
A Comparative Technical Assessment of 
Leading Compact Toroid Platforms: 
Determining the State-of-the-Art in 
Fusion Technology 
Differentiating Characteristics of Compact Toroid 
Concepts 
A meaningful comparative analysis of the world's leading compact toroid experiments requires a 
foundational understanding of the distinct physics and engineering principles that define their 
respective confinement concepts. The platforms under review fall into two primary categories: 
the Spherical Tokamak (ST) and the Field-Reversed Configuration (FRC). While both are 
"compact toroids" in a broad sense, they represent fundamentally divergent strategic choices in 
the pursuit of controlled fusion, trading inherent stability for magnetic efficiency and creating 
disparate pathways of engineering complexity. This section will deconstruct these core 
differences to establish the necessary baseline for the subsequent performance assessment. 

The Spherical Tokamak (ST): MHD-Stable Confinement in NSTX-U 

The Spherical Tokamak is a low-aspect-ratio variant of the conventional tokamak, the most 
mature and widely studied magnetic confinement concept. Its defining characteristic is the 
presence of a strong toroidal magnetic field (B_T), which is generated by a set of external 
magnet coils that pass through a central column, often referred to as the center stack or center 
post. This toroidal field, running the long way around the torus, combines with the poloidal 
magnetic field generated by a strong current flowing within the plasma itself. The resulting 
helical magnetic field lines form a set of nested, closed magnetic surfaces that confine the hot 
plasma. 
The primary advantage of this magnetic topology is its inherent stability against large-scale, 
destructive magnetohydrodynamic (MHD) instabilities. The "twist" of the magnetic field lines, 
quantified by the safety factor (q), creates high magnetic shear, which acts as a powerful 
restoring force that resists the formation of the large-scale eddies and kinks that would 
otherwise tear the plasma apart. The ST's compact, "cored-apple" geometry (aspect ratio R/a < 
2) enhances this stability by maximizing the region of "good" magnetic curvature, where the field 
lines are convex relative to the plasma. This allows STs to confine a plasma with a much higher 
pressure relative to the magnetic field pressure—a critical performance metric known as beta 
(\beta)—than is possible in conventional, large-aspect-ratio tokamaks. 
However, the ST's reliance on an external toroidal field and a central solenoid for inductive 
current drive imposes significant engineering constraints. The central column is a highly 
complex and tightly constrained component that must house the innermost legs of the toroidal 
field coils and the ohmic heating solenoid, all while withstanding immense electromagnetic 
forces and, in a reactor scenario, intense neutron bombardment. While the ST concept, as 
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embodied by the National Spherical Torus Experiment Upgrade (NSTX-U), represents a 
promising path toward a more compact and potentially more economical fusion pilot plant than a 
conventional tokamak, its performance is still fundamentally governed by the principles and 
limitations of MHD stability. Its plasma beta is typically lower than that of an FRC, but its 
confinement properties are generally more predictable and better understood, benefiting from 
decades of research in the global tokamak program. 

The Field-Reversed Configuration (FRC): Kinetically-Stabilized 
Confinement 

The Field-Reversed Configuration represents a radical departure from the tokamak paradigm. It 
is a compact toroid that possesses a purely poloidal magnetic field, with little to no toroidal field 
component. This unique magnetic topology is not generated by external coils linking the plasma 
torus but is instead formed and sustained entirely by a strong toroidal current flowing within the 
plasma itself. The term "field-reversed" refers to the fact that the poloidal field lines generated by 
this internal plasma current are opposed to an external, cylindrically symmetric magnetic field, 
creating a closed-field-line region (the FRC) that is separated from the open field lines of the 
external magnet by a magnetic null surface known as the separatrix. 
From the perspective of simple fluid MHD theory, this configuration should be violently unstable. 
Lacking the strong, stabilizing toroidal field and magnetic shear of a tokamak, the FRC is 
theoretically susceptible to a number of destructive instabilities, most notably the n=1 "tilt mode," 
where the entire plasma toroid rapidly flips on its axis and is destroyed. However, foundational 
experiments at Los Alamos National Laboratory (LANL) in the late 1970s and early 1980s 
discovered that FRCs were anomalously stable, surviving for timescales up to one hundred 
times longer than predicted by MHD theory. This unexpected stability was eventually attributed 
to kinetic effects—phenomena related to the finite size of the ion orbits (Larmor radii) that are 
not captured by simplified fluid models. These large-orbit ions provide a powerful stabilizing 
influence that fundamentally alters the plasma's behavior. 
The defining characteristic and primary advantage of the FRC is its exceptionally high plasma 
beta. With \beta \approx 1, the plasma pressure almost entirely balances the pressure of the 
external confining magnetic field. This makes the FRC the most magnetically efficient 
confinement concept known, allowing for the highest possible fusion power density for a given 
magnetic field strength. This high-beta nature, combined with its simple, linear geometry and 
natural divertor, makes the FRC an attractive candidate for a compact, low-cost fusion reactor 
and particularly well-suited for advanced, aneutronic fuels that require extremely high 
temperatures. However, this high-beta state comes at the cost of inherent MHD stability. The 
FRC's survival depends entirely on leveraging kinetic effects and employing sophisticated active 
control systems—such as static multipole fields, rotating magnetic fields (RMF), or high-power 
neutral beam injection (NBI)—to suppress residual instabilities like the n=2 rotational mode and 
to continuously drive the internal plasma current against resistive decay. The platforms 
developed by TAE Technologies, Helion Energy, and Lockheed Martin Skunk Works® are all 
based on the FRC concept, each pursuing a different strategy to exploit its high-beta advantage 
while mastering its unique stability challenges. 

