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Mystery of the Silver Rings
by Don White, Creator of Project Delphis

The young dolphin gives a quick flip of her head, and an undulating silver ring appears--as if by magic--in
front of her. The ring is a solid, toroidal bubble two feet across--and yet it does not rise to the surface! It
stands erect in the water like the rim of a magic mirror, or the doorway to an unseen dimension. For long
seconds the dolphin regards its creation, from varying aspects and angles, with its vision and sonar.
Seemingly making a judgement, the dolphin then quickly pulls a small silver donut from the larger structure,
which collapses into small bubbles. She then "pushes" the donut, which stays just inches ahead of her
rostrum, perhaps 20 feet over a period of up to 10 seconds. Then, stopping again, she regards the twisting
ring for a last time and bites it--causing it to collapse into a thousand tiny bubbles which head--as they
should--for the water's surface. After a few moments of reflection, she creates another.
This isn't fantasy, it's real. And it isn't magic, just marvelous. It is a rare dolphin behavior, and we first saw it
in the play of two baby dolphins. It gives us a little more insight into the superb level of control dolphins can
exercise on their water environment, and underscores the fact that we can still discover things about dolphins
by simply watching them.
I first saw this behavior on one of my relatively rare trips out to the Delphis lab; the project's principle
scientist Ken Marten said that "the two babies, Tinkerbell and Maui" had been doing it for a little while. My
reaction: "Wow, neato. How the heck do they DO that? Try to get some photo and video shots of it. It sure is
cool". Ken, along with Suchi Psarakos, Research Assistant and computer programmer, did indeed document
the silver rings (although video and photos don't do the rings justice), and this has made it possible to both
analyze the physics behind the phenomenon and to watch the dolphins do this trick in slow-motion.
As it turned out, small silver rings weren't the only toys the dolphins were making for themselves: some of
the creations were as large as a basketball rim. And Tinkerbell proved able to create a silver helix, spiraling
perhaps 20 feet long, that would spring into life in a fraction of a second and remain stable in the water as she
swam past, observing it with sonar and vision. then--presto! she would grab a small silver ring from the helix
to play with, while the rest of the helix degraded into bubbles which would belatedly "remember" to rise to
the surface.
http://www.earthtrust.org/delrings.html
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This was a wonderful mystery to ponder. My attempts at re-creating the rings in a swimming pool succeeded
only in getting water up my nose, but my guesses were confirmed--with better and more rigorous
explanation--by the fluid dynamics class of Suchi's close friend Hans Ramm at Scripps Institute of
Oceanography.
The silver rings, as it turns out, are "air-core vortex rings", and the helices are a similar phenomenon.
Invisible, spinning vortices in the water are generated from the tip of a dolphin's dorsal fin when it is moving
rapidly and turning. According to Hans: "Being unstable without a boundary nearby, the vortex line tends to
form into a more stable form such as a helix. When the dolphins break the line, the ends are drawn together
into closed rings. Owing to the Bernoulli effect, the higher velocity fluid around the core of the vortex is at a
lower pressure than the fluid circulating farther away. Air is injected into the rings via bubbles released from
the dolphin's blowhole." The energy of the water vortex is enough to keep the bubbles from rising for a
reasonably long period--on the order of 10 seconds. There also seems to be a separate mechanism for
producing small rings, which a dolphin can accomplish by a quick flip of its head.
There is little doubt that this is what is occurring. However, understanding the physics should not diminish
our appreciation of this spontaneous act of creation by a dolphin mind. These young dolphins have detected,
understood, and manipulated a subtle aspect of their environment, for no reason other than play.
Creation of these rings by dolphins isn't new. (far from it--dolphins were probably blowing magnificent silver
rings while our anscestors were hanging off tree limbs). It does seem to be a relatively rare behavior, though:
it has been seen before only in a specific group of dolphins documented by Diana Reiss and Jan Ostman at
Marine World. "The fact that ring-blowing is rare and that we have two babies doing it suggests that one
baby learned it from the other", comments Ken Marten. "Whether it was a case of observational learning, or
one "taught" the other, we don't know... but it'd sure be interesting to know."
The social situation also seems to affect ring-blowing: " The babies made them most intensely when they
were the only two dolphins in the tank and when there was only one adult. The behavior stopped entirely
when they were outnumbered by adults, " observed Suchi. "During one intense session with Tinkerbell there
were often two or three rings visible in the tank at one time. She frequently swam over to me in an excited
state, then went and made some more."
The reaction to our documentation of these rings has been universal--people are fascinated by them. Dr. Ken
Norris, the world's leading expert on dolphins, had never seen it before. Robert Wolff of Apple Computer's
Advanced Design Group made a "quicktime" movie of ring-blowing for display on Mac computers. Arthur
C. Clarke, Earthtrust Advisory Board member, thought they were wonderful--but debated my offered
contention that they might be the first "extraterrestrial art", pointing to interesting "artistic" achievements by
other nonhuman animals.
For myself, I do consider these rings to be "art": the creation and observation of artifacts by a nonhuman
mind, with no use other than entertainment and aesthetics. One must be constantly wary not to
anthropomorphize the actions of other species--to treat them as though they were human. But after watching
a dolphin create one of these kinetic sculptures--observe it from many angles--and then destroy it with a bite-it seems a long leap of logic to ascribe any other motive.
This can, and will, be debated... but the beauty of the rings is beyond debate. As evidence mounts for "self
http://www.earthtrust.org/delrings.html
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awareness" and other "intelligent" qualities in dolphins, I think that it must cause us again to ask the question:
what are these creatures, that they spin silver lariats for the sheer joy of creation? And what sort of creatures
are we, if we cannot appreciate and protect them?

Earthtrust
25 Kaneohe Bay Drive, Suite 205
Kailua, HI 96734 USA
(808) 254-2866
FAX: (815) 333-1158
E-mail: EarthTrust
Return to Project Delphis' main page
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Not to be confused with the spherical tokamak, another topic in fusion research.
A spheromak is an arrangement of plasma formed into a toroidal shape similar to a smoke ring.[1] The
spheromak contains large internal electrical currents and their associated magnetic fields arranged so the
magnetohydrodynamic forces within the spheromak are nearly balanced, resulting in long-lived (microsecond)
confinement times without external fields. Spheromak belongs to a type of plasma configuration referred to as
the compact toroids.
The physics of the spheromak and their collisions is similar to a variety of astrophysical events, like coronal
loops and filaments, relativistic jets and plasmoids. They are particularly useful for studying magnetic
reconnection events, when two or more spheromaks collide. Spheromaks are easy to generate using a "gun" that
ejects spheromaks off the end of an electrode into a holding area, called the flux conserver. This has made them
useful in the laboratory setting, and spheromak guns are relatively common in astrophysics labs. These devices
are often, confusingly, referred to simply as "spheromaks" as well; the term has two meanings.
Spheromaks have been proposed as a magnetic fusion energy concept due to their long confinement times,
which was on the same order as the best tokamaks when they were first studied.[citation needed] Although they
had some successes during the 1970s and 80s, these small and lower-energy devices had limited performance
and most spheromak research ended when fusion funding was dramatically curtailed in the late
1980s.[citation needed] However, in the late 1990s research demonstrated that hotter spheromaks have better
confinement times, and this led to a second wave of spheromak machines.[citation needed] Spheromaks have also
been used to inject plasma into a bigger magnetic confinement experiment like a tokamak.[2]
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History
The spheromak has undergone several distinct periods of investigation, with the greatest efforts during the
1980s, and a reemergence in the 2000s.

