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PREFACE 

The proposal documented in this report was submitted to the U.S. Department 
of Energy (DOE) in September 1985. It was reviewed by a pane] of fusion experts 
who were generally favorably disposed toward the proposal. The panel observed 
tha t the arguments in the proposal did not prove that the device would operate as 
suggested; it was, of course, the object of the experimental program to address tha t 
issue. 

Although DOE was apparently also favorably disposed toward the proposed ex-
per iment , a limited fusion budget precluded the possibility of proceeding in the near 
term. For this reason, the proposal is issued here as a technical memorandum, so 
tha t the information collected will be available should a later, more favorable fund-
ing climate allow reopening of the issues raised in the EBS program plan. Some of 
this material was published in the ELMO Bumpy Square Status Report (ORNL/TM-
9110) in October 1984 and is included here only for purposes of completeness. Other 
sections provide an abundance of new material not available elsewhere. 

R. A. Dory 

February 1986 
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A B S T R A C T 

The ELMO Bumpy Square (EBS) concept consists of four straight magnetic 
mirror arrays linked by four high-field corner coils. Extensive calculations show 
that this configuration offers major improvements over the ELMO Bumpy Torus 
(EBT) in particle confinement, heating, transport, ring production, and stability. 
The components of the EBT device at Oak Ridge National Laboratory can be re-
configured into a square arrangement having straight sides composed of EBT coils, 
with new microwave cavities and high-field corners designed and built for this ap-
plication. The elimination of neoclassical convection, identified as the dominant 
mechanism for the limited confinement in EBT, will give the EBS device substan-
tially improved confinement and the flexibility to explore the concepts that produce 
this improvement. 

The primary goals of the EBS program are twofold: first, to improve the physics 
of confinement in toroidal systems by developing the concepts of plasma stabilization 
using the effects of energetic electrons and confinement optimization using magnetic 
field shaping and electrostatic potential control to limit particle drift, and second, 
to develop bumpy toroid devices as attractive candidates for fusion reactors. 

This report presents a brief review of the physics analyses that support the EBS 
concept, discussions of the design and expected performance of the EBS device, a 
description of the EBS experimental program, and a review of the reactor potential 
of bumpy toroid configurations. Detailed information is presented in the appendices. 

ix 



1. I N T R O D U C T I O N 

1.1 B A C K G R O U N D 

The ELMO Bumpy Torus (EBT) concept was developed in the 1970s to test 
the idea of stabilizing a multiple-mirror plasma through the use of electron rings, 
while eliminating end losses by closing the device into a toroid. It was expected to 
overcome both the end losses of a simple mirror system and the instability inherent 
in a simple bumpy torus. 

The EBT device at Oak Ridge National Laboratory (ORNL) demonstrated 
the existence of a quiescent mode of operation in which the plasma was stabilized 
by hot electron rings and the confinement was better than that in single mirrors 
of comparable size. Although these design goals were successfully achieved, the 
confinement properties of the EBT device remained limited by major radial losses 
of particles and energy. 

During the last few years, improved diagnostics permitted better measurements 
of plasma parameters on EBT, and detailed theoretical calculations helped to iden-
tify and quantify the important heating and transport mechanisms. The underlying 
physics that limited the performance characteristics was attributed to poor parti-
cle confinement, caused by toroidal effects inherent in the circular torus. These 
effects caused substantial direct particle losses, convective losses (because of asym-
metric equipotential surfaces), an inefficient geometry for electron cyclotron heating 
(ECH), and less than optimal ring formation. 

The ELMO Bumpy Square (EBS) configuration, developed at ORNL by L. W. 
Owen in 1982, is one of several concepts (including the Andreoletti torus, the twisted 
racetrack, and the snakey torus) proposed to solve the problems of the EBT. As 
discussed at the U.S.-Japan Workshop on Advanced Bumpy Torus Concepts in July 
1983,1 common features of these devices include improved particle confinement or 
improved centering of drift orbits, reduced neoclassical step size, reduced loss conc 
or direct particle loss, and increased confinement efficiency. Detailed studies of 
these concepts show that the reconfiguration of the EBT device from a torus into 
a square, with stronger magnetic fields at the corners, is feasible and is the logical 
direction for further investigation. This judgment was confirmed in the report of 
the Magnetic Fusion Advisory Committee Subpanel IX, which stated: 

Among the configurations which offer the improvements described above, 
the EBS has emerged as the one that can be developed most rapidly and 
with the smallest budget . . . . Based on contributions of the EBT program to 

1 



2 Introduction 

fusion development as a whole, as well as the reactor development, potential, 
the Panel recommends that the program be carried out even in constrained 
budget case . . . . 

The selection of the EBS concept for experimental testing was based on three 
factors: 

• its ability to address and resolve critical issues in a co&t-effective manner, 
• its potential contributions to the physics and technology of fusion as a whole, 

and 
• its intrinsic desirability as a reactor configuration. 

The plan presented in this report was developed by ORNL staff members in 
collaboration with scientists and engineers from the universities, industrial groups, 
and laboratories listed in Table 1. 

Table 1. Organizations collaborating on EBS proposal 
Oak Ridge National Laboratory Rensselaer Polytechnic University 
Auburn University Science Applications International Corp. 

Applied Microwave Plasma Concepts, Inc. TRW, Inc. 

JAYCOR Corp. University of Texas 
McDonnell Douglas Astronautics Co. University of Wisconsin 
New York University 

The reconfiguration of the EBT device into an EBS is summarized in Sect. 1.2. 
The physics advantages of the EBS configuration are briefly discussed in Sect. 1.3, 
and Sect. 1.4 describes the projected performance. The reactor aspects of bumpy 
toroids are addressed in Sect. 1.5, and the contributions of the EBT program to 
the development of fusion are summarized in Sect. 1.6. Section 1.7 describes the 
organization of the remainder of the report. 

1.2 C O N F I G U R A T I O N 

A conceptual design has been completed for EBS, involving removal of the EBT 
device and reconfiguration of its components. Plan views of the existing EBT device 
and of the'EBS experiment are shown in Fig. 1. 
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Fig. 1. Top view of the EBT configuration Heft) and the EBS reference configu-
ration (right). The diagram shows how the existing EBT mirror coils will be used in the sides of 
EBS, which will require new corner coils and microwave cavities. There will be 14 standard cavities 
and 6 instrumented cavities for diagnostics. 

The straight sides of EBS are composed of EBT coils, four on each side, installed 
between new microwave cavities a The straight sections are connected by high-field 
corners, which will be designed and built for EBS. 

The engineering analysis presented in this report is based on corners consisting 
of half-width EBT coils, constructed using the design and engineering drawings 
developed for the original EBT coils to generate a field with negligible field ripple. 
This approach minimizes engineering cost and construction time, but it entails 
substantial operating costs for electricity. As described in the appendices, two 
alternatives that would reduce operating costs have been studied. The first calls 
for more copper in the corner coils, and the second calls for superconducting wire 
(already on hand) and requires dewar fabrication and refrigeration. A final decision 
will be made following more detailed analysis. 

The EBS device hiis been planned to make maximum use of the facilities de-
veloped to support the EBT experiment. As shown in Fig. 2, EBS will be placed 
in the lead-walled enclosure formerly occupied by EBT. A new substructure will 
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be installed following removal of the EBT device, and a new microwave duct and 
vacuum manifold will be provided. Because each set of eight corner coils will be 
powered by a 3-MW generator, an additional 12 MW of power will be required. 
The power distribution and cooling water systems will be modified to meet this 
requirement. 

ORNL-DWG85-2480 FED 

Fig. 2. Plan view of an EBS device within the lead-walled biological shield 
enclosure originally used for EBT. 

Instrumentation and control (I&C) systems and the microwave network used for 
EBT can be adapted to EBS with minimal changes. Diagnostics, data acquisition 
systems, and computer systems will also be removed from EBT and reinstalled on 
EBS. 

The capital investment involved in the reconfiguration of EBT into EBS is. 
minimal. The estimated construction cost is $4 million (as of September 1985). 

No critical elements, in terms of new or ongoing component research and devel-
opment, are required for the EBS device. Design, fabrication, and assembly can be 
carried out using available technology. 
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1.3 P H Y S I C S CONSIDERATIONS 

The results presented in this report show that the EBS configuration offers 
distinct advantages over EBT in particle confinement, heating, transport, ring pro-
duction, and stability. These results may be summarized as follows. 

1. The drift orbits for all classes of particles (trapped, passing, and transitional) 
are better centered in EBS than in EBT, as shown in Fig. 3. 

20 
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16 

1 
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4 

- 2 0 -46 -42 - 8 - 4 0 4 d *2 46 20 
R - R t ( c m ) 

Fig. 3. Drift orbits (dashed lines) and §dl/B contours (solid 
lines) in the reference midplane of EBT (top) and EBS (bottom). 
Deeply trapped [v\\fv = 0), extreme passing (v||/v = 1), and transitional 
particles near the boundary between the trapped and passing zones (most 
poorly confined drift orbit) are shown. Transitional particle orbits were 
absent from EBT (i.e., the worst orbit did not close within the volume) but 
are reasonably well contained in EBS. 

ORNL-DWG 83-3429A FED 



6 Introduction 

2. The orbits of deeply trapped particles (t>||/?> 0) and the core pressure 
surfaces (J dl/B contours) almost, coincide in EBS and are centered on the minor 
axis (see Fig. 3). Because there is little radial shift in major radius, the hot electron 
rings will be well centered (i.e., they will form in nearly axisymmetric fields) and 
will experience less of the radial broadening that occurred in EBT. This should 
make it easier to form an average magnetic well and thus to provide strong MHD 
stabilization at higher pressures and pressure gradients. 

3. The velocity-space loss region for transitional particles (those near the bound-
ary 'between the trapped and passing zones) at high energy is greatly reduced, which 
produces improved volume utilization, as shown in Fig. 4. This also provides an 
increased radius of confined plasma, a significant red\iction in direct particle losses, 
more nearly symmetric potential surfaces, and increased microwave heating effi-
ciency. For an isotropic distribution, more than 95% of the particles arc confined 
(vs - 5 0 % in EBT). 

4. The combination of nearly concentric particle orbits and small radial displace-
ments in the high-field corners reduces the neoclassical diffusive losses by an order 
of magnitude, as shown in Fig. 5. Monte Carlo calculations show that symmetric 
potential surfaces decrease convective losses to an order of magnitude below those 
obtained with the asymmetric potential surfaces of EBT, as shown in Fig. 6. The 
theory supporting these conclusions is presented in Appendix 10, which provides a 
kinetic theory of the formation of the potential by the action of the warm electron 

tail population. This theory predicts both the 30% asymmetry of the equipotentials 
i 

in EBT and a reduction by a factor of 100 in the asymmetry for EBS. 
5. The neoclassical confinement time r improves with the global mirror ratio 

M G , which is the ratio between the field in the corners - B c o r n e r a n < l the field in 
the straight sides or midplane 2?mjd, as r ~ Mq . This relationship is shown in 
Fig. 7. The ability to change J3corner a n d Bmid provides a valuable means of testing 
neoclassical confinement over a wide range of conditions in a single device. 

6. Because of the high Bcorner and the relatively weak curvature there (about 
half of the curvature in the straight sides), the core beta limit is largely determined 
by the ring-core interaction [i.e., the Lee- Van Dam-Nelson (LVDN) limit] in the 
straight sections, not by ballooning modes in the corners (provided Mq > 4), as 
shown in Fig. 8. The narrower ring (resulting from the reduced broadening) will 
lower the beta for LVDN modes, putting the threshold (100-keV rings) at j3warm ~ 
1-2%, which is energetically possible in EBS. In fu ture devices, rings at about 
400 keV would be required to raise /?Warm to the ~10% range, or, alternatively, 
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' EBS-GLOBAL MIRROR 
RATIO 

" M q = 4 

M g = 6 

EBS 

E B T - I / S 

1 1 
0 0.2 0.4 0.6 0.8 1.0 

Vj(/V (at midplane limiting flux line) 

Fig. 4. Volumetric efficiency curves for EBT and 
EBS as a function of pitch angle at the limiting flux line 
in the midplane. These show containment of more than 95% 
of the particle in EBS, compared with ~ 50% in EBT. (That 
is, the direct loss fraction is less than 5% in EBS and ~ 50% 
in EBT for vacuum fields.) 
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Fig. 5. Particle transport coefficient D„as a function of colli-
sionality e/f}0for EBT and EBS. Similar curves are obtained for DT, 
Kn, and Kt with the same ratio of improvement in EBS over that in EBT. 
[Note that r(EBS)/r(EBT) ~ D(EBT)/J5(EBS) ~ 5-15.) 

multiple-frequency heating could be applied to raise the ring width and the LVDN 
beta value. 

7. Heating efficiency is much improved in EBS because the heating zone is well 
separated from the transitional particle zone. Losses of ECH power are a factor of 5 
to 10 lower than in EBT, in which the heating effect was mainly concentrated near 
the transition boundary between trapped and passing particles, where drifts were 
most severe. The difference is shown in Fig. 9. 

8. The EBS concept is a step toward a reactor design in the regime leading to 
attractive fusion reactors, as described in a recent study (ORNL/TM-9311).2 The 
improvement in t ransport resulting from orbit control leads to an overall size tha t 
is a factor of 2 to 3 smaller than that of earlier EBT designs., as shown in Fig. 10. 
Moreover, a recent assessment3 of all the candidates for fusion reactors has shown 
tha t the EBS shares with tokamaks, stellarators, tandem mirrors, reversed-field 
pinches, etc., the property of adequate confinement to produce energy at a cost 
comparable to tha t of fission energy. 
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Fig. 6. Potential surfaces (left) and Monte Carlo results (right) for (top) 
symmetric potentials and (bottom) asymmetric potentials. For symmetric po-
tentials, only diffusive processes are .present; for asymmetric potentials, strong E x B 
drift (convection) is evident. For similar plasma parameters, diffusion lifetimes improve 
by an order of magnitude. 
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GLOBAL MIRROR R A T I O - M Q 

Fig. 7. Variation of confinement time rwith global 
mirror ratio Mg - B c o r n « r / £ m i d < 
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Fig. 8. Stability boundaries in E B S for several val-
ues of Mg. Beta values here are scaled to the Lee-Van Dam 
threshold 0O = 2Ar/Rc, where Ar is the ring radial width and 
Rc is the field line radius of curvature in the ring region. Here, 
K = A/flo and ~pXH = Pxh/Po-
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PASSING 
DIRECT PARTICLE LOSSES 

Fig. 9. Heating zone (pitch angle for particles turning at resonance) for (a) 
E B T and (b) EBS. 
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1975-1977 
CONVENTIONAL 

EBT REACTOR 

60 m 

Fig. 10. Trend to smaller E B T reactor systems, which is 
exploited by EBS. Relative dimensions of EBT reactor configurations 
are shown, with corresponding years of development. 
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1.4 P E R F O R M A N C E P R O J E C T I O N S 

T h e p e r f o r m a n c e of t h e E B S con f igu ra t i on is p r ed i c t ed t o be a subs t an t i a l im-

p r o v e m e n t over t h a t of t h e E B T device, as s h o w n by t h e c o m p a r i s o n of p e r f o r m a n c e 

p a r a m e t e r s in T a b l e 2. 

T a b l e 2. E B T a n d p r o j e c t e d E B S p e r f o r m a n c e d a t a 
P a r a m e t e r E B T E B S 

Dens i ty , c m - 3 1 0 1 2 1 0 1 3 

P o w e r to t h e r m a l p l a s m a , % 2 0 5 5 

l ^ e c t r o n t e m p e r a t u r e , eV 80 in bu lk p o p u l a t i o n , 1 0 0 0 

400 in w a r m p o p u l a t i o n 

Ion t e m p e r a t u r e , e V 5 0 5 0 0 

T E(gross ) , m s < 0 . 2 5 5 - 3 0 

/^ring / /^well < 1 > 2 

/^plasmaj % 0 . 1 1 - 2 , p h a s e 1 

4 - 8 , p h a s e 2 

T h e a m o u n t of power del ivered t o t h e conf ined p l a s m a in E B S shou ld be t h r e e 

to five t i m e s h igher t h a n t h a t in E B T , us ing t h e s a m e sources ; a d d i t i o n a l E C H 

sources a r e avai lable a t O R N L . T h e E B S p l a s m a dens i t y s h o u l d n o t b e l imi ted by 

p o w e r avai labi l i ty a n d m a y the re fo re a p p r o a c h t h e m i c r o w a v e cutoff dens i ty . T h e 

p l a s m a e lec t rons shou ld r e a c h a t e m p e r a t u r e near 1 keV, w i t h t h e p l a s m a ions a t 

a b o u t half t h a t (al lowing for cha rge -exchange losses) un t i l a d d i t i o n a l ion h e a t i n g 

is a p p l i e d . Ene rgy c o n f i n e m e n t t imes will b e in t h e t e n s of mi l l i seconds , a n d b e t a 

va lues will be a b o u t 1 - 2 % . 

In a second e x p e r i m e n t a l phase , E B S would b e o p e r a t e d w i t h t h e field in t h e 

cavi t ies (23rjng) r educed t o a b o u t half t h e n o m i n a l 7 k G in o r d e r t o achieve h ighe r 

b e t a va lues for t e s t ing s t ab i l i t y . T h e field in t he c o r n e r s (-BCOmer) wou ld b e he ld 

a t fu l l va lue , 22- 25 k G , so t h a t t h e 28-GHz m i c r o w a v e s w o u l d c o n t i n u e to h e a t t h e 

bu lk p l a s m a , while 18-GHz power w o u l d b e used t o f o r m t h e r ings u s ing second 

h a r m o n i c hea t ing . In t h i s p h a s e , b e t a va lues are p r e d i c t e d t o b e a b o u t 4 - 8 % . 

M u c h of t h e i m p r o v e m e n t in p e r f o r m a n c e resu l t s f r o m t h e s u b s t a n t i a l r educ -

t ion in E B S of pa ras i t i c losses of energy , as s h o w n b y t h e p o w e r flow d i a g r a m in 

Fig . 11. T h e reduced losses ar ise f r o m severa l f ac to r s , w h i c h a r e d iscussed in de ta i l 

in C h a p . 2. A brief s u m m a r y of these f ac to r s follows. 
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Fig. 11. Schemat ic power flow diagram for E B S and E B T . Parasitic 
side losses are substantially reduced in EBS. The numbers are percentages of the 
microwave source output power; EBT data are enclosed in circles and EBS data in 
squares. 

• I m r o v e d h e a t i n g efficiency leads t o a s t r o n g r e d u c t i o n in d i rec t losses. 

• A r e d u c t i o n in o r b i t sh i f t s leads t o r e d u c e d a s y m m e t r y in t h e a m b i p o l a r p o t e n -

t ia l , wh ich in t u r n leads to a la rge r e d u c t i o n in convec t ion losses. 

• I m p r o v e d o r b i t c en t e r i ng r e d u c e s t h e h e a t c o n d u c t i o n coeff ic ients fo r ions a n d 

e lec t rons . 

• O p e r a t i o n a t h igher dens i ty r e d u c e s t h e p r o p o r t i o n of losses f r o m c h a r g e ex-

change . 

T h e s e f ac to r s h a v e b e e n cons ide red se l f -cons is ten t ly u s i n g t h e W H I S T to ro ida l 

t r a n s p o r t code w i t h b e n c h m a r k t e s t s u s i n g E B ^ d a t a . T h e W H I S T r u n s i n c o r p o r a t e 

r ad ia l ly resolved ana lys i s of ion a n d e lec t ron t h e r m a l a n d pa r t i c l e t r a n s p o r t f r o m 

neoclass ica l p rocesses , inc luding se l f -cons i s ten t ly c a l c u l a t e d a m b i p o l a r p o t e n t i a l , 

a n d , ana lys i s of n e u t r a l par t ic le gas feeds , ion iza t ion r a t e s , a n d c h a r g e - e x c h a n g e 

losses. \ ? 

