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1. Overview 

The research program focused on two main themes: (i) magnetic helicity and (ii) 
current drive by low-frequency waves. At first these themes seemed unrelated, but 
as time progressed, they became interwoven, and ultim6tely closely connected. A 
subtheme is that while the MHD model of a plasma stimulates many intriguing 
counter-intuitive ideas for creating and sustaining magnetic confinement config- 
urations, usually the crux of these schemes involves some sort of breakdown of 
MHD, i.e. , involves physics which transcends MHD. 

2. AC Helicity Injection 

Since magnetic helicity in a tokamak is proportional to toroidal current, injecting 
helicity corresponds to driving toroidal current. In the mid 1980's the helicity 
conservation equation was receiving much attention and it was noted that this 
equation indicated that simultaneous oscillation of the toroidal and poloidal fields 
of a tokamak should result in helicity injection and thus toroidal current drive. 
An experimental research program was undertaken to investigate this oscillating 
field current drive (also called AC helicity injection) and, to allow penetration of 
an oscillating toroidal field, an insulating gap was inserted the long way around 
the Encore tokamak. It was hypothesized that if AC helicity injection worked, 
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there ought to be a small, but measurable current-drive effect using low amplitude 
drivers. A search was undertaken for evidence of this effect using a sensitive de- 
tection system employing lock-in techniques. This detection system was designed 
to detect small changes in the toroidal current and check if the functional de- 
pendence of the relative phasing of the toroidal and poloidal field was consistent 
with theoretical predictions. A similar experiment was also undertaken by the 
Los Alamos ZT40 reversed field pinch group, but with high power drivers. 

The Encore experiment did not show evidence of oscillating field current drive 
[l] and it was later demonstrated that this was probably due to surface terms 
(omitted from previous treatments) exactly canceling the helicity injection[2, 31 
term. It was concluded that AC helicity injection could not work, unless the edge 
plasma remained in a Taylor relaxed state. In particular, it would be necessary 
for the plasma to fill "7 the region near the wall at all times, even when it m s  
being nominally compressed by an increasing toroidal field. The ZT-40 group was 
also unable to see clear-cut evidence of AC helicity injection. 

3. Demonstration of helicity injection into a tokamak using 
spheromak injection 

A small coaxial spheromak gun was constructed in 1988 and was used to inject 
spheromaks into the Encore tokamak. This culminated in the first experimen- 
tal demonstration[4, 51 of magnetic helicity injection into a tokam& and also 
showed[6] the importance of conditioning the spheromak gun electrode surfaces. 
When the electrode surface was well-conditioned it was observed that injection 
of a spheromak with the same handedness as the tokamak would increase the 
tokamak toroidal current, but injection of a spheromak with opposite handedness 
would not. Magnetic probe measurements showed that the spheromak tumbled as 
it exited the gun and entered the tokamak[7]. The scaling of spheromak injection 
was investigated[8] and it was shown that, in order to maximize helicity injection 
efficiency, the spheromak gun should be as large as possible, whereas in order to 
optimize refueling the spheromak gun should be as small as possible. 

4. Rotamak studies 

In 1987 the rotamak concept 
cept had been developed by 
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Bellan visited Flinders University during July 7, 1987 to learn about the rotamak 
concept and especially about a related toroidal device, the rhythmak. After this 
visit, rotamak physics and related low frequency current drive schemes were inves- 
tigated in detail. In particular, the effect of the rotating magnetic field on electron 
confinement was considered and the relationship between confinement, power in- 
put, and loading impedance was studied [9, 101, Analysis of electron confinement 
showed that the rotating magnetic field acted as a rotating horizontal error field. 
The rotation frequency was sufficiently high to be averaged out by the ions, but 
for electrons the rotating magnetic field appeared as a quasi-dc error field which 
had the effect of tilting flux surfaces and introducing a non-axisymmetry causing 
electron orbits to wander from the flux surface. It was argued that rotamaks were 
not likely to reach high temperatures if the plasma was initiated with large ampli- 
tude rf, because the large magnetic fluctuation amplitude would always adversely 
affect confinement. It was suggested instead that the rotamak concept would be 
more likely to be successful if a small-amplitude rotating magnetic field was used 
to sustain a pre-existing hot plasma created by other means. In this case the hot 
plasma would be a good conductor and therefore require only modest rf power 
to be sustained while, in turn, the modest rf power would not seriously affect 
electron confinement. 

