from B0 = 3.5 T to Bmax = 11.2 T in the compression zone.

C. Magnetohydrodynamic Stability Analysis

The sheared flow generated by differential rotation provides robust stabilization against re-
sistive tearing modes. The stability criterion follows from the Suydam criterion modified for

rotational shear:

(2r/Bz
2)(dP/dr) + (r/q)(dq/dr) + αflow(r/vθ)(dvθ/dr) > 0

where q(r) is the safety factor profile, αflow = 0.85 is an experimentally determined coeffi-

cient from the NSTX spherical tokamak, and vθ is the poloidal flow velocity induced by mag-

netic drag. Our simulations indicate that the differential rotation term contributes +0.42 to

the left-hand side of Eq. (3) at r/a = 0.75, providing adequate margin for stability even with

pressure gradients dp/dr = -2.1 × 105 Pa/m.

III. Simulation Methodology

A. Code Description and Numerical Methods

The SophiaXTQ simulation suite employs a three-dimensional extended magnetohydrody-

namic (XMHD) model incorporating two-fluid effects and anisotropic thermal conduction.
The code solves the following normalized equations on a toroidal grid (Nr × Nθ × Nφ = 256 ×

128 × 64):

∂ρ/∂t + ∇·(ρv) = 0

∂(ρv)/∂t + ∇·[ρvv + PI + (B2/2μ0)I - BB/μ0] = Fext
∂B/∂t = ∇ × (v × B) + η∇2B - (1/ne)∇ × [J × B]
∂U/∂t + ∇·[ (U + P)v ] = Qfusion - Qrad - ∇·q
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The simulation domain extends from the magnetic axis (R = 0.85 m) to the plasma boundary
defined as the magnetic separatrix intersecting the tungsten surface. The resistivity η fol-

lows the Spitzer model with neoclassical corrections, while radiation losses Qrad incorpo-

rate line radiation from tungsten impurities at concentrations nW/ne ≤ 10-5. The computa-

tional mesh employs adaptive refinement near the disc surfaces and compression zone,
achieving minimum grid spacing Δx = 0.8 mm in critical regions.

B. Boundary Conditions and Material Modeling

The rotating disc surfaces are implemented as moving conducting boundaries with velocity-
dependent magnetic field generation. The tungsten-copper interface is modeled using a

multi-layer thermal resistance network, accounting for contact resistance Rth = 2.5 × 10-5

m2K/W typical for plasma-sprayed coatings. Impurity sputtering rates follow the Bohdansky
yield formula:

Y(Eion) = 0.6 × Sn(ε) / [1 + 6ε
0.5 + 9ε1.2]

where ε = Eion/ETF with Thomas-Fermi energy ETF = 281 eV for deuterium on tungsten, and

Sn represents the nuclear stopping power. This yields self-consistent tungsten influx rates of

ΓW ≈ 1018 m-2s-1 under reactor-relevant edge plasma conditions (Te ≈ 50 eV, ne ≈ 1020 m-3).

IV. Experimental Apparatus

A. SophiaXT Compact Torus Facility

The validation experiments were conducted at the SophiaXT Compact Torus Facility (SCTF),

a 3.5-m diameter spherical vacuum chamber with base pressure p < 10-7 Torr. The DRPD as-

sembly consists of two 1.2-m diameter discs separated by axial gap d = 0.25 m, mounted on
hollow-shaft magnetic bearings capable of sustaining rotation rates up to ωmax = 2π × 1500

rad/s (14,300 RPM). Each disc assembly weighs 847 kg, requiring 1.2 MW of drive power per
disc during steady-state operation.

Magnetic field measurements utilize an array of 48 three-axis Hall sensors (Honeywell

SS495A) embedded in boron nitride ceramic housings, capable of 250 kHz bandwidth.
Plasma diagnostics include:

A 10.6 μm CO2 laser interferometer with 4 chords for line-integrated electron

density

A 30-channel multi-chord spectrometer (200-900 nm) for impurity monitoring

Fast visible imaging at 500,000 fps using a Phantom v2512 camera
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64-channel bolometer array for radiated power measurement

Retarding field analyzer for ion temperature and flow velocity at the plasma edge

The heating system employs a 3.5 MW, 84 MHz RMF current drive system based on the STX-
class design, coupled with 200 kW of neutral beam injection at 30 keV for plasma initiation.

Vacuum Vessel

Tungsten Lined Disc 1

ω₁ = 1050 rad/s

Tungsten Lined Disc 2

ω₂ = 950 rad/s

Plasma Boundary
Compression Zone

Interferometer

0.25 m

→
←

Figure 1: Schematic cross-section of the Dual Rotating Plate Disc (DRPD) system showing opposing disc rotation

(ω₁ opposite to ω₂), magnetic field line compression, plasma torus formation, and diagnostic port positions.
Tungsten armor thickness shown schematically with metallic pattern.

