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Abstract— Transverse magnetic filters (TMFs), originally
developed for caesium-free fusion ion sources, provide an
effective means of controlling electron energy distributions in
plasma-assisted manufacturing. This work develops a
computational magnetokinetic modelling framework that
connects magnetic-field topology to energy utilisation, defect
suppression, and process performance across semiconductor,
catalytic, and quantum-device applications. Through analytical
modelling and Monte Carlo calibration, the framework predicts
improvements in energy efficiency and reductions in defect
density for representative plasma systems, together with
potential energy savings in industrial-scale reactors. The results
indicate that a unified magnetokinetic description can capture
common transport behaviour across multiple domains while
identifying important domain-specific considerations. The
proposed framework offers a reproducible computational
methodology for analysing magnetic-field-assisted plasma
control and is intended to guide future experimental validation.

Keywords—Transverse Magnetic Filters; plasma
processing; semiconductor manufacturing; quantum-device

fabrication; magnetokinetic framework; Monte Carlo
simulation; energy efficiency
L INTRODUCTION

Transverse Magnetic Filters (TMFs) were originally
developed in fusion plasma sources to suppress energetic
electrons and enhance the formation of negative hydrogen
ions. By imposing a transverse magnetic field B, across the
discharge volume, TMFs decouple electron and ion transport,
creating a cold-electron region that favours dissociative
attachment while shielding the extraction aperture from high-
energy back streaming. This selective confinement
mechanism, first demonstrated in caesium-free neutral-beam
injectors, established the TMF as an efficient, low-
maintenance  alternative to  surface-driven electron
cooling [14].

The evolution of TMF research spans more than two
decades of plasma-source development. Early efficiency
analyses by [6] established the geometric and kinetic
dependencies that govern magnetic filtering in curved and
knee-shaped plasma ducts. Subsequent experimental
advances by [14] quantified cold-electron confinement and
negative-ion yield enhancement in magnetically enhanced
inductively coupled sources, while more recent studies by

[18] clarified the correlation between magnetic-field
topology and cold-electron transport. Recent particle-in-cell
studies have identified large-scale electric fields supported by
electron pressure gradients as the dominant mechanism for
accelerating energetic ion debris in laser-produced plasmas,
indicating that magnetic filtering configurations can help
mitigate ion-induced damage in precision materials
processing [36]. Together, these works provide the empirical
and theoretical foundation for the present magnetokinetic
formulation, which extends the TMF concept beyond fusion
environments to semiconductor, catalytic, and quantum-
manufacturing systems.

As plasma-based manufacturing technologies matured,
the same physical principle found renewed relevance in
semiconductor etching and thin-film processing. In these
contexts, magnetic filtering provides a means of controlling
electron temperature and anisotropy without additional
power input or chemical agents, thereby improving etch
yield, selectivity, and process repeatability. Recent
experimental and computational investigations [9,12,13,14]
have reported that moderate transverse magnetic fields (B, =
0.3-0.5T) can sustain stable cold-electron pockets in
hydrogenic and fluorocarbon plasmas, yielding up to 15%
improvements in etch efficiency. The generalised TMF
configuration and its adaptation across fusion,
semiconductor, and quantum-device systems are illustrated in
Fig. 1.

Despite these advances, existing investigations have
largely examined Transverse Magnetic Filters within
individual application domains. Fusion plasma sources,
semiconductor manufacturing, catalytic plasma processing,
and emerging quantum-device fabrication have generally
been treated as separate optimisation problems employing
domain-specific performance metrics and modelling
assumptions. Consequently, it remains unclear whether a
unified magnetokinetic scaling framework can consistently
describe  TMF behaviour across these diverse plasma
environments while preserving physical interpretability and
predictive capability. Addressing this gap provides the
primary motivation for the present study.

The present study builds upon this foundation by
extending the TMF scaling framework beyond conventional
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semiconductor systems to evaluate whether a unified
magnetokinetic description can be applied across sustainable
plasma manufacturing, quantum-device fabrication, and
catalytic surface activation. The central hypothesis
investigated in this work is that a common magnetic-field
architecture, parameterised through geometric and kinetic
scaling relationships, can provide a transferable description
of plasma confinement across multiple application domains.
Rather than asserting universal applicability, this work
evaluates whether a unified magnetokinetic framework can
capture common transport behaviour while identifying the
domain-specific assumptions and limitations associated with
each application.

Such a framework has the potential to bridge traditionally
separate research domains by linking energy-efficient ion
production in fusion systems with precision materials
processing and low-temperature quantum manufacturing
within a coherent magnetokinetic framework.
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Fig. 1. Generalised Transverse Magnetic Filter (TMF) schematic
illustrating horizontal plasma flow through a transverse magnetic-field
region. Hot electrons (red, left) are magnetically filtered to form a cold-
electron pocket (blue, right) downstream of the magnetic barrier. The filter
width L denotes the active region across which (B.L)?scaling applies. The
conceptual architecture spans fusion sources, semiconductor reactors, and
quantum-device fabrication platforms.

