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|. Executive Summary

This report provides a strategic assessment of Field-Reversed Configuration (FRC) and
related compact toroid concepts, concluding that the FRC has matured from a laboratory
curiosity into a leading candidate for disruptive propulsion and power systems. This
maturation stems from a multi-decade, multi-pronged effort to overcome fundamental
physics challenges, driven by a bifurcation of the research ecosystem into public-sector
foundational science and private-sector integrated system development, often bridged by
strategic government investment through agencies like the Advanced Research Projects
Agency-Energy (ARPA-E).

The primary magnetohydrodynamic (MHD) instabilities that limited early FRCs—the n=1
internal tilt mode and the n=2 rotational instability—have been effectively controlled through a
portfolio of techniques. This evolution in stability control has progressed from passive
geometric shaping to active magnetic feedback and has culminated in the robust kinetic
stabilization provided by high-power Neutral Beam Injection (NBI). The FRC's inherent
high-beta (B=1) nature, where plasma pressure nearly balances the confining magnetic
pressure, makes it the most magnetically efficient confinement concept. This characteristic is
a critical enabler for developing compact, high-power-density systems suitable for mass- and
volume-constrained applications, such as space propulsion.

A strategic pivot within the national laboratory program from solid-liner Magnetized Target
Fusion (MTF), exemplified by the stalled Field-Reversed Configuration Heating Experiment
(FRCHX), to Plasma-Jet-driven Magneto-Inertial Fusion (PJMIF) in the Plasma Liner



Experiment (PLX), represents a significant evolution toward more reactor-relevant
architectures. This shift was enabled by breakthroughs in plasma gun technology, a key
enabling capability. Concurrently, private companies have demonstrated world-leading
performance, validating the core physics and showcasing impressive system-level
engineering. TAE Technologies has achieved record-breaking steady-state sustainment
through kinetic stabilization, while Helion Energy has demonstrated high-temperature pulsed
operation with an integrated direct energy recovery system.

For space applications, the deuterium-helium-3 (D-*He) fuel cycle remains the ideal choice
due to its low neutronicity, which minimizes shielding mass and allows for high-efficiency
direct energy conversion. However, its higher ignition temperature and the challenge of
efficient fusion ash removal from the plasma core remain significant technical hurdles.

Key recommendations for accelerating the development of FRC technology include targeted
investments in cross-cutting enabling technologies, such as high-efficiency direct energy
conversion and low-specific-mass magnet systems. Continued support for the public-private
research ecosystem is essential, as is a renewed focus on system integration studies for
specific space missions. Addressing these critical research needs will solidify the FRC's path
toward providing transformative capabilities for both national security and civilian
applications.

Il. The High-Beta Paradigm: Fundamental Physics of
the Field-Reversed Configuration

2.1. The FRC Equilibrium: The Promise of High Power Density

The Field-Reversed Configuration (FRC) is a member of the compact toroid class of plasma
confinement concepts, distinguished by its unique magnetic topology. It consists of a toroidal
plasma confined by purely poloidal magnetic fields, with a negligible or zero toroidal magnetic
field." This structure is characterized by closed magnetic field lines within a separatrix, which
isolates the hot plasma core from the open field lines at the edge. The FRC's most defining
characteristic, and the primary source of its appeal for advanced applications, is its ability to
operate at extremely high plasma beta (

B). Beta is the dimensionless ratio of plasma pressure to the pressure of the external confining
magnetic field. While mainstream concepts like the tokamak are limited to B values of a few



percent, the FRC equilibrium requires a volume-averaged beta approaching unity (B=1).’

The significance of this high-beta operation is profound. A =1 state signifies the most
efficient possible use of the confining magnetic field, as the plasma pressure almost entirely
balances the magnetic pressure. This efficiency translates directly into the highest achievable
fusion power density for a given magnetic field strength, magnet size, and mass. Early
strategic assessments for space missions, such as those conducted by NASA, correctly
identified high-[3 as an essential characteristic for any viable space-based fusion reactor,
where minimizing system mass and volume is paramount.’ The FRC, with its inherent

B=90%, was thus identified as a leading candidate for enabling high-energy space missions.'

However, the FRC's high-beta nature represents a fundamental trade-off in plasma physics.
The very feature that enables its high power density—the dominance of plasma pressure over
magnetic pressure—comes at the cost of sacrificing the powerful stabilizing features inherent
in low-beta, high-toroidal-field systems like the tokamak. The strong toroidal field and
resulting magnetic shear in a tokamak provide a robust defense against a wide range of
instabilities. The FRC, lacking these features, possesses magnetic field lines with "bad
curvature" throughout the confinement volume. According to standard magnetohydrodynamic
(MHD) theory, which treats the plasma as a simple conducting fluid, such a configuration
should be violently unstable to pressure-driven modes. This apparent contradiction between
theory and observation frames the central narrative of FRC research: a multi-decade
scientific campaign to understand and exploit non-MHD stabilization mechanisms in order to
harness the immense power-density advantage of the high-beta state.

