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1. Overview 
Pulsed high-power technology is used to create MHD-governed, dynamically-evolving, 
plasma-filled magnetic flux tubes. Advanced diagnostics measure the dynamical 
evolution and the measurements are then related to theoretical models.  Figure 1 shows 
the experimental layout and a typical 
MHD plasma jet evolution sequence.   
The dynamics are relevant to solar 
coronal plasma loops, astrophysical 
jets, and other situations where 
magnetic field lines intercept a 
boundary and current flows from the 
boundary into the plasma along the 
field lines. The morphology is time-
dependent and determined by 
complex physics involving magnetic 
forces, hydrodynamic forces, and 
boundary conditions. Unlike 

magnetic fusion plasma experiments 
which are in approximate MHD 
equilibrium, here fast plasma flows are a dominant feature.  Typical parameters are: 
electric current 50-150 kA, applied voltage 3-6 kV, magnetic field 0.3 to 3 kG, 
experiment duration 10 s, jet velocity 10’s of km/s, flux tube dimensions a few cm in 
radius and 10’s of cm in length.  
 
A separate effort was used to investigate water-
ice dusty plasmas; the experimental setup is 
sketched in Fig. 2. This effort is relevant to 
noctilucent clouds, the more diffuse rings of 
Saturn, and astrophysical situations such as 
accretion disks.  In contrast to the MHD 
experiment, the ice-dust experiment is steady-
state and low power (~1 watt). 
 
Both the MHD jet and the ice-dust experiment 
included a strong theory component in close 
support of the experiments. The experiments 
were continuously compared to models and new models were developed motivated by the 
experiments. 

 Figure 1 Left: vacuum chamber with electrodes. Right: 
Typical MHD jet sequence. 

Figure 2 Layout of water-ice dusty plasma 
experiment. 
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2. Activities   
 
Whistler waves, Magnetic Reconnection and Rayleigh Taylor Instability    
Four years ago we observed an interesting behavior in the astrophysical jet experiment. 
The jet would undergo an MHD kink instability and during the kink a much faster and 
much smaller scale Rayleigh Taylor instability would take place.   This is shown in Fig. 3. 
  

 
Figure 3 Plasma jet develops kink instability from 20-24 µs at which time much faster, much shorter 
wavelength Rayleigh-Taylor mode destabilizes (ripples in 24, 25 s frames). 
 
Several different phenomena are associated with the Rayleigh Taylor instability, namely 
a magnetic reconnection (breaking of the jet), an rf burst, and an EUV burst. We designed 
and constructed a high speed (3 million frames per second) EUV movie camera to image 
the EUV burst and a magnetic probe capable of resolving the 3D magnetic field 
components the rf burst. We also developed theoretical models relating collisionless 
magnetic reconnection to whistler wave physics. A coordinated investigation of these 
phenomena reveal localized electron heating and enhanced EUV emission at the location 
of the Rayleigh-Taylor ripples, and emission of circularly polarized rf magnetic fields 
that have been identified as whistler waves.  An important part of the theoretical work 
was the realization that the magnetic field of whistler waves is circularly polarized even 
when the wave propagation is oblique to the background magnetic field (this is not true 
for the wave electric field).  
 
When the Rayleigh Taylor instability chokes the diameter of the jet current channel to 
less than the ion skin depth, ideal MHD becomes invalid and a two-fluid description is 
required. The two-fluid description contains Hall and finite electron inertia terms that 
together result in whistler wave physics. Our theoretical work showed that fast two-fluid 
reconnection involves a generalizing of whistler wave physics to the situation of a highly 
non-uniform background magnetic field. The reconnection mechanism is purely growing, 
not a wave and is logically related to whistler waves in the sense that a kink instability is 
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related to Alfven waves. Nevertheless, experimentally we see wave-like fields suggesting 
that the localized disturbance produced by the reconnection radiates whistler waves. 
[Publications #13,15 in list] 
Coded Aperture Diagnostic 
We developed a coded aperture diagnostic. This provided a means for imaging the 
plasma jet without using lenses or mirrors. The method involves deconvolving the 
shadow made on a detector array by plasma radiation passing through a mask designed so 
that each plasma “pixel” produces a linearly independent shadow. Because of this linear 
independence of the shadows, an inversion matrix can recover the pixel information and 
so allow an image to be reconstructed. The detector, a linear array of 81 photo-detectors, 
is connected to 100 MHz digitizers. Because the plasma jet is moving, the time 
coordinate can be considered a distance coordinate along the jet so a 1D versus time plot 
is equivalent to a 2D image.   Reduction of spurious interference resulted in higher 
resolution images so that the kink motion of the jet has been resolved and the enormous 
lateral acceleration (109 m s-2) has been independently verified. Figure 4 shows an image 
of the kink instability made using the coded aperture diagnostic. [Publication #7 in list] 

 
Figure 4 Image of jet kink instability from coded aperture diagnostic. No lenses or mirrors are used. 
 .  
 