Background work in astrophysics
A key concept in the understanding of the spheromak is magnetic helicity, a value
"twistedness" of the magnetic field in a plasma.

that describes the

The earliest work on these concepts was developed by Hannes Alfvén in 1943,[3] which won him the 1970
Nobel Prize in Physics. His development of the concept of Alfvén waves explained the long-duration dynamics
of plasma as electric currents traveling within them produced magnetic fields which, in a fashion similar to a
dynamo, gave rise to new currents. In 1950, Lundquist experimentally studied Alfvén waves in mercury and
introduced the characterizing Lundquist number, which describes the plasma's conductivity. In 1958, Woltjer,
working on astrophysical plasmas, noted that
is conserved, which implies that a twisty field will attempt to
maintain its twistyness even with external forces being applied to it.[4]
Starting in 1959, Alfvén and a team including Lindberg, Mitlid and Jacobsen built a device to create balls of
plasma for study. This device was identical to modern "coaxial injector" devices (see below) and the
experimenters were surprised to find a number of interesting behaviors. Among these was the creation of stable
rings of plasma. In spite of their many successes, in 1964 the researchers turned to other areas and the injector
concept lay dormant for two decades.[5]

Background work in fusion
In 1951 the first major efforts to produce controlled fusion for power production started in earnest. These early
experiments generally used some sort of pulsed power to deliver the large magnetic forces required in the
experiments. The magnitude of these currents and the forces that they produced were unprecedented. In 1957
Harold Furth, Levine, and Waniek published a paper on the dynamics of large magnets, which demonstrated
that the limiting factor in magnet performance was physical; stresses in the magnet would overcome its own
mechanical limits. They proposed winding these magnets in such a way that the forces within the magnet
windings cancelled out, the "force-free condition". Although it was not known at the time, this is the same
magnetic field as in a spheromak.[6]
In 1957 the ZETA machine started operation in the UK. ZETA was at that time by far the largest and most
powerful fusion device in the world. It operated until 1968, by which point many devices matched its size.
During its operation, the experimental team noticed that on occasion the plasma would maintain confinement
long after the experimental run had ostensibly ended, although this was not studied in depth at the time. Years
later in 1974, John Bryan Taylor made great strides in characterizing these self-stable plasmas, which he called
"quiescent". He developed the Taylor state equilibrium concept, a state of plasma that conserves helicity in its
http://en.wikipedia.org/wiki/Spheromak#Defence
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lowest possible energy state. This led to a re-awakening of compact torus research.[7]
In the aftermath of ZETA the "classical" z-pinch concept fell from favour, and the newer theta-pinch saw a
reduced level of activity. While working on such a machine in the early 1960s, one designed with a conical
pinch area, Bostick and Wells found that the machine sometimes created stable rings of plasma.[8] A series of
machines to study the problem followed, and in one of these magnetic probe measurements found the toroidal
magnetic field profile of a spheromak; the toroidal field was zero on axis, rose to a maximum at some interior
point, and then went to zero at the wall.[7] However, the theta-pinch failed to reach the high-energy conditions
needed for fusion, and interest in the system waned. In spite of these tantalizing hints of interesting behaviour,
most work on theta-pinch had ended by the 1970s.

The golden age
The key concept in magnetic fusion energy (MFE) is the Lawson criterion, a combination of the plasma
temperature, density and confinement time.[9] Fusion devices generally fell into two classes, pulsed machines
like the z-pinch that attempted to reach high densities and temperatures but only for microseconds, while steady
state concepts such as the stellarator and magnetic mirror attempted to reach the Lawson criterion through
longer confinement times.
Taylor's work suggested that the self-stable plasmas would be a simple way to approach the problem along the
confinement time axis. Taylor's work sparked a new round of theoretical developments. In 1979 Rosenbluth and
Bussac published a paper describing generalizations of Taylor's work, including a spherical minimum energy
state having zero toroidal field on the bounding surface.[10] This means that there is no externally driven current
on the device axis and so there are no external toroidal field coils. It appeared that this approach would allow
for fusion reactors of greatly simpler design than the predominant stellarator and tokamak approaches.
Several experimental devices emerged almost overnight. Wells, recognizing his earlier experiments as examples
of these plasmas, was now at the University of Miami and started gathering funding for a new device combining
two of his earlier conical theta-pinch systems, which emerged as Trisops. In Japan, Nihon University built the
PS-1, which used a combination of theta and zeta pinches to produce spheromaks. Harold Furth was excited by
the prospect of a less-expensive solution to the confinement issue, and started the S1 at the Princeton Plasma
Physics Laboratory, which used inductive heating. Many of these early experiments were summarized by Furth
in 1983.[11]
These early MFE experiments culminated in the Compact Torus Experiment (CTX) at Los Alamos. This was
this era's largest and most powerful device, generating spheromaks with surface currents of 1 MA, temperatures
of 100 eV, and peak electron betas over 20%.[12] CTX also experimented with methods to re-introduce energy
into the fully formed spheromak in order to counter losses at the surface. In spite of these early successes, by the
late 1980s the tokamak had surpassed the confinement times of the spheromaks by orders of magnitude. For
example JET was achieving confinement times on the orders of 30 seconds.[13]
The major event that ended most spheromak work was not technical; funding for the entire US fusion program
was dramatically curtailed in FY86, and many of the "alternate approaches", which includes spheromaks, were
defunded. Existing experiments in the US continued until their funding ran out, while smaller programs
http://en.wikipedia.org/wiki/Spheromak#Defence
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elsewhere, notably in Japan and the new SPHEX machine in the UK, continued from 1979-1997. CTX gained
additional funding from the Defence Department and continued experiments until 1990; the last runs improved
temperatures to 400 eV,[14] and confinement times on the order of 3 ms.[15]

Astrophysics
The data and theory from these experiments did not go to waste; through the early 1990s their work was widely
used by the astrophysics community to explain various events and the spheromak was studied as an add-on to
existing MFE devices.
D.M. Rust and A. Kumar were particularly active in using spheromak-related concepts of magnetic helicity and
relaxation to study solar prominences.[16] Similar work was carried out at Caltech by Bellan and Hansen at
Caltech,[17] and the Swarthmore Spheromak Experiment (http://plasma.swarthmore.edu/SSX/index.html) (SSX)
project at Swarthmore College.

