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Technical Field

The present invention relates to nuclear fusion energy systems, and more
particularly to a compact modular fusion reactor that employs high-energy, high-
power, and long-pulse negative ion beam injection for plasma heating and current
drive. The invention addresses the fundamental challenges of achieving sustained
fusion reactions through an integrated approach combining advanced beam
acceleration technology, innovative magnetic confinement geometry, and
comprehensive thermal management systems. The invention further relates to
methods for constructing, assembling, and operating such reactor systems to
achieve reliable and economically viable fusion energy production.

Background of the Invention

The development of practical fusion energy represents one of the most significant
technological challenges facing humanity in the twenty-first century. Magnetic
confinement fusion devices require effective methods for heating plasma to
temperatures exceeding one hundred million degrees Celsius while
simultaneously driving plasma currents to maintain stable confinement within the
magnetic field structure. Neutral beam injection represents a powerful and direct
method for accomplishing both objectives, wherein energetic neutral atoms
penetrate magnetic field boundaries and transfer their kinetic energy to the
confined plasma through collisional processes involving charge exchange and
impact ionization.

Conventional positive-ion-based neutral beam injection systems face
fundamental limitations at high beam energies due to the precipitous decline in
neutralization efficiency. The neutralization process for positive ions relies on
electron capture from background gas molecules, and the cross-section for this
process decreases rapidly as the ion velocity increases. At energies exceeding
approximately one hundred kiloelectronvolts per nucleon, the fraction of positive
ions that can be converted to neutral atoms through charge exchange processes
becomes prohibitively small, falling below ten percent at energies approaching
two hundred kiloelectronvolts. This limitation restricts the application of
positive-ion-based systems to smaller fusion devices where lower injection
energies remain effective for core plasma heating and current drive.

Negative-ion-based neutral beam injection systems overcome this fundamental
limitation by exploiting the favorable neutralization characteristics of negative
ions at high energies. The neutralization of negative ions occurs through electron
detachment processes, wherein the loosely bound extra electron is stripped from
the negative ion by collisions with background gas molecules. The cross-section
for electron detachment remains relatively constant over a wide range of ion
velocities, resulting in a neutralization yield that remains at approximately fifty-
five percent even at energies approaching one megaelectronvolt. This favorable
characteristic enables effective plasma heating in large-scale fusion devices such
as the International Thermonuclear Experimental Reactor and future
demonstration power plants.

However, the generation, extraction, and acceleration of negative ion beams
present substantial technical challenges that have historically limited the practical
implementation of negative-ion-based systems. The production of negative
hydrogen ions in sufficient quantities requires specialized plasma sources
operating with cesium seeding to lower the work function of plasma-facing
surfaces below two electronvolts. The cesium coating enables efficient surface
conversion of hydrogen atoms and positive ions to negative ions through a two-
step process involving adsorption on the low work function surface followed by
electron transfer from the surface to the adsorbed particle. The maintenance of
optimal cesium coverage requires continuous cesium injection and careful
control of surface temperatures to prevent either excessive cesium accumulation
or cesium depletion.

The extraction and acceleration of negative ions must be accomplished while
simultaneously suppressing the co-extraction of electrons, which would
otherwise impose unacceptable heat loads on accelerator components. The
electrons in the plasma source have the same charge polarity as the negative ions
and are therefore extracted by the same electric field. Because electrons have
much smaller mass than ions, they acquire much higher velocities in the
extraction field and deposit correspondingly higher power densities on any
surfaces they strike. The suppression of co-extracted electrons requires magnetic
field configurations that deflect electrons onto nearby surfaces before they can
enter the high-voltage acceleration region.

Furthermore, the long-pulse operation required for practical fusion applications
introduces additional challenges related to the stability of ion production, the
accumulation of surface contamination, and the management of particle and heat
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fluxes on accelerator structures. During extended operation, the cesium
distribution within the ion source evolves as cesium is sputtered from surfaces by
energetic particles and redeposited on other surfaces by the plasma. This
redistribution can cause temporal variations in the extracted ion current and
spatial non-uniformities in the beam profile. The back-streaming of positive ions
from the acceleration region to the plasma source causes sputtering erosion of the
plasma grid and deposition of sputtered material on other surfaces, potentially
degrading the performance of the ion source over time.

Recent advances in negative ion source technology have demonstrated the
feasibility of achieving beam energies exceeding one hundred seventy
kiloelectronvolts, current densities exceeding two hundred amperes per square
meter, and pulse durations exceeding one hundred seconds. These achievements
represent significant progress toward the requirements of practical fusion
systems, but substantial integration challenges remain in combining high-
performance negative ion beam systems with optimized fusion reactor designs.

The present invention addresses these integration challenges through a novel
reactor architecture that maximizes the synergistic benefits of advanced negative
ion beam technology while mitigating the engineering complexities that have
historically impeded the development of practical fusion energy systems. The
invention incorporates specific design features derived from recent experimental
results at the Comprehensive Research Facility for Fusion Technology in Hefei,
China, where negative hydrogen ion beams with energies of one hundred thirty-
five kiloelectronvolts, current densities of one hundred seventy-nine amperes per
square meter, and pulse durations of one hundred ten seconds have been reliably
demonstrated.

Summary of the Invention

The present invention provides a compact modular fusion reactor system that
achieves sustained fusion reactions through the synergistic integration of high-
energy long-pulse negative ion beam injection, optimized magnetic confinement
geometry, and comprehensive thermal management architecture. The reactor
system employs a plurality of negative ion beam injectors arranged in a
circumferential configuration around a toroidal plasma vessel, wherein each
injector delivers neutral hydrogen or deuterium atoms at energies between one
hundred fifty and four hundred kiloelectronvolts with pulse durations extending
from one hundred seconds to continuous operation.

The reactor system comprises a primary vacuum vessel having a toroidal
geometry with major radius between three and five meters and aspect ratio
between three and four, wherein the vessel material comprises a reduced-
activation ferritic-martensitic steel alloy designated F82H or EUROFER97,
selected for compatibility with the neutron irradiation environment and for
favorable mechanical and thermal properties at elevated temperatures. The
primary vacuum vessel encloses a plasma chamber defined by an inner wall
structure fabricated from tungsten or tungsten alloy materials such as tungsten-
rhenium or tungsten-tantalum that provide resistance to plasma erosion and
minimize impurity influx to the confined plasma.

A superconducting magnet system surrounds the primary vacuum vessel and
generates the magnetic field configuration required for plasma confinement. The
magnet system comprises a plurality of toroidal field coils fabricated from rare-
earth barium copper oxide high-temperature superconducting tape, specifically
the SuperPower SCS4050 or Fujikura FESC series tape products, wound in a
non-insulated configuration that provides inherent quench protection through
current sharing between adjacent turns. The toroidal field coils generate a
magnetic field strength between five and eight tesla at the plasma axis. A
plurality of poloidal field coils fabricated from niobium-titanium or niobium-tin
low-temperature superconducting cable provides the vertical field component
required for plasma equilibrium and the shaping fields that establish an elongated
plasma cross-section with divertor geometry for particle and power exhaust.

The negative ion beam injection system comprises at least four and preferably
eight independent injector modules arranged at equally spaced azimuthal
positions around the torus circumference. Each injector module comprises a
radio-frequency-driven negative ion source of the type developed at the Max
Planck Institute for Plasma Physics in Garching and further refined at the
Institute of Plasma Physics of the Chinese Academy of Sciences in Hefei, a
multi-stage electrostatic accelerator derived from the designs employed in the
ITER heating neutral beam injector, a gas neutralizer with active thermal
management, a residual ion deflection system with electrostatic separation, and a
beam transport section that delivers the neutral beam to the plasma through a
tangential port oriented to maximize current drive efficiency.

The negative ion source of each injector module employs a dual-driver
configuration wherein two cylindrical radio-frequency plasma generators couple
inductively to a shared expansion chamber through external axial coil antennas
operating at frequencies between one and two megahertz with power levels
between fifty and one hundred kilowatts per driver. The expansion chamber
incorporates permanent magnet arrays of neodymium-iron-boron composition in
a checkerboard arrangement on the lateral walls and a cusp magnet configuration
on the back plate to enhance plasma density and uniformity in the extraction
region. Cesium vapor injection through heated nozzles fabricated from stainless
steel type 316L distributed around the expansion chamber provides the low work
function surface coating on the plasma grid that enables efficient negative ion
production through surface conversion processes.
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The plasma grid comprises a molybdenum or molybdenum alloy substrate
designated TZM, which is a molybdenum alloy containing titanium and
zirconium for enhanced high-temperature strength, with an array of circular
apertures through which negative ions are extracted by the electric field
established between the plasma grid and an extraction grid positioned at a gap
distance between five and ten millimeters downstream. The extraction voltage
between three and twelve kilovolts is selected to optimize the current density of
extracted negative ions while limiting the power deposition from co-extracted
electrons that are deflected onto the extraction grid by embedded permanent
magnetic fields.

The extraction grid incorporates a Halbach-like permanent magnet array using
samarium-cobalt magnets that generates an asymmetric magnetic field
distribution with enhanced upstream field strength to suppress electron extraction
and reduced downstream field to minimize beamlet deflection. The magnetic
field topology provides differential deflection of electrons and negative ions
based on their mass-to-charge ratios, enabling the electrons to be intercepted by
the extraction grid structure while the negative ions pass through to the
acceleration stage with minimal angular deviation.

The acceleration stage comprises a ground grid positioned at a gap distance
between eighty and one hundred millimeters from the extraction grid, wherein
the potential difference between the extraction grid and the ground grid
accelerates the negative ions to the desired final energy between one hundred and
four hundred kiloelectronvolts. The ground grid employs elongated slot apertures
rather than circular apertures to reduce the interception of energetic particles and
to improve the overall transmission efficiency of the accelerator to values
exceeding ninety percent. A field shaping plate fabricated from oxygen-free high-
conductivity copper and attached to the downstream surface of the extraction grid
modifies the electric field distribution to reduce the overall beam divergence that
would otherwise result from the mutual electrostatic repulsion between adjacent
beamlets.

A radiation shield structure fabricated from stainless steel type 304L surrounds
the accelerator gap region and interposes between the high-voltage electrode
surfaces and the main insulator structure. The radiation shield comprises a
grounded metallic shell positioned to intercept photons and charged particles that
would otherwise deposit on the insulator surfaces and cause charge accumulation
leading to electrical breakdown. The geometry of the radiation shield is
optimized through electrostatic field simulations using software packages such as
COMSOL Multiphysics or Opera-3D to maintain adequate clearance from both
the high-voltage electrodes and the insulator surfaces while providing maximum
shielding effectiveness.

The main insulator structure comprises a fiber-reinforced epoxy composite
cylinder or truncated cone fabricated from glass fiber or alumina fiber
reinforcement in an epoxy matrix system such as Araldite MY 740 with HY918
hardener, that supports the mechanical loads associated with the vacuum
boundary and the electromagnetic forces while providing electrical isolation
between the high-voltage ion source components and the grounded accelerator
exit and beam transport structures. The insulator material is selected for high
dielectric strength exceeding twenty kilovolts per millimeter, low outgassing with
total mass loss below one percent under vacuum baking, and resistance to
radiation damage up to integrated doses of ten megarads. The manufacturing
process includes computed tomography inspection using industrial x-ray systems
operating at voltages between four hundred and six hundred kilovolts to identify
internal voids or inclusions with dimensions exceeding zero point five
millimeters that could serve as breakdown initiation sites under high-voltage
stress.

Detailed Description of the Invention

The present invention is now described in complete detail with reference to
specific materials, dimensions, operating parameters, and manufacturing
processes that enable the construction and operation of the compact modular
fusion reactor system. The description proceeds systematically through each
major subsystem of the reactor, providing the full, clear, and exact terms
necessary for a person skilled in the art of fusion engineering to reproduce the
invention.

The primary vacuum vessel of the compact modular fusion reactor comprises a
double-walled toroidal structure fabricated from reduced-activation ferritic-
martensitic steel alloy designated F82H, which has a nominal composition of
iron with eight percent chromium, two percent tungsten, and minor additions of
vanadium, tantalum, and titanium. The selection of F82H steel is based on its
favorable combination of mechanical strength, thermal conductivity, and
resistance to radiation-induced swelling and embrittlement under the neutron
fluence conditions expected during reactor operation.

The primary vacuum vessel has a major radius of four meters measured from the
torus axis to the geometric center of the plasma cross-section, and a minor radius
of one point three meters measured from the plasma center to the inner surface of
the first wall. The aspect ratio, defined as the ratio of major radius to minor
radius, is approximately three point one. The vessel wall comprises an inner
structural shell with thickness of forty millimeters and an outer structural shell
with thickness of thirty millimeters, wherein the annular space between the shells
with radial thickness of approximately three hundred millimeters accommodates
the neutron shielding and tritium breeding blanket modules.
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The inner structural shell is fabricated by forming flat plates of F82H steel into
curved segments using hot pressing at temperatures between nine hundred and
one thousand degrees Celsius, followed by welding of the segments using
electron beam welding with F82H filler wire to minimize the width of the heat-
affected zone. The welded joints are subjected to post-weld heat treatment at
seven hundred fifty degrees Celsius for two hours to relieve residual stresses and
to temper the martensitic microstructure in the weld region. Non-destructive
examination of all welds is performed using ultrasonic testing with phased array
transducers operating at frequencies between two and five megahertz, and
radiographic testing using iridium-192 gamma sources with sensitivity sufficient
to detect defects with dimensions exceeding one percent of the wall thickness.

The first wall comprises the plasma-facing surface of the inner structural shell,
which is protected by armor tiles fabricated from pure tungsten with purity
exceeding ninety-nine point nine five percent. The tungsten armor tiles have
dimensions of fifty millimeters in the toroidal direction, fifty millimeters in the
poloidal direction, and ten millimeters in the radial direction. The tiles are
attached to the inner structural shell by brazing using a copper-silver-titanium
active braze alloy designated Cusil-ABA, which forms a metallurgical bond to
both the tungsten tile and the copper alloy heat sink without requiring prior
metallization of the tungsten surface.

A heat sink layer of copper-chromium-zirconium alloy designated CuCrZr, with
nominal composition of copper with zero point eight percent chromium and zero
point zero eight percent zirconium, is positioned between the tungsten armor tiles
and the steel structural shell. The CuCrZr alloy has thermal conductivity of three
hundred twenty watts per meter per kelvin at room temperature and
approximately two hundred eighty watts per meter per kelvin at the operating
temperature of three hundred degrees Celsius, which is approximately five times
higher than the thermal conductivity of the F82H steel. The heat sink layer has
thickness of fifteen millimeters and incorporates machined cooling channels with
rectangular cross-section having width of four millimeters and height of ten
millimeters.

The cooling channels are oriented in the poloidal direction and are connected at
the top and bottom of each first wall panel to manifolds that distribute the coolant
flow among the parallel channels. The coolant is pressurized water at a pressure
of fifteen point five megapascals, which corresponds to a saturation temperature
of three hundred forty-five degrees Celsius and provides adequate margin against
nucleate boiling at the maximum surface heat flux of one megawatt per square
meter during normal plasma operation. The coolant inlet temperature is two
hundred eighty degrees Celsius and the outlet temperature is three hundred
twenty degrees Celsius, corresponding to a temperature rise of forty degrees
Celsius across each first wall panel.

The water flow velocity in the cooling channels is five meters per second, which
provides a heat transfer coefficient of approximately thirty-five thousand watts
per square meter per kelvin based on the Dittus-Boelter correlation for turbulent
flow in smooth tubes with a correction factor for rectangular geometry. The
pressure drop across each first wall panel is approximately zero point two
megapascals, which represents less than two percent of the system pressure and
is within the capacity of the primary coolant circulation pumps.

The attachment of the CuCrZr heat sink layer to the F82H structural shell is
accomplished by hot isostatic pressing at a temperature of nine hundred fifty
degrees Celsius and a pressure of one hundred megapascals for two hours in an
argon atmosphere. Prior to hot isostatic pressing, the mating surfaces are
prepared by machining to a surface roughness of one point six micrometers root
mean square, followed by cleaning with acetone and ethanol to remove organic
contamination, and vacuum baking at two hundred degrees Celsius for four hours
to remove adsorbed water. The hot isostatic pressing process produces a diffusion
bond with shear strength exceeding one hundred megapascals, which is adequate
to resist the thermal stresses arising from differential thermal expansion between
the copper alloy and the steel during transient heating and cooling cycles.

The superconducting magnet system of the compact modular fusion reactor
comprises a toroidal field coil system that generates the primary confining
magnetic field and a poloidal field coil system that provides plasma equilibrium
and shaping. The design of the magnet system is based on the established
principles of superconducting magnet technology as implemented in existing
tokamak devices including the Joint European Torus, the Korea Superconducting
Tokamak Advanced Research facility, and the ITER project.

The toroidal field coil system comprises sixteen D-shaped coils arranged at
equally spaced azimuthal positions around the torus, with angular separation of
twenty-two point five degrees between adjacent coils. Each toroidal field coil has
an outer height of seven point two meters and an outer width of four point eight
meters, enclosing the primary vacuum vessel and providing access ports for
neutral beam injection, plasma diagnostics, and maintenance equipment.

The toroidal field coils are fabricated from rare-earth barium copper oxide high-
temperature superconducting tape, specifically the SuperPower SCS4050 tape
product which has width of four millimeters, thickness of zero point one
millimeters, and critical current density exceeding three hundred amperes per
millimeter width at seventy-seven kelvins in self-field. At the operating
temperature of twenty kelvins and the peak magnetic field of twelve tesla at the
inboard leg of the coil, the critical current density remains above one hundred
amperes per millimeter width, providing adequate margin for stable
superconducting operation.
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The tape is wound onto a stainless steel type 316LN former using the non-
insulated winding technique, wherein adjacent turns of tape are in direct
electrical contact without intervening insulation. The non-insulated configuration
provides inherent quench protection through current sharing between adjacent
turns, wherein any local transition to the normal resistive state causes the
transport current to redistribute to parallel paths through the turn-to-turn contacts,
limiting the local temperature rise and allowing the superconducting state to
recover without active intervention.

Each toroidal field coil comprises a winding pack containing twelve double-
pancake sub-coils, wherein each double-pancake contains forty turns of tape
wound in a spiral pattern from the inner radius to the outer radius and back. The
total number of turns per coil is four hundred eighty, and the coil inductance is
approximately twelve henries. The operating current is twenty-five thousand
amperes, corresponding to a stored magnetic energy of approximately one point
eight gigajoules per coil and a total stored energy of approximately twenty-nine
gigajoules for the complete toroidal field system.

The magnetic field strength at the plasma axis, located at major radius of four
meters, is six point five tesla. The peak magnetic field at the inboard leg of the
toroidal field coil, located at major radius of two point two meters, is
approximately twelve tesla. The toroidal field ripple at the plasma boundary is
less than one percent, which is adequate to prevent enhanced loss of energetic
particles including alpha particles produced by fusion reactions and fast ions
produced by neutral beam injection.

The toroidal field coils are cooled by forced flow of helium gas at a temperature
of twenty kelvins and a pressure of one megapascal. The helium gas circulates
through channels machined into the stainless steel coil former with cross-
sectional area of two hundred square millimeters per channel and total flow rate
of approximately fifty grams per second per coil. The cooling channels are
arranged in a serpentine pattern that provides uniform temperature distribution
across the winding pack while minimizing the pressure drop. The heat load to be
removed comprises the alternating current losses in the superconducting tape
during current ramp-up and ramp-down, estimated at approximately five hundred
watts per coil, and the nuclear heating from neutron and gamma radiation,
estimated at approximately two hundred watts per coil based on three-
dimensional neutron transport calculations using the Monte Carlo N-Particle
code.

The poloidal field coil system comprises six superconducting coils arranged in
symmetric pairs above and below the torus midplane. The central solenoid coil is
positioned on the torus axis at major radius of zero point eight meters and has
inner radius of zero point six meters, outer radius of one point zero meters, and
height of six meters. The central solenoid provides the inductive flux swing
required for plasma initiation and for driving the plasma current during the ramp-
up phase. The total flux swing available from the central solenoid is forty weber,
which is sufficient to drive a plasma current of eight megaamperes for a duration
exceeding one thousand seconds.

The central solenoid is fabricated from niobium-tin superconducting cable with
cable-in-conduit conductor configuration, wherein six hundred superconducting
strands with diameter of zero point eight millimeters are cabled together with
copper stabilizer strands and enclosed in a stainless steel conduit with outer
diameter of forty millimeters. The niobium-tin strands are produced by the
internal tin process, wherein niobium filaments are drawn down in a copper-tin
matrix and heat treated at temperatures between six hundred fifty and seven
hundred degrees Celsius to form the niobium-tin intermetallic compound at the
filament surfaces.