2.2. Macroscopic Stability Challenges: The Historical Obstacles

The development of the FRC has been dominated by the need to understand and control two
primary macroscopic instabilities that threatened its viability.

First is the n=1 internal tilt mode. This global instability, predicted by MHD theory to be the
most dangerous and rapidly growing, involves a rigid tilting of the entire plasma torus relative
to the external confinement field." MHD simulations consistently predicted growth times on
the order of a few axial Alfvén transit times, which for early experiments translated to
approximately 1 us.' However, from the earliest experiments, it was observed that FRCs with a
sufficiently elongated shape were anomalously stable, surviving for tens of microseconds—an
order of magnitude longer than MHD theory would permit.' This stark discrepancy between
fluid theory and experimental reality was the first definitive evidence that physics beyond the
MHD model were at play.



The second, and historically more problematic, instability is the n=2 rotational instability. It was
universally reported in early experiments that after a period of quiescent confinement, the
FRC plasma would spontaneously begin to rotate in the toroidal direction, spin up to a critical
frequency, and then develop a destructive elliptical (n=2) deformation that would grow until
the plasma struck the chamber wall.” This instability consistently terminated the FRC lifetime
in experiments such as FRX-A and FRX-B at Los Alamos National Laboratory (LANL), typically
within 20-50 ps." The origin of the rotation was not fully understood, with theories pointing to
mechanisms such as preferential particle loss from the open field lines or end-shorting
effects.’ Regardless of the cause, the

n=2 rotational mode became the primary practical obstacle to extending FRC confinement
times.

The persistent failure of simple MHD theory to explain the observed stability of the FRC was a
crucial turning point in the field. It forced the fusion community to recognize that the FRC is
not an MHD object but is fundamentally a kinetically-stabilized system. The key physical
insight is that the ion orbits, or Larmor radii, in a typical FRC are large compared to the
characteristic scale lengths of the plasma, such as the plasma radius. This parameter regime,
often quantified by the S-parameter (the ratio of the separatrix radius to the average ion
gyroradius), is one where the fluid approximation of MHD breaks down. The averaging effect
of these large, non-fluid ion orbits provides a powerful stabilizing influence, known as Finite
Larmor Radius (FLR) effects, which are not captured in MHD models. This realization that
kinetic effects were not just a minor correction but the dominant stabilizing mechanism
shifted the research paradigm and paved the way for the development of advanced, active
stabilization techniques that directly manipulate the ion population, such as Neutral Beam
Injection.

2.3. Transport, Confinement, and Scaling Laws

Energy and particle confinement in FRCs are governed by complex transport processes that
remain an active area of research. Unlike tokamaks, where transport is often neoclassical in
the core, transport in FRCs is observed to be highly anomalous across the entire plasma
profile. Early studies identified the steep density gradient near the separatrix as the primary
source of free energy driving this anomalous transport.' The Lower-Hybrid-Drift (LHD)
instability, a micro-instability driven by the combination of high beta and sharp gradients, was
identified as the most likely mechanism responsible for the observed anomalous particle
transport rates.’

The establishment of reliable scaling laws to predict confinement in future, larger devices is a
critical research need for all compact toroid concepts.' Seminal experiments conducted on



the FRX-B and FRX-C devices at LANL provided the first empirical scaling for particle
confinement time (

TN). The data indicated a favorable scaling with the square of the plasma major radius (R2),
suggesting that confinement would improve significantly in larger machines." However, this
simple scaling was found to be an oversimplification, with confinement also depending
strongly on other parameters such as the ratio of the separatrix radius to the conducting wall
radius (

xs) and the plasma temperature.’ Theoretical models based on LHD transport successfully
predicted the observed

R2 scaling and also indicated that confinement could be substantially improved by increasing
xs, which has the effect of reducing the steepness of the density gradient at the separatrix.’

The physics of the separatrix region is central to understanding both FRC stability and
transport. The same edge phenomena and particle loss mechanisms that are thought to drive
the rotational instability also contribute to transport losses." This creates a direct and
powerful link between plasma control and confinement. Technologies that actively control the
plasma edge and its gradients, such as the current drive provided by Rotating Magnetic Fields
(RMF) or the creation of a fast-ion halo by Neutral Beam Injection (NBI), confer a dual benefit.
They not only suppress macroscopic instabilities but also modify the edge profiles in a way
that reduces the drive for anomalous transport. This synergy explains why modern, actively
controlled FRCs exhibit dramatically better confinement properties than the early, passively
evolving devices. For reactor concepts like the moving-ring reactor, where performance
depends on predictable behavior over long durations, the development and validation of
these scaling laws remain a paramount research objective.’