3D Magnetic reconnection experiment 
An array of vector magnetic probes was constructed and has been used to map out the 
time-dependent vector magnetic field in a volume. This has been related to theoretical 
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predictions and in particular the magnetic forces driving flows from the electrodes have 
been resolved.  
 
 
  
 
 
 
Ice Dusty Plasma Experiment 
The ice dusty plasma experiment involved injection of 
water vapor into a weakly ionized plasma where the 
background gas was cryogenically cooled (see Fig.2).   
Cooling is accomplished by immersing in liquid nitrogen 
cold fingers that are attached to the electrodes. This ice 
grains were imaged with 3 micron resolution with the lens 
200 mm  away. By using gases other than the previously 
used argon we have determined the dependence of ice 
grain size on background gas mass and have found that 
the largest ice grains occur for the lightest background 
gas. Ice grains are very large when light background 
gases are used, and specifically ice grains several hundred 
microns long are obtained when the background gas is 
hydrogen. These large ice grains are needle shaped with a 
5:1 length to width ratio. The ice grains are suspended in 
the plasma, uniformly spaced, and co-aligned. They grow 
to saturated size in about 1-2 minutes.  
 
A system of poloidal vortices was identified in certain 
regimes of the ice dusty plasma and the torque driving 
these vortices was identified as coming from non-
parallelism of the ion density gradient and the gradient of 
the magnitude of the ion velocity.  
{Publications #5,16,18 in list] 
 
Information Contained in Action Integrals 
A collaboration with Rory Perkins at PPPL continued in order to extend a previous model 
[Perkins and Bellan, Phys. Rev. Lett. 105, Art. 124301 (2010)] which showed that action 
integrals act as orbit-averaged Hamiltonians.  This work culminated in a publication   
showing how various orbit averaged quantities could be calculated from partial 
derivatives of the action integral. [Publication #1 in list]  
 
 
Magnetic bubbles 
A collaboration with Roberto Paccagnella (CNR Italy) resulted in a new and unexpected 
MHD equilibrium model. When structures on the solar corona erupt they eject twisted 
magnetic flux tubes called magnetic clouds into interplanetary space. Magnetic clouds 
have lower hydrodynamic pressure inside than outside and a stronger twisted magnetic 

Figure 7 Ice grains suspended in 
weakly ionized  plasma. Larger 
grains form when background gas 
species is lighter. 
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field inside than outside.  If these clouds intercept Earth’s magnetosphere oriented with a 
south-pointing magnetic field, they reconnect to  Earth’s magnetosphere causing 
magnetic “storms”  with various associated phenomena including aurora. On 
investigating a discrepancy between an analytic calculation made 12 years ago by P. M. 
Bellan and a new numerical calculation by R. Paccagnella certain new counter-intuitive 
solutions to the Grad-Shafranov equation were discovered. These solutions are relevant to 
magnetic clouds. While topologically the same as the Grad-Shafranov solutions 
describing tokamaks, these new solutions differ by having a reduction in hydrodynamic 
pressure on the magnetic axis rather than an increase. Thus, the solutions describe 
toroidal bubbles where the magnetic J x B force provides an “anti-confinement” instead 
of confinement. [Publication #2 in list] 
 
 
Battery-Powered Pulsed High Density Inductively Coupled Plasma Source 
The jet velocity was shown to depend inversely on the square root of the plasma density 
so a faster jet should be obtained by reducing the density. However, at low gas densities 
breakdown does not occur and the Paschen breakdown threshold restricts how low a 
density can be used. To get around this constraint, an rf pre-ionization system was 
constructed based on a pulsed inductively coupled source. This provided an approximate 
doubling of jet velocity. The source is interesting because it is powered by ordinary AA 
batteries and provides over 3 kW rf power in a pulse up to 1 ms. The battery power 
allows the source to float at high voltage, a necessity for our experiment. The atomic 
physics properties and ionization dynamics of non-equilibrium low density plasma 
produced by this source were studied and modeled. [Publications #10,12,17 in list] 
 
 
 