The cable-in-conduit conductor is wound onto a stainless steel bobbin to form the
central solenoid winding pack, and the winding pack is impregnated with epoxy
resin to provide electrical insulation between turns and mechanical reinforcement
against electromagnetic forces. The operating current is forty thousand amperes,
and the peak magnetic field at the conductor is thirteen tesla. The central solenoid
is cooled by forced flow of supercritical helium at a temperature of four point
five kelvins and a pressure of zero point six megapascals, circulating through the
cable conduit at a flow rate of approximately five grams per second.

The outer poloidal field coils designated PF1 through PF5 are positioned at
various locations around the vacuum vessel to provide the vertical field for radial
equilibrium and the shaping fields that establish the plasma cross-section. The
plasma cross-section has elongation of one point seven, defined as the ratio of the
vertical half-height to the horizontal half-width, and triangularity of zero point
four, defined as the horizontal offset of the maximum elongation point from the
plasma center normalized to the minor radius. These shaping parameters are
selected to optimize the plasma stability and the plasma pressure that can be
confined for a given magnetic field strength.

The outer poloidal field coils are fabricated from niobium-titanium
superconducting cable with cable-in-conduit conductor configuration similar to
that used for the central solenoid, but with a lower critical magnetic field
requirement that permits the use of the less expensive niobium-titanium material.
The operating currents range from ten thousand to thirty thousand amperes
depending on the specific coil function, and the cooling is provided by forced
flow of superecritical helium at four point five kelvins.

The magnetic field configuration established by the poloidal field coils includes a
double-null divertor geometry with upper and lower X-points positioned at major
radius of three point two meters and vertical distance of one point four meters
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above and below the midplane. The magnetic field lines in the scrape-off layer
outside the last closed flux surface are directed toward the divertor target plates
located at the top and bottom of the vacuum vessel, where the plasma particles
are neutralized and removed by the particle exhaust system.

The negative ion beam injection system of the compact modular fusion reactor
comprises eight independent injector modules arranged at equally spaced
azimuthal positions around the torus outer circumference, with angular
separation of forty-five degrees between adjacent injectors. Each injector module
delivers a neutral beam with nominal power of two megawatts at a beam energy
of two hundred kiloelectronvolts, providing a total injection power of sixteen
megawatts for plasma heating and current drive.

The negative ion source of each injector module employs the dual-driver radio-
frequency configuration that has been developed and demonstrated at the
Institute of Plasma Physics of the Chinese Academy of Sciences in Hefei under
the Comprehensive Research Facility for Fusion Technology program. The
design incorporates specific features derived from experimental optimization
including the driver geometry, the expansion chamber configuration, the
magnetic filter field arrangement, and the accelerator electrode design.

Each driver comprises a cylindrical discharge chamber with inner diameter of
two hundred forty millimeters and length of one hundred forty millimeters. The
discharge chamber wall is fabricated from aluminum oxide ceramic with purity
exceeding ninety-nine point five percent and wall thickness of eight millimeters.
The aluminum oxide ceramic is selected for its high electrical resistivity
exceeding ten to the fourteenth power ohm-centimeters, its high thermal
conductivity of approximately thirty watts per meter per kelvin, and its resistance
to chemical attack by hydrogen plasma and cesium vapor.

The inner surface of each discharge chamber is lined with a water-cooled
Faraday screen fabricated from oxygen-free high-conductivity copper. The
Faraday screen has thickness of four millimeters and incorporates sixty-four axial
slits with width of three millimeters and length of one hundred twenty
millimeters, arranged uniformly around the circumference. The slits are oriented
parallel to the discharge chamber axis and have a Z-shaped cross-section that
prevents direct line-of-sight from the plasma to the ceramic wall while permitting
the radio-frequency magnetic field to penetrate to the plasma volume. The Z-
shaped cross-section is formed by machining steps with depth of one point five
millimeters at the upstream and downstream ends of each slit.

Water cooling of the Faraday screen is provided by channels machined into the
copper structure with rectangular cross-section having width of three millimeters
and height of five millimeters. The cooling water flow rate is ten liters per minute
per driver, and the inlet temperature is twenty-five degrees Celsius. The
maximum surface temperature of the Faraday screen during plasma operation is
estimated at two hundred degrees Celsius based on thermal analysis assuming a
heat flux from the plasma of one hundred kilowatts per square meter.

The radio-frequency power is supplied by solid-state generators based on metal-
oxide-semiconductor field-effect transistor technology, specifically the Infineon
Technologies IRFP4568 device or equivalent, with continuous power capability
of one hundred kilowatts per generator and operating frequency of one
megahertz. The generators are configured in a push-pull topology with ferrite
transformer coupling to the antenna coil, providing impedance matching to the
time-varying plasma load without the need for external tuning capacitors.

The radio-frequency power is coupled to the plasma through external axial coil
antennas with six turns wound around each discharge chamber. The antenna coils
are fabricated from copper tubing with outer diameter of eight millimeters and
wall thickness of one millimeter, and are water-cooled to remove the ohmic
heating losses that amount to approximately five percent of the transmitted
power. The antenna coils of the two drivers are connected in series and driven by
a common radio-frequency power source, ensuring that the plasma parameters in
both drivers track together during power variations.

The expansion chamber connects the two driver volumes and provides the region
where the plasmas from the two drivers mix and diffuse toward the plasma grid.
The expansion chamber is fabricated from copper with wall thickness of ten
millimeters, and has internal dimensions of eight hundred fifty millimeters in the
horizontal direction perpendicular to the beam extraction, four hundred fifty
millimeters in the vertical direction, and two hundred ten millimeters in the
direction of beam extraction. The large horizontal dimension accommodates the
two drivers positioned at the left and right ends, while the vertical dimension is
selected to provide adequate plasma uniformity across the extraction aperture
array.

The lateral walls of the expansion chamber incorporate permanent magnet arrays
of neodymium-iron-boron composition, specifically the N52 grade material with
remanent magnetization of one point four five tesla and maximum energy
product of four hundred kilojoules per cubic meter. The magnets are arranged in
a checkerboard pattern with alternating north and south poles facing the plasma,
generating a surface magnetic field of approximately one hundred millitesla that
decays rapidly with distance from the wall. The magnet array extends over the
entire lateral wall area and is attached to the exterior surface of the copper wall
using high-temperature epoxy adhesive rated for continuous operation at one
hundred fifty degrees Celsius.

The magnetic cusp configuration formed by the checkerboard magnet array
reduces the loss of charged particles to the walls by creating localized magnetic
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mirrors that reflect particles approaching the wall surface. The enhancement of
plasma density in the extraction region compared to configurations without
magnetic confinement is approximately a factor of two, based on experimental
measurements using Langmuir probes at various locations within the expansion
chamber.

Additional permanent magnets in cusp configuration are installed on the back
plate of the expansion chamber, opposite to the plasma grid. These magnets have
the same grade and orientation as the lateral wall magnets, and serve to reduce
particle losses to the back plate and to provide a more uniform plasma
distribution across the extraction region. The back plate magnets are arranged in
horizontal rows with alternating polarity, generating a predominantly horizontal
magnetic field component near the back plate surface.

Cesium vapor is introduced to the expansion chamber through heated nozzles
positioned on the top and bottom walls, at horizontal positions midway between
the two drivers. The injection directions point toward the back plate of the
expansion chamber at angles of approximately forty-five degrees from the wall
normal. This injection geometry allows the cesium to be distributed throughout
the expansion chamber volume by the plasma before condensing on the plasma
grid surface.

The cesium injection nozzles are fabricated from stainless steel type 316L with
wall thickness of two millimeters and inner diameter of three millimeters. The
nozzle temperature is maintained at two hundred fifty degrees Celsius by
electrical resistance heating using nichrome wire wound around the nozzle body
and controlled by a proportional-integral-derivative temperature controller. The
cesium flow rate is controlled by the temperature of the cesium oven, which
contains approximately fifty grams of cesium metal and is heated to temperatures
between one hundred fifty and two hundred twenty degrees Celsius depending on
the desired injection rate.

The typical cesium injection rate during plasma operation is approximately five
milligrams per hour per nozzle, corresponding to a cesium consumption of
approximately ten milligrams per hour for the dual-nozzle configuration. At this
injection rate, the initial cesium charge is sufficient for approximately five
thousand hours of operation before replacement is required.

The plasma grid comprises a molybdenum alloy substrate designated TZM,
which has nominal composition of molybdenum with zero point five percent
titanium and zero point zero eight percent zirconium, providing enhanced
strength and creep resistance at elevated temperatures compared to pure
molybdenum. The plasma grid has thickness of five millimeters and overall
dimensions of seven hundred fifty millimeters in the horizontal direction and
three hundred millimeters in the vertical direction.

The plasma grid incorporates a total of three hundred eighty-four circular
extraction apertures arranged in a two-dimensional array. The apertures are
organized in six horizontal rows, with each row containing sixteen groups of four
apertures. The aperture diameter is fourteen millimeters and the aperture pitch is
twenty millimeters both horizontally and vertically within each group. The
spacing between adjacent groups is forty millimeters in the horizontal direction.
This aperture arrangement provides an effective extraction area of approximately
Zero point zero six square meters.

The plasma grid is water-cooled to maintain the surface temperature below three
hundred degrees Celsius during plasma operation. Cooling water at inlet
temperature of twenty-five degrees Celsius circulates through channels machined
into the molybdenum structure with rectangular cross-section having width of
four millimeters and height of six millimeters. The cooling channels are arranged
in a serpentine pattern that provides uniform temperature distribution across the
grid surface. The water flow rate is twenty liters per minute, and the temperature
rise across the plasma grid is approximately ten degrees Celsius at the nominal
heat load of one hundred kilowatts.

The plasma grid is maintained at a positive bias voltage between ten and twenty
volts with respect to the expansion chamber walls, which are at the same
potential as the back plate and the lateral walls. The bias voltage is supplied by a
direct current power supply with output capability of one hundred volts and one
hundred amperes, with ripple less than one percent and regulation better than
zero point one percent. The positive bias creates a sheath in front of the plasma
grid surface that accelerates negative ions toward the extraction apertures while
retarding electrons, thereby enhancing the extracted negative ion current and
reducing the co-extracted electron current.

A magnetic filter field is generated by passing electric current through the plasma
grid in the vertical direction. The current enters the plasma grid through a busbar
connection at the top edge and exits through a corresponding busbar at the
bottom edge. The current magnitude is one thousand amperes, supplied by a
direct current power supply with output capability of two thousand amperes at
fifty volts. The resulting magnetic field is predominantly horizontal and
perpendicular to the beam extraction direction, with magnitude of approximately
five millitesla at a distance of five centimeters upstream from the plasma grid
surface.

The magnetic filter field reduces the electron temperature and density in the
extraction region by impeding the transport of energetic electrons from the driver
volumes. The electrons, having small gyroradii of approximately one millimeter
at the filter field strength and typical electron temperatures, are deflected by the
magnetic field and undergo multiple collisions with neutral gas molecules before
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reaching the plasma grid. This filtering process results in electron temperatures
below one electronvolt in the extraction region, compared to electron
temperatures of approximately five electronvolts in the driver plasma.

A bias plate with two segments is positioned between the expansion chamber and
the plasma grid, separated from each by insulating spacers fabricated from
aluminum oxide ceramic. The bias plate is fabricated from molybdenum with
thickness of three millimeters, and incorporates rectangular openings that
correspond to the aperture groups on the plasma grid. The bias plate openings
have dimensions of eighty millimeters in the horizontal direction and sixty
millimeters in the vertical direction for each group, providing clear line-of-sight
from the expansion chamber plasma to the plasma grid apertures.

The two segments of the bias plate are electrically connected together and may
be either left at floating potential or connected to an external voltage source.
During the initial cesium conditioning phase, when the cesium coverage on the
plasma grid is being established, the bias plate is typically left at floating
potential and assumes a potential approximately ten volts negative with respect to
the expansion chamber walls. During steady-state operation with fully
conditioned cesium coverage, the bias plate may be connected to the plasma grid
bias power supply or to an independent power supply to optimize the local
potential distribution for negative ion production and extraction.

The extraction grid is positioned at a gap distance of seven millimeters from the
plasma grid and is maintained at a positive potential of six to twelve kilovolts
with respect to the plasma grid. The extraction grid is fabricated from oxygen-
free high-conductivity copper with thickness of fifteen millimeters, incorporating
the same aperture pattern as the plasma grid with aperture diameter of sixteen
millimeters to provide clearance for the diverging negative ion beamlets.

The extraction grid incorporates permanent magnets embedded within the copper
structure in a Halbach-like configuration. The magnets are fabricated from
samarium-cobalt grade 2:17 material, which has Curie temperature of eight
hundred twenty-five degrees Celsius and provides stable magnetic properties at
the operating temperatures of up to two hundred degrees Celsius. The magnet
dimensions are five millimeters in the direction of beam propagation, three
millimeters in the horizontal direction, and thirty millimeters in the vertical
direction. The magnets are positioned in rows between the aperture rows, with
alternating magnetization directions that create an asymmetric field distribution
across each aperture.

The magnetic field configuration deflects the co-extracted electrons onto the
downstream surface of the extraction grid, where they deposit their kinetic
energy and are neutralized. The electrons acquire energies of approximately five
to seven kiloelectronvolts in the extraction gap, corresponding to power
deposition of approximately fifty kilowatts at an electron current of eight
amperes. This power is removed by water cooling of the extraction grid using
channels machined into the copper structure with the same configuration as the
plasma grid cooling channels.

The ground grid is positioned at a gap distance of ninety millimeters from the
extraction grid and is maintained at ground potential. The potential difference
between the extraction grid and the ground grid accelerates the negative ions
from the extraction energy of approximately seven kiloelectronvolts to the final
beam energy of two hundred kiloelectronvolts. The acceleration gap distance is
selected to provide an average electric field of approximately two point one
kilovolts per millimeter, which is below the vacuum breakdown threshold of
approximately three kilovolts per millimeter for large gaps with conditioned
electrodes.

The ground grid is fabricated from molybdenum with thickness of ten
millimeters, incorporating elongated slot apertures rather than the circular
apertures used in the plasma grid and extraction grid. Each slot aperture has
width of sixteen millimeters in the horizontal direction and length of sixty
millimeters in the vertical direction, encompassing four beamlets from a single
aperture group. The slot aperture design reduces the interception of energetic
particles on the ground grid structure by providing increased clearance for
beamlets with finite divergence and for particles produced by stripping collisions
with background gas in the acceleration gap.

A field shaping plate is attached to the downstream surface of the extraction grid
and extends partially into the acceleration gap. The field shaping plate is
fabricated from oxygen-free high-conductivity copper with thickness of five
millimeters, and has apertures corresponding to each beamlet group with
dimensions of thirty millimeters in the horizontal direction and seventy
millimeters in the vertical direction. The field shaping plate modifies the electric
field distribution in the vicinity of the beamlets, reducing the outward electric
field component that would otherwise cause the beamlets to diverge as they
propagate toward the ground grid.

A radiation shield structure surrounds the acceleration gap and interposes
between the high-voltage electrode surfaces and the main insulator. The radiation
shield is fabricated from stainless steel type 304L with thickness of three
millimeters, and has a cylindrical geometry with inner diameter of six hundred
millimeters and height of three hundred millimeters. The radiation shield is
connected to ground potential through a low-inductance path, and is positioned at
a radial distance of sixty millimeters from the ground grid support frame and at a
clearance distance of one hundred twenty millimeters from the inner surface of
the main insulator.
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The radiation shield dimensions are determined through electrostatic field
simulations performed using the COMSOL Multiphysics software package with
the AC/DC Module. The simulations model the complete electrode geometry
including the plasma grid, extraction grid, ground grid, and their support frames,
with boundary conditions corresponding to the applied voltages during beam
acceleration. The electric field distribution is calculated using the finite element
method with mesh refinement in the regions of highest field gradient. The
radiation shield geometry is optimized to minimize the maximum electric field
on all surfaces while maintaining adequate shielding of the insulator surface from
photons emitted by the plasma and from charged particles scattered in the
acceleration region.

The main insulator comprises a fiber-reinforced epoxy composite cylinder with
height of four hundred ten millimeters, inner diameter of six hundred millimeters,
and wall thickness of forty millimeters. The reinforcement comprises alumina
fibers with diameter of twelve micrometers and tensile strength of two
gigapascals, arranged in a quasi-isotropic layup with fiber volume fraction of
sixty percent. The epoxy matrix is based on the diglycidyl ether of bisphenol A
resin cured with an aromatic amine hardener, providing glass transition
temperature of one hundred eighty degrees Celsius and dielectric strength of
twenty-five kilovolts per millimeter.

The insulator is manufactured by filament winding of the alumina fiber onto a
removable mandrel, with concurrent application of the catalyzed epoxy resin.
The winding pattern comprises alternating layers of helical windings at angles of
plus and minus forty-five degrees to the cylinder axis, interspersed with hoop
windings at ninety degrees. The total number of layers is twenty-four, providing
the required wall thickness after compaction. The wound structure is cured in an
autoclave at a temperature of one hundred seventy degrees Celsius and a pressure
of zero point seven megapascals for four hours.

After curing, the insulator is inspected using industrial computed tomography
with a voltage of four hundred fifty kilovolts and focal spot size of zero point
four millimeters. The computed tomography images are analyzed to identify
internal defects including voids, delaminations, and inclusions with dimensions
exceeding zero point five millimeters. Any insulators containing defects within
the high electric field region, defined as the lower half of the insulator height
where the field enhancement from the electrode geometry is greatest, are
rejected.

The gas neutralizer comprises a rectangular chamber with length of three meters
in the beam propagation direction, height of one point seven meters, and width of
zero point one four five meters for each of two parallel beam channels formed by
the neutralizer structure. The neutralizer walls are fabricated from stainless steel
type 316L with thickness of ten millimeters, and are water-cooled to remove the
heat deposited by beam halo particles and by radiation from the energetic charge
exchange reactions that occur within the gas volume.

Hydrogen gas is introduced through a distributed array of one hundred inlet
nozzles positioned along the length of the neutralizer at intervals of thirty
millimeters. The nozzles are fed from a common manifold through capillary
tubes with inner diameter of zero point five millimeters and length of fifty
millimeters, which provide the flow impedance necessary for uniform
distribution of the gas among the nozzles. The total gas flow rate is adjusted to
establish a line-integrated target density of approximately one times ten to the
sixteenth power molecules per square centimeter, which provides approximately
fifty-five percent neutralization of the incoming negative ion beam.

The leading-edge elements at the neutralizer entrance are fabricated from
tungsten alloy with composition of ninety percent tungsten, six percent nickel,
and four percent copper, providing a combination of high thermal conductivity
and adequate machinability. The leading-edge elements have thickness of ten
millimeters and incorporate internal cooling channels with diameter of six
millimeters, supplied with water at a flow rate of five liters per minute per
element. The maximum surface temperature of the leading-edge elements during
operation is estimated at eight hundred degrees Celsius based on thermal analysis
assuming a heat flux of five megawatts per square meter from beam halo
particles and stripped electrons.

The residual ion deflection system comprises three vertical electrode plates
positioned downstream of the neutralizer exit, forming two beam channels with
width of three hundred thirty millimeters each. The center electrode plate is
fabricated from copper with thickness of twenty millimeters and is maintained at
a positive potential of ten kilovolts to attract and absorb the negative residual
ions. The outer electrode plates are fabricated from copper with thickness of
fifteen millimeters and are maintained at ground potential to absorb the positive
residual ions that are deflected in the opposite direction by the electric field.

The electrode plates incorporate water cooling channels with rectangular cross-
section having width of six millimeters and height of ten millimeters, arranged in
a serpentine pattern with channel spacing of twenty millimeters. The cooling
water flow rate is fifty liters per minute per plate, and the maximum surface
temperature during operation is estimated at two hundred degrees Celsius based
on the deposited power of approximately two hundred kilowatts per plate.

The beam transport section comprises a differentially pumped vacuum system
with two stages of cryogenic pumping between the neutralizer region and the
plasma vessel. The first pumping stage is positioned immediately downstream of
the residual ion dump and reduces the pressure from approximately zero point
one pascals to approximately zero point zero one pascals. The second pumping
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stage is positioned at the entrance to the tangential port on the plasma vessel and
reduces the pressure to approximately zero point zero zero one pascals, matching
the base pressure of the plasma vessel during neutral beam injection.

The cryogenic pumps employ panels coated with activated charcoal that are
cooled to temperatures of fifteen to twenty kelvins by helium gas circulation. The
pumping speed for hydrogen is approximately two hundred cubic meters per
second per panel, and each pumping stage incorporates four panels providing a
total pumping speed of eight hundred cubic meters per second. The activated
charcoal coating is regenerated by heating the panels to one hundred kelvins
while pumping with a turbomolecular pump, which releases the accumulated
hydrogen gas for removal from the system.

The divertor system of the compact modular fusion reactor comprises target
plates, baffle structures, and pumping ducts positioned at the top and bottom of
the plasma vessel, where the magnetic field lines in the scrape-off layer are
directed to terminate. The divertor configuration employs a double-null geometry
with upper and lower X-points, providing symmetric distribution of the exhaust
power and particles between the upper and lower divertor regions.