T h e resu l t ing p e r f o r m a n c e cu rves a r e shown in F igs . 12 a n d 13. F i g u r e 12 shows 

c o n t o u r s in t h e p l a n e of average d e n s i t y vs ave rage t e m p e r a t u r e for t h e regions 

access ible w i t h va r i ed a m o u n t s of m i c r o w a v e p o w e r a b s o r b e d in t h e p l a s m a (Pabs)-

F i g u r e 13 shows t h e r e su l t i ng b e t a va lue s o b t a i n e d w i t h ful l -f ie ld o p e r a t i o n . 
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Fig. 12. WHIST code plasma operation contours. 
The contours show the amount of power that must be delivered 
to a confined plasma in order to achieve operation at any point 
in the rJine of average density vs temperature. The entire area 
is predicted to be accessible with the available power, subject to 
limitation by cutoff at a density of 1013 cm - 3 . 
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Fig. 13. WHIST code plasma operation contours, 
showing the beta values achieved during operation at 
f u l l field. 
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1 . 5 R E A C T O R A S P E C T S O F B U M P Y T O R O I D S 

A recent study by Sheffield et al.2 has determined the general properties of 
fusion reactors that could be economically competitive with fission reactors under 
circumstances conjectured for the next century. This s tudy shows that supercon-
ducting systems with an aspect ratio less than 15 and with a ratio of magnetic field 
in the plasma to maximum field in the coils of about 0.5 must have the following 
characteristics to represent at tractive reactor candidates: 

• be ta values of about 10%, 
• thermal t ransport less than 0.3 m 2 - s - 1 , and 
• recirculating power less than 15%. 

Two additional characteristics greatly ease the design, operation, and maintenance 
of a practical fusion plant: 

• simple coil and blanket geometry and 
• s teady-state operation. 

The bumpy toroid concept, as represented by the bumpy square and several variants, 
has the potential to fulfill all of these criteria, and it has the simplest geometry of 
any steady-state confinement system. 

At present, the most critical issues to be addressed in reactor studies are opti-
mization of ring heating, to reduce the sustaining power needed in the new improved 
confinement geometries, and fur ther reduction of the (effective) toroidal aspect ra-
tio of the device. In the last three years, improvements in field design have led 
to reduction of this parameter f rom 60 to 30 to <15, which is at the edge of the 
at t ract ive reactor regime for this configuration. 

The generic reactor studies at ORNL 3 have identified, the scale of reactors with 
superconducting coils t h a t should be competit ive with alternative power sources 
in the future . A simple model can be used to obtain scaling formulae for the key 
engineering and technology parameters ( R / a , b/a, a w / a , p w n , P f ) of these attractive 
devices. A rearrangement of the criteria for a self-sustaining D-T plasma then 
permits us to relate the required {/3) and Xe to these engineering and technology 
parameters and obtain 

, , 3 8 0 ( J Z / a ) ' / > w / i ) 3 / ' ( p . „ ) 3 / -
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(R/a)*/4(aw/ay/?(pwny/4 ® ' ^ 

where J2 /a is the aspect ratio, b/a is the ellipticity, aw is the wall radius a -f-

0.2 m) , p w n is the neutron flux to the first wall (in megawat ts per square meter), 

PF is t he fusion power (in megawat ts ) , and fQ is the fract ion of alpha power lost 

by the rma l diffusion. 

In the simple model , which approximates well the more detailed calculation 

of the generic reactor model, we consider a reactor with electric power output 

PE = 1200 MW(e) , a gross thermal power PT = 3750 M W ( t ) , and P F = 3378 MW(t ) . 

T h e reactor is a simple torus with an average radial build f rom the p lasma to the 

outside of the coils of t = 2 m. The average mass density is p ~ 5600 kg • m ~ 3 . The 

reactor mater ia l volume is given by 

M c 2 ; r 2 R[ (a + b)t + t2\p (kg) . (3) 

T h e uni t cost is t aken to be 100 $/kg (direct and indirect), and the fusion island cost 
for an a t t rac t ive reactor is $1000 million (in 1984 dollars). Wi th these assumptions, 
we use Eq. (3) to find the minor radius, 

a = 
90 

R/a[l + b/a)t 4(1 + - 5 H T 5 M ( m ) ' (4) 

Thus , we m a y calculate a, R, and p w n as functions of Rja and b/a. For the 
b u m p y torus , 

(3.3 x 104)52(6/q)(fl)B* 
X E ~ M(JJ/a)J(^/R.)2(Tek)V2 ' ' l J 

where a is the average p lasma minor radius , allowing for the bumpiness , and M is a 
factor defined as M = 1 for a simple b u m p y torus such as E B T and as M — Mq for 
a b u m p y square , where Mg is the global mirror ratio. The bet ter confinement of 
the square configuration is obtained a t a smaller aspect rat io ( R / a ) t h a n t ha t of the 
torus ( ~ 1 5 for EBS vs = 3 0 for EBT) . As an example, we take R/a — 15, b/a = 1.5, 
Bp = 6 T , R = 11.5 m, a = 0.78 m, a w / a = 1.26, and p w n = 5 M W - m - 2 . For these 
values, wi th Tek = 20 keV and (<t>/Te) = 3 (as typically observed in bumpy tori), we 
find f rom Eqs. ( l ) and (2) t h a t we need {(3) > 10% and xE ~ ° - 3 m 2 ' s _ 1 > where the 
volume-average b e t a {fi) is the p lasma pressure normalized to the average magnetic 
field Bp and \ E is t he average radial the rmal diffusivity in the mirror cell. 
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Theoretically, an E B S should attain this beta level. From Eq. (5), the expected 

thermal diffusivity for this ease is Xe " m 2 ' s '> which leaves a margin on 

conf inement of a factor of 3. 

T h e resu l t s of t h e s e ca lcu la t ions for a r a n g e of effective aspec t r a t i o va lues a r e 

p l o t t e d in Fig. 14, a long wi th co r r e spond ing cu rves for o the r fus ion con f inemen t 

s c h e m e s . I t can b e seen t h a t t h e phys ics capab i l i t y of E B S devices to be a t t r a c t i v e 

r e a c t o r s is on t h e s a m e order as t h a t of o t h e r devices. 

ORNL-CWG 84-3668R2 FED 

Fig. 14. Neoclassical predictions for attractive reactors. The EBS margin of 
safety for achieving attractive reactor performance is of the same order as that of other fusion 
reactor candidates. 
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The issues to be resolved experimentally are. therefore, the following: 

• To what extent does \ E match classical predictions? 

• What is the level of <f>/Te and can it be varied profitably? 
• What (/3) level can be sustained with good confinement? 
• Can rings be produced efficiently at an average field of 6 T? 

1 . 6 C O N T R I B U T I O N S O F B U M P Y T O R O I D S T O T H E F U S I O N 

R E A C T O R P R O G R A M 

The contributions of the E B T program to the development of fusion cover a 
broad range, including 

• ECH physics and technology, 
• nonaxisymmetric t ransport (ambipolar potential), 
• heavy-ion beam diagnostics, 
• steady-state plasma-wall interaction, 
• stabilization of plasmas by hot electrons and physics of very high temperature 

plasmas, and 
• steady-state, modular reactor concepts. 

The EBS program will allow continued contributions in these areas and will also 
advance research in the following areas: 

• kinetic stabilization of plasmas by hot electrons in systems with higher pressures 
and pressure gradients, 

• control of the ambipolar potential , 
• effect of high fields on confinement, 
• rf-driven t ransport , 
• advanced configuration design, and 
• improved coupling of ECH to plasma. 

The E B T program has been a major driver for the development of a number of 
physics areas, including: 

• stabilization by energetic particles, 
• three-dimensional equilibrium, stability, and t ransport (including ambipolar 

electric fields), and 
• ECH. 
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For e x a m p l e , in the a r e a of s tab i l i ty theory , E B T p r o v i d e d the m a j o r i m p e t u s 

for ex tens ive s tud i e s of t h e spa t i a l s tab i l i ty p rope r t i e s of energe t ic -par t ic le p l a s m a s . 

T h e s e s tud i e s h a v e been f r u i t f u l in e x t e n d i n g t h e f u n d a m e n t a l t heo ry of s t ab i l i t y 

a n d in o b t a i n i n g fus ion - r e l evan t s tab i l i ty c r i t e r i a for E B T devices, m i r ro r s , a n d 

t o k a m a k s . Al so inspi red b y E B T was t h e d e v e l o p m e n t of a new var ia t iona l p r inc ip le 

a n d of de ta i l ed e igenmode ana lyses valid in t h e p rev ious ly u n e x p l o r e d reg ime of 

m o d e s t h a t g row on t h e h o t e lect ron c u r v a t u r e d r i f t t i m e scale . T h e E B T device 

se rved as t h e m o t i v a t i o n for genera l iza t ion of t h e gyrokine t ic e q u a t i o n t o a r b i t r a r y 

f r equenc ies a n d re la t iv is t ic energies . T h e s e theor ies were app l i ed to E B T a n d h a v e 

p r o d u c t i v e app l i ca t i ons t o b o t h mi r ro r s a n d t o k a m a k s . 

1 . 7 O R G A N I Z A T I O N O F T H E R E P O R T 

C h a p t e r 2 of th is r e p o r t p resen t s a descr ip t ion of t h e e x p e r i m e n t a l p r o g r a m 

p r o p o s e d for t h e E B S device , a n d C h a p . 3 is an overview of t h e ex is t ing a n d r equ i r ed 

faci l i t ies . Resources , cos t , a n d schedule a re br ief ly a d d r e s s e d in C h a p . 4. T h e 

o p p o r t u n i t i e s for co l l abo ra t i on w i t h t h e f u s ion c o m m u n i t y a r e add re s sed in C h a p . 5. 

T h e a p p e n d i c e s p r e s e n t a g rea t dea l of i n f o r m a t i o n ga ined d u r i n g s tud ies of 

E B S . Deta i led discuss ions of magne t i c s , s ingle-par t ic le d r i f t o rb i t s , numer i ca l cal-

cu l a t i ons of neoclass ical t r a n s p o r t coeff icients , field r ipp le ef fec ts in t h e corners , a n d 

field e r ro r ca lcu la t ions a re p r e s e n t e d in A p p e n d i c e s 1 - 3 . A p p e n d i x 4 includes discus-

s ions of t he M H D e q u i l i b r i u m p rope r t i e s a n d s ingle-par t ic le o r b i t cha rac te r i s t i c s of 

E B S , ex tens ions of c losed-l ine magne t i c e q u i l i b r i u m theor i e s , v a c u u m field app rox i -

m a t i o n s , a qua l i t a t i ve d i scuss ion of t he mod i f i ca t i ons p r o d u c e d by h i g h - b e t a r ings , 

e s t i m a t e s of t h e para l le l e lectr ic fields f r o m para l le l c u r r e n t s , a n d t h e connec t ion of 

s ing le -par t i c le d r i f t o rb i t s t o equ i l i b r ium via t h e d r i f t k ine t ic equa t i ons . 

Discuss ions of t h e c h a r a c t e r i s t i c ins tab i l i ty m o d e s a s soc i a t ed w i t h t he s q u a r e 

c o n f i g u r a t i o n , a n d the i r pa ra l l e l s in o t h e r c o n f i n e m e n t devices , a re given in Ap-

pend i ce s 5 - 7 . In p a r t i c u l a r , t h e l imi ta t ions in core p l a s m a b e t a t h a t resu l t f r o m 

ba l l oon ing m o d e s (in co rne r s ) a re ana lyzed us ing an M H D f o r m a l i s m in A p p e n d i x 6 

a n d a genera l ized kinet ic ene rgy pr inc ip le in A p p e n d i x 7. 

T h e c o n c e p t u a l design of t h e E B S device is s u m m a r i z e d in A p p e n d i x 8. T h e 

r e su l t s of t h e r eac to r a s s e s s m e n t s for a d v a n c e d b u m p y t o r u s conf igura t ions , w h i c h 

inc lude t h e f a v o r a b l e p r o s p e c t s fo r E B S , a re d iscussed in A p p e n d i x 9. Append ice s 

1 0 - 1 2 p r e s e n t s o m e new r e s u l t s on s y m m e t r i z a t i o n of t h e p o t e n t i a l a n d t h e r e su l t i ng 

i m p r o v e m e n t s t o t h e t r a n s p o r t . F ina l ly , A p p e n d i x 13 is a n ana lys i s of a l t e r n a t i v e 

c o r n e r coils f o r E B S . 



2. RESEARCH PROGRAM 

T h e pr inc ipal object ives of the research p rogram, s u m m a r i z e d below, are dis-

cussed f u r t h e r in Sect. 2.1. T h e research p r o g r a m is descr ibed in detail in Sects. 2 .2-

2.5. 

S t a b i l i z a t i o n o f t o r o i d a l p l a s m a s b y e n e r g e t i c e l e c t r o n r i n g s . I t is 

known b o t h theoret ical ly a n d exper imenta l ly t h a t p l a sma s tabi l i ty is enhanced by 

"magne t i c wells" or "reversed g rad- f f . " Energet ic electron r ings provide m a g n e t i c 

wells when t h e ring energy, or be ta , is suff iciently high. In E B T , s tabi l izat ion f r o m 

r ing effects occurred even before t h e b e t a value for average well f o rma t ion was 

r eached . T h e EBS e x p e r i m e n t should have subs tan t i a l ly h igher b e t a t h a n E B T 

bccause of improved hea t ing efficiency a n d par t ic le conf inement ; it should the re fore 

p rov ide b o t h a clearer tes t of t he pr inciples of s tabi l iza t ion and the capabi l i ty t o 

explore t h e severi ty of possible l imi ta t ions , such as u n s t a b l e coupl ing be tween t h e 

r ing and toro ida l p l a smas . 

R e d u c t i o n of t h e r m a l l o s s e s b y d r i f t o p t i m i z a t i o n . In toro ida l confine-

m e n t devices, the par t ic le and energy losses can be cont ro l led by shap ing of t h e 

magne t i c field geomet ry a n d by radial electric fields. T h e E B S is t he first fus ion 

device in which detai led op t imiza t ion of d r i f t o rb i t s has been incorpora ted ab initio 

to con t ro l t r a n s p o r t . A key fac tor in assessing and u n d e r s t a n d i n g the effectiveness 

of o r b i t i m p r o v e m e n t is t he ability t o v a r y the degree of op t imiza t ion in E B S by 

chang ing t h e relative m a g n e t i c fields of t h e corners and sides and by chang ing t h e 

electric po t en t i a l t h r o u g h selective hea t i ng of par t ic le s u b p o p u l a t i o n s . 

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

ha s long p resen ted t h e p rospec t of an a t t r a c t i v e fusion reac to r because of i ts s imple 

field s t r u c t u r e and inheren t ly s t eady - s t a t e n a t u r e . Its d r a w b a c k s have been twofold . 

T h e first is t h a t , in t he c i rcular toroidal f o r m , any reduc t ion of t h e effects of to ro ida l 

c u r v a t u r e required a large m a j o r r ad ius a n d sys tem o u t p u t . Th i s p rob lem is sub-

s tan t ia l ly reduced in t h e E B S concept a n d is subjec t t o f u r t h e r i m p r o v e m e n t . T h e 

second d r a w b a c k has been t h e need for a con t inuous feeding of power to t h e r ings , 

which is also reduced b y b e t t e r part icle con f inemen t in E B S . Both of these improve-

m e n t s are b r o u g h t a b o u t by t h e isolation of t h e toro ida l c u r v a t u r e in the corners , 

which leaves the s y s t e m sides a t an effectively infinite a spec t ra t io . 

2 0 
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2.1 PRINCIPAL OBJECTIVES 

2.1.1 Stabilization of Toroidal Plasmas by Energetic Electrons 

T h e beneficial effect on s t ab i l i t y of r ings g e n e r a t e d b y E C H h a s been obse rved 

in E B T , in t he N a g o y a B u m p y T o r u s ( N B T ) in J a p a n , a n d in a var ie ty of m i r r o r 

devices . T h i s obse rva t i on h a s led t o i n t e re s t in us ing energe t i c e lec t ron r ings as a 

m e a n s t o s tabi l ize t o ro ida l devices ( such as t o k a m a k s , s t e l l a r a t o r s , a n d hel iacs) a n d 

o p e n - e n d e d devices. A l t h o u g h s i m p l e M H D t h e o r y p r e d i c t s ins tab i l i ty in m i r r o r 

g e o m e t r y , t h e e x p e r i m e n t s a n d m o r e soph i s t i c a t ed t h e o r y t h a t i n c o r p o r a t e s kinet ic 

effects h a v e encou raged p u r s u i t of t h e r ing s t ab i l i za t ion idea . 

T h e E B S device p rov ides a s imp le g e o m e t r y for t e s t i n g th i s c o n c e p t , a n d gener-

a t ion of r ings wi th suff ic ient ly h igh b e t a seems a s su red . D a t a f r o m t h e ear ly C a n t e d 

M i r r o r Faci l i ty ( C M F ) s h o w e d t h a t r ings in s y m m e t r i z e d g e o m e t r y could h a v e val-

ues of b e t a twice t h o s e achieved in E B T , w i t h i ts c u r v e d m i r r o r sec tors a n d lack 

of s y m m e t r y . M o r e o v e r , t h e S M - 1 device showed t h a t m u l t i p l e - f r e q u e n c y h e a t i n g 

could f u r t h e r e n h a n c e t h e r ing b e t a , a n d t h e o r y sugges t s t h a t s y m m e t r i z a t i o n will 

r e d u c e t h e r ing t h i cknes s in E B S , w h i c h also s u p p o r t s t h e e x p e c t a t i o n of h igher 

b e t a va lues . 

A n i m p o r t a n t ques t i on a b o u t s t a b i l i t y pers i s t s : A r e t h e r i n g s a d e q u a t e l y decou-

pled f r o m t h e to ro ida l p l a s m a a t h i g h e r f r equenc ies in t h e r a n g e of t h e h o t e lec t ron 

precess iona l dr i f t f r e q u e n c y ? T h e nega t ive -ene rgy d r i f t w a v e is e x p e c t e d t o couple 

to b a c k g r o u n d p l a s m a w a v e s or d i s s i p a t i o n m e c h a n i s m s w h e n t h e d i a m a g n e t i c well 

is deep e n o u g h t o reverse t h e h o t e l ec t ron d r i f t veloci ty . A key t a sk for t h e E B S 

e x p e r i m e n t would b e t o d e t e r m i n e t h e e x t e n t t o w h i c h t h i s c o u p l i n g affects r ing 

s t ab i l i z a t i on of t h e t o ro ida l p l a s m a . T h e issue is c o m p l i c a t e d ; if t h e r ing b e t a is t o o 

h igh , t h e n an ins t ab i l i t y could o c c u r , w i t h consequences t h a t a r e n o t p r ed i c t ab l e 

wi th t h e l inear t h e o r y n o w ava i lab le , a n d a t lower b e t a va lues , w i n d o w s of ins ta-

bili ty a r e p red ic t ed . H o w e v e r , w i t h c o n t r o l of profi les it a p p e a r s poss ib le t o avoid 

these w i n d o w s a n d ach ieve a v e r a g e wel l f o r m a t i o n or t o p r o v o k e t h e m in o rde r t o 

assess t h e i r i m p o r t a n c e . 