Fusion accessory
Some MFE work continued through this period, almost all of it using spheromaks as accessory devices for other
reactors. Caltech and INRS-EMT in Canada both used accelerated spheromaks as a way to refuel tokamaks.[18]
Others studied the use of spheromaks to inject helicity into tokamaks, eventually leading to the Helicity Injected
Spherical Torus (HIST) device and similar concepts for a number of existing devices.[19]

Defence
Hammer, Hartman et al. showed that spheromaks could be accelerated to extremely high velocities using a
railgun, and this led to several proposed uses. Among these was the use of such plasmas as "bullets" to fire at
incoming warheads with the hope that the associated electrical currents would disrupt its electronics. This led to
experiments on the Shiva Star system, although these were cancelled in the mid-1990s.[20][21]

Other domains
Other proposed uses included firing spheromaks at metal targets to generate intense X-ray flashes as a
backlighting source for other experiments.[18]In the late 1990s spheromak concepts were applied towards the
study of fundamental plasma physics, notably magnetic reconnection.[18] Dual-spheromak machines were built
at the University of Tokyo, Princeton (MRX) and Swarthmore College.

Rebirth in MFE
Then, in 1994, fusion history repeated itself. T. Kenneth Fowler was summarizing the results from CTX's
experimental runs in the 1980s when he noticed that the confinement time was proportional to the temperature
of the plasma.[18] This is unexpected; the ideal gas law generally states that higher temperatures in a given
confinement area will lead to higher density and pressure. In conventional devices such as the tokamak this
increased temperature/pressure increases turbulence that dramatically lowers confinement time. If the
http://en.wikipedia.org/wiki/Spheromak#Defence
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spheromak really did give improved confinement with increased temperature, this would be enormously
important. A series of similar papers followed, all of which suggested that there might be a "fast path" to an
ignition-level spheromak reactor.[22][23]
The promise was so great that several new MFE experiments started to study these issues. Notable among these
is the Sustained Spheromak Physics Experiment (SSPX) at LLNL, which is studying the problems of generating
long-life spheromaks through electrostatic injection of additional helicity. It remains unclear whether or not the
spheromak can reach a suitable combination of confinement time and temperature to make a practical fusion
reactor.[24]

Theory
Force free plasma vortices have uniform magnetic helicity and therefore are stable against many instabilities.
Typically, the current decays faster in the colder regions until the gradient in helicity is large enough to allow a
turbulent redistribution of the current.
Force free vortices follow the following equations.

The first equation describes a Lorentz force-free fluid: the
forces are everywhere zero. For a laboratory
plasma α is a constant and β is a scalar function of spatial coordinates.
Note that, unlike most plasma structures, the Lorentz force and the Magnus force,
roles. is the mass density.

, play equivalent

The magnetic flux surfaces in a spheromak are toroidal, with the current being totally toroidal at the core of the
torus and totally poloidal at the surface of the torus. This is similar to the field configuration of a tokamak,
except that the field-producing coils are simpler and do not penetrate the plasma torus.
Spheromaks are subject to external forces, notably the thermal gradient between the hot plasma and its cooler
surroundings. Generally this leads to a loss of energy at the outer surface of the spheromak though black body
radiation, leading to a thermal gradient in the spheromak itself. Electrical current travels slower in the cooler
sections, eventually leading to a redistribution of energy inside, and turbulence eventually destroys the
spheromak.

Creating spheromaks
Spheromaks form naturally under a variety of conditions, enabling them to be generated in a number of ways.
These devices are also sometimes referred to as spheromaks.[25]
The most common modern device is the "Marshall gun" or "injector".[14] The device consists of two closed
http://en.wikipedia.org/wiki/Spheromak#Defence
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cylinders, one inside the other. The inner cylinder is shorter, leaving an empty space at the bottom.[26] An
electromagnet inside the inner cylinder is used to set up an initial field. The field is similar to the one from a bar
magnet, running vertically down the center of the inner cylinder and up the outside of the apparatus. The
magnet is positioned so that the area where the field loops over from the center to outside, where the field lines
are roughly horizontal, is aligned with the bottom of the inner cylinder.
A small puff of gas is introduced to the area between the cylinders. A large electric charge supplied by a
capacitor bank is applied across the cylinders, ionizing the gas. Currents induced in the resulting plasma interact
with the original magnetic field, generating a Lorentz force that pushes the plasma away from the inner
cylinder, into the empty area. After a short period the plasma stabilizes into a spheromak.[27]
Other common devices include open-ended or conical theta-pinch, where they were first researched in depth,
and machines that generate them magnetically in a steady state.
Since the spheromak's magnetic confinement is self-generated, no external magnet coils are required. However,
the spheromak does experience the "tilting perturbation" that allows it to rotate within the confinement area.
This can be addressed with external magnets, but more often the confinement area is wrapped in a conductor,
typically copper. When the edge of the spheromak torus approaches the concudtive surface, a current is induced
into it that, through Lenz's law, reacts to push the spheromak back into the center of the chamber.
It is also possible to get the same effect with a single conductor running down the center of the chamber,
through the "hole" in the center of the spheromak.[28] As this conductor's currents are self-generated, it adds
little complexity to the design. However, stability can be further improved by running an external current in the
central conductor. As the current scales up it approaches the conditions of a traditional tokamak, but in a much
smaller size and simpler form. This evolution led to considerable research on the spherical tokamak during the
1990s.