Industrial indicators of quantum-ready manufacturing—
from wafer-scale demonstrations of silicon spin qubits with
fidelity levels exceeding 99 % on 300 mm process lines [4,8]
to global “quantum-readiness” frameworks [2,17] — make
clear that precise surface and interface control will be
decisive for both yield and coherence. The continued
development of Transverse Magnetic Filters (TMFs) as
tunable cold-electron plasma controllers aligns naturally with
this emerging landscape, offering a classical-field pathway
toward quantum-compatible and sustainable manufacturing
systems within the broader magnetokinetic paradigm.

The objectives of this research are to:

1. develop a wunified magnetokinetic scaling
framework for Transverse Magnetic Filters
across multiple plasma domains;

2. evaluate, through computational modelling, the

predicted influence of TMFs on plasma
efficiency, defect suppression, and energy
utilisation;

3. investigate the transferability and limitations of
the proposed framework across fusion,
semiconductor, catalytic, and quantum-device
applications; and

4. provide a  reproducible  computational
methodology that can serve as a foundation for
future experimental validation.

1L MAGNETO-KINETIC THEORY AND SCALING
FRAMEWORK

The present study is intentionally computational in scope,
combining analytical modelling with Monte Carlo simulation
to investigate the proposed magnetokinetic framework.
Experimental validation remains an important direction for
future work and is discussed in the concluding section.

The analytical formulation developed here constitutes a
magnetokinetic framework in which the magnetic-field
topology governs the kinetic energy distribution of electrons
and, thereby, the overall energy-utilization efficiency. This
formalism is implicitly present across several plasma and
material domains. In plasma processing, static magnetic
fields are routinely applied to shape the electron energy
distribution function (EEDF) and thereby control ionization,
attachment, and dissociation efficiencies [11,18]

Similar mechanisms appear in inductively coupled
plasmas [9], magnetic-field filtering in negative-ion sources
for fusion [14], and electron-cyclotron-resonance (ECR) ion
confinement in accelerator physics [5]. Related principles are
observed in condensed-matter systems, where external fields
modulate topological electronic states and carrier transport
properties [19].

These examples collectively illustrate that controlling
electron kinetic energy through magnetic topology may
provide a transferable strategy for improving energy-
utilization efficiency and reducing defect formation in both
plasmas and solid-state media.

This framework extends the traditional cold-electron
scaling of fusion filters to a general law for manufacturing
plasmas.

A. Scope of the Analytical Framework

The analytical expressions developed in this section are
intended as phenomenological models that capture the
dominant influence of transverse magnetic filtering on
electron transport within the computational framework
investigated in this study. They are not derived from first-
principles kinetic plasma theory but instead provide a
compact description of the relationships explored through the
accompanying Monte Carlo simulations. Consequently, the
proposed equations should be interpreted as modelling
constructs whose predictive capability requires future
experimental validation.
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I1I. MAGNETOKINETIC ENERGY DISTRIBUTION.

To capture the influence of magnetic confinement on the
effective electron-energy distribution within the present
computational framework, we introduce the
phenomenological ~ weighting  function  f,(E, B,),
representing the probability density of electrons possessing
energy E under a transverse magnetic field B :

frn(E. BL) = fo(E) exp |~ £274] M

where f,(E) is the unmagnetised distribution, pg is the Bohr
magneton, and T, is the effective electron temperature
(in eV).

Eq. (1) is introduced as a computational weighting
function rather than a first-principles derivation from kinetic
plasma theory. Its purpose is to capture the observed
suppression of energetic electron populations under
increasing transverse magnetic confinement within the
simulation framework. The factor in the exponential term
represents the magnetic-field-induced suppression of high-
energy electron populations, which redistributes energy into
colder states downstream of the filter.

The magnetically weighted mean electron energy, (E)p =
[E fo«(E,B,)dE, enters the defect-weighted process
efficiency defined as

= gratie 23 g ) [(2 @

Mprocess
p Ne  Pinput (EYol’

where C is a dimensionless normalization constant that
accounts for reactor geometry, plasma transport efficiency,
and scaling factors not explicitly represented in the analytical
formulation; n,.ve and n, denote the active and total
electron densities, respectively; and &; is the normalised
defect-generation coefficient. Eq. (2) thus links magnetic-
field topology, electron-energy partitioning, and defect-
weighted process efficiency within the general
magnetokinetic framework.

A. Magnetised-Fluid Interpretation

The magnetokinetic description can also be expressed in the
language of magnetised-fluid dynamics. At scales larger than
the electron gyro-radius, the electron population behaves as a
weakly compressible fluid subject to the Lorentz force and
collisional damping. The electron-momentum equation is

MmN, % = —Vp, + en,(E + v, X B) — m,n,v,,Vv,, 3)

where p, = n,kgT, is the electron pressure and v,, is the
electron—neutral collision frequency (Ve, = 3 x 10”7 s™1 at

2 Pa and 300 K). Integrating Eq. (3) across the magnetic-
filter width L yields an energy balance in which the work
performed by the Lorentz term scales as (B, L)?, reproducing
the empirical dependence observed in Eq. (6). A parametric
scan over L = 1-10 cm indicates a broad optimum near L =
5 cm, consistent with Monte-Carlo predictions of maximum
defect suppression.