2.4. The Physics of Magnetic Reconnection and Formation

The formation of an FRC is a dynamic process that hinges on the physics of magnetic
reconnection. The traditional and most studied method is the field-reversed theta-pinch
(FRTP). This technique begins with the creation of a pre-ionized plasma column permeated by
a slow, quasi-DC axial magnetic field, known as the bias field. A main capacitor bank is then
discharged into a surrounding single-turn theta-pinch coll, driving a rapidly rising axial
magnetic field in the opposite direction.” This process drives a radial implosion, sweeping up
the plasma and the reversed bias flux. At the ends of the coil, the oppositely directed field
lines are forced together, leading to a rapid reconnection event that tears the field lines and
forms the closed magnetic topology of the FRC. This entire process is inherently fast,
occurring on an axial Alfvén timescale of microseconds, and requires high-voltage pulsed



power technology.’

While effective for producing FRCs in a laboratory setting, the violent dynamics of FRTP
formation present significant challenges for reactor applications. The strong axial contraction
that follows reconnection can be destructive if the initial trapped bias flux is too high, limiting
the achievable plasma energy and size." This led to a recognized need for slower, more
controlled formation techniques that could be scaled to reactor-relevant parameters and
would be compatible with more conventional power supplies like rotating machinery.' The
physics of magnetic reconnection itself, including the violation of the ideal MHD
"flux-freezing" assumption and the role of anomalous resistivity in enabling the rapid field line
tearing, remains a fundamental area of plasma physics research [User Query]. Early
experiments explored methods of “controlled reconnection” using independently triggered
mirror coils to manage the formation dynamics and improve trapped flux.’

A pivotal breakthrough in FRC formation came from the Magnetized Shock Experiment (MSX)
at LANL. This program addressed a critical roadblock for the planned FRCHX, where it was
hypothesized that the strong magnetic fields required for Magnetized Target Fusion would
suppress the initial gas breakdown needed for FRTP formation.' The solution developed on
MSX was plasma-gun-assisted formation. An annular array of twelve coaxial plasma guns was
used to inject a small amount of "seed plasma" into the formation chamber prior to the main
field reversal." This pre-injected plasma was sufficient to catalyze a Townsend ionization
cascade, allowing for robust FRC formation even in the presence of strong axial fields. This
technique proved remarkably effective, leading to a ~350% increase in the amount of trapped
magnetic flux compared to conventional methods.' The underlying physics was fundamentally
altered; instead of a rapid, convective flux-loss process during field reversal, the plasma gun
assistance enabled a much slower, resistive diffusion process, which dramatically improved
formation efficiency and the resulting FRC parameters.’ This innovation not only solved a
critical problem for MTF concepts but also provided a new, more robust tool for FRC
formation in general.

lll. The Campaign for Stability: A Technical History of
FRC Control

The history of FRC development is synonymous with the effort to understand and master its
inherent instabilities. This campaign has progressed from passive design choices to
sophisticated, dynamic control systems, ultimately transforming the FRC from a transient
plasma into a stable, sustainable configuration.



3.1. Passive and Early Active Methods

The first line of defense against FRC instabilities is passive and geometric. Foundational
research at LANL and other institutions established that the most virulent global instability,
the n=1tilt mode, could be intrinsically stabilized by ensuring the FRC plasma was highly
elongated.' A prolate shape increases the energy required for the plasma to tilt, effectively
suppressing the mode as long as the elongation is maintained. This principle remains a
cornerstone of all modern FRC designs.

While elongation addressed the tilt mode, the n=2 rotational instability remained the primary
lifetime-limiting factor. The first successful active control of this mode was achieved using
static, external multipole magnetic fields. Seminal experiments on TRX-1 at Mathematical
Sciences Northwest (MSNW) using octopole fields, and on devices at Osaka University and
LANL's FRX-C using quadrupole fields, demonstrated that these non-axisymmetric fields
could suppress the growth of the elliptical distortion." The underlying mechanism is the
creation of a magnetic restoring pressure. As the rotating plasma begins to deform, the
outward-moving portions must do work against the multipole field, which damps the
instability's growth.' The application of these fields was a critical breakthrough, extending
FRC lifetimes by an order of magnitude, from ~30 ps to over 300 us, and proving that the
rotational mode was not a fundamental impediment.’

3.2. Dynamic Control with Rotating Magnetic Fields (RMF)

Static multipole fields, while effective, are a passive braking mechanism. A more advanced,
dynamic solution was developed in the form of Rotating Magnetic Fields (RMF). This
technique involves applying a transverse magnetic field that rotates in the azimuthal direction,
typically at frequencies in the hundreds of kilohertz." When the RMF frequency is between the
ion and electron cyclotron frequencies, the field penetrates the plasma edge and exerts a
torque on the electron fluid, "entraining” the electrons and driving a steady-state azimuthal
current.’