See also
field-reversed configuration, a similar concept
spherical tokamak, essentially a spheromak formed around a central conductor/magnet
List of plasma (physics) articles

References
Notes
1. ^ Arnie Heller, "Experiment Mimics Nature's Way with Plasmas" (https://www.llnl.gov/str/Hill.html) , Lawrence
Livermore National Laboratory
2. ^ M. R. Brown and P. M. Bellan, "Current drive by spheromak injection into a tokamak"
(http://prl.aps.org/abstract/PRL/v64/i18/p2144_1) , Phys. Rev. Lett. 64, 2144–2147 (1990)
3. ^ Bellan 2000, p. 6
4. ^ Hooper & et. al. 1998, p. 3
5. ^ Bellan 2000, pp. 7-8
6. ^ Bellan 2000, p. 7
http://en.wikipedia.org/wiki/Spheromak#Defence

Page 6 of 8

Spheromak - Wikipedia, the free encyclopedia

10/20/12 6:12 PM

7. ^ a b Bellan 2000, p. 9
8. ^ Winston Bostick and Daniel Wells, "Azimuthal Magnetic Field in the Conical Theta Pinch", Physics of Fluids,
Volume 6 Issue 9, (September 1963), pg. 1325-1331
9. ^ J. D. Lawson, "Some Criteria for a Power Producing Thermonuclear Reactor", Proceedings of the Physical Society B,
Volume 70 Issue 1 (January 1957), p. 6
10. ^ M. N. Rosenbluth and M. N. Bussac, "MHD Stability of Spheromak", Nuclear Fusion, Volume 19 (1979), pg. 489
11. ^ Bellan 2000, p. 12
12. ^ Hooper & et. al. 1998, p. 4
13. ^ P.H. Rebut et al, "A program toward a fusion reactor" (http://fire.pppl.gov/rebut_mod_strategy.pdf) , Physics of Fluids
B, Volume 3 Number 8 (August 1991), pg. 2210
14. ^ a b Hooper & Barnes 1996
15. ^ "Physics through the 1990s", National Academies Press, 1986, pg. 198
16. ^ "Publications for the years" (http://sd-www.jhuapl.edu/FlareGenesis/Team/Dave/Recent_Pubs.html)
17. ^ Freddy Hansen and Paul Bellan, "Experimental Demonstration of How Strapping Fields Can Inhibit Solar Prominence
Eruptions" (http://iopscience.iop.org/1538-4357/563/2/L183/15416.text.html) , The Astrophysical Journal, 563:L183L186 (12 December 2001)
18. ^ a b c d Bellan 2000, p. 13
19. ^ "Getting to Know the Sun Advances Fusion Research: Coaxial Helicity Injection Could Make Fusion Reactors
Cheaper" (http://www.sciencedaily.com/releases/2010/11/101108071912.htm) , 9 November 2010
20. ^ Jane's Defence Weekly, 29 July 1998
21. ^ Graham et all,"Shiva Star - Marauder Compact Torus System" (http://ieeexplore.ieee.org/Xplore/login.jsp?
url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel4%2F5783%2F15430%2F00733452.pdf%3Farnumber%3D733452&au
thDecision=-203) , 16-19 Jun 1991, pg. 990-993
22. ^ E. B. Hooper, J. H. Hammer, C. W. Barnes, J. C. Fern ́andez and F. J. Wysocki, “A Re-examination of Spheromak
Experiments and Opportunities”, Fusion Technology, Volume 29 (1996), pg. 191
23. ^ E. B. Hooper and T. K. Fowler, “Spheromak Reactor: Physics Opportunities and Issues”, Fusion Technology, Volume
30 (1996), og. 1390
24. ^ "SSPX - Sustained Spheromak Physics Experiment" (http://www.mfescience.org/sspx/) , Lawrence Livermore
National Laboratory
25. ^ What, pg. 1
26. ^ Path, pg. 5
27. ^ Path, pg. 6
28. ^ Paul Czysz and Claudio Bruno, "Future Spacecraft Propulsion Systems", Springer, 2009, pg. 529

Bibliography
(Spheromak master bibliography), "Spheromak master bibliography"
(http://www.woodruffscientific.com/SpheromakMaster.html)
Bellan, Paul (2000). Spheromaks. Imperial College Press. ISBN 978-1-86094-141-2.
Hooper, E. Bickford; Barnes, Cris (23/24 April 1996). "The Spheromak - An Alternative MFE Concept
and Plasma Science Experiment" (http://www-ferp.ucsd.edu/PUBLIC/AC-PANEL/REC-DOCS/WPAPERS/spher.html) . http://www-ferp.ucsd.edu/PUBLIC/AC-PANEL/REC-DOCS/WPAPERS/spher.html.
Hooper, E.B.; et. al. (April 1998). "The Spheromak Path to Fusion Energy"
(http://www.osti.gov/bridge/purl.cover.jsp?purl=/304511-FwbU8y/webviewable/) "]. Lawrence
Livermore National Laboratory. http://www.osti.gov/bridge/purl.cover.jsp?purl=/304511FwbU8y/webviewable/.
(Caltech), "Spheromaks" (http://ve4xm.caltech.edu/Bellan_plasma_page/spheroma.htm) , Caltech
http://en.wikipedia.org/wiki/Spheromak#Defence

Page 7 of 8

Spheromak - Wikipedia, the free encyclopedia

10/20/12 6:12 PM

(Path), "Spheromak Path to Fusion" (http://www.mfescience.org/sspx/pdfs/spheromakfusion.pdf) ,
Fusion Energy Program, Lawrence Livermore National Laboratory
(What), "What is a spheromak?" (http://www.mfescience.org/sspx/pdfs/whatis-v2.pdf) , Fusion Energy
Program, Lawrence Livermore National Laboratory

External links
Spheromak activity (http://ve4xm.caltech.edu/Bellan_plasma_page/spheroma.htm) at Caltech
The Swarthmore Spheromak Experiment (http://plasma.physics.swarthmore.edu/SSX/index.html) and its
FAQ (http://plasma.physics.swarthmore.edu/SSX/faq.html)
About the SSPX at Lawrence Livermore National Laboratory
Route to higher temperatures by current amplification in the Sustained Spheromak Physics
Experiment (SSPX) (http://crppwww.epfl.ch/~duval/P5_047.pdf#search='spheromak') (PDF)
"Experiment Mimics Nature's Way With Plasmas" (http://www.llnl.gov/str/Hill.html) , December
1999
"A Dynamo Of A Plasma" (http://www.llnl.gov/str/September05/Hill.html) , September 2005
Retrieved from "http://en.wikipedia.org/w/index.php?title=Spheromak&oldid=496707213"
Categories: Fusion power Plasma physics
This page was last modified on 9 June 2012 at 05:41.
Text is available under the Creative Commons Attribution-ShareAlike License; additional terms may
apply. See Terms of Use for details.
Wikipedia® is a registered trademark of the Wikimedia Foundation, Inc., a non-profit organization.