In s u m m a r y , E B S offers t h e o p p o r t u n i t y t o t e s t t h e phys i c s of r i ng s tab i l i za t ion 

in a dev ice in w h i c h t h e r ings c a n b e p r o d u c e d a n d c o n t r o l l e d in t h e p resence of a 

wel l -conf ined to ro ida l p l a s m a . 
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2 . 1 . 2 R e d u c t i o n o f P l a s m a T h e r m a l L o s s e s b y O r b i t O p t i m i z a t i o n 

T h e p r inc ip le of o rb i t o p t i m i z a t i o n has been a d o p t e d in to t h e o p e n - e n d e d con-

finement s y s t e m s p r o g r a m ; in t h e to ro ida l s y s t e m s p r o g r a m , it r e p r e s e n t s a n avenue 

for i m p r o v i n g t h e c o n v e n t i o n a l t o k a m a k concep t . 

T h e E B S device is a s t r ik ing e x a m p l e of t h e bene f i t s t o b e ga ined b y op t imiz ing 

pa r t i c l e d r i f t o rb i t s , a n d it p rov ides a ve ry s imple g e o m e t r y in wh ich to ca lcu la te 

a n d t e s t t he p r inc ip le . T h e o r e t i c a l ca lcu la t ions h a v e been m a d e of t h e r educed 

d i spe r s ion in m a g n e t i c d r i f t o rb i t s for t r a n s i t i o n a l a n d pass ing pa r t i c l e s a n d of 

t h e n e a r - p e r f e c t s y m m e t r i z a t i o n of t r a p p e d - p a r t i c l e o rb i t s . In E B S , t h e s e p a r a t i o n 

b e t w e e n the e l ec t ron cyc lo t ron f u n d a m e n t a l r e s o n a n c e zone a n d t h e t r a p p e d - p a s s i n g 

t r a n s i t i o n a l region wou ld r educe t h e d i rec t losses of cyc lo t ron h e a t i n g power by 

a b o u t a n order of m a g n i t u d e below those in E B T . 

S y m m e t r i z a t i o n of t h e r ing e lec t ron o rb i t s in E B S w o u l d p r o d u c e a m o r e sym-

m e t r i c a m b i p o l a r p o t e n t i a l . T h i s w o u l d lead to sti l l f u r t h e r c en t e r i ng of all t h e 

pa r t i c l e o rb i t s a n d to r e d u c t i o n of convec t ive losses. E x p e r i m e n t s in E B T d e m o n -

s t r a t e d t h a t t h e s t r u c t u r e of t h e p o t e n t i a l c o n t o u r s is s t rong ly a f fec ted b y t h e de-

ta i ls of r ing f o r m a t i o n , such as t h e g e o m e t r y of t h e cyc lo t ron r e s o n a n c e sur faces . 

In t o ro ida l s y s t e m s , as well as o p e n - e n d e d devices, t h e exp lo i t a t i on a n d con t ro l of 

t h e p o t e n t i a l a r e now recognized as cr i t ica l f a c t o r s in t h e d e v e l o p m e n t of a d e q u a t e 

c o n f i n e m e n t . T h u s , E B S can supp ly i m p o r t a n t i n f o r m a t i o n on t he se f a c t o r s t o t h e 

res t of t h e fu s ion p r o g r a m . 

In add i t ion t o t h e r e d u c t i o n s in d i rect a n d convec t ive losses, t h e r e is a t en fo ld 

r e d u c t i o n in r e s idua l d i f fus ive losses in E B S as a r e s u l t of t h e i m p r o v e d o rb i t s . 

A n o t h e r key f e a t u r e of t h e p r o p o s e d e x p e r i m e n t s in E B S is t h e s t r o n g depen -

dence of t he loss processes on t h e r a t i o of t h e m a g n e t i c fields in t h e c o r n e r s to those 

in t he cen te r s of t h e m i r r o r sec t ions . T h e ab i l i ty t o c h a n g e th is r a t i o p r o v i d e s b o t h 

e x p e r i m e n t a l f lexibi l i ty to select t h e des i red a m o u n t of o r b i t o p t i m i z a t i o n a n d t h e 

o p p o r t u n i t y to ver i fy t h e i m p o r t a n c e of i m p r o v e d o r b i t s . 

2.1.3 Evaluation of the Reactor Prospects of Bumpy Toroidal Systems 

A sequence of e x p e r i m e n t s on i m p r o v e d b u m p y t o r o i d s is d e s c r i b e d in Sect . 2.5. 

T h e ph i lo sophy b e h i n d th i s sequence is t o m o v e in sma l l b u t s ign i f i can t s teps to-

w a r d a s y s t e m w i t h i m p r o v e d c o n f i n e m e n t a n d h i g h e r b e t a a t a sma l l e r overal l 

ef fect ive to ro ida l a s p e c t r a t i o . O t h e r poss ib le l ines of d e v e l o p m e n t , s u m m a r i z e d in 

A p p e n d i x 9, s h o w t h a t t h e r e a re m a n y a p p r o a c h e s t o t h e cha l lenge of i m p r o v i n g con-

finement a n d p e r f o r m a n c e . M o s t of t h e co l l a t e ra l a p p r o a c h e s d e p e n d o n t h e s a m e 
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principles of improvement and opt imizat ion, and the course of future development 

ran host be determined after experimental results have validated the concepts. 

Ear l ie r phys ics a n d eng ineer ing ana lyses a n d cos t sens i t iv i ty s tud ies show t h a t 

b u m p y t o r u s r eac to r s w i t h /3COre of 6 - 1 0 % , o u t p u t p o w e r of 1200-1700 M W ( e ) , 

wal l loadings of 1 - 2 . 5 M W / m 2 , a n d a r ec i r cu la t ing p o w e r f r a c t i o n ( inc luding r ing-

s u s t a i n i n g power a n d all o t h e r r e a c t o r auxi l iar ies) of 1 0 - 1 5 % a re poss ible . T h e 

a d v a n t a g e s ident i f ied in ear l ier E B T reac to r s t u d i e s as i m p o r t a n t p r o p e r t i e s of 

b u m p y to ro ids h a v e b e e n recognized a n d a d o p t e d by p r o p o n e n t s of o t h e r conf ine-

m e n t schemes . A m o n g t h e s e a r e t h e s t e a d y - s t a t e n a t u r e of E B T devices, w h i c h 

s t rong ly reduces t h e r e q u i r e m e n t s on m a t e r i a l s a n d s t r u c t u r e s , a n d t h e s imple m o d -

u l a r n a t u r e of t h e coil s y s t e m s , w h i c h prov ides ease of access ibi l i ty a n d m a i n t e n a n c e . 

Recen t r e p o r t s 4 , 5 h a v e co l la ted t h e r e l evan t i ng r ed i en t s fo r an a s se s smen t of 

b u m p y toroid r eac to r s . However , t h e o rb i t i m p r o v e m e n t p r o p e r t i e s of t h e b u m p y 

s q u a r e are n o t ful ly i n t e g r a t e d i n t o these r e p o r t s . T h e first of t he se r e p o r t s 4 in-

c ludes s o m e analys is of t h e gener ic effects of c o n f i n e m e n t i m p r o v e m e n t , p r e s e n t e d 

as "aspec t r a t i o enhancement , . " T h e s e led t o a c red ib l e r e a c t o r concep t w i t h an as-

p e c t r a t i o of a b o u t 25. T h i s is h i g h e r t h a n t h e d e s i r a b l e va lues ca l cu l a t ed in r ecen t 

gener ic a s se s smen t s of a t t r a c t i v e f u s ion r eac to r s y s t e m s , b u t it does n o t inc lude t h e 

o p t i m i z a t i o n offered b y t h e b u m p y s q u a r e c o n c e p t a n d r e l a t e d ideas . T h e m o r e 

r ecen t e s t i m a t e s p r e s e n t e d in t h e second r e p o r t 5 b r i n g t h e effect ive a s p e c t r a t i o of 

b u m p y s q u a r e r eac to r s d o w n to less t h a n 15 a n d t h e wal l l oad ing u p to t h e r a n g e 

f r o m 2 to 4 M W / m 2 , va lues t h a t a r e c o m p e t i t i v e w i t h t h e o p t i m i s t i c possibi l i t ies fo r 

o t h e r con f inemen t s c h e m e s a n d w i t h t h e r e q u i r e m e n t s fo r a t t r a c t i v e f u s ion r eac to r s . 

2 . 2 S T A B I L I T Y A N D F L U C T U A T I O N M E A S U R E M E N T S 

T h e goal of t h e E B S e x p e r i m e n t a l p r o g r a m is t o m a k e t h e m e a s u r e m e n t s t h a t 

a r e essent ia l t o v a l i d a t e t h e E B S p remises . T h e first of t h e s e p r emi se s is t h a t t h e 

ene rgy dens i ty of t h e r ings will b e h igher in t h e nea r ly l inear g e o m e t r y a n d t h a t 

t h e s t ronge r r ings will result, in g r e a t e r s t ab i l i ty fo r t h e core p l a s m a . T h e second is 

t h a t t h e orb i t o p t i m i z a t i o n in E B S will r e su l t in r e d u c e d t r a n s p o r t , wh ich will b e 

man i f e s t in e n h a n c e d p a r a m e t e r s for t h e core p l a s m a . 

T h e initial e x p e r i m e n t s will u se a few re la t ive ly s i m p l e d i agnos t i c devices . La t e r 

in t h e p r o g r a m , a d v a n c e d m e a s u r e m e n t s will u s e m o r e s o p h i s t i c a t e d devices t h a t 

c a n answer m o r e de ta i l ed q u e s t i o n s a b o u t t h e p l a s m a . 
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T h e f i rs t ques t ion t o b e add re s sed is t h a t of r ing f o r m a t i o n . R ing d i a m a g n e t i s m 

c a n b e used to infer t h e s to red energy; it will b e m e a s u r e d wi th m u l t i p l e - t u r n loops 

w o u n d d i rec t ly on t h e device cavi t ies . Wel l -known t echn iques for in t eg ra t ing t h e 

loop s ignals a n d c o m p e n s a t i n g for t h e effects of n e a r b y r ings will be used in de t e r -

m i n i n g t h e s t o r ed energy in t h e r ings . T h e c u r r e n t obse rved in s imple ionizat ion 

c h a m b e r s will se rve to d e m o n s t r a t e t h e f o r m a t i o n of energet ic e lec t rons , v ia t h e 

X rays p r o d u c e d by t h e h o t e lec t rons . 

C o r r e l a t i o n of t h e r i ng m e a s u r e m e n t s w i th d e n s i t y m e a s u r e m e n t s , which can b e 

m a d e w i t h a s ing le -channe l i n t e r f e rome te r , can be u s e d to inves t iga te t he connec t ion 

b e t w e e n t h e p r e sence of r ings a n d t h e e n h a n c e d c o n f i n e m e n t . Var ia t ion of t he field 

s t r e n g t h will c h a n g e t h e loca t ion of t h e r e s o n a n t s u r f a c e a n d , t he re fo re , t h e locat ion 

a n d s t o r ed ene rgy of t h e r ing . T h i s t echn ique for v a r y i n g t h e r ing p a r a m e t e r s can 

b e used t o i nves t i ga t e t h e i n t e r p l a y be tween r ing a n d core p a r a m e t e r s . Conversely , 

t h e core p a r a m e t e r s c a n b e c h a n g e d by va ry ing t h e m i r r o r r a t i o , t h a t is, t h e r a t i o 

b e t w e e n t h e field in t h e co rne r s t o t h a t in t h e c e n t e r of a cavi ty . Bo th t echn iques 

can b e used to i nves t i ga t e t h e r ing-core in t e rac t ion . 

T h e p r e s e n c e of fluctuations c a n b e d e t e r m i n e d w i t h m a g n e t i c or e lec t ros ta t ic 

p r o b e s , b y o b s e r v a t i o n of t h e p h a s e sh i f t of a m i c r o w a v e i n t e r f e r o m e t e r , or w i t h 

L a n g m u i r p r o b e s . All of t h e s e t e c h n i q u e s are sens i t ive t o fluctuations in t h e o u t e r 

p o r t i o n of t h e p l a s m a a n d give only l imi ted d a t a . Howeve r , t hese d a t a can be u sed 

w i t h m o r e a d v a n c e d m e a s u r e m e n t s to inves t iga te t h e p r e m i s e t h a t t h e r ings s tabi l ize 

t h e p l a s m a t h a t lies w i t h i n t h e m . 

T h e n e x t level of d iagnos t i c s will use devices t h a t can d e t e r m i n e t h e energy 

a n d / o r s p a t i a l d i s t r i b u t i o n of t h e r ing e lec t rons . A n a r r a y of h a r d X- ray de t ec to r s 

wou ld be ideal for t h i s p u r p o s e . A single de t ec to r , o p t i m i z e d for t h e i n t e rmed ia t e -

ene rgy (5- t o 50-keV) r ings , wou ld b e used t o i n v e s t i g a t e t h e "feed p o p u l a t i o n " f r o m 

w h i c h t h e h igh -ene rgy e lec t rons a r e f o r m e d . G e r m a n i u m de t ec to r s are well su i t ed 

t o t h i s t a s k . T i m e - r e s o l v e d m e a s u r e m e n t s of t h e s y n c h r o t r o n emiss ion will show 

t h e fluctuations in r i ng t e m p e r a t u r e or dens i ty . 

T h e s p a t i a l d i s t r i b u t i o n of t h e h o t e lec t rons in t h e m i d p l a n e can be m e a s u r e d 

w i t h t h r e e t y p e s of b e a m p r o b e s . A heavy- ion b e a m p r o b e , used p r imar i l y for de te r -

m i n i n g p o t e n t i a l d i s t r i b u t i o n s , will give b o t h d i r ec t a n d ind i rec t m e a s u r e m e n t s of 

t h e h o t e l ec t ron s p a t i a l l oca t ion . D i rec t m e a s u r e m e n t s employ m u l t i p l e ionizat ion of 

t h e p r i m a r y ions , w h i c h requ i res h igh-energy e l ec t rons . Ind i rec t m e a s u r e m e n t s use 

t h e c o n n e c t i o n b e t w e e n t h e h o t e l ec t ron p o p u l a t i o n a n d t h e p e a k s in t h e p o t e n t i a l 

prof i les . 
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A second b e a m p r o b e s y s t e m uses h e a v y a t o m s as i n t e r n a l t a r g e t s for p r o d u c -

ing c h a r a c t e r i s t i c X r ays . A d e t e c t o r t h a t scans t h e source region of the X rays 

de l inea te s t h e reg ion p o p u l a t e d by energe t ic e lec t rons . 

A t h i r d b e a m p r o b e , u s i n g Z e e m a n spec t ro scopy , will b e u s e d to de t e rmine t h e 

m a g n e t i c field in t he v ic in i ty of t h e h o t e lec t ron d i s t r i b u t i o n , t h e r e b y giving a d i rec t 

m e a s u r e m e n t of t h e field m o d i f i c a t i o n . T h e abi l i ty t o m o d i f y t h e v a c u u m field is of 

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

S k i m m e r p r o b e s : a n b e u s e d t o p rov ide add i t i ona l i n f o r m a t i o n on the loca t ion 

of t h e h o t e l ec t rons . As a m a t e r i a l ob jec t e n t e r s t he h o t e l ec t ron d i s t r i bu t ion , it 

r e m o v e s a p o r t i o n of t h a t d i s t r i b u t i o n . T h u s , a cor re la t ion of t h e s to red energy as 

a f u n c t i o n of s k i m m e r pos i t i on gives a m e a s u r e m e n t of t h e s p a t i a l d i s t r i bu t i on of 

t h e h o t e l e c t r o n s . 

2.3 P L A S M A C O N F I N E M E N T M E A S U R E M E N T S 

For b u d g e t a r y r easons , E B S e x p e r i m e n t s will begin w i t h t h e essent ia l m i n i m u m 

of d i agnos t i c s n e e d e d t o e s t a b l i s h t h a t t h e h o t e lec t ron r ings a r e s t ronger t h a n in 

E B T , t h a t a qu iescen t r e g i m e of o p e r a t i o n exis t s , a n d t h a t c o n f i n e m e n t is s u b s t a n -

t ia l ly b e t t e r t h a n in E B T . W h e n the se p o i n t s h a v e b e e n e s t a b l i s h e d , add i t i ona l 

d i agnos t i c s will b e a t t a c h e d a n d ac t iva ted so t h a t m o r e d e t a i l e d m e a s u r e m e n t s a n d 

c o r r e l a t i o n s can b e m a d e . F i g u r e 15 is a d i a g r a m of t h e ava i lab le d iagnos t ics as 

t hey w e r e ins ta l l ed on E B T . T a b l e 3 l ists t h e p l a n n e d d i agnos t i c s for EBS. 

2.3.1 Initial Measurements 

T h e p r e m i s e t h a t o rb i t o p t i m i z a t i o n will r e su l t in e n h a n c e d con f inemen t can b e 

v a l i d a t e d b y m e a s u r i n g t h e core p l a s m a p a r a m e t e r s . In i t ia l m e a s u r e m e n t s m a d e 

w i t h s i m p l e d iagnos t i cs can p r o v i d e cruc ia l i n f o r m a t i o n . 

A s ing le -channe l i n t e r f e r o m e t e r , wh ich m e a s u r e s t h e l ine in t eg ra l of t he p l a s m a 

dens i ty , will quickly d e t e r m i n e w h e t h e r t h e dens i t y in E B S is h igher , p r o d u c i n g 

i m p r o v e d o r b i t cha r ac t e r i s t i c s , t h a n in E B T . It will also tell w h e t h e r t h e r a n g e of 

n e u t r a l d e n s i t y fo r t h e T - m o d e is e x t e n d e d in E B S . 
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Fig. 15. S c h e m a t i c d iagram of d iagnos t i c dev ices insta l led on E B T . A similar array is eventually 
planned for EBS. although operation will begin with the minimum diagnostic set needed to demonstrate ring 
st.ahili/.at ion and improved confinement. 
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T a b l e 3 . D i a g n o s t i c f a c i l i t i e s f o r E B S 

R i n g s W a r m p l a s m a 

Initial operation 

T h e r m o c o u p l e a r r a y s in mi r ro r t h r o a t s 

To ro ida l p i c k u p coils 

S ingle-channel i n t e r f e r o m e t e r 

L a n g m u i r p r o b e s 

R F p r o b e s 

R e s i d u a l gas a n a l y z e r 

A f t e r 1 y e a r 

S ing le -channe l b r e m s s t r a h l u n g Vis ible a n d u l t r av io l e t s p e c t r o m e t e r s 

S ing le -channe l s y n c h r o t r o n Single-channel so f t X - r a y de tec to r s 

emiss ion s y s t e m (cavi ty a n d coil m i d p l a n e s ) 

Heavy- ion b e a m p r o b e 

M a g n e t i c loop p r o b e s (in one 

.corner sec t ion) 

After 2 years 

B r e m s s t r a h l u n g a r r a y M u l t i c h a n n e l i n t e r f e r o m e t e r 

Z e e m a n sp l i t t i ng p r o b e T h o m s o n s c a t t e r i n g s y s t e m 

I n t e r m e d i a t e - e n e r g y b r e m s -

s t r a h l u n g d e t e c t o r 

I n t e r n a l t a r g e t X - r a y • 

source p r o b e 

A second benef i t of i nc reased d e n s i t y wou ld be e n h a n c e d a t t e n u a t i o n of n e u t r a l 

a t o m s a n d molecu les . Spec t roscop ic m e a s u r e m e n t s c a n p r o v i d e ev idence for t h e 

d e p l e t i o n of n e u t r a l s , p a r t i c u l a r l y if t h e p l a s m a c a n b e s c a n n e d rad ia l ly t o p e r m i t 

t h e u s e of Abe l inve r s ion t e c h n i q u e s . 