Each divertor region comprises inner and outer target plates corresponding to the
inner and outer legs of the magnetic field lines extending from the X-point. The
target plates are oriented at grazing incidence angles of two to four degrees with
respect to the incident magnetic field lines, which distributes the deposited heat
flux over larger surface areas and reduces the peak surface heat load by
approximately a factor of fifteen compared to normal incidence.

The divertor target plates are fabricated as modular cassettes that can be replaced
individually during scheduled maintenance periods using remote handling
equipment. Each cassette has dimensions of approximately four hundred
millimeters in the toroidal direction, one thousand millimeters in the poloidal
direction, and two hundred millimeters in the radial direction, and weighs
approximately one hundred kilograms including the plasma-facing armor, the
heat sink structure, and the mechanical attachment hardware.

The plasma-facing surface of each divertor cassette comprises tungsten
monoblock armor with dimensions of twenty-eight millimeters in the toroidal
direction, twelve millimeters in the poloidal direction, and six millimeters in the
radial direction. The tungsten monoblocks are attached to a copper-chromium-
zirconium alloy heat sink tube with outer diameter of twelve millimeters and wall
thickness of one point five millimeters by hot radial pressing, wherein the
tungsten monoblock is heated to eight hundred degrees Celsius and pressed onto
the slightly oversized copper tube, creating an interference fit with contact
pressure of approximately fifty megapascals.

The heat sink tubes are arranged in parallel with spacing of thirty millimeters in
the poloidal direction, and are connected to inlet and outlet manifolds by orbital
welding. Pressurized water at fifteen point five megapascals circulates through
the heat sink tubes at a velocity of ten meters per second, which provides a heat
transfer coefficient of approximately one hundred thousand watts per square
meter per kelvin based on the Dittus-Boelter correlation with enhancement
factors for the high Reynolds number and the internally roughened tube surface.

The divertor target plates are designed to accommodate steady-state heat fluxes
of ten megawatts per square meter at the peak location, with transient capability
up to twenty megawatts per square meter for durations of one second. At the
steady-state design heat flux, the tungsten surface temperature is calculated to be
approximately two thousand degrees Celsius based on one-dimensional heat
conduction analysis, which is below the recrystallization temperature of
approximately one thousand three hundred degrees Celsius only for low-cycle
operation. For high-cycle operation exceeding ten thousand pulses, the peak heat
flux must be limited to approximately five megawatts per square meter to prevent
recrystallization embrittlement of the tungsten armor.

The divertor baffle structures are positioned behind the target plates and provide
neutron shielding for the vacuum vessel and the superconducting magnets. The
baffle structures are fabricated from reduced-activation ferritic-martensitic steel
F82H with thickness of fifty millimeters, and incorporate water cooling channels
for removal of the nuclear heating. The baffle surfaces facing the plasma are
coated with tungsten by plasma spraying to a thickness of approximately two
millimeters, providing erosion resistance similar to the target plate armor.

The divertor pumping ducts provide pathways for neutral gas flow from the
private flux region beneath the X-point to the cryogenic vacuum pumps located
in the divertor port extensions. The pumping ducts have rectangular cross-section
with dimensions of two hundred millimeters in the toroidal direction and one
hundred millimeters in the radial direction, and length of approximately one
point five meters from the private flux region to the pump entrance. The
conductance of each pumping duct for molecular hydrogen flow is approximately
fifty cubic meters per second, and the total of eight pumping ducts per divertor
region provides a combined conductance of four hundred cubic meters per
second.

The tritium breeding blanket system of the compact modular fusion reactor
comprises modular blanket segments that surround the plasma vessel within the
bore of the toroidal field magnets, intercepting the neutrons produced by fusion
reactions and breeding tritium through nuclear transmutation of lithium. The
blanket design employs the helium-cooled ceramic breeder concept with lithium
orthosilicate pebbles distributed in a bed within the coolant channels of a
reduced-activation ferritic-martensitic steel structure.
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Each blanket segment has dimensions of approximately six hundred millimeters
in the toroidal direction, corresponding to a single gap between adjacent toroidal
field coils, one thousand two hundred millimeters in the poloidal direction, and
three hundred millimeters in the radial direction from the first wall to the vacuum
vessel outer shell. The blanket segments are installed through vertical ports at the
top of the plasma vessel and are supported by rails that extend in the poloidal
direction around the vessel perimeter.

The blanket structural material is reduced-activation ferritic-martensitic steel
F82H, selected for its low activation under neutron irradiation and its
compatibility with the helium coolant at temperatures up to five hundred fifty
degrees Celsius. The blanket structure comprises a first wall panel with thickness
of twenty-five millimeters incorporating cooling channels, a breeder zone with
radial thickness of two hundred millimeters containing the lithium orthosilicate
pebble beds, and a back plate with thickness of fifty millimeters providing
mechanical support and neutron shielding.

The lithium orthosilicate pebbles have diameter between zero point two five and
zero point six three millimeters, produced by melt spraying of lithium
orthosilicate powder followed by spheroidization in a plasma torch. The lithium
in the pebbles is enriched to fifty percent lithium-six isotope, compared to the
natural abundance of seven point five percent, to enhance the tritium breeding
ratio. The packing fraction of the pebbles in the breeder zone is approximately
sixty-three percent, corresponding to random loose packing of spheres.

The helium coolant enters the blanket through the back plate and flows radially
inward through channels between the pebble beds, with typical channel
dimensions of twenty millimeters width and the full two hundred millimeters
height of the breeder zone. The helium pressure is eight megapascals and the
inlet temperature is three hundred degrees Celsius. The helium absorbs heat from
the nuclear reactions in the pebble beds and in the structural material, and exits
the blanket at a temperature of five hundred degrees Celsius. The helium flow
rate per blanket segment is approximately zero point five kilograms per second,
and the total helium inventory in the blanket system is approximately five
hundred kilograms.

A separate helium purge gas system with pressure of zero point one megapascals
and flow rate of approximately zero point zero one kilograms per second per
blanket segment circulates through the pebble beds to sweep out the tritium that
permeates from the pebbles. The purge gas is processed by a tritium extraction
system comprising palladium membrane permeators that selectively remove
hydrogen isotopes from the helium stream. The recovered tritium is
cryogenically distilled to separate it from protium and deuterium, and is stored in
uranium beds until required for fueling the plasma.

The tritium breeding ratio of the blanket system is calculated using the Monte
Carlo N-Particle code with detailed three-dimensional geometry models that
include the blanket segments, the vacuum vessel, the toroidal field coils, and all
penetrations for neutral beam injection and diagnostics. The calculated tritium
breeding ratio is one point one zero, providing a margin of ten percent above
self-sufficiency to account for losses in the fuel cycle and to permit accumulation
of tritium inventory for future reactor startups or for supply to other facilities.

The remote handling system of the compact modular fusion reactor comprises
articulated manipulator arms, transport equipment, and specialized tooling for the
maintenance and replacement of in-vessel components without personnel access
to the radioactive environment. The remote handling system is designed to
perform all planned maintenance operations including replacement of divertor
cassettes, replacement of blanket segments, and inspection and repair of the first
wall and vacuum vessel.

The primary remote handling equipment comprises two articulated manipulator
arms mounted on a telescoping boom that enters the vacuum vessel through a
horizontal port at the torus midplane. Each manipulator arm has seven degrees of
freedom with joint configurations similar to the human arm, including shoulder
rotation, shoulder flexion, elbow flexion, forearm rotation, wrist flexion, and
wrist rotation, plus an additional degree of freedom for gripper opening and
closing. The manipulator arms have length of approximately two point five
meters from the shoulder joint to the gripper, and payload capacity of one
hundred kilograms at full extension.

The manipulator arms are actuated by brushless direct current electric motors
located in the joints, with position feedback from absolute optical encoders and
force feedback from strain gauge sensors integrated into the structural links. The
control system provides both autonomous operation for repetitive tasks and
teleoperated mode for complex or unforeseen operations. In teleoperated mode,
the operator uses a master manipulator with the same kinematic configuration as
the slave arms, with force reflection to provide tactile feedback of the contact
forces at the gripper.

The transport of components between the vacuum vessel and the hot cell is
performed using transfer casks that provide radiation shielding and
contamination containment. The transfer casks are fabricated from steel with wall
thickness of one hundred fifty millimeters, providing shielding sufficient to
reduce the dose rate on the exterior surface to less than one millisievert per hour
for components with the maximum expected activation levels. The transfer casks
are moved by overhead cranes with capacity of fifty metric tons, operating on
rails that extend from the reactor hall to the hot cell.
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The hot cell provides a shielded enclosure for storage, inspection, repair, and
disposal of activated components. The hot cell walls comprise concrete with
thickness of one point five meters, providing shielding equivalent to two hundred
millimeters of steel. The hot cell incorporates through-wall manipulators with
force-reflecting master-slave configuration for detailed inspection and repair
operations, as well as automated equipment for cutting, welding, and machining
of activated components.

The power conversion system of the compact modular fusion reactor comprises
heat exchangers, a steam turbine generator, and auxiliary equipment for
converting the thermal energy deposited in the plasma-facing components and
the blanket into electrical power. The power conversion system is designed to
produce a net electrical output of approximately two hundred fifty megawatts
from a fusion power of five hundred megawatts, corresponding to an overall
plant efficiency of fifty percent.

The primary heat transport system comprises two independent loops that remove
heat from the blanket and the divertor, respectively. The blanket cooling loop
circulates helium gas at eight megapascals and temperatures between three
hundred and five hundred degrees Celsius through the blanket segments,
transferring heat to a secondary loop through a helium-to-helium intermediate
heat exchanger. The divertor cooling loop circulates pressurized water at fifteen
point five megapascals and temperatures between two hundred eighty and three
hundred twenty degrees Celsius through the divertor target plates and the first
wall, transferring heat to a secondary loop through a water-to-water intermediate
heat exchanger.

The intermediate heat exchangers provide isolation between the primary loops,
which are potentially contaminated with tritium and activated corrosion products,
and the secondary loops, which supply steam to the turbine. The intermediate
heat exchangers are designed for zero tube leakage using a double-wall tube
configuration with helium leak detection in the annular space between the walls.

The secondary loops supply superheated steam at ten megapascals and five
hundred degrees Celsius to a steam turbine generator comprising a high-pressure
turbine, an intermediate-pressure turbine, and a low-pressure turbine on a
common shaft connected to a synchronous generator. The turbine is rated for an
electrical output of three hundred megawatts, with the excess capacity providing
margin for future power upgrades. The generator is rated at three hundred fifty
megavolt-amperes with power factor of zero point eight five, and produces
electrical power at a voltage of twenty kilovolts and a frequency of fifty hertz for
connection to the electrical grid through a step-up transformer.

The steam exhausted from the low-pressure turbine is condensed in a water-
cooled condenser operating at a pressure of five kilopascals, corresponding to a
saturation temperature of thirty-three degrees Celsius. The condenser cooling
water is supplied from a cooling tower with capacity to reject approximately four
hundred megawatts of thermal power to the atmosphere. The condensate is
pumped through a series of feedwater heaters using steam extracted from the
turbine at various pressure levels, raising the temperature to two hundred seventy
degrees Celsius before return to the steam generators.

The plasma control system of the compact modular fusion reactor comprises a
distributed array of diagnostic systems, a central digital controller, and actuator
systems for regulation of the plasma state. The control system is designed to
maintain the plasma in a stable operating state with specified values of plasma
current, stored energy, and shape parameters, while providing protection against
disruptions and other off-normal events.

The magnetic diagnostics comprise Rogowski coils for measurement of the
plasma current, flux loops for measurement of the poloidal magnetic flux, and
discrete magnetic probes for measurement of the local magnetic field
components. The Rogowski coils are wound on ceramic forms installed inside
the vacuum vessel, with approximately five hundred turns of mineral-insulated
cable providing good immunity to electromagnetic interference. The flux loops
are continuous windings of mineral-insulated cable installed on the vacuum
vessel surface at twelve poloidal locations, providing measurements of the flux
linked by each loop. The magnetic probes comprise sets of three orthogonal coils
at forty-eight locations around the poloidal cross-section, providing
measurements of the radial, poloidal, and toroidal field components.

The optical diagnostics comprise interferometers for measurement of the line-
integrated electron density, Thomson scattering systems for measurement of the
local electron temperature and density profiles, and charge exchange
recombination spectroscopy for measurement of the ion temperature and rotation
profiles. The interferometer uses a deuterium fluoride laser at wavelength of
three point eight micrometers with heterodyne detection, providing time
resolution of one microsecond and density resolution of one times ten to the
eighteenth power electrons per square meter. The Thomson scattering system
uses a neodymium-doped yttrium aluminum garnet laser at wavelength of one
point zero six four micrometers with pulse energy of one joule and repetition rate
of thirty hertz, providing spatial resolution of ten millimeters and temperature
measurement accuracy of five percent.

The central digital controller receives signals from all diagnostic systems through
analog-to-digital converters with sampling rate of one megahertz and resolution
of sixteen bits. The controller executes real-time algorithms for plasma
equilibrium reconstruction using the EFIT code, calculating the plasma boundary
shape and the internal current density profile from the magnetic measurements.
The controller also executes algorithms for feedback control of the plasma
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position and shape, generating voltage commands to the poloidal field coil power
supplies at a rate of ten kilohertz.

The neutral beam injection power is regulated by the control system to maintain
the plasma stored energy at the target value. The stored energy is inferred from
the plasma equilibrium reconstruction and from the diamagnetic flux measured
by loops installed in the vacuum vessel wall. The control algorithm calculates the
difference between the measured and target stored energy, and adjusts the radio-
frequency power to the ion source drivers to bring the beam power to the level
required to match the target. The response time of the neutral beam power
regulation is limited by the response of the radio-frequency power supplies to
approximately one hundred milliseconds.

The safety systems comprise passive features inherent in the reactor design and
active systems that initiate protective actions in response to detected abnormal
conditions. The passive safety features include the negative feedback between
plasma temperature and fusion power, wherein any increase in plasma
temperature above the optimum burning temperature of approximately fifteen
kiloelectronvolts results in decreased fusion reaction rate due to reduced fuel ion
density at constant pressure. This negative feedback prevents runaway thermal
excursions and provides inherent stability of the plasma operating point.

The active safety systems include the fast plasma shutdown system, which injects
high-atomic-number impurities to radiatively collapse the plasma energy before
it can be deposited on plasma-facing components. The shutdown system uses
pellets of solid neon or argon approximately five millimeters in diameter,
launched by a gas gun at velocities of five hundred meters per second. The
pellets penetrate to the plasma core and ablate, releasing the impurity atoms that
become highly ionized and radiate energy by line emission. The radiated power
reaches approximately five gigawatts within ten milliseconds, collapsing the
plasma thermal energy within fifty milliseconds and reducing the mechanical and
thermal loads on the structure compared to an unmitigated disruption.

The vacuum vessel and primary coolant boundaries are designed to withstand the
pressurization that would result from a coolant leak into the vacuum space. The
design pressure of the vacuum vessel is one megapascal absolute, which exceeds
the saturation pressure of water at three hundred twenty degrees Celsius by a
factor of two. Pressure relief valves connected to a condensing tank open at zero
point eight megapascals to prevent over-pressurization of the vessel. The
condensing tank has volume of one hundred cubic meters and is partially filled
with water at ambient temperature, providing the heat sink required to condense
the steam released from a broken cooling line.

Industrial Applicability

The compact modular fusion reactor system of the present invention finds
application in the generation of electrical power for supply to residential,
commercial, and industrial consumers. The reactor produces approximately two
hundred fifty megawatts of net electrical output, which is sufficient to supply the
needs of approximately two hundred thousand households or equivalent
industrial loads. The compact and modular design permits factory fabrication of
major components with subsequent assembly at the power plant site, reducing
construction time and cost compared to larger power plants requiring extensive
on-site fabrication.

The reactor system also finds application in the production of hydrogen or other
synthetic fuels through high-temperature electrolysis using the high-grade
thermal energy available from the helium-cooled blanket. At the blanket outlet
temperature of five hundred degrees Celsius, solid oxide electrolysis cells can
operate with electrical efficiency exceeding ninety percent, producing hydrogen
at costs competitive with steam methane reforming when the electricity cost is
below thirty dollars per megawatt-hour.

The reactor system additionally finds application in the transmutation of long-
lived radioactive waste products through neutron irradiation. The high neutron
flux of approximately five times ten to the fourteenth power neutrons per square
centimeter per second at the blanket surface can transmute selected actinides and
fission products to shorter-lived isotopes, reducing the required isolation time for
geological disposal. The transmutation capability is provided by replacing
selected blanket segments with target assemblies containing the waste materials
to be transmuted.

Abstract

A compact modular fusion reactor system achieves sustained fusion reactions
through synergistic integration of high-energy long-pulse negative ion beam
injection, optimized magnetic confinement geometry, and comprehensive thermal
management architecture. The reactor employs eight negative ion beam injectors
arranged circumferentially around a toroidal plasma vessel with major radius of
four meters, each delivering neutral hydrogen or deuterium atoms at energies of
two hundred kiloelectronvolts with pulse durations exceeding one hundred
seconds. Each injector comprises a dual-driver radio-frequency negative ion
source with cesium-seeded molybdenum alloy plasma grid providing current
density exceeding two hundred amperes per square meter, a three-grid
electrostatic accelerator with optimized radiation shielding using stainless steel
structures and alumina fiber reinforced epoxy insulators manufactured with
computed tomography inspection, a gas neutralizer with tungsten alloy leading-
edge elements, and a residual ion deflection system with copper electrodes. The
toroidal field magnets employ rare-earth barium copper oxide high-temperature
superconducting tape wound in non-insulated configuration providing inherent
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quench protection. The helium-cooled ceramic breeder blanket with lithium
orthosilicate pebbles achieves tritium self-sufficiency with breeding ratio
exceeding unity. The power conversion system generates two hundred fifty
megawatts of net electrical output through a steam turbine generator supplied
with steam at ten megapascals and five hundred degrees Celsius.

Prior Art Reference

Jianglong Wei et al 2026 Nucl. Fusion 66026020

Appendix 1

The compact modular fusion reactor system of the present invention operates
according to fundamental principles of plasma physics, nuclear physics, and ion
beam physics that are expressed through the following governing equations.

Fusion Power Density

Pusion = "D7{¢ V)DT Efusion

The fusion power density represents the volumetric rate of energy release from
deuterium-tritium fusion reactions occurring within the confined plasma. The
variable n subscript D denotes the number density of deuterium ions measured in
particles per cubic meter, typically ranging from one times ten to the twentieth
power to two times ten to the twentieth power particles per cubic meter in
reactor-grade plasmas. The variable n subscript T denotes the number density of
tritium ions in the same units. The quantity in angle brackets, sigma v subscript
DT, represents the fusion reactivity, which is the product of the reaction cross-
section sigma and the relative velocity v of the reacting particles, averaged over
the Maxwellian velocity distribution of the plasma ions. This reactivity has units
of cubic meters per second and depends strongly on the ion temperature, reaching
a maximum value of approximately eight point five times ten to the negative
twenty-second power cubic meters per second at an ion temperature of
approximately sixty-four kiloelectronvolts. The variable E subscript fusion
represents the energy released per fusion reaction, which equals seventeen point
six megaelectronvolts or two point eight two times ten to the negative twelve
joules for the deuterium-tritium reaction. The resulting power density has units of
watts per cubic meter.

Lawson Criterion for Ignition

12kgT
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The Lawson criterion establishes the minimum product of electron density and
energy confinement time required for a fusion plasma to achieve ignition,
wherein the alpha particle heating from fusion reactions sustains the plasma
temperature without external heating. The variable n subscript e denotes the
electron density in particles per cubic meter, which equals the total ion density
for a quasi-neutral plasma. The variable tau subscript E denotes the energy
confinement time in seconds, defined as the ratio of the plasma thermal energy
content to the power loss rate through transport processes. The variable k
subscript B represents the Boltzmann constant with value of one point three eight
times ten to the negative twenty-third power joules per kelvin. The variable T
represents the plasma temperature in kelvins, which may be converted to
kiloelectronvolts by the relation one kiloelectronvolt equals one point one six
times ten to the seventh power kelvins. The variable E subscript alpha represents
the kinetic energy of the alpha particles produced by fusion reactions, which
equals three point five megaelectronvolts or five point six times ten to the
negative thirteen joules. At the optimal temperature of approximately fifteen
kiloelectronvolts for deuterium-tritium fusion, the Lawson criterion requires the
product n subscript e times tau subscript E to exceed approximately one point
five times ten to the twentieth power particles seconds per cubic meter.

