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Summary 

This research program involved direct observation of the complicated plasma dynamics 
underlying spheromak formation. Spheromaks are self-organizing magnetically 
dominated plasma configurations which potentially offer a simple, low-cost means for 
confining the plasma  in a controlled thermonuclear fusion reactor.   The spheromak 
source used in these studies was  a coaxial co-planar magnetized plasma gun which  was 
specifically designed to have the simplest relevant geometry. The simplicity of the 
geometry    facilitated understanding of the basic physics and minimized confusion that 
would  otherwise  have resulted from  complexities due to the experimental geometry.  
The coaxial plasma gun was mounted on one end of a large vacuum tank that had 
excellent optical access so the spheromak formation process could be tracked in detail 
using ultra-high speed cameras. The main accomplishments of this research program 
were (i) obtaining experimental data characterizing the detailed physics underlying 
spheromak formation and the development of new theoretical models motivated by these 
observations, (ii) determining the relationship between spheromak physics and 
astrophysical jets, (iii) developing a new high-speed camera diagnostic for the SSPX 
spheromak at the Lawrence Livermore National Lab, and  (iv) training graduate students 
and postdoctoral fellows. 
 

 
Highlights 

1.1 Relationship between spheromak formation and astrophysical jets 
Kinking (shown below) of the central column of the plasma produced by the  planar 
spheromak gun was shown to be quantitatively consistent with the Kruskal-Shafranov 
kink condition [S. C. Hsu and P. M. Bellan, Mon. Not. Royal Astron. Soc. 334, 257 
(2002)]. The experimental results and analysis show the close relationship of spheromak 
formation physics to astrophysical jets.  

  
Jet-like expansion of central column Kink (just before spheromak formation) 

  
 
 

 

 



 2 

1.2 Determination of aspects of self-organization mechanism 
The kinking of the current column was shown to be essentially the winding up of a 
straight wire into a coil [S. C. Hsu and P. M. Bellan, Phys. Rev. Letters 90, art. 215002 
(2003)]. Before kinking, the magnetic field produced by the current channel was entirely 
toroidal whereas after kinking, the solenoid-produced magnetic field was poloidal. The 
kink thus provided the means by which toroidal magnetic flux was converted into 
poloidal magnetic flux. This conversion equilibrates the amount of energy in toroidal and 
poloidal fields and leads to spheromaks since spheromaks involve equipartition between 
toroidal and poloidal field energy. 
 
1.3 SSPX Camera System (collaboration with Livermore) 
A high speed (10 ns shutter speed) camera system was installed on the SSPX spheromak 
at Livermore.  The dual frame feature of this camera made it possible to track rotating 
structures on SSPX, determine their direction of rotation, and estimate their speed of 
rotation. The camera system was operated either locally at Livermore or remotely from a 
computer at Caltech.  Typical photos made by this camera of the SSPX central column 
are shown below.  

 
Two successive high speed photos of SSPX central column 

 
 
1.4 Model for why current-carrying flux tubes are collimated 
 A model [P. M. Bellan, Phys. Plasmas 10, 1999 (2003)] was developed to 
describe how MHD forces drive plasma flows that produce the spheromak-related central 
column shown in the photos on the previous page. This model incorporates concepts from 
both magnetoplasmadynamic thrusters and from astrophysical jets.  
  
2.1  Awards 
Mayya Tokman won the 2002 Outstanding Thesis Award of APS/DPP and   gave an 
invited talk on her thesis work at the November 2002  Orlando APS meeting.  
The Solar Physics Division of the American Astronomical Society gave P. M. Bellan its 
2001 Award for Popular Writing on Solar Physics for an article describing how 
spheromak technology can be used to simulate solar prominences. 
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2.2 Publications 
 
Book: The book "Spheromaks"  by P. M.  Bellan  Bellan   was published in 2000 
(Imperial College Press, London). 
 
Popular Article: P. M. Bellan wrote an article titled “Simulating Solar Prominences in 
the Laboratory” for American Scientist in March, 2000.      
 