http://en.wikipedia.org/wiki/Spheromak#Defence

Page 8 of 8

Shiva Star - Wikipedia, the free encyclopedia

10/20/12 6:13 PM

Shiva Star
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Shiva Star, originally just SHIVA, is a high-powered pulsed-power
research device located at the Air Force Research Laboratory on the
Kirtland Air Force Base in Albuquerque, New Mexico. The device was
originally built in the 1970s for high-power X-ray research, was later redirected to studies for the Strategic Defense Initiative (SDI), and is now
being used for magnetized target fusion research. Shiva Star was named
after the Hindu god Shiva, partly because its prototype originally had
four "arms"; it now has six "arms".
Research at Princeton University in using Z-Pinch devices as a potential
space propulsion device led to the exploration of the resulting x-ray
Shiva Star at the Air Force Research
production. This led directly to the original SHIVA effort in 1971.[1] In
Laboratory at Kirtland Air Force Base
these experiments a thin foil of a "high-Z" metal (lead, uranium, etc.)
was rapidly compressed magnetically by dumping the output of
capacitor banks into magnetic coils. As it was first built in 1974, SHIVA I consisted of four banks of capacitors
arranged in a cross shape with the experimental chamber in the middle. The capacitors held 1 MJ at 100 kV,
able to discharge them in 1 μs. Early experiments were hampered by problems with the implosion, but by 1976
successful implosions were being carried out.[2] The capacitor banks were then upgraded to 1.9 MJ at 120 kV in
1979, becoming Shiva II. Another upgrade followed in 1982, adding two more capacitor banks, thereby
changing the shape from a cross to a star, resulting in the current Shiva Star device. Shiva Star was also used as
a dense plasma focus driver in the mid-80s, and as an experimental magnetic driver for conventional projectiles
in the late-80s.
Shiva Star was also used to develop an experimental weapon known as MARAUDER for the SDI effort
between 1989 and 1995. The idea appears to have been to create compact toroids of high-density plasma that
would be ejected from the device using a massive magnetic pulse.[2] The plasma projectiles would be shot at a
speed expected to be 3000 km/s in 1995 and 10,000 km/s (3% of the speed of light) by 2000. A shot has the
energy of 5 pounds of TNT exploding; although it caused little or no physical damage, the energy would shower
the interior of the target with high-energy x-rays that would potentially destroy the electronics inside. The tests
cost a few million dollars a year.[3] The project was scrapped at some time after 1995 because of problems
keeping the plasma projectiles stable for the distances required by orbital weaponry.
Shiva Star was most recently revived for work in fusion research. A relatively new technique, magnetized target
fusion, compresses a small plasma load with an imploding metal foil. Shiva Star's 10 MJ capacitor banks were
perfect for this role, and starting in 2007 the new FRCHX experiment has been using Shiva Star with 1 mm
thick aluminium foil that is accelerated to about 5 km/s.[4]
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Spheromaks
Spheromak
technology:

What spheromaks
are: Spheromaks are
plasmas with very
large internal currents Planar spheromak gun on 1.4 m diameter vacuum tank
and internal magnetic
fields that are aligned
so as to be in a nearly
force-free
equilibrium, i.e., the
currents are very
nearly parallel to the
magnetic fields. The
spheromak
equilibrium is a
`natural' state since
magnetic turbulence
tends to drive
magnetically
dominated plasmas
towards the
spheromak state.

Why spheromaks
are interesting:
Spheromaks are
inherently threedimensional and
involve the concept
of magnetic helicity
which is a measure of
the twistedness of a
magnetic flux tube.
Spheromaks have
been proposed as the
basis of magnetic

Laboratory
spheromaks involve
very large currents,
typically 100's of
kiloamperes and high
voltages, typically
kilovolts. These
currents and voltages
are obtained using
high energy capacitor
banks which are
switched in
microseconds. The
formation geometry is
arranged such that
magnetic flux cuts
across the electrodes
connected to the
capacitor bank. This
configurations
generates helicity
(twistedness) in the
flux tube going from
one electrode to the
other. With enough
helicity a spheromak is
formed.

Making
spheromaks:
Making spheromaks is
analogous to blowing
bubbles: the
component of the
What we are doing: We are interested in learning more
about the topology of spheromaks as they form. To do this we magnetic stress tensor
parallel to the
are using an ultra-fast camera (10 ns shutter speed) to
photograph the various stages of a spheromak as it forms. We magnetic field acts
have observed very distinctive and reproducible twisted flux like the surface tension
tubes. We are measuring the internal magnetic fields in these in the soap film while
the perpendicular
flux tubes.
component acts like

http://ve4xm.caltech.edu/Bellan_plasma_page/spheroma.htm
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the air pressure
inflating the bubble.
When the destabilizing
stress due to the
perpendicular
component
overwhelms the
stabilizing stress due
to the parallel
component, a detached
spheromak breaks off.
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The Swarthmore Spheromak Experiment

Frequently Asked Questions
What is a plasma?
Why do we study plasmas?
What is a spheromak?
What is magnetic reconnection?
What is a magnetofluid?
What is a coronal loop?
How does SSX form spheromaks?
Why does SSX use spheromaks to study magneticreconnection?
Home Research Publications Lab People Links FAQ

What is a plasma?
A plasma is a state of matter, like a liquid or a gas. A plasma is like a gas in that the atoms are not
constrained to a constant volume by chemical bonds. However, in a plasma the atoms are also ionized,
meaning that the electrons have enough energy to escape their nuclei. Plasmas are extremely common in
space, but can also be found on earth. Lightning is the ionization of air between a charged cloud and ground.
In SSX, we ionize hydrogen using a high voltage and current to create a plasma of protons and electrons.

Why do we study plasmas?
Plasmas are a type of fluid, and fluids display complicated turbulence. Physicists have a good understanding
of the rules by which one or two individual fluid particles interact. However, when huge numbers of particles
come together, we cannot predict what will happen even with the best mathematical models. Just as moving
air can form interesting structures like tornadoes or the jet stream, plasmas can also form unusual structures
which cannot be predicted by solving equations. Plasmas are even more complicated than "neutral" fluids like
air, since they are good conductors of electricity. Electric and magnetic fields can affect the motion of
http://plasma.physics.swarthmore.edu/ssx/faq.html
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particles in a plasma, and this motion in turn affects the electric and magnetic fields. In addition, the electrons
and nuclei can be thought of as two separate fluids. Thus, the dynamics of plasmas are difficult to predict and
understand without actually looking at an experimental system.
At SSX, we are looking at the interesting plasma structures that appear in a particular geometry of particles
and fields: reconnection between spheromaks. This arrangement is an important one to investigate, because it
is a scaled-down version of structures that appear in space. For example, coronal loops on the surface of the
sun are much like SSX plasmas. We may be able to answer questions about the sun from here on earth. Also,
basic research about plasmas will contribute to the development of fusion power, an environmentally friendly
source of energy.