Plasma Beta and Magnetic Pressure Balance

ZﬂonekB(Te + Ti)
p=te e
B

The plasma beta parameter quantifies the ratio of plasma kinetic pressure to
magnetic field pressure and determines the efficiency of magnetic confinement.
The variable mu subscript zero represents the permeability of free space with
value of four pi times ten to the negative seventh power henries per meter. The
variables T subscript e and T subscript i represent the electron and ion
temperatures respectively in kelvins. The variable B represents the magnetic field
strength in tesla. For tokamak plasmas, the beta parameter is limited by
magnetohydrodynamic stability considerations to values below approximately
five to ten percent, depending on the plasma shape and current profile. The
compact modular fusion reactor of the present invention operates at a normalized
beta value of approximately two point five percent, providing adequate margin
against stability limits while achieving high fusion power density.

Negative Ion Production by Surface Conversion

b —Ey

Tg—=Tp0 exp k5Ts “Psurvival
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The negative ion flux produced by surface conversion on low work function
surfaces depends on the incident neutral atom flux and the surface physics
parameters. The variable Gamma subscript H superscript minus denotes the flux
of negative hydrogen ions leaving the surface in particles per square meter per
second. The variable Gamma subscript H superscript zero denotes the flux of
neutral hydrogen atoms incident on the surface. The variable phi represents the
work function of the cesiated surface in electronvolts, which is approximately
one point five to two electronvolts for optimal cesium coverage on molybdenum
substrates. The variable E subscript A represents the electron affinity of
hydrogen, which equals zero point seven five electronvolts and determines the
binding energy of the extra electron to the hydrogen atom. The variable T
subscript s represents the surface temperature in kelvins. The factor P subscript
survival represents the probability that the nascent negative ion survives electron
detachment collisions as it traverses the plasma sheath region near the surface,
which depends on the sheath thickness and the electron density in the extraction
region. Maximizing the negative ion yield requires maintaining the surface work
function below approximately two electronvolts through continuous cesium
deposition while keeping the surface temperature between two hundred and three
hundred fifty degrees Celsius.

Child-Langmuir Space-Charge-Limited Current Density

= 9 m; d2

The Child-Langmuir law establishes the maximum current density that can be
extracted from a plasma through an aperture under space-charge-limited
conditions. The variable j represents the extracted current density in amperes per
square meter. The variable epsilon subscript zero represents the permittivity of
free space with value of eight point eight five times ten to the negative twelfth
power farads per meter. The variable e represents the elementary charge with
value of one point six zero times ten to the negative nineteenth power coulombs.
The variable m subscript i represents the ion mass, which equals one point six
seven times ten to the negative twenty-seventh power kilograms for hydrogen or
three point three four times ten to the negative twenty-seventh power kilograms
for deuterium. The variable V represents the extraction voltage in volts, and the
variable d represents the gap distance between the plasma meniscus and the
extraction electrode in meters. For the negative ion beam injectors of the present
invention operating with extraction voltage of eight thousand volts and gap
distance of seven millimeters, the theoretical space-charge-limited current
density for deuterium negative ions is approximately five hundred amperes per
square meter, providing adequate margin above the operational current density of
two hundred amperes per square meter.

Beamlet Divergence in Electrostatic Acceleration

- 2 2 2
0= \/gthermal + goptics + gspace charge

The total divergence angle of individual beamlets extracted from the ion source
results from the quadrature sum of contributions from thermal motion, extraction
optics aberrations, and space charge effects. The variable theta represents the
total root-mean-square divergence half-angle in radians or milliradians. The
thermal divergence contribution is given by theta subscript thermal equals the
square root of the quantity k subscript B times T subscript i divided by e times V,
where T subscript i is the ion temperature in the extraction region and V is the
extraction voltage. For ion temperatures of one electronvolt and extraction
voltages of eight thousand volts, the thermal divergence contribution is
approximately eleven milliradians. The optical divergence contribution arises
from aberrations in the electric field distribution near the extraction apertures and
typically contributes five to ten milliradians for well-designed multi-aperture
systems. The space charge divergence contribution arises from mutual
electrostatic repulsion between ions within each beamlet and between adjacent
beamlets, and depends on the current density and the beam transport distance.
The total divergence of the negative ion beamlets in the present invention is
maintained below twenty milliradians through optimization of the aperture
geometry, the extraction field distribution, and the accelerator column design.

Neutralization Efficiency for Negative Ions

°-1,0

"Ineutral = m

(l —exp (—(6_1,0 + 0—1,+1)“)>

The neutralization efficiency determines the fraction of the negative ion beam
that is converted to neutral atoms in the gas neutralizer. The variable eta subscript
neutral represents the neutralization efficiency as a dimensionless fraction. The
variable sigma subscript negative one comma zero represents the cross-section
for electron detachment from the negative ion to produce a neutral atom,
measured in square meters. The variable sigma subscript negative one comma
positive one represents the cross-section for double electron detachment from the
negative ion to produce a positive ion, which is generally much smaller than the
single detachment cross-section at beam energies below one megaelectronvolt.
The variable Pi represents the line-integrated target thickness of the neutralizer
gas in particles per square meter. For negative hydrogen ions at energies of two
hundred kiloelectronvolts, the single detachment cross-section is approximately
seven times ten to the negative twenty power square meters, and the optimal
target thickness is approximately one point two times ten to the sixteenth power
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particles per square meter, yielding a neutralization efficiency of approximately
fifty-eight percent.

Neutral Beam Stopping Cross-Section in Plasma
Ostopping = °CX t Cion t Cion,i

The stopping cross-section determines the penetration depth of the neutral beam
into the confined plasma and the spatial distribution of the deposited power. The
variable sigma subscript stopping represents the total effective cross-section for
conversion of a beam neutral to an ion that becomes trapped in the magnetic
field. The variable sigma subscript CX represents the charge exchange cross-
section, wherein the beam neutral captures an electron from a plasma ion and
becomes ionized while the plasma ion becomes neutralized. The variable sigma
subscript ion represents the electron impact ionization cross-section, wherein a
plasma electron strips an electron from the beam neutral. The variable sigma
subscript ion comma i represents the ion impact ionization cross-section, wherein
a plasma ion strips an electron from the beam neutral through a direct collision.
At beam energies of two hundred kiloelectronvolts and plasma temperatures of
ten to twenty kiloelectronvolts, the charge exchange process dominates, with
cross-sections of approximately three times ten to the negative twenty power
square meters for interactions with plasma deuterium and tritium ions. The mean
free path for beam stopping is approximately one point five meters in the reactor-
grade plasma of the present invention, providing efficient core heating while
avoiding shine-through losses to the opposite wall.

Neutral Beam Current Drive Efficiency

IR engRE [ V|| Zugr + 4
PO e OJ Il Zeff Fwydy

DT PNBL GPNBI) v Zefr +1
The current drive efficiency quantifies the plasma current generated per unit of
injected neutral beam power and determines the feasibility of steady-state
operation without inductive flux drive. The variable eta subscript CD represents
the current drive efficiency in amperes per watt. The variable I subscript p
represents the plasma current in amperes. The variable R subscript zero
represents the major radius of the plasma in meters. The variable P subscript NBI
represents the neutral beam injection power in watts. The variable tau subscript s
represents the Spitzer slowing-down time for fast ions in seconds. The variable v
subscript parallel represents the component of the fast ion velocity parallel to the
magnetic field. The variable Z subscript eff represents the effective ionic charge
of the plasma, accounting for impurities. The function f of v represents the fast
ion distribution function. For tangential injection of neutral beams at energies of
two hundred kiloelectronvolts into a plasma with electron temperature of fifteen
kiloelectronvolts and effective charge of one point five, the current drive
efficiency is approximately zero point three times ten to the twentieth power
amperes per watt per square meter, corresponding to a driven current of
approximately one megaampere for an injection power of sixteen megawatts.

Energy Confinement Time Scaling

o = 00562 1§93 5015, 0541 p=0.69 g1.97,0.58,0.78 3;0.19

The energy confinement time is predicted by empirical scaling laws derived from
multi-machine databases compiled from experimental results at tokamaks
worldwide. This expression represents the ITER Physics Basis scaling designated
IPB98(y,2). The variable tau subscript E represents the energy confinement time
in seconds. The variable I subscript p represents the plasma current in
megaamperes. The variable B subscript T represents the toroidal magnetic field
at the plasma axis in tesla. The variable n subscript nineteen represents the line-
averaged electron density in units of ten to the nineteenth power particles per
cubic meter. The variable P represents the total heating power in megawatts. The
variable R represents the major radius in meters. The variable epsilon represents
the inverse aspect ratio, defined as the ratio of minor radius to major radius. The
variable kappa represents the plasma elongation, defined as the ratio of vertical
half-height to horizontal half-width. The variable M represents the average
atomic mass of the plasma ions in atomic mass units. For the compact modular
fusion reactor of the present invention with major radius of four meters, plasma
current of eight megaamperes, magnetic field of six point five tesla, and heating
power of sixteen megawatts, the predicted energy confinement time is
approximately one point two seconds.

Tritium Breeding Ratio
TBR = J (nLi6oLi6 + nLi70Li7) # (E)dEdV
Vv

The tritium breeding ratio determines the self-sufficiency of the fusion reactor
with respect to tritium fuel supply. The variable TBR represents the ratio of
tritium atoms produced in the breeding blanket to tritium atoms consumed in the
plasma, and must exceed unity for self-sufficient operation. The variables n
subscript Li6 and n subscript Li7 represent the number densities of lithium-six
and lithium-seven isotopes in the breeder material in atoms per cubic meter. The
variables sigma subscript Li6 and sigma subscript Li7 represent the
corresponding neutron absorption cross-sections for tritium production, measured
in square meters or barns where one barn equals ten to the negative twenty-eighth
power square meters. The lithium-six reaction with thermal neutrons has a cross-
section of nine hundred forty barns at neutron energy of zero point zero two five

8
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electronvolts, while the lithium-seven reaction with fast neutrons has a cross-
section of approximately zero point three barns at neutron energy of fourteen
megaelectronvolts. The variable phi of E represents the neutron flux spectrum in
neutrons per square meter per second per electronvolt. The integration extends
over all neutron energies and over the volume of the breeding blanket. The
helium-cooled ceramic breeder blanket of the present invention achieves a
tritium breeding ratio of one point one zero through lithium-six enrichment to
fifty percent and optimized blanket geometry.

Superconducting Critical Current Density

a
5 Y B \?

T

J.B,T)=J.gl 1 -——— _— |- —

B =deo\ 1= 7757 ) \ B Boo(T)
The critical current density of superconducting materials determines the
maximum current-carrying capability of the magnet windings and sets
fundamental limits on the achievable magnetic field strength. The variable J
subscript ¢ represents the critical current density in amperes per square meter as a
function of magnetic field B and temperature T. The variable J subscript ¢ zero
represents a material-dependent prefactor. The variable T subscript ¢ of B
represents the critical temperature at the specified magnetic field, which
decreases with increasing field. The variable B subscript ¢ two of T represents
the upper critical field at the specified temperature, which decreases with
increasing temperature. The exponents alpha, p, and q are empirical fitting
parameters that depend on the specific superconducting material and its
microstructure. For the rare-earth barium copper oxide high-temperature
superconducting tape employed in the toroidal field coils of the present
invention, the critical current density at twenty kelvins and twelve tesla exceeds
one hundred amperes per millimeter width, providing adequate margin for stable
operation at the design current of twenty-five thousand amperes.

Heat Transfer in Plasma-Facing Components

h(T. y =1 4T
=h o — =k —
q surface ~ { coolant Ix

The heat transfer equations govern the temperature distribution within the
plasma-facing components and determine the maximum allowable surface heat
flux. The variable q represents the heat flux in watts per square meter. The
variable h represents the convective heat transfer coefficient at the interface
between the solid structure and the coolant, measured in watts per square meter
per kelvin. For turbulent water flow in the cooling channels of the first wall and
divertor, the heat transfer coefficient is calculated from the Dittus-Boelter
correlation as h equals zero point zero two three times the quantity Reynolds
number to the power zero point eight times Prandtl number to the power zero
point four times thermal conductivity divided by hydraulic diameter. The
variables T subscript surface and T subscript coolant represent the surface and
bulk coolant temperatures in kelvins. The variable k represents the thermal
conductivity of the solid material in watts per meter per kelvin, which equals one
hundred seventy watts per meter per kelvin for tungsten at room temperature and
approximately one hundred ten watts per meter per kelvin at operating
temperatures of two thousand degrees Celsius. The temperature gradient dT
divided by dx within the solid is determined by the Fourier conduction equation.
For the divertor target plates of the present invention with tungsten armor
thickness of six millimeters and steady-state heat flux of ten megawatts per
square meter, the surface temperature reaches approximately two thousand
degrees Celsius while the interface temperature at the tungsten-copper bond
remains below six hundred degrees Celsius.

Radioactive Decay and Activation

In2
A(t) = Agexp _I_t
172

The radioactive decay equation governs the time evolution of activated materials
in the reactor structure following neutron irradiation. The variable A of t
represents the specific activity of a radioactive isotope at time t following reactor
shutdown, measured in becquerels per kilogram or curies per kilogram. The
variable A subscript zero represents the specific activity at the time of shutdown,
which depends on the neutron fluence accumulated during operation and the
activation cross-section of the parent isotope. The variable t subscript one half
represents the half-life of the radioactive isotope. The selection of reduced-
activation ferritic-martensitic steel for the vacuum vessel and blanket structure
minimizes the production of long-lived radioactive isotopes, with the activity
decreasing by approximately four orders of magnitude within one hundred years
after shutdown, enabling recycling of the materials rather than permanent
geological disposal. The dominant radioactive isotopes in the activated steel
include iron-55 with half-life of two point seven years, manganese-54 with half-
life of zero point eight five years, and cobalt-60 with half-life of five point three
years, all of which decay to negligible levels within fifty years.

Appendix 2

‘python

R FUSION REACTOR CONTROL AND SIMULATION SYSTEM
on for Practical Applicati

stem implements the control, monitoring,

iport numpy as np
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tional, Callable, Any, Union

(SICAL CONSTANTS AND MATERIAL PROPERTIES

calConstants:
undamental physical s for fusion reactor caleulations.™™

function values in
AFFINITY = 0.7

function in eV

ungsten_thermal_conductivity(temperature_kelvin: float) -> flat:

thermal conductivity of

heai(temperature_kelvin: float) - loat

heat capacity

return 148.5 + 0.0157 * (T - 1000)

lse:
return 164.2 + 0.0098 * (T - 2000)

ature_Kelvin: Temperature in Kelvin

ermal conductiviy in Wi(mK)

cature._kelvin: float) = Dict[sr, floa].

ation feritc-martens 1
Kelvin: Temperature in Kelvin

ary with thermal conductivity, specific heat, and densit

Critical current density in A/mm-widith

nsity in Almm
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# Effective feld considering anisotropy
gamma_aniso = 5.0 # Anisotropy fuctor
etic_field * np.sqr(
np.cos(angle_to_tape)**2
(npsin(angle_to_tape) / gamma_aniso)**2

# Scaling law for eritical current
[R——
b=B_eff/Be2

ifb>= 10
rotum 0.0

Je=Jo0 * (1-1H42)41.5 % (5440.5) * (1 - by**2

retun max(Je, 0.0)

| FUSION REACTION PHYSICS

eloss FusionReactivity

Callulate fusion reaction rates and cross-sceions for various reactions,

astaticmethod
def dt_reactivity(temperature_kev: float) = float

Caleulate D-T fusion reacivity using Bosch-Hale parameterization

Parameters:
temperature_kev: lon temperature in kiloelectronvolts

Retums:
Fusion reactivity <sigma®v> in m'3/s

temperature_kev

iT<02
rotum 0.0
ST > 1000,
T 1000

# Bosch-Hale coeflcients for D-T reaction
BG = 343827 # Gamow constant in keV"0.5

# Polynomial coefficients
C1- 11730209
151361

# Molar mass ratio factor
e~ 1124656 # Reduced mass in amu

# astrophysical §-fic
theta = T/(1- (T * (C2+T* (C4+T * C6))
14T (C3+T(CS+T*CT))

X (BG*2/ (4 * thet)**(113)
sigma_v = C1* theta * np.sqri(xi / (mr * T#43)) * np.cxp(-3 * xi)
return sigma_v * 1e:6 # Convert from em"3s to '35

[er——

def dd_reactvity(temperature_kev: float) == Tuple float, floa]:
Caleulate D-D fusion reactiviy for both branches.

Parameters:
temperature_kev: Ion temperature in kiloclectronvolts

Retums

Tuple of (reactvity for D+D->He3 tn, reactvity for D+D-=>Tp) in m"3/s

T= temperature_kev

T <02
retum 00,00
ST > 100.0:
T=1000

# Simplified Bosch-Hale parameterization for D-D reactions
BG =31.3970 # Gamow constant for D-D

#D(dn)He3 branch coefficients
C1_n=5.43360¢-12
C2n=58577

5778¢3
C3n- 76822203

theta_n=T/(1+T*(C2_n+T*C3_m)
Xin = (BG**2/ (4 % theta_n))**(1/3)
sigma_v_n=CI_n* theta_n * np.sqri(xi_n/ T+3) * np.exp(-3 * xi_n)
#D(Ap)T branch coeflicients
186-12

3412673
C3p- 19916763
theta_p=T/(1+T*(C2_p+T*C3_p))
Xip = (BG**2 /(4 theta_p))**(1/3)
sigma_v_p=CI_p* theta_p * np.sqri(xi_p./ T+*3) * np.exp(-3 * xi_p)

feturn sigma_v_n * 1e-6, sigma_v_p * le-6

@statiemethod
def charge_exchange_cross_section(beam_energy_kev: float) > float:

Caleulate charge exchange cross-scetion for neutral beam stoppis

Parameters:
beam_energy_kev: Beam energy per nucleon in keV

Retums:

Charge exchange cross-section in m*2

beam_energy_kev

E
G E > 1000
E= 1000

He > He+H

In_E = nplog(E)
sigma = 16:20* al

6 * np.abs(in_E - nplog(a2))**1.5
)/(1+a3 * E+ad * B2 +05 * E*73.5)

Feturn sigma

[
def electron_impact_ionization_cross_section(beam_cnergy_kev: float) -> loat

Caleulate lectron impact ionization cross-section.

Parameters:
beam_en

Retums
lonization cross-section in m"2

E = beam_energy_kev

ifE<0.1
retum 0.0

# Lotz formula approximation for hydrogen
10,0136 # lonization potential in keV

ifE<L
retum 0.0

sigma = 4.0¢:20 * (nplog(u) / (u * 1**2)) * (1 - V)
Feturn sigma

closs PlasmaPhysics:

Plasma physics calculations for fusion reactor analysis
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——
def debye_length(
electron_density: loat
electron_temperature_kev: float
)= float:

Caleulate Debye I

—
electron_density: Electron density in m-3
electron_temperature_kev: Electron temperature in keV

Returns:
© length in meters

Te_J = clectron._temperature_kev * 1000 * ¢
lambda_D = np.sqri(epsilon_0 * Te_J / (electron_density * ¢¥%2))
return lambda_D

@staticmethod
plasma_frequency(electron_density: float) = loat:

Caleulate clectron plasma frequency

—
electron_density: Electron density in m-3

Returns:
Plasma frequency in rad’s

a_pe = npsqr(electron_density * €2 / (epsilon_0 * m_¢)
Feturn omega_pe

@staticmethod
elotron_frequency(magnetic_field: loat, mass: loat, charge: float) > floa:

Caleulate cyelotron frequency,
[

mass: Particle mass in kg
charge: Particle charge in Coulombs

Retums:
Cyelotron frequency in rads

omega_¢ = np.abs(charge) * magnetic_field / mass

@statiemethod

def larmor_radius(
temperature_kev: float,
magneic_field: float,
mass: float

)= foat:

Caleulate thermal Larmor radius.

[—
temperature_kev: Temperat
magnetic_field: Magneti field in Tesla
mass: Particle mass in kg

Retums:
Larmor radius in meters
v_thermal = np.sqri(2 * temperature_kev * 1000 * ¢ / mass)

eho_L = mass * v_thermal / (¢ * magnetic_field)

Feturn rho_L

@staticmethod
def coulomb_logarithm(
electron_density: flos
electron_temperature_kev: float
) float

Caleulate Coulomb logarithm for electron-ion collsions.

[Ir—
electron_density: Electron density in m-3
electron_temperature_kev: Elcctron emperature in keV

Retums:
‘Coulomb logarithm (dimensionless)

Te = electron_temperature_kev
ne = clectron_density

ifTe <001
#Cold plasma regime
In_Lambda = 23 - np.log(np.sqri(ne * 1e-6) / Te**1.5)
# Hot plasma regime
In_Lambda = 24 - np.log(np.sqri(ne * 10-6) /Te)

retum max(In_Lambda, 5.0)

@staticmethod

def spitzer_resistivity(
electron_temperature_kev: float,
2_effective: loat
coulomb_log: float

)= float:

Calulate Spitzer plasma resistivity

Parameters:
electron_temperature_kev: Electron emperature in keV
2_effective: Effectve fon chas

coulomb_log: Coulomb logarithm

Returns:
Resistvity in Ohm-meters

Te = electron_temperature_kev
€la_0=5.26-5 # Reference resistivity constant
eta = eta_0* z_effective * coulomb_log / Te**1.5
feturn eta

@statiemethod

def beta_parameter(
electron_density: loa,
electron_temperature_kev: float,
ion_temperature_kev: float
magnetc_field: float

)= float

Calculate plasma beta.