This RMF-driven current serves two crucial functions. First, it can sustain the FRC's magnetic
configuration against resistive decay, offering a path to true steady-state operation. Second,
it provides a powerful, controllable torque on the plasma. By adjusting the RMF's parameters,
operators can actively manage the plasma's rotation profile, either preventing the spin-up

that leads to the n=2 instability or applying a counter-torque to stabilize it. The Electrodeless



Lorentz Force (ELF) thruster concept is a prime example of RMF's versatility, using it for both
the initial formation of the FRC and its subsequent acceleration for propulsion.’

3.3. The Kinetic Regime: Neutral Beam Injection as a Dominant
Stabilizer

The most advanced and effective stabilization method to date relies on fundamentally altering
the plasma's kinetic properties through Neutral Beam Injection (NBI). This technique,
pioneered and perfected by TAE Technologies, involves injecting high-energy neutral atoms
(typically hydrogen or deuterium) tangentially into the FRC plasma.' These neutrals are ionized
within the plasma, creating a substantial population of energetic "fast ions" with large,
stabilizing orbits.’

This fast-ion population dominates the FRC's behavior in several ways. The fast ions carry a
significant fraction of the toroidal current required for equilibrium, making the configuration
inherently more robust. Their large orbits provide a powerful kinetic stabilizing effect that
averages over small-scale fluctuations and makes the plasma resilient to the fluid-like MHD
instabilities, including both the tilt and rotational modes.' In this NBI-driven kinetic regime, the
FRC is no longer a plasma that requires protection from instabilities; its stable state is actively
defined and maintained by the dominant fast-ion population. The success of TAE's C-2W
‘Norman' device, which uses NBI as the central technology for simultaneous FRC formation,
heating, current sustainment, and stabilization, represents the maturation of this kinetic
pathway. It has enabled record-breaking, long-pulse, steady-state FRC performance,
demonstrating a comprehensive solution to the historical stability challenges.’

The following table provides a comparative summary of these primary stabilization
techniques, illustrating the evolution of FRC control from passive geometric constraints to
active, dynamic, and finally, dominant kinetic manipulation.

Technique Primary Instability Power Key

Mechanism Targeted Requirement Experiments
High Geometric n=1Tilt Passive Early FRCs
Elongation Stabilization (e.g., FRX-C)
Static Magnetic n=2 Rotational Low (Static TRX-1, PIACE,
Multipole Restoring Fields) FRX-C
Fields Pressure




Rotating Current Drive n=2 Rotational Moderate (RF ELF, University
Magnetic & Torque Power) of Washington
Fields (RMF)

Neutral Beam Kinetic (Fast n=1Tilt & n=2 High (Beam TAE C-2, C-2U,
Injection lon Pressure) Rotational Power) C-2w

(NBI)

IV. Enabling Technologies for Integrated FRC Systems

The successful development of FRC-based power and propulsion systems depends not only
on solving the core plasma physics challenges but also on maturing a suite of critical enabling
technologies. These technologies are essential for forming, heating, and sustaining the FRC,
as well as for efficiently converting its fusion energy output into useful power or thrust.

4.1. Power Extraction and Conversion

For space applications, where system mass and efficiency are paramount, the method of
power extraction is a defining technological challenge. The preference for aneutronic fuel
cycles like D-*He is driven by the fact that the majority of the fusion energy is released in the
form of energetic charged particles rather than neutrons.’ This characteristic opens the
possibility for high-efficiency Direct Energy Conversion (DEC). DEC systems work by
collecting the charged fusion products on a series of electrodes at high potential, directly
converting their kinetic energy into high-voltage electrical power without a thermal cycle. This
approach avoids the massive radiators required by thermal conversion systems in space.
Research at Lawrence Livermore National Laboratory (LLNL) has demonstrated single-stage
DEC systems with a net efficiency of 48%, with theoretical predictions suggesting that
multi-stage systems could achieve efficiencies of 60% to 70%."

Despite its promise, DEC technology faces significant hurdles for space deployment. A
primary concern is the management of the extremely high voltages involved, which can be on
the order of 1 megavolt." Operating such high-voltage systems reliably in the vacuum and
plasma environment of space, including interactions with the reactor and plasma exhaust, is a
critical research area that has, to date, only been addressed at a conceptual level.”



Developing space-qualified, high-efficiency DEC is a high-risk, high-reward endeavor that is
fundamental to realizing the potential of FRCs for advanced space missions.

4.2. Plasma Heating and Current Drive

While traditional FRTP formation provides significant shock and compressional heating,
advanced concepts relying on slower formation will require powerful auxiliary heating systems
to bring the plasma to ignition temperatures.' Furthermore, because the FRC's internal
currents decay resistively, a continuous current drive mechanism is necessary for steady-state
or long-pulse operation.