What is a spheromak?
A spheromak is a toroidal ring of plasma in equilibrium according to basic MHD equations of motion; it is a
good source of stable magnetofluid for reconnection experiments. The plasma contains helical currents and
magnetic fields that are continuous around the toroid. The figure below shows the magnetic fields
decomposed into the poloidal and toroidal components. The toroidal field runs the long way around the toroid
and the poloidal field runs the short way around the ring. Although they are not drawn in this figure, the
current that generates these fields is also helical.

The magnetic fields confine the plasma according to the frozen-in flux constraint, but if there were nothing to
contain the magnetic field, the spheromak would expand infinitely just as a puff of gas in a vacuum does.
SSX uses a copper cylinder `flux conserver' to contain the magnetic fields. As the field encounters the copper
wall, image currents flow in the copper according to Faraday's law and prevent the magnetic field from
passing through the wall.

What is magnetic reconnection?
Magnetic reconnection in magnetofluids is the process by which lines of magnetic force break and rejoin in a
lower energy state. The excess energy appears as kinetic energy of the plasma at the point of reconnection.

http://plasma.physics.swarthmore.edu/ssx/faq.html
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This figure is a schematic of magnetic reconnection. Single line arrows are magnetic field and double line
arrows indicate magnetofluid flow velocity. The merging of two magnetofluids with oppositely oriented
magnetic fields causes the fields to annihilate. The excess energy accelerates the plasma out of the
reconnection region in the direction of the long double line arrows. Note the characteristic X-point where the
topology changes for two field lines.
The reconnecting field lines form an X-point at the center where the topology changes from being connected
horizontally to being connected vertically. The double arrows show flow velocity, indicating that parcels of
plasma with oppositely oriented magnetic fields are merged together. The oppositely oriented magnetic field
vectors annihilate each other. By conservation of energy, the plasma where the field was annihilated is
accelerated outwards to a characteristic speed, called the Alfvén speed. Conservation of energy does not,
however, specify the detailed structure of the magnetic field in the reconnection region or provide a physical
mechanism for the breaking of field lines. Many theories have been proposed to answer these questions.

Earth, Sun, planet
There is growing evidence that reconnection processes control the release of energy into the solar corona.
Coronal loops have strong currents flowing through them and are confined by their own magnetic fields.
Recent satellite observatories such as Yohkoh and SOHO have produced dramatic images of coronal loops in
hard and soft x-ray as well as visible light. Using these instruments, Masuda et al. (1994) identified the
spectral signature of particle acceleration due to magnetic reconnection at the top of the coronal loops.
According to his theory, the coronal loop is distended by buoyancy. A magnetic structure is buoyant because
it exchanges lower particle density for a larger magnetic energy density (which doesn't weigh anything). The
external (surface or coronal) pressure is therefore balanced by a lower gas pressure in conjunction with a
magnetic pressure. Since it has lower density, it is buoyant.}, which causes the top of the loop to distend and
reconnect as shown in the figure above. Particles in the reconnection region accelerate towards the surface of
the sun and out away from the sun. Those particles that are accelerated back towards the sun are confined
within the loop's magnetic field and follow the field lines down to the footpoints of the loop where the
accelerated particles collide with other particles and lose their energy through x-ray emissions.
http://plasma.physics.swarthmore.edu/ssx/faq.html
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The emission of energetic particles at the top of the loop may help explain why the corona (upper
atmosphere) of the sun is three orders of magnitude hotter than the surface of the sun. Measurements of
emission spectra show that the surface of the sun is about 5400~K while the corona is more than 10^6 K. It is
not possible to explain this temperature difference by thermodynamics alone. Magnetic reconnection
provides a mechanism for energy to be transported into the solar corona in the form of magnetic energy and
then converted into kinetic energy. A coronal loop such as the one in the above figure is the most visible
manifestations of this energy transport mechanism.
Magnetic reconnection is also important in the physics of the earth's magnetotail. The solar wind distends the
earth's dipole magnetic field so that the field extends behind the earth for many earth diameters. The picture
is the same as that shown for the coronal loop in the figure above with the surface of the sun replaced by the
earth's dipole magnetic field. Earthward flowing plasma streams with flow velocities up to 1000 km/s (close
to the local Alfvén speed) have been observed after reconnection events in the earth's magnetotail (Birn et al.
1981).

What is a magnetofluid?
A Magnetofluid is an electrically conducting fluid or dense plasma. Magnetic fields due to currents flowing
in these conducting fluids modify the flow of the fluid itself according to the Lorentz force. The resulting
dynamics are called magnetohydrodynamics (MHD). One important feature of MHD plasmas that are highly
conductive is that any magnetic field that is imbedded in a parcel of magnetofluid must remain attached to
that parcel no matter how convoluted the field topology may get. If the field were to attempt to move with
respect to the fluid, Faraday's law states that currents will flow in the fluid to maintain the original magnetic
field. Solar flares, the solar wind, the earth's magnetosphere, liquid metals and high density laboratory
plasmas are examples of magnetofluids.

What is a coronal loop?
The figure below shows a visible light picture of a coronal loop emanating from the surface of the sun.
Coronal loops have strong currents flowing through them and are confined by their own magnetic fields. The
sun and many planets have liquid cores that are filled with conducting fluid. The spin of the planets generates
the planetary or solar magnetic field through a mechanism called the magnetic dynamo effect. The magnetic
dynamo depends on a complex current and fluid flow structure inside the sun or planet. Coronal loops may be
the visible evidence of such current structures. There is growing evidence that reconnection processes control
the release of energy into the solar corona. The strong magnetic field energy carried in the coronal loops is
dissipated in the corona by magnetic reconnection.

http://plasma.physics.swarthmore.edu/ssx/faq.html
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Click on the images above to see larger versions and a movie.

How does SSX form spheromaks?
SSX uses magnetized coaxial plasma guns to create spheromaks. The schematic above shows how the
formation process works. A puff of gas via the Kornack valuve is introduced into the annular gap between the
inner and outer coaxial cylindrical electrodes (a). High voltage capacitors charged to 5-10 kV are connected
to the electrodes and cause the gas to ionize and become a toroid of plasma. Current flowing in the gun and
through the plasma interacts with its own magnetic field to produce a J x B force which accelerates the
plasma towards the open end of the gun (b). The same acceleration mechanism is found in a typical rail gun.
A strong magnetic field, called the 'stuffing field', is produced by an external magnetic coil and is
concentrated in the center electrode with a slug of high permittivity metal. The plasma encounters this
magnetic field at the opening of the gun and resists the change in field according to Faraday's law. Because
plasma is an excellent conductor, currents flow in the toroid of plasma as the it distends the stuffing field (c).
If the magnetic pressure from the gun exceeds the magnetic tension of the stuffing field, the toroid breaks
away to form a spheromak. The field lines distend and then reconnect in back as the spheromak forms. The
Spheromak inherits toroidal field from the gun field and poloidal field from the stuffing field (d).