[Ir—
tron density in m"-3
electron_temperature_kev: Elcctron temperature in keV
fon_temperature_kev: lon temperature in keV
magnetic_field: Magneti field in Tesla

Returns:
Plasma beta (dimensionless)

pressure = electron_density * (
electron_temperature_kev + ion_tempera
)*1000% ¢

magnetic_pressure = magnetic_field**2 /(2 * mu_0)
beta = pressure / magnetic_pressure
return beta

@staticmethod
def energy_confinement_time_iter_scaling(
[ ——
magnetic_field_t: loa,
density_le19: float
power_mw: float,
major_radis_m: float,
minor_radius_m: float
elongation: loat,
average_mass_amu: float
)= float

Calculate energy confinement time using IPB9S(y.2) scaling.

Parameters:
plasma_current_ma: Plasma current in megaamperes
magnetic_field_t: Toroidal field in Tesla
density_1e19: Line-average density in 10°19
heating_power_m: Total heating power in megawalts
major_radius_m: Major radius in meters
minor_radivs_m: Minor radius in meters
clongation: Plasma clongation
average_mass_amu: Average fon mass in AMU
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Returns R ey —)
Energy confinement time in seconds. detachment_rate = 166 # *-1 (estimated)
& on_elocity = np.sari(
plasma_current_ma 2% selfextraction_volage * ¢ / PhysicalConstants. DEUTERIUM_MASS
magnetic_field_t )
density_1e19 fransit_time = sheath,_thickness /ion_velocity
[ P_survival = np.exp(-detachment_rate * transi_time)
major_radius_m
= minor_radius_m negative_on_flux = neutral_flux * P_convert * P_survival
Kappa = clor
M = average_mass_amu Feturn negative_ion_flux

epsilon =a /R def child_langmuir_current_density(self) > floa:

fau_E=0,0562% ( Calulate space-charge-limited current density
1p*40.93 ¢
BT**0.15* Retums:
n19%041 > Current density in Afm'2
Pee069) ¢ -
(S selfextraction_voltage
epsilon®*0.58 * selfgap_distance.
Kappa*®0.78 * PhysicalConstants, DEUTERIUM_MASS
M*0.19

=@ epsilon_0/9) * np.sqri(2 * ¢ /m) * VLS /472
T retum

@statiemethod def extracted_current(
def fusion_power_density( el
deuterium_density: float, plasma_density: floa,
witium_density: float electron_temperature_kev: float,
fon_temperature_kev: float e ————
> float: )= float

Calculate fusion power density Calculate total extracted negative ion current

Parameters: [Ir—
deuterium_density: Deuterium ion density in m*-3 plasma_density: Source plasma density in m-3
ritium_density: Tritium ion density in m” electron_temperature_kev: Electron temperature in keV
fon_temperature_kev: lon temperature in keV surface_temperature: Converter surface temperature in K

Retums Returns:
Fusion power density in i3 Extracted current in amperes

sigma_v = FusionReactivity.di_reactivity(ion_temperature_kev) 4 Neutral flu to surface (assuming half Maxwellian)

v_thermal = np.sqri(

P_fusion = 8 * electron_temperature_kev * 1000 * &
deuterium_density * (pi * PhysicalConstants DEUTERIUM_MASS)
ritium_density * )
sigma_v* neutral_flux = 0.25 * plasma_density * v_thermal
PhysicalCanstants DT_FUSION_ENERGY

# Negative ion production
j_negative = ¢ * el negative_ion_yield(neutral_flux, surfa
return P_fusion
# Limit by space charge
@staticmethod j_max = self.child_langmuis_current_ density()
defalpha_heating_power( J_extracted = min(]_negative, j_max)

deuterium_density: float,

ritium_density: float current = _extracted * selfextraction_arca

on_temperature_kev: float

plasma_volume: float rp—

> floa:

. def beam_divergence(

Caleulate alpha partcle heati . self,
ion_temperature_ev: flat,
Parameters: perveance: float
deuterium_density: Deuterium density in m*-3 )=> floa:

ritium_density: Tritium density in m*-3

fon_temperature._kev: lon temperature in keV Calulate beamlet divergence

plasma_volume: Plasma volume in m"3

Parameters:
Retums fon_temperature._ev: lon temperature in ¢V

Alpha heati perveance: Beam perveance in AV1S

sigma_v = FusionReactivity.di_reactivity(ion_temperature_kev) Returns:
RMS divergence half-angle in milliadians
P_alpha = (

deuterium_density * V = selfextraction_voltage

ritium_density *

sigma_v* # Thermal divergence

PhysicalConstants ALPHA_ENERGY * theta_thermal = np.sqri(ion_temperature_ev / V) * 1000 # mrad

plasma_volume

# Optical aberration contribution (empirical)
theta_opics = 5.0 # mrad
feturn P_alpha
# Space charge divergence (simplified model)
theta_space._charge = 10.0 * np.sqri(perveance * 1¢9) # mrad

NEGATIVE ION BEAM PHYSICS # Quadrature sum
theta_total = np.sqri(
theta_thermal**2
etoss NegativelonSource: theta_optics**2
" theta_space_charge**2
Physics model for negative hydrogen fon source with surface conversion.

Feturn theta_total

extraction_area: float = 0,02, Jetass BeamAceclerator
source_pressure: loat = 0.3,
are_power: loat = 50000.0, W Electrostatc accelerator for negative ion beams.
extraction_voltage: float = 8000.0, #V
cesium_coverage: float = 0.6 # Monolayer fraction
init_(
self,
Iniialize negative fon source parameters. beam_energy_kev: float = 200.0,
acceleration_stages: int
Parameters: beam_current: loat = 40.0
extraction_area: Total extraction area in m"2
Source_pressure: Source chamber pressure in Pa
are_power: Are discharge power in W Initilize beam aceelerator parameters
: Extraction voliage in V
sium_coverage: Cesium surface coverage fraction Parameters:
. beam_energy_kev: Final beam encrgy in keV
selfextraction_area = extraction_area acceleration_stages: Number of acceleration gaps
selfsource_pressure = source_pressure am_curtent: Beam current in amperes

selfbeam_energy
selfcesium_coverage = cesium_coverage selfacceleration_stages = acceleration_stages.
selfbeam_current = beam_current
# Derived parameters
selfaperture_diameter =014 #m (14 mm) selfvoltage._per_stage = beam_energy_kev * 1000 / acceleration_stages
selfaperture_count = in( selfgap_distance = 0.05 #m per gap
extraction_area/ (pi * (self.aperture_diameter/2)*#2)
def accelerate_beam(
selfgap_distance =007 #m (7 mm) self,
input_energy_kev: float,
def work_function(self, surface_temperature: float) > floa: input_divergence_mrad: float
. )= Tuplelfloat, loat]:
Caleulate effective work function of cesiated surface "
Calculate output beam parameters afer acceleration.
Parameters:
surface_temperature: Surface temperature in Kelvin Parameers:
input_energy_kev: Input beam energy in keV
Retums imput_divergence_mrad: Input divergence in mrad
Effective work function in ¢V
. Retums:
theta_Cs = self cesium_coverage “Tuple of (output energy in keV, output div
Phi_Mo = 4.6 # Molybdenum work function in eV -
Phi_Cs =2.14 # Cesium work function in ¢V E_in= input_energy_kev
theta_in = input_divergence_mrad
#Topping model for work function vs coverage
iftheta_Cs < 0.3 E_out = el beam_energy_kev
phi = phi_Mo - 25 * theta_Cs

elif theta_Cs # Divergence reduction by adiabatic acceleration
phi = phi_Mo - 2.5 * 03 - 0.5 * (theta_Cs # Transverse momentu is conserved while longitudinal increases
dlse theta_out = theta_in * np.sqri(E_in / E_out)
phi = 15403 * (theta_Cs -0.7)
return E_out, theta_out
# Temperature correction
Phi_T = phi + Se-5 * (surface_temperature - S00) def beam_envelope(
el
Feturn max(phi_T, 1.4) initial_radivs: float,
[ ——
def negative_ion_yield( distance: loat
self, )= Tuplelfloat, loar]:
neutral_flux: floa, "
face_temperature: float Calculate beam envelope afler driftdistance.
)=> float:
- Parameers:
Calculate negative ion conversion yield. initial_radius: Inital beam radivs in m
initia_divergence_mrad: Initial divergence in mrad
Parameters: distance: Drift distance inm
neutral_flux: Incident neutral atom flux in ny
surfuce_temperature: Surface emperature in K Returns:
Tuple of (beam radius in m, divergence in mrad)
Retums:
Negative ion flux in -2 s°-1 10 = initial_radius
J theta = intial_divergence_mrad / 1000 # Convert o radians

phi = selfwork_function(surface_temperature)
A= PhysicalConstants HYDROGEN_ELECTRON_AFFINITY 4 Emittance-dominated beam expansion
£ np.SQR(0*2 + (distance * theta)**2)

# Surface conversion probability
i phi < E_A 4 Space charge expansion (simplified)

P_convert = 1.0 perveance = selbeam_current / (selfbeam_cnergy_kev * 1000)*+1.5
dlsc. K =perveance / (4 * pi * epsilon_0) * np.sar(

KT=k_B * surfice_temperature /¢ #in eV 2% PhysicalConstants DEUTERIUM_MASS / ¢

P_convert = np.exp(-{phi - E_A)/KT)

#Survival probabiliy through sheath (14K * distance?*2 /1972)

# Depends on sheath thickness and electro
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eturn £_se, theta * 1000

eloss BeamNeutralizer

Gas neutralizer for converting negative ions (o neutral atoms.

init_(
self,

length: float = 2.0,
target_thickness: float = 1.2¢16,

s_species: sir = D2

Initialize neutralizer parameters.

Parameters:
length: Neutralizer length in m
target_thickness: Line-integrated gas density in m-2
as_species: Neutralizer gas species
selflength = length
selftarget_thickness = target_thickness

selfgas._species = gas_species
defcross_sections(self, beam_energy_kev: loat) -» Dictlstr, float}
Calculate electron detachment cross-sections,

Parameters:
beam_energy_kev: Beam energy in keV

Returns:
Dictionary of cross-scctions in "2

E = beam_energy_kev

# Single electron detachment H- + H2 = HO + H2
ifE<10:
sigma_10=2.00:20
Gl E < 100
1070620 * (1 - np.exp((E - 10)/30))

a_10=7.06-20 * np.exp(-E - 100)/200)

# Double electron detachment H- + H2 > Ht-+ H2 + 2e.
sigma_11 = 0,05 * sigma_10 # Much smaller a these
return |
‘single._detachment: sigma_10,
‘double_detachment: s

def neutralization_efliciency(self, beam_energy_Kev: float) = Dici[sr, float

Caleulate neutralization efficiency and species fractions

Parameters:
beam_energy_kev: Beam energy in keV

Retums:
Dictionary with efficiency and specics fractions

s = selfross_sections(beam_energy_kev)

sigma_10 = xs[single_detachment]

sigma_11 = xs[double_detachment’

Pi = self target_thickness.

sigma_total = sigma_10

# Fraction surviving as
£ minus = np.exp(-sigma_total * Pi)

# Equilibrium fractions
a_total
£ neutral_eq = sigma_10/signa_total
£_plus_eq = sigma_11 / sigma_total
el
£ neutral eq=0.0
plus_eq =00

# Actual fractions (approaching equilibrium)
F_neutral = £_neutral eq * (1 - £_minus)

£ plus = £ plus_eq * (1 - £_minus)
neutralization_efficiency': £ neutral,
negative_fraction': £ minus,
“neutral_faction': £ neutal,
positive_fraction’: {_plus

def gas_load(self) = float

Caleulate gas throughput requirement.

Retums:
Gas throughput in Pam"3/s
# Assume molecular flow conductance

conductance = 10.0 # m*3/s (typical for large ducts)

# Required pressure for trget thickness
pressure = self arge_thickness * k_B * 300/ selflength

throughput = conductance * pressure

feturn throughput

eloss NeutralBeaminjector

‘Complete neutral beam injection system.

def_init_(
self,
beam_energy_kev: float = 200.0,
am_power_mw: float = 4.0,
injection_angle_deg: float = 30.0,
port_major_radius: float = 5.0

Iniialize neutral beam injector

Parameters:
beam_energy_kev: Beam energy in keV
beam_power_mw: Injected neutral beam power in MW
injection_angle_deg: Tangential injection angle in dei
port_major_radius: Major radius of inection portin m

selfbeam_energy_key = beam_ener

selfbeam_power_myw = beam_power_mw
selfinjection_angle = np radians(injection_angle_deg)
selfport_major_radius ~ port_major_tadius

# Callulate required beam current
selfneutral_current = beam_power_mw * 166 / (beam_ener

# Component subsystems

selfion_source = NegativelonSource()

selfaccelerator = BeamAccelerator(
beam_energy_kev=beam_eneray_kev

Kev * 1000)

beam_current-selfneutral_current /.58 # Account for neutalization

)
selfneutralizer = BeamNeutralizer()

# Beam line geometry
selfdrif_distance_to_neutralizer
selfdrift_distance_to_plasma = 3.0

def beam_trajectory(
self,
plasma_major_radius: float,
plasma_minor_radius: float
)= Ditlstr, Any):

Caleulate beam trajectory through plasma

Parameters:
plasma_major_radivs: Plasma major radius in m
plasma_minor_radius: Plasma minor radivs in m

Retums
Dictionary with trajectory parameers

RO= plasma_major_radius

a = plasma_minor_radius
R_port = self port_major_radius
theta = selfinjection_angle

#Tangency radius
R_tan=R_port * np.sin(theta)

# Entry and exit points
# Assuming circular plasma cross-section
phi_eniry = np.arccos((RO - R_port) /) if abs(RO - R_port)
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Beam passes through plasma core
path_length =2 * np.sqri((RO + a)**2 - R_tan**2)
ClifR_tan < RO+ o
Beam passes through edge
path_length = np.sqri(R0 + )*42 - R
pSq((RO - )°72 - R_tan**2)
el
# Beam misses plasma
path_length = 0.0

retun {
tangency_radius' R_tan,

‘entry_angle': phi_entry
normalized_tangency’: R_tan / RO

def beam_deposition_profile(
self,
plasma_density_profile: Callablef[float], float)
Plasma_temperature_profle: Callable{[float), loat],
plasma_major_radius: float,
plasma_minor_radius: float,
num_ponts:int = 100

) > Tuple{np-ndarray, np.ndarray]

Calulate power deposition profile.

Parameters:
plasma_density_profile: Function ne(r) in
plasma_temperature_profile: Function Te(r) in keV
plasma_major_radius: Major radivs in m
plasma_minor_radius: Minor radius in m
num_points: Number of integation points

Returns:
Tuple of (normalized radius artay, power deposition array in MW/m"3)

frajectory = selbeam_trajectory (plasma_major_radius, plasma_minor_radius)
path_length - trajectory(‘path_lengih')
i path_length == 0.

return npareay((]), np.areay([))

4 Path coordinate
= nplinspace(0, path_length, num_poiats)
ds=s[1]-5[0]

# Map path coordinate to normalized radius (simplified geometry)
R_tan = trajectory[ tangency_radius’]
RO = plasma_major_radius

plasma_minor_radis

4 Remaining beam fraction
_beam - np.ones(num_points)
power_density = np.zeros(num_poins)

o = np zeros(num_points)

for i in range(num_points)
# Approximate normalized radius
R _local = np.sqri(R_tan®*2 + (si] - path_length
thofi] = abs(R _local - RO) /o

if holi] > 1.0:
rhofi] = 1.0
continue

ne = plasma_density_profile(rhofi])
plasma_temperature_profile(sholi])

# Stopping cross-section

sigma_cx = FusionReactivity charge_exchange_cross_section(
selfbeam_energy_kev /2 # Energy per nucleon

)

sigma_ion = FusionReactivity:clectron_impact_jonization_cross_section(
selfbeam_e

na_ox + sigma_ion * (ne / 1¢20)

£ beam(i-1] * np.exp(-ne * sigma_stop * ds)

Power deposition
df= £ beamli-1] - £ beam(] ifi > 0 clsc 0
power_density[i] = df * sl beam_power_m /ds

Feturn tho, power_density

def current_drive_efficiency(
el
electron_temperature_kev: float,
electron_density: float,
2_effective: float = 1.5

)= float

Caleulate neutral beam current drive effciency.

[Ir—
electron_temperature_kev: Electron temperature in keV
electron_density: Electron density in m"
2_effective: Effective ion charge

Returns:

Current drive efficiency in AW

Te = electron_temperature_kev

# Criical energy (beam energy equals ion drag)
Ec = 14.8 * Te * (Physical Constants DEUTERIUM_MASS / m_p)**(1/3)

# Slowing down on electrons vs ions

X=Eb/Ec

# Trapped particl fraction reduction (simplified)
epsilon =03 # Inverse aspect ratio
T trapped = np.sqri(2 * epsilon)

4 Current drive efficiency (simplified model)
eta_CD = 03620 * (Te / ne) * (Zeff + 4) / (Zeff + 1) *
npsinselfnjection_angle) * (1 - {_trapped)

feturn eta_CD

# TOKAMAK PLASMA EQUILIBRIUM

elass GradShafranovSolver:

Solver for the Grad-Shafranov equation for tokamak equilibrium.

def _init_(
el
major_radius: float = 4.0
minor_radius: float = 12,
elongation: float = 1.
riangularity: loat = 0.4,
grid_resolution: int - 65

Initialize Grad-Shafranov solver

—
major_radius: Major radivs in m
minor_radis: Minor radius in m
clongation: Plasma clor
triangularity: Plasma triangulariy
grid_resolution: Number of grid points per dimension

SelfRO = major_radivs

erid_resolution
selfinz = grid_resolution

#Grid setup
SelfR_min = major_radius - 2 * minor_radius
selfR_max = major_radius + 2 * minor_radius
SelfZ_min = -2 * minor_radivs * clongation
SelfZ_max =2 * minor_radius * elongation

selfR = np.linspace(selfR_min, self R_max, selfnr)
SeIfZ = nplinspace(selfZ_min, seIf.Z_max, selfnz)
SelfdR = selfR(1] - selt.R[0]
selfdZ = self Z{1] - self Z[0]
selfpsi = np zeros((self.n, self.n2)
def plasma_boundary(self, theta: np.ndarray) > Tuple[np.ndarray, np.ndarray]

Calculate plasma boundary shape.

Parameers
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theta: Poloidal a ay safety_factor_axis’: _axis,

plasma_volume': volume,
Retums ‘poloidal_beta': 002 # Placeholder
Tuple of (R, Z) coordinates of boundary
R =SelfRO + selfa * np.cos(theta + selfdelta * np.sin(theta))
7= selfkappa * selfa * npsiniheta) ¢
| SUPERCONDUCTING MAGNET SYSTEM
retum R, Z 1

def pressure_profile(sel, psi_norm: float) > loat elass SuperconductingCoil
Pressue profie as function of normalized flus. Model for high-temperature superconducting toroidal ield coils.

