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1. Introduction 
The Part 1 paper by the same name was posted in 2022, and is summarized and linked 
below: 
Twisted Fusion: The Stellarators: Although I’ve written several posts on nuclear 
fission reactors, and even more that mentions them, I have only written a single post on 
nuclear fusion reactors. This earlier post described the two current fusion experiments 
that have a reasonable path forward to the creation of a working fusion power plant. 

In addition to the two designs described in the above post, there is a third much older 
design, the stellarator. Lately this pioneering design has received much more attention. It 
was abandoned many decades ago, primarily because the mathematics that describe 
the physics were just too complex to analyze using then-existing methods, Thus, 
scientists moved on to a greatly simplified reactor, the tokamak. 

However, recently more attention has been focused on the stellarator, and there is a 
major experiment in Germany that may prove to be the most viable path to a commercial 
nuclear fusion reactor. 
https://energycentral.com/c/cp/twisted-fusion-stellarators  

The short story is that there are basically two popular configurations of potential nuclear 
fusion reactors: The Tokamak, created by the USSR in in 1968, and an earlier design, 
the Stellarator, invented by American scientist Lyman Spitzer of Princeton University, 
which began operating in 1953 and demonstrated plasma confinement in 1951. Both of 
these designs had “issues.” The dynamics of the Stellarator had early success, but its 
operation was simply too complex for the physicists at that time to understand. The 
Tokamak also had early success, but had the same issues, and still does. 
Fast-forward to modern times. Current computer simulations allow the Stellarator’s 
designers to model the operation of their fusion reactor, and optimize it. The Tokamak’s 
problems appeared to be simpler on the surface, but the physics were much more 
complex, thus its issues remain to be simulated and understood. 
Thus, the Stellarator is steadily moving forward, and the Tokamak is stuck. 

2. Princeton Plasma Physics Laboratory (PPPL) 
If nothing, the professionals of our country are stubborn. I will not bore you with story 
after story of inventors that persevered and succeeded, because I’m sure that you have 
heard them. However, note that Princeton invented the Stellarator in 1953, and guess 
what: they are still at it, albeit under a new name with a sponsor with deep pockets. 
For a machine that’s designed to replicate a star, the world’s newest stellarator is a 
surprisingly humble-looking apparatus. The kitchen-table-size contraption sits atop 
stacks of bricks in a cinder-block room at the US DOE’s Princeton Plasma Physics 
Laboratory (PPPL) in Princeton, N.J., its parts hand-labeled in marker.1 

 
1 Tom Clynes, IEEE Spectrum, “Nuclear Fusion’s New Idea: An Off-the-Shelf Stellarator,” Oct 2024, 
https://spectrum.ieee.org/the-off-the-shelf-stellarator  

https://energycentral.com/c/cp/twisted-fusion-stellarators
https://spectrum.ieee.org/the-off-the-shelf-stellarator
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The PPPL team invented this nuclear-fusion reactor, completed last year, using mainly 
off-the-shelf components. Its core is a glass vacuum chamber surrounded by a 3D-
printed nylon shell that anchors 9,920 meticulously placed permanent rare-earth 
magnets. Sixteen copper-coil electromagnets resembling giant slices of pineapple wrap 
around the shell crosswise. 

Researchers Michael Zarnstorff [left] and Kenneth Hammond at the Princeton Plasma Physics Laboratory run  
nuclear-fusion reactions in a stellarator built with mostly off-the-shelf parts. Jayme Thornton 

The arrangement of magnets forms the defining feature of a stellarator: an entirely 
external magnetic field that directs charged particles along a spiral path to confine a 
superheated plasma. Within this enigmatic fourth state of matter, atoms that have been 
stripped of their electrons collide, their nuclei fusing and releasing energy in the same 
process that powers the sun and other stars. Researchers hope to capture this energy 
and use it to produce clean, zero-carbon electricity. 

PPPL’s new reactor is the first stellarator built at this government lab in 50 years. It’s 
also the world’s first stellarator to employ permanent magnets, rather than just 
electromagnets, to coax plasma into an optimal three-dimensional shape. Costing only 
US $640,000 and built in less than a year, the device stands in contrast to prominent 
stellarators like Germany’s Wendelstein 7-X, a massive, tentacled machine that took 
$1.1 billion and more than 20 years to construct. 
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PPPL researchers say their simpler machine demonstrates a way to build stellarators far 
more cheaply and quickly, allowing researchers to easily test new concepts for future 
fusion power plants. The team’s use of permanent magnets may not be the ticket to 
producing commercial-scale energy, but PPPL’s accelerated design-build-test strategy 
could crank out new insights on plasma behavior that could push the field forward more 
rapidly. 