Core Physics Trade-offs and Performance Implications 

The choice between the ST and FRC concepts is not merely one of engineering preference; it 
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represents a strategic decision at the most fundamental level of plasma physics, forcing a 
trade-off between inherent stability and magnetic efficiency. This decision creates two divergent 
pathways of technological development, each with its own set of profound challenges and 
potential rewards. 
A foundational schism exists between the two approaches, centered on the stability versus beta 
trade-off. The Spherical Tokamak, as an evolution of the conventional tokamak, prioritizes 
robust, predictable stability. It accepts the presence of a complex, externally generated toroidal 
field as the price for creating a high-shear magnetic structure that is inherently resilient to the 
most dangerous MHD instabilities. This allows for reliable operation within a well-understood 
theoretical framework, but it also caps the achievable plasma pressure at a beta value 
significantly less than unity. The Field-Reversed Configuration makes the opposite choice. It 
sacrifices inherent MHD stability to achieve the highest possible beta (\beta \approx 1), thereby 
maximizing the efficiency of the confining magnetic field and the potential power density of a 
future reactor. This strategic path, however, requires a complete paradigm shift away from 
traditional MHD control, demanding the mastery of more complex and less understood kinetic 
stabilization mechanisms. The entire history of FRC research can be viewed as a multi-decade 
campaign to overcome the stability challenges (the n=1 tilt and n=2 rotational modes) that are a 
direct consequence of this high-beta choice, a campaign that only succeeded by moving beyond 
fluid models and developing active control systems based on kinetic effects. 
This fundamental physics trade-off directly creates two divergent paths of engineering 
complexity. The ST's complexity is concentrated in its magnetic core. The requirement for a 
central column to house the toroidal field coils and ohmic solenoid leads to a topologically 
constrained, toroidal geometry that presents significant challenges for construction, 
maintenance, and neutron shielding in a power plant. The FRC, by contrast, boasts a much 
simpler core geometry. Lacking a central column and linking toroidal field coils, it allows for a 
linear, cylindrical vacuum vessel that is far easier to engineer, access, and maintain—a major 
advantage for both a power plant and a compact propulsion system. However, the FRC's 
engineering complexity is transferred from its core to its auxiliary systems. Because the FRC 
plasma is not passively stable, its external systems must provide not only heating but also 
continuous, active stability control and current drive. The evolution of these systems, from 
simple static multipole coils to sophisticated, high-power neutral beam injectors and rotating 
magnetic field antennas, represents the primary engineering challenge of the FRC concept. 
Thus, the term "simplicity" is relative; the ST offers a complex core with simpler plasma control 
physics, while the FRC offers a simple core that demands a far more complex and active 
plasma control system. 
The following table provides a concise summary of these foundational differences, establishing 
a clear framework for the detailed platform analysis that follows. 
Feature Spherical Tokamak (ST) Field-Reversed Configuration 

(FRC) 
Toroidal Field (B_T) Strong, externally generated Zero or negligible 
Confinement Topology Low-A Tokamak (linked) Compact Toroid (unlinked) 
Primary Stability Mechanism Magnetic Shear (MHD) Kinetic Effects (e.g., Large Ion 

Orbits) 
Plasma Beta (\beta) High (up to ~40%) Extremely High (\approx100%) 
Engineering Geometry Toroidal, requires central 

column 
Cylindrical/Linear, no central 
column 

Key Challenge MHD stability limits, disruptions, Gross stability (tilt/rotation), 
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Feature Spherical Tokamak (ST) Field-Reversed Configuration 
(FRC) 

central column engineering steady-state sustainment 
Representative Platform NSTX-U TAE C-2W, Helion Trenta, 

Skunk Works® CFR 

Performance Analysis of Public and Commercial 
Platforms 
This section provides a data-centric deep-dive into the three non-clandestine platforms: the 
National Spherical Torus Experiment Upgrade (NSTX-U), TAE Technologies' C-2W 'Norman', 
and Helion Energy's 'Trenta'. By examining their respective missions, design parameters, and 
documented performance records, a quantitative baseline of the current, unclassified 
state-of-the-art in compact toroid research can be established. 

