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ABSTRACT 

Experiments in EBT have shown the validity of the premise that plasma 
currents produced by microwave-heated, hot-electron annuli can provide 
macroscopically stable plasma confinement in a steady-state bumpy torus. 
If, as expected theoretically, the EBT approach can be extended to confine 
steady-state, high-beta (toroidal) plasmas, it will offer an attractive 
alternative to the tokamak, theta-pinch ana magnetic-mirror approaches to 
controlled thermonuclear fusion. 

Our present understanding of equilibrium, stability and transport in 
EBT suggests a sequence of experimental devices and related research activ-
ities which leads progressively toward an attractive full-scale reactor. 
The implementation of the steps in this sequence hinges on the development 
of microwave power sources, with high specific power levels, at millimeter 
wavelengths. 

In this report we describe two proposed steps in this sequence, 
indicate the research objectives of the related programs, and show how 
achievement of these objectives permits a rational choice of design param-
eters for successive devices. The first step proposed here, denoted EBT-S, 
requires increasing the EBT magnetic field to permit microwave heating at 
18 and 28 GHz, as compared to the present 10.6 and 18-GHz configuration. 
We anticipate a three-fold increase in plasma density, some increase in the 
temperatures, and an opportunity to test the validity of the transport 
models presently used to predict the plasma parameters. This step will 
provide important operating experience with the 28-GHz power supplies, 
which are prototype tubes for millimeter sources at 120 GHz. 

In the second step a new, superconducting bumpy torus, EBT-II, would 
be fabricated to permit microwave heating at 90 and 120 GHz. This device 
would be designed to produce plasma densities and temperatures comparable 
to those of present-day tokamaks. 

This report reviews the experimental and theoretical research on EBT 
that has been carried out to date or formulated for the near future, and 
provides a status report as well as a research program plan. 

*Research sponsored by the U.S. Energy Research and Development Adminis-
tration under contract with the Union Carbide Corporation. 

''"Consultant, Univ. of Tennessee, Knoxville, Tennessee. 
*Consultant, Institute of Plasma Physics, Nagoya Univ., Nagoya, Japan. 
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I. Introduction 

For many years toroidal magnetic traps have been attractive from a 
fusion reactor standpoint because classical confinement in closed traps 
would permit an advantageous scaling of plasma loss rates with size, a 
scaling which is not possible in open-ended traps. The fact that single 
particles are not confined in simple toroidal fields has given rise to 
several distinct classes of closed traps: those using external windings 
to generate the necessary particle orbit rotational transform, as in Stel-
larators; those using internal conductors for this purpose, such as Levi-
trons; those using induced plasma currents, as in Tokamaks; and those using 
a periodic spatial modulation of the magnetic field, the so-called bumpy 
torus. The first three types of field configurations have been studied 
theoretically and experimentally in sufficient depth to reveal serious 
problems which must be overcome before they could provide adequate confine-
ment for a fusion power source. By contrast, the bumpy torus has received 
very limited attention, primarily because of anticipated MUD instability. 

In 1971 we proposed* a specific bumpy torus device, the ELMO Bumpy 
Torus (EBT)t designed to circumvent the MHD stability problem by using 
plasma properties studied in microwave-heated, open-ended magnetic traps 
throughout the preceding decade. The progression of experimental facili-
ties in which these studies were conducted is shown in Fig. 1. Experiments 
carried out in the ELMO Bumpy Torus during the past year have indicated the 
validity of the basic EBT premise: that plasma currents produced by the 
high-beta hot-electron annuli could provide stable plasma confinement in a 
bumpy torus. In addition to achieving this primary objective, EBT measure-
ments yield density decay times of 10's of milliseconds, exhibit high plasma 
purity, and no perceptible difficulties with field errors or convective 
cells. Given this encouraging confirmation of the arguments advanced in 
support of the EBT at the time of the original proposal,''' it seems reason-
able to put forward a new research plan aimed at accelerating the develop-
ment of EBT as an attractive alternative approach to controlled thermo-
nuclear fusion. The central elements of the plan are described in the 
present report. 
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To.extend the encouraging EBT results to regimes of higher density 
and temperature, we propose a two-stage evolution of the experimental 
program. In the first stage, denoted EBT-S, the magnetic field strength 
will be increased in the present EBT device to permit microwave heating 
at 18 and 28 GHz, as compared with the present 10.6 and 18-GHz sources. 
Since the density is limited by cut-off of the microwave power, EBT-S 
should operate at almost three times the present density; that is, densi-

12 -3 ties around 6-9 x 10 cm should be possible. This higher density will 
greatly facilitate the spatially-resolved measurements of density and 
temperature needed to test the validity of the neoclassical transport 
model and permit more reliable choice of design parameters for successive 
devices. EBT-S could be brought into operation within 18-24 months after 
approval. The second stage of evolution would require the fabrication 
of a new facility, called EBT-II, which could produce steady-state 
magnetic fields suitable for microwave heating at 90 and 120 GHz. Again, 
microwave cut-off would limit plasma densities in this device to about 

14 -3 
10 cm . Since the 28-GHz microwave sources are prototypes of the 
120-GHZ supplies, this major step should be possible on a 3-5 year time 
scale. Particulars of this device will be finalized from studies in the 
next one to two years. Parameters and cost estimates at this time are 
necessarily vague. The microwave power is the longest lead item; and a 
vigorous development program, already in progress, must be maintained to 
meet the schedules described here. 

An outline of the proposed plan is shown in Fig. 2, in which an array 
of experimental and theoretical research objectives is keyed to the se-
quence of experimental devices: the present EBT; the EBT-S device; and 
the larger superconducting EBT-II, intended to yield n, T , T^, T similar 
to contemporary tokamaks such as ORMAK and ATC. Within the body of this 
report we consider each of the research objectives and indicate the 
programmatic impact of the corresponding work. 

The organization of the report is similar to that of the original 
proposal.* Brief, semi-technical Appendices are used to describe the 
nature of each research area in terms of the present status of our knowl-
edge and the type of activity required to progress toward the necessary 
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level of understanding. An overview of these Appendices is provided in 
these first sections of the report. 

EBT should be viewed from the same perspective in which other naior 
approaches to fusion are seen. In particular, the central research ob-
jective for EBT is to gain a working understanding of any mechanisms re-
sponsible for the loss of particles and energy from the system. This ob-
jective is clearly shared by tokamak research groups, where it has proven 
to be a difficult, lengthy and elusive objective. For EBT, this goal re-
quires a detailed comparison between theoretical confinement models and 
experimentally observed plasma parameters. In both theory and experiment, 
researchers must resolve significant development problems to bring about 
such a comparison. Our present perception of these problems forms the 
basis for this program plan. 

II. High-Beta Experiments in the ELMO Bumpy Torus 

Detailed research on plasma confinement ».id heating has been carried 
out in EBT over the past 18 months. The nature of this research is dis-
cussed at length in Appendix A, but the main experimental conclusions are 
as follows: 

1) Three distinct, reproducible modes of operation, the C-, T- and M-Modes, 
are observed as the ambient gas pressure is gradually decreased. The 
confinement, heating, and gross stability observed in the T-Mode Cat 
intermediate gas pressures) are quite similar to the anticipated be-
havior described in the original expositions of the EBT concept. 

2) The hot-electron annuli are stable to flute modes if the ambient gas 
pressure exceeds a critical value which is typically around 6 x 10 ^ 
Torr. 

3) The EBT experiments have demonstrated vividly the importance of the 
reflux of gas at the cavity wall in determining the source of particles 
required to maintain the plasma in steady state. The dominant source 
of fresh ion-electron pairs is energetic neutral hydrogen, recirculated 
at the wall. Significant sputtering of the aluminum walls is observed 
under some conditions. 

These initial results have suggested the set of research objectives toward 
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which this Program Plan is directed. Thematically, these objectives are 
all related to the central problem of understanding the mechanisms respon-
sible for the loss of particles and energy from the confined plasma. But 
the practical implementation involves a host of different diagnostic tech-
niques which are discussed separately in Appendix A. Here we shall 
indicate the relevance of each to the central issues. 

Relation of Plasma Diagnostics to Critical Issues 

Plasma Potentials 

Transport rates in EBT are strongly affected by the ambipolar electric 
fields arising, in fact, to ensure equal loss rates for ions and electrons. 
Early semi-quantitative measurements of these fields suggest that they en-
hance ion confinement in the T-Mode, and permit the ions to enter the de-
sirable collisionless confinement regime at lower temperatures than would 
be the case without the electric fields. Improved measurement techniques, 
particularly those which make minimal perturbations of the plasma, are 
discussed in Appendix A. 

Plasma Diamagnetism 

The fundamental role of plasma diamagnetism in the EBT concept has 
been mentioned frequently: the hot-electron annuli are found to be crit-
ical fo. the gross stability of the toroidal plasma component; and a key 
question for the long term is the maximum plasma pressure that can be 
stably confined. The gravity of these issues dictates a reliable and 
sophisticated approach to measurement of the energy stored in the plasma. 
The present system is described in Appendix A. 

Ion Temperature 

The ion energy distribution is obtained by analysis of the entrgy 
spectrum of neutral particles escaping from the plasma, using techniques 
described in Appendix A. These techniques are applicable only in the T-
and M-Modes of operation; in the cold collision-dominated C-Mode, ion 
energies are below the range of the neutral particle analyzer. 
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The T-Mode is the main regime of interest for study of the dependence 
of ion temperature on various system and plasma parameters. Observations 
to cate show the (spatially averaged] ion energy distribution to consist 
of two components: a thermal (Maxwellian) distribution with average energy 
in the range 20-90 eV; and a high-energy group which is also roughly Max-
'vellian. The relative populations of the two groups varies with system 
I.qvameters; but typically 10°i of the ions are in the higher energy group, 
with average energy in the range SO-SOO eV. Since the more energetic 
group (which may result from non-classical heating mechanisms] is expected 
to exhibit long-time, collisioniess confinement, this area of research has 
a very direct bearing on the assessment of transport mechanisms. Plans 
for developing the capability of spatially resolved measurements are 
described in Appendix A. 

Electron Distributions in Energy and Space 

(a) Thomson scattering of laser light gives a direct measurement of 
the distribution of electrons in space and energy, but EBT presents a non-
standard environment for this technique--with advantages and disadvantages: 
The present microwave power is cut off at densities above 1*4 x 10 cm ^ 
(for 10.6 GHz) and 4 x 1012 cm"^ (for 18 GHz). At these densities the in-
tensity of the scattered laser radiation is marginally detectable. However, 
steady-state experimental operation allows data from multiple laser pulses 
to be accumulated. Plans for implementation of this diagnostic are 
discussed in Appendix A. 

(b) Visible spectroscopy can provide information on electron and ion 
temperatures in low-temperature regimes: ion temperatures below 50 eV can 
be determined from Doppler broadening of hydrogen and impurity line radia-
tion. Electron temperatures in this low range can be determined from the 
intensity ratios of certain impurity lines. The application of these 
methods to EBT is also discussed in Appendix A. 

(c) X-ray spectroscopy has long been one of the standard measurement 
techniques for microwave-heated, hot-electron plasmas, since energy spectra 
observed using this technique give details of the energy distribution over 
the range of 1 keV to several MeV. Appendix A describes plans for spatially-
resolved applications to the EBT plasma. 
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Reflux of Particles at the Cavity Wall 
HBT provides a unique opportunity to study the processes by which 

plasma particles are recirculated at the plasma-wall interface, since 
steady-state operation ensures equilibration of the processes. Experi-
ments to date, using vacuum ultraviolet (VUV) spectroscopy, have provided 
estimates of the densities of the principal impurities. If we assume the 
total plasma density at the plasma surface to be around 5 x 1011 cm"5, 
the impurity concentrations in this region are as follows: aluminum -
1.7 >' 10' cm carbon - 5 * 10 cm""5; nitrcgen - 2.8 * 10S cm-5; and 
oxygen - 1.2 * 10® cm We offer the conjecture that impurity ions 
drift to ;i wall (.and arc collected there) more rapidly than they can 
diffuse inward, in keeping with the observed high purity of the EBT 
toroidal plasma. To test this conjecture, we propose to measure the 
radial profile of impuritv-ion densities usi~>g spatially-resolved 
spectroscopy in the visible and vacuum ultraviolet bands. 

Studies are planned for the near future to improve the determination 
of particle lifetimes at the plasma surface [as well as in the toroidal 
core) to allow more confident extrapolation toward EBT-II. Investigations 
are included of limiter designs to control the plasma boundaries; methods 
will be sought for reducing the sputtering of wall materials. Determina-
tion of the radial distribution of impurity densities is also planned in 
an effort to understand the self-diverting properties of EBT. A heavy-ion 
beam for measuring the spatially-resolved plasma potential will be devel-
oped to complement this program. These plans are detailed in Appendix A. 

III. Particle Confinement and Equilibrium 

An ideal bumpy torus, in which the magnetic field is produced by line 
2 

currents, is known to provide absolute confinement of single particles. 
If, however, these fields are produced by more realistic coils with finite 
current densities, seme of the particles undergo a guiding-center drift 
motion which intersects the chamber walls. Moreover, in the ideal case, 
some particles have crescent-shaped (super-banana) drift orbits which do 
close within the vacuum chamber, but are expectjd to yield more rapid 
spatial diffusion and heat conductivity than circular drift orbits. Thus, 
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the confinement properties of an experimental bumpy torus are influenced 
significantly by the guiding-center drift orbits of the individual plasma 
particles. 

These drift orbits are themselves modified by the plasma diamagnetic 
effects, which alter the magnetic fields and field gradients and by any 
static or low-frequency electric fields, which may arise to ensure (̂ ..si-
neutrality through ambipolar diffusion of ions and electrons or which re-
sult from low-frequency turbulence. That is, the guiding-center drifts 
depend on the electric and magnetic properties of the equilibrium. 

The equilibrium, in turn, is determined by the rates at which 
particles and energy flow into and out of the plasma. Any self-consistent 
theoretical descript ion of the EBT plasma requires the analysis of this 
nonlinear set of phenomena. The present research plan approaches this 
problem through parallel studies of drift-orbit behavior in specified 
equilibria and the development of transport models to deduce self-
consistent equil /ria. Here, and in Appendix B, we indicate the type of 
work involved in studying the drift orbits in specified equilibria. 

To date, we have used scalar-pressure, three-dimensional equilibria, 
both with and without simple electrostatic potentials, to assess the quali-
tative changes in guiding-center drifts resulting from diamagnetic and 
electrostatic properties of the equilibrium. A quantitative figure of 
merit has been introduced to describe the degree to which the actual 
equilibrium departs from the ideal of absolute confinement. The quantita-
tive effects of the more detailed changes m drift orbits (such as the 
formation or extent of super-bananas] have not yet been assessed, but must 
await advances in the basic transport analyses discussed in Appendix D. 

I V . S t a b i l i t y 

In EBT, stability of the toroidal plasma component depends on the 
diamagnetism of the hot-electron annulus which transforms the bumpy torus 
into an average minimum-B configuration. Without such an effect, the 
toioidal core would be subject to simple interchange modes, shown by 
Kadomtsev^ to be unstable in a closed-line torus with isotropic pressure 
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a n d m o n o t o n i c a l l y i n c r e a s i n g J c U / B . H o w e v e r , t h e o r y p r e d i c t s t h a t a h o t -

e l e c t r o n c o m p o n e n t w i t h b e t a i n e x c e s s o f a b o u t 15% s h o u l d r e v e r s e t h e 

l o c a l g r a d i e n t i n m a g n e t i c i n t e n s i t y , t h u s s a t i s f y i n g K a d o m t s e v ' s c r i t e r i o n 

f o r s t a b i l i t y . F u r t h e r m o r e , t h e r e i s now e x p e r i m e n t a l e v i d e n c e t o s u g g e s t 

t h a t a c r i t i c a l v a l u e o f b e t a i n t h e a n n u l u s ( o n t h e o r d e r o f 15%) s e p a r a t e s 

q u i e t a n d f l u c t u a t i n g modes o f o p e r a t i o n . T h e C - M o d e w i t h i t s r e l a t i v e l y 

h i g h l e v e l o f d e n s i t y f l u c t u a t i o n s o c c u r s f o r b e t a b e l o w a b o u t 15%, w h i l e 

a q u i e t T - M o d e o c c u r s f o r b e t a a b o v e t h i s l e v e l . T h e p r e l i m i n a r y r e s u l t s 

c o n f i r m t h e b a s i c p r e m i s e o f E E T , t h a t h o t e l e c t r o n s c a n r s v e r s e t h e 

m a g n e t i c f i e l d g r a d i e n t s t o p r o v i d e g r o s s s t a b i l i t y . 

G u i d i n g - c e n t e r a n a l y s i s w o u l d s u g g e s t t h a t t h e m a c r o s c o p i c modes o f 

most i m p o r t a n c e a r e t h e p r e s s u r e - d r i v e n b a l l o o n i n g m o d e s ; h o w e v e r , t h i s 

t h e o r y i s n o t a p p l i c a b l e t o t h e h o t - e l e c t r o n a n n u l i i n w h i c h t h e e l e c t r o n 

L 3 r m o r r a d i i a r e l a r g e and d r i f t f r e q u e n c i e s e x c e e d t h e i o n - c y c l o t r o n f r e -

q u e n c y . A m o r e c o r r e c t , b u t g e o m e t r i c a l l y s i m p l i f i e d V l a s o v a n a l y s i s showed 

t h a t t h e a n n u l i a r e i t a b i l i z e d by t h e h i g h d r i f t f r e q u e n c y o f t h e e l e c t r o n s . 

G u i d i n g - c e n t e r a n d MHD a n a l y s e s do a p p l y t o t h e t o r o i d a l c o r e b e c a u s e 

t h e l o w e r t e m p e r a t u r e c o m p o n e n t s h a v e much s m a l l e r g v r o r a d i i . Our p r e l i m i -

n a r y r e s u l t s d e m o n s t r a t e t h a t t h e p r e s e n t e x p e r i m e n t a l v a l u e s o f b e t a f o r 

t h e t o r o i d a l c o r e a r e n o t c a u s e d b y s t a b i l i t y l i m i t a t i o n s . T h i s s t a b i l i t y 

a n a l y s i s s u g g e s t s t h a t t h e b e t a i n t h e t o r o i d a l c o r e c a n be c j m p a r a b l e t o 

t h e b e t a i n t h e a n n u l i a n d s t i l l b e s t a b l e w i t h i n t h e MHD f r a m e w o r k . A d d i -

t i o n a l w o r k i s b e i n g c a r r i e d o u t t o r e f i n e t h i s e s t i m a t e o f t h e p r e s s u r e 

i n t h e t o r o i d a l c o r e w h i c h c a n be s t a b l y c o n f i n e d . 

M i c r o s c o p i c s t a b i l i t y q u e s t i o n s ( d i s c u s s e d a t l e n g t h f o r m i c r o w a v e -

h e a t e d p l a s m a s i n s i m p l e m i r r o r d e v i c e s ) m e r i t f u r t h e r c o n s i d e r a t i o n f o r 

c o l l e c t i v e e l e c t r o n - i o n e n e r g y t r a n s f e r a n d f o r t h e p o s s i b i l i t y o f e n h a n c e -

m e n t o f t r a n s p o r t p r o c e s s e s t h e m s e l v e s . T h e r e a r e s e v e r a l p o s s i b i l i t i e s 

b u t o n e c a s e may b e h e l p f u l i n i l l u s t r a t i n g t h e p o i n t : T h e a n i s o t r o p i c 

a n n u l u s c a n s u s t a i n i n s t a b i l i t i e s a t h^l -F t h s e l e c t r o n g y r o f r e q u e n c y i f 

t h e p r e s s u r e a n i s o t r o p y i s l a r g e . T h e s e i n s t a b i l i t i e s a r e n o t s t r o n g l y 

d i s r u p t i v e , b u t l e a d t o f l u c t u a t i o n s i n t h e p r o p e r t i e s o f t h e a n n u l u s . I f 

t h e f l u c t u a t i o n s i n p o t e n t i a l c o u p l e t o i o n a c o u s t i c w a v e s i n t h e t o r o i d a l 

p l a s m a , a c o l l e c t i v e t r a n s f e r o f e l e c t r o n e n e r g y t o t h e t o r o i d a l i o n s i s 

p o s s i b ' . e . O t h e r ( s t a b l e ) p a r a m e t r i c c o u p l i n g s b e t w e e n m i c r o w a v e f i e l d s 
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and waves at ion frequencies are also attractive as techniques for 
enhancing the heating of plasma ions. 