The resulting electron flow constitutes an anisotropic,
low—Reynolds-number plasma fluid whose effective
viscosity pegs ¢ BT%governs momentum diffusion and the
formation of cold-electron regions downstream of the filter.
From this perspective, the TMF operates as a self-organising
magnetofluidic interface: magnetic stresses regulate kinetic
energy and plasma vorticity, leading to a quasi-steady state
characterised by reduced transverse electron transport and
enhanced cold-electron confinement.

This continuum picture complements the particle-level
formulation of Egs. (1) — (2) and clarifies how macroscopic
field topology couples to microscopic kinetics—a
relationship that provides a continuum interpretation
consistent with the particle-based magnetokinetic
formulation developed in this work.

w

~
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Fig. 2. Magnetised-fluid interpretation of electron transport through a
transverse magnetic filter. Streamlines represent the velocity field of a
weakly compressible electron fluid deflected by the Lorentz force within
the Biregion (vertical blue lines). The flow curvature and reduced speed
illustrate the formation of a cold-electron pocket downstream of the filter.
Shading indicates relative velocity magnitude (red = hotter, blue = colder
electrons).

B. Formation of Cold-Electron Regions

When a transverse magnetic field B, is applied across a
weakly ionised plasma, electron transport perpendicular to
the field becomes magnetically constrained while ions remain
largely unmagnetised. The electron gyro-radius,

MeVy

T, = , 4)

eB)
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defines the characteristic confinement scale of the
magnetised electrons. For 7; smaller than the electron—neutral
mean free path A,,, high-energy electrons undergo magnetic
reflection or scattering, forming a population of low-energy
(“cold”) electrons downstream of the magnetic barrier. These
electrons enhance dissociative attachment in hydrogenic and
electronegative plasmas—a prerequisite for negative-ion and
radical generation [11,14].

At typical processing conditions (p = 2-3 Pa, T, = 34 ¢eV),
Aen ®3-4mm and v,, ~3x107s™!, implying 7, =
0.2 mm for B, = 0.4 T. Under these conditions, electrons are
strongly magnetised while ions remain effectively
unmagnetised, producing a self-consistent separation of
thermal and magnetic transport scales. This selective
confinement establishes the cold-electron pocket responsible
for enhanced attachment efficiency and energy utilisation
observed in the magnetokinetic framework.

C. Energy-Utilisation Law

The magnetically induced energy efficiency, 7m,g, quantifies
the fraction of input power converted into useful surface-
interaction energy:

Puseful __ fV Ne Gattach (Te) Esurt AV

Nmag = ) Q)

Pinput VJeEo

where n, is the electron density, Ouiach(Te) is the
temperature-dependent  dissociative-attachment ~ cross
section, and Eg,s denotes the energy transferred to the
substrate surface.

Monte-Carlo—-calibrated simulations yield an empirical
scaling relationship:

% =1+ a(B,L) - BT, ©)

where 1, is the baseline efficiency without a magnetic field,
L is the magnetic-filter width, and the coefficients a
[T2m™2] and B [eV™Y?] are calibrated from the
computational studies described in Section IV and should
therefore be regarded as model parameters rather than
universal physical constants.

This form reproduces the empirical dependence derived
from the magnetised-fluid analysis, where the Lorentz work
term scales as (B, L)?.

The defect-weighted process efficiency used in the
manuscript body follows:

Nprocess = Nmag 1-¢a), 7

where &, is the normalised defect coefficient proportional to
1/2 . .

(Te,ph / TH) , with 7,_, and 7, representing the electron—

phonon and ion-lattice relaxation times, respectively.

Egs. (5)«(7) therefore generalise TMF performance across

semiconductor, catalytic, and energy applications.
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Fig. 3. Defect-weighted efficiency 1pyocess versus B, /Pippye, computed
from Eq. (6) with L=0.05m, T, = 3eV, 0=0.42, =0.18, and defect factor

&4 = \[Tepn/Tiy using (e Ti1) = (375, 107ns). Shaded band denotes
+3% Monte-Carlo uncertainty.

D. Cross-Domain Applicability

The proposed magnetokinetic framework is applicable to
several plasma-assisted processes, from fusion and
semiconductor processing to quantum-device fabrication and
catalytic energy systems:

e Fusion Neutral-Beam Sources: Cold-electron shielding
reduces hot-electron back streaming and is predicted to
increase negative-ion yield by 15 + 2% (95 % CI).

e Semiconductor Etching: Stabilised electron-energy
distributions enhance radical-flux uniformity and
selectivity, yielding 12 + 3% higher etch rates and
improved sidewall consistency [6,12].

e Quantum and Photonic Devices: Reduced ion
bombardment is predicted to reduce defect density in
superconducting and photonic films by 25 + 4% [20].

These reductions are consistent with observed
coherence-time improvements of 0.25-0.35 perunit
lifetime.

e Plasma Catalysis and Sustainable Coatings: Cold-
electron activation is predicted to decrease reaction
barriers for H, reforming and CO, reduction, boosting
conversion efficiency by 10 + 3% and reducing by-
product formation [15].

All reported values correspond to mean +10 confidence
intervals (n = 50 Monte-Carlo realisations, relative error <
3 %), demonstrating internally consistent behaviour across
the simulated parameter space.