Integrated Accretion Disk and Astrophysical Jet Model 
Motivated by insights obtained from the experimental MHD driven plasma jet and its 
relation to astrophysical jets a model was developed wherein clumps of weakly ionized 
plasma having zero canonical angular momentum spiral into a new-born star and develop 
a charge separation that provides the electromotive force that drives a jet. [Publication #9 
in list] 
 
 
 
Laboratory Demonstration of Slow Rise  to Fast Acceleration of Arched Magnetic 
Flux Ropes 
An important issue in solar physics is finding an explanation for why structures suddenly 
erupt. It appears that energy slowly accumulates and then the structure erupts when some 
threshold is crossed. A laboratory experiment has been constructed where an arched loop 
plasma simulating a solar corona loop is held down by a strapping magnetic field. The 
strength of the strapping field is arranged so as to decay with altitude. When the plasma 
loop is at low altitudes the strapping field is strong and restrains upward motion of the 
plasma. However, at a critical altitude the strapping field becomes weak so that when the 
plasma attains this altitude there is no longer any restraint and so the plasma quickly 
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accelerates upward. This sort of slow to fast transition has been observed experimentally. 
[Publication #8 in list] 
 
 
Method for measuring the k-vector of a plasma wave using only a single spacecraft 
A critical problem in spacecraft measurements of plasma waves is that the wave 
frequency is Doppler shifted because of the spacecraft motion with respect to the plasma 
rest frame. This Doppler shift is k dot v where k is the wavevector and v is the spacecraft 
velocity. Because k depends on the components of the wavelength, it has always been 
presumed that multiple spacecraft are required to measure the wavelength and hence k. 
This is the reason for the MMS mission which has a constellation of four-spacecraft 
flying together in a tight formation. A new method has been developed which enables 
direct determination of the wavevector using only a single spacecraft. The key is to 
measure the time dependence of both the vector magnetic field and the vector current 
density. By application of a special algorithm on these measurements the wave vector is 
retrieved and so it is no longer necessary to have four spacecraft. This new method has 
been successfully demonstrated with the MMS spacecraft where measurements using just 
a single spacecraft were shown to be consistent with measurements made by the four 
spacecraft. [Publications #11,19 in list] 
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4. Conferences and talks 

 
1. Paul Bellan gave an invited talk at the Latin America Workshop on Plasma 

Physics in San Jose, Costa Rica (January 2014) 
2. Paul Bellan gave an invited seminar at Cornell on April 29, 2014  
3. Paul Bellan gave a talk at the High Energy Density Laboratory Astrophysics 

meeting, Bordeaux France (May, 2014) 
4. Paul Bellan gave the plasma seminar at the University of Michigan on September 

29, 2014   
5. Kilbyoung Chai and Paul Bellan presented an ice dusty plasma poster at the 

American Society for Gravitational and Space Research Conference (October, 
2014, Pasadena)  

6. Paul Bellan and students, postdoc attended APS/DPP meeting and made 
presentations (New Orleans, October 2014); Paul Bellan gave an invited talk at 
the Sterling Colgate Memorial Symposium 

7. Paul Bellan gave an invited talk at the Complex Plasma Phenomena in the 
Laboratory and in the Universe (Rome, Italy, January 2015) 

8. Paul Bellan gave an invited talk at the 14th Annual International Astrophysics 
Conference, April 2015 (Tampa)  

9. Paul Bellan and Kilbyoung Chai gave talks at the May 2015 Auburn Dusty 
Plasma Workshop 

10. Paul Bellan and Kilbyoung Chai gave talks at the August 2015 Layered 
Phenomena in the Mesosphere Region Workshop, Boulder Colorado 

11. Paul Bellan and students/postdoc gave presentations at the APS/DPP meeting in 
Savannah, Nov 2015 

12. Paul Bellan gave a talk at the High Energy Density Laboratory Astrophysics 
meeting, Palo Alto, (May 2016) 

13. Paul Bellan gave an invited talk at the 15th Annual International Astrophysics 
Conference, Cape Coral, Florida (April 2016)  

14. Paul Bellan gave an invited talk at the International Conference on Plasma 
Physics, Kaohsiung, Taiwan (June 2016) 

15. Paul Bellan gave invited talks at KAIST and Pohang Universities in Korea (July, 
2016) 

16. Paul Bellan and students attended and presented posters and talks at the APS/DPP 
meeting in San Jose (Novembe, 2016 ) 

17. Paul Bellan and a student attended and presented talks and posters at the AGU 
Fall meeting in San Francisco (December 2016) 
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