V. Plasma Heating and Confinement 

The EBT plasma is heated by microwave power at frequencies of 10.6 
and 18 GHz. As shown in Fig. 3, the 18-GHz power resonates with electron 
gyration on hyperbolic surfaces through which all magnetic lines of force 
pass. The 10.6-GHz power resonates on parabolic surfaces which intercept 
only those field lines at radii larger than some minimum value. The radial 
location of the annuli is determined by the points at which the parabolic 
|'Ji| — surfaces are tangential to field lines (and electron heating is most 
rapid). Ions are heated by Coulomb collisions with hot electrons, a proc-
ess which can be efficient — depending on the rate of loss of the electron 
energy through other channels such as particle transport. 

Electron density decay times have been measured in the T-Mode after 
turning off the 10.6-GHz ("profile-heating") source. The measurements 
indicate lifetimes on the order of IP's of milliseconds, in rough accord-
ance with neoclassical diffusion rites. Density fluctuations in the T-Mode 
are weak, lending further credence to classical diffusion (without turbulent 
enhancement) in this mode of operation. 

For a theoretical estimate of operating conditions in the quiet T-Mode, 
4 

we assume a neoclassical lifetime for the ions as derived by Kovrizhnykh 
for the bumpy torus. In order to maintain overall charge neutrality, the 
loss rate of electrons must equal that for ions, requiring an ambipolar 
electric field in the radial direction. If the rate at which electrons 
transfer energy to ions is that of classical Coulomb collisions, the elec-
tron and ion temperatures and particle lifetimes can be calculated as 
functions of charged-particle density. The simple Point Model results for 

12 -3 
density 2 x 10 cm suggest ion and electron temperatures of 50-80 eV 
and 100-1000 eV and particle lifetimes of 10-30 msec. These results are 
consistent with typical parameters for the T-Mode; however, our incomplete 
knowledge of electron dynamics, scale lengths, ambipolar fields, diffusion 
coefficients, and the fraction of microwave power lost from the plasma by 



11 

particle transport does not yet permit an unambiguous comparison. Work in 
progress to upgrade the theory in all of these respects emphasizes the 
electron dynamics c.nd ambipolar effects. This work is a major element of 
the program plan and is described at length in Appendix D. 

For weak ambipolar electric fields, the calculated particle lifetimes 
exhibit a strong inverse dependence on ion temperature, characteristic of 
the collisional regime. Highsr electric fields and higher poloidal drift 
frequencies are required to reach the collisionless regime where confine-
ment time increases with ion temperature. 

Results of the calculation show, for small ambipolar fields, a rapid 
increase or runaway of the electron energy as density drops below about 

12 -3 
2 x 10 cm so that collisional coupling between the two species becomes 
small. The ion temperature also decreases over the same range. Similar 
effects are observed experimentally in the M-Mode, where there is a large 
quantity of stored energy in the hot-electron component. 

VI. EBT as a Reactor 

The results in the present EBT experiment encourage a look at potential 
reactor applications for the EBT concept. Operating a large-scale EBT as a 
power producing reactor system would be especially attractive because of its 
capability to operate at high plasma pressure and in steady-state. 

Two main questions have to be answered in any scoping study: First, 
are there any obvious problem areas which prevent the system parameters 
from being extended to a large-scale plant? Second, what are the likely 
large-scale parameters and what further analyses and technological develop-
ments are required? 

In answer to the first, no fundamental difficulties have been found 
in extrapolating conceptual EPT designs to an intermediate power reactor 

500 MW) and subsequently a full-power reactor 2500 MW). This result 
assumes the neoclassical model of confinement^ and the development of ade-
quate microwave power sources at a frequency of 120 GHz, judged possible 
but not trivial. 
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Typical parameters for two hypothetical EBT reactors are computed in 
Appendix E. The intermediate reactor system would produce about 700 MW(t), 
requiring less than 50 MW for startup and having average nsutron wall load-
ing of 1 MW/m . The mirror ratio is 2:1 with a 3T field at the midplaae. 
For a full-power reactor, the system produces 2200 MWCt), with the neutron 

2 wall loading again at an average value of 1 MW/m . 

The course of further analyses appears clear, while the supportive 
technological developments needed will become fully determined as more 
definitive data become available. Reactor studies must be closely coupled 
to the EBT theoretical effort. For example, in the next step of reactor 
analysis, high-beta effects on particle orbits must be determined to ensure 
that the device volume is efficiently used to contain reacting plasma. 
Similarly, alpha particle orbits and dynamics must be computed. Results 
of the other theoretical work such as diffusion coefficient computations 
and stability analyses must be assessed as they develop to determine their 
impact on the reactor system. A time-dependent model of the EBT plasma 
must be developed to permit fueling and control techniques to be tested or 
simulated. Finally, the implications of impurities on the plasma pulse 
length and the possibility of controlling impurities must be considered. 

From the nuclear engineering point of view the large-aspect ratio 
inherent in the EBT eases the arrangement problems encountered in other 
toroidal device designs. One design area which will be analyzed in detail 
is that of shielding the superconducting coils which must be located rea-
sonably close to the plasma to maintain the desired mirror ratio. Material, 
structural, and blanket problems are not unique in the EBT and will be 
approached using standard procedures. 

Thus, within the spirit of the initial calculations as described, 
there are no fundamental problems which prevent scaling up the EBT device 
for reactor application. The next step is to undertake more detailed 
analyses along the lines indicated above. 
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VII. ELMO Bumpy Torus (EBT) Technology 

The experiment was designed and constructed to take advantage of as 
much existing technology and equipment as possible. Appendix F summarizes 
the technological and apparatus details of EBT, as well as the EBT-S and 
EBT-II plans. During the two years since startup, the EBT device has been 
smoothed and refined to the point that the last year of operation has been 
completely routine. 

The EBT-S magnetic field scale-up is well within the original coil 
design specifications, but it does involve a considerable expansion of the 
microwave technology effort. The advantages of scaling EBT to EBT-S by 
increasing the magnetic field and microwave heating frequencies were 
alluded to in Section I. 

EBT-II is conceived as a superconducting, high-field version of EBT 
to allow microwave heating at millimeter wavelengths. The detailed tech-
nological design of EBT-II could begin in FY 1976 with progressive refine-
ments resulting from the confinement physics learned from EBT and EBT-S. 

The necessary support program in millimeter microwave technology is 
outlined in Appendix G. The program is based on a super-power (28 GHz) 
scale wavelength microwave tube, followed by the development of a 2.3-mm 
full-power version of the same tube. The tube development activity is 
paralleled by a tightly coupled microwave plasma applications group which 
coordinates the tube development and does the necessary circuit and control 
development for the effective realization and use of these sources. Super-
power pulsed microwave tubes in the millimeter wavelength region have been 
operated in test stands and scalable X-band CW devices in the MW power 
range are presently in use in the deep-space probe systems; so given ade-
quate developmental funding and the relaxation of power, quality and port-
ability constraints, the realization probability of these plasma heating 
tubes is very high. 
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1960-64 
PTF 

1964-69 
ELMO 

ORNL-DWG 7 5 - 4 8 8 

10 cm, 3 cm 

X^ — 8 mm, 5 mm 

1969-71 
CANTED MIRROR X ^ = 3 cm, 8 mm 

Fig. 1. A schematic representation of the progression 
of microwave heating research facilities at ORNL. 



16 

EBT STUDY PLAN 

1. Sc ient i f i c Program Plan Elements 

A. Experimental Plasma Physics Studies 

1. Confinement and Stab i l i t y 

(SHY) 

1) Transport Mechanisms • ( 1 / 4 ) ( 1 /4 ) ( 1 / 2 ) (1 ) (2) 

2) Fluctuation Analysis ( i . t ) ( 1 / 4 ) ( 1 / 4 ) ( 1 / 2 ) (1 ) (1) 

2. Keating and Plasma Parameters 

1) Heating Mechanisms ( 1 / 2 ) ( 1 /2 ) ( 1 / 2 ) (1) (1) 

2) Ion Temperature Studies ( 1 / 2 ) ( 1 / 2 ) ( 1 / 2 ) ( 1 / 4 ) (1) 

3) Electron Dist r ibut ion Studies • ( 1 - 1 / 2 ) ( 1 - 1 / 2 ) ( 1 - 1 / 2 1 ( 1 - 1 / 4 ) ( 1 - 1 / 2 ) 

4) Potential Studies ( 1 / 2 ) (1) (1 ) (1) (1) 

3. Part ic le Replacement 

1) VUV Study Results ( 1 / 2 ) (1) (1) U ) 0 1 

2) EBT Surface Effects • ( 1 / 2 ) ( 1 / 2 ) (1 ) (1) (1) 

3) Spectroscopy ( 1 / 2 ) ( 1 / 2 ) ( 1 / 2 ) ( 1 / 2 ) ( 1 / 2 ) 

B. Theoretical Plasma Physics Studies • (SMY, PMY) (SMY, PMY) (SMY, PMY (SMY. PMY) (SMY, PMY) 

1. Confinement and Heating 

1) neoclassical Transport Models 

a) Preliminary Point Models • ( 1 / 2 , 1 /2 ) - - - -

b) 1-D Fluid Models ( 1 , 1) ( 2 . 1) ( 2 , ' I ( 2 . 1) ( 2 . 11 

c) Kinetic Theory Hodels • ( 1 . 1 /2 ) ( 2 . 1) ( 2 . U ( 2 . 1) ( 2 . U 

2) General Neoclassical Transport Rates (1 , 0 | - - - -

3) Electron Heating and Amblnolar Potential • ( 1 , 1 /2 ) - - - -

4) Enhanced Ion Heating and Transport (from f l c r o -
f ns tab l l t t t es . Parametric Ef fects, e t c . ) ( 3 , 1) ( 3 . 1) (3 . 1) ( 3 . 1) ( 3 , 1) 

2. Equil ibrium and S tab i l i t y 

1) 3-D Equil ibrium 

a) Specified P, « • ( 1 / 2 , 1) - - - -

b) Self-consistent P. » ; (1 . 1) (2 . 1) ( 2 . 1) ( 2 . 1) 

2) Ballooning Modes In the Toroidal Plasma • ( 1 / 2 . 1 /2 ) - - - -

3) Macroscopic S tab i l i t y of the Annulus • ( 1 / 2 , 1 /2 ) ( 1 . 1) - - -

c. Plasma Engineering Studies (EBT-R) 

1. Scaling Studies • ( 1 / 2 . 1 / 2 ) ( W 2 . ' 1 2 ) - - -

2. tgn i t tan Studtt t • ( 1 / 2 . 1 /2 ) ( 1 / 2 . 1 /2 ) - - -

3. Systems Studies (1 . 1) ( 2 . 1) ( 3 . 4) (3 , 4) ( 3 . 4) 

Technological Program Plan Elenents . (SHY t EMY) (SMY t EHY) (SMY I EMY) (SMY S EMY) (SMY S EMY) 

A . Technological Evaluation of the EBT concept (2) (2) (1) (1) (1) 

B. Microwave Technology ' (3) (3) (4) (4) (5) 

(SMY) 

Calendar Year 
78 

(SMY) (SMY) (SMY) 

Fig. 2. Experimental and theoretical research areas with estimates 
of manpower needs: scientific man years (SMY), engineering man years 
(EMY) and programmer man years (PMY). 



17 

Prof i l e Resonant Heating (10.6 GHz) 

EBT Mod-B Contours ( - ) , Flu* Lines ( — ) . and Heating Geometry (//in) 

F i g . 3 . A c r o s s - s e c t i o n a l v i e w o f t h e s e c t o r o f EBT s h o w i n g 
c o n t o u r s o f c o n s t a n t | B | a n d t h e m a g n e t i c f i e l d l i n e s . T h e r e s o -
n a n c e z o n e s f o r 10 . (5 ar id 18 GHz m i c r o w a v e p o w e r a r e c r o s s h a t c h e d . 



APPENDIX A 

SUMMARY OF EXPERIMENTAL RESULTS I N EBT 

P l a s m a C o n f i n e m e n t 

1 . EBT S y s t e m 

M a g n e t i c f i e l d ( m a x . ) 6 . 5 kG ( m i d p l a n e ) - 1 3 kG ( m i r r o r ) 

2 . EBT P l a s m a 

D e p e n d i n g o n t h e a p p l i e d m i c r o w a v e p o w e r l e v e l a n d t h e a m b i e n t 

n e u t r a l g a s p r e s s u r e , t h r e e d i s t i n c t , r e p r o d u c i b l e modes o f o p e r a t i o n 

a r e o b s e r v e d . T h e s e a r e c l e a r l y i n d i c a t e d b y t h e s t o r e d e n e r g y , W , 

a n d s p a c e p o t e n t i a l , V . A t t h e h i g h e s t p r e s s u r e s t h e p l a s m a t e m p e r -

a t u r e a n d e n e r g y d e n s i t y © ) a r e s m a l l . F l o a t i n g p o t ' n t i a l s a r e 

s m a l l a n d g e n e r a :y n e g a t i v e . No g r o s s i n s t a b i l i t i e s a r e s e e n ; b u t 

low a m p l i t u d e f l u c t u a t i o n s i n d e n s i t y a r e o b s e r v e d i n f r e q u e n c y r a n g e s 

s u g g e s t i v e o f d r i f t w a v e p h e n o m e n a . T h i s r e g i m e w i l l be r e f e r r e d t o 

a s t h e " C - M o d e . " 

A t l o w e r p r e s s u r e s t h e s t o r e d e n e r g y i n c r e a s e s s i g n i f i c a n t l y , a n d 

t h e f l u c t u a t i o n a m p l i t u d e d r o p s t o v e r y l o w v a l u e s . B o t h t h e t o r o i d a l 

a n d a n n u l a r c o m p o n e n t s a r e f r e e f r o m g r o s s i n s t a b i l i t i e s . T h e s p a c e 

p o t e n t i a l i s i n f e r r e d t o b e p o s i t i v e i n t h e i n t e r i o r o f t h e p l a s m a a n d 

d e c r e a s e t o n e g a t i v e v a l u e s a t t h e p l a s m a s u r f a c e . T h i s mode o f 

o p e r a t i o n i s r e f e r r e d t o a s t h e " T - M o d e . " 

M a g n e t i c f i e l d p o w a r 1 0 MW 

1 , 3 5 1 l i t e r s 

1 5 0 cm 

10:1 

T o r u s v o l u m e 

M a j o r r a d i u s 

A s p e c t r a t i o 

M i c r o w a v e powoi* 
3 0 kW CW m a x . a t 1 8 GHz 

3 0 kW CIV m a x . a t 1 0 . 6 GHz 
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At still lower pressures the plasma undergoes an abrupt transition in 

which the stored energy increases to 0 > 0.5, while the floating potential 

of the plasma edge becomes very large and negative, measured values exceed 
4 

a level of order 10 volts. Although the annular, mirror-confined component 

appears to remain free of gross instabilities, the low-density toroidal com-

ponent supports large-amplitude fluctuations at frequencies characteristic 

of the warm electrons. This regime is designated the "M-Mode." Although 

we shall be mainly interested in the T-Mode, the M-Mode with its high-energy 

density and large electric fields represents an interesting plasma in many 

respects. 

In the T-Mode the plasma parameters range as follows: ng(toroidal) 

~ (1-5) x 1012/cm3; Tg(toroidal) ~ 50-400 eV; ^(toroidal) ~ 20-90 eV; 
n (annulus) ~ (1-4) x 10 n/cm 3; T (annulus) 250 keV; 0.1 < g ^ 0.4. A e e 
provisional set of toroidal plasma parameters deducible from our present diag-

nostic system, including estimates of microwave power dissipated in circuitry, 
12 3 surface plasmas, and ring plasmas is as follows: (n ) = 1.1 x 10 /cm ; 6 

Tg = 200 eV; <Tf> = 80 eV; Vol. = 5 x 105/cm3; = 5460 gauss; Press. = 

0.85 x 10 5 Torr (U^). Total microwave power into plasma = 26 kW (of this 

power, 6 kW is estimated to be absorbed in the toroidal plasma). 

Of the above parameters, Tg remains poorly determined between 50-300 eV. 

The quoted value seems most plausible on the basis of composite data. Then 

the estimated toroidal energy confinement time is 4 msec, in reasonable agree-

ment with both the measured and calculated particle confinement times of 10's 

of msec. 

Plasma Density 

The linear density of electrons is measured by a 70-GHz microwave 

interferometer. From probe data on the radial variation of plasma density, 
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we take a chord length of 10-20 cm and estimate the average density to be 

ng = (1-5) x 1012 cm"3 (T-Mode) 

The density profile determined from ion saturation current measurements 

is rather flat outside the hot-electron annulus and sharply peaked inside. 

Figure A-l shows the radial variation of ion saturation current, indicat-

ing a more nearly symmetrical configuration than might be anticipated from 

the structure of the guiding-center drift surfaces. These are computed 

from the vacuum magnetic field with no allowance for an ambipolar electric 
i 

field and are labeled with the appropriate value of Vjj/V = [1 — nBQ(0)/e]2, 

where Bq(0) is the magnetic intensity at the intersection of the ring axis 

and the midplane. The outermost drift surface is the contour of const Ĵ B |. 

The density fluctuation observed by the interferomet.-r varies widely, 

- 1 ^ 1 (M-Mode) 0.003 (T-Mode) ^ 

depending on the mode of operation. The RMS fluctuation level, density and 

gas pressure are shown as a function of W (« and mode in Fig. A-2. The 

fluctuations were also detected by a Langmuir probe and observed to be much 

stronger outside the annulus. The voltage fluctuations on the probes in 

the M-Mode were observed to reach levels as high at 5 kV. 

Electron Temperature 

Without a Thomson scattering laser diagnostic, it is difficult to 

measure the electron temperature inside the toroidal core plasmas. But from 

the measurements described below, we have bracketed the electron temperature 

of the toroidal plasma, in the T-Mode, as follows: 

50 eV < T < 300 eV e 

(a) Soft x-ray measurements indicate an electron temperature below 

300 eV. 
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(b) The Langrauir probe characteristics near the cavity wall give an 

electron temperature around 40 eV, increasing toward the core. At the edge 

of the core, about 10 cm from the ring axis, it was determined to be about 

80 eV. 

(c) The singlet-triplet line intensity of doped helium neutrals gave 

the electron temperature on the ring axis to be about 150 eV, assuming a 

parabolic density profile. For the spatially-averaged intensity ratio R, 
the electron temperature at the ring axis T (eV) is given by T (eV) = ~ -=r , e e R N 
where N is the plasma density on the axis and N is its average density. 

(d) Estimates from UV line intensities for impurities gave a lower 

limit to the electron temperature of 50 eV. 

Ion Temperature 

Charge-exchange neutrals have an energy spectrum whose bulk temperature 

is typically 50 eV, with an energetic tail showing a 150-eV slope. These 

measurements are discussed at length in Appendix A.4. 

Doppler broadening of the H^ and H^ spectral lines can be resolved 

into a central peak, with a temperature of ~4 eV, and relatively broad wings 

corresponding to energies between 20 and 40 eV. The intensity in the wings 

is 1-3 percent of the central-peak intensity. The central peak is thought 

to originate in the cold surface layers of the plasma, where energetic dis-

sociation of hydrogen molecular ions gives rise to an appreciable number of 

excited atoms with average energies around 4 eV. The broader wings of the 

spectral lines are thought to be representative of the plasma ions. Thus, 

20 eV < T. < 90 eV, for the bulk ions; i 

SO eV < Tj < 500 eV, for the high-energy tail. 

Very high energy (non-Maxwellian) ion distributions are observable in the 

M-Mode. 
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Particle Confinement Time 

The density decay time in the T-Mode was observed to be as long as 

50 msec. This is measured by interrupting the 10.6-GHz. microwave poweT and 

recording the resulting decrease in the interferometer signal, as shown in 

Fig. A-3. 