T h e bes t , a n d m o s t d i r ec t , m e a s u r e m e n t of t h e s y m m e t r y of t h e e lec t ros ta t i c 

p o t e n t i a l requi res a h e a v y - i o n b e a m p r o b e ; however , p l a n s a r e t o defer t h e expense 

of ins ta l l ing th i s d i agnos t i c u n t i l l a t e r in t h e p r o g r a m . I n t h e earl ier s t ages , some 

i n d i c a t i o n of t h e p o t e n t i a l s y m m e t r y wil l b e given by L a n g m u i r p r o b e s , w h i c h can 

b e u s e d on t h e m i d p l a r / a c a v i t y a n d in t h e coil p l a n e of t h e exis t ing sp l i t m i r r o r 

D i a m a g n e t i c loops 

Ion iza t ion c h a m b e r 
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coils. W i t h p r o b e s in b o t h loca t ions , it will be poss ib le to m e a s u r e t h e p o t e n t i a l 

d i s t r i b u t i o n in t h e o u t e r p o r t i o n s of t h e p l a s m a a n d t o o b t a i n ev idence of axial 

v a r i a t i o n as well . 

P l a s m a losses a r e e x p e c t e d t o be a s y m m e t r i c in t h e corner regions , w h e r e t h e 

p l a s m a will s c r a p e off o n t h e ins ide . In t h e s t r a i g h t sec t ions , losses shou ld b e 

s y m m e t r i c . Severa l of t h e ex is t ing E B T coils h a v e p rov i s ions for t h e r m o c o u p l e s 

t o m e a s u r e t e m p e r a t u r e in t h e coil t h r o a t s . T h e s y m m e t r y of t h a t t e m p e r a t u r e 

d i s t r i b u t i o n will se rve as a m e a s u r e of t h e s y m m e t r y of t h e p l a s m a losses. 

T h e sens i t iv i ty of E B S t o field e r r o r s will b e checked w i t h an e lec t ron b e a m 

p r o b e . D u r i n g p l a s m a o p e r a t i o n , a m o n i t o r of t o r o i d a l c u r r e n t (e.g., a t o ro ida l 

p i c k u p loop) will b e u s e d . T h e level of t o ro ida l c u r r e n t will ind ica te t h e p resence 

a n d sever i ty of g lobal field e r ro rs , w h i c h can b e c o m p e n s a t e d by us ing e x t e r n a l coils 

t o i nduce e r rors of t h e o p p o s i t e s ign . 

2.3.2 Advanced Measurements 
A second t y p e of t o ro ida l c u r r e n t is of p a r t i c u l a r in t e res t in E B S . Pf i r sch-

Schl i i ter c u r r e n t s a r e e x p e c t e d t o p e a k n e a r t h e t r a n s i t i o n s be tween co rne r s a n d 

s t r a i g h t sec t ions . T h e s p a t i a l v a r i a t i o n of t he se c u r r e n t s shou ld b e d e t e r m i n e d w i t h 

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

of t he se c u r r e n t s will f u r n i s h excel lent o p p o r t u n i t i e s fo r a co l l abo ra t ion be tween 

e x p e r i m e n t a n d t h e o r y t o e luc ida te t h e t r a n s p o r t a n d s t a b i l i t y p r o p e r t i e s of E B S . 

As desc r ibed in A p p e n d i x 10, t h e e l ec t ros t a t i c p o t e n t i a l in E B S is e x p e c t e d t o 

b e m u c h m o r e s y m m e t r i c t h a n t h a t in E B T . T h i s will b e checked w i t h a heavy- ion 

b e a m p r o b e . 

In E B S , t h e effects of t h e t o r o i d a l c u r v a t u r e o n t h e p o t e n t i a l prof i le can be 

checked in s t ages b y u s i n g p l a t e s t o i so la te t h e p l a s m a b e i n g m e a s u r e d . F o r example , 

it will be poss ib le t o c h a n g e t h e ef fec t ive c o n f i g u r a t i o n f r o m a s t r a i g h t m u l t i p l e 

m i r r o r , w i t h n o t o r o i d a l effects , t o a m u l t i p l e m i r r o r t h a t h a s c u r v e d e n d sect ions , 

w i t h s o m e to ro ida l e f fec t s , t o a fu l l t o r u s , w i t h ful l t o r o i d a l effects. 

2.4 HEATING M E C H A N I S M S A N D GEOMETRY 
T h e m a g n e t i c g e o m e t r y of E B S , w h i c h r e su l t s in i m p r o v e d d r i f t o r b i t s , h a s 

t h e a d d e d bene f i t of i m p r o v i n g t h e h e a t i n g efficiency. T h e par t i c les t h a t a r e m o s t 

eff ic ient ly h e a t e d a r e t h o s e t h a t t u r n n e a r t h e r e s o n a n t field loca t ion . For large 

va lue s of t h e g lobal m i r r o r r a t i o M Q , t h e s e pa r t i c l e s h a v e p i t ch angles m u c h smal le r 
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than the loss conc angle, so that heating takes place far from the loss region, in 

pitch angle space. 

T h e i m p r o v e d h e a t i n g efficiency shou ld h a v e a m e a s u r a b l e effect on t h e e lec t ron 

d i s t r i b u t i o n f u n c t i o n . In E B T , t h e absence of w a r m e lec t rons , as m e a s u r e d w i t h 

a s o f t X - r a y d e t e c t o r in t h e coil t h r o a t , w a s one of t h e p r inc ipa l clues to t h e con-

finement p r o b l e m t h a t r e su l t ed f r o m dr i f t o r b i t effects . In E B S , however , pa r t i c l e s 

s h o u l d be able to p e n e t r a t e to t h e m i r r o r t h r o a t regions , a n d b e y o n d , w i t h o u t en-

c o u n t e r i n g t h e loss cone. T h u s , a m e a s u r a b l e p o p u l a t i o n of w a r m electrons can b e 

e x p e c t e d in t h e m i r r o r t h r o a t s , a n d t h e dens i ty of t h i s p o p u l a t i o n will serve as a 

m e a s u r e of t h e increased h e a t i n g efficiency. 

A n o t h e r r e l a t ed bene f i t of t h e E B S g e o m e t r y resu l t s f r o m t h e decoupl ing of t h e 

field s t r e n g t h s in t h e corners a n d t h e s t r a i g h t sec t ions . A l t h o u g h t h e field s t r e n g t h 

in E B T cou ld b e va r i ed , which c h a n g e d t h e g e o m e t r y of t h e r i ng a n d t h e r e s o n a n t 

s u r f a c e , t h i s v a r i a t i o n also c h a n g e d t h e m i r r o r r a t i o b e t w e e n t h e r e s o n a n t field a n d 

t h e field for pa r t i c les in t h e loss cone. T h u s , it w a s very diff icul t t o s e p a r a t e h e a t i n g 

ef fec ts f r o m c o n f i n e m e n t effects . In E B S , w h e r e t h e c o n f i n e m e n t is pr inc ipa l ly d u e 

t o t h e field in t h e co rne r s , changes in h e a t i n g efficiency w i t h local geome t ry (e.g., 

r i n g size, r e s o n a n t field loca ton) can b e m o r e easily s t u d i e d . 

T h e E B S device also offers several a t t r a c t i v e p r o s p e c t s fo r advanced h e a t i n g 

t e c h n i q u e s . For e x a m p l e , m u l t i f r e q u e n c y h e a t i n g , w h i c h w a s s h o w n to b e effect ive 

in a l inear geomet ry , c a n be used t o good a d v a n t a g e on E B S t o e n h a n c e t he r i ng p a -

r a m e t e r s . T w o f requenc ies , 27.7 a n d 28.0 G H z , a r e a l r e a d y avai lab le f r o m g y r o t r o n s 

in s e p a r a t e t u b e socke t s a t t h e E B S si te . A d e m o n s t r a t i o n of t h e effect iveness of * 

t w o - f r e q u e n c y h e a t i n g could be used to m a k e a case for inc reas ing t h e n u m b e r of 

ava i lab le f requenc ies . 

O f f - r e s o n a n t h e a t i n g , in w h i c h t h e inc iden t p o w e r does n o t e n c o u n t e r a r e s o n a n t 

s u r f a c e , is also a n in t e r e s t i ng p r o s p e c t fo r E B S . T h i s t e c h n i q u e h a s been d e m o n -

s t r a t e d in l inear s y s t e m s . U p p e r o f f - r e sonan t h e a t i n g resu l t s in h igher energies for 

t h e r i ng e lec t rons a n d in a g r e a t e r energy s p r e a d . T h e s e c h a n g e s , pa r t i cu la r ly t h e 

e n e r g y s p r e a d , a re use fu l in a l levia t ing r ing mic ro ins tab i l i t i e s , s u c h as whis t l e r s . 

L o w e r o f f - r e sonan t h e a t i n g r educes t h e r ing s t o r ed ene rgy b y increas ing t h e p i t c h 

ang l e for r ing par t i c les . T h i s is n o t an a p p e a l i n g p r o s p e c t in o p e n - e n d e d devices , 

b u t it m a y be very u se fu l in con t ro l l ing t h e d i s t r i b u t i o n f u n c t i o n in a t o rus . 

T h e m o d u l a r n a t u r e of E B S m a k e s it easy t o ins ta l l m u l t i p l e a n t e n n a s for ion 

cyc lo t ron h e a t i n g ( ICH) . In i t ia l e x p e r i m e n t s a r e likely t o use s low-wave l a u n c h , w i t h 

p o w e r p r o v i d e d b y a va r i e ty of h igh -power t r a n s m i t t e r s , w h i c h a r e a l ready in p lace 
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a n d o p e r a t i o n a l . These e x p e r i m e n t s are a t t r ac t ive because they p e r m i t the use of 

s impler a n t e n n a s wi thou t F a r a d a y shields. 

2.5 A D V A N C E D B U M P Y TOROID EXPERIMENTS 

A sequence of exper imen t s t h a t leads f r o m t h e initial E B S exper imen t t oward 

a r eac to r is ou t l ined in th i s sect ion, a n d a possible E B S r eac to r conf igura t ion is 

desc r ibed . 

T h e n e a r e r - t e r m conf igura t ions are designed t o pe rmi t e x p e r i m e n t s w i th larger 

global mirror ratio, larger core plasma beta, and larger minor radius. T h e means 

for e x t e n d i n g t h e range of these i m p o r t a n t physics p a r a m e t e r s is a s tep-by-s tep 

a p p r o a c h t h a t maximizes t h e use of exis t ing h a r d w a r e . 

A wide r r a n g e of global mi r ro r r a t i o t h a n t h a t of t he ini t ial E B S conf igura t ion 

c a n b e ach ieved in two ways . T h e one t h a t requires t h e m i n i m u m modif ica t ion uses 

t r i m coils in t h e mir ror cells a d j a c e n t t o t h e corners (i.e., in t h e t r ans i t ion cells). 

These t r i m coils coun te rac t t h e 1 J R f r inging fields of t he co rne r coils so t h a t for 

all va lues of MG t h e field in t h e t r ans i t ion coils is more like t h e field of t h e o ther 

m i r r o r cells. (Wi thou t t r i m coils, th is can be accomplished only for a l imited range 

of Mg values . ) This m e t h o d of increasing Mq also involves lower magne t i c field 

B in t h e s t r a i g h t sides. T h i s offers t he possibi l i ty of ra is ing t h e core p l a s m a be ta , 

which will allow tests of t h e b e t a l imits associated wi th s tabi l i ty . 

Achiev ing h igh be ta b y lowering B in t h e sides increases M q a n d hence the 

diffusive l i fe t ime. T h u s , if nT is l imited by t h e diffusive l i fet ime, t h e n a t comparab l e 

power levels nT should be h igher t h a n in t h e init ial E B S expe r imen t s . Lowering B 

by a f a c t o r of 2 t o 3 (and t a k i n g n o c red i t for t h e increased l ifet ime) should increase 

core b e t a by a fac to r of 5 t o 10. 

T h e h e a t i n g technique for explor ing high b e t a uses exis t ing 28-GHz microwave 

sources . T h e f u n d a m e n t a l resonances would b e placed in t h e p a r t s of t h e t rans i t ion 

coils n e a r e s t t h e corners. T h i s t y p e of hea t ing is advan tageous because it minimizes 

m i c r o w a v e cutoff p rob lems a n d because t h e en t i re device can b e hea t ed by illumi-

n a t i n g only t h e t rans i t ion cells a d j a c e n t t o two diagonal ly opposed corners . T h e 

m a g n e t i c field can be a d j u s t e d so t h a t t h e resonance is fa r e n o u g h f r o m t h e lossy 

region of p h a s e space to m a k e t h e h e a t i n g inefficiencies t h a t occur red in E B T in-

s igni f icant . Because the m a g n e t i c scale lengths are comparab l e t o those of t he initial 

E B S con f igu ra t i on , hea t ing efficiency ( abso rbed power) shou ld b e comparab le . 
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T h e h i g h - b e t a e x p e r i m e n t s '.vill a lso reqiiire t h e 18-GHz or 10 .6-GHz mic rowave 

sou rces t o h e a t t h e r ings in \,> e s t r a i g h t sides. Because t h e dens i ty a t the r ing 

pos i t i on s h o u l d be s o m e w h a t less t h a n t h e cen t r a l va lue , m i c r o w a v e cutof f shou ld n o t 

be as m u c h of a p r o b l e m as usua l for t h e s e lower f r equency mic rowaves . Nonethe less , 

th i s p r o b l e m d e p e n d s t o some e x t e n t on prof i le , a n d it m a y b e neces sa ry to s t a r t 

a t low dens i ty a n d use gas puf f ing ( and t h e long l i fe t ime of t h e r ings , > 0 .1 s) t o 

avoid i t . 

E x p l o r i n g t h e ful l r a n g e of MG w i t h lower B in t h e s ides requi res a c o m p a r a b l y 

low f r e q u e n c y for t h e mic rowaves (e.g., 10.6 GHz) to p r o d u c e t h e s a m e local hea t ing 

g e o m e t r y as t h a t in t h e init ial E B S e x p e r i m e n t s . T h i s is a t t r a c t i v e b e c a u s e lower 

f r e q u e n c y m i c r o w a v e sources are m o r e read i ly avai lable a n d genera l ly less expens ive . 

T h e r e a r e , however , lower b o u n d s o n t h e f r equency b e c a u s e of m i c r o w a v e cutoff . 

T o t a k e ful l a d v a n t a g e of t h e h igh Mq a t low B, 28 -GHz micr.owaves will p r o b a -

bly b e needed t o p r o v i d e u p p e r o f f - r e sonan t h e a t i n g . T h i s t e c h n i q u e , p r o v e n on t h e 

E L M O a n d C M F devices , raises t h e h o t e lec t ron t e m p e r a t u r e ( e . g . b y a f ac to r of 7 

in t h e C M F ) , wh ich m a k e s it poss ib le t o achieve h i g h r ing b e t a w i t h o u t increas ing 

t h e r i ng dens i t y to levels nea r t h e p l a s m a core densi ty . T h i s avoids t h e h o t e lect ron 

i n t e r c h a n g e m o d e , w h i c h occurs (as d e m o n s t r a t e d theore t i ca l ly a n d expe r imen ta l ly ) 

w h e n t h e r ing dens i t y is c o m p a r a b l e t o t he core p l a s m a dens i ty . U p p e r o f f - resonan t 

h e a t i n g m i g h t also b e usefu l to s u s t a i n r ings in h i g h - b e t a e x p e r i m e n t s . 

T h e second way of achieving h ighe r M g is by u s ing el l ipt ical roi ls in t h e corners . 

T h e long axes of t h e s e coils wou ld b e ver t ica l . T h i s conf igu ra t ion r educes t h e 

v a r i a t i o n in field l ine l eng th d u e t o t o ro ida l effects ( i m p o r t a n t for p a s s i n g par t ic les) 

w i t h o u t r equ i r ing s igni f icant ly m o r e coil p o w e r , a n d it a l lows ful l m a g n e t i c field in 

t h e s ides . 

L a r g e r m i n o r r a d i u s can be o b t a i n e d t h r o u g h a n o t h e r mod i f i c a t i on . W i t h t h e 

e l l ipt ical coils p r o v i d i n g h igher M G , fewer coils a r e n e e d e d for t h e s t r a i g h t sides, 

a n d a s o m e w h a t lower "local" m i r r o r r a t i o can b e t o l e r a t e d in t h e i nd iv idua l m i r r o r 

cells. (Pa r t i c l e o r b i t s a n d t h e a s soc ia t ed l i fe t ime i m p r o v e wi th M g , n u m b e r of 

m i r r o r cells, a n d t h e "local" m i r r o r r a t i o of i nd iv idua l cells.) For a fixed sepa ra t i on 

b e t w e e n corne r s , f ewer cells per s ide ( and p e r h a p s a lower local m i r r o r ra t io) allow 

a n inc rease in t h e d i a m e t e r of t h e coils in t h e s t r a i g h t s ides a n d hence in t h e p l a s m a 

d i a m e t e r . 



3. FACILITY SYSTEMS 

The detailed conceptual design report for the reconfiguration of EBT into EBS 

has been given elsewhere.6 In this section, some of the engineering drawings and 

equipment specifications for carrying out this project are presented. 

3.1 OVERVIEW 
The EBS project will provide for the complete disassembly of the existing EBT 

device, demolition of its substructure, and assembly of new and existing components 
to form a square configuration. The 24 EBT mirror coils will be salvaged; 16 of them 
will be installed between new cavity sections, as shown in Fig. 1. The connecting 
corner sections forming the vacuum vessel will be toroidal sectors, each with eight 
new mirror coils half the size of the E B T coils. 

Each set of corner coils will be powered by a 3-MW generator, so that an 
additional 12 MW of power will be required. The power distribution system and 
cooling water system will be modified to accommodate the additional needs. A new 
device substructure and a new microwave duct and manifold will be installed. 

The instrumentation and control (I&C) systems and the microwave waveguide 
network from EBT will be installed on EBS without changes, except as required 
to adapt to the new configuration. The biological shield, which is shown in Fig. 2, 
will also remain unchanged. Figure 16 is an elevation view of the EBS device in the 
shielded enclosure, and Fig. 17 is a typical elevation cross section. The relation of 
the vacuum vessel to the flux surfaces is shown in Fig. 18, which also illustrates the 
construction of the corners. 

Because EBS is chiefly a reconfiguration of the existing E B T device, the capital 
investment involved is minimal. No critical elements are required by EBS (i.e., no 
new or ongoing component research and development must be successfully com-
pleted) . Design, fabrication, and assembly require only existing technology, and no 
particular element takes precedence over the others. 

3.2 MECHANICAL SYSTEMS 

3.2.1 Vacuum System 

The vacuum pumping system for EBS will be essentially the same as that for 
i 

EBT. A new vacuum manifold will be required to match the square configuration; 
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Fig. 16. Elevation view of EBS. 
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Fig. 17. Cross section of typical elevation of EBS. 

flanges on the new manifold will mate to the three turbomolecular vacuum p u m p s 

and one cryogenic pumping system already installed. The l&C for the pumping 

system will be unchanged, as will the mechanical foreline and tank roughing pumps. 