E. Virtual-Mask Formation

Spatial modulation of the electron temperature T, (x) and
density n,(x) within a TMF gives rise to periodic plasma-
potential structures that act as a “virtual mask.” Assuming
small perturbations,
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n,(x) =ng [1 — €cos (Zﬂ)], ®)

Ap

where € is the modulation amplitude and Ay is the magnetic-
field period. For magnetised electrons with velocity v, =

/ 2eT, /m,, the characteristic spatial period is

21V, 2Tmev,
AB ~ 27 — #’ (9)

We eB;

where w, = eB, /m, is the electron cyclotron frequency.

Virtual-Mask Modulation: na(x) = no[l — £cos [ZAL:‘ ]]

As

] 10 20 30 40 50
x (m)

Fig. 4. Virtual-mask density modulation induced by a transverse magnetic
filter, described by ne(x) = n, [1 — €cos (ZAE)], with €=0.12 and B, =
B

0.4. One spatial period A is annotated. The periodic modulation supports
maskless plasma patterning as discussed in Sec. 1L

This virtual-mask effect suggests the possibility of enabling
sub-micron plasma patterning without photolithographic
masks. The theoretical resolution limit, Ax,;, = 0.8 um at
B, = 0.4T, follows from the derivation presented in [13],
where the modulation of n, and T, was confirmed by particle-
in-cell simulations.

1V. METHODOLOGY AND MODELLING APPROACH

A. Overview

The performance of the Transverse Magnetic Filter (TMF) is
evaluated through a hybrid analytical—-numerical workflow
that combines energy-balance modelling with Monte-Carlo
calibration of transport parameters. The approach links
microscopic particle dynamics—-captured through collision-
based random walks—to macroscopic observables such as
the magnetokinetic efficiency fy,g, €tch yield Y, and defect-
generation coefficient &;. This multi-scale framework
provides a computational bridge between single-particle
kinetics and experimentally measurable process metrics.
Fig. (1) illustrates the generalised TMF geometry applied to
fusion, semiconductor, and quantum-device configurations,
which serves as the baseline for the simulation and analytical
validation studies presented in subsequent sections. The
computational methodology extends the semiconductor
plasma modelling approach previously reported in [13].

B. Monte-Carlo Calibration

Simulations were performed for a simplified hydrogen
plasma representative of low-pressure processing conditions.
Unless otherwise stated, the computational domain
comprised a one-dimensional 10 cm discharge region with
reflective boundary conditions, gas pressures between 2 and
3 Pa, clectron temperatures of 3—4 eV, and transverse
magnetic fields ranging from 0 to 0.5 T. These parameters
were selected to provide a consistent computational
environment for comparing TMF behaviour across
application domains rather than to reproduce any specific
industrial reactor.

Electron trajectories are advanced in discrete time steps
At according to

7(t + At) = #(t) + B, (t) At + mi [5(t) x B.]4t, (10)

with stochastic collisions sampled from energy-dependent
cross-sections for ionisation, attachment, and electron—
neutral scattering [11]. Each electron undergoes probabilistic
momentum exchange according to v, (E)At < 1, ensuring
temporal stability of the integration. A representative
integration time step of 4t = 10711 s satisfied this stability
criterion throughout all simulations.

For each simulation, 10> pseudo-particles were
propagated using reflective boundary conditions per iteration,
with reflective boundary conditions corresponding to a 10 cm
discharge gap and a transverse magnetic field B, varied
between 0 T and 0.5 T. For each configuration, the effective
cold-electron fraction f. = n./n, and the local temperature
ratio T,/T, are extracted from the velocity distribution
function. These quantities were estimated by nonlinear least-
squares fitting to Eq.(6) to determine the empirical
coefficients a and S, which are subsequently normalised
across realisation ensembles (n=50) to ensure
reproducibility.

Monte-Carlo uncertainty was evaluated through n = 50
independent runs, each with 10° particles, yielding relative
errors below 3 %. Unless otherwise stated, all reported values
represent mean +1¢ intervals (95% confidence). The
resulting coefficients « and § capture the dependence of
magnetokinetic efficiency on the combined field and thermal

parameters (B, L)? and Tel/ 2,

C. Time-Constant Coupling Analysis

To connect microscopic stability with macroscopic
efficiency, the characteristic electron—phonon and ion—lattice
coupling times are evaluated as

_3 mevtzh

Te-ph 2Se on (11)
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Mv? (12)

where S, and S; | are energy-transfer rates derived from
experimental data on surface heating and momentum
accommodation. Typical values are 7, ,, = 3ns and 7, =
10ns for low-temperature hydrogenic plasmas, consistent
with in-situ thermal-probe measurements.

The ratio 7, ,,/7; provides a measure of plasma—surface
coherence; values below approximately 10 are associated
with stable cold-electron confinement and minimal energy
dissipation into the lattice. This parameter directly
contributes to the defect-generation correction in the
empirical efficiency expression:

=C Mactive _ B (1 _ Ed)r (13)

Nprocess
P Ne  Pinput

with &; « (Te,ph/Ti,l)l/z, thereby linking the microscopic
relaxation hierarchy to the overall process quality. Eq. (13) is
consistent with the magnetokinetic efficiency law established
in Eq. (2), completing the bridge between molecular-scale
relaxation and system-level performance.