National Spherical Torus Experiment Upgrade (NSTX-U): The Public 
Sector Scientific Benchmark 

The National Spherical Torus Experiment Upgrade, located at the Princeton Plasma Physics 
Laboratory (PPPL), is the world's most powerful ST facility. Its primary role is not to function as a 
fusion reactor prototype but to serve as a world-leading scientific user facility. The explicit 
mission of NSTX-U is to explore the frontiers of ST physics, specifically investigating plasma 
transport, stability, and control at high-beta and in the low-collisionality regimes that are directly 
relevant to future fusion pilot plants. As a national scientific asset, its purpose is to generate the 
foundational physics understanding required to advance the ST concept, while also supporting 
the international fusion effort by addressing critical challenges shared with projects like ITER, 
such as energetic particle physics, plasma-material interactions, and disruption mitigation. It 
represents the public-sector benchmark for high-beta toroidal plasma physics. 
The upgraded device was designed to achieve a significant leap in performance over its 
predecessor, NSTX. Key design parameters include a toroidal magnetic field (B_t) of up to 1 T 
and a plasma current (I_p) of up to 2 MA, a doubling of the previous capabilities. The heating 
systems are similarly powerful, with up to 15 MW of Neutral Beam Injection (NBI) power and 6 
MW of High-Harmonic Fast Wave (HHFW) radio-frequency power, designed to sustain 
high-performance plasmas for pulse lengths of up to 5 seconds. This combination of parameters 
is specifically intended to push ST plasmas into a reactor-relevant regime of low collisionality, 
allowing for definitive tests of confinement scaling laws and stability theories under conditions 
that more closely approximate a burning plasma. 
The original NSTX experiment set numerous performance records for the ST concept, most 
notably achieving a world-record toroidal beta of 40%, a value three times higher than that of 
conventional tokamaks and a powerful demonstration of the ST's high-beta potential. During its 
brief but productive 10-week operational campaign in 2016, the upgraded NSTX-U quickly 
began to realize its potential. The machine successfully produced H-mode plasmas at a current 
of 1 MA, surpassed the pulse-duration records of NSTX, and demonstrated energy confinement 
times comparable to the best performance of the original device. However, operations were 
suspended in late 2016 following the failure of a divertor magnetic field coil. The device has 
since been undergoing a comprehensive recovery and rebuild project, with a targeted 
resumption of operations in 2025. In the interim, the NSTX-U research program has remained 
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active, focusing on intensive analysis of existing data and the development of advanced 
simulation and modeling tools to prepare for future experimental campaigns. 
While NSTX-U is unquestionably the world's most capable ST in terms of its hardware and 
design parameters, its prolonged shutdown since 2016 represents a significant challenge for the 
U.S. fusion program. The multi-year recovery effort, while necessary, has created a substantial 
data gap in experimental ST physics. This stands in stark contrast to the rapid, iterative 
progress demonstrated by the private-sector FRC companies during the same period. The 
situation highlights a critical distinction: possessing the pinnacle of experimental hardware is not 
synonymous with producing a continuous stream of pinnacle physics results. The full scientific 
potential of NSTX-U remains to be realized, and its return to operation is a high-priority objective 
for the national fusion community. 

TAE Technologies C-2W 'Norman': The Pinnacle of Steady-State FRC 
Plasma Performance 