Two of the most important technologies for this purpose are lon-Cyclotron Resonance
Frequency (ICRF) heating and Neutral Beam Injection (NBI). ICRF systems use antennas to
launch radio-frequency waves into the plasma that resonate with the cyclotron motion of the
ions, efficiently transferring energy to them. ICRF heating is a well-established technique in
tokamaks and is being adapted for the unique high-beta environment of FRCs and
spheromaks." NBI, as discussed previously, serves a multifaceted role. In addition to its
primary function of providing kinetic stability, the injected high-energy particles transfer their
momentum and energy to the bulk plasma through collisions, providing both potent heating
and a non-inductive method for driving the toroidal plasma current.’ The success of TAE
Technologies in sustaining high-temperature FRCs for long pulses demonstrates the
effectiveness of NBI as a fully integrated solution for heating, current drive, and stability
control.’

4.3. Advanced Magnet and Structural Systems

The performance of any magnetic confinement fusion system is fundamentally tied to the
strength of its magnetic fields. For FRCs, intense magnetic fields are required for both the
rapid field reversal in FRTP formation and for the adiabatic compression envisioned in
Magnetized Target Fusion (MTF) schemes [User Query]. For space applications, the mass of
the magnet system is a primary driver of the overall vehicle mass. Consequently, the
development of high-field magnets with low specific mass (mass per unit of stored magnetic
energy) is a critical research need.’

The FRC's simple, linear geometry offers a significant advantage in this regard. Unlike
tokamaks or stellarators, which require complex, interlocking sets of toroidal and poloidal field



coils, the primary confinement system for an FRC consists of a relatively simple linear
solenoid.” This geometry is more amenable to engineering for lightweight structures and
simplifies the design and fabrication of the magnet coils themselves. Research into advanced
superconducting materials and lightweight, high-strength structural composites is essential
for minimizing the mass of these systems and achieving the high specific power (

>1 kW/kg) required for ambitious space missions.’

4.4. Diagnostics for the FRC Environment

Effective control and scientific understanding of FRC plasmas require a suite of advanced
diagnostics capable of operating in a challenging environment. The FRC's high plasma density
can prevent the penetration of some diagnostic beams, while its high beta means that the
magnetic field within the plasma is very weak, making it difficult to measure. Furthermore, the
transient, pulsed nature of many FRC experiments demands diagnostics with high temporal
resolution.

Early FRC experiments relied heavily on external magnetic diagnostics, such as arrays of
magnetic field loops and flux loops, to measure the plasma's diamagnetism and infer its size,
shape, and total pressure (the excluded flux radius, rA¢)." Line-integrated density was
typically measured using interferometry, while spectroscopy provided information on impurity
content and ion temperature." Modern experiments require more sophisticated, non-invasive
diagnostics. The development of novel diagnostic techniques suitable for the high-beta FRC
environment, including methods to measure internal magnetic field profiles, ion and electron
temperature profiles, and plasma flow, is a critical enabling technology that underpins the
entire research effort [User Query].

V. Programmatic Assessment: Key Experiments and
Strategic Directions

The modern FRC research landscape is characterized by a dynamic interplay between
foundational science conducted at national laboratories and mission-driven, integrated
system development in the private sector. This ecosystem, often catalyzed by strategic
funding from agencies like ARPA-E, has led to a rapid acceleration of progress.



5.1. The National Laboratory Pillar: From FRX to the Plasma Liner
Experiment (PLX)

The historical bedrock of FRC research in the United States is the program at Los Alamos
National Laboratory (LANL). The foundational FRX series of experiments (FRX-A, -B, and -C) in
the 1970s and 1980s were instrumental in establishing the basic physics of FRC formation,
equilibrium, and stability, and provided the first empirical confinement scaling laws." This work
culminated in the pursuit of Magnetized Target Fusion (MTF), a concept that proposed to
compress an FRC target to ignition conditions using a magnetically driven solid metal liner.
The flagship experiment for this approach was the Field-Reversed Configuration Heating
Experiment (FRCHX). However, the FRCHX program encountered a critical roadblock: the high
magnetic fields required for compression were found to suppress the initial gas ionization
necessary for FRC formation, leading to inefficient trapping of magnetic flux.’

This challenge prompted the development of the Magnetized Shock Experiment (MSX) as a
testbed to solve the formation problem. The breakthrough on MSX was the development of
plasma-gun-assisted formation, which successfully decoupled ionization from the main
magnetic field and dramatically improved flux trapping.' This innovation, however, led to a
crucial strategic pivot. Rather than applying the now-proven technique back to the solid-liner
FRCHX concept, the LANL program, under the leadership of Dr. Scott Hsu, leveraged the
advanced plasma gun technology to pursue a new, more advanced architecture:
Plasma-Jet-driven Magneto-Inertial Fusion (PJMIF).'

This pivot gave rise to the Plasma Liner Experiment (PLX). In the PJMIF concept, the solid
metal liner is replaced by a spherically imploding plasma liner formed by the merging of
dozens of supersonic plasma jets." This approach represents a technological succession, not
a direct continuation of the previous work. It aims to create fusion conditions through standoff
compression, avoiding the destruction of hardware inherent in solid-liner MTF and offering a
path toward a high-repetition-rate system. The PLX, supported by ARPA-E's ALPHA program,
is currently focused on demonstrating the formation of a uniform spherical liner from 36
merging plasma jets.” Recent solicitations for commercial partners to use the facility for
non-fusion high-energy-density applications, such as hypersonics testing, suggest that the
PJMIF concept remains at a relatively low Technology Readiness Level (TRL) for achieving net
fusion energy.’