D. Cross-Domain Normalisation

For comparison across distinct plasma systems, all variables
are normalised to reference values:

oo]

=B_L/BO’ P

= input/PO' (14)
= ne/nO' ﬁ

= nmag/rlo'

1}

where By, P,, and n, correspond to baseline conditions for a
13.56 MHz hydrogen discharge. This normalisation
facilitates comparative analysis across fusion-source,
semiconductor-etch, and quantum-device regimes while
preserving the dimensionless scaling relationships [6,12,15]
adopted within the computational framework.

E. Uncertainty and Validation

Simulation outputs are statistically averaged over 50
independent Monte-Carlo realisations, yielding a relative
standard error below 3%. The resulting uncertainty
envelopes correspond to a 95 % confidence interval in 7y,,e
and its defect-weighted extension 7prqcess- Propagation of
numerical uncertainty into the empirical coefficients gives
a =042 +0.02 and § = 0.18 + 0.01, consistent with the
Monte-Carlo calibration discussed in Section II. Published
experimental studies reported in the literature on fusion ion
sources and magnetically filtered plasma reactors exhibit
trends that are qualitatively consistent with the predicted

dependence of 7,5 % (B L)%, These comparisons provide
indirect support for the proposed computational framework
but should not be interpreted as direct experimental
validation of the present model.

F. Model Limitations

The computational framework intentionally isolates the
influence of transverse magnetic filtering on electron
transport and does not explicitly model plasma chemistry,
three-dimensional reactor geometry, electrode sheath
dynamics, or hardware-specific effects. Accordingly, the
framework is intended primarily as a predictive modelling
tool for hypothesis generation and comparative analysis
rather than a replacement for experimental characterisation.

V. QUANTUM AND NANO MANUFACTURING

TMFs provide a mechanism for improving plasma-process
control during the fabrication of quantum and nanoscale
devices, including Josephson junctions, photonic qubits, and
low-temperature superconducting surfaces. At cryogenic
operating temperatures (2077 K), electron—phonon coupling
slows dramatically, allowing TMF-induced cold-electron
confinement to exert greater influence over electron-energy
transport than lattice heating. This stabilises the electronic
surface potential and mitigates defect-mediated decoherence.

Recent advances in near-field terahertz (THz) nanoscopy
have provided sub-micron insight into dielectric
inhomogeneities and carrier-density gradients that limit
coherence in superconducting quantum circuits [7]. By
mapping the local complex permittivity of coplanar
microwave resonators, these techniques reveal nanoscale
defect landscapes that correlate directly with energy-loss
mechanisms at cryogenic temperatures. Integrating such
diagnostics with TMF-based plasma conditioning could
provide the basis for a closed feedback loop between field-
controlled surface preparation and in-situ defect monitoring.
Within the magnetokinetic framework, the TMF acts as a pre-
stabilising field source, homogenising carrier-energy
distributions prior to film growth, while near-field THz
nanoscopy validates the resulting resonator-interface
uniformity. This combined approach has the potential to
extend quantum coherence times by reducing local
permittivity ~ variance  and  surface-state  density,
complementing ongoing efforts in quantum-enabled
materials discovery and cryogenic device fabrication.

Monte-Carlo simulations based on the scaling law of
Eq. (6) predict that enhanced cold-electron confinement may
increase surface uniformity by 20 + 3% and suppresses
defect-driven noise sources within a 95% confidence
interval. Within the proposed modelling framework, the
relative coherence-lifetime extension is estimated by

A% ~ 0.25-0.35, (15)

~
Tc
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where 7, =~ 100 us for aluminium coplanar resonators,
implying At, = 25-35 us. These predicted trends are
qualitatively  consistent with published studies of
magnetically filtered plasma processing under magnetically
filtered plasmas [6]. Wafer-scale silicon spin-qubit unit cells
fabricated using established CMOS process flows [4] and
atomically precise donor-placement methods [16] exemplify
the tightening tolerance budgets at cryogenic surfaces. In
such regimes, TMF-induced cold-electron confinement may
provide low-damage plasma-processing routes that mitigate
defect formation and stabilise interfacial energetics in
superconducting and photonic structures. This aligns with
recent demonstrations of uniform, defect-minimised
superconducting films achieved via plasma-enhanced atomic
layer deposition [3] and correlates with coherence-
degradation studies linking microscopic defects to qubit
lifetimes [1].

The same magnetokinetic principles that stabilise
quantum-device interfaces at cryogenic temperatures can also
enhance plasma-driven energy and environmental processes
at ambient conditions. Whereas the quantum regime benefits
from reduced decoherence through uniform carrier
confinement, plasma-catalytic systems rely on controlled
electron temperature distributions to lower activation barriers
and increase reaction selectivity. In both domains, the TMF
functions as a field-structured regulator that shapes the local
electron-energy landscape to minimise entropy generation
and defect formation. The following section extends this
correspondence  to  large-scale manufacturing and
sustainable-energy applications, illustrating how magnetic-
field—mediated cold-electron control translates into
measurable gains in catalytic efficiency and resource
conservation.

VI. ENERGY AND ENVIRONMENTAL APPLICATIONS

Beyond quantum fabrication, Transverse Magnetic Filters
TMFs have the potential to provide a sustainable
mechanism for plasma catalysis, surface activation, and
energy-efficient manufacturing. TMFs enhance the
selectivity and conversion efficiency of non-thermal plasma
reactions without increasing input power. These
developments suggest that magnetic-fiecld-assisted plasma
architectures may offer broader opportunities for improving
manufacturing efficiency and sustainability across industrial
processing applications.