TAE Technologies is pursuing one of the most ambitious goals in the fusion landscape: the 
development of a commercially viable power plant based on an advanced, aneutronic 
proton-boron-11 (p-^{11}B) fuel cycle. Their technological approach is centered on the creation 
of a high-temperature, steady-state FRC that is sustained and stabilized primarily by the 
injection of high-power neutral beams. This strategy leverages the kinetic effects of a large 
population of energetic "fast ions" to provide robust stability against the MHD modes that have 
historically limited FRC performance. 
The company's fifth-generation device, C-2W 'Norman', has produced a series of 
record-breaking results that have significantly advanced the state-of-the-art for FRC plasmas. A 
landmark paper published in Nuclear Fusion in October 2024 details the machine's 
performance, establishing it as the clear leader in sustained FRC operation. Key performance 
metrics from this work include the achievement of electron temperatures (T_e) up to 
approximately 1 keV for the first time in a quiescent, steady-state FRC plasma. The total plasma 
temperature (ions plus electrons) has been documented to exceed 5 keV. Critically, these 
high-temperature plasmas are macroscopically stable and are sustained in a steady state for up 
to 40 ms, a duration that is primarily limited not by plasma physics but by the pulse length of the 
neutral beam power supply system. During these long pulses, the machine has achieved a total 
plasma energy of approximately 13 kJ and a trapped poloidal magnetic flux of around 16 mWb. 
Building on this success, TAE announced a major breakthrough in a 2025 Nature 
Communications publication, detailing a new, more compact machine configuration called 
"Norm". This innovative design achieves FRC formation using only neutral beam injection, 
completely eliminating the need for the large, complex, and high-voltage theta-pinch formation 
sections that have been a staple of FRC experiments for decades. This NBI-only formation 
technique is reported to reduce the machine's size, complexity, and cost by up to 50% while 
simultaneously improving plasma stability and overall performance. 
TAE's achievements with C-2W and Norm represent the full maturation of the kinetic 
stabilization pathway for FRCs. Their work has successfully transitioned the FRC from a plasma 
that must be passively protected from MHD instabilities to one whose state is actively defined 
and controlled by a dominant population of energetic ions. The neutral beam system is no 
longer merely an auxiliary tool for heating or stability; it has become the central technology for 
the entire FRC lifecycle, responsible for formation, heating, current drive, and stabilization. This 
paradigm shift from an MHD-dominated to a kinetically-dominated plasma regime is the key to 
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TAE's success in achieving long-duration, high-temperature, steady-state performance and 
marks a significant advance in the fundamental understanding and control of FRC physics. 

Helion Energy 'Trenta': The Pinnacle of Integrated FRC System 
Operation 

Helion Energy is pursuing a distinct but equally ambitious path to commercial fusion, centered 
on a pulsed magneto-inertial fusion (MIF) concept. Their mission is to be the first to demonstrate 
net electricity from fusion, utilizing a deuterium-helium-3 (D-^{3}He) fuel cycle to minimize 
neutron production and enable a high-efficiency direct energy conversion system. Helion's 
patented architecture involves a complex, precisely timed sequence of operations: two 
independent FRCs are formed, accelerated to velocities exceeding 300 km/s, collided and 
merged in a central chamber, and then rapidly compressed by a powerful magnetic field to 
reach fusion conditions. Following the fusion pulse, the energy of the expanding plasma is 
designed to be recaptured inductively with a theoretical efficiency greater than 95%. 
The company's sixth-generation prototype, 'Trenta', which was operational until its planned 
decommissioning in 2023, achieved several landmark results that established a new benchmark 
for integrated FRC system performance. The device successfully compressed merged FRC 
plasmas to total bulk plasma temperatures of 9 keV, equivalent to over 100 million degrees 
Celsius. Detailed diagnostics confirmed that this total temperature was composed of ion 
temperatures (T_i) greater than 8 keV and electron temperatures (T_e) of approximately 1 keV, 
representing the highest total temperature publicly reported for a privately-funded FRC device. 
Beyond peak plasma parameters, Trenta's primary achievement was its demonstration of 
unprecedented system-level reliability and robustness. The machine successfully executed over 
10,000 high-power fusion pulses during its operational lifetime. In a particularly notable 
campaign, it operated continuously under vacuum for 16 months, with all system upgrades and 
diagnostic operations performed remotely, showcasing a level of engineering maturity and 
operational reliability previously unseen in the fusion field. Furthermore, the Trenta experiments 
provided a critical validation of the underlying physics of the FRC. By operating with deuterium 
fuel, the machine produced a sufficient D-D fusion rate to generate a measurable neutron yield. 
Analysis of these neutron measurements served as a direct experimental verification of the 
fundamental FRC scaling laws that were first theorized at LANL in the 1980s. The device also 
produced the first evidence of bulk D-^{3}He fusion in a private experiment, a key step on their 
path to a commercial reactor. 
While TAE's work has pushed the boundaries of steady-state FRC plasma physics, Helion's 
achievements with Trenta highlight a mastery of the complete, end-to-end fusion system. The 
emphasis on metrics like pulse count and continuous operational time indicates a strategic 
focus on reliability, repeatability, and the robust engineering of an integrated machine capable of 
executing a complex, multi-stage process thousands of times without failure. The successful 
neutron measurements are significant not just as a physics result, but as a system-level 
diagnostic that validates the successful operation of the entire process chain, from formation 
and acceleration to collision and compression. This suggests that Helion's definition of the 
"state-of-the-art" is less about achieving a single record plasma parameter and more about 
advancing the Technology Readiness Level (TRL) of the integrated fusion system as a whole. 