5.2. The Private Enterprise Vanguard: A Tale of Two Philosophies



In parallel with the national laboratory efforts, a vibrant private fusion industry has emerged,
with two companies in particular pushing the boundaries of FRC performance through distinct
and complementary philosophies.

TAE Technologies is pursuing a steady-state, magnetically confined FRC for terrestrial power
generation, with a long-term goal of utilizing advanced, aneutronic fuels like D-*He or
proton-boron-11 (p-""B). Their approach is centered on mastering the kinetic stabilization of
the FRC. Their fifth-generation device, C-2W ‘Norman', has achieved world-record
performance for a sustained FRC. By using high-power Neutral Beam Injection (NBI) as the
primary tool for formation, heating, current drive, and stabilization, TAE has produced stable,
steady-state FRCs lasting for over 30 ms (limited by power supply hardware, not plasma
physics) with total plasma temperatures (Te+Ti) exceeding 3 keV.' This represents the
definitive validation of the kinetically-stabilized FRC paradigm.

Helion Energy is pursuing a pulsed magneto-inertial fusion approach aimed at commercial
electricity generation using the D-°He fuel cycle. Their strategy involves forming two FRCs,
accelerating them to high velocity, and merging them in a central chamber where they are
adiabatically compressed to fusion conditions. A key innovation is their highly efficient direct
energy recovery system, which recaptures energy from the expanding plasma
post-compression to directly power the next pulse. Their 'Trenta’ prototype demonstrated the
success of this integrated, end-to-end system, achieving landmark ion temperatures of 9 keV
and executing over 10,000 high-power pulses with exceptional reliability.’

The following table contrasts the performance benchmarks of these leading programs,
highlighting their divergent missions and technological approaches.

Metric LANL PLX (PJMIF) TAE C-2W Helion Trenta
(Steady-State) (Pulsed MIF)

Primary Mission HEDP Science / Terrestrial Power Terrestrial Power
Fusion Testbed Plant Plant

Confinement Plasma-Jet-driven Magnetic Magneto-Inertial

Concept Magneto-Inertial (Kinetically Fusion (MIF)
Fusion Stabilized)

Key Achieved Target: >1 keV Ttotal>3 keV Ti=9 keV

Temperature (Simulated)




Key Achieved Target: ~1019 m-3 ~1021m-3

Density Fusion-relevant (post-compression)

Pulse Duration / Pulsed, low >30 ms, Pulsed, target >1 Hz

Rep-Rate rep-rate steady-state

Key Enabling High-power Plasma | Neutral Beam High-Speed

Technology Guns Injection (NBI) Merging & Direct
Energy Conversion

This comparison reveals a critical strategic divergence in the FRC ecosystem. The national
laboratory program (PLX) is focused on exploring the fundamental physics of a novel,
long-term fusion concept. In contrast, the private companies (TAE and Helion) are optimizing
highly integrated systems engineered for specific commercial endpoints—steady-state power
and pulsed power, respectively. This division of labor is a healthy characteristic of a maturing
technological field.

5.3. The Role of ARPA-E: Catalyst for Innovation

The Advanced Research Projects Agency-Energy (ARPA-E) has played a crucial role as a
catalyst in this ecosystem. By funding high-risk, high-reward research that often falls outside
the scope of the mainstream Department of Energy (DOE) Fusion Energy Sciences program,
ARPA-E has accelerated progress in alternative fusion concepts [User Query]. Programs like
ALPHA and BETHE provided critical early-stage funding for the PJMIF concept at LANL (PLX)
and for the development of enabling technologies like advanced plasma guns and diagnostics
at various institutions.® ARPA-E's operational model, which actively engages with the
pre-commercial "gray track" of startups and university labs, serves as an effective mechanism
for identifying and nurturing promising technologies and key personnel that can accelerate
the entire U.S. fusion enterprise [User Query].

VI. System Integration: From Fusion Core to
Operational Platform

The ultimate utility of the FRC lies in its integration into a complete system capable of



performing a specific mission, whether for propulsion in space or for power generation on
Earth. The FRC's unique characteristics—its linear geometry, high power density, and
translatability—offer distinct advantages for system integration.

6.1. FRC-Based Space Propulsion

The FRC is exceptionally well-suited for in-space propulsion, offering two primary operational
modes.