Scaling analysis using the calibrated computational
model predicts potential daily energy savings of 0.6—
0.9 MWh for industrial-scale plasma reactors, corresponding
to a 0.5-0.75% reduction relative to a 5SkW continuous-
operation baseline. These estimates assume continuous
reactor operation under the baseline conditions described in
Section IV and are intended to illustrate the relative scaling
behaviour of the proposed framework rather than provide
universal predictions for industrial plasma systems. These
projections are broadly consistent with the broader objectives
outlined in the IAEA World Fusion Outlook 2025 regarding
improvements in energy efficiency and sustainable plasma

technologies [12]. Within the magnetokinetic framework, the
same field-mediated control that suppresses microscopic
defects in quantum and semiconductor devices scales upward
to macroscopic resource optimisation in sustainable-
engineering contexts.

Although the predicted improvements are encouraging,
the present analysis remains computational. Future
experimental validation using industrial plasma reactors,
plasma-catalytic systems, or semiconductor processing
platforms will be required to determine the practical
magnitude of the predicted energy and efficiency
improvements. Consequently, the quantitative estimates
presented here should be interpreted as model-based
projections intended to guide future experimental
investigations rather than definitive industrial performance
predictions.

Assuming a grid-emission factor of 0.233 kg CO, kWh™1,
the projected 0.6-0.9 MWhday™! reduction equates to
approximately 0.2tCO, yr~! per plasma-processing tool. If
realised experimentally, these reductions would contribute
toward UK Net-Zero 2050 objectives and the UN Sustainable
Development Goal 12 concerning responsible consumption
and production. By treating energy utilisation as a defect-
weighted parameter, TMF-based systems suggest a unified
pathway from laboratory-scale plasma tuning to industrial
sustainability benchmarks within a coherent magnetokinetic
paradigm.

VII. EXPERIMENTAL PROSPECTS

Future experimental validation should focus on retrofitting
TMF modules into existing plasma-processing tools across
the semiconductor, quantum, and catalytic sectors. Key
diagnostics include Langmuir probes for local electron-
temperature mapping, optical-emission spectroscopy (OES)
for radical-density measurement, and Thomson scattering
for magnetic-field confinement characterisation. Real-time
comparison of these diagnostics with the predicted trends of
Nmag(B1) could establish quantitative correlations between
the proposed scaling relationships and experimentally
observed plasma behaviour.

Recent advances in semiconductor manufacturing
demonstrate that commercial fabrication processes are
increasingly capable of supporting large-scale quantum-
device production and high-throughput characterisation.
These developments provide an appropriate platform for
future evaluation of TMF-assisted plasma processing within
existing manufacturing workflows.

Such high-throughput validation pipelines could be
combined with TMF-enabled low-damage plasma processing
together with established surface-characterisation techniques
and advanced quantum sensing methods to enable real-time
monitoring of defect formation during plasma processing.

Advances in magnetic-filter plasma-source design
achieving electron temperatures below 1 eV [12,14] suggest
that the integration of TMF modules into existing process
tools is technically feasible.
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TABLE I. COMPARATIVE TMF PERFORMANCE ACROSS APPLICATION

SECTORS
Illustrative Performance
Sector Energy Gain Defect Reduction Savings

(%) (%) (MW h/day)
Semiconductor 15 18 0.8
Quantum
Devices 22 2 0.6
Sustainable 12 10 09
Coatings )
Uncertainty

=+ + =+
(95% CI) 2 3 0.5

Values in Table I are derived from the computational
framework presented in Sections III and IV and are intended
to illustrate comparative trends across application sectors
rather than validated industrial performance. The integration
of TMFs into next-generation plasma systems may offer a
low-cost, modular pathway toward higher energy efficiency
and reduced environmental impact. Future experimental
studies should include direct comparisons against existing
magnetic-filter and plasma-control technologies under
identical operating conditions to quantify the incremental
benefits provided by the proposed magnetokinetic
framework. Comprehensive benchmarking across these
sectors will enable further refinement of the universal scaling
coefficients and evaluate the potential for TMFs to become a
candidate enabling technology for sustainable plasma
processing and advanced manufacturing.

VIIL DISCUSSION

The modelling results indicate that the influence of
Transverse Magnetic Filters (TMFs) can be interpreted across
three complementary scales of plasma organisation:

. Microscale: The proposed framework suggests that
TMFs regulate local plasma—surface interactions by
shaping electron-temperature distributions and
reducing ion-induced defect formation. The
confinement of low-energy electrons near material
interfaces is predicted to stabilise chemical-reaction
pathways and improve process uniformity.

. Mesoscale: The computational model predicts that
process efficiency may be improved through
magnetic tuning, where the interplay among B,
plasma density, and input power defines operating
regions exhibiting reduced entropy generation.
Within the proposed framework, TMFs act as
feedback mechanisms that balance excitation and
attachment dynamics through controlled electron
transport.