 
Refereed Journal Articles: 
 
1. Experimental identification of the kink instability as a poloidal flux amplification 
mechanism for coaxial gun spheromak formation, S. C. Hsu and P. M. Bellan, Phys. Rev. 
Letters 90, art. 215002 (2003) 
 
2.Why current-carrying magnetic flux tubes gobble up plasma and become thin as a 
result, P. M. Bellan, Phys. Plasmas 10, 1999 (2003) 
 
3. Generalization of cylindrical spheromak solution to finite beta and large reversed 
shear, P. M. Bellan, Phys. Plasmas 9, 3050 (2002) 
 
4. Thermal instability of electrolytic capacitor bank used for gas puff valve, P. M. Bellan, 
Rev. Sci. Instrum., 73 2900 (2002) 
 
5. A laboratory plasma experiment for studying magnetic dynamics of accretion disks 
and jets, S. C. Hsu and P. M. Bellan, Mon. Not. Royal Astron. Soc. 334, 257 (2002) 
 
6. Study of Magnetic Helicity Injection via Plasma Imaging Using a High-Speed Digital 
Camera, S. C. Hsu and P. M. Bellan, IEEE Trans. Plasma Sci. 30, 10 (2002) 
 
7. Three-dimensional model of the structure and evolution of coronal mass ejections 
(CME), M. Tokman and P. M. Bellan, Astrophysical Journal 567, 1202 (2002) 
 
8. Alfven Wave Instability of Current Sheets in Force-Free Plasmas: Comparison to Ion-
Acoustic Instability, P. M. Bellan, Adv. Space Res. 28, 729 (2001) 
 
10. Spheromaks, solar prominences, and Alfven instability of current sheets, P. M. 
Bellan, J. Yee, and J. F. Hansen, Earth, Planets, Space 53, 495 (2001) 
 
11.Taylor relaxation and lambda decay of unbounded, freely-expanding spheromaks, J. 
Yee and P. M. Bellan, Phys. Plasmas 7, 3625 (2000) 
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12. Small Scale Alfvenic Structure in the Aurora, K. Stasiewicz, P. Bellan, C. Chaston, 
C. Kletzing, R. Lysak, J. Maggs, O. Pokhotelov, C. Seyler, P. Shukla, L. Stenflo, A. 
Streltsov, and J-E. Wahlund, Space Sci. Reviews 92, 423 (2000) 
 
14. Alfven Wave Instability of Current Sheets in Force-Free Collisionless Plasmas, P. M. 
Bellan, Phys. Rev. Letters 83, 4768 (1999) 
 
15. General Taylor configuration expansion revisited, M. S. Chu, T. H. Jensen, and P. M. 
Bellan, Phys. Plasmas 6 Pt 1, 1495 (1999) 
 
16. Magnetic helicity and relaxation theory, P. M. Bellan, in AGU Monograph 111 
"Helicity of the Photospheric Magnetic Field" (eds: M. R. Brown, R. C. Canfield, and A. 
A. Pevtsov, June 1999) 
 
Distinguished Lecturer: P. M. Bellan served as an APS-DPP Distinguished Lecturer for 
2001 and put together a general audience talk consisting of an MHD/solar plasma tutorial 
followed by a description of the Caltech solar prominence simulation experiments and 
their relation to spheromak physics. He gave this talk during 2001 to physics departments 
at Utah State University, Florida State University, California State University 
Sacramento, Montana State University, Loyola Marymount University, the University of 
Calgary, and the University of Lethbridge (the Distinguished Lecturer Program paid for 
all the travel except to the Canadian institutions which paid individually).   
 
Popular Press coverage: There were several news reports on this  work in popular 
forums; these reports discussed how the spheromak formation experiment can also be 
interpreted as a laboratory simulation of an astrophysical jet. Most notably, the APS/DPP 
mentioned the results on astrophysical jet simulation as a highlight in its press release for 
the 2002 Orlando APS/DPP meeting. The APS/DPP press release spawned reports in the 
widely-read Space.Com website, the German newsmagazine Der Spiegel, (half-page 
article with photos), and various other science websites around the world (e.g., Russia, 
Greece, India). Photos of the SSPX spheromak plasma were featured in an article in 
Photonics Spectra   and were also  given prime coverage by the Cooke corporation 
(camera vendors) who featured these photos on their website.  A related solar prominence 
simulation experiment was featured in Quantum, an Australian Broadcasting Corporation 
science television program.  The DRS Corporation  featured photos of the spheromak 
formation plasma on their web site for their Imacon 200 high-speed camera. 
 
 