The measured density decay times, 30-50 msec, are in rough accordance 

with the values expected from the neoclassical diffusion theory, assuming 

these plasma parameters: n = 2 x 1012 cm-3, Tg = 160 eV, and T^ = 60 eV. 

If, as we shall discuss in greater detail later, we take the radiul electric 

field into consideration, this decay time is in good agreement i<ith theory. 

In steady-state operation, the particle confinement time may also be 

determined from the neutral particle density, n , by T ^ = n <ov). . r o o 'ionization 

In the T-Mode the neutral atom density is roughly an order of magnitude 

smaller than in the C-Mode, whereas the plasma density is slightly greater. 

The plasma confinement time is therefore roughly an order of magnitude 

greater in the T-Mode than in the C-Mode. For typical T-Mode operation 
we estimate from charge-exchange fluxes and spectroscopic signals that 

10 -3 

nQ ^ 1 0 cm , giving a lower bound on particle lifetimes of T > 5 msec. 

The plasmas were unstable in the M-Mode and were associated with large 

fluctuations, which resulted in a confinement time of less than I msec. 

Beta (ft) 

The key to EBT lies in the hot-electron annulus encircling the toroidal 

plasma in the midplane of each mirror section. Plasma beta ({3) was calcu-

lated from measurements of W^ by diamagnetic loops to be 

1% (C-Mode) < 3 < 70% (M-Mode) 

which is due almost solely to the hot-electron annulus, with an average 
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electron kinetic energy of (0.1-1) MeV. We estimate the location of the 

annulus and its radial thickness by inserting a skimmer probe and recording 

the resulting decrease in hot-electron density. Typically, the annulus is 

located around 15 cm from the ring axis; but this depends on the location 

of the lower-frequency resonant zone as shown in Fig. A-5. The annulus is 

typically a few centimeters thick. Transition from C to T was observed at 

3 = 15% and [3 must be higher than 15% in the T-Mode. These measurements 

are discussed in Section A.2. 

Space Potential 

Using a Langmuir probe, we could measure the floating potential, V̂ ., 

and the electron temperature, T . The space potential, is only expected 

to exceed the floating potential by a few times T , since the hot-electron 

current contributes little to the probe characteristics: Vs = V^ + 4 T , 

where V^ is much larger than Tg so that the factor of 4 in front of Tg is 

not very important. 

Determination of the space potential was possible only outside the 

plasma core. Extrapolating the potential profile, we have estimated the 

potential at the ring axis to be as high as 10 kV. Assuming a scale length, 

equal to the plasma radius, the radial electric field was thus obtained as 

20 V/cm (T-Mode) ̂  |E | ^ 300 V/cm (M-Mode) 

In the C-Mode the space potential is very small and positive, becoming 

larger as we decrease the ambient gas pressure. The potential is most posi-

tive in the T-Mode, giving rise to a radial electric field of about 30 V/cm. 

The transition from the T-Mode to the M-Mode is associated with a sudden 

change in the space potential to a large negative potential. The probe 
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measurement of these plasma edge potentials as function of radius and 

operating mode are shown in Fig. A-4. 

The positive, large, radial electric field is expected to enhance the 

confinement of ions by increasing the precessional frequencies above the 

values resulting from the gradient and curvaturc of the magnetic field. 

The effect of the radial electric field is clearly seen in Fig. A-l, in 

that the plasma essentially has two maxima in its radial density profile. 

Based upon arguments presented in Appendix B, we interpret the maximum 

near the ring axis as being produced by low to moderate energy particles 

for which the ? x $ drift dominates. The maximum to the inside of the 

torus is likely due to higher energy particles for which vB and curvature 

drifts dominate. 

A. 2. Fluctuations 

The basic macroscopic stability premise of EBT has been supported in 

the density fluctuations observed by a microwave interferometer. In the 

C-Mode, most of the microwave power is dissipated in generating a high-

density, cold plasma where the energy relaxation among the electrons is so 

fast that very few hot electrons are generated. The plasma is characterized 

by large amplitude fluctuations, which qualitatively behave as drift waves. 

The stability condition given in Appendix C, 

/ k a P | l a ^ B dp \ / a p \ 2 / / 2 \ 
\tS W + ~W W/ + W / <TB / £ 0 ' CA1) 

is roughly equivalent to the condition the hot-electron annuli must satisfy 

in order to reverse the radial gradient in the magnetic intensity. In the 

C-Mode, where there is no hot-electron annulus generated, Eq. (Al) is not 
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satisfied and instabilities axe generated at frequencies of a few kilohertz. 

We assume these to be unstable drift, waves or curvature-driven flutes, 

since 

UJ* kv* I T e 
— = £ x 10 Hz, (drift waves) 
2n 2 TT 2n eBa 

iu kv, i> T -
~ = — = 2Z x 10Z Hz, (flutes) , (A2) 
2N 2TT 2TT eBR a c 

where I is the azimuthal mode number. 

Under the influence of such large fluctuations as are observed in the 

C-Mode, the particle transport might better be described by a phenomenological 

diffusion coefficient which is given by 

kT e 
a ~eB~ 

2 
sin a , (A3) 

where a is the plasma radius, n is the fluctuating part of the density, and 

a is the phase difference between the density and potential fluctuations. 

The study of fluctuations from the standpoint of diffusion is obviously 

important and will be greatly elaborated upon in the future. For the moment, 

we do not have enough data to estimate properly the confinement time from 

Eq. (A3). 

As we decrease the operating pressure, we observe that the hot-electron 

annulus becomes stronger; and when the condition Eq. (Al) is satisfied, the 

fluctuation level is observed to become about one order of magnitude smaller 

and the T-Mode transition occurs. 

According to Eq. (A3), an order of magnitude decrease in the fluctuation 

level, associated with the transition from C- to T-Mode, could increase the 
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confinement time by as much as 100 times, provided the electron temperature 

and the density profiles remained unchanged. Since the observed confinement 

time increases by roughly a factor of 10, and since the density fluctuations 

are hardly observed, s 3 x 10 3, we anticipate that the neoclassical 

diffusion rates may dominate the transport of plasma in the T-Mode. 

The neoclassical diffusion theory for the bumpy torus, which is 

elaborated in Appendix D, leads to a diffusion coefficient of the form 

D ~ u 2 V , (A4) 
v ^ + Q 

where v is the effective collision frequency, Q is the precessional frequency 

of the particle in the minor circumference of the torus, and u is the toroidal 

drift velocity approximately given by 

T 
6 , CA5) eBRT 

where Tg is the electron temperature and R^ is the major radius of the torus. 

The plasma confinement time is then given by 

r, \2 
j v for v » n (Collisional) 
i 

' = 2 | R̂ J v-l for v « Q (Collisionless) . (A6) 

If transport in the T-Mode is governed by the neoclassical processes, 

it must be confiraied experimentally by varying parameters such as T, B, n, 

etc., which is left for the immediate study program. 

The transition between the C- and T-Modes is observed experimentally 

to be a function of the neutral gas pressure and the microwave power input, 
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namely 

log p o = 0.6 log P - 5.6 , (A7) 

where pQ is the ambient hydrogen pressure in torr and P is the toroidal 

microwave power input in kl\'. The critical p at the transition for the 

input power of 30 klV was estimated to be 15*. The hot-electron annulus is 

observed to form a narrow belt in the midplane and its radial location is 

roughly determined by the location of the fundamental and the second 

cyclotron harmonic resonance of the profile-heating frequency. For the 

microwave sources of 18 GHz and 10.6 GHz, the fundamental resonant |B|-

contour for 10.6 GHz is tangential to the magnetic field lines at 11.4 cm 

from the wall. These regions of maximum heating rate can be moved by 

changing the magnetic field strength as shown in Fig. A-5. 

In order to op- imize the plasma parameters in the T-Mode, we can control 

the localization factor and the pressure gradient, 

dR = 5 c + ^ h ^ ^ h 
dr dr ' dr = "dT ' ( A S ) 

by changing the toroidal magnetic field intensity and hence the location 

of the hot-electron annulus. 

It must be kept in mind that outside the hot-electron annulus where 

the stability condition, Eq.(Al), is not satisfied, the plasma is dilute 

and cold, and always unstable. Therefore, the density profile in the 

T-Mode is sharply peaked inside the hot-electron annulus and rather flat 

outside. Thus, the diameter of the well-confined plasma is estimated to 

be 20 cm. 
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As the neutral gas pressure is decreased, the energy stored in the 

hot-electron annulus increases; and the average values of the plasma param-

eters indicate improved confinement and heating. Ultimately, however, as a 

critic.il pressure is approached, the plasma undergoes the abrupt transition 

into the turbulent M-Mode. 

There are several alternative theoretical models which predict critical 

neutral densities, but extensive research will be required to distinguish 

between the various phenomena included in these theories. For example, a 

recent theory of line-tying* predicted stability only if the neutral density 

Cat the plasma surface) satisfied a criterion of the form 

N T . > 1 1 SSS. . (A9) 
0 1 <V . . v

e> 3 x 10"8 cm5 
ionization e 

Since typical ion lifetimes in the surface are thought to be ~ 1/3 x 10 J 

11 3 
sec, the critical neutral density for line-tying would be around 10 /cm , 

that is, a pressure around 3 x 10~^ torr. Similarly, the Point Model of 

Appendix D assumes an internal neutral density adequate to sustain the loss 

of particles by neoclassical transport. Again, the implicit criteria is 

identical to F.q. (A9), but the ions of the inner plasma core are predicted 
_2 to have lifetimes of 2-3 x 10 sec. Thus, the critical neutral density 

9 3 
in this region (as dictated by particle balance) is around 10 atoms/cm . 

Experimentally, the critical pressure is found as a function of the 

microwave power input, namely, 
log pQ = 0.6 log P - 6 . 3 , (A10) 

where p is the ambient hydrogen pressure in torr and P is the total micro-
o 

wave input power in kW. The critical pressure for 50 kW input power was 

observed to be 5 x 10 
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Below the critical pressure in the M-Mode, the plasma exhibits strong 

oscillations in pressure, density, and space potential. In the mode, the 

whole plasma seems to behave like a collection of 24 independent mirror 

sections rather than like the toroidally-ronnected plasma in the T-Mode. 

The radial distribution of hot electrons is also different in the M-Mode, 

in that hot electrons are found throughout the plasma, even near the ring 

axis. 

We thus conclude that the ELMO Bumpy Torus operates as expected, in the 

T-Mode, the conditions for which are obtained empirically in terms of pressure, 

pQ(torr), and the microwave power, P (kW), as 

P o ftorr) - 10~6 P 0 , 6 (kW) . (AH) 

A.3. Ion Heating 

Heating Mechanism 

In ohmically-heated machines such as tokamaks, the heating of electrons 

is essentially performed by means of plasma resistivity. Since the resis-
-3/2 

tivity is proportional to T g , the power input by ohmic heating balances 

the bremsstrahlung loss at temperatures far below the ignition point for 

thermonuclear fusion. 

The electrons transfer their energy to the ions through thermal 

relaxation processes. Since the electron temperature saturates at a rather 

low temperature, normally several keV, to balance the bremsstrahlung, it 

becomes necessary to heat ions by other means, like neutral beam injection, 

compression, rf heating, etc. 

The merit of microwave heating as employed and developed in EBT is that 

the electrons are heated essentially by cyclotron damping which depends on 
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- 1 / 2 the electron temperature as T . The absorption coefficient a for micro-
2 wave power at frequency f may be given by 

6 x 10"11 — — cm' 
f V T 

with n in cm - 3 T in keV, and f in GHz. For n 1012 cm"3, f = 18 GHz, -3 

T = 1 keV, the absorption length is only 3 mm. 

The condition under which the microwave power is totally absorbed in the 

plasma by the cyclotron damping may be given by 

aa Q » 1 uuo 

where Qq is the quality factor of the unloaded cavity, and a is the cavity 

radius. Putting f = f , we can rewrite the condition as 

which is easily satisfied in fusion plasmas. Thus, the electrons are 

heated without difficulty to a few tens of kilovolts and transfer their 

energy to the ions, provided the equilibration rate exceeds the electron 

loss rate. No additional heating will then be required if a high-density 

plasma remains confined for a reasonably long time. 

In addition to classical, collisional equilibration processes, the 

electrons can transfer energy to the ions through various collective proc-

esses. We have previously alluded to the possible ion heating resulting 

from microinstabilities in the hot-electron annulus. Here we comment on 

other parametric processes. 

P 

6 x 10"6 aQ » 1 
O A,' I 
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In a warm plasma the microwave fields have resonant interaction at 

the following frequencies: 

ID = , U; = U)1IL,, «JU = ATN, for ExB e UH R o 

uu = Til , cu = uu for Ell B , e pe o 

where is the cutoff frequency for the extraordinary mode. The electron-

cyclotron resonances heat electrons preferentially; and ions are heated 

through thermal equilibration. However, at the plasma resonance or cutoff, 

whose frequencies are given by mniJ, ou and uu , the linear conversion of the 
U H K p e 

electromagnetic wave mode into the electrostatic waves is efficient due to 

the density inhomogeneity. The resulting high-frequency electrostatic 

waves generate low-frequency waves which heat ions. Usually those ion 

waves have a broad frequency spectrum due to the decay instability which 

could be observed as an anomalous resistivity/absorption of microwaves. 

Furthermore, at the cutoff point, the electric field becomes very 

large and the ponderomotive force3 digs a hole where the electromagnetic 

waves are trapped. This hole, which is known as a caviton in laser fusion 

experiments, is easily produced in many small-scale experiments with 

relatively low rf power input. 

Since the microwave power in EBT is fairly large, there is the 

possibility of cavitons. They are essentially a packet of ion acoustic 

waves and transfer their energy to the ions. From this point of view, 

EBT may be said to have some similarity to the laser fusion plasma. 

In the transition from T- to M-Mode operation, the ion distribution 

in energy extends to tens of kilovolts; and, not surprisingly, we observe 
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an emission of neutrons corresponding to roughly 10'-10° neutrons/sec with 

an energy spectrum peaked at 2.45 MeV. In the turbulent M-Mode it SCC.T.S 

very likely that ions could be heated in large amplitude, fluctuating 

electric fields. 

For example, 

1. - 1 e ~ E " i 2 "> 2m. (V2. — uO + v" l i 

2 2 1 e E 
-> 

2m. Q" i i 

where UJ is the characteristic frequency of the fluctuations, then for E 

E ~ 400 V/cm, ~ 9 MHz, we get T\ 500 eV. 

A.4. Ion Temperature Measurements 

The principal ion temperature measurement in the EBT plasma is 

obtained by energy analysis of the H° or D° escaping from the plasma as 

the result of charge exchange between plasma ions and neutral gas. Neutral 

particles are passed through a differentially pumped N^ gas cell where 

stripping collisions with N^ molecules convert a fraction of the energetic 

neutrals to ions. These ions are energy analyzed by a 45° parabolic energy 

analyzer. A channel multiplier 1- .ed at the analyzer exit aperture de-

tects ions of energy E = V /0.645, where V^ is the applied voltage to the 

analyzer electrode. 

The conversion efficiency of the N£ gas cell and detector efficiency 

has been determined in the energy range of 0.1-5 keV for H° atoms and 

0.15-5 keV for D° atoms. 
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As found previously, the spectrometer efficiency was greater for D° 

than for H° below 400 eV for equivelocity particles. In treating the EBT 

data for energies less than 100 eV, the measured efficiencies were 

extrapolated to 30 eV. 

The energy spectra for H9 and D, EBT plasmas are shown in Figs. A-6 and 

A-7 for 6 klV of 10.6 GHz and 30 kK of 18.0-GHz input microwave power. A high-

temperature component is present for both the H., and D., plasma along with 

a low-temperature plasma. Although the D+ ion temperature is greater than 

the Ii+ plasma temperature, many other factors such as the influence on ion 

residence time by charge-exchange, space potential, and depth of the T-Mode 

influence these values. The low-energy component for the D + plasma tempera-

ture was 48 eV and the H+ plasma temperature was 32 eV. Extension of the 

energy spectrum of H+ below 100 eV shows ion energies in the neighborhood 

of 10 eV. This region must be investigated in more detail in the future, 

but such investigations will require much better calibration of the analyzer, 

since the neutral-particle spectrometer presently used on EBT has only been 

calibrated in the energy range 0.1-5 keV. With this calibration, ion tem-

peratures as low as 80 eV can be measured with acceptable accuracy. However, 

for the low-energy (10-40 eV) ion distribution component, the calibration 

must be extrapolated to 20 eV. In this region the spectrometer efficiency 

is decreasing at the rate of one to two orders of magnitude for each 50 V. 

Thus, the ion temperature determined in this energy range is extremely sen-

sitive to the slope of the extrapolated curve. To determine the ion temper-

ature of the bulk density in EBT accurately, it is necessary to extend the 

calibration of the spectrometer to energies of 20 eV. 
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The impurity problem in the EBT plasma has not been assessed completely 

at the present time. The data obtained indicate significant sputtering of 

the aluminum cavity walls under some operating conditions. When sputtering 

is important, the charge-exchanged neutral particles leaving the plasma may 

contain a significant fraction of impurity neutrals. In one measurement of 

the ion temperature, for one set of machine parameters, three ion energy 

groups were found (91 eV, 29 eV, and 10 eV). Possibilities exist that these 

measurements are strongly influenced by plasma impurities. We propose to 

modify the present electrostatic analyzer by adding a velocity filter or 

momentum analyzer. In this manner, impurity ions passing through the 

spectrometer can be eliminated. 

At the present time, the EBT neutral spectrometer is a single-channel 

energy analyzer. The neutral-particle flux is measured through the use of 

a multichannel analyzer operated in the multiscaling mode combined with a 

staircase ramp generator. The staircase ramp has 15 steps with an equal 

voltage increment between steps. By scanning with a step width of 1-100 

msec, the changes in the dc plasma are averaged out. To increase the rate 

of obtaining data, we propose to build a 4 to 8 channel neutral-particle 

spectrometer to obtain the plasma ion temperature profile as a function of 

radius. We expect these measurements to delineate the cold outer regions 

and thereby resolve the multienergy group problem. This device will 

incorporate fixed spatial channels and staircased energy analysis. 
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A.5. Electron Temperature-Profile Measurements 

The principal measurements on any plasma consist of determinations of 

the distribution functions for the constituent particles. These distribu-

tions in energy, space, etc., are vital to an understanding of the plasma 

properties. Theoretical treatments of plasma transport result in predicted 

distributions which can be compared with the experimental results. 

This section consists of a description of existing and planned 

experiments to help determine these distributions. Spectroscopic measure-

ments in the visible wavelength region give information regarding electron 

temperature through the line-ratio technique, ion temperature from measure-

ments of Doppler broadening, as well as the values of electric and magnetic 

field strength from the Stark and Zeeman splitting. Thomson scattering of 

laser light gives local values of the electron density and temperature. 

This measurement can also, in principle, give the departure from the Max-

wellian form of the electron distribution functr'm. Since this measurement 

is a local measurement, a series of these measurements gives a spatial pro-

file as well. Spectroscopic measurements in the X-ray region give the elec-

tron energy distribution in the energy region extending from several hundred 

eV to several MeV. Spatially-resolved measurements result in spatial pro-

files of the density and of the electron energy distributions. In addition, 

characteristic lines (i.e., K X-rays) serve as a sensitive monitor of 

impurities in the plasma. 

1. Thomson Scattering for Electron Temperature and Density 

Light scattering as a plasma diagnostic provides a non-perturbing, 

localized measurement of the electron temperature and density. In the EBT 

program, localized values of T and n are needed for parametric studies of 
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heating and profiles of Tg and ng across a cavity are required to examine 

the transport properties and, particularly, to test the confinement and 

stability models which are being developed. 

Thomson scattering of laser light has been widely used and is a well-

established plasma diagnostic. Few, if any, such experiments have been 
12 -3 

carried out on plasmas with densities of only a few times 10 cm . The 

principal difficulties and challenges in doing this on EBT are due to this 

comparatively low density level. The problems in developing this diagnostic 

for EBT are essentially these two: lov: signal levels (less than 10 photo-

electrons per polychromator channel at detector per joule of laser input) 

and stray laser light from the apparatus due to the immense intensity differ-14 
ence between the incident light and the collected scattered light (2 x 10 :1). 