5. m=l machine 

In 1989 construction began on a small toroidal device designed to explore rotating 
magnetic field current drive. This machine, called the m = 1 machine, had all 
its coils inside the vacuum chamber so that rf current drive could be applied 
without shielding from the walls. Initially, this tokamak had toroidal currents of 
1-3 kA and experiments with m = 1rf symmetry showed slight changes in flux 
surfaces[ll] but no evidence of net current drive. The machine was upgraded 
in 1994-95 to have >20kA toroidal current, and it was intended to study Alfvkn 
current drive but because of funding cutbacks, this research was halted. 

6. Compact torus accelerator: tests at Caltech 

In 1990 construction began on a compact torus accelerator originally intended 
to inject spheromaks into the Wisconsin Phaedrus tokamak. The design of this 
accelerator differed from previous spheromak experiments and in particular incor- 
porated baking and discharge cleaning. It was found that the spheromak propa- 
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gation along the accelerator was very sensitive to the properties of the accelerator 
outer electrode. In particular, when the outer electrode incorporated a matrix 
of small holes to provide a high conductance path for the vacuum pump, it was 
found that the holes caused the spheromak to crash into the side of the electrode. 
It was also found that spheromak performance was extremely sensitive to wall 
conditioning, and ultimately it was determined that minute amounts of oil back- 
streaming from the roughing pump through the turbo-pump would dominate the 
properties of the spheromak. Performance was much improved by changing to an 
oil-free roughing pump. Using a high-speed camera to image helium line emis- 
sion in hydrogen discharges after cleaning with helium shots, it was found that 
wall-absorbed gas corresponded to about 10 x the spheromak particle inventory; 
i.e., it took >10 hydrogen shots before spheromaks became hydrogen-dominated 
and not helium-dominated. A high-density 10l6 ~ r n - ~  spheromak was obtained 
by operating the accelerator in a regime where the plasma gun is “stuffed”, i.e., 
in a regime where without the accelerator, no free spheromak would be formed. 
Best performance[l2] was obtained using a tantalum accelerator electrode and a 
combination of baking and helium discharge cleaning. 

7. Compact torus accelerator: experiments at TEXT 

The compact torus accelerator was installed on TEXT and injection experiments 
began in 1995. These experiments showed surprisingly poor penetration into the 
TEXT toroidal field; in particular, the spheromak at best could penetrate into 
a 4 kG field, even though according to the generally accepted penetration model 
it should have penetrated a 10 kG field. Because TEXT could not operate b e  
low 7 kG, attempts to inject spheromaks into an actual TEXT plasma were not 
successful. Later analysis of the injection geometry showed that the generally ac- 
cepted model for penetration is an oversimplification and that tokamak toroidal 
field embedded in the accelerator electrodes results in a significantly more strin- 
gent penetration criterion. Various electrode geometries were investigated and it 
was demonstrated that best penetration was obtained using geometries having 
the weakest embedded toroidal fields. These results have been documented in a 
paper[l3] accepted for publication in Nuclear Fusion. 
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8. Particle transport in drift wave turbulence 

Particle orbits in the 2D potential hills and valleys of low frequency drift-wave 
turbulence were analyzed[l4] and it was shown that for most of the lifetime of a 
given hill or valley, the particle would be locked on to the hill/valley even though 
the hill/valley was continuously deforming. This locking-on was a consequence of 
an adiabatic invariant associated with the orbit. However, when the amplitude of 
a hill/valley decreased to a critical value the particle would detach from the dying 
hill/valley and then become attached to a new, growing hill/valley. This gives a 
detailed particle trajectory picture of gyro-Bohm transport scaling. 