Indeed, the team’s work has already spurred the formation of two stellarator startups that 
are testing their own PPPL-inspired designs, which their founders hope will lead to 
breakthroughs in the quest for fusion energy. 

2.1. Are Stellarators the Future? 
The pursuit of energy production through nuclear fusion is considered by many to be the 
holy grail of clean energy. And it’s become increasingly important as a rapidly warming 
climate and soaring electricity demand have made the need for stable, carbon-free 
power ever more acute. Fusion offers the prospect of a nearly limitless source of energy 
with no greenhouse gas emissions. And unlike conventional nuclear fission, fusion 
comes with no risk of meltdowns or weaponization, and no long-lived nuclear waste. 

Fusion reactions have powered the sun since it formed an estimated 4.6 billion years 
ago, but they have never served to produce usable energy on Earth, despite decades of 
effort. The problem isn’t whether fusion can work. Physics laboratories and even a few 
individuals have successfully fused the nuclei of hydrogen, liberating energy. But to 
produce more power than is consumed in the process, simply fusing atoms isn’t enough. 

The past few years have brought eye-opening advances from government-funded fusion 
programs such as PPPL and the Joint European Torus, as well as private companies. 
Enabled by gains in high-speed computing, artificial intelligence, and materials science, 
nuclear physicists and engineers are toppling longstanding technical hurdles. And 
stellarators, a once-overlooked approach, are back in the spotlight. 

“Stellarators are one of the most active research areas now, with new papers coming out 
just about every week,” says Scott Hsu, the U.S. Department of Energy’s lead fusion 
coordinator. “We’re seeing new optimized designs that we weren’t capable of coming up 
with even 10 years ago. The other half of the story that’s just as exciting is that new 
superconductor technology and advanced manufacturing capabilities are making it more 
possible to actually realize these exquisite designs.” 

3. Plasma Containment 
For atomic nuclei to fuse, the nuclei must overcome their natural electrostatic repulsion. 
Extremely high temperatures—in the millions of degrees—will get the particles moving 
fast enough to collide and fuse. Deuterium and tritium, isotopes of hydrogen with, 
respectively, one and two neutrons in their nuclei, are the preferred fuels for fusion 
because their nuclei can overcome the repulsive forces more easily than those of 
heavier atoms. 

Heating these isotopes to the required temperatures strips electrons from the atomic 
nuclei, forming a plasma: a maelstrom of positively charged nuclei and negatively 
charged electrons. The trick is keeping that searingly hot plasma contained so that some 
of the nuclei fuse. 
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Currently, there are two main approaches to containing plasma. Inertial confinement 
uses high-energy lasers or ion beams to rapidly compress and heat a small fuel pellet. 
Magnetic confinement uses powerful magnetic fields to guide the charged particles 
along magnetic-field lines, preventing these particles from drifting outward.2 

Many magnetic-confinement designs—including the $24.5 billion ITER reactor under 
construction since 2010 in the hills of southern France—use an internal current flowing 
through the plasma to help to shape the magnetic field. But this current can create 
instabilities, and even small instabilities in the plasma can cause it to escape 
confinement, leading to energy losses and potential damage to the hardware. 

Stellarators like PPPL’s are a type of magnetic confinement, with a twist. 

4. Stellarator’s Origin 
Located at the end of Stellarator Road and a roughly 5-kilometer drive from Princeton 
University’s leafy campus, PPPL is one of 17 U.S. Department of Energy labs, and it 
employs about 800 scientists, engineers, and other workers. Hanging in PPPL’s lobby is 
a black-and-white photo of the lab’s founder, physicist Lyman Spitzer, smiling as he 
shows off the fanciful-looking apparatus he invented and dubbed a stellarator, or “star 
generator.” 

According to the lab’s lore, Spitzer came up with the idea while riding a ski lift at Aspen 
Mountain in 1951. Enrico Fermi had observed that a simple toroidal, or doughnut-
shaped, magnetic-confinement system wouldn’t be sufficient to contain plasma for 
nuclear fusion because the charged particles would drift outward and escape 
confinement. 

Spitzer determined that a figure-eight design with external magnets could create helical 
magnetic-field lines that would spiral around the plasma and more efficiently control and 
contain the energetic particles. That configuration, Spitzer reasoned, would be efficient 
enough that it wouldn’t require large currents running through the plasma, thus reducing 
the risk of instabilities and allowing for steady-state operation. 