The first difficulty can be met by use of a 2 J/pulse, 20 nsec fwhm, 1 pulse/ 

sec ruby laser (which has been purchased) for 20 or more shots at a time and 

accumulating data in each detector channel over this period. This is possible 

since EBT is a steady-state device. Stray laser light must be reduced in the 

system to approximately the equivalent of the total Thomson-scattered inten-

sity from the expected electron density in order to prevent the scattered 

signal being overwhelmed by parasitic signal. To do this, baffled tubes of 

length greater than the cavity diameter are planned for the laser beam and a 

long-lasting and effective beam dump must be developed. Similar features 

will be included in the collecting and detection system. 

These difficulties can probably be alleviated sufficiently so that Tg 

and perhaps ng can be measured. The value of the results justifies consider-

able time and money spent on this diagnostic. About one year from the first 

test on a mock-up cavity will be needed to have all optics and electronics 
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ready for use on EBT in a single-point (center of cavity) scan. This 

system will use the present ports on the W-5 cavity of EBT and an inter-

ference filter polychr omator. If this system works, a radial scan capa-

bility using a slotted viewing port, a laser amplifier (for better signal 

to noise), and automatic data handling will be added the following year. 

These improvements will make this a vital tool in studying the physics of 

EBT. As the larger EBT is designed and built, access for Thomson scatter-

ing and new optical equipment will be included. As the temperature becomes 

larger a new polychromator system may be needed. Similar improvements may 

include radial scan with simultaneous spectrum analysis at several points 

and higher laser power to obtain meaningful scattered light profiles in a 

single laser .shot (to provide a time resolution of 20 nsec for instability 

studies). 

2. Visible Spectroscopy (Line Width Measurements) 

Analysis of spectral line emission from the plasma can provide 

information about T., T , B, and n. These measurements yield average x e 
values along a line of sight. Doppler broadening of hydrogen lines and 

impurity lines will dominate Stark and instrumental broadening if high-

resolution apparatus is used. The presently used 50-cm spectrograph does 

not provide adequate resolution. Hence, a piezoelectrically-scanned Fabry-

Perot interferometer has been purchased to determine the Doppler broadening 

of hydrogen and impurity lines in the plasma (and, hence, T^) and possibly 

to observe Zeeman splitting of certain impurity lines in the inhomogeneous 

magnetic field (to find B). For T^ < 50 eV, this is the only means of 

evaluating T^ inside the plasma. Higher temperature plasma with lower 

neutral density will contribute a wider but lower peak intensity Doppler 
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broadened wing to the main, cold-ion, Doppler profile. These wings can be 
4 

scanned using a high contrast spectrograph (better than 10 contrast will 

be needed). The presently available 50-cra spectrograph does not provide 

sufficient contrast. When appropriate, a 1-m spectrograph should be acquired 

for this purpose and for impurity line analysis. 

The advantage of the scanning interferometer technique is that since 

the plasma is stable, long period scans can be made to average out noise 

in the far wings of a line profile. This will permit detailed analysis of 

the profile shape even fox very weak lines. 

These data give integrated values of plasma parameters. However, more 

localized information may be provided in the sense that a given ionization 

state may exist only within a portion of the plasma viewed by the detector. 

Further spatial resolution is possible if the plasma is viewed along several 

chords in succession (Abel inversion). Construction of appropriate access 

ports and relay optics is the principal task once the spectrum analyzers 

are available. 

Over a certain range (up to about 50 eV) line ratio and intensity 

techniques work in the visible range. In particular, use of helium as an 

impurity probe provides average values of Tg and nQ. Visible spectroscopy 

is fundamentally limited in hot plasmas, however, since most of the line 

emission is in the ultraviolet. 

3. X-ray Spectroscopy 

The present experiments consist of a solid-state [Si(Li)] detector for 

use in the energy region 1-20 keV, and a scintillator (Nal) for use at high 

energies (50 keV-2 MeV). These detectors view the EBT plasma on the hori-

zontal midplane along a line midway between adjacent coils. Future 
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experiments will use additional detectors to cover the energy range between 

the two present types and to view different parts of the plasma, giving a 

spatial profile of the X.-ray emission. 

The present experiments with the solid-state detector show the following 

features: (ID characteristic lines of impurities, principally aluminum K 

X-rays at 1.5 keV; (2) a very flat spectrum (except for impurity lines) above 

1.5 keV; (3) a spectrum which rises with increasing energy below 1 keV. The 

last two features combine to make a determination of the bulk electron tem-

perature difficult. The spectrum shape below 1 keV implies that the detector 

efficiency at low energies is less than expected. A resolution of the ques-

tion of efficiency will require considerable work (i.e., calibration, detec-

tor treatment, etc.). The flat spectrum above 1.5 keV is evidence for a 

high-energy electron group. The radiation from this group tends to obscure 

the radiation from the electrons in the high-energy tail of the bulk distri-

bution. This is equivalent to the situation in a tokamak of measuring soft 

X-ray spectra in the presence of a runaway population. In summary, the pres-

ent experiments have shown little evidence for an electron group with tem-

perature in the 1-10 keV range. The spectrum shape below 1 keV is not known 

because the detector efficiency is anomalously low in this region. 

The impurity lines in the soft X-ray spectrum serve as very sensitive 

monitors of impurity content. For purposes of illustration, assume a K 

X-ray impurity line of energy E^ (keV) is counted entirely in one channel of 

width AE (keV), and that the bremsstrahlung due to an electron distribution 

of temperature is detected simultaneously by the same detector. Then the 

ratio of the impurity line to bremsstrahlung count rates in that channel is 
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In this expression T; is the fluorescence yield, or fraction of K-shell 

vacancies which result in photon emission, E^ is the exponential integral, 

and m and ng are the impurity and electron densities, respectively. For 

typical values of these quantities, this ratio is ~ (^"j • Thus, 
-4 -5 ^ small relative impurity densities (10 -10 ) can be observed by the line 

strength of the characteristic K X-rays. 

The energetic X-rays, observed with a Nal scintillator, have a spectrum 

which allows a temperature determination. The details of the spectrum de-

pend on the operating parameters. For some typical operating condition, 

the spectrum shows two distinct slopes. These two slopes imply two electron 

groups — one whose temperature is 60-80 keV, the other in the range 100-

180 keV. 

There is no overlap between the low- and high-energy X-ray measurements 

at present. The missing spectral region should be investigated. An intrinsic 

germanium detector is ideal for this range. 

One of the first of the future experiments will require the purchase of 

such a detector. A large effort will be directed toward obtaining spatial 

information. An array of scintillator detectors is planned for observing 

energetic X-rays. By distributing these detectors in a z or toroidal direc-

tion the axial extent of the hot-electron population may be determined. In 

a similar manner the radial distribution may be found. Since these ener-

getic electrons are the basis of the stability of the Bumpy Torus, their 

spatial distribution is of vital importance. 

Spatial measurements in the soft X-ray region can give the spatial 

distribution of the lower energy electron components. These experiments 

will primarily give radial information. Here it is important to distinguish 
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between the two orthogonal radial directions. Toroidal effects distort 

particle drift surfaces so that one does not expect symmetry about the 

plasma center inward and outward along a major radius. On the other hand, 

there is no reason expect asymmetry in the vertical direction. 

We plan to make X-ray measurements with present detectors of the 

radial profile in the vertical direction by simply displacing the viewing 

chord. 

Radial profile measurements in the horizontal direction will require 

detector modifications. 

A.6. Particle Replacement Studies 

By the term "particle replacement" we mean the study of the mechanisms 

by which the particle equilibrium of the EBT is maintained in the face of 

the particle loss rates discussed in Appendix D. This subject, then, in-

cludes the interaction of the plasma surface with the walls, the circulation 

of plasma ions with the vacuum walls (both impurities and hydrogen) and the 

surface chemistry which determines particle absorption or loss from the 

walls (i.e., sur::ace chemistry of impurities, hydrogen absorption and dif-

fusion through the walls and metal sputtering). In order to establish which 

mechanisms are of importance, an essential matter of concern is the nature 

of the surface plasma itself. 

1. Results to Present 

In experiments to the present, we have relied on optical and UV 

spectroscopy to attempt to measure impurity densities, particularly in the 

surface plasma, in an attempt to assess the problems of impurity influx and 

also to measure the hydrogen neutral density. 
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a) Hydrogen: 

Using a calibrated, grazing-incidence vacuum spectrometer we have 

measured the absolute intensity of the Lyman series lines, resulting in the 

evaluation of the integral J*nen(H0)di. along a horizontal diameter of the 

plasma. Using a visible spectrometer, we find the width of the Balmer lines 

are Doppler broadened, implying an atom energy ~4 eV. For the plasmas cur-

rently produced in EBT, neutrals with this energy have a mean free path 

for ionization greater than the plasma diameter and we may take n(H°) 

constant along the plasma radius. With this assumption, we can obtain a 

value for n(H°) using the interferometer measurement of nJL. The value 

obtained is n(H°) =s 2 x cm with an uncertainty of approximately a 

factor of two. 

This figure is at least an order of magnitude lower than the value 

calculated from ion gauge readings. This fact is not surprising if one 

considers that virtually all the hydrogen atoms observed spectroscopically 

are fast (several electron volts) while the ion gauge probably is measuring 

only the thermal neutral density within its glass container. However, a 

quantitative relationship remains to be identified between the ion gauge 

indications, the fast atom density and the mechanisms which allow recircu-

lation of the escaping hydrogen ions off the walls and back into the plasma. 

For this purpose, the detailed velocity distribution of the neutral atoms 

must be measured. 

b) Impurities: 

Measurements of the impurity densities have been made with the grazing 

incidence spectrometer with two objectives in mind: 1) the determination 

of the absolute impurity density, and 2) an estimate of electron temperature 
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from the observed impurity charge states. The second objective results 

from a consideration of the equilibrium equation for the density of an ion 

charge state 7?, nCZ-1) 

0 " T T 1 " nenCZj-1)<av)j - nn(^)<av> 3 + 1 
at e j-1 e J 

- n ^ X a v ) ^ 1 - ^ • 
J TCZ3) 

In this equation, the binary reaction rates for ionization and recombination 
j« ,-

are expressed by (av). , n is the electron density and T(ZJ) is the con-
3 e 

finement time for an ion in charge state Z. Since the cross sections are 

known functions of energy, if TCZ3) is sufficiently long (coronal equilibrium) 

the temperature may be inferred from the observed density ratios of states j 

and j-1. In fact, T(Z"') is found to be surprisingly short and we may 

calculate it from the same equation assuming T . 

nen(ZJ) neT(Z3)<av>?_1 

n n(zj_1) 1 + n T(zj) <av>j+1 + (av)?"1 
j 3 

i 8 The results show n T(2J] ~ 10 for almost all observable ion states of e 
nitrogen, oxygen, and carbon. In fact, for a reasonable estimate of 

11 -3 

ng ~ 3 x 10 cm in the region where these ions are confined, T < 1 msec. 

From this fact we conclude the ions are confined to the surface plasma 

where they are produced and escape rapidly to the wall before they can dif-

fuse deeply into the plasma. In this respect, the surface plasma plays the 

role of a natural divertor in the EBT configuration. 
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The measured densities of impurities are given in Table I. We here 

note a distinction between the sputtered metal impurity (aluminum) and the 

volatile impurities, C, N and 0 (carbon presumably entering in the form of 

methane or other stable hydrocarbons). The distinction becomes important 

when we noted that when operating with helium plasmas, these volatile im-

purity densities decreased by more than an order of magnitude. It appears 

that chemical reactions play a role in the evolution of impurities from the 

walls when hydrogen is used and this observation must be examined in much 

greater detail in the future. 

2. Future Spectroscopy Plans 

The observations described briefly above will be continued. For this 

purpose a new grazing-incidence vacuum spectrometer will be purchased with 

suitable interfacing for computer control and readout. This is necessitated 

by the demands for the present instrument for ORMAK (for which it was orig-

inally purchased). In addition, the optical spectroscopy will be expanded 

in attempts to determine both spatial -?-T-.d spectral information. For this 

purpose, scanning of the plasma in space will be undertaken, looking at both 

hydrogen and impurity ratiation. 

In order to implement the expanded spectroscopic observations, 

calibration procedures must be instituted. The open-ended machine, ELMO, 

can serve for a source of UV in which line-ratio techniques may be exploited. 

However, in addition, a spectroscopy lab will be required with suitable sup-

port to permit the development of filters anticipated to be required for 

both the UV and visible work and for various other standard calibration 

procedures anticipated. 
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Table 1. Density of Impurity Ion States Observed in EBT 
(Assume T g = 50 eV) 

Carbon 

Working Gas: Hydrogen 

Ion State n n ( Z J ) e _ 

C II 
C III 
C IV 
E C ( Z j ) 

5.0 x 10 
6.0 x 10 
3.1 x 10 

20 

20 

20 

1.4 x 10 21 

Ni trogen N II 3.2 X 1 0 1 9 

N III 3.0 x 1 0 1 9 

N IV 2.1 X 1 0 1 9 

E N ( Z J ) 8.3 x ,19 

Oxygen 0 II 1.2 x 1 0 1 9 

0 III 1.4 X 1 0 1 9 

0 IV 1.0 X 1 0 1 9 

E0(ZJ") 3.6 x 10 19 

Aluminum A£, III 5.0 x 10 20 
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As EBT-S becomes operational, a greater role is seen for this category 

of study. The penetration length of hydrogen atoms with energies of several 

electron volts becomes significantly less than the plasma radius at the 

anticipated higher densities in EBT-S and EBT-II. The mechanism by which 

replacement ions reach the plasma core must become better understood as the 

density rises. The velocity distribution of H° will be determinable by 

careful spectroscopy, as well as from charge-exchange particle studies. 

At the higher particle energies anticipated, impurity ion densities 

may also be expected to rise and a fertile field for study should be their 

charge state analysis — both as a diagnostic tool as indicated in Section 

A.3.2. and in the radial distribution of the impurity ions. 

An important category of study, not yet attacked experimentally in 

great detail, will be the space potential gradients in the plasmas in bumpy 

tori. The role space potentials play on drift orbits of confined particles 

is described in Appendix B. In the surface plasma region, the orbits are 

entirely controlled by the electric fields since the ion energies are so low. 

These fields therefore control both the confinement time and energy with 

which ions strike the walls, and thus the sputtering rates. It will be a 

major effort to establish best "limiter" conditions (potentials, materials, 

shape) to limit the amounts of sputtered materials under Bumpy Torus condi-

tions. Such a program will be undertaken in EBT-S as soon as funding and 

manpower can be made available. 

A final aspect of the program is the understanding of the surface 

chemistry appropriate to freshly condensed metal walls. An observation in 

the present experiments is that large amounts of aluminum from the vacuum 

walls become sputtered and recondensed on all the wall areas. Clearly, 
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such active metals play a large role in the chemical reaction of hydrogen 

with other chemically active impurities and provide an active pump-

ing surface in which energetic hydrogen atoms will stick, and in turn, 

diffuse. Some preliminary observations have already been made which shows 

hydrogen confinement in the walls which must be many atom layers thick. 

The role of the walls in future experiments are expected to remain a con-

trolling influence on the source of impurity and hydrogen particles and 

the control of this source can be envisaged with deeper understanding of 

the surface chemistry. 

3. Potential Determination in EBT 

In Appendix B the drift orbits for individual particles are shown to 

depend sensitively on the equilibrium potential gradients as well as on the 

magnetic fields. These potentials are of particular importance in the re-

gions where particles with particular pitch angles in the mirror midplane 

will drift to the wall, i.e., regions in which loss cones exist. As shown, 

the widths of these loss cones will critically depend on the ambipolar 

electric field. 

In addition, in the surface plasma region, where the ion energies are 

low, the lifetimes of particles are first determined by their drift velocity 

to the walls and the distance to be traveled. Again, the electric fields 

present are the determining factor in confinement. 

For this reason, we propose, in EBT-S, to install devices for measuring 

these electric fields. For the plasma close to walls, Langmuir probes can 

be applied and, in fact, have already indicated the magnitude of the poten-

tials which may exist. However, deeper in the plasma non-destructive 

techniques will be required. One approach is to use spectroscopic techniques 
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(i.e., line "slant") to measure the drift velocity of impurity ions. 

Although this may be applicable in some special cases, it is felt that a 

more generally useful tool would be an energetic charged-particle beam. 

In addition to the simple deflection, an ion beam will also be stripped 

of additional electrons in the plasma and an energy measurement of the re-

sultant ion will yield E^ + e<j>(r,t). The application of this technique is 

currently being considered for use in EBT-S. 

For this purpose, suitable funding is required for computer calculations 

of the expected ion orbits and for the necessary beam component requirements. 

Low-energy, high-mass beams should serve most effectively for potential 
+ 

measurements and a program in this direction (using, say, T£ at E < 100 keV) 

will be initiated. 
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OKM - D/.G 74-10544 

I + Radial Density Profile 

Fig. A-l. The last closed contour plotted for 
various values of V||/V at center of midplane. 
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WA IN CAVITY FL5 (ARB. U N I T S ) 

Fig. A-2. Plasma parameters vs. W . 
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Fig. A-3. Decay of the density and stored energy following 
partial interruption of the 10.6 GHz microwave power. 
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Fig. A-5. Location of •§• W^ points vs. toroidal magnetic 
field determined by an inner skimmer on S-3. 
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APPENDIX B 

SURVEY OF PARTICLE CONFINEMENT AND EQUILIBRIUM THEORY RESULTS 

For a high-beta, steady-state system the plasma equilibrium, particle 

orbits, ambipolar electric field and transport phenomena are closely coupled 

to one another and an adequate treatment of any one requires consideratioi 

of the others. We have determined a strategy for approaching this coupled 

set of problems in a way that provides intermediate or partial answers 

quickly and leads progressively into the full self-consistent treatment. 

Specifically, the inter-relations are: 

1. Equilibrium magnetic fields depend on the pressure profile. 

2. Guiding-center drift orbits depend on the equilibrium magnetic 

field and ambipolar electric fields. 

3. Transport rates, which together with sources and sinks determine 

the profile, depend on the guiding-center drift orbits. 

In this Appendix we consider the first two elements in some detail; the 

third element is considered in Appendix D. 

1. Equilibrium 

The basic algorithms for determining 3D equilibria have been developed1 

and a scalar pressure code operated extensively to gain insight into the ef-

fect of finite-P on guiding-center drift orbits. Some of the preliminary 

results will be discussed in this Appendix. Experience with this code indi-

cated some desirable changes in the procedures used and these have been 

incorporated into the tensor pressure code, which is currently in the debug 

phase. 
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Arbitrarily specified pressure profiles have been used in the codes 

to survey possible regimes of operation and the qualitative effect on 

guiding-center drifts. This information will be fed into transport codes 

as they become operational. Ultimately the loop will be closed so that 

the transport codes predict the pressure profiles. 

Since the ambipolar potential plays an important part in the guiding-

center drifts, it may be necessary to allow for non-static equilibria with 
—• —t 

flows due to the E x B drift. Thus, using scalar pressure as an example, 

one may wish to solve 

—» —• 2 j X B — Vp = Pv • W ; v = E x B/B 
This will require analytic work to formulate the problem in ways which are 

suitable for numerical solution. We anticipate that this will not dictate 

wholesale modification of present-day equilibrium codes. Given the values 

of (3 and ambipolar electric fields observed experimentally, it seems likely 

that the major modification will be that the pressure will no longer be a 

strict function of $dJt/B. 

2. Effect of Finite Beta on Drift Surfaces 

We now consider results obtainej from the scalar pressure equilibrium 

code. From Fig. B-l we see that the pressure is shifted from the center of 

the bore inward toward the major axis, because the pressure is required to 

be a function of <(>dj£/B. This inward shift should not be so pronounced for 

tensor pressure, since the radial shift of the pressure profile will be 

nearly that associated with the vacuum B in the raidplane. As indicated in 

Fig. B-2, these surfaces are nearly centered in the bore of the device. 
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For determining the guiding-center drift orbits, we use the constancy 

with those for the scalar pressure equilibrium with 3 ^ 50% (Fig. B—4)• 

Figures B-5 through B-ll show the effect of finite-g on the guiding-center 

orbits for various values of v||/v. An intuitive understanding of the 

phenomena illustrated can be gained by recalling that for E = 0 

and that the drift surfaces simply reflect bounce or transit time averages 

of V^. As can be seen by comparing Figs. B-3 and B-4, the contours of 

constant-B (and hence VB) are strongly modified by finite-0. However, the 

shape of the field lines and the curvature K are only slightly changed. 