Comparative Performance Matrix 
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The following table synthesizes the key performance indicators for the three non-clandestine 
platforms, providing a direct, quantitative comparison that establishes a factual baseline for the 
subsequent analysis. 
Metric NSTX-U (ST) TAE C-2W 'Norman' 

(FRC) 
Helion 'Trenta' (FRC) 

Primary Mission Scientific Research Commercial Power 
(Steady-State) 

Commercial Power 
(Pulsed) 

Magnetic Topology Spherical Tokamak Field-Reversed Config. Field-Reversed Config. 
Heating/Sustainment NBI, RF NBI Magnetic Compression 
Max Toroidal Field 
(B_t) 

1 T (design) N/A (External B_z only) 8 T (Peak 
compression) 

Max Plasma Current 
(I_p) 

2 MA (design) N/A N/A 

Max Ion Temperature 
(T_i) 

~1.5 keV (NSTX) >5 keV (T_{tot}) >8 keV 

Max Electron Temp 
(T_e) 

~1.5 keV (NSTX) ~1 keV ~1 keV 

Pulse Duration / 
Lifetime 

5 s (design) ~40 ms (steady-state) >1 ms (sustained 
plasma) 

Plasma Beta (\beta) ~40% (NSTX record) ~100% ~100% 
Key Achievement World-leading ST 

parameters 
Longest steady-state 
FRC 

Highest FRC temp, 
System reliability 

Current Status Undergoing rebuild Operational Decommissioned 
(Polaris next) 

Intelligence Synthesis and Capability Assessment of 
the Skunk Works® CFR Orb 
This section constructs a high-confidence technical profile of the clandestine Lockheed Martin 
Skunk Works® Compact Fusion Reactor (CFR) orb platform. As direct performance data for this 
program is unavailable in the public domain, this assessment is based on a synthesis of 
multi-domain intelligence, including the analysis of anomalous aerial phenomena (AAP), human 
intelligence (HUMINT), financial intelligence (FININT), and open-source technical literature. The 
analysis will clearly delineate between observed phenomena and the analytical inferences 
drawn from them to build a coherent picture of the platform's capabilities and programmatic 
maturity. 

Inferred Kinematic Signature and Propulsion Method 

The most direct, albeit circumstantial, evidence for the CFR orb's capabilities comes from a 
cluster of credible sightings of anomalous aerial phenomena in the vicinity of key Skunk Works® 
and U.S. Air Force test facilities in mid-to-late 2024. Multiple eyewitness reports from Palmdale 
and Lancaster, California—the geographic heart of Skunk Works® operations—described 
objects with flight characteristics that are physically inconsistent with any known conventional 
aircraft, helicopter, or drone technology. These observed phenomena include silent hovering, 
instantaneous acceleration and deceleration (an object that "stopped very abruptly"), and 
non-inertial, non-ballistic turns ("zigzagged"). 
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These unique kinematic signatures were corroborated by a leaked report from a U.S. Air Force 
pilot operating in the same restricted airspace. The pilot described a close encounter with an 
object that, based on subsequent radar data, appeared to accelerate to speeds exceeding Mach 
2 from a near-stationary state. This pattern of physics-defying performance aligns with a 
multi-year history of credible reports from trained military observers describing objects capable 
of maneuvers that are "beyond the physical limits of a human crew". 
Analytically, these observed kinematics are a direct match for the expected signature of a 
platform powered by a non-inertial, field-propulsion system. Conventional propulsion systems, 
which rely on generating thrust by expelling mass (aerodynamic lift or rocket exhaust), are 
fundamentally limited by inertia and cannot perform the instantaneous changes in velocity and 
direction reported. A field-propulsion system, such as one based on Magnetohydrodynamics 
(MHD) or a more exotic interaction with the surrounding spacetime geometry, would enable 
precisely these maneuvers. The official narrative put forth by military authorities, which 
attributed the sightings to an increase in "unmanned aerial systems" or drones, is assessed with 
high confidence to be a professionally managed counter-intelligence measure designed to 
obscure the flight testing of a far more sensitive and revolutionary platform. 