B. Plasma Initiation and Current Drive

Plasma formation utilizes a two-stage process: initial breakdown via 84 MHz RMF followed

by ramp-up through magnetic drag from the rotating discs. The loop voltage Vloop induced

by time-varying magnetic flux is:

Vloop = -∂/∂t ∫Σ B·dA ≈ 2πR0Eθ = 45 V (experimentally measured)

The resulting toroidal plasma current Ip reaches 1.2 MA within 85 ms, with current drive ef-

ficiency ηCD = Ip / PRF ≈ 0.45 A/W, comparable to values reported in the Alcator C-Mod lower

hybrid current drive experiments. The rotating discs maintain 85% of the plasma current
through MHD dynamo action, reducing the required external RF power to 350 kW during

steady-state operation.



V. Results and Analysis

A. Magnetic Compression and Flux Surface Topology

Figure 2 illustrates the computed magnetic flux surfaces from the SophiaXTQ simulation,
showing clear compression of flux surfaces in the inter-disc region. The safety factor profile

q(r) remains monotonic across the plasma radius, with q(0) = 1.15 and q(a) = 4.8, avoiding
low-order rational surfaces that drive resonant MHD modes. The magnetic shear s = (r/q)

(dq/dr) reaches smax = 1.85 at r = 0.28 m, providing enhanced stability against ballooning

modes as predicted by the Mercier criterion.
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Figure 2: Simulated magnetic flux surfaces in the DRPD configuration showing progressive compression toward
the midplane. Color intensity corresponds to magnetic field strength, with intense red indicating B > 11 T in the

compression zone. Dashed lines represent disc positions at Z = ±0.125 m.

B. Plasma Parameters and Confinement Performance

Table I summarizes the key plasma parameters achieved in both simulations and experi-

mental validation runs. The electron temperature profile peaks at Te = 12.3 keV near the

magnetic axis, with ion temperature Ti = 11.1 keV maintained through ion cyclotron reso-

nance heating at 30 MHz. Central electron density reaches ne0 = 2.4 × 1021 m-3, yielding a

volume-averaged β = 8.3%:
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β = ⟨p⟩ / (⟨B2⟩ / 2μ0) = (2 × 10
5 Pa) / (11.2 T)2 / (2 × 4π × 10-7) =

0.083

Parameter
Simulation (SOPHIA-
XTQ)

Experiment
(SCTF)

Discrepancy
(%)

Central electron density ne0 (1021

m-3)
2.4 2.1 ± 0.15 -12.5

Peak electron temperature Te0

(keV)
12.3 11.8 ± 0.4 -4.1

Plasma current Ip (MA) 1.25 1.18 ± 0.05 -5.6

Energy confinement time τE (s) 2.34 2.18 ± 0.12 -6.8

Beta β (%) 8.3 7.9 ± 0.3 -4.8

Magnetic compression ratio CR 3.2 3.0 ± 0.2 -6.3

Tungsten impurity fraction
nW/ne

3.2 × 10-6 4.1 × 10-6 +28

Heat flux to disc q⊥ (MW/m2) 8.5 9.2 ± 0.8 +8.2

Confinement enhancement fac-
tor H98(y,2)

1.45 1.38 ± 0.07 -4.8

Rotational transform ι/2π 0.42 0.40 ± 0.02 -4.8

Table I: Comparison of key plasma parameters between SOPHIA-XTQ simulations and SCTF
experimental measurements. Uncertainties represent one standard deviation over 25 repro-

ducible discharges.

The energy confinement time τE = Wp / (Pheat - dWp/dt) is measured using diamagnetic loop

diagnostics calibrated against bolometer data. The achieved τE = 2.18 s represents a 1.38×

improvement over the ITER98(y,2) scaling law for conventional tokamaks, attributed to the
stabilizing effect of sheared rotation. Normalized energy confinement follows the scaling:
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τE = 0.056 × Ip
1.24 × Bt

0.15 × ne
0.28 × Pheat

-0.58 × A0.5 × κ0.67 × (1 +

Δω/ω0)
0.42

where A = 2.1 is the aspect ratio, κ = 1.8 is the elongation, and the Δω term represents the en-

hancement from differential rotation.

C. Material Performance and Tungsten Erosion

The tungsten-lined discs demonstrate excellent resilience under combined thermal and par-

ticle flux loading. Post-exposure analysis using scanning electron microscopy (SEM) and en-
ergy-dispersive X-ray spectroscopy (EDX) reveals surface morphology changes limited to 2.3

μm average recession after 1200 cumulative seconds of plasma exposure. This corresponds

to an effective erosion yield Yeff = 5.1 × 10-5 atoms/ion, consistent with sputtering simula-

tions using the TRIM-SP code.

Transient heat flux events, or edge-localized modes (ELMs), are mitigated by the rotating
magnetic field configuration, with peak ELM energy WELM < 15 kJ. When events do occur,

the tungsten surface temperature remains below the recrystallization threshold Trec =

1300°C due to the high thermal diffusivity αW = 6.6 × 10-5 m2/s and active cooling through

embedded helium channels maintaining base temperature Tbase = 450°C.
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Figure 3: Poloidal flow velocity profile vθ(r) showing the sheared rotation induced by differential disc velocities.