Thus, particles with v =" v are strongly affected by finite-g while those 

with v =" V|| are hardly affected at all. The large extent of (super)-banana 

orbits for well-trapped particles (vj|/v = 0, Fig. B-5) is due to the scalar 

pressure model employed; the more realistic tensor pressure models should 

be much better centered in the bore and produce much narrower (super)-

bananas. For the higher values of V|j/v the (super)-bananas are caused by a 

competition between the curvature and VB drifts. The effect of more real-

istic pressure models on these orbits is difficult to predict, although 

better centering seems likely to improve them. 

To summarize these results on one graph, we have introduced the figure 

of merit (fraction of the bore with ideal confinement) F, where 

F " V a L 

and A^ = area of largest contour which does not intercept the shadow of the 

limiter, and A = area subtended by the shadow of the limiter. 

of e, n and J = We compare drifts in the vacuum field (Fig. B-3) 
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Figure B-12 shows F versus Vjj/v for both the vacuum and g = 50% case. 

As indicated by the fact that F is always greater than zero, some fraction 

of the bore is absolutely confined. However, some orbits intercept the 

limiter and lead to a "notch" in the F versus Vjj/v curves of Fig. B-12. 

Sir.ce an isotropic distribution function is constant when plotted versus 

vij/v, and the width of the notch is reduced by about a factor of two by 

finite-p, one might estimate that finite-3 reduces the number of particles 

in this lossy region by about a factor of two. Also, the "notch" in the 

finite-g case is moved from the transitional particle region into the 

passing particle region, providing better communication between sectors. 

3. Effect of E on Drift Surfaces 

To explore the effect of an electric field on particle orbits, we have 

considered the ad hoc electrostatic potential shown in Fig. B-13. Since qp 

is assumed to be constant along field lines, we can again use s, n and J 

to determine the drift surfaces. For simplicity, we consider particles 

with n = v = 0 (vj|/v = 1) so that 

£ fMvjj \ 

For low energy particle the I? x "3 drift dominates and particles closely 

follow potential surfaces. For the sign of the potential indicated, the 

1: x "§ and curvature drifts for ions are in the same sense and no (super)-

bananas occur (Fig. B-14). As the energy is increased, the orbits go 

smoothly from the potential surfaces to the less well-centered surfaces 

associated with no electric field (Fig. B-ll). 
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For electrons, the curvature drift is in the opposite sense and 

(super)-bananas occur for intermediate energies (Fig. B-15). On the leg 
— * — • 

of the (super)-banana closest to the center of the bore the E x B drift 

dominates, while on the other leg, the curvature drift dominates. At the 

tip the two drifts cancel. This is a general feature: two drifts of 

comparable magnitude and opposite sense about displaced centers produce 

(super)-bananas. 

In Fig. B-16, we show F, the "fraction of the bore," versus energy 

for Vj|/v = 1. The increase in F for low energy particles (relative to the 

case with zero electric field) is due to the dominance of the E x 1 drift 

and the fact that we have chosen a potential which is centered. The elec-

tron confinement is not as good as ion confinement because of (super)-

bananas. The number of particles which are in a given part of velocity 

space depends on the distribution function but we can crudely characterize 

it by JecppJ/kT. For larger values of jecp^j/kT, more particles are in the 

low energy region where better confinement occurs. 
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Fig. B-la. Pressure, p, and j>dj&/B versus R in the midplane for Z = 0 
The dashed curve indicates the vacuum version of <j?d£/B, while the solid curve 
is for g = 0.5. (B-lb) Midplane contours of constant <j>dX/B for g = 0.5. 
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(Fig. B-2a) 

(Fig. B-2b) 

Fig. B-2a. Vacuum B versus R in the midplane. (B-2b) Midplane 
contours of constant-B. 
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Fig. B-3. Vacuum contours of constant-B and field lines (dashed) 
in the equatorial plane for a single sector. 
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Fig. B-4. Contours of constant-B and field lines ( c l a s h e d ) for a 
p = 0.5 scalar pressure equilibrium. 
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R (Fig. B-5a) 

" (Fig. B-5b) 
Fig. B-Sa. B versus R in the midplane for P = 0.5. (B-5b) Contours 

of constant-B in the midplane. These contours are also drift surfaces for 
particles confined to the midplane (i.e., V|| = 0). For comparison to the 
vacuum case, see Fig. B-2b. 
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(Fig. B-6a) 

CFig. B-6b) 

Fig. B-6. Drift surfaces in the midplane for particles with v^/v = 0.65. 
Here v||/v = Jl — nB /e , where B0 is measured at the center of the midplane. 
(a) and (b) refer ° to g = 0.5 and P= 0, respectively. The dashed curve 
indicates the shadow of the limiter (coil casing). 
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(Fig. B-7a) 

(Fig. B-7b) 

Fig. B-7. Drift surfaces for v„/v = 0.71. In this sequence of figures, 
this case represents the boundary between trapped and transitional particles, 
(a) and (b) again refer to |3 = 0.5 and |3 = 0. 



n (Fig. B-8b) 
Fig. B-g. Drift surfaces for v„/v = 0.76; B-8a shows a (super]-banana 

on the top (and bottom, by reflection symmetry) for p- 0.5, LoweT values 
of vj|/v have (super)-bananas on the right, while higher values have them on 
the left. 



Fig. B-9. Drift surfaces for vu/v = 0.78, the value for which ideal 
confinement is poorest for the vacuum field. 



Fig. B-10. Drift surfaces for v„/v = 0.87, the value for which ideal 
confinement is poorest for g = 0.5. 
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R 
Fig. B-ll. Drift surfaces for V J J / V = 1 . The effect of g on these 

particle drift surfaces is not significant. 
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Fig. B-12. Fraction of the bore with ideal confinement, F, versus 
v,j/v for P = 0 and 3 = 0.5. 
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Fig. B-13. Assumed form of the electrostatic potential. It is 
assumed to be circularly symmetric in the midplane and constant along 
the field lines. 

Fig. B-14. Drift surfaces for a typical intermediate energy 
ion for which E x B and curvature drifts are comparable. 
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Fig. B-15. Drift surfaces for a typical intermediate energy electron 
for which the E x B and curvature drifts are comparable. Since the two 
drifts are in opposite sense, (super)-bananas occur. 
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Fig. B-16. Fraction of the bore with ideal confinement, F, versus 
energy scaled by the electrostatic potential. This is for V J J / V = 1 so 
that it is essentially independent of g. 



APPENDIX C 

EQUILIBRIUM AND STABILITY 

1. Introduction 

The original EBT proposal identified as critical research areas the 

stability both of the toroidal plasma and of the mirror-confined, hot-

electron annuli. In that proposal it was recognized that the annuli, if 

themselves stably confined, would create a region of decreasing j>dj£/B, 

thereby suppressing interchange instabilities and providing stable contain-

ment of a toroidal plasma. Evidence was also presented there that back-

ground neutral gas could suppress electrostatic flute modes in the annuli, 

which otherwise would be unstable in a simple mirror field having no end 

plates to provide line-tying. 

However, the finite beta of both the annuli and the toroidal plasma 

makes energetically possible various electromagnetic instabilities, de-

scribed either by fluid theories (MHD and guiding-center) or by kinetic 

theory (Vlasov-Maxwell), which are not stabilized by these mechanisms. 

2. Stability of the Annuli 

Consider first the stability of the annuli. The simplest high-beta 

theories which incorporate mirror confinement are the guiding-center plasma 

model and guiding-center fluid model. Because both of these possess energy 

principles, stability analyses similar to that for scalar pressure MHD can 

be carried out. An important class of instabilities is that of inter-

changes, or line preserving displacements, in which the perturbed magnetic 

field is everywhere parallel to the equilibrium magnetic field. A subclass 

of these consists of interchanges which do not perturb the magnetic field 

at all — these are the only possible instabilities at low beta and corre-

spond to electrostatic flutes described by the Vlasov-Maxwell kinetic 



BLANK PAGE 



C-2 

theory. We derived criteria for stability to interchanges.1 Because 

toroidal curvature does not alter the criteria significantly, we have 

studied their implications using two-dimensional, bumpy cylinder equilibria 

with parameters chosen to match the experiment. We solve numerically the 

guiding-center equilibrium equations 

* VO -r2 dP|i A ii + — • vii ' a v a dty 

a s l + (p^ - pj/B 2 . (CI) 

Various models of p^ and pjj, including scalar pressure, were chosen to 

guarantee mirror and firehose stability at the outset (e.g., o > 0 is the 

firehose stability criterion). The bumpy cylinder equilibria are stable 

to interchanges providing the following criterion is satisfied on each 

magnetic line: 

• 

with (•••) the <j>dj£/B average, and T > 0 the mirror stability criterion. 

This criterion has a number of implications for stability of the annuli 

which are relatively independent of equilibrium details: 

1. Interchanges are stabilized over the bulk of the annular plasma 

by the self-dug well, if the beta exceeds about 15%. 

2. Line-tying is apparently necessary at the outer edge because the 

plasma pressure extends somewhat beyond the lip of the self-dug well in 

the magnetic field. 

3. Near the peak of the pressure there is a potentially unstable 

region, but. it appears that this region could be stabilized by careful 

tailoring of the pressure profiles. 
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In the EBT the beta of the annuli is high enough (20-40%) that another 

class of macroscopic instabilities becomes energetically possible: pressure-

driven ballooning modes, which distort and stretch the magnetic field lines. 

As will be indicated in some detail, finite gyroradius theory (Vlasov model) 

indicates that these modes present no difficulties in regimes cf interest 

to EBT. 
2 

We have nevertheless derived stability criteria for these as well; in 

the 2D bumpy cylinder model they are stable if 
(HCT^odp^/dili + dpj|/di)i)/rB) £ 0 . (C5) 

Criterion C3 is much more difficult to satisfy than C2 because it involves 

only curvature, which is not altered appreciably by finite beta. The inter-

change criterion also involves vB which is strongly affected by the self-dug 

well. This curious result is due to j x 6B forces acting in concert with 

the forces associated with guiding-center drifts. Very carcful tailoring of 

the equii., , i cssure can apparently satisfy this criterion except at the 

outer ed^; line-tying of the surface then results in stability of the 

annuli to all guiding-centrr imuics. However, the stabilization mechanism is 

no delieatr th.it i 1 : . : liable in the EBT, where the large 

electron Larmor TC IM -H ; >•• , ..y strain the credibility of the 

guiding-cr-i • , . 1 1 11 k>ui i u• , ; \ mi -r. i In - uid ing-center model re-

quires 1 inr tylHI; to coiuiiirI ilit; «*lnI |>lilus uver (lie bulk "l UIL- plasn l<u 

stability. This i., ihm jmsiiiblc in toroidal geuniM ry, 

To elin the mechanisms involved, we turned to a more realistic 

Vlasov modoi incorporating the relevant forces in a slab geometry. The 

results indicate that with a low electron temperature and a simple pressure 

model the annuli would be unstable, with instability growth rates matching 
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those calculated from MHD. (The delicate stabilizing mechanism allowed 

in the guiding-center theory has not yet been investigated in the Vlasov 

theory.) B u t the EBT annuli have high-electron temperature, with electron 

drift frequency exceeding the ion-cyclotron frequency. In this regime the 

phase difference between the wave and the electron response is equivalent 

to line-tying in shorting out the expected instability.15 The result is 

that the best available theory predicts macroscopic stability of the annuli 

without the necessity for line-tying to end plates; the experiment likewise 

evinces stability of the annular component. 

3. Stability and Beta Limitations of the Toroidal Plasma 

For reactor applications a toroidal beta exceeding ten percent is 

desirable. In this regime ballooning instabilities of the toroidal plasma 

are possible which are not stabilized simply by decreasing <j>dii/B. To study 

these in full detail it is necessary to treat the toroidal and annular com-

ponents as an interrelated, multispecies plasma using the Vlasov-Maxwell 

equations. h'e propose to do this, but have taken first a simpler approach 

in which we consider the high-beta annuli to be rigid, noninteracting (on 

the stability time scale) "invisible windings" and seek stability boundaries 

and beta limitations on the toroidal component. For the equilibrium we 

solve the guiding-center equations (CI) self-consistently for both the 

annuli and a scalar pressure toroidal core. A modified energy principle 
4 

is used, and the least stable modes of the toroidal plasma are identified 

as localized, pressure-driven ballooning modes. However, the stabilizing 

effect of the annuli (mainly by creating a local well in which dB/dty is 

positive) allows maintainance of a toroidal beta comparable to the annular 

beta which is stable to all modes encompassed by the guiding-center or 
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ideal MHD theories. Present results are based on simple sufficient and 
2 5 

necessary criteria which bracket the critical toroidal beta. ' We are 

now implementing the appropriate Euler equations to refine these estimates. 

We conclude: 

1. For annular beta below 15%, no toroidal plasma can be stably 

contained. 

2. For annular beta between 20% and 40%, a toroidal beta somewhat 

greater than half of the annular beta can be stably contained. 

5. If the toroidal beta exceeds the annular beta by a small amount, 

the toroidal component becomes unstable to ballooning modes. 

4. The stabilizing mechanism depends more on pressure gradients in 

the annuli than on annular beta, although the two are related. Thus, a 

narrow annulus with large pressure gradients allows a greater toroidal 

beta than does a wide annulus with small pressure gradients. 

5. The results are relatively insensitive to the extent of the 

annuli along field lines as well as to the functional form chosen for the 

annular plasma distribution function. 
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APPENDIX D 

THEORETICAL STUDIES OF TRANSPORT PHENOMENA IN EBT 

1. Introduction 

In steady state the plasma density and temperatures are determined by 

the complex interplay of many processes. The characteristics of these 

processes, particularly the rates which determine the confinement of parti-

cles and energy within the plasma, are still the objects of experimental 

and theoretical research. Among these are 

1) Microwave heating of the electrons and the resultant formation of 

the hot-electron annuli; 

23 Radial transport of electrons because of random scattering by 

Coulomb collisions and interaction with the microwave fields; 

3) Radial transport of electron thermal energy by these same scatter-

ing events; 

4) Collisional transfer of electron energy to plasma ions; 

5) Radial transport of ions and ion thermal energy because of Coulomb 

collisions; 

6) Radial transport of ion thermal energy because of charge transfer 

between hot ions and cold neutral atoms; 

7) The formation of an ambipolar electric field to ensure electrical 

neutrality of the plasma through modification of ion and electron transport 

rates; and 

8) The reflux of particles at the chamber walls. 

In investigating plasma confinement in EBT, we are seeking to compare 

the classical transport theory with experimental observations. Because of 

the nonlinear interaction of the processes listed here, it is generally 

necessary to utilize computer codes to obtain self-consistent sets of 
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plasma parameters predicted to result from given values of externally 

controlled parameters, such as microwave power, magnetic field strength, 

and neutral pressure. Three such computer codes are discussed in this 

Appendix: a zero-dimensional (point model) code; a one-dimensional, fluid 

model transport code; and a microscopic, kinetic theory tiansport code. 

It is useful to have codes at these three differing levels of 

sophistication in order to permit effective analysis of global strategies, 

on questions of intermediate scope, and on the very detailed but fundamental 

processes active in the transport processes. 

2. The Point Model 

As a first step in assessing confinement in EBT, we have analyzed a 

very simple model in which all plasma gradients are assumed to have charac-

teristic scale lengths equal to the plasma minor radius. The resulting 

equations are informative and rather easy to solve. 

As more experimental data become available a modification could be made 

to incorporate more realistic gradient data; however, several uncertain 

parameters go together to make up a single number adjustable within limits. 

This number, representing scale distances, the poorly known constant factor 

in the neoclassical transport coefficient and the microwave power density 

at the plasma, is given three credible values and the resulting plasma 

performance parameters are calculated. 

This model deals only with spatially averaged values of the plasma 

parameter, replacing the spatial gradients by the inverse plasma minor 

radius. The model is described in Section D.7. It is entirely classical 

in that 
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1) energy is transferred from electrons to ions at the classical 

Coulomb rate; 

2) ions diffuse out of the plasma at a neoclassical rate estimated 

from the work of Kovriznnykh and Harris, discussed in Section D.S.; 

3) electrons are assumed to be lost at the same rate as the ions, 

although the ambipolar mechanisms responsible for this rate are not well 

known at this time (a particular mechanism is discussed in Section D.6.); 

4) ions are also cooled by charge exchange. 

The resulting set of coupled nonlinear rate equations is solved 

numerically to obtain self-consistent values of plasma parameters obtained 

with specified levels of microwave power. Typical results are shown in 

Figs. D-l through D-3 for three different power levels, corresponding to 
3 

7.5 kW, 15 kW and 30 kW, distributed uniformly throughout the 1.3 m cavity. 

Clearly, these estimates agree qualitatively with the experimental values. 

The Point Model shows that at high densities ion and electron 

temperatures are nearly equal; while at low densities the electrons "run-

away" to very high temperatures, sharply reducing the power transferred 

to the ions which then reach only a very low temperature. 2/5 
The maximum ion temperature varies with density as N , and the 

-2/5 minimum lifetime as N . Thus, the power required to sustain the plasma 
9/5 

at this operating point should increase with density as N . 

These scaling relations are a direct consequence of the (collisional) 

neoclassical transport rate and the classical power transfer rate from 

electrons to ions. In particular, if the ions are heated only through the 

classical binary collisions with electrons, the conditions for reaching 

the more favorable collisionless neoclassical confinement regime has been 
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shown to be (see Section D.7) 

-i i 
r6~M_ 2 

1 
m e 

For a pure hydrogen plasma, the right-hand side is typically around 10; 

so that collisionless confinement (with classical ion heating) requires 

Although the present theoretical estimates of the neoclassical rates and 

the anbipolar electric field, E , are too crude to permit reliable evalua-

tion of the critical aspect ratio, collisionless confinement is expected 

to require somewhat larger aspect ratio than in the present EBT. The maxi-

mum radial electric field consistent with stable confinement is clearly an 

important unknown to be resolved experimentally and theoretically (Section 

4 of this Appendix describes a careful approach to the theoretical side of 

this). It also appears from these rough estimates that nonclassical or 

auxiliary ion heating could play a useful role in achieving collisionless 

ion confinement even in devices of moderate aspect ratio. It is important 

to keep in mind the provisional nature of the Point Model. 

3. One-Dimensional, Fluid-Model Transport Codes 

The computer codes developed in support of the tokamak program may be 

applied to EBT in order to take into account the radial dependence of the 

processes listed above and to provide predictions of the radial variation 

of the plasma parameters. Dynamical treatments, required for the time-

dependent tokamak discharges, are not strictly necessary for the steady-

state EBT experiments; but their use for EBT has several attractive facets: 
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a) The level of computational difficulty in both static and time-

dependent approaches is similar; since iteration to solve implicit time-

independent equations is roughly equivalent to following the evolution 

in time from some initial "trial" state to a final equilibrium. 

b) The resulting equilibrium is guaranteed to be stable to those 

physical perturbations allowed within the model. 

c) The response of the system to transients is automatically 

established. 

The last point is expected to have practical application to the 

measurement of particle and energy confinement times by transient, 

partial interruption of the microwave power. 

To apply these techniques to EBT, it will be necessary to have 

refined theoretical values of the relevant neoclassical transport rates 

for particles and energy. This work is presently underway and is de-

scribed briefly in Section 5 of this Appendix. Similarly, since these 

rates are known to depend on the ambipolar electric fields, a careful 

treatment of electron heating and transport in the microwave-heated EBT 

will be required. A suitable kinetic theoretical formulation of the 

electron dynamics problem forms the basis of the third computer code de-

scribed next in this Appendix. Results from the last will be fed into 

procedures of the fluid code as they become available. 