Programmatic Maturity and Strategic Imperative 

Powerful financial and organizational signals indicate that the CFR orb program is not a 
speculative research effort but a mature, high-priority Program of Record that has entered a 
critical and costly phase of development. A forensic analysis of Lockheed Martin's public 
financial filings reveals the declaration of over $1.5 billion in escalating "reach-forward losses" 
on a single, unidentified classified program within its Aeronautics business segment between 
the fourth quarter of 2024 and the second quarter of 2025. The timing of these losses, 
immediately following the period of the anomalous sightings, is highly significant. The 
company's stated rationale for these massive cost overruns—"continued design, integration, 
and test challenges"—is precisely the language one would expect for a revolutionary platform 
transitioning from ground development to a high-risk, high-consequence flight test phase. 
These publicly declared losses serve a dual purpose. While fulfilling regulatory requirements, 
they also function as a powerful signal to the government customer that the program's original 
fixed-price contract structure is no longer tenable for a technology of such unprecedented 
difficulty. This is a well-established tactic to force a contract renegotiation to a more flexible 
cost-plus model, which is standard for high-risk developmental programs. The willingness of 
both the contractor and the government to absorb and publicly acknowledge such immense 
financial strain is not an indicator of program failure. On the contrary, it is the financial signature 
of a program deemed so strategically vital—a "too big to fail" asset—that its continuation is a 
national security imperative. 
This assessment of programmatic maturity is reinforced by the existence of the necessary 
organizational infrastructure to test such a platform. The establishment of the Air Dominance 
Combined Test Force (AD-CTF) at Edwards Air Force Base, explicitly tasked with testing the 
Next Generation Air Dominance (NGAD) "Family of Systems," provides the ideal operational 
and security framework for evaluating a revolutionary capability like the CFR orb. Furthermore, 
analysis of personnel transitions reveals a sophisticated, multi-contractor operational test model, 
fire-walling the platform developer (Skunk Works®) from the flight test operator (assessed to be 
Boeing). This structure is a classic counter-intelligence and operational security measure 
designed to compartmentalize knowledge and provide plausible deniability, further underscoring 
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the program's clandestine and highly sensitive nature. 

The Integrated System: A Stable FRC Core Enabling Air-Breathing 
MHD Propulsion 

The synthesis of the observed kinematics with the foundational physics of compact toroids 
points to a coherent and technologically plausible system architecture: a stable, long-endurance 
FRC fusion core serving as the prime mover for an air-breathing MHD propulsion system. For 
decades, the concept of air-breathing MHD propulsion—using electric and magnetic fields to 
ionize and accelerate atmospheric air to generate thrust—has been a theoretical curiosity, 
rendered nonviable by a single, insurmountable obstacle: the power-density bottleneck. No 
conventional power source, including nuclear fission, possessed a sufficiently high 
power-to-mass ratio to provide the immense, multi-megawatt electrical power required to 
operate an MHD engine in an airborne platform. 
A compact, high-power-density fusion reactor is the specific enabling technology that directly 
solves this historical limitation. The FRC, with its intrinsic high-beta nature (\beta \approx 1), is 
the ideal fusion concept for this application, offering the highest possible power density and 
allowing for the generation of hundreds of megawatts of power from a device compact enough 
to be integrated into an aerospace vehicle. The FRC core serves a dual function in the 
integrated system: a portion of its thermal and particle energy is used to directly ionize the 
ingested atmospheric air, transforming it into the conductive plasma that serves as the 
propellant. The bulk of the reactor's power is converted to electricity, which is then used to 
energize the powerful superconducting magnets and drive the kiloampere-level currents in the 
MHD accelerator channel, generating thrust via the Lorentz force. 
The convergence of multiple, independent lines of intelligence strongly supports the conclusion 
that this integrated system is now operational at a prototype level. The foundational physics for 
creating a stable, long-endurance FRC has been systematically de-risked over decades of 
research at national laboratories and has now been demonstrably mastered in the private sector 
by companies like TAE Technologies. The physics of MHD propulsion is well-understood, 
awaiting only a suitable power source. The observed flight characteristics of the Palmdale 
phenomena are a direct match for the signature of an MHD-powered platform. Finally, the 
powerful financial and programmatic signals confirm that a high-risk, high-cost aerospace 
platform is currently in flight testing. 
The true innovation of the CFR orb, therefore, is not merely the development of a compact 
fusion reactor, but the successful system-level integration of that stable FRC core with a 
revolutionary propulsion system. The massive financial losses attributed to "integration and test 
challenges" are the direct, quantifiable evidence of this enormously difficult systems engineering 
effort. The CFR orb's significance lies not in a single component, but in the successful fusion of 
multiple, high-TRL technologies into a functional, mission-capable whole. It represents a 
generational leap from laboratory physics experiments to a fielded, integrated prototype. 
The following table summarizes the multi-domain intelligence indicators that form the basis of 
this assessment. 
Intelligence Domain Indicator / Observation Analytical Inference Confidence 
AAP/HUMINT Eyewitness reports of 

silent hovering, 
non-inertial turns over 
Palmdale. 