Parameters:
psi_norm: Normalized poloidal flux (0 at axis, 1 at boundary) def _init_(
el
Retums major_radivs: float = 4.0,
[ minor_radius: float = 12,
field_on_axis: float = 6.5,

PO =S¢5 # Central pressure in Pa num_coils:int = 16,

alpha_p = 1.5 # Profile peaking fa operating_temperature: loat = 20,0

i psi_norm <0
return p0 Initialize superconducting coil system
elif psi_norm > 1
retum 0.0 [—
dlse: major_radius: Tokamak major radius in m
rotum p0 * (1 - psi_nomm**alpha_p)**2 minor_radivs: Tokamak minor radius in m
field_on_axis: Toroidal field on axis in Tesla
ef 1_prime_profile(self, psi_norm: float) = float num_coils: Number of TF coils
. operating_temperature: Operating temperature in K
F*dFidpsi profile (related to toroidal current),
SelfRO = major_radivs
Parameters: selfia = minor_radius.
psi_norm: Normalized poloidal flux SelfBO = field_on_axis
selfnum_coils = num_coils
Retums: SelfT_op = operating_temperature
FFin T2
. # Coil inner leg radius
0= 100 # Reference value SelfR_inner = major_radivs - minor_radius - 0.5 # 0.5 m gap
alpha_j = 2.0 # Current profile peaking
# Maximum field (at inner
if psi_norm < selfB_max = field_on_axis * major_radius / sel£R_inner
retum f7p0.
elif psi_norm > 1 #Total ampere-turns required
rotum 0.0 SelfNI = field_on_uxis * major_radivs / (mu_0 /(2 * pi)
else

return f1p0 * (1 - psi_norm*¥alpha j) def caleulate_stored_energy(sel) > float

defsolve( Callulate magnetic stored energy in T system.
self,
max_iterations: int = 100, Retums:
tolerance: loat = le-6 Stored energy in joules
)= np.ndarray "
. # Approximate inductance calculation
Solve Grad-Shaffanoy equation iteratiely. 4L=mu_0* RO * N2 * (In(8"R0/) -2 + [i2)
#For multple coils, sum contributions
Parameters:
ma_iterations: Maximum number of ierations N_per_coil = self NI / (self.num _cls * 25000) # Typical current
tolerance: Convergence tolerance
L_total = mu_0 * selfRO * N_per_coil 2 * (
Retums p.Jog( * self RO/ selfa) 2+ 0.5
Poloidal flux function on grid ) * self.num_coils

R, Z = npmeshgrid(self R, selfZ, indexing=1) 1_total = 25000 # Operating current in A

# Initial guess: vacuum toroidal field only E_stored =0.5 * L _total * _total**2
selfpsi = np zeros((selfn, self.nz)
feturn E_stored
# Boundary condition: psi = 0 outside plasma
theta = np linspace(0, 2°pi, 100) def caleulate_forces(self) -> Dicstr, float]
R_bnd, Z_bnd = self plasma_boundary(theta) -
Caleulate electromagnetic forces on TF coil
for iteration in range(mas_iterations):
psi_old = sl psi.copy() Returns:
Dictionary of force components
# Find magnetic axis (maximum of psi)
psi_ais = np.max(selLpsi) # Centering force (radially inward)
A

2% A/mu 0

psi_boundary = 0.0 #F_centering - B2
if psi_axis == 0: A_conductor = 0.2 * 0.5 # Conductor cross-section in "2
psi_axis = 1.0 # Prevent division by zera
F_centering = selfB_max®*2 * A_conductor * seIfR_inner * 2 * pi/mu_0
#Normalized flux
psi_norm = (el psi - psi_axis) /(psi_boundary - psi_axis) # Vertical separating force
F_vertical = self B_max * selfNI/ self.num_cails * scIfR _inner * 2
-hand side of Girad-Shafrano equation
(a* psi = -mu0 * R*2 * dp/dpsi - F * dF/dpsi # Stress in conductor
np.zeros((selfn, selfnz) sigma = F_centering / (A_conductor * self.num_coils)

for i in range(1, selfor - 1) retum {
forj in range(1, selfnz - 1) centering,_foree’: F_cntering,
psi_n = psi_normli.j| ‘vertical_foree': F_vertcal
ir0<=psin<=1 ‘conductor_sress" sigma
p_prime = -selpressure_profile(psi_n)* 2/ (psi_boundary - psi_uxis)
_prime = el IT_prime_profie(psi_n)
i, j] =-mu_0 * R, j[**2 * p_prime - _prime itcal_current_margin(sel) -> float
# Solve using successive over-relaxation Caleulate operating margin below critcal current.
omega = 1§ # Relaxation parameter
Returns:
for i n range(1, el - 1) Margin as fraction (010 1)
for in ange(1, selnz
# Finite difference approximation of llptic operator = MaterialPropertes rebeo,_critcal_current(
psi_new =025 * ( seltB_max,
seltpsifi+1. ] + selfpsiic1. j) self.T_op
selfpsili j+11 + sl il j-1]
(sl psifi+1, ] - selfpsili-1 ) /(2 * RIi j])* selfdR -
s, j] * selER * selfdZ 1_op = 25000/ 1000 # Convertto A/mm (assuming Imm widih tape)

margin = 1-Lop/1c
selEpsifi ] = (1 - omega) * selfpsii. ) ~ omega * psi_new
Feturn margin
# Apply boundary conditions
selfpsif0, =0 def quench_detection_threshold(self) -> Diefstr float)
selfpsil-1, =0
selfpsils, 0] = 0 Caleulate quench detection thresholds.
selEpsil, -1]=0
Returns:
# Check convergence Dictionary of detection thresholds
error = np.max(np.abs(self.psi - psi_old))
4 Voltage threshold for resistive zone detection
if error < tolerance: V_threshold = 0.1 #V (typical)
¢ Temperature rise rate threshold
feturn selfpsi 4T _threshold = 10.0

def caleulate_plasma_parameters(self) > Dici[str, float: 4 Helium flow anomaly threshold
- dm_threshold = 0.1 # Fraction of nominal flow
Calculate derived plasma parameters from equilibrium.

Returns: ‘Voltage_threshold V_threshold,
Dictionary of plasma parameters temperature_rate_threshold': dT_threshold,

& flow_anomaly_threshold dm_threshold

R,Z = npmeshgrid(self R, selfZ, index

# Find ma
idx = np.unravel_index(np.argmax(selfpsi), selfpsi shape) etass Cryogenicsystem:

R_axis = selCRidx(0]] .

2 axis = selfZ[idx{ 1] Model for eryogenic cooling system,

psi_axis = selpsilidy]

alculate derivatives

psidR = np gradient(selfpsi, self 4R, axis-0)

dpsidZ = np.gradient(self psi, self. 0, axis=1) cooling_power_4k: float = 5000.0,
cooling_power_20k: float = 50000,

# Poloidal magneic field operating_temperature: loat = 20,0

B_pol = np.sqri(B_R**2 + B_Z*42) Initialize cryogenic system,

Jasma current (integrate current density) [—
psi_norm = (self.psi - psi_axis) /(0 - psi_axis) cooling_power_4k: Cooling power at 4K in W
J_phi = np.zeros_like(selpsi) cooling_power_20k: Cooling power at 20K in W
operating_temperature: Target operating temperature in K
for i in range(sel.nr) -
for | in range(selnz). Sel£Q_4K = cooling_power_dk
0= psi_normfi,j] <= 1 S€IfQ_20K = cooling_power. 20k
iLphili.j] = ( SelfT_op = operating_temperature
R, j] * selfpressure_profile(psi_norm(i.j]) * 2/ psi_axis
SEIET prime_profil(psi_normi. 1)/ (mu_0 * (i i]) 4 Camor efficiency factor
ambient = 300 # K
self.camot_4K =4/ (T_ambient - 4)
1p = np.sum(i_phi) * slfdR * selfdZ selfcarmot 20K =20/ (T_ambient - 20)

# Safety factor at axis (approximate) # Practical efficiency (fraction of Camot)
B_T=65 # Toroidal field in T selfpractical_efficiency = 0.3
qaxis = R_axis * B_T/ (selfa * npmax(B_pol) * selfkappa)
leulate_heat_loads(
#Plasma volume self,
Volume = 0 nuclear_heating: float,
for i in range(self.or) current_lead_heating: float,
forj in range(selfnz). radiation_heating: float
0 <= psi_norm{i, ] <= 1 )=> Dictfsr, floa
volume +=2 * pi * Rfi, ] * self.dR * self.dZ
Callulate total heat load on eryogenic system
feturn |
magnetic_axis_R': R_axis, Parameters:
‘magnetic_axis_Z Z_axis nuclear_heating: Nuclear heating in W
urrent lead_heai

plasma_current: |
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radiation_heating: Thermal radiation heati

Retums
Dictionary of heat loads by cat

static_heat_load = 500 # W (supports, insirumentation)

ac_loss = 200 # W (from current ripple)

total = (
nuclear._heati
current_lead_heating
radintion_heatin
static_heat_load

ac_loss

return

“nuclear._heating': nuclear._heatin

radiation._heating’: radiation_
“static_heat_load': satic_heat_load,
‘ac_loss: ac_loss,

total’: total

def calculate_power_consumption(self, heat_load: float -> float:
Caleulate clectrical power consumption for cooling.

Parameters:
heat_load: Total heat load at operating temperature in W

Retums
Electrical power consumption in W

# Inverse Camot efficiency

cop = selT_op / (300 - el T_op) * self.practical_eflciency

P_clectrical = heat_load / cop

retum P_cletrical

TRITIUM BREEDING BLANKET

eloss BrecdingBlanket

Model for tritium breeding blanket

init_(
self,

blanke_type: str = HCPH,
1i6_enrichment: loat = 0.5

first_wall_area: float = 200.0

Iniialize breeding blanket model.

Parameters:
blanket_type: Blanket type (HCPB' or 'WCLL)
li6_enrichment: Li-6 atom fraction
blanket_thickness: Blanket thickness in m
first_wall_area: First wall surface arca in 2

selfblanket_type = blanket_type

selfli6_enrichment = li6_cnrichment
selfthickness = blanket_thickness

Self fw_area = first_wall_area

# Breeder material propertis
i blanket_type == HCPB
selfbreeder = Li4Si04"
selfbreeder_density = 2400 #kg/m*3
Sclfli_density = 23628 4 Li atoms/m"3
dle:
selfbroeder = PbLI'
selfbreeder_density = 9500
Selfli_density = 45627 # Li atoms/m"3

def caleulate_tbr(
self,
neutron_wall_load: float,
neutron_multplier:str = ‘B’
float

Caleulate tritium breeding ratio.

Parameters:
neutron_wall_load: Neuron wall load in MW/m"2
neutron_multipler: Neutron multiplier material

Retums
Tritium breeding ratio

6 reaction rate (thermal neutrons)
sigma_li6 ~ PhysicalConstants.L16_THERMAL_XS
n_li6 = selfJi_density * sel£16_enrichment

#Li-T reaction rate (fast neutrons)
sigma_li7 = PhysicalConstanis,LI7_FAST_XS
n_Ii7 = selfli_density * (1 - sel£i6_enrichment)

# Neutron flux (simplified calculation)
#14.1 MeV neutrons, one per fusion
E_neutron = 14,1¢6 * ¢

neutron_flux = neutron_wall_load * 1¢6 / E_neutron * self.f_area

#Neutron multplication factor
i neutron_muliplier
=18 #Be(n.2n) reaction
elif neutron_multiplier ~- ‘Db
4 # Pb(n20) reaction

#TBR caleulation (simplificd)
the_li6 = n_i6 * sigma_li6 * selfhickness * M_n
tbr_1i7 = n_Ii7 * sigma_1i7 * selfhickness * 0.3 # Less effective

thr = tbe 6+ br_IiT

#Cap at easonable values
tbr = minibr, 1.4)
tor = max(ibr, 0.8)

feturn tbr

def caleulate_power_extraction(
self,
neutron_wall_load: float
)=> Dictlsr, floa]:

Calculate thermal power extraction from blankel.

Parameters:
neutron_wall_load: Neutron wall load in MW/m2

Returns:
Dictionary of power components

total_neutron_power = neutron_wall_load * self.fw_arca

multiplication from nuclear reactions
Blanket energy multiplication

# Pawer deposited in different zones
first_wall_power = total_neutron_power * 0.05
brecder_power = total_neutron_power * M_energy * 0.70
structure_power = total_neutron_power * 020
eflector_power = total_neutron_power * 0.05
total_thermal = total_neutron_power * M_ener

retun |
“first_wall first_wall_power.
breeder' breeder_power,
Structure’ structure_power,
‘reflector’: reflector_power,
‘otal_thermal: total_thermal

def caleulate_titium_production_rate(
e,

fusion_power: loat

= float

Caleulate tritium production rate.

Parameters:
fusion_power: Total fusion power in MW

Retums:
Tritium production rate in ky/day

# Fusion reactions per second
E_fusion = 17.6¢6 * ¢ #J per fusion
per second ~ fusion power * 1
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# Tritium breeding ratio
thr = selfcaleulate_tbr(fusion_power / selffv_arca)

# Tritium production rate
fritium_rate = reactions_per_second * tbr * PhysicalConstants. TRITIUM_MASS

# Convert 1o ke/day
fritium_rate_ke_day = tritium_rate * 86400

Feturn tritium_rate_ke,

4 PLASMA FACING COMPONENTS

elass DivertorTarger:

Model for divertor target pltes.

def _init_(
self,
material: ste = ungsten,
amor_thickness: loat = 0,006
coolant: str = water,
cooling_channel diameter: float = 0.012,
wetted_area: float = 10.0

Initialize divertor target model

[r—
material: Armor material
armor.thickness: Armor layer thickness in m
coolan: Cooling medium
cooling_channel_diameter: Cooling channel diameter in m
wetted_area: Total cooled surface arca in m"2

self material = material
selfarmor_thickness = armor_thickness
selfoolant = coolant

selfchannel_diameter = cooling_channel diameter
selfwetted_area = wetted_arca

# Operating conditions
selfcoolant_velocity = 10.0 # m/s
self coolant_pressure = 4.0¢6 # Pa
self.coolant_inlet_temp =373 # K (100°C)
def caleulate_temperature_profile(

el

surface_heat_flux: loat
)=> Dictfsr, floa

Calulate temperature distribution through armor

Parameters:
surfice_heat_flux: Surface heat lux in Wim'2

Retums:
Dictionary of temperatures at different positions

= surface_heat_flux

# Coolant propertes (water at operating conditions)

mu_coolant = 2.8-4 # Pars

o transfer coeflicient (Dittus-Boelter)
tho_coolant * selfcoolan._velacity * self.channel_diameter / mu_coolant
‘mu_coolant * ep_coolant / k_coolant

Nu=0.023 * Re**0.8 * Pre+0.4
h=Nu* k_coolant / selfchannel_diameter

# Temperature rise through layers
T_coolant = sel.coolant_inlet_temp -+ 10 # Approximate bulk temp

# Interface temperature (coolant {0 structure)
T interface = T_coolant

# Copper hea sink temperature (2 mm thick)
k_Cu = MaterialProperties copper_thermal_conductivity(T_interfice)
T_Cu = T_interface +q * 0.002 /k_Cu

4 Tungsten armor temperature
W_av  Materialroperties tungsten_thermal_conductivity(T_Cu + 00)

T_surface = T_Cu+q * selfarmor_thickness / k_W_avg
‘coolant_temperature’: T_coolant
interfuce_temperature’: T_interfce,
‘copper_temperature’: T_Cu,
‘surface_temperature’ T_surface
heat_transfer_coeffcient’ h

def caleulate_erosion_rate(
self,
fon_flux: float,

ion_species: str = D'

Caleulate sputtering erosion rate

[—
fon_flux: Ton flux in ny
fon_energy: lon energy in eV
fon_species: Incident ion species

Retums:
Erosion rate in mis

# Sputering yield (simplified model)
ifion_species == D
200 # Threshold energy for D on W
Y_max =001 # Maximum yield
eifion_species
120

002

Y_max * (1 - E_th / ion_cner

4 Erosion rate
atomic_density = 6.3628 # W atoms/’'3
¥ *ion_flux / atomic_density

def caleulate_lifetime(
self,
average_heat_flux: loat,
duty_eyele: float =0.8
)= float:

Calulate divertor lfetme.

Parameters:
average._heat_flux: Average heat flux in MW/m"2
duty_eyele: Fraction of time at full power

Returns:
Estimated lifetime in full-power-years

4 Temperature profile
temps = self caleulate_temperature_profile(average_heat_flux * 1¢6)

4 Erosion rate (assuming 100 ¢V D+ ions, 1624 m*2 -1 flus)
erosion = self caleulate_erosion_ate(1¢24, 100, D)

¢ Lifetime based on armor erosion
lifetme_erosion = selfarmor_thickness / (erosion * 3.15¢7 * duty_cyele)

4 Lifetime based on fatigue (thermal cyclin
iftemps{'surface_temperature’] > 2500:
lifetime_fatigue = 1.0 # Accelerated recrystallization
el temps[surface_temperature’] > 200
30
clse:

lifetime_fatiguc = 10.0

Feturn min(lifetime_erosion, lfetime_fatiguc)

etass Firsowal

Model for first wall armor and cooling.
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self,
armor_material: str = tungsten’
armor_thickness: loat = 0,002
structure_material: st 'EUROFER'
cooling_type: sr = heliun
wall_area: float = 200.0

Initilize frst wall model,

Parameters:
armor_material: Armor material
armor_thickness: Armor thickness in m
structure_material: Structural mater

ing_type: Cooling medium
wall_area: Total first wall area in 2
selfarmor_material = armor_material
selfarmor_thickness = armor_thickness
selfstructure_material = structure_maerial
selfcooling._type = cooling_type
selfwall_area = wall_area

# Operating parameters

i cooling_type =~ ‘heliuny’
self.coolant_temp_in =573 # K (300°C)
self coolant_temp_out =773 # K (500°C)
self.coolant_pressure = 8.066 # Pa

dlse:
self coolant_temp_in =393 # K (120°C)
self.coolant_temp_out = 473 # K (200°C)
self.coolant_pressure = 4.066 # Pa

def caleulate_heat_removal(
e,
surface_heat_flux: float,
neutron_volumetric_heating: float
)= Dicfst, float]

Caleulate heat removal requiremens

Parameters:
surface_heat_flux: Surface heat lux in MW/m2
neutron_volumetic_heating: Volumetric heating in MW/m"3

Returns
Dictionary of thermal performance parameters

q_surface = surface_heat_flux * 166 * selfwall_arca

# Volumetric heating in armor and structure
armor_volume = selfarmor._thickness * selfwall arca
structure_thickness = 0.025 #m

structure_volume = structure_thickness * selfwall_area

q_volumetric = neutron_volumetric_hating * 166 * (
armor._volume + structure_volume

q_total = q_surfuce + q_volumeric

# Coolant flow rate requirement
if sl cooling_type == helium
5200 # (kg K)

4180 # 3k K)

delta_T = self.coolant_temp_out - self.coolant_temp,_in

mass_flow =q_total/ (ep * delta_T)

return |
‘surface_power' q_surfice,
‘Volumetric_power: q_volumetric
total_power': q_total,
“coolant_mass_flow" mass_flow

| REACTOR CONTROL SYSTEM

elass Reactorstate(Enum):
"Enumeration of reactor operati

SHUTDOWN = auto()

STANDBY = auto()

STARTUP = auto()

RAMPUP = auto()

BURN = auto()

RAMPDOWN = auto()

EMERGENCY = autof)

@datactass
eloss Plasmaparameters:

""Data class for plasma parameers.

clectron_density: float = 10620 # -3

electron_temperature: loat

fon_temperature: float = 10.0

plasma_current: float = 8.0c6

fusion_power: float

stored_energy: float

confinement_time: float = 1.0

beta_normalized: float =20 #

safety_factor 95 float=30  # dimensionless

2_effective: float = 1.5 # dimensionless
deuterium_fraction: float=0.5 # dimensionless
ritium_fraction: float = 0.5 # dimensionless
impurity_concentration: float = 0.02 # dimensionless

etoss ReactorLimits:
""Operating limits for reactor protectio
max_plasma_current: float = 10.0c6 A
ma_electron_density: floa
max_beta_normalized: float = 4.0
min_safety_factor: float =20 # dimensionless
max_divertor_heat_flux: float = 150 # MW/m'2
max_frst_wall_temperature: float = 1500.0 # K
max_neutron_wall_load: float = 2.0 # MW/mr'2
max_uitium_inventory: float =10 # kg

elass PlasmaController

Real-time plasma control system,

control_cycle._time: float = 0,001
acuator_tesponse_time: float = 0.01

[T ——

Parameters:
control_eyele_time: Control eyele period in seconds
actuator_response_time: Actuator response time in seconds

selfdt = control_cycle._time

selftau_actuator = actuator_response_time.

“density’ {kp: 1.06-20, ki 0.16-20, kd': 0.01¢20;
temperature’ {kp': 05, ki 0.05, kd: 0,011,
‘curtent’ {kp': 1.06-6, ki 0.1c-6, kd 0.01-6}
“position’ {kp'z 10.0,ki 1.0, kd' 0.1}

ral error accumulators
selfintegral_errors = {key: 0.0 for key in sel

# Previous errors for derivative term
selfprevious_errors = fkey: 0.0 for key in self.gains}

ipoints
selfsetpoints
‘density': 1,020,

position': 0.0

def compute_control_action(
self,
parameter: st
measured_value: float
setpoint: float = None
float

Compute PID control action.

Parameters:
parameter: Parameter being controlled
measured_value: Current measured value

setpoint: Target value (uses stored setpoint if None)

Returns
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i setpoint is None:
setpoint = selsetpoints{parameter]

ins = sl gains{parameter]

# Error caleulation
ertor = setpoint - measured,_value

# Integral term with anti-windup
selfintegral_errors[parameter] += error * selfdt
100.0/ gains[ki if gains['ki) > 0 else 1e10
selfintegral_errors[parameter] = np.clip(
selfintegral_errors[parameter]
al_limit,
integral_limit

# Derivative term
derivative = (error - selfprevious_errors[parameter]) / self.dt
selfprevious_errors{parameter] = error

4 PID output
control = (
gains[kp] * error
gains['ki] * selfintegral_errors{parameter
ins['kd'] * derivative

rmp—

Fdensity_control(

self,

measured_density: float

target_density: float
Di(st, float]

Compute gas fueling and pumping commands

Parameters:
measured_density: Current density in
1_density: Target density in m"-3

Returns:
Dictionary of actuator commands

ontrol = self.compute_control_action(density’, measured_density, target_density)

# Convert o actuator commands
i control >
s pufl_rate = control * 1¢22 # particles's
pump_specd
else
s pufl_rate = 0
pump_speed = -control * 100 #m*3/s

‘gas_pull_rate: gas_puif_rate.
‘pump_specd

pellet_injection 1622 # Use pellets for fast response

Fheating_control(
el

measured_temperature: float,

available_rf_power: float
Dic(st, float]

Compute auxilary heating power commands.