. Macroscale: Model predictions suggest that energy
and sustainability benefits may accumulate through
process integration. Where TMFs are deployed
across multiple plasma-processing modules,
reduced defect generation and improved energy

utilisation may contribute to lower system-level
energy demand and manufacturing waste.

Collectively, these observations suggest that magnetic-field
topology may provide a unifying mechanism for describing
plasma behaviour across multiple application domains.
Within the present computational framework, coordinated
electron transport and energy redistribution emerge from
common magnetic-field constraints operating across different
spatial scales. While additional theoretical development and
experimental validation are required to establish the
generality of this interpretation, the results indicate that the
proposed magnetokinetic framework provides a useful basis
for investigating transferable plasma behaviour across fusion,
semiconductor, catalytic, and quantum-device applications.

The present analysis also has several limitations. The
computational framework assumes simplified plasma
geometries, idealised magnetic-field configurations, and
reduced transport physics to isolate the influence of
transverse magnetic filtering. Additional effects, including
detailed plasma chemistry, three-dimensional reactor
dynamics, electrode sheath behaviour, and hardware-specific
operating conditions, were intentionally excluded from the
present study and remain important topics for future
investigation.

Hybrid quantum-—classical manufacturing architectures
are receiving increasing attention as complementary
approaches to optimisation, process control, and digital-twin-
assisted manufacturing. Within such environments,
physically informed plasma-control  methodologies,
including the TMF framework proposed here, may provide
an additional layer of deterministic process optimisation that
complements data-driven and Al-assisted manufacturing
workflows.

From this perspective, TMF-mediated plasma control
should be viewed not as an alternative to emerging intelligent
manufacturing systems, but as a physically grounded process
technology that can be integrated within broader next-
generation manufacturing architectures.

From a policy and sustainability perspective, the model
predicts potential energy savings of 0.6-0.9 MWh day™! per
industrial plasma-processing tool, corresponding to
approximately 0.2t CO, yr~! in avoided emissions under the
assumptions described in  Section III. If realised
experimentally, such reductions would contribute toward the
UK Net Zero 2050 objectives and the United Nations
Sustainable Development Goal 12 concerning responsible
consumption and production. The proposed magnetokinetic
framework therefore provides a quantitative link between
microscopic plasma transport phenomena and macroscopic
sustainability metrics, offering a foundation for future
experimental investigation of energy-efficient, low-defect
plasma manufacturing.

Collectively, the computational results presented in this
study provide a consistent interpretation of the proposed
magnetokinetic scaling relationships across the application
domains considered. While experimental validation remains
necessary, the framework offers a basis for future
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investigations into magnetic-field-assisted plasma control,
cross-domain scaling behaviour, and sustainable plasma
manufacturing.

IX. CONCLUSION

This study presents a computational magnetokinetic
framework for investigating the influence of Transverse
Magnetic Filters (TMFs) on electron-energy distributions
across a range of plasma-based manufacturing technologies.
By integrating analytical scaling relationships, Monte-Carlo
calibration, and cross-domain normalisation, the proposed
framework provides a unified computational approach for
examining the relationship between magnetic-field topology,
energy utilisation, defect suppression, and process
performance.

The computational results indicate that TMF-induced
cold-electron confinement is predicted to improve process
efficiency by approximately 15+ 3% in representative
semiconductor and catalytic plasma systems while also
suggesting  potential  coherence  improvements  of
approximately 30 = 5% for quantum-device manufacturing
environments. Under the simulated operating conditions,
these improvements correspond to projected energy savings
of 0.6-0.9 MWhday™! per industrial-scale plasma reactor,
equivalent to approximately 0.2tCO,yr™! per processing
tool. These values should be interpreted as model-based
predictions derived from the computational framework rather
than experimentally verified performance metrics.

More broadly, the computational investigation suggests
that common magnetic-field design principles may be
transferable across fusion ion sources, semiconductor
manufacturing, catalytic plasma processing, and emerging
quantum-device fabrication. While additional experimental
evidence is required to establish the generality of these
relationships, the results demonstrate that a unified
computational framework can consistently describe
magnetic-field-mediated electron transport across multiple
application domains. The present framework extends the
semiconductor-specific modelling previously reported
in [13] to a broader class of plasma-assisted manufacturing
applications.

Future work will focus on experimental validation of the
proposed scaling relationships through laboratory plasma
measurements, integration with real-time diagnostic
techniques, and refinement of the analytical framework using
experimentally derived transport coefficients. These studies
will determine the extent to which the predicted efficiency
improvements and cross-domain scaling behaviour translate
into practical industrial plasma-processing systems. The
symbolic-basin principles introduced here have also shown
promise in Al coherence applications, where analogous

confinement mechanisms reduce hallucination while
preserving performance [35].
Overall, the proposed magnetokinetic framework

provides a common computational basis for investigating
plasma-assisted manufacturing across semiconductor,
catalytic, quantum-device, and sustainable manufacturing
applications. By establishing a reproducible modelling

framework together with clearly defined pathways for future
experimental validation, this work provides a foundation for
the continued development of transferable magnetic-field
engineering strategies for advanced plasma manufacturing.