Platform utilizes a 
non-inertial, 
field-propulsion system 
(e.g., MHD). 

HIGH 

SecretM
ilitaryTechnology.comSecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com SecretM

ilitaryTechnology.comSecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.comSecretM

ilitaryTechnology.comSecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.comSecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.comSecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.comSecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com

SecretM
ilitaryTechnology.com



Intelligence Domain Indicator / Observation Analytical Inference Confidence 
FININT >$1.5B in publicly 

reported losses on a 
classified Aeronautics 
program. 

Program is in a 
high-cost, high-risk 
flight test phase and is 
of immense strategic 
importance. 

HIGH 

OPSEC Official "drone" cover 
story and FAA flight 
restrictions. 

A clandestine flight test 
program is active and 
its security was 
potentially 
compromised, requiring 
a reactive 
counter-intelligence 
response. 

HIGH 

Human Capital Existence of AD-CTF 
and the "Giese Model" 
for firewalled test pilots. 

The necessary human 
and organizational 
infrastructure for testing 
a revolutionary 
aerospace platform is 
in place. 

HIGH 

Physics Lineage Decades of FRC 
research at LANL and 
the transfer of 
personnel. 

The program is built on 
a mature, multi-decade 
foundation of national 
laboratory science. 

HIGH 

Synthesis and Definitive Judgment 
The preceding analysis has established the distinct physics, engineering approaches, and 
performance benchmarks for the four leading compact toroid platforms. This final section 
synthesizes these findings to provide a multi-layered answer to the central question of which 
platform represents the current pinnacle of the technology. This requires moving beyond a 
simple comparison of performance metrics to consider the divergent missions for which each 
platform has been optimized, culminating in a definitive judgment and a set of strategic 
recommendations for ARPA-E. 

The Divergence of Missions: Scientific Tool vs. Commercial Product 
vs. Deployed Weapon System 

A direct, one-to-one comparison of the four platforms is analytically flawed, as they are not 
competitors in a single race but are instead highly specialized tools designed to achieve 
fundamentally different objectives. Their respective definitions of success, and therefore their 
engineering priorities, are divergent. 

●​ NSTX-U is a pure scientific instrument. Its design is optimized for maximum diagnostic 
access and operational flexibility to allow researchers to probe the fundamental physics of 
high-beta plasmas. Its success is not measured in net power or pulse count, but in 
peer-reviewed publications, validated physics models, and the generation of a knowledge 
base that informs the design of future machines. It is a tool for answering questions. 

●​ TAE's C-2W/Norm and Helion's Trenta/Polaris are commercial product prototypes. 
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Their designs are driven by the specific engineering and economic challenges of 
developing a grid-scale fusion power plant. Their success is measured in achieving 
performance milestones that attract venture capital, validate their business models, and 
advance them on a clearly defined roadmap toward commercialization. They are tools for 
making a product. 

●​ The Skunk Works® CFR Orb is an integrated weapon system prototype. Its design is 
driven by a classified set of military requirements, prioritizing metrics such as power 
density, thrust-to-weight ratio, survivability, and mission capability. Its success is 
measured by its demonstrated operational performance in a relevant environment and its 
ability to provide a transformational strategic advantage. It is a tool for executing a 
mission. 

Understanding this divergence of purpose is critical. To ask whether Trenta's 9 keV temperature 
is "better" than NSTX-U's 1 T magnetic field is to compare apples and oranges. The relevant 
question is how well each platform has achieved the objectives for which it was designed and, in 
doing so, advanced the overall state of compact toroid technology. 

Defining the "State-of-the-Art": A Multi-Faceted Verdict 

Given the divergent missions of these platforms, the title of "pinnacle" cannot be assigned to a 
single machine across all metrics. Instead, the state-of-the-art must be defined across multiple, 
distinct axes of performance, maturity, and application. 