4. Kinetic Transport Model 

The major purpose of the kinetic transport model is to predict the 

effects of microwave heating on the electron dynamics and to determine 

the self-consistent ambipolar electric field. The initial, simplified 

formulation, will predict the electron distribution function f(e,r) and 
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the radial electrostatic potential. A more detailed treatment will then 

allow us to determine the pressure tensor and interleave the transport and 

equilibrium calculations into a self-consistent system. 

Here we outline the techniques required for the first version of the 

kinetic transport model. The hot-electron annuli can be regarded as a 

spatially localized high-energy tail on the distribution function. Thus 

to describe both the toroidal core and the annulus we need as a minimum 

f(e,r); various moments of this distribution function, as well as the 

distribution function itself, can then be compared with the experimental 

results. 

Since neoclassical effects depend upon dispersion in the guiding-

center orbits, we also need to include 0 dependence which we will treat 

in a truncated fashion by using aspect ratio expansions. Parenthetically, 

note that since the hot annuli are composed principally of trapped parti-

cles while the toroidal core is more nearly isotropic, we should at a later 

date include pitch angle dependence through the adiabatic invariant n. 

Implicit in this formulation is the fact that Coulomb and microwave 

scattering are important on a drift time scale 'out not on a transit or 

bounce-time scale. This permits us to use a transit-time averaged version 

of the drift-kinetic equation. In addition, it lowers the number of con-

figuration space variables; since given we can predict a particle's 

position on a field line [('r>9) should be understood to refer to midplane 

coordinates and label field lines in the same way as general a,{3 

coordinates]. 

Thus for our model problem we consider a transit-time averaged drift 

equation for f(e,r,9) which has the general steady-state form, 



While the time-dependent equation could be used so that turn-on and Run-

off experiments could be modeled, the programming complexity without such 

a term is sufficient that we will initially interest ourselves with steady-

state production in this kinetic treatment. The term on the left allows 

us to take into account the neoclassical effects produced by dispersion in 

the drift orbits. ( vQ) transit-time averaged drift which in the 

present case has also been averaged over pitch angle. The coefficient a, 

b, and c on the left include the usual Rosenbluth-potentials for Coulomb 

scattering as well as terms representing the effect of the several fre-

quencies of applied microwaves. The term d includes sources and sinks 

[e.g., a term of the form d = v. . . . exp(-e/E. . )]. 1 & ionization ionization'J 

The term proportional to e represents spatial diffusion and can, for 

example, describe classical diffusion (i.e., the step size is a gyroradius). 

It is included mostly on the grounds that without second order spatial 

derivities, we could not specify appropriate boundary conditions (that f 

vanish on all sides of a box). While it seems clear that such a term must 

be present, the coefficient must eventually be derived from first principles. 

Similarly a derivation from first principles could reveal a cross-derivative 
2 

3 f/drde. For the short term we can regard e as an adjustable parameter. 

To make progress with this equation, we Fourier analyze in 6 and 

truncate the resulting set of equations. The left side of the equation 

can be written 



To lowest order we expect 

r D = r^ sin 0 

8 D = 9 q + B cos Q 

f = f0(e,r) + f^e.r) cos 6 + gjfe.r) sin 6 

Substituting these expressions into the left side of the kinetic equation 

yields 

df 1 r. 3 gl * , 
dx 

d f Q 
+ [r, -r— 8nf, ] sin 6 + O(cos 29, sin 20) , l o r • j i 

2 1 where we have used sin 0 = •j(1 — cos 20), etc. 

In general the coefficients of the right side of the kinetic equation 

will depend upon 0 through B (e.g., a = a^ + a^ cos 0). If we write the 

right side of the kinetic equation symbolically as 

C{f} = CQ{f} + C {£} cos 9 + D {£} sin 9 

then 

C{f) = CQ{f} + \ [C:{f} + D1{g1>] 

+ cos 0 [Ct){£1> + C ^ ^ } ] 

+ sin 0 [C0{gl> + D ^ ^ } ] 

+ 0 (cos 20, sin 29) 

Equating the terms which are independent of 0 on the left with those which 

are independent of 0 on the right yields: 

W = k c * ! i r r + § i g i - c i { f i } - D A « • C D 1 ) 
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Similarly, projecting out the cos (9) and sin(6) terms yields 

(D2) 

(D3) 

Thus we have a coupled set of elliptic partial differential equations in 

e and r which are susceptible to iterative solution. At any given stage 

we regard the right sides of these equations as known driving terms 

(known from the previous iteration"). As a first guess for f^ we can use 

results from the point or fluid models, or from experiment. We then 

solve Eq. (D2) for fj and Eq. (D3) for g1. Equation (Dl) can then be 

solved for an iterated version of f^. We continue cycling through 

Eqs. (Dl), (D2), and (D3) until we are satisfied with convergence. 

These second order, 2-D, elliptic differential equations are very 
2 

similar to those which we solve for equilibrium quantities (i.e., 7 cp or 

A <10 and can be solved using the same techniques. Experience with this 

type of equation indicates that a given case can be solved numerically 

in about a minute of 360/91 time. 

Once we have solved for the electron distribution function, it is 

trivial to determine the number density. From this and the ion number 

density the charge density can be obtained and Poisson's equation solved 

for the radial electric potential. The new electric field then changes 

(vQ> through E x B. By folding this computation of E into the iteration 

scheme, we can obtain a self-consistent ambipolar potential and distribu-

tion function for the electrons. In the course of iteration, care must 

be taken to insure overall charge balance and to prevent numerical insta-

bility caused by spuriously large electric fields. The techniques 
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developed for our equilibrium calculations shculd be sufficient for this 

purpose. 

Finally, the pitch angle dependence can be taken into account through 

the adiabatic invariant When this is done we can determine f(s,n,r) 

and the pressure tensor, which can be used in equilibrium calculations. 

This will allow a self-consistent determination of transport and equilib-

rium. 

While the ultimate goal of a self-consistent determination of transport 

and equilibrium can be fulfilled by the kinetic transport model, it has a 

long gestation period. In the interim, it can provide useful insights 

applicable to the fluid and point models to improve their predictive capa-

bility. We expect increased reliance on the kinetic transport model; we 

also expect continued reliance on the point and fluid models to provide 

more rapid and ecr^omical surveys of parameter space. 

5. Diffusion and Thermal Conduction Coefficients for the Bumpy Torus 

In the bumpy torus* the guiding centers of particles drift about the 

ring axis with an angular velocity ft determined by the curvature and field 

gradients due to the "bumps." A radial electric field will also contribute 

in the usual way to ft but we will discuss here only the density and tempera-

ture gradient driven transport. Superimposed on this is a drift velocity 

v perpendicular to the plane of the torus caused by the toroidal curvature. 

Both ft and v are functions of the particle velocity u. Collisions between 

particles cause u to change, and hence ft and v change, and hence the 

guiding-center orbits change. This results in a radial diffusion of 

particles and energy. 
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We can write a linearized kinetic equation for the distribution function 

f(x,u) in the form 
h . a f 

" r i r • e f ! • 

whero 

f = fp (r >u) + f^r.e.u) 

3/2 
f = „ cr) e " 2 T ( r ) 
f0 V J \2tr T(r)) e 

v = v^ sinQ r t 

and C is the collision operator. When this equation has been solved for f , 

the solution may be used to calculate the radial particle flux 

2 T R J R\ 
s = r | j d ^ u v f r J 2TT J r 1 

0 _ f d9 ,3 bi" 
r 2i? J d u T f l 

and the radial heat flux 
2TT 
J 
0 

The kinetic equation may be put in a more convenient form by writing 

fjCr.e.u) = foCr,u)0(u,e). Then 

" I f " 0 = ~ S i n 0 

where 

is the new collision operator and 

, , [ ~ 1 Sn 1 o l / n u 2 _ 
V « u ) = Vt [n 9 7 + T * / 2 ) \ ' 

Our scheme for solving the kinetic equation is to expand 0 in the 

eigenfunctions of the collision operator C At the present time we have 
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solved the equation and calculated S r and Q^ with the following assumptions: 

CI) Q is a constant given by ft = cE/rB where E is a radial electric field. 

(2) v is the toroidal drift 

vt = S T r i 
2 1 2 

u!l + 2 Ux 

C3) The collision operator C^ is either 

(a) The particle-conserving and energy conserving Bhatnagar-Gross-

Krook operator defined by 

\ 0 = - V 0 + v / d 3 u F0 + V ( ^ - - 3 / 2 ^ ) | j d3u ^ - 3 / 2 ) F0 

where v is a collision frequency and F = fp/n, or 

(b) The Fokker-Planck collision operator with constant coefficients 

defined by 

,2 
Cj 0 = v m dv^ 0 — v. 1 ov. 1 

0 

The particle and energy fluxes calculated in this way have the form 

2 \2 
" n: r 

.2 C1 n + C2 T 
/ a 2 ou \ 2 

Qr = " n T 
C 3 T + C 4 T 

where = eB/mc, a = 2T/muuc and c ^ c2> c 3 and c 4 are constants. Since 

these constants depend rather sensitively on our choice of collision 

operator, we think that our present results are not particularly reliable. 

Two limiting regimes are obvious from the formulae; the collisional, 

with v » ft, and fluxes v"1, and the collisionless, with v « Q and 

fluxes ~ v. A third regime discussed by Kovxizhnykh is the highly 
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collisional regime when v ?> electron bounce frequencies; this regime would 

apply only in very low temperature operation below about 10 eV. 

We are presently repeating the calculations using the more realistic 

Landau collision operator. Also, we are considering the case in which Q 

is not constant but depends on u. It does not appear to us that it will be 

prohibitively difficult to calculate reliable values of Sr and Q^. It may 

also be possible to extend these calculations to transport caused by the 

microwave field or turbulence. 

6. Radial Transport of Microwave-Heated Electrons 

Experiments in the EBT have indicated that in the stable regime of 

operation (the T-Mode) the plasma is weakly non-neutral, with a positive 

radial electric field. Here we consider the transport mechanisms available 

to microwave-heated electrons in such a radial electric field in order to 

demonstrate that the flux of electrons can be modified by the field to ensure 

ambipolar transport. If the electrons are electrostatically confined in some 

sense, we must anticipate that the potential will be given by e0 ~ t^ • W , 

where T. is the ion confinement time and W is the electron heating rate, x e 

We now demonstrate a neoclassical mechanism for achieving this result. 

Roughly speaking, an electron guiding center will execute a slow 

azimuthal drift in a circular orbit, centered about a point displaced from 

the ring axis of the EBT by an amount 

W Xn(r,8 .W) = £ 
0 V "t [-e<0'(r)> + W <B'/B>] 

Here r is the radius of the circular orbit, R̂ , is the major radius of the torus, 

W is the electron kinetic energy, and (0'(r)) and <B'/B) are the averaged 

radial gradients in the ambipolar potential and magnetic intensity. The 
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average is taken with respect to the "bounce" motion of the electrons along 

magnetic lines of force. The velocity-space angle 0 , is choscn such that 

3v = sin" 1 (VII/V) . 

For convenience we define 

E r ( r , e v ) = - (0' (r)> 

and . 
R ( r , 6 j s - (B'/B)" 1 

C v 

Then. 
r W 

X 0 ( r ' e V W ) = R t r K 
T e E r " R ~ c 

which we rewrite using a "transitional energy" 

W s e E R : 
t r e 

R
c W 

0 v' R W - W 

The transitional energy, W , is the electron energy for which the two com-

ponents of guiding-center drift velocity, due to 1? x ^ vB x ^ drnfts, 

exactly cancel. Note that W is clearly a function of space, r, and pitch 

angle, 0 v-

Next consider a succession of random changes in electron energy and 

pitch angle. The resulting changes in X^ are given by 

SX SX Q 

6 x o - a r w + a e ^ 6 e
v ' 

so that 



We first neglcct the pitch angle dependence of E on the assumption that the 

ambipolar potential does not vary significantly along a magnetic line of 

force. This may not be the case in a collisionless plasma. IVe next consider 

the least energctic electrons, those for which K << W . Then, provided 

the changcs in energy are sufficiently frequent relative to the changes in 

pitch angle, it is possible that 

6X . R W . c 6 K 

r KT CK - w r 

contains the dominant cffcct of the microwaves on the position of the guiding-

ccntcr drift orbit. This provides ;in immediate estimate of the spatial diffus 

r;ite caused by the microwavc heating: 
R v W 

Di 
f \ 

r ( J L J j 
• V (w - w) - J 

D,. ii 

where D^, is the diffusion rate in energy, and is usually specified through 

some heating rate: 

»» ^ J 3 7 ^ « 3 T 

The confinement time of these cold electrons (W << W ) is then expected to 

sati sfy 

f- ^ ( V ^ v r i 
Oj. 1 r Rc V lvt ) ^ Dh. ' 

where a is the minor radius of the plasma. Since quasi-neutralitv requires 

that this be roughly equal to the ion lifetime, we obtain a first estimate 

of W ; i.e., the ambipolar potential: 
2 f \ ^ W. = (e E R ^ D, • -r. • ( ) r c W i \ R.̂  ' 

1 1/2 W( T.) 
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Thus, Thus, ~ where WCt^) is the energy an electron reaches in 

an ion confinement time. 

Using typical values for microwave heating rates 10^ eV/sec) and 
- 2 2 ion lifetimes (10 sec), we would estimate 0 — 10 volts. The corresponding - 2 

estimate of the transitional energy is 

R 
a 
c • e0 > 

Since most electrons will achieve energies near Wt» the approximations used 

for simplifying are very questionable; and a more complete analysis 

including 66y as well as 6W is called for. 

7. Further Details of the Point Model of Power Balance in EBT 

If all spatially varying plasma parameters (and their spatial gradients) 

are represented by average values, a rough estimate of the self-consistent 

plasma properties can be obtained by solving a coupled set of njr.linear rate 

equations. The rates assumed in the present model are as follows: 

(1) The rate at which energy is transferred from electrons to ionc is set 

by Coulomb collisions. 

(2) The rate at which ions are lost from the plasma is given by the neo-

classical, guiding-center diffusion rate (see Section D.5.): 

Electrons are assumed to be lost at the same rate. 
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(3) Energy is lost from the plasma by direct particle flux at the Ci°n) 

neoclassical rate as well as by charge-exchange between hot ions and cold 

neutral atoms. 

. a v . ) 
( c x 1 ' „ 

i — = I + J L = I (i + 1 _ ) = I(i + — • 
t „ • T T T t t * i o n i z a t i o n e ' T 

I : , 1 C X cx 

F o r t h e e l e c t r o n s , 

N. 1 _ i. /i ionizationx __ 1_ 
TF e " T — T T 

2 e 

(4) In steady state, 
_ N. T. 

P _ £ i 
e.i r 

• E, i 

and 

- N T - N. T. 
P = I e e + J 1 1 

2 TE,e 2 TE,i 

- N T. /T S • \ 
— e 1 ( _£ . c x i y 2 t \T. Z J'' l 

since, for quasi-neutrality, ZN^ = Ng. 

(5) For the ion scattering rate we have taken the classical Coulomb rate, 

- 1 
Ni ( z * ) 

v = Z-3T2 25.8 

and the poloidal frequency is given by 

T. E T. ZeE R 
n _ i__ _r _ l r c 
w0 ZeBR a aB ZeBR a u T. J 

c c 1 

The provisional status of the guiding center diffusion rste and the energy 

loss rates should be emphasized. We shall comment on both rates after dis-

cussing the properties of the solutions to the coupied rate equations. 
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One intermediate result is of interest, in that it bears on the 

transition from collisional to collisionless confinement; i.e., the condi-

tions under which v/£!Q decreases below unity. One eventually finds another 

expression for VMQ from the equations on the previous page. 

r ' 2 1 1 / 2 
v3/2 Z S . / R \ , 12 M. v ; X cxi f c \ 4n —. / x_ _ . 

where X = T /T.. Since the minimum value of X^2/(X-1) is 1.5 ./T 2= 2.6, 

, r 

V < V , W Z e E _ R \ 2 V V 2 S - 8 V - 5 - -m m 

For estimated EBT parameters, but neglecting the ambipolar electric field, 

^^O^min ^ Including a moderate ambipolar electric field in this 

estimate can reduce (v/^0^min below unity. 

These coupled rate equations have been ;.olved for specified microwave 

power levels, and typical results are shown in Figs. D-l through D-3. In 

these examples ue have set R_ = 1.5m, R% = R /8, a = 10 cm, B = 0.65T, and i ^ i 
E^ = 0. The microwave power levels assumed here correspond to 7.5, 15 and 

3 

30 kW distributed over the entire cavity volume of 1.3m . For the lowest 

power density, Figs. D-4 and D-5 illustrate a case which differs only in 

the omission or inclusion of an arbitrary value of Er« The transition to 

collisionless confinement is indicated by the dramatic increase in the ion 

and electron temperatures. 
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The guiding-center diffusion rate used here has not yet been derived 

in an entirely satisfactory way. Kovizhnykh's result is for the case of 

strong radial electric fields, for which the particle's orientation in 

velocity space is unimportant. Recent derivations by Harris have indicated 

that the parametric form may be generally correct; but that the overall 

coefficient may vary significantly if the vB B drifts are comparable to 

the E x if contribution. Secondly, the rate of energy transport should 

include a contribution from thermal conductivity. Again, from Harris' 

work it appears that the thermal conductivity has th3 same general form 

as the guiding-center diffusion coefficient and could be included through 

an overall multiplier for the energy loss rate. Since no information on 

temperatuie gradients is available, we have chosen to lump together these 

uncertainties by treating the microwave power as a parameter. 

Eccause of these uncertainties in the theoretical rates, together 

with the lack of experimentally measured gradients, we can conclude only 

tentatively that there arc no large deviations from the neoclassical 

model. 
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N e (e lectrons/cm 3 ) 
Fig. D-l. The variation of ion temperature with electron density 

for three different power levels: 5.77 mW/cra^, 11.5 mW/cm3 and 
23 mW/cm3. 
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Fig. D-2. The variation of particle confinement time with electron 

density for the same three power levels. 
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A/e (e lec t rons /cm 3 ) 

Fig, D-3. The dependence of electron temperature on electron 
density for the same three power levels. 
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APPENDIX E 

THE EBT AS A REACTOR 

In this Appendix an estimate is made of the parameters which are 

consistent with a power-producing EBT. The system has not been optimized 

and is based on the provisional point model of classical transport dis-

cussed in Appendix D. Rather, initial computations have been made in each 

major area to scope the size and power levels associated with an EBT reactor 

and to form a framework to be followed in future detailed level of analysis. 

1. Ignition 

It is assumed that EBT will operate as an ignition device. To achieve 

ignition, 

p s p 
a Loss ' 

which is a simple formulation of Lawson's Criterion. Energy losses are 

assumed to be due to transport and bremsstrahlung radiation only so that 

^ O . S x 10" 1 4 N 2 JT V T 3 

cmJs 

and 

Pa = ^ T 1 = 3 5 2 0 k e V ) • 

Figure E-l shows Nt - ignition as a function of temperature. 

We use the collisionless regime (v « ft) neoclassical transport 

coefficient from Appendix D, and assume gradient scale lengt.i (dn/dr)/n 

~ a = plasma minor radius, to find: 

Figure E-l shows this NT as a function of temperature for three torus 
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aspect r?- . ics. Note for the temperature range shown the R/a = 10 case 
does not ignite and the R/a = IS and 20 cases achieve ignition at T •= 15 
and 12 keV respectively. 

2. Operating Density 
The operating de:. -ity of the device can be limited by either microwave 

penetration requirements or g limitations. Figure E-2 shows the acceptable 
density ranges as a function of temperature for various p and microwave 
frequency values. Note that for frequencies £ 100 GHz, g limitations 
p £ 0.2 are of no consequence. A frequency ,;-f 100 GHz and an operating 

14 -3 density of 1.2 x 10 cm have been assumed in what follows. 

3. Plasma Size and Neutron Wall Loading 
To determine the actual size of the device one additional constraint 

must be applied. In the present case the average neutron wall loading is 
2 required to be 1 MW/m . The approximate geometry, 

is used below where b = a/J~2 for a 2:1 mirror ratio and the discontinuous 
cylinders shown represent the plasma volume. The volume and surface area 
for the configuration with major radius R are, 
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„ 3 _ 2 / R \ 3 
t V T ] a 

i f ) 

so that, 

S = 2n2(-?-)a2 (l + 1 

J ? 