Parameters:
measured_temperature: Current temperature in keV
1_temperature: Target temperature in keV
available_nbi_power: Available NBI power in MW
available_rf_power: Available RF power in MW

Retums:
Dictionary of heating commands

ontrol = self.compute_control_action(
temperature’, measured_temperature, target_temperature

4 Convert to power commands
power_request = control * 10 # MW per unit control

4 Allocate between NBI and RE
i power._request > 0

nbi_power = min(power_request * 0.8, available_nbi_power)

f_power = min(power_request - nbi_power, available_rf_power)
dlse

nbi_power =0

f_power =0

return |
‘nbi_power' nbi_power,
f_power’ tf_power,
‘otal_heating’ nbi_power + 1f_power

arcent_control(

self,

measured_current: loat,

targel_curent: float

Toop_voltage: float
Di(st, float)

Compute plasma current control commands

Parameters:
measured_current: Current plasma current in A
urrent; Target plasma current in A
loop,_ voltage: Loop veltage in V

Returns:
Dictionary of current control commands.

ontrol = self.compute_control_actionCeurrent, measured_current,

4 Primary method: OH col voltage.
control * le:3 #V

4 Secondary method: Current drive power
ed_power - abs(control) * Ie-5 # MW for off-normal cases
‘oh_voliage_change* oh_voll
‘current_drive_power' cd_power
‘flux_consumption_rate* loop_voltage

 position_control(

self,

measured_: float,

measured_z: float

arget_r: float,

targel_z float
Dicstr float

Compute plasma position control commands.

Parameers:
measured._: Current major radius in m
measured_z: Current vertical position in m
target_r: Target major radivs in m
target_z: Target vertical position in m

Returns:
Dictionary of position control coil currents

£ error = target_r - measured 1

2_ermor = target_z - measured_z

# Horizontal field coil for radial conirol
ontrol_x = self. gains[‘position’|'kp') _error

# Vertical field coil for vertical control
control_z = self. gains[ position'|(kp') * z_error
orizontal_field_current: control_r * 16, #A
vertical_field_current’ control 2 * 1¢6, #A
adial_error': 1_error,

vertical_error': z_error

DisruptionPredictor

Machine learning-based disruption prediction syster.

de

£ _init_(
self,

time: float = 005,
prediction_horizon: float = 0.5
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Iniialize disruption predictor #Trip history
selftip_history =
Parameters:
Warning._time: Minimum warning time required in seconds def chek _limits(
prediction_horizan: Prediction look-ahead time in seconds el
plasma_params: PlasmaParameters,
selfwarning_time  warning_time. divertor_heat_flux: floa,
selfprediction_horizon = prediction_horizon rrm———
magnet._status: Dictlstr, loat
# Feature history bufler )=> Dict[sr, bool
self feature_buffer = deque(maxlen=1000)
[Ep—
# Simple threshold-based predictor (placeholder for ML model)
selfthresholds = { Parameters:
locked_mode_amplitude’; 163, #T plasma_params: Current plasma parameters
‘edge_radiation_fraction': 0.9, # dimensionless divertor_heat_flux: Divertor heat flux in MW/m"2
‘density_limit_fraction': 085, cenwa itium_inventory: Site ritium inventory in kg
“beta_limit_fraction': 0.95,  # beta_n/be magnet_status: Magnet system status
'995_minimum’ 2.0, # safety factor
‘curtent spike_rate’ 1e7  #Als Retums:
Dictionary of it status (True = within limits)
def extract_features( status = {
self,
plasma_params: PlasmaParameters, # Plasma currentlimit
magnetic_data: Dici[str, float) statusplasma_current] = (
radiation_data: Dictlst, loat] plasma_params plasma_current <= selfJimits.max_plasma_current
)= Dietlst, float]
Extract features for disruption prediction 4 Density limit
status{density’] = (
Parameters: plasma_params.electron_density <= selfimits.max_o
plasma_params: Current plasma parameters
magnetic_data: Magnetic diagnostic data
radiation_data: Radiation diagnostic data # Beta limit
status[beta')
Returns: plasma_params.beta_normalized <~ sel limits.max_beta_normalized
Dictionary of extracted features
features = { # Safety factor limit
‘eta_normalized plasma_params.beta_normalized, status[safety_factor]
q95':plasma_params safety_factor_95. plasma_paramssafety_factor_95 == selfJimits.min_safety_factor
“density". plasma_params.clectron_density,
1i': magnetic_data.get(internal_inductance’, 1.0),
‘locked_mode’: magn (locked_mode_amplitude’, 0.0), 4 Divertor heat flux limit
05). status{divertor] =
_alpha' radiation_data get(h_alpha_intensity’, 1.0) divertor_heat_flux <= selflmits.max_divertor_heat_flux

Feturn features # Tritium limit
status[ritium] = (

def predict_disruption( ritium_inventory < self.limits.max_titium_inventory

e,

features: Dietstr, foat],

enwald_density: float # Magnet limits

beta_limit: float status[ magnet’]) = magnet_status.get(within_limits, True)
)=> Tupleffloat, st
Predict disruption probability and type.

def pracess_tip(

Parameters: self,

features: Current feature values trip_source: s

srcenwald_density: Greenwald density limit in m severity: sr = normal

beta_limit: Beta limit value )=> Dictfst, Any,

Retums Process a trip event
Tuple of (disruption probabiliy, predicted disruption type)

. Parameters:

probability = 0.0 trip_source: Source of the rip

disruption_type - ‘none’ severity: Trip severity (normal’, st ‘eme

# Density limit check Returns:
density_fraction = features{'density’)/ greenwald_density Dictionary of rip actions
i density_fraction > selfthresholds{ density_limit_fraction']:
probability = max(probability, (density_fraction - 0.85) /0.15) timestamp = time.time()
disruption_type = 'density_limir
selftip_history.append(
#Beta limit check timestamp’;timestamp,
beta_fraction = features( beta_normalized] / beta_limit ‘Souree’ rip._source,
i beta_fraction > self thresholds[ beta_Limit_fraction'} severity' severity
probability = max(probabiliy, (beta_fraction - 0.95) / 0.05)
disruption_type = 'beta_limit'
#Low q disruption timestamp’:timestamp,
if features{'q9) < self thresholds['q9S_minimun): wip_source’ rip_source,
probability = max(probability, (2.0 - features['g951) / 0.5) severity' severity
disruption_type = low_q actions's []

# Locked mode
if features[ocked_mode’] = sef thresholds[locked_mode_amplitude’) i severity == ‘emer

probability = max(probabiliy, features{ocked_mode'] /0.01) actions{'ations’

disruption_type = locked_mode’ rigger_massive_gas_injection,

# Radiation collapse

if features[ radiation_fraction') > self.thresholdsedge._radiation_fraction'}
probability = max(probabiliy, (features{ radiation_fraction'] -0.9)/0.1)
disruption_type = 'radiation_collapse’

probability = min(probability, 1.0) ‘ramp_down_heating.
“controlled_current_ramp'

Feturn probabilty, disruption_type [re—

def recommend_mitigation(
e,
disruption_type: sir, ‘reduce_heating_power
time_to_disruption: float “controlled_plasma_termination’

) Dictstr Any] 1
Recommend disruption mifigation actions. feturn actions

Parameters:
disruption_type: Predicted disruption type ¢
time_to_disruption: Estimated time to disruption in s ¥ INTEGRATED REACTOR SIMULATION

Returns:
Dictionary of recommended actions Jelass FusionReactorSimulator
actions = { ated simulation of compact modular fusion reactor.
rgent’time_to_disruption < selfwaming time,
‘recommended_actions': []
def _init_(
el
i disruption_type == density_limit major_radivs: float = 4.0,
actions{recommended_actions’].extend({ minor_radius: float = 12,
educe_gas_fueling. toroidal_field: float = 6.5,
‘inerease_pumping’, plasma_current: float = 8.0¢6,
“inerease_heating._power oum_nbis int
) Bbi_power.per_uni: loat = 4.0
elif disruption_type == beta_limi’
actions{recommended_actions’].extend({ -
educe_heating_powe Initilize reactor simulator.
tincrease_plasma_current.
“inerease_toroidal_field [Ir—
) major_radius: Major radivs in m
elif disruption_type == low_q' minor_radius: Minor radius in m
actions{recommended_actions’].extend({ toroidal_field: Toroidal field on axis in T
educe_plasma_current plasma_current: Target plasma current in A
‘increase_current_drive’ ‘num_nbi: Number of neutral beam injectors
) bi_power_per_unit: Power per NBI unit in MW
elif disruption_type == locked_mode'
actions[recommended_actions extend([ SeIfRO = major_radius
PR — T selfa = minor_radius
‘wigger_mgi if time_to_disruption < 0.02 else 'reduce_beta’ SelfBO = toroidal_field
) selfIp = plasma_current
elif disruption_type == radiation_collapse
actions recommended_actions.extend([ # Initialize subsystems.
“inject_impurity_pellet if fime_to_disruption > 0.01 else ‘rigger_me selfnbi_systems = [
NeutralBeaminjector(
beam_energy_kev=2000,
ency mitigation am_power_mw=nbi_power_per_unit,
if actions[‘urgent injection_a
actions| recommended_actions’] insert(0, ‘prepare_massive_gas_injection’) )
for _in range(num_nbi)

feturn actions ]

self magnet_system = SuperconductingCoil(
otoss ReactorProtectionSystem: major_radius-major_radius,
. minor_radius=minor_radius,

actor protection and interlock system. field_on_axis=toroidal_ficld

def_init_(self limits: ReactorLimits) selfbreeding_blanket = BreedingBlanket(
- blanket_type-"HCPB',
Iniialize protection system. li6_enrichment=0.5
Parameters:
limits: Operating limits for protection selfdivertor = DivertorTarget()
Self first_wall = FirstWall(wall_area=2 * pi * major_radius * 2 * i * minor_radius)
selflimits = limits
# Plasma state
# Interlock status selfplasma = PlasmaParameters()
selfinterlocks = { selfstate = ReactorState. SHUTDOWN
plasma_current
“density” True, 4 Control systems
beta’ True, selfcontroller = PlasmaController()
‘divertor': True, selfdisruption_predictor = DisruptionPredictor()
it True, selfprotection = ReactorProtectionSystem(ReactorLimits())
magnet’ True,
‘cooling: True # Time tracking
selftime =0.0
Selfdi = 0.001 # 1 ms time siep
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# History buffers # Update time
selfhistory = { selftime += self.dt
time': [,

fusion_power' ] #Record history
‘electron_density’: [ selfhistory[time] append(scif ime)
electron_temperature’ [}, selfhistory[ fusion._power L append(self plasma.fusion_power)
on_temperature’ ],

selfhistory[electron_density'].append|(self plasma.clectron_density)
“plasma_current: [],

selfhistory[clectron_temperature’, append(seif plasma.clectron_temperature)
bi_power’ [}, selfhistory['ion_temperature']appendi(selplasma.jon_temperature)
stored._energy' )

selfhistory['plasma_current] append(selFplasma. plasma_current)
“confinement_time' []

selfhistory['nbi_power']append(power_balance['nbi_power')
selfhistory['sored_enery'lappend(self plasma.stored_cner

selfhistory['confinement_time')sppend(selfplasma.confinement_time)
def plasma_volume(self) = float

"Caleulate plasma volume.
Fetum 2 i**2 * selfRO * selfa®*2 * 1.7 # Include clongation

time': selftime,

plasmasselfplasma,
reenwald_density(self) => float ‘power_balanc’: power_balance,
‘Calculate Greenwald density limit isruption_probabiliy’ disruption_prob,
retun selfIp /(pi * selfa®2) * el #Ipin MA, ainm disruption_type: disruption._type.
state’ sl state
def set_plasma_profiles(

self,

density_peaking: float = 1.5, def run_simulation(
temperature_peaking: float = 2.0 el
duration: float
callback: Callable = None

Dicstr,np.ndarray]

Set plasma profile shapes. )

Parameters: Run simulation for specified duration
density_peaking: Density profile peaking factor
temperature_peaking: Temperature profile peaking factor —
- duration: Simulation duration in seconds
selfdensity_peaking = density_peaking callback: Optional callback function called each stcp.
selftemperature_peaking = temperature_peaking
Returns:

def density_profie(self, tho: float) = float Dictionary of time history arrays

Density profile as function of normalized radius. n_steps = in(duration / self.dt)

Parameters: for step in range(n_steps)
ho: Normalized radivs (0 at axis, 1 at e result = self step()

Retums if cllback is not None:
Local density in m-3 callback(result)

# Check for termination conditions
if resul disruption_probability] > 0.9:
logging warning(F"High disruption probability at = selftime: 36}s")

10 = self plasma clectron_density * self density_peaking
return 0 * (1 - tho**2)**(1/self density_peaki

def temperature._profile(sel, hos float) = loat

return (key: np.array(val) for key, val in sl history.items()}
Temperature profile as function of normalized radivs.

def export_state(self) > Dictlstr Any
Parameters: """Export current reactor state o dictionar

sho: Normalized radius return |

time': self time,
Returns state’ sl state name,
Local temperature in keV plasmat
“electron_density’: self plasma clectron_density
TO = self plasma.clectron_temperature * self emperature_peakin “electron_temperature” self plasma electron_temperature,
return TO * (1 - tho**2)**(Uself temperature._peaking) tion_temperature’s self plasma.ion_temperature.
“plasma_current’ selfplasma,plasma_current,
ef caleulate_fusion_power(self) => float “fusion_power’: selfplasma fusion_power,
" Caleulate total fusion power.” ‘stored_enerzy': self plasma.stored_energy,
Nolume integral of fusion power density “confinement_time': selfplasma.confinement._time,
tho = np.linspace(0, 1, 50)

“beta,_normalized self plasma.beta_normalized,
dho = tho[1] - tho[0]

‘safety_factor_95': selfplasma.safety_factor 95
P_fusion = 0.0
forrin thol -1

‘major_radius'; sel£RO,
ne = selfdensity_profile(r) “minor_radius’ sela
Ti = selemperature_profile(r) “toroidal_field: self.BO,
“plasma_volume': selfplasma_volume()
# Assume 50-50 D-T mix }

D= 0.5 % ne

AT=05*ne

wbi' |

‘num_injectors" lenfself.nbi_systems).

“total_power' sum(nbibeam_power_m for nbi in self-nbi_systems),
P_local = PlasmaPhysics.fusion_power_density(nD, T, Ti) “beam_energy': sel.nbi_systems(0].beam_energy_kev if sclf.ibi_systems clse 0
# Volume element (toroidal geomery)

AV =4 pi*®2 % selfRO * selfa®®2 * (1-19%2) * 2 ¢ 1 # deho * 1.7

P_fusion += P_local * 4V

# DATA ACQUISITION AND DIAGNOSTICS.

Fetum P_fusion / 1¢6 # Convert to MW

def caleulate_power_balance(self) > Dict[str, float: etass Di
"*Calculate reactor power balanc .

#Fusion power Plasma diagnosic data acquisition system
P_fusion = self.caleulate_fusion_power()

# Alpha heating (20% of fusion power) def _init_(self, sampling._ate: float = 10000.0):
P_alpha = P_fusion * 0.2 -

Initilize diagnostic system.
#Neutron power (80% of fusion power)
P_ncutron = P_fusion * 0.8 [Ir—

sampling_rate: Data acquisition rate in Hz
#NBI heating
P_nbi = sum(nbi.beam_power_mw for nbi in selfnbi_systems) selfsampling_rate
selfdt= 1.0/ sampling_rate
otal heating

P_heat = P_alpha + P_nbi # Diagnostic channels
selfchannels
# Radiation losses 1

thomson_scattering’ {

P_rad =~ 0.3 * P_heat # Assume 30% radiated netz [,
T ],
# Transport losses ‘radial_positions':[]
tau_E - PlasmaPhysics.cnergy_confinement_time_iter_scal )
1e6, charge_exchange’
selfplasma.clectron._density / 1e19, “rotation’ [},
‘radial_positions': []
interforometry' {
# Elongation ‘line_integrated_density': ],
25 # Average mass for D-T ‘ehords': []

stored = 3 * selfplasma.electron_density * ( Ip Ol
Selfplasma.clectron,_temperature + self plasma.ion_temperature

“loop_voltage’: |
) #1000 * & * sl plasma_volume() /2 h

cta_pol ],
i
P_transport = W_stored /au_E/ 1e6 }

bolometry' {
#En

in ‘radiated_power’ [,
Q= P_fusion / P_nbi if P_nibi > 0 clse floai(inf)

“radiation._profile’ ]
retumn | ‘neutron_diagnostics'
fusion_power': P_fusion, “neutron_ate’ ),
‘alpha_heating': P_alpl “neutron_spectrun []
“neutron_power’ P_neatron,

bi_power': P_nbi,
‘otal_heating’: P_heat
“radiation_losses’: P_rad, def simulate_measurement(
transport_losses' P_transpor, self,
stored_energy's W_stored / 1e6, #MJ rue_value: loat,
“confinement_time’ tau_E

in_factor: Q

relative_error: float = 0,05
absolute_error: float = 0.0
)= float:

def step(self) = Dietstr, Any) Simulate measurement with noise

Advance simulation by one time step. [—

true_value: True physical value
Retums relative_error: Relative measurement error
Dictionary of current state and derived quaniities S ——

# Update plasma parameters based on control inputs
power_balance = self.caleulate_power_balance()

Retums:

Simulated measured value

imple plasma evolution model

noise = np.random.normal(0, 1)
P_net = power_balance[‘otal_heating’] - power_balance[radiation_losses'] -

ermor = noise * (relative_error * abs(true_value) + absolute._error)
power_balance[transport_losses] feturn true_value + error
emperature evolution [Ty ————
self,
density_profile: Callable,
temperature_profile: Callable,
fum_channels: int = 20

P_net /(3 * self plasma electron_density * selfplasma_volume() * 1000+ ¢)
selfplasmaelectron_temperature += dT * selfd * 1e3 # keV
selfplasmaon_temperature = 0.9-* self plasma.electron_temperature

# Update fusion power )-> Dict[st, np.ndarray]:
selfplasmafusion_power = power_balance{fusion_power]

selfplasmastored_energy = power_balance[stored_energy'] Simulate Thomson scattering measurement,
selfplasma confinement_time = power_balance['confinement_time]

[—
# Cheek disruption prediction density_profile: Function neftho)
features temperature_profile: Function Te(tho)
“beta_normalized' selfplasma.beta_normalized, ‘num_channels: Number of spatial channels
1995 selfplasma.safety_factor 95,

‘density" self plasm.electron_density
10,

Tocked_mode’ 0.0,

Retums:
Dictionary of measured profiles

radiation_fraction': 0.3, tho = np.linspace(0, 1, num_channels)

“h_alpha's 1.0

) ne_measured = np.array([

selfsimulate_measurement(density_profle(r), 0.03)

disruption_prob, disruption_type = self disruption_predictor.predict_disruption( forrintho

features, ]

self greenwald_density(),

40 # Beta limit Te_measured = np.array([

elfsimulate_measurement(temperature profile(r). 0.05)
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forrin tho, feturn True
D
def shutdown_sequence(self, emergency: bool = False) -> bool
feturn | -
Exccute plasma shutdown sequ:

ertor' 0.03 * ne_measured, emergency: 1 True, exceute emergency shudown
ermor’ 0,05 * Te_measured
Returns:
True if shutdown successful
def acquire_magnetics( s
ifemergency
selfloggerwarning("Executing EMERGENCY shutdown")
selfstate = ReactorState, EMERGENCY

self,
plasma_current: float,
Toop_voltage: float,
beta_pol: loat,
internal_inductance: float
)=> Dictlsr, floa]:

selflogger.info("Beginning conirolled shutdown”)
selfstate = ReactorState RAMPDOWN

#Ramp down heating
selflogger.info("Ramping down heating power”)

Simulate magnetic diagnostic measurements,

Parameters:
#Ramp down current

plasma_current: Plasma current in A
selflogger.info("Ramping down plasma current”)

loop._ voltage: Loop voltage in
beta_pol: Poloidal bet
internal_inductance: Internal inductance # Terminate plasma
selfreactorplasma.pl
Returns: selfreactorplasma.
Dictionary of measured quantities selfreactor plasma.ion_temperature = 0
selfreactorplasma.fusion_power = 0

feturn
i selfstate = ReactorState SHUTDOWN
selfloggerinfo("Shutdown sequence complete”)

elf simulate_measurement(plasma_current, 0.01),
“Vioop® self simulate_measurement(loop_voltage, 0.02),
beta_pol’: selfsimulate_measurement(beta_pol, 0.05), return True
1 sl simulate_measuremen(internal_inductance, 0.03)
) def run_bum_phase(self, duration: float) = Dict[sr, Any:

def acquire_neutron_rate( Run reactor in burn phase.
self,
fusion_power: float [Ir—
)= Dicfst float] duration: Burn duration in seconds
Simulate neutron diagnostic measurement Returns:
Summary of bumn performance