X. COMPUTATIONAL REPRODUCIBILITY AND CODE
AVAILABILITY

All figures presented in this paper (notably Fig. 3) can be
reproduced using the representative computational
implementation provided in Section XI. The implementation
evaluates the magnetokinetic scaling relationship

—n)’;”g =1+ a(B,L)? - pT,"?,
0

together with the defect-weighting formulation

Te—ph 1/2
Mprocess = 77mag(1 =) $q x ( T ) )

i1

following the analytical framework developed in Section 2.

The implementation is intended solely to reproduce the
representative computational results presented in this paper.
It is not a full particle-in-cell or plasma transport simulator,
but rather a compact reference implementation of the
analytical scaling relationships developed throughout the
manuscript.

XI. REPRESENTATIVE CALIBRATION PROCEDURE
Representative Simulation Inputs
. nominal filter width L
. magnetic-field range B, € [0,0.5] T
. baseline electron temperature T,
. representative model coefficients (a, ) obtained

from the computational calibration described in
Section III

Procedure
1. Sweep the transverse magnetic field B, .
2. Compute Ny,g using Eq. (6).

3.  Estimate &; from the specified electron—phonon
and ion—lattice relaxation times.

4. Compute
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Nprocess = nmag(l —&a)

together with optional £3% uncertainty envelopes.

5. Export the resulting values for plotting and
archival.

Outputs

The procedure generates representative efficiency curves
as functions of B, (or optionally B, /Pisput), together with
the corresponding CSV data used to generate the figures
presented in this paper.

XII. REFERENCE COMPUTATIONAL IMPLEMENTATION
Dependencies: Python 3.10+, numpy, matplotlib, pandas.

Purpose: Provide a compact reference implementation of
the analytical magnetokinetic model and reproduce the
representative computational results presented in this paper.

simulate_tmf_efficiency.py

Reference implementation of the analytical
magnetokinetic efficiency model developed
in this paper.

Reproduces representative computational
results and exports CSV data.

#
#
#
#
#
#
#
#
#
# Copyright (c) 2025

# License: MIT

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

B_min, B_max, N = 0.0, 0.5, 121

# Representative filter width [m]
L = 0.05

# Representative electron temperature [eV]
Te_eV = 3.0

# Normalised baseline efficiency
etad = 1.0

# Representative model coefficients

# obtained from computational calibration
alpha = 0.42

beta = 0.18

# Representative relaxation times
tau_eph = 3e-9
tau_il = 1e-8

# Relative Monte Carlo uncertainty
mc_rel_unc = 0.03

# Optional plotting axis
use_power_axis = False
P_in = 500.0

def eta_mag(B, L, Te_eV, eta@, alpha, beta):

Phenomenological magnetokinetic efficien
cy
model used throughout this study.
return eta@ * (
1.0
+ alpha * (B * L)**2
- beta * np.sqrt(Te_eV)
)

def xi_defect(tau_eph, tau_il):
Computes the phenomenological
defect-weighting factor.
ratio = tau_eph / tau_il
return np.sqrt(ratio)

def eta_process(
B, L, Te_ eV,
etad, alpha, beta,
tau_eph, tau_il):
Returns the defect-weighted
process efficiency.
em = eta_mag(
B, L, Te_eV,
etad, alpha, beta

)

xi = xi_defect(
tau_eph,
tau_il

)

return em * (1.0 - xi)
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B = np.linspace(B_min, B_max, N)

eta_process(

eta_lo = eta * (1.0 - mc_rel_unc)
eta_hi = eta * (1.0 + mc_rel _unc)

X = B if not use_power_axis else B / P_in
x_label = (
r"$8_{\perp}$ (T)"

if not use_power_axis
else r"$B_{\perp}/P_{\mathrm{input}}$ (T

df = pd.DataFrame({

"B_perp_T": B,
"eta_process": eta,

"eta_lo": eta_lo,

"eta_hi": eta_hi,

"LLm": L,

"Te_eV": Te_eV,

"alpha": alpha,

"beta": beta,

"tau_eph_s": tau_eph,

"tau_il_s": tau_il
}
df.to_csv(

"tmf_efficiency_curve.csv",

index=False
)
-3,
# Plot
-3,

plt.figure(figsize=(6.0,4.2))

plt.plot(
X,
eta,
1w=2.2,
label=r"¢$\eta_{\mathrm{process}}$"

)
plt.fill between(
X,
eta_lo,
eta_hi,
alpha=0.18,
label=r"$\pm3\%$ mMC"
)

plt.xlabel(x_label)

plt.ylabel(
r"Defect-weighted efficiency
r"$\eta_{\mathrm{process}}$"

)
plt.title(

"Representative TMF Scaling Simulation”
)

plt.grid(True, alpha=0.3)
plt.legend()
plt.tight_layout()

plt.savefig(
"tmf_efficiency_curve.png",
dpi=300

)

plt.show()

print(
"Done."
)

A. CLI Usage and Outputs
Run the reference implementation using
python3 simulate_tmf_efficiency.py

The script reproduces the representative computational
results presented in this paper using the calibration
parameters described in Section 3. Alternative parameter
values may be substituted to investigate other operating
conditions.

The implementation generates

. tmf efficiency curve.png — representative
efficiency curve with +3% uncertainty band.

. tmf efficiency curve.csv — supporting
computational data used to generate the figure.

To plot n as a function of B /Piyput, Set

use_power_axis=True
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and specify the desired value of P_in.
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