A total of 14 new cylindrical a luminum standard cavities, shown in Fig. 19, and 

6 box-shaped diagnostic cavities, shown in Fig. 20, will make up the vacuum vessel 

in combination with the mirror coil cases. The diagnostic cavities have large cover 

plates on four sides to simplify the installation and removal of diagnostics. 

3.2.2 Cooling System 

The cooling system for the mirror coils will be modified to accommodate the 

heat load imposed by the new corner coils. The number of cooling water paths 

will increase from 288 to 532, which increases the requirements for water flow (at 

4 g a l / m i n ) from about 1200 ga l /min to about 2100 ga l /min . The existing cooling 

water manifolds for the mirror coils will be modified and reinstalled. The cooling 
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Fig. 18. Relation of microwave cavities and field coils to magnetic field 
lines. 

sys tem for the corner coils is shown in Fig. 21. New manifolds will be fabricated for 

the corners. The cooling systems for the 28-GHz, 200-kW, cw gyrotrons will not 

require modification. 

3.2.3 Vacuum Vessel Support Structure 

Figure 21 also shows the support structure for the corner coils. Each corner 

assembly and mirror coil case will be directly supported on a stand bolted to the 

floor. T h e individual s tands will then be coupled by a concrete collar to distribute all 

centering and out-of-plane magnetic forces over the centerline span of the machine. 

3.3 ELECTRICAL SYSTEMS 

3.3.1 Magnet System 

One of the four split mirror coils from E B T will be installed on each side of 

EBS. T h e coils on each s ide of the square are in series with one another and with 
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t h e coils o n t h e o p p o s i t e s ide of t h e squa re ; they a re p o w e r e d b y t w o dc gene ra to r s 

in ser ies w i t h a c o m b i n e d r a t i n g of 700 V a n d 7140 A. 

E a c h co rne r a s sembly c o n t a i n s e i g h t coils, each of wh ich cons i s t s physica l ly of 

half a s t r a i g h t - s i d e m i r r o r coil ( two p a n c a k e coils i n s t e a d of fou r ) . T h e e igh t coils 

a re ser ies c o n n e c t e d a n d a r e in ser ies w i t h t h e oppos i t e co rne r ; t hey are powered 

by t w o dc g e n e r a t o r s in ser ies w i t h a c o m b i n e d r a t i n g of 700 V a n d 8750 A. T h e 

pos i t ive a n d nega t ive c o p p e r b u s a r o u n d t h e m a c h i n e is in close para l l e l a l i g n m e n t 

to cance l s t r a y field effects . 

S p a c e is p r o v i d e d for e r r o r field cor rec t ion coils. F o u r c o n t i n u o u s ver t ica l a n d 

four c o n t i n u o u s ho r i zon ta l coils will b e loca ted on 45° p l anes o u t f r o m t h e m a c h i n e 

cen te r l i ne . 

As s h o w n in F ig . 18, space is p r o v i d e d for t r i m coils n e x t t o t h e co rne r coil 

a s sembl ie s . O n e c i rcu la r coil, twice t h e d i a m e t e r of a m i r r o r coil, c a n be m o u n t e d 

ins ide e a c h of t h e e igh t t r a n s i t i o n cav i t ies t o align t h e h o t e lec t ron r ing pos i t ion , if 

n e e d e d . T h i s loca t ion op t imizes t h e f u n c t i o n of t h e t r i m coils wh i l e avo id ing space 

conf l ic t s w i t h o the r m a c h i n e s y s t e m s . 
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Fig. 20. Detail of instrumented diagnostic microwave cavity. 

3.3.2 Microwave Systems 

The microwave manifold,will be a 10-cm-diam copper duct square configured 

to match the coil-cavity arrangement. The manifold will connect to each straight-

side cavity section through a 10-cm-diam port that has an adjustable iris to control 

power distribution. The system is shown in Figs. 16 and 17. Input power from one 

or both gyrotrons will be fed into the square manifold at a single point and split 

for symmetric distribution at the ports. 

3.3.3 RF Sources 
No changes in the rf sources will be required for EBS, other than a minor 

rerouting of ducts to fit the square geometry. New duct flanges will be required at 

the cavity interfaces. The following sources of rf power are in place and operational. 

• T w o 28-GHz, 200-kW, cw gyrotrons. Each gyrotron is powered by a supply 

consisting of two stacked, variable-voltage, regulated supplies. The beam sup-

plies have a rating of 100 kV at 1.0 A, and the gun supplies are rated at 40 kV 

at 1.0 A. 

• Five transmitters, all capable of cw operation at the following levels: 

a. 2 to 30 MHz, 100 kW, 
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Fig. 21. Detail of support structure and cooling for standard corner coil. 

b . 2 t o 30 M H z , 200 k W , 

c. 175 to 215 M H z , 50 k W , 

d . 2 t o 30 M H z , 20 k W , a n d 

e. 30 t o 60 M H z , 20 k W . 

3.3.4 Instrumentation and Controls 
M o s t of t h e needed I & C s y s t e m s for E B S a l r eady exis t . A d d i t i o n s will be m a d e 

p r i m a r i l y in t h e cool ing a n d g e n e r a t o r con t ro l sy s t ems . T h e v a c u u m i n s t r u m e n t a -

t i on s y s t e m s exis t a n d will b e ins ta l led di rec t ly on E B S w i t h o u t change . 



4. RESOURCES, COST, A N D SCHEDULE 

4.1 RESOURCES 
Experiments on the EBT device made use of an extensive set of computer 

equipment, p lasma diagnostics, and machine facilities. Most of these assets will 
be suitable for use on the EBS device. Although many of the diagnostics and other 
components have been lent to other experiments (which is a testament to their 
utili ty), they are, in principle, recallable and thus available for the EBS program. 
Brief descriptions of these assets follow. 

4.1.1 Computers 

Many of the EBT diagnostics used dedicated computers for da ta acquisition and 
experiment control. These "diagnostic" computers were connected to larger VAX 
computers used for data storage and rapid analysis. These, in turn , were linked 
through a DCA 355 to the Fusion Energy Division's central PDP-10 computer. 
Terminals and monitors were used to control machine and diagnostic operation, t o 
provide analysis capability in staff offices, to provide word processing and graphics, 
and to enable after-hours computing from remote locations. These assets include 
the following: 

4.1.2 Diagnostics 

A record of the diagnostic complement on E B T was maintained on one of the 
word processing devices. One of the latest of these is shown in Fig. 15. 

4.1.3 Machine Facilities 
Two motor-generator (MG) sets, comprising four generators, were used on E B T 

to provide u p to 10 MW. Another pair of MG sets tha t can provide up to 12 MW 
was refurbished using EBT funds but has not been used. The buswork necessary to 
deliver power f rom these sets to the EBS site is in place, and the control circuitry for 
regulating their output has been designed and partially constructed. The available 
power is more t han adequate for EBS. 

2 VAX computers 
5 PDP-11 computers 
1 DCA-355 

50 terminals with monitors 
5 hard-copy units 
1 Versatec printer 
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A closed-cycle deminera l ized wa te r sys tem is in place a t t h e EBS site. I t is 

connec ted to a cooling tower wi th a 5 0 - M W capaci ty , ensur ing t h e removal of t h e 

hea t g e n e r a t e d by t h e e x p e r i m e n t . 

Avai lab le power suppl ies a n d mic rowave t u b e s can p rov ide power a t 10.6, 18, 

27.7, a n d 28 GHz . T h i s m i x of f requencies allows a very in te res t ing range of ex-

p e r i m e n t s . A l t h o u g h it is unl ikely t h a t all of t h e mic rowave power would be u s e d 

s imul t aneous ly , i t is poss ible t o provide roughly 500 k W of h e a t i n g to the p l a s m a 

us ing t h e avai lable sources ( two 200-kW, 28-GHz tubes ; four 15-kW, 18-GHz t u b e s ; 

and t h r e e 15 -kW, 10.6-GHz tubes ) . 

A b o u t half th i s a m o u n t of con t inuous hea t i ng in t h e ion cyclotron r a n g e of 

f requenc ies is avai lable (one 100-kW, 5- t o 30-MHz t r a n s m i t t e r ; one 20-kW, 5- t o 

30-MHz t r a n s m i t t e r ; one 200-kW, 5- t o 15-MHz t r a n s m i t t e r ; one 20-kW, 30- t o 

60-MHz t r a n s m i t t e r ; a n d one 1 .5-kW, 1- t o 200-MHz t r a n s m i t t e r ) . 

4.2 COST A N D SCHEDULE 
T h e cost of t h e E B S p ro jec t is $4 mil l ion (as of S e p t e m b e r 1985). T h e e s t i m a t e d 

comple t ion d a t e is 24 m o n t h s a f t e r p ro jec t approva l . 



5. PROGRAM COLLABORATION 

T h e p r o g r a m for E B S is expec t ed t o involve s ign i f ican t co l l abora t ion , b o t h 

e x p e r i m e n t a l a n d theo re t i ca l , w i t h ind iv idua l s a n d g r o u p s ou t s ide O R N L . In te r -

n a t i o n a l co l l abo ra t ion , especial ly w i t h t h e J a p a n e s e , is e x p e c t e d , as is i nvo lvemen t 

of s t a f f f r o m U.S. i n d u s t r y , un ivers i t i es , a n d n a t i o n a l l abo ra to r i e s . T h e effect iveness 

of t h e p l a n n e d co l l abo ra t i on c a n b e p r e d i c t e d f r o m t h e co l l abora t ive p r o g r a m for 

E B T . 

T h e E B T p r o g r a m invo lved ex tens ive co l l abo ra t i on w i t h t h e J a p a n e s e , p r i m a r i l y 

w i t h t h e N B T g r o u p a t N a g o y a . T h e r e w e r e p e r s o n n e l exchanges , d a t a w o r k s h o p s , 

c o l l a b o r a t i v e e x p e r i m e n t s , a n d m a n y overseas t e l ephone conve r sa t i ons b e t w e e n t h e 

E B T a n d N B T g roups . T h i s c o l l a b o r a t i o n shou ld c o n t i n u e for t h e new p r o g r a m . 

V a r i o u s i ndus t r i a l g r o u p s p l a n n e d e x p e r i m e n t s , bu i l t e q u i p m e n t , t r a n s p o r t e d it 

t o O a k R i d g e for i n s t a l l a t i on o n E B T , a n d p a r t i c i p a t e d in e x p e r i m e n t s . Th i s t y p e 

of i n v o l v e m e n t will b e ac t ive ly s o u g h t a n d e n c o u r a g e d for E B S . 

I n n o v a t i v e theo re t i ca l w o r k , w h i c h h a s h a d a p r o f o u n d effect on t h e course of 

b u r n p y t o r u s r e sea rch , h a s b e e n d o n e b y ind iv idua l s a t o t h e r n a t i o n a l l abo ra to r i e s 

a n d in u n i v e r s i t y a n d i n d u s t r y se t t ings . T h e p r o g r a m o n E B S is e x p e c t e d t o b e 

i n t e r e s t i n g e n o u g h t o r e s u l t in c o n t i n u e d i n v o l v e m e n t of t h i s n a t u r e . 
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1. MAGNETICS, SINGLE-PARTICLE DRIFT ORBITS, AND NONRESONANT ELECTRON 
TRANSPORT COEFFICIENTS FOR THE ELKO BUMPY SQUARE 

L. W. Owen 

The ELMO Bumpy Square (EBS) i s formed by four l inear arrays of 
simple magnetic mi r ro rs l inked by 90° sect ions of a h i g h - f i e l d to ro ida l 
solenoid . The EBS I s shown t o have s i n g l e - p a r t i c l e confinement 
proper t ies t h a t are d i s t i n c t l y superior to those of a standard EBT 
consist ing of a t o r o i d a l l y l inked array of c i r c u l a r mir ror c o i l s . 
S p e c i f i c a l l y , EBT- I /S i s compared t o EBS conf igurat ions having 24 
mirror sectors w i th EBT-I /S mirror c o i l s in the s ides of the square. 
Each corner is formed by e ight new c i r c u l a r or e l l i p t i c a l c o i l s t h a t 
generate a f i e l d w i th n e g l i g i b l e edge r i p p l e , so t h a t t rapping in local 
minima in the corners does not occur. 

1.1 INTRODUCTION 

The EBS i s one member of a c lass of closed f i e l d l ine devices, 
c a l l e d bumpy polygons, in which improved confinement r e s u l t s from 
l o c a l i z i n g the unavoidable to ro ida l curvature in regions ( v e r t i c e s of 
the polygon) where the magnetic f i e l d is much stronger than the average 
f i e l d in the m i r ro r sectors comprising the s ides. I n a bumpy polygon 
the number of symmetry planes i s equal t o the number of s ides or 
v e r t i c e s of the polygon, and the number of f i e l d periods i s twice t h i s 
number. I n a sense, the bumpy square is a compromise between the 
d e s i r a b i l i t y of a high degree of r e f l e c t i o n symmetry (as in EBT) and 
the necessity of having the we 11-centered d r i f t o r b i t s and pressure 
sur faces exh ib i ted by the bumpy race t rack , t r i a n g l e , square, e t c . , f o r 
the best plasma performance. Since the v e r t i c e s of the polygon have 
the 1/R f i e l d c h a r a c t e r i s t i c of a to ro ida l solenoid, the magnetic f i e l d 
in the two mi r ror sectors adjacent to each vertex ( t r a n s i t i o n sectors) 
i s not axisymmetric, unl ike the nearly axisymmetric f i e l d in the other 
sectors comprising the s ides . For t h i s reason, among others, one would 
l i k e t o maximize the number of axisymmetric mi r ror sectors and minimize 
the number of t r a n s i t i o n sec tors . EBS is not only a reasonable 
compromise between symmetry and confinement, but i t a lso has the added 
p r a c t i c a l advantage of f i t t i n g n ice ly (with 24 sectors) into the 
e x i s t i n g EBT- I /S enclosure. Hence, a reconf igura t ion of EBT- I /S into 
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an EBS would not necessi tate a demol i t ion and reconstruct ion of the 
enclosure, as would a 24-sector bumpy race t rack , f o r example. 

I n addi t ion t o the super ior core plasma confinement proper t ies 
exh ib i ted by EBS, a number of other p o t e n t i a l l y useful and important 
advantages can be c i t e d . The hot e lect ron r ings tha t are necessary f o r 
macrostabiI i ty in EBS, j u s t as in EBT, are exceedingly well centered, 
since they are formed in a near-axisymmetric f i e l d . For the same 
anisotropy in EBS, there should be l i t t l e or none of the rad ia l 
broadening of the r ing t h a t occurs in EBT-I /S because of dispersion in 
the magnetical ly confined trapped p a r t i c l e d r i f t o r b i t s . Hence, i t may 
be eas ier t o form an average magnetic wel l in EBS. The geometry of the 
EBS conf igurat ion suggests the p o s s i b i l i t y of using very i n t e r e s t i n g 
heating techniques t h a t would not be prac t ica l in a standard EBT. 
Access a t the corners permits a long path length f o r p a r a l l e l neutral 
beam i n j e c t i o n , and the lack of magnetic moment conservation a t t yp ica l 
beam energies should quickly i so t rop ize the hot ion d i s t r i b u t i o n . 
(Simultaneous co- and counte r in jec t ion is necessary so as not t o d r i v e 
a p a r a l l e l current in the plasma.) In an EBS tha t u t i l i z e s an 
EBT-S- l ike magnetic f i e l d (1 T in the mir ror c a v i t i e s ) , slow wave ion 
cyclotron resonance heating (ICRH) and 60-GHz e lectron cyclotron 
resonance heating (ECRH) can be launched from the h i g h - f i e l d corners 
wi th the r ings sustained by 28-GHz second harmonic heat ing. 

1.2 MAGNETICS 

I n F ig . 1 . 1 the innermost, outermost, and centra l magnetic f i e l d 
l ines in EBS conf igurat ions with c i r c u l a r ( top) and e l l i p t i c a l (bottom) 
c o i l s in the corners are d isplayed. Each of the f i v e EBT- I /S c o i l s in 
each s ide is approximated by two c i r c u l a r f i l a m e n t s , and each of the 
e ight c o i l s in each corner i s approximated by a s i n g l e c i r c u l a r or 
e l l i p t i c a l f i l a m e n t . (Only those f i l a m e n t s w i th in a s i n g l e f i e l d 
period are d isp layed . ) The sector length or co i l spacing in the s ides 
i s 40 cm, and the angular spacing in the corners is ( 9 0 / 7 ) ° . The major 
radius o f the corner sect ions i s 4 4 . 2 cm, w i th the ax is of each corner 
sect ion displaced r a d i a l l y outward by 2 .5 cm from the a x i s of the 
s ides . Th is displacement is necessary t o form the r ings in the 
t r a n s i t i o n sectors on the same f lux l i n e s on which they are formed in 
the axisymmetric sectors. Depending upon the strength of the 
solenoidal f i e l d in the corners, the t r a n s i t i o n sector length i s 
t y p i c a l l y larger (by 3 t o 5 cm) than the length of the other sectors . 
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F ig . 1 . 1 . The innermost, outermost, and centra l magnetic 
f i e l d l i n e s in EBS conf igura t ions wi th c i r c u l a r ( top) and 
e l l i p t i c a l (bottom) c o i l s in the corners. 
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A l t e r n a t i v e l y , a " t r i m c o i l " in each t r a n s i t i o n sector i s required t o 
l ine up a l l of the r ings i f the r e l a t i v e f i e l d s in the corners and 
s ides are t o be var ied . ( I t w i l l be shown la te r t h a t t h i s is a very 
des i rab le feature of the EBS conf igura t ion t h a t permits a rather broad 
v a r i a t i o n of the confinement proper t ies of the dev ice . ) 

Magnetic f i e l d l ines (dotted) are shown in more de ta i l in 
F ig . 1 . 2 , along with mod-B contours ( s o l i d ) in the equator ia l plane of 
EBS. I n p a r t i c u l a r , one observes tha t the small outward displacement 
of the corners discussed above r e s u l t s in the symmetrization of mod-B 
in the midplane of the t r a n s i t i o n sector wi th respect t o the machine 
ax is or the magnetic f i e l d l ines . I t is a lso seen in the corner 
sect ion graph tha t there is no s i g n i f i c a n t f i e l d r i p p l e , even on the 
outermost f lux l i n e t h a t j u s t grazes the co i l cases in the equator ia l 
plane of the mirror c a v i t i e s . 

I n Fig. 1 .3 , the normalized magnetic f i e l d s t rength is p lot ted as 
a funct ion of arc length along the central f i e l d l i n e in EBS f o r two 
values of the "global" mir ror r a t i o MQ. The cavi ty mir ror r a t i o is the 
same as tha t in EBT- I /S (w 1.88) and i s determined by the mean coi l 
rad ius and spacing. The global mi r ror r a t i o i s def ined as the r a t i o of 
B a t the corners to B = B ^ a t the center of the reference sector 
midplane. Presently a v a i l a b l e motor-generator s e t s , cooling tower 
capac i ty , and e lect ron cyclotron heating (ECH) f requencies tha t could 
be dedicated to EBS permit a v a r i a t i o n of MQ Ki 3 - 6 w i th c i r c u l a r c o i l s 
in the corners. The upper l i m i t corresponds t o an EBT—I—like f i e l d 
(18 GHz) in the s ides and the maximum f i e l d (w 3 T) in the corners. I f 
e l l i p t i c a l co i l s were used in the corners (see F ig . 1 . 1 , bottom), then 
the maximum global mirror r a t i o would be l im i ted t o MQ W 4 . 7 , wi th an 
addi t iona l 8 MW of dc power required t o ob ta in MQ Ki 6 (s ince the turn 
length is approximately t w o - t h i r d s larger than t h a t f o r the c i r c u l a r 
coi I s ) . 