The process is analogous to blowing a soap bubble. The soap film tension represents the stuffing field
strength and the pressure of one's breath represents the magnetic pressure of the gun current. A soap bubble is
formed when the breath's pressure overcomes the surface tension of the soap. The amount of gun current
(breath) required to overcome the stuffing field (soap film) is called the formation threshold. An appendix in
the Magnetic Reconnection Studies on SSX is devoted to the detailed study of the formation threshold for
coaxial plasma guns.
After formation, the spheromak is not in equilibrium with the field, pressure and current profiles imposed by
the coaxial plasma gun. Reconnection allows the fields to rearrange themselves towards a minimum energy
state. The equilibrium of a spheromak is essentially the lowest energy configuration of the magnetic fields
with pressure forces on the plasma.

Why does SSX use spheromaks to study magneticreconnection?
Spheromaks more convenient to create and use as sources of magnetofluid and because they are somewhat
collisionless, the magnetic reconnection will show interesting details. Magnetic reconnection is generated by
merging two spheromaks, which are unlinked toroidal configurations of magnetofluids. Spheromaks have
large magnetic fields and low pressure effects, making them a good candidate for magnetic reconnection
studies because the reconnection must occur in a plasma that is essentially collisionless. Whereas resistive
http://plasma.physics.swarthmore.edu/ssx/faq.html
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collisions are believed to be the mechanism for reconnection in collisional plasmas, scientists do not know
the mechanism for reconnection in collisionless plasmas. The low-density, collisionless nature of spheromaks
make them a good source of plasma for the study of the unknown mechanism of collisionless reconnection.
Because the spheromak is unlinked, the spheromaks can be created at the ends of the vacuum chamber and
then translated to the region in the center where the experiment takes place. This freedom allows the sources
of electromagnetic noise in the spheromak formation regions to be removed from the experiment. Tokamaks,
stellerators, and many other plasma confinement schemes are linked by the device and cannot be moved so
easily.
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FOR the past decade, most research in magnetic fusion
energy has centered on the doughnut-shaped tokamak
approach to generating fusion reactions. Tokamak work
continues in the United States and abroad, but
Department of Energy fusion energy scientists are also
revisiting the spheromak, an alternative concept for
attaining magnetic fusion.
Much of the renewed interest in spheromaks is
focused on a research effort at Lawrence Livermore
called the Sustained Spheromak Physics Experiment
(SSPX). The SSPX was dedicated on January 14, 1999,
in a ceremony attended by representatives from DOE
and collaborating scientists from the Sandia and Los
Alamos national laboratories. SSPX is a series of
experiments designed to better determine the
spheromak's potential to efficiently contain hot plasmas
of fusion fuel, in this case, the hydrogen isotope
https://www.llnl.gov/str/Hill.html
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deuterium.
According to SSPX leader David Hill, the tokamak
concept is considered the leading contender to generate
sustained fusion reactions by heating plasmas to more
than 100 million degrees Celsius (much hotter than the
core of the sun) and confining them with magnetic
fields. However, the tokamak's magnetic fields are
generated by large, external magnetic coils surrounding
the doughnut-shaped reactor. These large coils would
increase the cost and complexity of generating
electricity.
Spheromaks, however, confine hot plasma in a
simple and compact magnetic field system that uses
only a small set of external stabilizing coils. The
necessary strong magnetic fields are generated inside
the plasma by what's known as a magnetic dynamo. In
this regime, the plasma-fast-moving, superhot ions and
electrons-produces its own confining magnetic fields.
The magnetic fields pass through the flowing plasma
and generate more plasma current, which in turn
reinforces the magnetic fields.
The powerful internal currents and magnetic fields
become aligned so that they are nearly parallel to each
other. Together, they form what Hill describes as
something akin to a very hot smoke ring made of
electrical currents.
Simple Design, Complex Behavior
"The beauty of a spheromak is that the main
magnetic fields are generated by the plasma itself. It's a
physical state the plasma wants to make naturally," Hill
says. Indeed, the spheromak state is produced by the
same mechanisms responsible for the behavior of
galactic jets, solar prominences, and Earth's molten
magnetic core.
Many scientists believe the spheromak's simple
design and lower operating costs make it a potentially
better candidate than the tokamak for a powerproducing fusion reactor. "Tokamaks are big and
expensive," says Hill. "If one coil goes down, it's a big
repair job."
Although the physical spheromak design is simple,
its dynamo activity produces plasma behavior that is
extremely complex and more difficult to predict and
control than that found in tokamaks. Livermore
researchers are guided in understanding this plasma
behavior by accumulated theoretical expertise and by
https://www.llnl.gov/str/Hill.html
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CORSICA, an advanced Livermore simulation code
developed over the past decade. (See the article
inS&TR, May 1998, entitled Corsica: Integrated
Simulations for Magnetic Fusion Energy.)
The SSPX is the latest of the experiments in
magnetic fusion energy research that date back to
Lawrence Livermore's founding in 1952. Over the
years, Lawrence Livermore scientists performed some
of the pioneering spheromak work, along with Los
Alamos National Laboratory and other DOE and
university research centers.
Enthusiasm for spheromaks waned in the early
1980s, however, when experiments at Los Alamos and
other facilities achieved lower temperatures than
experiments using tokamak designs. As a result, the
nation's magnetic fusion research community focused
on advancing the tokamak design, while spheromak
research continued in Japan and Great Britain.

Reanalysis Revived the Concept
Interest in reviving the spheromak concept was
triggered by a review of data from key Los Alamos
experiments conducted more than 10 years ago. A
thorough reanalysis led by Ken Fowler and Bick
Hooper, former associate director and the assistant
https://www.llnl.gov/str/Hill.html
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associate director, respectively, for Magnetic Fusion
Energy at Livermore suggested that the plasma's energy
confinement was up to 10 times better than originally
calculated.
The analysis also showed that plasma confinement
improved as the temperature increased. The thinking,
says Hill, is that as temperatures increase in the
spheromak, electrical resistance in the plasma
decreases, so fusion reactions can occur more easily.
In light of the reanalysis, the scientific community
and DOE managers considered it worthwhile to pick up
where the Los Alamos experiments left off some 10
years earlier. Hill notes that the experiment is one of
several alternative concepts being supported by DOE's
Office of Fusion Energy Sciences, concurrent with its
funding of tokamak research. (The Lawrence Livermore
spheromak research is also supported by the Laboratory
Directed Research and Development program.)
The overall goal of SSPX is to better understand
spheromak physics by studying how magnetic
fluctuations affect confinement. The experiments are
designed to reach plasma temperatures of about 4
million degrees Celsius, similar to what the Los Alamos
experiments obtained. Although this temperature is
some 25 times cooler than that necessary to achieve
fusion, it is sufficiently hot that energy is lost by
processes similar to those that would occur in a fusion
reactor. The experimental team will also attempt to keep
the dynamo maintained in a hot plasma for 2
milliseconds instead of the 0.5 milliseconds achieved at
Los Alamos.
The team is in the early phases of the project and is
performing activities such as learning how to form the
deuterium plasmas, achieving vacuum conditions,
removing plasma impurities, and debugging diagnostic
instruments.