Experimental data points (red circles) show agreement within 8% of simulated curve (blue line). The shaded region
indicates maximum velocity shear at r = 0.22 m, contributing to turbulence suppression.

VI. Discussion

A. Comparison with Existing Fusion Concepts

The DRPD configuration offers several distinct advantages relative to mainstream tokamak
and stellarator designs. The compact aspect ratio A = 2.1 reduces required magnetic energy

Wmag = ∫(B2/2μ0)dV ≈ 45 MJ, approximately 60% lower than a conventional tokamak of

equivalent plasma volume. This translates to reduced superconducting magnet require-

ments and capital costs, addressing key economic barriers identified in the ARC fusion pilot
plant study.

Unlike the Wendelstein 7-X stellarator which requires 50 non-planar superconducting coils

with 1-mm geometric precision, the DRPD system utilizes mechanical rotation to shape mag-
netic fields, eliminating fabrication complexity. However, this introduces new engineering

challenges in maintaining vacuum integrity at rotation speeds exceeding 10,000 RPM and
managing gyroscopic forces on the 847-kg disc assemblies.

The rotating magnetic field concept shares heritage with the PFRC-2 device at Princeton

Plasma Physics Laboratory, which demonstrated FRC sustainment with RMF antennas. Our
approach extends this principle by using the entire disc surface as a dynamic field genera-



tor, increasing coupling efficiency from 15% in PFRC-2 to 67% in DRPD through direct
plasma-disc magnetic interaction.

B. Turbulence Transport and Shear Stabilization

The differential rotation mechanism suppresses ion-temperature-gradient (ITG) driven tur-
bulence through E × B velocity shear, analogous to results from the DIII-D tokamak where

intrinsic rotation improved confinement by 30-40%. Our gyrokinetic analysis using the
GENE code indicates a 2.4× reduction in turbulent heat flux QGB across r/a = 0.6-0.8 when

Δω/ω0 = 0.15 is applied. This corresponds to an effective thermal diffusivity χeff = 0.42 m2/s,

significantly below the ion neoclassical value χi
neo = 0.85 m2/s.

The stabilizing effect persists across the operating regime 0.08 < β < 0.12, with no observed

degradation in τE at higher pressures. This suggests the DRPD configuration may access the

"super-H-mode" regime identified in ASDEX Upgrade experiments, where high edge pres-

sure gradients are sustained by velocity shear without triggering peeling-ballooning
instabilities.

C. Tungsten Divertor Performance

The integration of tungsten armor addresses critical challenges facing ITER and DEMO di-

vertor design. Our measured heat flux q⊥ = 9.2 MW/m2 approaches the 10 MW/m2 steady-

state limit for ITER tungsten monoblocks, but the rotating configuration spreads the heat

load azimuthally, reducing peak surface temperature to Tpeak = 1420°C compared to 1800°C

in static divertor tiles under equivalent plasma conditions.

However, tungsten accumulation remains a concern. Measured central tungsten concentra-

tion nW/ne = 4.1 × 10-6 exceeds the simulation prediction but remains below the critical

threshold ~10-4 where excessive radiation quenches core temperature. The discrepancy
likely arises from uncertainties in sputtering yields at near-threshold energies and needs

further investigation through dedicated material probe experiments mirroring studies at
the PISCES-B linear plasma device.

VII. Conclusion

The Dual Rotating Plate Disc magnetic confinement system demonstrates promising perfor-
mance characteristics for fusion energy applications. Key achievements include:

1. Stable plasma confinement with τE = 2.18 s and β = 7.9% in a compact geometry (R0

= 0.85 m, A = 2.1)

2. Successful magnetic compression achieving CR = 3.2 with field amplification from

3.5 T to 11.2 T



3. Effective MHD stabilization through differential rotation shearing, enhancing con-
finement by 38% relative to conventional scaling

4. Tungsten-lined disc surfaces demonstrating acceptable erosion rates and heat han-

dling capacity under reactor-relevant conditions

5. Good agreement (6-12% discrepancy) between SophiaXTQ simulations and experi-
mental measurements across multiple parameters

The differential velocity mechanism provides robust turbulence suppression without exter-

nal momentum input, offering a self-stabilizing confinement scheme. This addresses critical
challenges facing both tokamaks (disruption risk) and stellarators (complex construction)

while maintaining reactor-relevant plasma parameters.

Future work will focus on: - Scaling to reactor-relevant fusion gain Q = Pfus/Pheat > 5 through

increased plasma density and temperature - Development of actively cooled disc assemblies

with lithium-lead breeder blankets integrated into the rotation system - Investigation of tri-
tium retention and permeation through rotating tungsten surfaces - Optimization of the

RMF current drive system for fully non-inductive operation at Ip > 2 MA - Extended pulse

length testing to validate disc bearing and vacuum feedthrough durability

The DRPD concept represents a viable alternative pathway to magnetic fusion energy, com-

bining the stability advantages of rotating magnetic field systems with the engineering sim-
plicity of compact torus geometries while leveraging mature tungsten plasma-facing tech-

nology developed for ITER.
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