1.3 SINGLE-PARTICLE DRIFT ORBITS AND PLASMA PRESSURE SURFACES 

We now turn from magnetics t o a discussion of s i n g l e - p a r t i c l e 
d r i f t o r b i t s and plasma pressure surfaces in EBS. For the EBS 
conf igurat ion wi th c i r c u l a r c o i l s in the corners and MQ W 4 , F ig . 1 . 4 
shows core plasma pressure contours and extreme passing p a r t i c l e 
(Vj| = V) d r i f t o r b i t s in the reference sector midplane. For a small 
minor radius, i t is seen t h a t the pressure contours are centered a t 
x Ki - 1 . 5 cm, whereas f o r a large minor rad ius , the contours are almost 
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Fig . 1 .2 . Mod-B contours ( s o l i d ) and magnetic f i fc ld l i n e s 
(dot ted) in the equator ia l plane of an EBS conf igura t ion wi th 
c i r c u l a r c o i l s in the corners. Small outward displacement of the 
corners ( top) symmetrize the mod-B in the t r a n s i t i o n sector 
(midd le ) . Th is al lows r ings t o form on the same f lux l ines on 
which they are formed in the axisymmetric sectors (bottom). 
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F ig . 1 .3 . The normalized magnetic f i e l d strength is p lo t ted 
along the central f i e l d l ine in EBS fo r two values of the global 
mir ror r a t i o MQ; MQ = 4 (top) and MQ = 6 (bottom). 
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Fig . 1 .4 . For an EBS conf igurat ion w i th c i r c u l a r c o i l s in the 
corners and a global mirror r a t i o MQ W 4 , core plasma pressure 
surfaces (contours of constant d / / B ) a r e shown a t the top and 
passing p a r t i c l e d r i f t o r b i t s (contours of constant tf d f / B ) are 
shown a t the bottom. 
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exact ly centered on the minor ax is (x M 0). Although not shown, the 
d r i f t o r b i t s fo r t r a n s i t i o n a l p a r t i c l e s t h a t tu rn in the corners are 
a lso approximately c i r c u l a r , unl ike those in EBT- I /S t h a t tend t o be 
" f a t " banana o r b i t s sh i f t ed to the inside of the torus. 

The u t i l i t y of the longi tudinal invar ian t J , p lo t ted as a funct ion 
of rad ius in the equatorial plane, i s i l l u s t r a t e d in F ig . 1 . 5 . The 
v a r i a t i o n wi th p i tch angle of the radia l pos i t ion of the minimum of J, 
^JMIN' ' s a u s e ^ u ' measure of d r i f t o r b i t center ing and dispersion in 
the plasma i n t e r i o r . I n add i t ion , i f i t has been determined t h a t the 
d r i f t o r b i t s are approximately c i r c u l a r , then level l ines on J 
determine the center and the diameter (or approximate area) of a given 
d r i f t o r b i t without the necessity of computing J over the e n t i r e 
reference plane. I n Fig. 1 .6 curves of Rj|y|i|\j (V | ( /V ) , wi th V||/V def ined 
a t the midplane center , are shown f o r EBS w i th c i r c u l a r or e l l i p t i c a l 
c o i l s In the corners and compared to the curve f o r EBT-I'/S. Also noted 
by an arrow i s the radia l posi t ion of the minimum of d i / B f o r each 
case. Several points should be noted in these graphs. For EBS, l i t t l e 
or no dispersion is apparent un t i l the midplane V||/V i s large enough 
f o r the p a r t i c l e to turn in the corners. The peak of the t r a n s i t i o n a l 
p a r t i c l e Rjmin is much lower and i t s width much smal ler than f o r 
EBT- I /S . Also, because the global mirror r a t i o Mq i s larger than the 
cav i ty mir ror r a t i o in EBT- I /S , the peak occurs a t la rger V||/V, where 
there are fewer p a r t i c l e s (assuming constant density along f i e l d 
l i n e s ) . Likewise, the center ing of passing p a r t i c l e s i s much bet ter in 
EBS than in EBT- I /S . Perhaps most s t r i k i n g in EBS is the improvement 
in the center ing of the core plasma pressure contours (U = $ d£/B 
contours) , denoted by U ^ . The sca l ing of U ^ wi th MQ is a lso very 

favorab le ; U ^ <* ( M Q ) - 1 , 2 5 w i th c i r c u l a r c o i l s in the corners and 

^MIN 1 O W 1 - S e l l i p t i c a l c o i l s . Extreme passing p a r t i c l e d r i f t 
o r b i t center ing i s also seen to scale as an inverse power of MQ; 
R J M I N ( v | | / v = ! ) * ( M e ) " 0 ' 2 5 ( c i r c u l a r ) and A ( M G ) ~ ° * 5 ( e l l i p t i c a l ) . 
These e f f e c t s are a d i r e c t r e s u l t of concentrat ing the t o r o i d a l 
curvature in the high-B corners of EBS. The reason tha t e l l i p t i c a l 
c o i l s g ive b e t t e r r e s u l t s than c i r c u l a r c o i l s i s apparent in F i g . 1 .1 . 
An important e f f e c t of the h i g h - f i e l d corners i s t o minimize the 
d i f f e r e n c e in length between the inner and outer f i e l d l ines . This is 
obtained most e f f i c i e n t l y by v e r t i c a l fanning in the corners, ra ther 
than by a rad ia l compression of the f l u x . Hence, corner c o i l s which 
are elongated v e r t i c a l l y are expected to be super ior t o c i r c u l a r c o i l s 
in center ing d r i f t o r b i t s and pressure surfaces, as indeed they a re . 
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F ig . 1 . 5 . Rjmin ' s a useful measure of d r i f t o r b i t d ispersion 
in the plasma i n t e r i o r . I t represents the r a d i a l distance from the 
minor ax is of the center of tha t d r i f t o r b i t ( f o r a p a r t i c u l a r 
p i t c h angle) which has the la rgest inward s h i f t toward the major 
a x i s of the torus . 
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Fig . 1 .6 . Rjhiin ( V j j / V ) and the rad ia l pos i t ion of the minimum 

of d i / B 5 U M I N f o r EBT- I /S and EBS with c i r c u l a r and e l l i p t i c a l 
c o i l s in the corners f o r two values of the global mi r ror r a t i o . 
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However, as mentioned previously , the dc power requirements increase 
w i th e longat ion f o r copper c o i l s . A f i x e d amount of dc power f o r the 
corners, t h e r e f o r e , s e t s an upper l i m i t on the e longat ion f o r a given 
desi red global mi r ror r a t i o . I t should be stressed t h a t e l l i p t i c a l 
c o i l s are not necessary t o t e s t the EBS concept. I f an EBS wi th 
c i r c u l a r c o i l s in the corners performs as pred ic ted , then the c i r c u l a r 
c o i l s can be l a t e r replaced wi th e l l i p t i c a l ones in a second phase of 
the experiment. I n f a c t , a staged experiment such as t h i s i s the most 
d e s i r a b l e a l t e r n a t i v e because i t minimizes schedule, i n i t i a l cost , and 
r i s k , as wel l as permi t t ing a range of operat ing f i e l d s in which 
neoclassical t r a n s p o r t ra tes can be var ied by as much as a f a c t o r o f 4 
(discussed l a t e r ) . 

1.4 VOLUMETRIC EFFICIENCY 

For the cases considered in F ig . 1 . 6 , the volumetr ic e f f i c i e n c y or 
f i l l i n g f a c t o r f o r EBT- I /S i s compared t o t h a t fo r EBS in F ig . 1 . 7 . 
The vo lumetr ic e f f i c i e n c y r e f l e c t s the confinement o f p a r t i c l e s a t a 
large minor rad ius corresponding t o the l i m i t i n g f l u x l i n e s which j u s t 
graze the co i l t h r o a t . I t i s p a r t i c u l a r l y useful as a measure of 
d i r e c t p a r t i c l e losses caused by unconfined d r i f t o r b i t s which 
i n t e r c e p t the w a l l s of the vacuum chamber. The vo lumetr ic e f f i c i e n c y 
i s def ined as the r a t i o of the area of the d r i f t o r b i t t h a t passes 
through the l i m i t i n g f l u x l i n e in the midplane f o r a g iven p i tch angle 
t o the area in te rcepted by the l i m i t e r . The l i m i t e r i s taken t o be a 
c i r c l e in the midplane def ined by p r o j e c t i n g the co i l t h r o a t along f l u x 
l i n e s . In F i g . 1 . 7 V(|/V is def ined a t the center o f the re ference 
sector midplane. As seen in F i g . 1 .6 in t h e R juxn c u r v e s » the width o f 
the t r a n s i t i o n a l p a r t i c l e "notch" in F is much smal le r and much 
narrower f o r EBS than f o r EBT- I /S . The passing p a r t i c l e volumetr ic 
e f f i c i e n c y is a l s o four t o f i v e t imes as large f o r EBS. Since the 
p a r t i c l e s w i t h V||/V % 0 . 7 are trapped in a near-axisymmetric f i e l d in 
EBS, there is no d ispers ion in F u n t i l penet ra t ion i n t o the 1/R f i e l d 
o f the corners begins t o occur. 

F igure 1 . 8 shows the e f f e c t on F of d e f i n i n g V( j /V on the l i m i t i n g 
f l u x l i n e , r a t h e r than a t the midplane center . I n these curves, f o r 
example, p a r t i c l e s w i th V(|/V = 0 are trapped in the midplane and d r i f t 
on a mod-B contour in the midplane, whereas in F ig . 1 . 7 such p a r t i c l e s 
have apprec iab le V|( a t the l i m i t i n g f lux l i n e (s ince B a t the midplane 
l i m i t i n g f l u x l i n e is less than B ^ , where V,,/V i s d e f i n e d ) . 
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Fig . 1 .7 . Volumetric e f f ic iency curves for EBT- I /S are 
compared to those for EBS conf igurat ions with c i r c u l a r and 
e l l i p t i c a l co i l s in the corners for two values of the global mirror 
r a t i o . The cosine of the pi tch angle (V|(/V) is defined a t the 
center of the reference midplane. 



A l - 1 3 

1.0 

0 . 9 

ORNL-DWG 84-2315A FED 

1 
EBS GLOBAL MIRROR 

RATIO 

0 0 . 2 0 . 4 0 . 6 0 . 8 1.0 

(at midplane l imiting f lux line) 

VOLUMETRIC EFFICIENCY 
F = ( D R I F T ORBIT A R E A ) / ( 7 T R ^ | M | T E R ) 

R u m i t e r = 19.5 cm ( A L L CASES) 
: i i 

I 

Fig . 1 . 8 . i Vol ureteric e f f ic iency curves for EBT- I /S and the 
EBS conf igurat ion with c i r c u l a r c o i l s in the corners are p lot ted as 
funct ions of Vj(/V defined a t the l i m i t i n g f l u x l ine in the 
midplane, rather than a t the center of the midplane. 
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Figure 1 .8 r e f l e c t s the f r a c t i o n of the a v a i l a b l e plasma volume 
(def ined by the l i m i t i n g f lux l ines) w i t h i n which p a r t i c l e s of a given 
pi tch angle are conf ined. The quant i ty FLQ55 = 1 - J F(V|j /V) d (V | | /V ) , 
wi th V(|/V def ined as in F ig . 1 .8 , is the d i r e c t loss f r a c t i o n f o r an 
iso t rop ic d i s t r i b u t i o n in the vacuum magnetic f i e l d . The curves in 
F ig . 1 . 8 show F L 0 S S w 47% f o r the EBT-I /S vacuum f i e l d and F L 0 S S < 5% 
f o r EBS. 

1.5 DIFFUSION STEP-SIZE AND TRANSPORT COEFFICIENTS 

I n t h i s sec t ion we discuss and compare an approximate d i f f u s i o n 
s t e p - s i z e and nonresonant e lect ron t ranspor t c o e f f i c i e n t s f o r EBT- I /S 
and EBS conf igura t ions . Figure 1 .9 shows isometric p lo ts of the square 
of a d i f f u s i o n s t e p - s i z e as funct ions of k i n e t i c energy and midplane 
V|j/V. The s t e p - s i z e i s def ined as 

where Vy is the v e r t i c a l d r i f t ve loc i ty induced by t o r o i d i c i t y , fig i s 

the poloidal d r i f t frequency due t o the bumpy magnetic f i e l d , and 0£ i s 
the poloidal E X b / B 2 d r i f t frequency due to the ambipolar e l e c t r i c 
f i e l d . Vy and ftg are funct ions of p a r t i c l e k i n e t i c energy and p i t c h 

angle, and fi£ i s character ized by the parameter 

u _ .ML /?§.\ R, 3_5 
° " k T e \RE j 

f o r EBT- I /S . Here CRg/R^) ' s r a t ' ° ° f the magnetic t o e l e c t r i c 
f i e l d sca le lengths. I n F ig . 1 .9 , WQ = 3 i s assumed, and Vy and Qg are 

ca lcu la ted from &he grad ien t of the lor |gi tudinal invar ian t J, evaluated 
a t a r a d i a l pos i l i on near the hot e lec t ron r i n g in the reference sector 
midplane. The terms (AX)2 in F ig . 1 . 9 and (AX)2f (l|axwel I ian) in 
F ig . 1 .10 have been normalized to unity a t t h e i r respect i^e maxima f o r 
EBT- I /S . Hence, the r e s u l t s f o r EBS are r e l a t i v e t o tl|osej f o r EBT- I /S . 
Note t h a t (AX)2 f o r EBS is extremely small f o r V( | /V < 0 . $ , r e f l e c t i n g 

the small d ispers ion of trapped p a r t i c l e d r i f t o r b i t s la boiiilt the average 
d r i f t sur face . 
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Fig. 1 .9 . Isometr ic p lots of the squa,re of the d i f f u s i o n 
s t e p - s i z e fo r EBT-I /S and the EBS conf igurat ion wi th c i r c u l a r c o i l s 
in the corners are displayed as a funct ion of Vj|/V and the r a t i o of 
p a r t i c l e k i n e t i c energy to ambipolar potent ia l well depth. 

W 1 i s assumed. 
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' * * / 4 

Fig . 1 .10 . The square of the d i f f u s i o n s t e p - s i z e , shown in 
1 .9 , is m u l t i p l i e d by a Maxwellian d i s t r i b u t i o n f u n c t i o n . 
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Nonresonant electron p a r t i c l e and energy transport c o e f f i c i e n t s 
for EBT-I /S and EBS have been evaluated and compared in Figs. 1.11 and 
1.12. The c o e f f i c i e n t s are given in re fs . 1 and 2 in terms of 
in tegra ls over energy and pitch angle. A p a r t i c l e - and 
energy-conserving BGK c o l l i s i o n operator is assumed. Rather than using 
approximate a n a l y t i c expressions for V^ and Gg, we evaluate these 
quan t i t i es numerical ly, as discussed above. The longitudinal invar iant 
J and the bounce or t r a n s i t time T are evaluated for each pitch angle 
by in tegra t ing along f i e l d l ines in the vacuum magnetic f i e l d . The 
d r i f t ve loc i ty ( i n terms of midplane magnetic f i e l d Byp) 

VJ X b a 
xvn = —^ > b = B / B 0 eBMpr ' 

is then decomposed into ve r t i ca l and poloidal components to c|et Vy and 
fig as funct ions of V [ ( /V . Figure 1 .11 shows the p a r t i c l e transport 
c o e f f i c i e n t Dn as a function of col I i s i o n a I i t y fo r EBT-I /S and 
EBS. Here v i s the col l is ion frequency and ClQ is poloidal precession 
frequency 

kTe 

S imi lar curves are obtained for Dy, K n , and Ky, with the r a t i o of the 
t ransport c o e f f i c i e n t for EBS to that for EBT-I /S approximately the 
same in each case. I n F i g . 1 . 1 2 the r a t i o of Dn fo r EBT-I /S t o Dn fo r 
EBS is plotted as a funct ion of the global mirror r a t i o in EBS. This 
curve shows the s t r i k i n g r e s u l t tha t neoclassical t ransport in EBS 
should improve as the inverse square of Mq ( i . e . , confinement time 
should increase • as M^). For the conf igurat ion with c i rcu la r co i ls in 
the corners, a v a i l a b l e dc power and ECH frequencies should permit about 
a f ac to r of 4 v a r i a t i o n in the neoclassical t ransport ra tes (since i t 
is possible to vary Mq from about 3 to 6 ) . 

1.6 CONCLUSION 

The resu l ts discussed in t h i s report indicate that a 
reconf igurat ion of the EBT-I /S device into an EBS o f f e r s the very 
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F ig . 1 . 11 . The p a r t i c l e t ranspor t c o e f f i c i e n t Dn i s p l o t t e d 
as a funct ion of col I i s iona l i ty f o r E B T - I / S arid f o r the EBS 

c o n f i g u r a t i o n wi th c i r c u l a r c o i l s in the corners and M q Ri 4 . 
S i m i l a r curves are obtained f o r Dy, K n , and K j , w i t h the r a t i o o f 
the t ranspor t c o e f f i c i e n t f o r EBS t o t h a t f o r E B T - I / S approximately 
the same in each case. 
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roughly as the inverse square of the global mi r ror r a t i o MQ. For 
the conf igurat ion with c i rcu la r c o i l s in the corners, a v a i l a b l e dc 
power and ECH frequencies should permit about a f a c t o r of 4 
v a r i a t i o n in the neoclassical t ransport ra tes . 



A l - 2 0 

exc i t ing p o s s i b i l i t y of (1) obta in ing an order of magnitude improvement 
in the neoclassical confinement t ime, (2) using i n t e r e s t i n g new heating 
techniques tha t would not be possible in a standard bumpy torus, 
(3) s i g n i f i c a n t l y improving ECH e f f i c i e n c y and energy confinement 
through bet ter center ing of d r i f t o r b i t s , (4) t e s t i n g neoclassical 
sca l ing by varying the e f f e c t i v e aspect r a t i o v ia the global mirror 
r a t i o , and (5) improving s t a b i l i t y by forming the hot e lect ron r ings in 
a nearly axisymmetric geometry tha t is more favorable t o obtaining an 
average magnetic well than in toro ida l geometry. Each of these 
p o s s i b i l i t i e s can be invest igated in an EBS in which the corners are 
constructed wi th EBT-I /S h a l f - c o i l s (e ight per corner ) , the s ides use 
EBT-I /S f u l l c o i l s , and presently a v a i l a b l e motor-generator sets , 
cooling tower capaci ty , and ECH frequencies are u t i l i z e d . 
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2. RIPPLE EFFECTS IN ELKO BUMPY SQUARE 

N. A. Uckan 

The a l lowable magnitudes of the magnetic f i e l d r i p p l e in the 
h i g h - f i e l d toro ida l solenoids (corners) of the ELMO Bumpy Square (EBS) 
are ca lcu la ted . The enhanced t ranspor t c o e f f i c i e n t s associated with 
the r ipp le - induced d r i f t s are compared wi th the ELMO Bumpy Torus (EBT) 
neoclassical d i f f u s i o n c o e f f i c i e n t s . 