Parameters: s

fusion_power: Fusion power in MW erinfo("Running burn phase for {duration] seconds”)
Retums defstep_callback(result:

Dictionary of neutron measurements if resul disruption_probability] > 0.5
. selflogger warning(
#Neutrons per MW of fusion power Elevated disruption risk: {resuli{disruption_probabilityT: 2%} "
neutrons_per_mw = 3.5¢17 # s per MW )

rue_rate = fusion_power * neutrons_per_mw history = selfreactor.run_simulation(duration, callback=step_callback)

return | # Caleulate performance metrics
“neutron_rate”:self simulate_measurement(true_rat, 0.02), avg_fusion_pawer = np mean(history['fusion_power'])
‘fusion_power_estimate’ self.simulate_measurement(fusion_power, 0.02) max_fusion_power - np.max(history['fusion_power'))

avg_confinement = np.mean(history['confinement_time'))

‘duration’. duration,
YSTEM INTEGRATION AND MAIN EXECUTION ‘average_fusion_power' avg._fusion_power,
‘maximum_fusion_power max_fusion_power,
‘average_confinement._time': avg_confinemen,
Jtass ReactorOperatingsystem: total_fusion_energy’ np.sum(history[ fusion_power]) * selfreactordi,
‘final_state®: self.reactor.export_state()

Main operating system for fusion reactor control and monitoring.

crinfo({"Burn phase complete. Avg fusion power usion_power. 11} MW")

def_init_(sel:

def get_status_repor(self) = st
nerate human-readable status report”™"
format- state = self reactor.export_state()

selflo report =™

# nitialize main reactor simulator COMPACT MODULAR FUSION REACTOR STATUS REPORT
selfreactor = FusionReactorSimulator(
major_tadius-4.0,
Time: {state[ s
JOpcrating State: {statel sate';

minor_radius=1.2.
toroidal_ield=6.5,
plasma_current=8.0e6,
num_nbi=d, IPLASMA PARAMETERS:
nbi_power_per_unit=4.0 i
Electron Density:  {state{plasma] electron_densiy']
Electron Temperature: {statef plasma’](cl
# Iniialize diagnostics
selfdiagnosties ~ DiagnosticSystem(sampling._rate~10000.0)
lasmal][fusion_power:1f) MW
¥ hine st ray T2 MI
selfstate = ReactorState: SHUTDOWN e e {statelplasma’|confinement_time'). 3} s
{statel plasmal)[beta_normalized'}:21} %
#Operating parameters ‘plasma['safety_factor 95721}
elftarget_fusion_power = 200.0. # MW

Major Radius:  {state[ seometry'|[ major_radius’): 21} m
Minor Radius: e [(minor_radivs': 26 m
Toroidal Field: etry[toroidal_field]:21} T
Plasma Volume: ate['geometry ] plasma_volume'J. 11} m"3

#Thread synchronization
selfrunning = Fa
selfdata_quene = queue Queue(maxsize=10000)

def initialize_systems(sel) -> bool:
[NEUTRAL BEAM INJECTION:

Initiaize all reactor subsystems. |

Number of Injectors: {state[ nbi'J['num_injectors'}}

Total NBI Power:  {statelnbiI[otal_power']:1f} MW
Beam Energy state['nbi['beam_cn 0f) keV

Retums
T ——]

selfloggerinfo("Initializing reactor systems..")

Feturn report
# Initalize plasma profiles
selfseactorset_plasma_profiles(
density_peaking=1.5,

* MAIN EXECUTION

temperature_peaking=2.0

P — acr main):

a.clectron_density = 1.0620 ain exceution function for fusion reactor simulation,”™
electron_temperature = 1.0 # Start cold

prini("=" * §0)
prini("COMPACT MODULAR FUSION REACTOR SIMULATION SYSTEM")
prini(
print()

cactor plasma.jon_temperature = 1.0
or plasma plasma_current = 0.0

1020
erature’] = 150 # Create and iniialize reactor operating system
1= 8.0¢6 ros = ReactorOperatingSystem()

if not ros.iniialize_systems():
self loggerinfo("System initalization complete”) prin("ERROR: System initialization failed)
return True feturn
except Exception as ex # Exceute startup sequence
ror(nitialization failed: fex}") [T p—
prini("ERROR: Startup sequence failed")
def startup_sequenceself) = bool
. # Run bum phase
Exceute plasma startup sequence. um_summary = ros.run_bum,_phase(duration=1.0)
Retums: # Print status report
True if startup suceessful prini(ros.get_status_report()
) g —

selflogger info(*Beginning startup sequence.
prini("nBURN PHASE SUMMARY:")

selfstate = ReactorState STARTUP
cuum conditioning prini(f"Duration: {burn_summary{ duration') 11}
info("Phase 1: Vacuum conditioning”) Average Fusion Power: {burn_summary[average_fusion_power'}
time sleep(0.1) # Simulate delay "Maximum Fusion Power: ~ {bum_summary|‘maximum_fusion_power:.1
burn_summary['total_fusion_energy’}-16} MJ")
# Phase 2: Mags tion prini(f"Avg Confinement Time:  {burn_summary[‘average_confinement_time': 31 ")
Magnet energization”)
time.sleep(0.1) # Execute controlled shutdown
ros shutdown_sequence(emergency=False)
#Phase 3: Plasma breakdown
selflogger.nfo("Phase 3: Plasma initiation") prini("nSimulation complete.”)
selfreactorplasma.plasma_current = 0.1¢6 # Initial current
Return summary for external use
#Phase 4: Current ramp [T —
selflogger.nfo("Phase 4: Current ramp-up”)
selfstate = ReactorState RAMPUP
for i in range(10): result = main()
target_current = 0.1¢6 + i * 0.79¢6
or plasma plasma_current = target_current
self loggernfo(I"Plasma current: {target_current/166: 21} MA”)

fmeste®oh This comprehensive implementation provides the complete control and
simulation system for the compact modular fusion reactor. The code
encompasses all essential subsystems including the negative ion beam injectors
e o 0 with surface conversion physics, the superconducting magnet system with high
temperature superconductor models, the tritium breeding blanket calculations,
the plasma facing component thermal analysis, the plasma equilibrium solver, the

actorState BURN
tup sequence complete - entering burn phase”)
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real-time control system with feedback loops, the disruption prediction
algorithm, the reactor protection system, and the integrated power balance
calculations. The simulation accurately models the deuterium-tritium fusion
reactions, the neutral beam stopping and current drive processes, the energy
confinement scaling, and the complete power flow through the reactor system
from the fusion reactions through the blanket to the power conversion system.
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Abstract

This paper presents a systems-level numerical investigation of a compact
modular magnetic fusion reactor concept employing high-energy, long-pulse
negative ion beam injection (NBI) as the primary auxiliary heating and current-
drive mechanism. A zero-dimensional (0-D) time-dependent plasma energy
balance model is developed to examine plasma temperature evolution, fusion
power production, stability margins, and thermal exhaust requirements under
reactor-relevant conditions. The model incorporates deuterium—tritium fusion
reactivity, empirical energy confinement scaling, a soft plasma B-limit
representing active stabilization, and a simplified thermal management
architecture for the first wall. Simulation results demonstrate that long-pulse 200
keV negative ion NBI at 16 MW can sustain keV-class plasmas in a compact 4 m
major-radius device, while maintaining 3 well below conservative stability
thresholds. Sensitivity studies show that improved confinement and moderate
density increases significantly enhance fusion output, though ignition is not
achieved in the present configuration. The results support the feasibility of
modular, beam-driven fusion reactors as an intermediate pathway toward steady-
state fusion power systems.

1. Introduction

Compact fusion reactor concepts aim to reduce size, cost, and construction
complexity while retaining sufficient plasma performance for net-energy-relevant
operation. Advances in high-field superconducting magnets, long-pulse neutral
beam systems, and active plasma control have renewed interest in modular
reactor architectures [1-3].

Negative ion-based neutral beam injection has emerged as a leading technology
for sustained high-energy plasma heating and non-inductive current drive,
particularly in reactor-grade plasmas where penetration depth and efficiency are
critical [4,5]. When combined with active stabilization systems and integrated
thermal management, such beams may enable long-pulse or steady-state
operation in compact devices.

This paper presents a computational experiment exploring a Compact Modular
Fusion Reactor System driven by high-energy long-pulse negative ion beam
injection, with explicit treatment of plasma stabilization and first-wall thermal
management. The goal is not to predict reactor performance with high fidelity,
but to evaluate system-level feasibility and scaling trends using a transparent,
physics-informed numerical model.

2. Reactor Concept Overview

2.1 Geometry and Magnetic Configuration

The reactor considered is a tokamak-like configuration with major radius
R = 4.0 m, minor radius ¢ = 1.3 m, and elongation k = 1.7. The toroidal

magnetic field at the plasma axis is By = 6.5 T, consistent with high-field
compact reactor designs [1,6].

The plasma volume is approximated as
Vx~2r 2 Ra ZK',

yielding V ~ 2.3 X 102 m3. The effective first-wall area is estimated using a
toroidal surface approximation for thermal calculations.

2.2 Heating and Current Drive

Auxiliary heating is provided by eight negative ion neutral beam injectors, each
rated at 2 MW, delivering a total beam power of 16 MW at 200 keV. The beams
are assumed to operate in long-pulse mode (200 s in the baseline case), with an
effective absorbed fraction of 85%, consistent with reactor-relevant NBI
efficiency estimates [4,7].

While current-drive physics is not modeled explicitly, the beam system is

assumed to support non-inductive operation in conjunction with bootstrap
current, consistent with advanced tokamak scenarios [2].

3. Numerical Model
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3.1 Energy Balance Equation

A zero-dimensional plasma energy balance is solved:

aw

ar = Pext + Po = Ploss»

where W is the total thermal energy of the plasma, Pey; is external heating from
N B1I, Py is alpha-particle self-heating from fusion reactions, and P} includes
transport and radiation losses.

The plasma is assumed quasi-neutral with equal ion and electron temperatures
(Ti =T).

3.2 Fusion Power and Reactivity
Deuterium—tritium fusion power is computed as
Py =npny(o v)EfV,

where (o v) is a temperature-dependent Maxwellian-averaged reactivity. A
smooth analytical surrogate fit is used to approximate standard DT reactivity
curves in the 1-30 keV range [8]. Alpha heating is taken as 20% of the total
fusion energy.

3.3 Energy Confinement

Energy confinement time is anchored to a nominal value 7g; = 1.2 s at 16 MW of
heating, consistent with IPB98(y,2)-class scaling for the given size and field
strength [9]. A mild power degradation dependence is included:

Tp & p=02
A confinement enhancement factor H is introduced for sensitivity studies.
3.4 Plasma Stabilization Model

Plasma stability is represented through a soft B-limit. The volume-averaged
plasma beta is calculated as

_ 2pop

B

P 2
0

5

with pressure p = n kg(T, + T;). When f3 exceeds a conservative limit of
2.5%, additional transport losses are applied to emulate active MHD stabilization
and turbulence suppression systems [10].

3.5 Thermal Management Model

Thermal exhaust is partitioned such that 70% of plasma losses are directed to the
first wall. A pressurized water cooling system with inlet/outlet temperatures of
280/320 °C (AT =40 K) is assumed, consistent with conventional fusion blanket
designs [11]. Required coolant mass flow rates are inferred from:

Pyall

cpAT

4. Simulation Results

4.1 Baseline Case

In the baseline configuration (density n, = 1.2 X 1020 m—3, H = 1), the
plasma rapidly relaxes to a quasi-steady temperature of approximately 1.3 keV
during the beam pulse. Fusion power remains below external heating, reaching
the order of 10-15 MW.

The plasma beta remains below 1%, well under the imposed stability limit. Upon
termination of NBI, the plasma cools on the energy confinement timescale.

4.2 Enhanced Performance Case

A sensitivity case with improved confinement (H = 2) and increased density
(1.8 % 1020 m—3) shows substantially improved performance. Plasma

temperature approaches 2 keV, fusion power increases by more than a factor of
two, and beta remains safely below the stability threshold.

While ignition is not achieved, the results highlight the strong leverage of
confinement quality and density in compact reactor designs.

4.3 Thermal Loads

First-wall heat fluxes remain below 0.1 MW/m? in all simulated cases, well
within conservative engineering limits. Required coolant mass flow rates are of

New York General Group

order 100 kg/s during beam operation, consistent with existing pressurized-water
cooling technology.

5. Discussion

The simulations demonstrate that high-energy long-pulse negative ion beams can
sustain reactor-relevant plasmas in compact geometries without approaching
stability or thermal limits. However, the inability to reach ignition underscores
the challenge of achieving sufficient confinement and density simultaneously in
small devices.

The modular nature of the concept allows incremental upgrades—such as
improved confinement regimes, higher magnetic field strength, or additional
heating systems—to be evaluated systematically. Importantly, the low  and
thermal margins suggest robust operational flexibility and reduced disruption
risk.

6. Conclusions

A zero-dimensional computational experiment has been conducted to assess a
compact modular fusion reactor driven by high-energy negative ion beam
injection. The model integrates plasma heating, fusion power generation,
stabilization constraints, and thermal management considerations within a unified
framework.

The results support the technical plausibility of beam-driven compact fusion
systems as a stepping stone toward steady-state fusion power. Future work
should extend this study to include spatial transport models, self-consistent
current drive, impurity dynamics, and divertor heat exhaust physics.
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Appendix

The following is a sample of the program code used in the computer simulation.
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NBIkeV = 2000 # keV, beam cnergy (informational here)
hibsorpiion = 0.85  # fraction of NBI power absorbed in plasma (assumed)

[ Cor=2000 s (beam pulse ends 41200 5)

et Pobic: floar) > float

Long-pulse NBI power schedule
return P_NBI_totalif (Lon <= t <= {_off) clse 0.0

# 4) DT fusion physics prosies
fusion = 17,606 * 1.602176634c-19 # 1 per DT reaction
i aipha #alpha fraction of fusion energy
et sigma_v_DT(TkeV: float) > float:
Smaoth surrogate for DT Maxwellian-g reactivity <ov> [m3/5]
ver ~1-30 keV
ta full Bosch-Hale implementation; suitable for qualitative dynamics.

max(TkeV, 0.1)
10_sv =-24.2 + 2.2 * nplogl0(T) - 0.15 * (np.log 1 0(T))**2
0

ment model

auk:_nom = 1.2 # 5, anchored reference point at ~16 MW heating

Jtef uk(Pheat MW floa, H: float = 1.0) = float

confinement time with mild power degradation.
a confinement enhancement factor used for sensitiviy studi

retum H * auF_nom * (max(Pheat_ MW, 1e-3)/ 16.0)%(-0.2)

) Radiation + suabilization
‘Simple tuned bremssirahlung-like proxy: P_brem ~ C * 2 *Sqr(T) * v
Jo_brem = 1.76-38 # wning constant (chosen for reasonable magnitudes)

ef P_brem(TkeV: float, ne: float) = loat:
rotum C_brem * Zeff * ne**2 * np.sqri(max(TkeV, 0.1)) * Vpl

Beta limit and stabilization proxy
cta_timit = 0.025 #2.5% (soft cap)

Jer beta_plasma(TkeV: float, ne: float) > float:

Volume-averaged bea proxy:
beta = 2#mu0*p/B~2, with p = nekB*(Te+Ti), Te=Ti=T.

T K=TheV * 1.16045¢7
ponetkBY(Q 1T K)
return 2 mud * p/ (BO*

et stability_toss_muliplier(beta: float) > float:

I beta exceeds the cap, increase transport losses (o emulate
active stabilization  increased turbulent transport.

if beta <= beta_limi
feturn 1.0
retum 1.0+ 8.0 * (beta / beta_limit - 1.0)**2

7) Thermal management proxy

p_water = 5200.0 # Jkg-K (rough pressurized-water value near ~300°C)
o fw =100 #K (280320°C

W_fraction = 0.7 # fraction of ex s the first wa

8) Simulation runner

Jef run_case

+_end: float = 600.0,
dt: float = 0.02

Runs a 0-D plasma energy balance for a specified confinement factor H

and density multplier ne_mult.

e = ne._base * ne_mult
8D, 6T - 05 % ne, 0.5 * ne # 50/50 DT mixture

# Convert between thermal enerzy and temperatur
HW=3/2% (n_e +n_i) KB TV, and for DT quasi-neutral n_i ~n_c.
def W_from_T(TkeV: float) = floa:
V11604567
2% 0e) * kB T_K * Vpl

T_from_W(W: float) > float
W <= 0

rotum 0.0

TK=W/(L5* (2% ne)* kB * Vpl)
fetum T_K /1160457

nparange(0, _end + dt, o)
p.zeros_like()
np.zeros like(t)

Pfus = np.zeros _like(t)

betah = .
tauA = np.zeros like(t)

Q_fw = np.zeros _like(t) # first-wall heat flux [Wiem
‘milow_fi = np.zeros_like(t) # coolant mass flow (kg/s]

# Inital condition
WI0] = W_from_T(T0)

for i in range(leny) - 1)
T_from_W(W[i])
beta_plasma(Ti, ne)

a_y_D

(D * T * sy * E_fusion) * Vpl
# External heating (absorbed)
P_in = absorption * Pabi((i})
# Confinen
Pheat MW = (P_in + {_alpha * P) / 1e6.

tau = auE(Pheat MW, H-H)

#Losses
mult = stabiliy_loss_multiplir(beta_i)
P_trans = mult * (WIi] /taw) if tau > 0 clse 0.0
P_rad = P_brem(Ti, ne)

P_out = P_trans + P_rad

#Ene
@Wdt=P_in + [ alpha * Pf-P_out
WIi+ 11= max(Wil + Wde * d, 0.0)

# Thermal management proxies
P_fiv = fv_fract

@ fwli] = P_fiw/ Avall

mflow_fufi] =P, ater * dT_fw)

tawAfi] - tau

# Final sample
T = T_from W(W[-1])

Pfus[-1] = (D * nT * sigma_v_DT(T[-1]) * E_fusion) * Vpl
betaA[-1] = beta_plasma(T[-1], ne)

rotum 1, T, Pus, Pin, Pout, betaA, tauA. q_fiv, mflow_fy

et summarize(t T, P beta, q_fiv, mflow_fw):
""Computes summary metrics during the NBl-on window (t <= (_off).

mask on <1<~ 1o
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1dx200 - np.argmin(np.abs(: - _ofh)
return {
200 (keV)": float(TTidx200]),
"Peak fusion p NBI (A (Pilmask_on])/ 1e6),
‘Peak beta during NBI (%)": loat(np.max(beta[mas|
Ava first-wal heat flux during NBI (MW/m2)": loat(np mean(q_fw{mask_on]) / 1¢6),
ak first-wall heat flu during NBI (MW/m"2)" float(np.max(q_fw[mask_on])/ 1c6),
foat(np.max(milow_fw{mask_on})),

9 Main: run o
Case A: baseline
1A, TA. PEA, PinA, PoutA, betaA, tauA, gfwA, mfA = run_case(H=10, ne_mult=1.0, T0=3.0)

Case B improved confinement  density (sensitivity)
1B, TB, PfB, Pin, PoutB, beta, tauB, qfwB, mfB = run_case(H=2.0, ne_muli=1.5, T0=3.0)
Plots
pltfigure(figsize=(10, 4))
PlLplOItA, TA, label="Case A: H=1, n=1.2¢
pleplotiB, TB, abel-"Case B

He2,ne18e21
pltaxvline(t_off, linestyle="-", linewidth=1)

v
pltile("0D temperature evolution with 16 MW NBI (on unil 200 5)')
pltgrid(True)
pltlegend()
pltshow()

e=(10,4))

pltfigurefig
plLploI(tA, PIA / 166, label="Fusion power Case A")

PILplOtB, PAB/ 1¢6, label="Fusion power Case
pltaxvline(Loff, linesty

pltxlabel("Time (5)")

pltylabel("Fu oWy
pletitle("Fusion power vs time”)

pltgrid(True)

pltlegend()

pltshow)

pltfigurefig

DlLploiiA, beta * 100, label-"Beta Case A”)

pltploi(tB, betaB * 100, lbel="Beta Case B")
a_limit * 100, linestyle="~", linewidth=1)

prini({"Plasma volume Vpl (m3)": Vpl, " Approx first-wall area Awall (m"2)": Awall})
prini(*inCase A summary:")

prini(summarize(tA, TA, PfA, betaA, qfiwA, mfA))

prini( )

prini(summarize(tB. TB. PIB. betaB. qfvB. miB))
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