The first is direct thrust conversion, often referred to as the "Fusion Driven Rocket"." In this
architecture, the FRC's inherent linear geometry is exploited. The open magnetic field lines at
the ends of the FRC form a natural magnetic nozzle. By creating a slight magnetic field
imbalance, a portion of the plasma and the energetic charged fusion products can be
controllably exhausted through this nozzle, generating direct thrust." The propulsive force is a
combination of plasma pressure and the Lorentz force (

JOxBr) generated by the interaction of the FRC's large azimuthal current (J8) with the radial
component of the diverging magnetic field (Br) in the nozzle." A key advantage of this
approach is the ability to vary both thrust and specific impulse. By injecting additional,
non-fusing propellant (neutral gas) into the exhaust stream, the mass flow rate can be
increased, raising the thrust at the expense of specific impulse. This "afterburner” capability,
known as neutral gas entrainment, provides operational flexibility for different mission
phases.’

The second mode is as a power source for advanced electric propulsion. The FRC's
potential for high specific power (>1 kW/kg) makes it an ideal candidate to power high-thrust,
high-efficiency electric thrusters that are currently limited by the availability of
multi-megawatt space power sources.' In this dual-mode concept, the fusion energy is
converted to electricity (ideally via high-efficiency DEC), which then powers the propulsion
system. This architecture allows for the use of optimized electric thrusters while still
benefiting from the FRC's compact, high-power core.’

6.2. Space and Terrestrial Power Applications

For power generation, a leading reactor concept is the moving-ring reactor. Designs such as
KARIN-1 and the concept studied by PG&E and LLNL leverage the demonstrated ability to



translate an FRC over long distances. In this scheme, FRCs are formed in one section,
magnetically translated into a linear burn chamber, and then moved to a final section for
energy recovery and exhaust.' This physical separation of functions offers significant
engineering advantages: it isolates the complex formation hardware from the harsh neutron
environment of the burn chamber, simplifies first-wall and blanket design, and provides a
straightforward method for ash removal by simply exhausting the entire spent plasma ring at
the end of the line." However, a critical research need for this concept is understanding and
controlling the accumulation of fusion ash (e.g., helium) within the plasma ring during the burn
phase, as this can dilute the fuel and quench the reaction.’

For space-based reactors, several unique operational requirements must be met. These
include the development of a reliable space start and restart capability, which requires a
significant amount of onboard energy storage to initiate the fusion burn far from any
ground-based power infrastructure.' Furthermore, to be effective, the reactor must have
minimal recirculation power—the fraction of the gross power output that must be fed back
into the system to sustain its operation. Minimizing this fraction is key to maximizing the net
power available for the mission.’

6.3. Fuel Cycle and Materials Integrity

The choice of fusion fuel cycle is a defining element of any reactor design, with profound
implications for system engineering, safety, and performance. For mobile and space-based
applications, the deuterium-helium-3 (D-*He) fuel cycle is overwhelmingly preferred over
the deuterium-tritium (D-T) cycle used in most terrestrial designs.’ The primary D-*He
reaction (

D+3He—4He+p) produces only charged particles. While unavoidable side reactions involving
deuterium (D-D) do produce some neutrons, the total neutron power is only 1-5% of the total
fusion power, compared to ~80% for D-T." This drastic reduction in neutron flux is a
transformative advantage for space systems, as it dramatically reduces the mass of the heavy
radiation shielding required to protect the crew and sensitive electronics.' The abundance of
charged particle products is also perfectly suited for direct thrust applications and
high-efficiency direct energy conversion.”

Despite these advantages, the D-*He cycle presents significant physics challenges. It requires
much higher plasma temperatures to ignite (~40-60 keV) compared to D-T (~10 keV).
Sustaining a stable, burning D-*He plasma and developing techniques to further reduce the
neutron flux from side reactions remain critical research areas.’



The integrity of the first wall—the material surface directly facing the plasma—is a life-limiting
factor for any fusion reactor. It must withstand extreme thermal loads from plasma radiation
and particles, as well as damage from neutron bombardment." The FRC's natural divertor,
where open field lines guide escaping plasma away from the main chamber to dedicated
target plates, helps to relieve the heat load on the first wall compared to closed systems like
tokamaks.' However, material selection is still a major challenge. Reactor concepts have
proposed advanced materials like Silicon Carbide (SiC) for its low-activation properties, but
issues of fabrication and compatibility with coolants like liquid lithium must be addressed.’
Developing robust, long-lived, plasma-facing materials capable of handling the unique
environment of a D-*He burning FRC is a critical enabling technology."

VII. Critical Research Needs and Strategic
Recommendations

The analysis of the FRC's physics basis, technological development, and programmatic
landscape reveals a concept that has successfully navigated its most fundamental challenges
and is now poised for system-level application. However, several critical research and
development gaps must be addressed to fully realize this potential, particularly for advanced
propulsion and power systems.