2.1 INTRODUCTION 

The EBS geometry consists of l inear segments of simple mi r rors 
tha t are l inked by sect ions of h i g h - f i e l d t o r o i d a l solenoids (corners) 
as shown in Fig. 2 . 1 . In t h i s conf igura t ion the toro ida l e f f e c t s are 
loca l i zed in the corners. For an exper imenta l -s i ze device ( s i m i l a r in 
s i ze to an EBT-S), EBS has been shown t o have s i n g l e - p a r t i c l e 
confinement proper t ies and plasma volume u t i l i z a t i o n t h a t are 
d i s t i n c t l y superior t o those of a standard EBT of comparable 
s i z e . 1 Numerically calculated t ranspor t c o e f f i c i e n t s ' (from 
s i n g l e - p a r t i c l e d r i f t o r b i t s ) ind ica te t h a t the neoclassical 
confinement time should be a f a c t o r of 5 t o 15 larger [depending on the 
global mirror r a t i o Mq = B C O P N E P / B S J J E (midplane)] f o r the EBS than for 

an EBT of comparable s i z e . 1 , 2 

I n order f o r neoclassical losses to be dominant, r ipple - induced 
losses from the t o r o i d a l solenoid sect ions (corners) should be smal ler 
than the neoclassical losses from the s t r a i g h t sec t ions . The r i p p l e is 
produced by the f i n i t e n e s s of the number of c o i l s in the corners. This 
r i p p l e w i l l introduce addi t ional p a r t i c l e t rapp ing and, i f large 
enough, may be the main fac to r determining the t ranspor t of p a r t i c l e s 
and energy in the region of low c o l l i s i o n f requencies . 3 I n the 
phenomenon known as r i p p l e t rapp ing , the p a r t i c l e s become trapped in 
the f i e l d minimum between c o i l s (between c o i l s t h a t produce the 
to ro ida l solenoid f i e l d in the corners) t h a t are local ized in the 
toro ida l d i r e c t i o n and experience a un id i rec t iona l to ro ida l d r i f t tha t 
leads to the r i p p l e d i f f u s i o n . A s i m i l a r phenomenon occurs in other 
to ro ida l conf igurat ions ( i . e . , tokamaks). We note tha t the r i p p l e 
t rapping a f f e c t s only a r e l a t i v e l y small group of p a r t i c l e s , namely, 
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F i g . 2 . 1 . Geometry of an EBS conf igurat ion (top view of co i l 
arrangement). 
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those wi th V|( ( p a r a l l e l ve loc i t y ) so small tha t they can be trapped in 
the r i p p l e . 

I n general , the r ipp le modulation 8 (magnitude of f i e l d r ipp le ) 
var ies both r a d i a l l y and p o l o i d a l l y . The poloidal v a r i a t i o n has the 
e f f e c t of reducing on completely e l im ina t ing the r i p p l e well depth on 
the inside of the toroidal sect ions, wi th the precise degree of 
reduct ion depending on the shape of the c o i l s and the pos i t ion of the 
plasma wi th in the c o i l s . 3 ' 4 For s i m p l i c i t y , we w i l l neglect the 
poloidal v a r i a t i o n s , with the r e s u l t of overest imat ing the r i p p l e 
e f f e c t s . ; 

I n our examples we w i l l consider an EBS conf igura t ion whose sides 
are constructed from EBT-I /S mir ror c o i l s ( f i v e mirror c o i l s per s ide 
wi th a mirror r a t i o of ~1 .9) and whose corners are 90° sect ions of a 
to ro ida l solenoid in which the f i e l d i s produced by (1) four EBT- I /S 
mirror c o i l s or (2) e ight h a l f - s i z e EBT- I /S c o i l s per corner. 
Figures 2 .2 and 2 . 3 show the innermost, c e n t r a l , and outermost magnetic 
f i e l d l ines in the equatorial plane fo r these two cases, respec t ive ly . 
The inner and outer f i e l d l ines are def ined by the c lea r bore in the 
th roa t of a mirror coi l in the s ides. The centra l f i e l d l i n e def ines a 
minor ax is or magnetic axis of the device. 

2.2 MAGNETIC FIELD MODEL 

Figures 2 . 4 and 2 .5 show the magnetic f i e l d s t rength as a funct ion 
of arc length along the magnetic ax is of a f o u r - and e i g h t - c o i l per 
corner EBS, respect ive ly . The on -ax is mir ror r a t i o in the s ides i s 
seen to be 1 .9 , and the global mir ror r a t i o s [BCorner/®side (midplane)] 
f o r these p a r t i c u l a r cases are 3 . 4 and 3 . 8 5 , r e s p e c t i v e l y . I n both 
cases the corner c o i l s have the same t o t a l number of ampere-turns. 
Although the f i e l d r i p p l e i s apparent f o r a f o u r - c o i l per corner case 
(F igs . 2 . 2 and 2 . 4 ) , the r i p p l e is p r a c t i c a l l y zero f o r most of the 
plasma cross sect ion f o r an e i g h t - c o i l per corner case (F igs. 2 . 3 and 
2 . 5 ) . A v a r i a t i o n of f i e l d r i p p l e as a funct ion of normalized radius 
i s shown in F ig . 2 . 6 f o r both cases and is summarized in Table 2 . 1 . 

For h i g h - f i e l d toro ida l corners, a simple model fo r the magnetic 
f i e l d i s 

B = Bp 
1 + £ COS 0 

"B„ 
, 0 , 1 - 8 ( r , 0 ) cos Ncj> 

D, (2.1) 
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F i g . 2 . 2 . Magnetic f i e l d l ines in the equator ia l plane of an EBS 
with a f o u r - c o i l corner. Each side of the EBS conf igura t ion consists 
of a l i nea r array of f i v e EBT- I /S mir ror c o i l s , and the corners are 
formed by 90° sect ions of to ro ida l solenoids in which the f i e l d is 
produced by four EBT- I /S mi r ror c o i l s . Current in s t r a i g h t sect ion 
c o i l s is 7 .25 kA and in the corner c o i l s 9 kA. 
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Fig . 2 . 3 . Magnetic f i e l d l ines in the equator ia l plane of an EBS 
wi th e ight c o i l s per corner. The corner f i e l d i s produced by e ight 
h a l f - s i z e (ampere-turns) EBT- I /S c o i l s . Total ampere-turns are the 
same as in F ig . 2 . 2 . 
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S, ARC LENGTH (m) 

F i g . 2 . 4 . Magnetic f i e l d strength as a funct ion of arc length 
along the magnetic ax is f o r a f o u r - c o i l per corner EBS (Fig . 2 . 2 ) . 
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F i g . 2 . 5 . Magnetic f i e l d s t rength as a funct ion of arc length 
along the magnetic a x i s fo r an e i g h t - c o i l per corner EBS (F ig . 2 . 3 . ) . 
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Table 2 . 1 . 

/ 

Ripple v a r i a t i o n in t h e corners of EBS 

Norma 1i zed Ripple amplitudes, % 
radi usa 

amplitudes, % 

r / a Four -coi1 /corner E ight -co i1 /corner 

- 1 . 0 3 . 5 0 
- 0 . 5 2 . 5 0 

0 . 0 4 . 0 0 
+0 .5 8 . 5 
+1 .0 ~25.0 ~0 .5 

"Here a is the las t f i e l d l i n e t h a t j u s t grazes the coi l th roa t in the 
s t r a i g h t sect ions (a £ 11 cm). 
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where r and 0 a re polar coordinates in the minor cross s e c t i o n of the 
corners , <}) i s the angular coordinate ( t o r o i d a l angle) a long the 
magnetic a x i s of the corners, e. = r / R Q i s the inverse aspect r a t i o of 
the t o r o i d a l corner (RQ i s the major rad ius of the c o r n e r ) , N i s the 
number o f c o i l s in the corners (a f o u r - c o i l per corner case corresponds 
t o an N = 12-coi I t o r u s and an e i g h t - c o i I per corner case corresponds 
t o an N = 28 -co i I t o r u s ) , and 6 ( r , 0 ) i s the r i p p l e wel l depth 
(modula t ion) , de f ined as 

(see F i g . 2 . 7 f o r d e f i n i t i o n s ) . The r a d i a l component o f B, necessary 
t o s a t i s f y 7 • B = 0, i s small (on the order of Bp ~ 6B 0 s i n Nc|>). 
Thus, the f i e l d s t r e n g t h in the corner is approximately 

2.3 CRITICAL ENERGIES (ref. 3) 

2.3.1 Threshold Eaexgy 

The threshold energy i s def ined as the energy above which 
p a r t i c l e s execute more than one bounce motion i n a r i p p l e before being 
s c a t t e r e d out of the loss region (v(| < assoc ia ted w i t h r i p p l e s 
( F i g . 2 . 8 ) . T h i s energy can be obta ined by s e t t i n g 

T e f f ( s c a t t e r i n g ) = T(bounce) ( 2 - 4 a ) 

(2.2) 

B 2 B^ a B 0 [ l - e cos 9 - 8 ( r , 9 ) c o s N<t>] . ( 2 . 3 ) 

o r 

y e f f ( s c a t t e r i n g ) = v(bounce) , ( 2 . 4 b ) 

where 
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F i g . 2 . 7 . D e f i n i t i o n s of f i e l d maxima and minima in the corner. 
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F i g . 2 . 8 . ( a ) R i p p l e l o s s r e g i o n and (b) c r i t i c a l e n e r g i e s . 
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(2 .5a) 

u(bounce) = ^ 
o 

(2 .5b) 

Here vgg is the 90° c o l l i s i o n frequency, v is the p a r t i c l e speed, L i s 
the length of the r i p p l e well (L = 2irR0/N), and the f r a c t i o n o f 
p a r t i c l e s t h a t is r i p p l e trapped is equal to ( 8 ) 1 / 2 . Combining 
Eqs. (2 .5a ) and (2 .5b) in Eq. ( 2 . 4 b ) , we have 

which gives the threshold energy (temperature) as ( i n cgs uni ts w i th 
temperature in e l e c t r o n - v o l t s ) 

For the f o u r - c o i l per corner case, considering plasmas w i th 
mid-10 1 2 cm-3 density and R 0 £ 40 cm, the threshold energy i s about 
30 eV (10 eV) a t the plasma center (edge). For the e i g h t - c o i l per 
corner case, T ^ 2 125 eV a t the plasma edge and is several orders o f 
magnitude larger a t the plasma center . 

2.3.2 Critical Energy 

The c r i t i c a l energy i s defined as the energy above which p a r t i c l e s 
w i l l reach the wall i f they are trapped in the r i p p l e . When a p a r t i c l e 
is trapped in a r i p p l e (T > T ^ ) » i t s guiding center d r i f t s along a 
contour o f constant B. Because mod-B contours are not closed in a 
to ro ida l f i e l d , the p a r t i c l e s are not confined unless they are 
scat tered out of the r i p p l e loss region before they can reach the w a l l . 
Thus, the c r i t i c a l energy can be determined by s e t t i n g 

T t h = 5 ^ ( 8 x 1 0 " 1 3 n e ) ^ (eV) ( 2 . 7 ) 

T e f f ( s c a t t e r i n g ) = - r (d r i f t ) = a / v d p i f t , (2.8) 
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where 

' d r i f t ^ = B ( y u U t , ( « ) ( C " / S ) ' ( 2 ' 9 > 

For ions t h i s g ives a c r i t i c a l energy ( i n cgs un i ts with T in 
e l e c t r o n - v o l t s ) of 

/ u BR a \ 2 / 5 

T M - ( 1 0 r l 4 - 5 - n e ) * <2-10> 

The c r i t i c a l energy is a f ac to r of ( m j / m e ) 1 / 5 (2 4 . 5 for a 
hydrogen plasma) larger for e lect rons . Again, considering the f o u r -
coi l per corner case, T * j ( r = 0) ~ 600 eV and T* j ( r = a) ~ 250 eV. 
Corresponding e lec t ron temperatures are higher (by a fac tor of ™4.5). 
For an e i g h t - c o i l per corner case, T* j ( r = a) 2 1 .5 keV and 
T * j ( r = 0) » T * j ( r = a ) . 

The c r i t i c a l energy defined by Eq. (2 .10) is for a zero e l e c t r i c 
f i e l d . I n the presence of a f i n i t e e l e c t r i c f i e l d , i f the p a r t i c l e s 
are trapped in the r i p p l e and i f t h e i r energy exceeds the energy given 
by Eq. (2 .10) (T > T + ) , the p a r t i c l e o r b i t s are not necessari ly open 
because of the E X B precessional d r i f t , which balances the v e r t i c a l 
( t o r o i d a l ) d r i f t . 6 The s h i f t in p a r t i c l e d r i f t o r b i t s is 

Ax = v d p i f t / n , (2 .11 ) 

where 

< 2 1 2 > 

with Rc = - (9 I n B / 9 r ) - 1 . For p a r t i c l e o r b i t s to be closed, Ax < a / 2 , 
o r , conversely, f o r p a r t i c l e s trapped in the r i p p l e to d r i f t to the 
wa 11, 

Ax > a /2 . (2 .13 ) 
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Combining Eqs. (2 .11 ) and (2 .13) g ives a c r i t i c a l energy in the 
presence of an e l e c t r i c f i e l d above which p a r t i c l e s w i l l reach the 
wal I: 

a eE/r 
T«E > , \ • 2 .14) 

/ I a \ 
lRo r R c , 

For weak r i p p l e s , . rRc in the corner is very large (approaches 
i n f i n i t y ) . With approximately E ^ A c w h e r e ££ is the e l e c t r i c 
f i e l d scale length (which is on the order of plasma rad ius) , Eq. (2 .14) 
reduces to 

T*E £ i f f i f ) * • (2-15) 

Here e. i s the inverse aspect r a t i o (e ~ 1 / 3 - 1 / 5 ) . Thus, only i f 
T + e £ (3-5)Ac}) Wi l l fisif-ticles be d i r e c t l y los t . 

From Eqs. (2 .10) and (2 .14 ) we def ine fo r ions 

T c r i t , i = m a x ( " T * , i : T *E ) ( 2 - 1 6 A ) 

and for e lectrons 

T c r i t , e = m a * ( T * , e ' T *e ) • ( 2 - 1 6 b ) 

2.4 RIPPLE-ENHANCED DIFFUSION-SIMPLE ESTIMATES 

From the c r i t i c a l energies ( T ^ , T c p j j . ) def ined e a r l i e r we can see 
t h a t the r i p p l e col I is ional i ty regime can be divided into three 
regions, as shown in F ig . 2 . 9 . The upper c o l l i s i o n frequency point 
(v > v N 8 3 / 2 / R 0 ) , above which t ranspor t losses diminish to zero, is the 
point a t which the plasma p a r t i c l e temperature decreases below the 
threshold energy (T < T ^ ) • I n the middle range of the col I is ionaI i ty 

regime (pv5/Ra < v < v N 5 3 / 2 / R 0 , where p is the gyroradius) , t ransport 
c o e f f i c i e n t s sca le as v - 1 because the p a r t i c l e s are scattered out of 
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Fig . 2 . 9 . Ripple col I i s i o n a I i t y regime. 
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the loss region before they can d r i f t out of the device. To convey the 
s p i r i t of simple d i f f u s i o n est imates, we give a rough p ic ture of the 
random walk process. 

The average s t e p - s i z e taken by a r i p p l e - t r a p p e d p a r t i c l e is 

M 5 ~ v d r i f t . T S f f = v d r i f b . ^ . (2 .17a) 

T h e fh&cjUHHcy With which such steps are taken is 

u S f f = u g o / 5 . (2 .17b) 

The f r a c t i o n of p a r t i c l e s p a r t i c i p a t i n g in t h i s r i p p l e t rapping is 

f 5 = 5 1 / 2 . (2 .17c) 

Thus, the d i f f u s i o n c o e f f i c i e n t associated wi th r i p p l e t rapping i s 

D8 ~ [ ( A x ) 5 ] 2 • i £ f f • f 6 

~ 6 3 / V d r i f t , (2.18) 
v 9 0 

F i n a l l y , in the absence of e l e c t r i c f i e l d s , a t very low c o l l i s i o n 
frequencies (v < pv8/RQa) , the p a r t i c l e temperature increases above the 
c r i t i c a l energy, and a l l p a r t i c l e s trapped in the r i p p l e s w i l l d r i f t t o 
the wal l without being scat tered out of the loss region. The 
corresponding d i f f u s i o n c o e f f i c i e n t i s 

D ~ u 9 0 a 2 . (2 .19) 

We compare these ripple-enhanced d i f f u s i o n c o e f f i c i e n t s with the 
conventional EBT neoclassical d i f f u s i o n c o e f f i c i e n t s to determine the 



A 2 - 1 8 

al lowable range for the magnitude of the f i e l d modulations ( r i p p l e s ) . 
The neoclassical d i f f u s i o n c o e f f i c i e n t fo r EBT is given by 

D N C ~ (Ax)2 , (2 .20) 
1 + iZ / f l 2 

where 

A * = v d r i f t / f i • 

I n the col I i s i o n I ess regime 

dNC „ v n f a f „ v 9 0 tortttj . (2.21) 

For D® < D n c . tha t is , 

< w 

or 

6 < o v ^ ) 4 / 3 • (2.22) 

For v / f l ™ 0 . 1 , the magnitude of the r i p p l e well depth should be 
8 < 4.5% in order f o r r i p p l e losses not to be dominant. For very low 
c o l l i s i o n frequencies (u/Q ~ 0 . 0 1 ) , one requi res 8 < 0.2%. We see from 
t h i s example tha t for the four -col I per corner case the r i p p l e losses 
w i l l dominate. However, f o r the e i g h t - c o i l per corner case the overa l l 
enhanced losses due to r i p p l e w i l l have a n e g l i g i b l e e f f e c t on plasma 
confi nement. 
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3. FIELD ERROR CALCULATIONS IN AN 
ELMO BUMPY SQUARE (EBS) 

N. A. Uckan, D. K. Lee, and T. Uckan 

A closed f i e l d l i n e device, such as an ELMO .Bumpy Torus (EBT) or 
an ELMO Bumpy Square (EBS), is very s e n s i t i v e t o small perturbat ions in 
the magnetic f i e l d . Numerical c a l c u l a t i o n s of f i e l d e r rors due to 
s i n g l e - c o i l misalignments ind icate t h a t the f i e l d l ine closure i s most 
s e n s i t i v e t o angular misalignments of the c o i l s in both EBT and EBS. 
Errors in absolute s p a t i a l pos i t ions are found t o have very small 
e f f e c t s , provided t h e r e i s no corresponding angular misaIignment. 
S t a t i s t i c a l ana lys is of er rors from N c o i l s (where N = N s + N c , wi th N s 

the t o t a l number of c o i l s in s t r a i g h t sect ions and Nc the t o t a l number 
of c o i l s in h i g h - f i e l d curved corner s e c t i o n s ) , assuming the er rors in 
e l l N coi l alignments are randomly d i s t r i b u t e d in a. Gaussian fashion, 
i s found t o be in reasonable agreement wi th the numerical ca lcu la t ions . 
A s p e c i f i c example f o r an EBS conf igura t ion i s given. Each side of 
t h i s EBS conf igurat ion consists of a l inear array of f i v e EBT-S c o i l s , 
and the corners are formed by 90° sect ions having e ight h a l f - s i z e 
(one-ha l f number of turns) EBT-S c o i l s w i th a r a t i o of currents 
^•corner/^side ~ 1 - 2 - 1 . 4 . Ca lcu la t ions ind ica te t h a t a misalignment of 
1 cm in one coi l y i e l d s an error 8B/B < 10" 6 , whereas a misalignment of 
1° in one coi l o r i e n t a t i o n r e s u l t s in an e r ror 8B/B ~ 1 0 - 4 . 
Corresponding e r rors in EBT-S are 8B/B < lO" 1 0 f o r 1 cm misaIignment of 
one coi l and 6B/B ™ 10 - 4 f o r 1° misalignment of one coi l o r i e n t a t i o n . 