●​ Pinnacle of FRC Plasma Physics: TAE Technologies C-2W/Norm. TAE Technologies 
has demonstrated the most advanced and sophisticated control over the core FRC 
plasma itself. Their landmark achievement of long-pulse, high-temperature, steady-state 
operation through NBI-driven kinetic stabilization represents the highest mastery to date 
of the fundamental plasma physics challenges that have historically limited the FRC 
concept. Their work has moved the FRC from a transient, pulsed phenomenon to a 
controllable, steady-state plasma entity. In the domain of creating and sustaining the FRC 
plasma, TAE is the undisputed world leader. 

●​ Pinnacle of Integrated Fusion System Reliability: Helion Energy 'Trenta'. Helion 
Energy has demonstrated the highest Technology Readiness Level for a complete, 
repetitively-pulsed fusion system. The Trenta prototype's documented record of executing 
over 10,000 high-power pulses and completing a 16-month continuous operational 
campaign showcases a level of engineering robustness, system reliability, and integrated 
control that is unparalleled in the public or private fusion domain. While others have 
focused on perfecting the plasma, Helion has focused on perfecting the machine. In the 
domain of making an FRC-based system work reliably as an integrated whole, Helion has 
set the standard. 

●​ Pinnacle of Deployed Application and System Integration: The Skunk Works® CFR 
Orb. The CFR orb is the only platform assessed to have transcended the laboratory 
environment to become an integrated, flying prototype that demonstrates a 
transformational, mission-relevant capability. While its specific internal plasma parameters 
remain classified, its inferred kinematic performance represents the successful integration 
of a compact fusion core with a revolutionary propulsion system. This achievement 
required solving immense systems engineering challenges, as evidenced by the 
multi-billion-dollar financial data. In the domain of system integration and application 
maturity—the ultimate measure of technological progress—the CFR orb stands alone. 
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Final Judgment and Strategic Recommendations for ARPA-E 

While TAE Technologies and Helion Energy represent the respective pinnacles of FRC plasma 
science and integrated system reliability in the unclassified world, the Skunk Works® CFR orb 
represents the overall pinnacle of compact toroid technology. This judgment is based on its 
unparalleled level of system integration and demonstrated application maturity. It is the only 
platform to have successfully made the leap from a plasma physics experiment to a functional, 
mission-oriented prototype, which constitutes the highest and most difficult measure of 
technological advancement. 
Based on this comprehensive analysis, the following strategic recommendations are offered for 
consideration by ARPA-E to accelerate the broader U.S. fusion enterprise: 

1.​ Prioritize Investment in Steady-State FRC Sustainment: The inferred long-endurance, 
atmospheric flight capability of the CFR orb underscores the critical strategic importance 
of achieving true steady-state FRC operation. ARPA-E should closely monitor and 
consider targeted investment in technologies that advance this goal in the commercial 
sector. TAE's NBI-driven kinetic stabilization approach is the current state-of-the-art and 
warrants deep engagement to understand its scalability, efficiency, and potential for 
dual-use applications beyond grid power. 

2.​ De-Risk Pulsed MIF as a High-Power-Density Pathway: Helion's pulsed 
magneto-inertial fusion approach, while currently optimized for electricity generation, has 
demonstrably achieved extremely high plasma temperatures (9 keV) and, by inference, 
extreme power densities during its final compression phase. This performance regime is 
highly relevant for compact propulsion and other high-power applications. ARPA-E should 
consider funding focused research to explore the trade-offs of this pulsed approach for 
non-electrical, high-thrust missions, potentially leveraging different fuel cycles or 
compression techniques. 

3.​ Establish a Monitoring Program for the "Gray Track" Ecosystem: This analysis has 
revealed a vibrant and critically important "gray track" ecosystem of small businesses 
(e.g., MSNW LLC) and academic nexuses (e.g., the University of Washington, 
Technion-Israel Institute of Technology) that function as crucial talent incubators and 
technology transition pathways between the unclassified and clandestine worlds. ARPA-E 
should establish a formal program to monitor and engage with these entities to identify 
promising, pre-commercial technologies and key personnel that could be leveraged to 
accelerate the broader U.S. fusion enterprise. 

4.​ Fund Enabling Technologies for System Integration: The CFR orb's primary 
achievement—and its primary source of programmatic cost and risk—is system 
integration. The gap between a successful plasma experiment and a functional integrated 
system remains the largest valley of death in fusion development. ARPA-E should 
prioritize funding for high-risk, high-reward research in critical enabling technologies that 
benefit all FRC concepts and lower the barrier to integration. Key areas include 
high-efficiency direct energy conversion for both pulsed and steady-state systems, novel 
plasma diagnostics suitable for the high-beta FRC environment, and the development of 
high-temperature superconducting magnets engineered for the simple, linear geometry of 
FRC-based systems. 
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