9. Alfviin-Wave Current Drive: MHD 

In 1989 Ohkawa proposed that toroidal current drive could be achieved using low 
frequency MHD Alfvkn waves. Ohkawa’s proposal was examined in detail using 
the visco-resistive MHD equations and we found[l5, 161 that it is not possible to 
drive significant bulk axial (i.e., toroidal) current with small amplitude MHD wave 
fields. Thus, any low frequency current drive scheme would have to incorporate 
non-MHD effects (e.g., electrostatic effects, finite electron mass, or the Hall term 
as in rotamaks). Also, an investigation[l7] of the general symmetry properties of 
arbitrary vector fields showed that, no matter what the physics, any current drive 
scheme which drives toroidal current on the magnetic axis of a torus must have 
m = 1 poloidal symmetry. 

10. Alf3n current drive: Non-MHD 

By 1994 it became apparent that MHD was inadequate to describe low frequency rf 
current drive and it was determined that the shear Alfvkn wave actually involves a 
complex interaction between electrostatic and inductive behavior. This results in 
a perpendicular electric field that is essentially electrostatic and a parallel electric 
field that contains both inductive and electrostatic terms. This parallel field is 
small but important, and is assumed zero in MHD. Consideration of these non- 
MHD effects showed that the shear Alfvkn wave is isomorphic to the lower hybrid 
wave and should therefore drive current in a manner similar to lower hybrid current 
drive. The main shortcoming of this Alfvkn current drive is that it is restricted to 
very low 0 plasma regions, which in a tokamak reactor would mean to  the outer 
30% of the plasma profile. This analysis[l8, 191 also showed a serious flaw in ideal 
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MHD, namely the prediction that wave fields become resonant at the so-called 
A l h h  layer. Proposing that Alhh resonances are non-physical provoked much 
opposition from MHD stalwarts, but others who are familiar with high frequency 
wave physics have agreed. An offshoot of this work has been the proposition[ZO] 
that certain auroral and magnetospheric phenomena are manifestations of these 
non-MHD shear Alfvh waves. This has blossomed into a small collaboration with 
a Swedish space scientist responsible for analyzing data from a Swedish-German 
spacecraft (Freja), and a manuscript has been submitted for publication to PRL. 

11. Determining how helicity injection really works 

The MHD concepts underlying helicity injection are inherently counter-intuitive 
because current is m L e  to flow in geometries that seemingly violate electric cir- 
cuit considerations. Since plasma physics is based on classical physics, all plasma 
phenomena ought to be explainable in terms of intuitive classical concepts. If a 
plasma phenomenon is alleged to be counter-intuitive, there is probably some- 
thing missing from the model or, even worse, the model is incorrect. In order 
to determine how helicity injection really works, the spheromak gun previously 
used for our injection experiments on TEXT was installed on a large vacuum test 
chamber at Caltech and experiments were begun in 1996 to determine exactly 
how the spheromak forms. These experiments involve high-speed photography 
and have provided new insights into the global topology of the spheromak for- 
mation process. This work is continuing and is closely related to a new research 
program where spheromak technology is being used to simulate solar prominence 
eruptions. A paper on laboratory simulations of solar eruptions has been accepted 
for publication[21]. 

12. Training of personnel 

Several graduate students have worked on these projects resulting in two PhD 
theses [Mark Schalit on rotamak models, and Jimmy Yee on spheromaks (PhD 
expected in late '98)]. Three postdocs have worked on these projects (Michael 
Brown, who is now an assistant professor at Swarthmore, Bob Kirkwood, who is 
now a staff scientist at the National Ignition Facility, and Peter Loewenhardt who 
is now a research scientist at Applied Materials Corporation, a manufacturer of 
semiconductor plasma processing equipment). In addition, during most summers 
at least one undergraduate has assisted on these projects. 
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