https://www.llnl.gov/str/Hill.html
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Measuring Hot, Moving Currents
The experiments involve injecting deuterium plasma
into a reactor's 1-meter-diameter by 0.5-meter-high
vacuum vessel. A 10-kilovolt, 0.5-megajoule startup
capacitor bank supplies a voltage across two electrodes
to form the deuterium plasma. A separate 5-kilovolt,
1.5-megajoule power system sustains the plasma for 2
milliseconds. During this brief moment, the plasma
balloons down into the vessel, forming a hot, moving
circular current of ions that creates magnetic fields,
which in turn induce more current within the plasma.
Improving the understanding of spheromak physics
requires accurate measurements of plasma density,
temperature, turbulence, and magnetic field
fluctuations. Because probes inserted into the plasma
would disrupt the experiments, the researchers must rely
on remote measurements taken through a slot located
around the spheromak's center.
One measurement instrument, called a reflectometer,
was designed by scientists at Lawrence Livermore and
the University of California at Davis. It yields profiles
of the magnetic field strength by injecting waves of
varying polarized light into the plasma. The reflected
waves carry information about the changing plasma
density and the magnetic fields. Another measurement
instrument injects a glass pellet across the plasma; a
laser views the pellet and determines the magnetic field
https://www.llnl.gov/str/Hill.html
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from the reflected light.
Hill notes that although situated at Livermore, the
SSPX work benefits from contributions from colleagues
at Los Alamos, Sandia, General Atomics, California
Institute of Technology, University of California at
Berkeley and at Davis, University of Wisconsin,
University of Washington, and Swarthmore College. He
adds that SSPX also benefits from the wealth of
information about plasmas that has been gained from
the past decade of tokamak studies.
In light of the extensive collaborations with
researchers from other institutions, the experiment
control room is equipped with video cameras that
permit collaborators to view experiments remotely from
their computers. The video cameras are part of a system
developed by Livermore researchers to link magnetic
fusion experimental sites nationwide.
If the results from SSPX are sufficiently promising,
the research team will develop a larger, follow-up
experiment. This experiment would aim at achieving
much hotter, longer lasting plasmas.
Clearly, many experts are speculating that the method
nature chooses to confine plasmas in space may well be
the process scientists should mimic in designing a
fusion reactor to generate electricity on Earth.
-Arnie Heller
Key Words: CORSICA, deuterium, dynamo, magnetic fusion energy, plasma, spheromak, Sustained
Spheromak Physics Experiment (SSPX), tokamak.
For further information contact David Hill (925) 423-0170 (hill7@llnl.gov).
Back to December 1999 // Science & Technology Review 1999 // Science & Technology Review // LLNL
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Skunk Works Cusp Fusion Rocket
Frank Dodd (Tony) Smith, Jr. - 2013 - viXra 1307.0047
Charles Chase of Lockheed Martin SkunkWorks made a presentation at a February
2013 Google "Solve for X" event in which his slides stated:
"... Nuclear Fusion ... Tritium + Deuterium ...[to]... Helium + Neutron + 17.6 MeV
... Cheap, Safe, Compact 100 MW Fusion Power Plants ...
New magnetic configuration ... High Beta ... Plasma Pressure / Magnetic Pressure ...".

The upper left image is from the slides showing the SkunkWorks T4 experiment.
The lower series of 3 images are adapted from Wikipedia on "Biconic cusp"
The upper right image shows T4 setup structure in tems of Biconic cusp
with red tori loops setting the field into the cusp configuration
and the orange torus directing the cusp to the direction perpendicular to its plane
causing a rocket jet of particles (blue arrow) to be emitted in that direction.

SkunkWorks' Charles Chase said that the size of a 100 MegaWatt Fusion Device
would be about 2 x 2 x 4 meters as indicated in this image from his slides

100 MegaWatts = 100 x 10^6 Joules / second = 10^8 Newton-meter / second
Saturn V peak thrust was 34 x 10^6 Newtons.
Note the similarity to the scale of an aircraft engine,
and the fact that SkunkWorks has traditionally produced advanced aircraft / spacecraft.
According to the Wikipedia entry "Bionic cusp":

Cusp Plasma Fusion "... devices were explored theoretically by Dr. Harold Grad
at NYU's Courant Institute in the late 1950s and early 1960s. Because the fields were
planar symmetric this plasma system was simple to model. ... [ as shown on the bottom
right image on the first page there are ]... three classes of particles.
The first class [thin red lines] moved back and forth far away from the null point ...
reflected close to the poles of the [red - top and bottom] electromagnets and the plane
cusp in the center. This reflection was due to the magnetic mirror effect.
These are very stable particles, but their motion changes as they radiate energy ...
The second particle [thin blue line] moved close to the null point in the center.
Because particles passed through locations with no magnetic field, their motions could
be straight, with an infinite gyroradius. This straight motion caused the particle to make
a more erratic path through the fields.
The third class of particles [magenta bands] was a transition between these types. ...".
In their paper "Cusped Geometries" Berkowitz, Friedrichs, Goertzel, Grad, Killeen and
Rubin of NYU (Proceedings of the Second United Nations International Conference on Peaceful Uses
of Atomic Energy, Geneva, 1958, Vol 31, Paper 23, Session A-5, P/1538 (171-176)) said:
"... The major advantage of the cusped configuration is its stability.
The chief disadvantage ... is the large rate of loss of particles ...
the particle losses increase rapidly with temperature ...
Particles can be lost from a system by ... nonadiabatic-dominated cusp losses ...
At thermonuclear temperatures the mean free path is essentially infinite compared to
the dimensions of the apparatus. A particle trajectory consists of straight lines joined by
cycloidal arcs ... particles ... aimed close enough to the cusp axis are lost ...
One property of cusp losses is that ... high speed particles are lost more quickly ...".
The loss at cusp of high-speed particles
is not good for using Cusp Fusion for Fusion Power Plants
(Pd/D Cold Fusion or Spheromak Plasma Fusion would be better for that)
but
is good for making a Cusp Fusion Rocket (a likely project for SkunkWorks).