V _ _a_ 
S ~ 2.3 

2 

Finally, by equating the neutron wall loading requirement (1 MW/m ) to the 

flux produced, 

4.08 x 1014
 m a = cm , 

N <ov> 

the plasma radius can be computed. 

4. System Parameters 

Two possible systems were computed using these equations. Case 1 is 

an intermediate or experimental reactor system and case 2 is characteristic 

of a full power reactor. 

Case 1 Case 2 

R/a 15 20 
a 1 m 1.6 m 
T 15 keV 12 keV 
N 1.2 x 101* cm-3 1.2 x 101* 
3 0.18 0.13 
vn 100 GHz 100 GHz 
V 250 m3 1260 m3 

P F / V 2.77 W/cra3 1.76 W/cm3 

PF 692 MW(t) 2216 MW(t) 
PN/s 1 MW/ra2 1 MW/m2 

cm"3 
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5. Power Requirements foi otartup 

In the collisionless regime, 

w a ( J L \ 2 .3/2 

If the threshold for collisionless operation is taken approximately to be 

v/QQ = 1, where v is the collision frequency ?nd Q^ the precession frequency 

and 

eBR a / 2 \ . V c e_ ^ 2n A 1 
"o T S / 2 25.8 ^ ^ ' 

collisionless operation occurs for T £ 4 keV for the case 1 system. The 

supplemental heating power required to sustain the toroidal plasma at 

temperatures between 4 keV and ignition (=15 keV) is given by, 

p s u s N ' v [ § + ° - 3 x 1 0 - 1 4 S T - 2 5 2 0 1.6 X 10~ 1 6 watts 

14 -3 
In Fig. E-3, the N = 1.2 x 10 cm curve shows the startup power require-

ments for the intermediate reactor. At T = 4 keV, Pgu » 250 MW which is 3 

equivalent to 1 watt/cm . 

There are two startup scenarios which may lead to a reduction in the 

maximum (microwave power) required for ignition: 
1) Low-density Startup 

2 

Since losses are proportional to N in the transport model assumed, 

the maximum power requirement is reduced by 83% (250 •*• 45 MW) if the startup 

is accomplished at a density of 5 x 10*3 cm-3 rather than 1.2 x 1014 cm-3. 

For example, as shown on Fig. E-3, for the intermediate reactor case, less 13 -3 than 50 MW will heat the 5 x 10 cm plasma to T ~ 10 keV where power and 



13 - 3 density can be increased to 46 MW and 8 x 10 cm , respectively. The 
13 -3 heatup continues at 8 x 10 cm until T = 12.5 keV where again power and 

14 -3 

density are increased to 46 MW and 1,2 x 10 cm , respectively. Heating 

to ignition then takes place at the operating density and less than 50 MW 

was required throughout the startup, although consideration has not yet 

been possible of the power required to sustain the surface plasma; this 

represents an area requiring further research. 

2) Restricted Cross-Section Startup 

Since 

T a (R/a)2 

and 

V a (R/a)a3 

there are dual advantages in heating a plasma with reduced cross section 

and, therefore, larger aspect ratio. For example, in Fig. E-4 a heatup 
14 -3 

which takes place with N = 1.2 x 10 cm and less than 20 MW is shown. 

Initially, the intermediate reactor plasma cross section is limited to 

a = 0.5 m so that R/a = 30. After the plasma has heated to T = 6 keV, a 

power inpuV. of 10 MW is maintained and the cross section is increased 

until P. ~ 1 m and R/a = 15. Continued heating results in ignition at full 

operating conditions. 

Detailed analysis of these possible startup scenarios is required. 

The mcsns of controlling density, restricting the cross section and the 

basic plasma stability during the processes must be considered. Separately 

the two methods lead to significant reductions in startup power. Collec-

tively the effect may be even more pronounced. 
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6. Power Required to Sustain the Annulus 

The power required to sustain the annulus was given in Appendix D of 

ORNL-TM-3694, November 1971, as, 

4 T 2 5 / 2 

• mc ' >— * 

+ I 5 T ( 2 * - T ) | w a t t s ' 

x mc ' J 

2 

In the brackets assume that mc /T » 1. For the intermediate reactor case 

the equation becomes P A = 2.3 x 108 V A 3 a [0.2 g A + 0.08] 

Relating the annulus volume, VA, to the plasma volume, we obtain 

where 6 is the annulus thickness, and L / 2 T T R is the fraction of the major 

circumference occupied by the annulus. (Based on the present experiment 

L/2TTR ~ 0.1.) Per 3 A » 0.25, 

P A = l ' 7 * v ( f ) • 

If it is assumed that the thickness of the annulus is 0.01a, the power 
3 

rsquired to sustain the annulus in the 250 m intermediate reactor is 

P. = 4.3 MW . A 

In the reactor plasma the alpha particles may provide the stabilizing 

annulus. This possibility will be considered in detail in the subsequent 

study. 



7. Conclusions 

The foregoing calculations suggest that more detailed analysis of the 

EBT as a potential reactor are warranted. There are no fundamental prob-

lems which a priori prevent considering the extension of EBT parameters to 

the reactor regime. 
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T (keV) 

Fig. E-l. Lawson ignition criterion and neoclassical transport 
for EBT systems with toroidal aspect ratios 20, 15 and 10. 
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T (keV) 
Fig. E-2. Acceptable operating ranges in plasma density: B limit 

and microwave cutoff. 
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ORNL-DWG 75-6401 

Fig. E-3. Low density startup scenario for EBT reactor: 
50 M1V maximum microwave power required. 

less than 
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Fig. E-4. Restricted cross-section startup scenario for EBT 
reactor: less than 20 MW maximum microwave power required. 



APPENDIX D 

TECHNOLOGICAL ASPECTS OF THE ELMO BUMPY TORUS (EBT) 

1. Introduction 

The ELMO Bumpy Torus uses the same technology employed in the ELMO 

high-beta mirror plasmas. It is a versatile and flexible experimental 

facility for the investigation of high-beta toroidal confinement augmented 

by the mirror-confined, high-heta, hot-electron plasma. The facility was 

designed around: 1) utilization of existing microwave heating equipment; 

2) attaining the maximum in operational flexibility [permitting a wide 

variation of contoured cavities]; and 3) obtaining the most experimental 

flexibility with emphasis on diagnostics access. The total cost and scope 

of the effort involved was quite modest for a facility of this size because 

of the tailoring of the experiment to existing power supplies and auxil-

iaries, and because the design was deliberately not predicated upon the 

results of difficult or unproven technologies. The achievement of these 

design objectives has been demonstrated in the 1<;- years of EBT operation. 

The machine parameters at this time are as follows: 

NOMINAL EBT PARAMETERS 
Present EBT 

Magnetic Field 6.5 kG Midplane - 13 kG Mirror 
Magnetic Field Power 10 MW 
Torus Volume ==1,351 Liters 
Major Radius 150 cm 
Aspect Ratio = 10:1 
CIV Microwave Power 

ECH Microwave Source 30 kW CW - 18 GHz 
LORH Microwave Source 30 kW CW - 10.6 GHz 

Mirror-Confined Electron Plasma Ring Parameters 
nQ st io11 T * 0.1 - 0.2 MeV 0 ~ 0.1 - 0.4 e e 

Range of Toroidal Plasma Parameters 
n = 1 - 4 x 1012 SO < T <200 eV 20 < T. < 90 eV e e n 

100 < T. <500 eV 12 



F - 2 

2. Site Considerations 

The ELMO Bumpy Torus facility is located on the second floor of 

Building 9201-2, immediately to the west of and adjacent to the ELMO facil-

ity, as shown in the site plan view of Fig. F-l. A photographic view of 

the torus proper in its radiation shield is shown in Fig. F-2. The plane 

of the torus is horizontal and the device is enclosed by an octagonal lead 

x-ray shield of 6-in. nominal thickness and 8-ft height above existing 

floor level. The shield, which is fabricated of precast modules, includes 

a "maze" entry and a man-lift entry provided for personnel access. The 

shielded enclosure also incorporates a removable roof of 3-in. nominal lead 

thickness to reduce scattered Tadiation. The shield is designed to provide 

an attenuation factor of approximately 10^ for the expected x-ray energy 

distribution at the inside of the wall, and thereby to reduce the maximum 

personnel exposure level to less than 1 mr/hour at the outside of the 

shield. 

3- Torus Construction 

Constructional and magnetic field details of the ELMO Bumpy Torus 

are shown in the cross-section view of Fig. F-3. The magnet coils are con-

ventional water-cooled copper construction utilizing hollow copper conductor 

with multiple parallel water paths and a single series current path. The 

mirror coil magnet design was optimized in shape and current density and 

considerable care was taken in design, construction and assembly to assure 
4 

a minimum flux line closure error which was measured to be one part in 10 . 

This configuration provides the maximum cross-sectional area for the toroidal 

circulation of the just passing particles for the chosen mirror and aspect 

ratios. The resulting field configuration has a mirror ratio of 2:1 with 
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24 bumps and a 10:1 aspect ratio. Maximum midplane magnetic mirror field 

is 6300 gauss when operated at a current of 7000 amperes at 350 volts from 

each of the dc generators. Maximum cooling water requirement of 1200 gal-

lons per minute will be easily handled by the existing demineralized water 

system. If the outputs of eight 2.5-MW dc generators are employed to ener-

gize the coil system, the water cooling is adequate for 9.43-kA operation, 

giving an 8.5-kG midplane field, necessary for scale-up to EBT-S. 

4. Vacuum Mechanical Assembly 

The vacuum tank is formed by bolting flanged cylindrical segments to 

the adjacent coil bobbins. One flange of each segment is attached to the 

outer shell through a relatively thin deformable annular "diaphragm" to 

prevent adverse build-up of angular fabrication tolerances. Each tank seg-

ment is water-cooled and incorporates flanged radial ports located about 

the circumference for vacuum pumping, gas feed, microwave feed, skimmer 

probe limiting and diagnostic access. All flanged joints and openings were 

designed to have both microwave and vacuum integrity. 

Support for the weight of the coil and vacuum tank assembly as well as 

magnetic force restraint is provided by a cluster of stainless steel pipe 

columns located directly underneath the toroidal axis and supported from the 

concrete floor. Each of these columns is topped with a plate to which the 

coil bobbins of adjacent coils with intermediate tank sections are attached 

through structural webbing to form a subassembly. The columns were accu-

rately located and leveled prior to final assembly. Triangular bracing to 

the floor is provided to complete the support structure. The lateral column 

elasticity permitted shimming the bracing structures prior to anchoring in 

order to effect precise mechanical assembly. Eight of the columns serve a 

dual function as conduits for cooling water and support elements. 
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5. Microwave Power Sources 

The 18-GHz power source which is used for bulk heating in the ELMO 

Bumpy Torus facility consists of two solenoid-focussed five-cavity type 

VA-934A klystron amplifiers driven by the output of a single reflex klystron 

oscillator. The two VA-934A amplifiers deliver a power output in excess of 

30 kW CW. A similar 30-kW, 10.6-GHz source is used for profile heating. 

Load isolation for the amplifiers is provided by ferrite circulators. Re-

flected power sensing in combination with fast crystal switches and power 

supply crowbars is used for waveguide arc protection. A complete system of 

safety interlocks is incorporated for protection of personnel, tubes, and 

associated equipment. 

The power output of the klystron amplifiers is divided into 24 parts 

to provide separate feed of both bulk and profile heating power to each 

individual mirror region of the torus. Provision of separate power feed to 

each mirror region is considered desirable for balanced excitation because 

of plasma shielding effects. 

6. EBT-S 

Although the EBT experiment is a low-field experiment that did not 

involve any state-of-the-art technology in any of the areas in fusion plasma 

engineering, it did demonstrate the feasibility of multiple-feed microwave 

coupling and very high magnetic field uniformity. It also demonstrated the 

advantage of a high-speed pumping system with a large amount of gas through-

put in order to take advantage of the clean-up that accrues from this flush-

ing mode of operation. The experience gained in many of the detailed areas 

of technology in the EBT experiment are also very useful, such as the high-

speed gas control, the microwave coupling circuitry, and the compatible 
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microwave cavity vacuum wall system. The EBT experimental results were 

describsd ?arlier in this document and the successor to the EBT, EBT-S, is 

an adaptation of this same experimental facility which is achieved by in-

creasing the magnetic field by about 40% over the present nominal value. 

Coil tests supporting this design change, performed on coils A2 and A3 are 

described in the Addendum to Engineering Sciences Memo No. 106, "ELMO Bumpy 

Torus Modifications for 8.5 kG Central Field Operation." This can be accom-

plished by adding two more motor generator sets to the magnet power system 

and running the appropriate transmission cables and power subdivision bus-

sing to the coil banks on EBT. The typical dc power required for the mag-

netic field will be of the order of 16 MW in order to provide a resonant 

magnetic field miiTor ratio of 1.4:1 for the 28 GHz, 200-kW CW microwave 

power bulk heating source. 

The upgrading of the system will also require more protective circuits 

for the water-cooling system and a slight rework of the support structure. 

The development of the 200 kW, 28-GHz microwave power system, which is de-

scribed in the Microwave Technology section, is absolutely essential to the 

realization of the EBT-S experiment. The cutoff density for the 28-GHz bulk 

heating power source is two times higher than that for the 18-GHz source in 

EBT and the power increase will allow for gre^ r electron and ion tempera-

tures by about a factor of 2jg, so that the plasma design parameters for the 
12 

experiment are a peak density of 6 x 10 , a peak T-Mode electron temperature 

in the neighborhood of 400 eV, and a bulk ion temperature of about 150 eV. 

These are diagnostically convenient parameter ranges in which to work and 

they will greatly facilitate our scaling studies for the EBT-II. 
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The EBT-Scale is i »pected to go into operation approximately one and 

one-half years after the start of construction, which should commence 

almost immediately after review and approval. 

7. EBT-II 

EBT-II is intended to be a 30-kG nominal midplane field device in 

which we hope to study a high-density, high-power, high-beta ring plasma 

stabilized bumpy torus. The design details of EBT-II are much less definite 

than are those for EBT-S, simply because design engineering time has not 

been spent on this concept. But we hope in FY 1976 to start a serious de-

tailed design of EBT-II, given the approval for such activity. We do know, 

however, that from very broad kinds of technological and scaling considera-

tions from the information learned from the EBT, that EBT-II will have a 

plasma volume similar to EBT, and it will have probably a higher aspect 

ratio, perhaps as much as 20:1, again employing a 2:1 mirror ratio in the 

bumps. 

EBT-II will necessarily be a superconducting device, but we expect it 

to be made from commercially supplied superconducting coils. Keeping the 

coil geometry fixed, a conventional copper scale-up to the 60 kG and 12-in. 

bore desired for EBT-II would call for 500 MW. Although this value could be 

reduced appreciably by a coil design that emphasized power efficiency, the 

steady-state nature of EBT makes it much more reasonable to pursue a super-

conducting design. Because of the required combination of high current 

density and high field strength at the conductor, the superconductor itself 

would be Nb^Sn rather than the more conventional NbTi. The design must be 

conservative since the effect on machine operation would be serious if the 

field strength were not high enough to permit proper electron resonance 

with the fixed-frequency microwave heating field. 
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No toroidal magnet systems have been built using Nb^Sn, but based on 

experience with single circular coils and on the performance of the IMP 

quadrupole coils (which were subjected to asymmetric magnetic forces), a 
2 

tentative winding current density of 12,400 A/cm has been chosen as the 

design value for coils wound from the ribbon conductor. Parameters which 

influence this choice include a maximum field at the conductor (based on 

uniform current density) of 9.0 T parallel to the wide face of the ribbon, 

a maximum field perpendicular to the wide face of 5.0 T (the total field 

strength ?.t that point is 5.9 T), and a coil bore of 15.2 inches (38.6 cm). 

This latter value is set by the required clear bore and the required thick-

nesses for thermal isolation and mechanical strength. For reference, the 2 

IMP quadrupole coils had 13,500 A/cm , 8.2 T maximum field, 6.2 T maximum 

perpendicular field, and a racetrack-shaped coil throat 31 in. by 6 in. 

Figure F-4 shows a vertical section through a coil midplane normal to 

the axis. The coil case is supported at the top by a helium header. The 

header is a rigid ring encircling the torus axis, so that it will support 

not only the gravity loads, but also magnetic loads which tend to move the 

coil toward the torus axis. To prevent torques about the header support 

point, the inward magnetic load is also resisted by tension rods anchored 

to a room temperature support which could also be in the shape of a ring. 

The system must be designed so that it will not be damaged by the inadver-

tent quenching of any coils. Therefore, what shows as one tension rod in 

the figure must in reality be more than one, anchored at more than one 

azimuth on the support ring, and azimuthal support must also be provided 

at a third point on the coil case. This third-point support could be the 

supply helium header and the upper header used for gas venting only, if it 
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were thought desirable to provide forced flow. Tension members are shown 

connecting hot and cold structural members, this being a standard way to 

reduce the heat leak; honeycomb struts would give compressive and bending 

strength while maintaining a similarly large ratio of length to cross-

section. 

Figure F-5 is a vertical section containing the coil axis. The coil 

winding would be conventional pancake structure, with the liquid helium 

bath in contact with the edges of the conductor. Pool boiling (or forced 

flow) at slightly over one atmosphere would be used, the coil case being 

leak-tight. Next out from the coil case is a vacuum region with multilayer 

reflective insulation, then a liquid-nitrogen-cooled heat shield, another 

zone of reflective insulation, and finally a double-wall jacket containing 

flowing water to intercept the 25 kW heat load per coil (approximately 
2 

150 to 300 W/in. ) which would be deposited by the plasma. The jacket just 

mentioned would connect to adjacent cavity spools, thus "ormir.g the vacuum 

vessel in which the plasma would be contained. Since the main plasma heat 

load is on the coil can throats, an overall bell-jar vacuum enclosure has 

little advantage, and was ruled out because it would interfere excessively 

with experimental use of the machine. Plasma space in the throat of the 

coil is very critical, and during design an effort will be made to minimize 

the total distance between the coil windings and the plasma volume. For 

example, Fig- F-5 assumes the interior surfaces of the water-jacket wall 

contain grooves for water flow and are metallurgically fastened together 

so that they can be thinner. 

These preliminary design studies were conducted to bracket the level 

v-z difficulty of a scaled-up EBT magnetic configuration. Because of the 
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freedom from pulsed fields, and because the field and force asymmetry (the 

ratio of maximum to minimum fields found in a coil bore is 1.02) and mag-

netic coupling between coils are relatively Sow, the magnet design for a 

scaled-up EBT appears less formidable than many other fusion plasma magnetic: 

design problems. 

In EBT-II, bulk heating will come from five 200-kW, 2.3-mm microwave 

sources, and profile heating from two 200-kW, 3.3-mm CW microwave sources. 

These sources will be developed in the high-power millimeter microwave 

source program as an evolutionary consequence of the 1-cm EBT-S source 

development program as discussed in the Microwave Technology section. 

Although we can only give rough scaling of the parameters for EBT-II 

at this time, the information gained from EBT-S, along with the improved 

theoretical modeling, should greatly firm up these parameters. Presently, 

we expect the density to be in the neighborhood of 10*^ and the ion-electron 

temperatures to be in the kilovolts. The device will require approximately 

2|\ years for construction and we expect the construction to start no earlier 

than FY 1978. 

Tables 1 through S show the calendar for EBT, EBT-S, EBT-II, and for 

the design, development, construction and operation programs that go with 

these efforts, stretching through the periods FY 1976 through FY 1980, 

FY 1982. 



Table 1. Overall Schedule for the EBT Experimental Program. 

Funding Period 

Operation 

Construction 

Design 

1976 3 Mos, 

EBT 

1977 

EBT-S 

EBT-II 

1978 

Fiscal Years 

1979 j 1980 

EBT-S 

1961 1982 

EBT-II 

EBT-II MDF 

Lb'fR 



Table 2. Manpower and Money Estimates for the EBT Experimental Program in FY 1976. 

Fiscal Years 

Funding period 

Operation 

Personnel (MY) 

Scientific 

Engineering 

Crafts 

Funds (MB) 

Operation (Construction) 

Capital 

1976 3 Mos. 