“In many ways, Spitzer’s brilliant idea was the perfect answer” to the problems of plasma 
confinement, says Steven Cowley, PPPL’s director since 2018. “The stellarator offered 
something that other approaches to fusion energy couldn’t: a stable plasma field that can 
sustain itself without any internal current.” 

Spitzer’s stellarator quickly captured the imagination of midcentury nuclear physicists 
and engineers. But the invention was ahead of its time. 

4.1. The Stellarator Difference 
The stellarator’s lack of toroidal symmetry made it challenging to build. The external 
magnetic coils needed to be precisely engineered into complex, three-dimensional 
shapes to generate the twisted magnetic fields required for stable plasma confinement. 
In the 1950s, researchers lacked the high-performance computers needed to design 
optimal three-dimensional magnetic fields and the engineering capability to build 
machines with the requisite precision. 

 
2 For additional information on both magnetic and internal confinement, see my 2021 paper, Distant 
Nuclear Fusion, linked here: https://energycentral.com/c/cp/distant-nuclear-fusion  

https://energycentral.com/c/cp/distant-nuclear-fusion
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Meanwhile, physicists in the Soviet Union were testing a new configuration for 
magnetically confined nuclear fusion: a doughnut-shaped device called a tokamak—a 
Russian acronym that stands for “toroidal chamber with magnetic coils.” Tokamaks bend 
an externally applied magnetic field into a helical field inside by sending a current 
through the plasma. They seemed to be able to produce plasmas that were hotter and 
denser than those produced by stellarators. And compared with the outrageously 
complex geometry of stellarators, the symmetry of the tokamaks’ toroidal shape made 
them much easier to build. 

Following the lead of other nations’ fusion programs, the DOE shifted most of its fusion 
resources to tokamak research. PPPL converted Spitzer’s Model C stellarator into a 
tokamak in 1969. 

Since then, tokamaks have dominated fusion-energy research. But by the late 1980s, 
the limitations of the approach were becoming more apparent. In particular, the currents 
that run through a tokamak’s plasma to stabilize and heat it are themselves a source of 
instabilities as the currents get stronger. 

To force the restive plasma into submission, the geometrically simple tokamaks need 
additional features that increase their complexity and cost. Advanced tokamaks—there 
are about 60 currently operating—have systems for heating and controlling the plasma 
and massive arrays of magnets to create the confining magnetic fields. They also have 
cryogenics to cool the magnets to superconducting temperatures a few meters away 
from a 150 million °C plasma. 

Tokamaks thus far have produced energy only in short pulses. “After 70 years, nobody 
really has even a good concept for how to make a steady-state tokamak,” notes Michael 
Zarnstorff, a staff research physicist at PPPL. “The longest pulse so far is just a few 
minutes. When we talk to electric utilities, that’s not actually what they want to buy.” 

With tokamaks gobbling up most of the world’s public fusion-energy funds, stellarator 
research lay mostly dormant until the 1980s. Then, some theorists started to put 
increasingly powerful computers to work to help them optimize the placement of 
magnetic coils to more precisely shape the magnetic fields. 

The effort got a boost in 1981, when then-PPPL physicist Allen Boozer invented a 
coordinate system—known in the physics community as Boozer coordinates—that helps 
scientists understand how different configurations of magnets affect magnetic fields and 
plasma confinement. They can then design better devices to maintain stable plasma 
conditions for fusion. Boozer coordinates can also reveal hidden symmetries in the 
three-dimensional magnetic-field structure, which aren’t easily visible in other coordinate 
systems. These symmetries can significantly improve plasma confinement, reduce 
energy losses, and make the fusion process more efficient. 

“We’re seeing new optimized designs we weren’t capable of coming up with 10 years 
ago.” 

“The accelerating computational power finally allowed researchers to challenge the so-
called fatal flaw of stellarators: the lack of toroidal symmetry,” says Boozer, who is now a 
professor of applied physics at Columbia University. 
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The new insights gave rise to stellarator designs that were far more complex than 
anything Spitzer could have imagined. Japan’s Large Helical Device came online in 
1998 after eight years of construction. The University of Wisconsin’s Helically Symmetric 
Experiment, whose magnetic-field coils featured an innovative quasi-helical symmetry, 
took nine years to build and began operation in 1999. And Germany’s Wendelstein 7-
X—the largest and most advanced stellarator ever built—produced its first plasma in 
2015, after more than 20 years of design and construction. 