7.1. Synthesis of Critical Research Gaps

A synthesis of the preceding analysis identifies the most pressing unresolved issues across
physics, technology, and system integration:

e Physics:

o Validated Scaling Laws: While empirical scaling laws for particle confinement exist,
they need to be validated and extended to reactor-relevant regimes (higher
temperatures, steady-state operation, and burning plasmas) to provide a confident
basis for next-generation designs.’

o Kinetic Transport Theory: A comprehensive theoretical framework that fully
incorporates kinetic effects is needed to explain anomalous transport of energy and
particles, particularly electron thermal losses, which are not well-described by
current models.”

o Burning Plasma Physics: The dynamics of a self-heating FRC, including the



transport and accumulation of fusion ash (e.g., helium from D-*He reactions), are
poorly understood and represent a major physics gap for any reactor concept.’

Technology:

o

Direct Energy Conversion: A focused effort is required to advance DEC technology
from laboratory demonstrations to space-qualified hardware, with an emphasis on
achieving high efficiency (>60%) and solving the engineering challenges of
high-voltage operation in a space environment.’

Low-Mass Magnet Systems: The development of lightweight, high-field
superconducting magnets and their associated low-mass structural support systems
is a critical enabling technology for achieving the high specific power needed for
space propulsion.’

Plasma-Facing Materials: Research is needed to develop and qualify long-lived
first-wall materials that can withstand the high thermal and particle fluxes of a D-*He
burning FRC core while minimizing plasma contamination and tritium retention.’

System integration:

@)

Closed-Loop Fuel Cycle: No FRC experiment has yet demonstrated a fully
integrated, closed-loop fuel cycle, including efficient ash removal from the core
plasma. This is a major system-level challenge, particularly for steady-state or
moving-ring reactors."'

Space Start/Restart: The engineering of a reliable system for initiating and
restarting a fusion reactor in space, including the requisite high-capacity energy
storage, has not been demonstrated.’

Fusion-to-Thrust Conversion: While conceptual designs are promising, a complete
propulsion system demonstrating the efficient and controllable conversion of FRC
fusion power into net thrust has yet to be built and tested.’

7.2. Recommended Research Priorities for ARPA-E and the U.S. Fusion
Enterprise

Based on these identified gaps, the following strategic priorities are recommended to
accelerate the development of FRC-based systems:

Priority 1: Invest in Cross-Cutting Enabling Technologies.
Future funding should prioritize high-risk, high-reward R&D in platform-agnostic
technologies that provide high leverage across all FRC concepts. This includes:

o

o

A dedicated program to mature Direct Energy Conversion technology to TRL 5-6,
with a specific track focused on demonstrating solutions for high-voltage operation
in a simulated space environment.

A focused program on Low-Mass Magnet Systems, bringing together materials



scientists and engineers to design and prototype lightweight superconducting coils
and structural supports tailored for the linear geometry of FRCs.

o Support for the development of Advanced, Non-Invasive Diagnostics capable of
measuring key internal plasma parameters (e.g., magnetic field, ion temperature
profiles) in the high-beta, high-density FRC regime.

e Priority 2: Foster the Public-Private Ecosystem.

The current model of parallel development between national labs and private industry is

highly effective and should be nurtured. ARPA-E should continue to use programs like

GAMOW and BETHE to fund both foundational science at national labs (e.g., PLX) and

technology de-risking for private companies.10 A formal program should be established

to monitor the "gray track" of pre-commercial R&D to identify key personnel and
emerging technologies that could be strategically leveraged to accelerate the broader

U.S. fusion enterprise [User Query].

e Priority 3: Initiate Focused System Integration Studies for Propulsion.

The U.S. should move beyond high-level conceptual studies and commission detailed

preliminary design studies for an FRC-based space propulsion system. These studies

should be led by aerospace prime contractors in partnership with fusion technology
developers. The primary goal should be to produce credible engineering designs and
mass estimates, conduct trade studies on direct thrust versus electric propulsion
architectures, and quantify the system-level impact of D-*He neutron flux on vehicle
shielding and mass budgets [User Query].

e Priority 4: Address the D-*He Fuel Cycle.

Given its critical importance for space applications, the D-*He fuel cycle requires a

dedicated research effort. This should include funding for in-depth theoretical studies

and, where possible, verification experiments focused on two key areas: techniques for
minimizing neutron production from D-D side reactions in a burning plasma, and the
engineering realities of efficient ash exhaust from a high-beta FRC core [User Query].

7.3. Concluding Outlook

The Field-Reversed Configuration has successfully overcome its most significant initial
stability hurdles and now stands at a critical inflection point. The fundamental plasma physics
is increasingly understood and controlled, while the engineering of integrated systems is
advancing at an unprecedented pace, driven largely by the private sector. The bifurcation of
the research landscape—with national labs exploring next-generation concepts like PJMIF and
private companies optimizing systems for near-term commercial products—is a sign of a
healthy, maturing field. With strategic, targeted investment in the remaining enabling
technologies and system integration challenges identified in this report, FRC-based systems
have a credible and compelling potential to provide transformative capabilities in both space



propulsion and terrestrial power within the coming decades.
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