EBT 

5.0 

4.5 

9.0 

1.200 

0.600 

1.5 

1.5 

3.0 

0.4 

0.075 

1977 1978 1979 1980 1981 1982 



Table 3. Manpower and Money Estimates for the Microwave Technology Development Program. 

Fiscal Years 

Funding Period 1976 3 Mos. 1977 1978 1979 1980 1981 1982 

Personnel (MY) 

Scientific 2.0 O.S 2.0 1.0 1.0 1.0 

Engineering 3.0 1.0 3.0 4.0 4.0 5.0 

Crafts 2.0 0.5 2.0 3.0 3.0 3.0 

Funds (MB) 

Development and 
Operation 0.40 0.12 0.40 0.5 O.S 0.5 

Capital 0.04 0 :\5 0.15 0.1 0.1 

Subcontract 0.70 0.22 0.70 0.70 0.5 0.5 



Table 4. Manpower and Money Estimates for the EBT-Scale Experimental Program. 

Fiscal Years 

Funding Period 1976 3 Mos. 1977 1978 1979 1980 

Construction EBT-S Operations 

Personnel (MY) 

Scientific 6.0 7.0 8.0 

Engineering 3.5 1.0 3.5 4.0 4.0 

Crafts 5.0 1.5 12.0 10.0 10.0 

Funds (MB) 

Design 0.075 0.02 

Construction 0.305 0.100 

Capital 0.500 

Operation 1.561 1.6 1.7 

Capital 0.143 0.150 0.150 

1981 1982 



Table 5. Manpower and Money Estimates for the EBT-II Experimental Program. 

Fiscal Years 

Funding Period 

Personnel (MY) 

Scientific 

Engineering 

Crafts 

Funding (MB) 

Design 

Outside Procurement 

Construction 

Capital 

Operations 

Capital 

1976 

2.0 

1.0 

0.19 

3 Mos. 

0.6 

0.3 

0.055 

1977 1978 

1.0 

5.0 

0.413 

1979 

10.0 

4.0 

10.0 

More accuratc cost ertimates for 
this period must await the design 
details. 

1980 1981 1982 

3.0 

3.0 

2.0 

3.0 

3.0 

2 . 0 

1.0 

1.0 

0.5 

2.0 

0.250 
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Fig. F-l. EIMO Bumpy Torus Location Plan. 



Fig. F-2. The ELMO Bumpy Torus (EBT). 



Profile Resonant Heating (10.6 GHz) 
ORNL-DWG 7«-2066£-R 

• Primary Resonant Heating (18 GHz] 

EBT Mod-B Contours ( - ) , Flux Lines ( — ) , and Heating Geometr" ( / / / / , ) 

Fig. F-3. Cross Section of EBT Cavity Coil Configuration. 
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Fig. F-4. EBT-II Magnet Coil - Vertical 
Section Perpendicular to Coil Axis. 
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Fig. F-5. EBT-II Magnet Coil - Vertical 
Section Containing Coil Axis. 



APPENDIX D 

MICROWAVE DEVELOPMENT AND TECHNOLOGY PROGRAM 

1. Introduction 

The ongoing Microwave Development and Technology Program is an 

outgrowth of support activities conducted for many years as an integral 

part or the ORNL High-Beta Plasma Program. Its broad purpose is the 

development of microwave and millimeter-wave methods, techniques, compo-

nuits, and systems for plasma heating relevant to the controlled fusion 

effort. Emphasis upon the development of high-power, high-frequency 

(short wavelength) systems is thus implicit. Continuation of this pro-

gram in close collaboration with the EBT effort is considered essential 

because of the inherent "applied" nature of technology programs and the 

resulting aspects of mutual dependence. Justification for this effort, 

however, lies not only in the direct technological support of the EBT 

programs, but also as the development of an alternative plasma heating 

method with widely-recognized broad potential application to fusion 

devices in general. 

Significant past accomplishments of the Microwave Technology Program 

are exemplified by the microwave power systems presently used on EBT. 

These systems demonstrate: the practicality of assembly, management, and 

control of large microwave power sources employing multiple plasma-device 

inputs using both conventional and oversized waveguide transmission lines, 

efficient coupling and matching of these transmission lines to plasma 

devices, compatible design criteria for utilization of large power micro-

wave inputs in plasma devices, advance in the state-of-the-art of conven-

tional microwave tubes, and control and monitoring systems integrated into 

the experimental facility to provide for operational simplicity and 
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flexibility, equipment safety, and personnel safety. These systems 

therefore model the areas of effort required in the comprehensive future 

program. 

Past effort in this program has been divided into two major categories: 

1) Development and acquisition of active devices ( t u b e s ) and certain com-

ponents which has been accomplished by subcontract with private industry 

in order to take advantage of existing reservoirs of talent and resources. 

2) Application-oriented development of systems and components which has been 

accomplished by ORNL personnel. The same general division of effort 

between ORNL and private industry will be continued in the future 

program. 

The millimeter-wave power requirement for fusion devices is expected 

to be of the order of several MW in the general frequency range of 120 GHz 

(X. = 2.5 mm) by 1980. This frequency corresponds to electron-cyclotron 

resonance at 43 kG and is consistent with expected superconducting magnet 

development. 

2. Program Plan 

A. General 

High-power microwave systems for fusion plasma heating are comprised 

of three basic elements: 

1) A multiple array of active devices for conversion of dc power to micro-

wave power. 

2) Microwave transmission networks for efficient transfer and coupling of 

energy to the fusion device. 

3) Supporting electrical and electronic subsytems for overall system control 

and monitoring, operation of active devices, and safety. 
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Intensive complementary development effort is required in each of 

these categories for realization of multi-megawatt capability at 120 GHz. 

The key element is the development of active devices whereas the microwave 

transmission networks and supporting suosyste-ns involve the characteristics 

of both the active devices and the fusion device. Microwave transmission 

networks and supporting subsystems thus differ in design detail as required 

by the fusion device although the principles, methods, and components are 

generally the same. 

Although this program is scheduled to match the necessary evolutionary 

steps in active device development for the EBT program, the resulting tech-

nology has potential application to other fusion programs. Anticipated 

needs of the EBT program include an operational 200-kW CW system at 28 GHz 

(X ~ 1 cm) for EBT-S by mid-FY 1977, and an operational 2-MW system at 

120 GHz (X = 2.5 mm) for EBT-II by mid-FY 1980. 

B. Development of Microwave Active Devices 

Present average power output capability of conventional microwave 

devices in the 120-GHz frequency range is of the order of 1 kW. This capa-

bility has been limited by thermal considerations since circuit dimensions 

in conventional devices must be small compared to wavelength, large electron-

beam current densities are required, and inherent microwave power loss is 

large in very small interaction circuits. Present prospects for overcoming 

these limitations are slim. While the feasibility of using multiple power 

output devices and multiple feeds for plasma heating has been adequately 

demonstrated, the practical aspects of assembling such a large power source 

from presently available conventional devices are most unattractive; i.e., 

large capital cost, excessive complexity, inherent low reliability. 



The characteristics of microwave power sources for fusion devices are 

considerably different from the more conventional radar or communications 

applications. These differences involve primarily the fact that plasma 

heating requires only "raw" power in a general frequency range, whereas the 

more conventional applications by their very nature require a high degree 

of coherence, good frequency stability, low noise, specific bandwidths, 

modulation capability, etc. In addition, the "stationary" nature of the 

plasma-heating application relieves virtually all constraints upon size, 

weight, operating voltage, magnetic field requirements, and cooling require-

ments. These factors permit consideration of several promising device 

approaches traditionally rejected for conventional application. These de-

vice approaches may be divided into two broad categories: 1) linear beam 

devices employing slow-wave interaction circuits and operating at very high 

voltages, and 2) fast-wave devices employing microwave interaction circuits 

having phase velocity larger than the beam velocity. 

Many different types of devices in both of these categories have been 

previously proposed. Operating principles have been demonstrated in many 

cases, and encouraging experimental results have been obtained in several 

instances, e.g., the Ubitron, included in the category of fast-wave devices, 
g 

has demonstrated power outputs of 10 watts for a 50-nanosecond pulse dura-

tion in the 3-cm wavelength region. Serious development has, however, not 

yet been undertaken on very large millimeter wavelength microwave power 

output devices suitable for plasma heating. Such devices, in addition to 

previously-mentioned wavelength requirements of 2.5 mm, must have sufficient 

power output capability per unit (e.g., 200 kW) in order that a multi-

megawatt source may be assembled from a reasonable number of such units. In 



addition, since equilibrium times for microwave plasma heating are typically 

in the range of tenths of seconds, power output must persist for at least 

this time duration. Due to considerations of power density, power level, and 

thermal capacity, this limits available choices to devices having basic suit-

ability for CW (continuous wave) operation, whether intended for use with 

pulsed or dc magnetic confinement systems. 

Device operation at the 200-kW rf output level requires electron beam 

power of about 1 MW, based upon reasonable assumption of 20% dc-tc rf con-

version efficiency. This requirement makes operation at electron beam 

voltages of several hundred kilovolts a virtual certainty; due to current 

density considerations. The resulting increase in dimensions of the rf 

interaction structure due to relativistic effects is advantageous. Princi-

ples of forming and handling such large relativistic electron beams are well 

understood, although beam development and high voltage problems can still be 

expected to constitute a large fraction of the total device effort. 

Very substantial levels of effort can also be expected to be required 

on the rf interaction structure (both electrical and mechanical), thermal 

considerations, magnetics (for beam handling as well as a potential funda-

mental role in the rf interaction process) and microwave power handling. 

Very large oversized waveguide will be required for the microwave output of 

the device. Feasibility of construction of a compatible waveguide vacuum 

window will be investigated. In the event that such a window is determined 

not to be feasible, the device will be designed with an appropriate and 

compatible vacuum valve in the output waveguide to enable the device to be 

operated in a windowless oversized waveguide system. The device preference 

will be a power amplifier, as opposed to an oscillator, to facilitate 
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simultaneous low-level control of the outputs of multiple units in a large 

system. Development emphasis will include maximizing dc-to-rf conversion 

efficiency and minimizing unit device cost as important economic factors 

influencing potential application of large systems. 

A study program for consideration of feasible device approaches for 

production of 200 kW CW at 120 GHz suitable for fusion application is pres-

ently being conducted by Varian Associates under subcontract to ORNL. (A 

total of ten (10) such devices would therefore be required for a 2-MW sys-

tem.) The goal of the study is to determine feasible device approaches in-

cluding design parameters of the most feasible approach. Cost of the study 

program is $60K and completion is expected by mid-FY 1976. 

The ensuing development program for large microwave active devices can 

be divided into four distinct phases of effort, each estimated to require 

approximately one (1) year for completion. These efforts are as follows: 

1) Development of a demonstration device operating at the full 200-kW 

CW power output level, and incorporating all essential features of the 

120-GHz device, but scaled to operate at a frequency near 28 GHz. The large 

dimensions of the 28-GHz scaled device and the increased availability of 

28-GHz test equipment will simplify detailed evaluation and optimization of 

electron beam performance, rf interaction structure and performance, thermal 

behavior, rf output characteristics, and efficiency. The objectives of this 

phase of the program are the demonstration of feasibility and the delivery 

of a 200-kW, 28-GHz scale demonstration device. The scaled demonstration 

device will be used as the basic essential element of a 200-kW microwave 

plasma heating system to be developed as part of the overall program. Such 

a system is required for operation of EBT-S. 



2) Development of a 200 kW at 120-GHz demonstration device. This 

device will incorporate all essential elements of the required device in 

an operating configuration, but not necessarily in optimum form. The objec-

tives of this phase of the program are the demonstration of feasibility, 

and the delivery of an operable demonstration device. The demonstration 

device will be used to facilitate development of microwave transmission 

networks and electrical subsystems required for a complete plasma heating 

system. 

3) Development of a 200 kW at 120-GHz prototype device. This phase 

of the program is of an evolutionary nature during which the overall con-

figuration of the device will be optimized. Approximately four devices 

will be constructed and operated during this period. Objectives during 

this period are: the optimization of the device for compatibility with 

system application, reliability, efficiency, life, and lowest system cost, 

and the delivery of devices for use in system development and for later 

incorporation in a large prototype system. 

4) Device refinement concurrent with production in quantity as 

determined by system requirements. Ten (10) operating devices plus spares 

will be required for the proposed 2 MW at 120-GHz EBT-II system. Develop-

ment effort will further refine and emphasize device improvements which 

relate to suitability for the application, overall performance, life, 

reliability, and economics, and which can be implemented either in devices 

being produced, or in later modification of devices already existing. 

Overall development objective during this period is the further optimization 

of the device for the intended system application. 
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C. Development of Microwave Transmission Networks 

Highly specialized microwave transmission networks are required for 

efficient transfer and coupling of large amounts of millimeter-wavelength 

microwave power from an array of active devices to the required number of 

microwave inputs to an experimental fusion device. The present EBT, for 

example, utilizes two conventional fundamental-mode waveguide networks for 

the primary resonant heating power and the lower resonant profile heating 

power. Each of these networks provides for compatible simultaneous control 

and operation of multiple output devices (klystron amplifiers in this case), 

including multiple functions of load matching required for efficient power 

transfer, provision for monitoring of microwave power flow, provision for 

sensing waveguide arcs in order to prevent system damage, provision for 

control of torus inputs, both individually and in groups, and power division 

and distribution to each of the 24 sectors of the torus (as required by 

plasma shielding effects). Each network provides for a high degree of tol-

erance to varying plasma conditions through the use of specialized coupling 

structures, and provides for compatibility between systems operating at dif-

ferent frequencies through decoupling and extensive use of filter structures. 

In addition, the present EBT includes an oversized waveguide network employ-

ing moderately-oversized rectangular waveguide, and used briefly for appli-

cation of upper-off-resonant microwave heating power to .̂ ight (8) equally 

spaced inputs to the torus. 

The foregoing serves to indicate some of the multiple functions 

required of such networks, and to emphasize the highly specialized nature 

of the technology involved. 
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In summary, these microwave transmission networks are required to 

efficiently accommodate the physical separation and impedance characteristics 

of power output devices and the fusion device, to provide correspondence be-

tween power device outputs and fusion device inputs, and to provide for 

necessary sensing and ."nonitoring for safe reliable system operation. 

The cross-sectional dimensions of "conventional" fundamental-mode 

waveguides are proportional to wavelength, and thus become very small as 

frequency is increased to the millimeter wavelength region. Power handling 

capability decreases with decreasing cross section due to voltage breakdown 

considerations, and attenuation (power loss) becomes very large due to high-

frequency "skin-effect" and resulting ohmic losses. These factors make such 

transmission lines unsuitable for high-power operation in the millimeter 

region, e.g., standard RG-138/U (WR-8) coin silver waveguide used for the 

90 to 140-GHz frequency range has a theoretical CW power breakdown rating 

of 10 kW at 120 GHz, and attenuation of approximately 1 dB (20%) per foot of 

length. The capability of obtaining orders of magnitude improvement in power 

handling and attenuation through the use of oversized waveguide is well 

known. Such application is not straightforward for high-power application, 

however, due to the fact that many electromagnetic modes can propagate in 

very large oversized waveguide, progagation losses in general increase 

rapidly for higher order modes, and trapped-mode resonances can cause large 

amounts of power to be absorbed at certain frequencies resulting in a highly 

dispersive attenuation characteristic. 

Therefore, for satisfactory operation of high-power systems at reason-

able transmission efficiency, an exacting degree of control must be exercised 

upon the production of spurious modes and the elimination of trapped-mode 
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resonances. The design and application of even the simplest components 

(e.g., "bends" to accomplish change in direction) thus becomes non-trivial, 

and. much more exacting demands are placed upon components for power division 

and sampling. Elimination of trapped-mode resonances involves not only com-

ponent characteristics but also the manner in which components are connected 

(i.e., the microwave circuit) including the characteristics of the microwave 

source and coupling to the plasma device load. Oversized waveguide networks 

for very high-power millimeter wavelength microwave systems are thus highly 

specialized, requiring extensive general component development as well as 

microwave circuit development for the specific application. 

The development program for microwave transmission networks is comprised 

of two distinct phases, each culminating in the realization of an operating 

system complementary to the EBT program: 

1) Development of suitable microwave transmission networks for the 

operation of EBT-S at 28 GHz with 200-kW CW input. Preliminary studies of 

networks of this general type are presently under way. Detailed development 

is subordinate to the design of the active device, and will proceed con-

currently with the development of such device. The specific objective of 

this phase of the program is the earliest realization of operating systems 

required for EBT-S. More general applicability of the results of this 

development effort to other fusion devices is implicit. 

2) Development of microwave transmission networks for the operation of 

EBT-II at 120 GHz with 2-MW CW microwave input. This phase of development 

is again subordinate to the development of the active device, and to the 

design of EBT-II. Development will proceed concurrently with the develop-

ment of the active device. Design selection of suitable transmission line 
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including basic fabrication and assembly techr.i au«?s will constitute the 

initial effort. Individual component development and microwave circuit 

development, including plasma device coupling, will follow immediately 

using low-power testing techniques. The 200 kW at 120-GHz demonstration 

devico resulting from the subcontracted active device effort will be util-

ized with the test facility for full-power microwave circuit testing in 

later development phases. Emphasis will be on efficiency and compatibility 

with intended application. Related effort will involve the development of 

microwave circuitry required for control of multiple active devices, power 

monitoring, and system protection. The specific objective of this phase 

of the program is the development of operating systems required for EBT-II. 

Precedent for application to other types of fusion devices is again implied. 

D. Systems Development 

An extensive and comprehensive supporting effort is required for the 

application of high-power, high-frequency microwave active devices and 

transmission networks as functional elements of a plasma heating system. 

This effort includes the provision of complete power supplies and support-

ing subsystems for active device operation, automatic control networks for 

protection of system components, comprehensive operational and performance 

monitoring for safe operation and rapid troubleshooting, flexible control 

functions for the experimental systems application, and complete personnel 

safety systems. 

Power supply requirements of 1 MW dc at several hundred kilovolts for 

individual active devices have been previously mentioned. Expected addi-

tional characteristics required of such power supplies include remote opera-

tion, provision for sensitive fault protection, and provision for rapid 
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automatic turnoff in response to external command signals. Necessary 

supporting effort for active device operation also includes provision of 

additional power supplies as required for auxiliary elements, electrodes, 

and magnetic fields, provision for mounting, necessary cooling, and a com-

plete automatic system of safety interlocks. Superconducting magnetic 

fields may be required for operation of each active device itself. Effi-

cient and reliable simultaneous operation of multiple high-performance 

active devices in a complete plasma heating system must rely heavily upon 

automated sensing, control, and monitoring. Elements of many disciplines 

must therefore be combined for the successful realization of such systems. 

The program for supporting systems development is divided into three 

distinct phases, each directed toward the realization of operating systems 

required by the EBT program. 

1) Development of a 200 kW CW at 28-GHz plasma heating system for the 

proposed EBT-S facility: This effort will proceed concurrently with the 

development of the active device. Basic requirements imposed by the device 

will be known very early in the program and will be used to develop specifi-

cations for procurement of basic hardware items. Complete operation, con-

trol, monitoring, and safety networks will be integrated into the EBT-S 

experimental facility. The objective of this phase of the program is the 

optimum demonstration of required microwave heating technology for EBT-S. 

2) Development of a 200 kW CW at 120-GHz test facility: This phase 

of effort involves the development of a flexible test facilLty for full-

power operation and testing of active devices and for microwave circuit 

testing. The facility will be developed concurrently with the 120-GHz 

demonstration device in order to permit timely operation of this device 
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and subsequent devices at ORNL. The facility will serve as a development 

model for 120-GHz high-power system modules. The objective of this phase 

of the program is general support and development of high-power 120-GHz 

plasma heating systems. 

3) Development of a 2 MW CW at 120-GHz plasma heating system for 

EBT-II: This phase of effort will address the problem of overall systems 

development for EBT-II microwave plasma heating. The effort will draw 

heavily upon previous and ongoing test facility experience, and will be 

closely coordinated with the EBT-II design effort. The objective of this 

phase of the program is the optimum demonstration of required microwave 

heating technology for EBT-II. 
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