In the late 1990s, PPPL physicists and engineers began designing their own version, 
called the National Compact Stellarator Experiment (NCSX). Envisioned as the world’s 
most advanced stellarator, it employed a new magnetic-confinement concept called 
quasi-axisymmetry—a compromise that mimics the symmetry of a tokamak while 
retaining the stability and confinement benefits of a stellarator by using only externally 
generated magnetic fields. 

“We tapped into every supercomputer we could find,” says Zarnstorff, who led the NCSX 
design team, “performing simulations of hundreds of thousands of plasma configurations 
to optimize the physics properties.” 

But the design was, like Spitzer’s original invention, ahead of its time. Engineers 
struggled to meet the precise tolerances, which allowed for a maximum variation from 
assigned dimensions of only 1.5 millimeters across the entire device. In 2008, with the 
project tens of millions of dollars over budget and years behind schedule, NCSX was 
canceled. “That was a very sad day around here,” says Zarnstorff. “We got to build all 
the pieces, but we never got to put it together.” 

Now, a segment of the NCSX vacuum vessel—a contorted hunk made from the 
superalloy Inconel—towers over a lonely corner of the C-Site Stellarator Building on 
PPPL’s campus. But if its presence is a reminder of failure, it is equally a reminder of the 
lessons learned from the $70 million project. 

For Zarnstorff, the most important insights came from the engineering postmortem. 
Engineers concluded that, even if they had managed to successfully build and operate 
NCSX, it was doomed by the lack of a viable way to take the machine apart for repairs or 
reconfigure the magnets and other components. 

With the experience gained from NCSX and PPPL physicists’ ongoing collaborations 
with the costly, delay-plagued Wendelstein 7-X program, the path forward became 
clearer. “Whatever we built next, we knew we needed to make it less expensively and 
more reliably,” says Zarnstorff. “And we knew we needed to build it in a way that would 
allow us to take the thing apart.” 

In 2014, Zarnstorff began thinking about building a first-of-its-kind stellarator that would 
use permanent magnets, rather than electromagnets, to create its helical field, while 
retaining electromagnets to shape the toroidal field. (Electromagnets generate a 
magnetic field when an electric current flows through them and can be turned on or off, 
whereas permanent magnets produce a constant magnetic field without needing an 
external power source.) 
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Even the strongest permanent magnets wouldn’t be capable of confining plasma 
robustly enough to produce commercial-scale fusion power. But they could be used to 
create a lower-cost experimental device that would be easier to build and maintain. And 
that, crucially, would allow researchers to easily adjust and test magnetic fields that 
could inform the path to a power-producing device. 

PPPL dubbed the device Muse. “Muse was envisioned as a testbed for innovative 
magnetic configurations and improving theoretical models,” says PPPL research 
physicist Kenneth Hammond, who is now leading the project. “Rather than immediate 
commercial application, it’s more focused on exploring fundamental aspects of 
stellarator design and plasma behavior.” 

The Muse team designed the reactor with two independent sets of magnets. To coax 
charged particles into a corkscrew-like trajectory, small permanent neodymium magnets 
are arranged in pairs and mounted to a dozen 3D-printed panels surrounding the glass 
vacuum chamber, which was custom-made by glass blowers. Adjacent rows of magnets 
are oriented in opposite directions, twisting the magnetic-field lines at the outside edges. 

Outside the shell, 16 electromagnets composed of circular copper coils generate the 
toroidal part of the magnetic field. These very coils were mass-produced by PPPL in the 
1960s, and they have been a workhorse for rapid prototyping in numerous physics 
laboratories ever since. 

“In terms of its ability to confine particles, Muse is two orders of magnitude better than 
any stellarator previously built,” says Hammond. “And because it’s the first working 
stellarator with quasi-axisymmetry, we will be able to test some of the theories we never 
got to test on NCSX.” 

The neodymium magnets are a little bigger than a button magnet that might be used to 
hold a photo to a refrigerator door. Despite their compactness, they pack a remarkable 
punch. During my visit to PPPL, I turned a pair of magnets in my hands, alternating their 
polarities, and found it difficult to push them together and pull them apart. 

Graduate students did the meticulous work of placing and securing the magnets. “This is 
a machine built on pizza, basically,” says Cowley, PPPL’s director. “You can get a lot out 
of graduate students if you give them pizza. There may have been beer too, but if there 
was, I don’t want to know about it.” 

The Muse project was financed by internal R&D funds and used mostly off-the-shelf 
components. “Having done it this way, I would never choose to do it any other way,” 
Zarnstorff says. 
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