3.1 INTRODUCTION 

An ideal ELMO Bumpy Square (EBS) is a closed f i e l d l ine system 
wi th zero r o t a t i o n a l transform and no to ro ida l cur ren t , c h a r a c t e r i s t i c 
of an ideal ELMO Bumpy Torus (EBT). This c u r r e n t - f r e e equ i l ib r ium 
conf igurat ion is s e n s i t i v e t o the system magnetic f i e l d asymmetries 
( p e r t u r b a t i o n s ) . I f large enough, these f i e l d perturbat ions or f i e l d 
e r r o r s (8B/B) can cause1"4 (1) f i e l d l ines t o sp i ra l out of the 
confinement volume, thereby degrading confinement; (2) establishment of 
t o r o i d a l current and t h e r e f o r e enhanced f l u c t u a t i o n s ; and (3) 
d i s t o r t i o n of equ ipo ten t i a ls of the ambipolar po ten t ia l w e l l . 

I n p rac t ice , the f i e l d e r ro rs are unavoidable due t o small co i l 
misalignments during i n s t a l l a t i o n , imperfect ion in coi l winding, e tc . 
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Here, we (1) describe the numerical scheme used in the evaluat ion of 
both 8B/B and f i e l d l ine closure, (2) discuss which classes of 
per turbat ions ( s p a t i a l or angular) are dominant, and (3) describe the 
s t a t i s t i c a l a n a l y s i s of e r rors from a l l c o i l s . 

3.2 FIELD ERROR CALCULATION DUE TO SINGLE-COIL MISALIGNMENT 

As pointed ou t , the f i e l d errors can a r ise from many d i f f e r e n t 
sources: co i l misal ignment, imperfect winding e f f e c t s in a c o i l , 
magnetic f i e l d s from buswork and leads, and f i e l d perturbat ions due t o 
the presence of magnetic mate r i a l s . Although a l l these sources can 
cause s i g n i f i c a n t e r r o r f i e l d s , we w i l l discuss only the f i r s t e f f e c t 
in t h i s paper. We w i l l evaluate the amount 31 that a f i e l d l i n e 
centered a t the magnetic ax is ( s t a r t i n g in the co i l th roa t ) misses 
connecting wi th i t s e l f when fol lowed once around the torus . For 
per fec t c o i l s i n s t a l l e d wi th no misalignment, t h i s number should be 
zero. We note t h a t the choices of magnetic ax is and coi l t h r o a t 
locat ion fo r the s t a r t i n g point have t o do wi th the f a c t t h a t f i e l d 
e r rors w i l l be more c r i t i c a l in regions of large magnetic f i e l d and 
large r a d i i of c u r v a t u r e 1 - 5 [(8B/B) ~ p /R c ~ ( B R C ) - 1 , where p is the 
gyroradius and Rc i s the radius of curvature] . Shown in F ig . 3 . 1 i s 
the geometry of an EBS conf igurat ion ind ica t ing the coi l arrangements 
and coordinate system used. An EBS conf igurat ion has four symmetric 
planes and e ight f i e l d periods. Spec i f i c c o i l s involved in the 
c a l c u l a t i o n s w i t h i n one f i e l d period are designated by A through G in 
F ig . 3 . 1 . 

I n our examples we w i l l consider an EBS conf igurat ion whose s ides 
are constructed from EBT-S mir ror c o i l s ( f i v e mirror c o i l s per 
s ide — coi Is such as A, B, and C) and whose corners are 90° sect ions of 
a t o r o i d a l solenoid in which the f i e l d is produced by e ight h a l f - s i z e 
EBT-S c o i l s per corner . Figure 3 . 2 shows magnetic f i e l d l ines in the 
equator ia l plane (X-Y plane) wi th s p e c i f i c dimensions. The mir ror 
sector length (or the co i l spacing) in the sides is L^ = 40 cm, and the 
major radius of the corner sect ions is R c o r n e r - ^4 c m ' a x ' s 

of each corner sect ion displaced r a d i a l l y outward by (A s h i f t ) c o r n e r ~ 
2 .5 cm from the a x i s of the s ides. This displacement and the length of 
the t r a n s i t i o n sector ( L j r ) are adjusted so tha t the r ings in the 
t r a n s i t i o n sector ( the sector connecting the simple mirror f i e l d to a 
1/R varying t o r o i d a l f i e l d ) form on the same f lux l ines as in the 
axisymmetric sectors . Depending on the r a t i o of the currents in the 



A 3 - 3 

O R N L - D W G 84-2753A FED 

F i g . 3 . 1 . Geometry of an EBS conf igura t ion ind ica t ing the co i l 
arrangements ( top v iew) . Coordinate system used is shown (X and Y axes 
are indicated; Z - a x i s points out of the paper — r ight -hapd coordinate 
system). S p e c i f i c c o i l s involved in the c a l c u l a t i o n s A through G are 
ind ica ted , which represent the c o i l s in one f i e l d period. I n an EBS 
t h e r e are four symmetry planes and e ight f i e l d per iods. 
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F i g . 3 . 2 . Magnetic f i e l d l ines in the equator ia l plane (X-Y 
plane) of an EBS are shown f o r one quadrant. A through G c o i l s and 
t h e i r mi r ror images G' through A' are shown along w i t h s p e c i f i c 
dimensions used in the ca lcu la t ions . Here Lm = mi r ror sector length, 
L j r = t r a n s i t i o n sector length, R c o r n e r = radius of the corner, and 
( A s h i f t ) c o p n e r = (center of co i l D - center of co i l A) = Xq0 - X^Q. 
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corner c o i l s t o the currents in the s t r a i g h t sec t ion , the t r a n s i t i o n 
sector length i s t y p i c a l l y la rger (~2 t o 4 cm) than the length of the 
mi r ror sectors. For I C O r n e r A s i d e ~ 1 - 2 - 1 . 4 , Lyr 2 42-44 cm. In our 

example, we have I c o r n e r ^ s i de - 1 , 4 a n d L Tr ~ 4 2 c m-
I n numerical c a l c u l a t i o n s , the mir ror c o i l s ( i . e . , c o i l s A, B, and 

C) are approximated by two c i r c u l a r f i l aments , and the corner c o i l s 
( i . e . , c o i l s D, E, F, and G) are approximated by a s ing le c i r c u l a r 
f i l a m e n t . The f i e l d l i n e geometry shown in Fig. 3 . 2 is ca lcu la ted wi th 
f i n i t e coi l dimensions from EFFI, which do not d i f f e r from those of 
c i r c u l a r f i l ament approximat ion.6 The code evaluates SR(5X, 8Y, 8Z) in 
a co i l plane by i n t e g r a t i n g the f i e l d l ine equations through one f u l l 
period around the machine (360° in <J>). T h e o r e t i c a l l y , S i vanishes for 
the ideal posi t ions and o r i e n t a t i o n s of the c o i l s . Actual numerical 
r e s u l t s obtained from the code usual ly range from 10 - 9 to 10~10 cm f o r 
| 8 l | . Therefore, the accuracy of the code seems s u f f i c i e n t fo r the 
purpose of the present study. 

There are f i v e degrees of freedom associated with each c o i l : three 
f o r the posi t ion of the co i l center and two for the angles of the coi l 
plane. The f i v e corresponding co i l e r r o r s are denoted by AX, AY, AZ, 
AG, and Ac}), where 0 is the angle between the Z - a x i s and the pro jec t ion 
of the coi l normal t o the X-Y plane, and (j) is the angle between the 
coi l plane (which is coplanar wi th the Z - a x i s ) and the X -ax is in the 
X-Y plane (F ig . 3 . 3 ) . 

Table 3 . 1 l i s t s the f i e l d l ine displacement 8R obtained wi th only 
one coi l perturbed and wi th only the e r ror involved in coi l posi t ion or 
o r i e n t a t i o n . The f i e l d l i n e displacement is measured in the center of 
the coi l plane of the A coi l (X-Z plane wi th co i l center a t X = 
Y = 0, Z = Z^0 = 0 ) . Figures 3 . 4 and 3 . 5 show d i r e c t i o n s and r e l a t i v e 
magnitudes of f i e l d l ine displacement in a c i r c l e of radius 11 cm 
( rad ius of the c lea r bore under the c o i l ) in the co i l plane f o r AG = 1° 
and f o r A4> = 1° , r e s p e c t i v e l y . 

The r e s u l t s of the c a l c u l a t i o n s indicate- t h a t the f i e l d l i n e 
closure i s most s e n s i t i v e t o angular misalignment of the c o i l s (AG and 
A<t>). I n these cases, an assumed angular e r ro r of 1° causes 
8B/B 2 2 .22 x 1 0 - 4 . We note t h a t in EBT-S a s i m i l a r angular 
misalignment of 1® (AG or G<j>) causes s i m i l a r e r ro r f i e l d s 
(SB/B ~ 2 . 2 x 1 ( T 4 ) . 

Of equal s i g n i f i c a n c e i s the e f f e c t of the e r ro rs in G and <j>, 
which are e s s e n t i a l l y orthogonal; A9 causes a v e r t i c a l displacement of 
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F i g . 3 . 3 . Two .ingles of the co i l plane. O r i e n t a t i o n of X, Y, and 
I coordinates are shown, wi th the same o r i e n t a t i o n as in F igs . 3 . 1 and 
3 . 2 . 
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Table 3 . 1 . Resul ts of per turbat ions t o one c o i l ? 

CoiI F i e l d I i n e displacement 
perturbed Per turbat ion 8X (mm) 8Z (mm) 8B/B 

A AG = 1° ft 0 - 2 . 8 2 2 .22 x 10~* 
A M> = 1° - 2 . 8 1 ft 0 2 .22 x 10-4 

G AG = 1° ft 0 - 1 . 1 7 9 .22 x 10-5 

G bj) = 1° - 1 . 2 1 0 9 .54 x 10"6 

B AX = 1 cm 1 . 1 x lO"2 0 8 . 6 7 x 10-7 

B AY = 1 cm 6 . 2 x 10"3 0 4 .89 x 10-7 

B AZ = 1 cm 0 1 .7 x 1(T 2 1 .34 x 10"® 
B A I / I = 10"3 3 . 4 x 10"4 0 2 . 6 8 x 10- 8 

a F i e l d l i n e displacement i s measured in the center of the A co i l plane 
(X-Z p lane) . Ca lcu la ted lack of f i e l d l i n e closure 3 t ( 5 X , 6Z) and 
corresponding f i e l d e r ro r 8B/B = | 8 l | / C , where C I s the circumference 
( f i e l d l ine length) 
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F i g . 3 . 5 . Arrow p lo t showing the d i rec t ion and r e l a t i v e magnitude 
of f i e l d l i n e displacements in t h e plane of A coi I f o r = 1 ° . The 
largest magnitude i s 2 . 8 1 mm a t the coi l center ( 0 , 0 ) . 



A 2 - 1 0 

the f i e l d l ines (F ig . 3 . 4 ) , and A(j> causes a hor izonta l displacement of 
the f i e l d I ines (F ig . 3 . 5 ) . 

E r ro rs in absolute pos i t ion are much less s e n s i t i v e , provided 
there i s no corresponding angular misalignment. 

3.3 STATISTICAL ANALYSIS OF ERRORS 

I n the previous sect ion , we determined t h a t the dominant 
misalignment cont r ibu t ions t o f i e l d e r rors were in the two angles 9 and 
4>. Since the proper determinat ion of angular alignment w i l l requ i re 
f a i r l y s t r i n g e n t pos i t iona l alignment a l s o , we w i l l discuss only the 
angular e r rors and assume t h a t nonclosure of f i e l d l i n e s a r i s i n g from 
pos i t ion ing e r ro rs i s small r e l a t i v e to the angular ones. 

F i r s t , we w i l l consider only the v a r i a t i o n s in 0 . The t o t a l 
number of c o i l s in the s ides is N s = 20 ( f i v e c o i l s per side) and in 
corners N c = 32 ( e i g h t c o i l s per corner ) . For one coi l (s ide or 
corner ) , we have the expression 

6B/B = CqAQ . 

I f we assume t h a t the er rors in a l l 20 s t r a i g h t - s i d e c o i l s are 
d i s t r i b u t e d normally wi th one Gaussian d i s t r i b u t i o n and t h a t the e r ro rs 
in a l l 32 corner c o i l s are d i s t r i b u t e d normally wi th another Gaussian 
d i s t r i b u t i o n (both of which have a mean er ror of zero and an rms e r r o r 
of ©nns), then the problem i s exact ly equiva lent t o the one-dimensional 
random walk problem. Each magnet er ror A0 cont r ibutes a s t e p - s i z e 
( 5 Z ) j t o a f i e l d l i n e , where j = s ( s i d e ) , c ( c o r n e r ) . For small 

ind iv idua l displacements, the problem can be t r e a t e d as a l i n e a r 
superposi t ion o f s teps o f varying s i z e and d i r e c t i o n wi th an rms 
s t e p - s i z e determined by 0 r^ , s . For N steps, the rms displacement 

SZjg = N 1 / 2 5ZX ; 

then, 
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and 

Thus, 

( f ) , = [(32)1 /2Cqc + ( 2 0 ) ^ c e s ] e r m s , 

where ( 0 p m s ) c = ( 9 r m s ) s I s t a k e n -

The same arguments apply f o r e r r o r s in the <J> d i r e c t i o n . Since the 
e r r o r s in <f> and 6 cause the same magnitude change in SB/6 ( i . e . , 
CQ = C^, from Table 3 . 1 ) but are perpendicular in d i r e c t i o n , the 
expression f o r the t o t a l f i e l d e r r o r is simply 

which y i e l d s 

f = [(82)1/aCee * (20)1^2CQS] firns • • 

where 4 ^ 5 i s the rms e r ro r in <J>. The above expession i s v a l i d i f the 
e r r o r s in <J> and 6 are u n c o r r e c t e d , which seems t o be the most 
reasonable assumption t o make. F i n a l l y , i f we assume the rms e r ro rs in 
the $ and 6 d i r e c t i o n s to be equal , then 

[8Cec + (40)1/2Ces]eprns . 

From Tab le 3 . 1 we have 
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C E C = 9 .54 X K T 5 and Cqs = 2 .22 X 10"4 . 

Thus, 

f = 2.17 X 10-3 ePms 

where 0 r m s i s expressed in degrees. 
The question remains, "What i s the inherent 8B/B t h a t can be 

to le ra ted?" (That i s , what is the f i e l d e r ro r inherent t o the device 
construct ion wi thout globaI correct ion?) I n the EBT-S device the 
inherent f i e l d e r ror i s 8B/B 2 5 x 10" 4 , which can be corrected t o a 
level of 8B/B £ 10 - 4 with the global f i e l d error cor rec t ion 
c o i l s . 1 , 3 , 7 That i s , the global f i e l d cor rec t ion c o i l s correct 80% of 
the inherent device f i e l d e r ror in EBT-S. (We note t h i s occurs only 
when the 8B/B > 7 x 10"4 plasma proper t ies s t a r t to degrade. 7 ) Based 
on the EBT-S exper ience 1 ' 7 and the f a c t t h a t co i l alignment e r r o r s 
produce f a i r l y uniform f i e l d e r r o r s across the plasma (F igs . 3 . 4 and 
3 . 5 ) , we assume t h a t s i m i l a r l eve ls of f i e l d e r r o r s (8B/B £ 1 0 - 4 ) w i l l 
be required in EBS and t h a t the global f i e l d e r r o r correct ion c o i l s can 
correct 80% of the inherent device f i e l d e r r o r . Thus, the inherent 
f i e l d e r ror c r i t e r i o n ( t h a t i s , f i v e t imes t h a t f o r the net f i e l d e r r o r 
8B/B Ci 5 X 1 0 - 4 ) w i l l y i e l d the required values f o r 6 p m s - So lv ing 

= 2 .17 x lO~30p r n s = 5 x 1 0 ^ , 

we have 

0rms = 0 -23° • 

Since the treatment here i s s t a t i s t i c a l in nature (as is the 
al ignment of the c o i l s ) , the actual 8B/B i s not s p e c i f i e d exact ly by a 
s p e c i f i c a t i o n of Rather, i t has a Gaussian d i s t r i b u t i o n ; the 
p r o b a b i l i t y t h a t 5B/B w i l l be less than 5 X 10"4 i s about. 6858, and the 
p r o b a b i l i t y t h a t i t w i l l be less than 10""3 is over 95fl. When corrected 
wi th global cor rec t ion c o i l s , the p r o b a b i l i t y t h a t 8B/B w i l l be less 
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than 10 - 4 is about 68% and the p r o b a b i l i t y t h a t i t w i l l be less than 
2 x K T 4 is more than 95%. 

Because d r i f t o r b i t s in EBS are much be t te r centered than those in 
EBT-S, the e f f e c t of f i e l d e r r o r s on p a r t i c l e o r b i t displacement might 
be expected t o be more pronounced in EBS than in EBT-S. In t h i s 
regard, i f we choose to be more pessimist ic in the f i e l d e r ror 
c r i t e r i o n in EBS than in EBT-S, we can assume t h a t the inherent f i e l d 
e r ro r should not exceed SB/B ~ 2 X 10 - 4 ( ins tead o f 5B/B ~ 5 x 1 0 - 4 ) . 
Under t h i s pessimist ic assumption, 

9p f J ) S (pessimist i c) ^ 0 . 1 . 

With t h i s value of © r m s , the p r o b a b i l i t y t h a t inherent 8B/B w i l l be 
less than 4 x 1 0 - 4 is g rea ter than 95%, and when i t i s corrected, 6B/B 
is less than 8 x 10" 5 . 
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4. INTRODUCTION TO MAGNETIC EQUILIBRIA AND SINGLE-
PARTICLE ORBITS IN THE SQUARE CONFIGURATION 

OF EBT - A TUTORIAL 

C. L. Hedrick and L. W. Owen 

Here we discuss the ideal magnetohydrodynamic (MHD) magnetic 
e q u i l i b r i u m proper t ies and s i n g l e - p a r t i c l e o r b i t c h a r a c t e r i s t i c s of the 
square conf igura t ion of ELMO Bumpy Torus (EBT). The in ten t is t o make 
t h i s aspect o f the theory accessible t o those un fami l i a r wi th the 
general aspects of EBT theory . I n p a r t i c u l a r , we attempt t o include 
s u f f i c i e n t d e t a i l t o enable the in terested reader t o reproduce the 
a n a l y t i c development without excessive e f f o r t . Recognizing t h a t many 
w i l l not have the time or i n c l i n a t i o n for such an e f f o r t , most of the 
main f e a t u r e s are discussed b r i e f l y in the in t roduct ion . The more 
formal developments, as well as what we have found t o be useful 
i n t e r p r e t a t i o n s of the mathematics, are contained in the body of the 
t e x t . So as not t o obscure the basic arguments unduly w i th a lgebra ic 
d e t a i l , lengthy mathematical developments have been re legated t o 
appendixes. 

4.1 INTRODUCTION 

For any magnetic containment conf igura t ion , one begins by 
examining i t s ideal MHD equ i l ib r ium and s i n g l e - p a r t i c l e containment 
p r o p e r t i e s . Here we examine these proper t ies f o r the square1 

conf igura t ion of EBT (see F i g . 4 . 1 ) , The e q u i l i b r i u m and o r b i t 
p r o p e r t i e s form the basis f o r the "higher-order" c a l c u l a t i o n s of 
t r a n s p o r t , heat ing, and s t a b i I i t y . 

The s t a r t i n g point f o r our ana lys is i s a c a l c u l a t i o n of the 
pressure surfaces. As i s wel l known f o r closed l i n e s c a l a r pressure, 
the pressure sur faces are the same as surfaces o f constant ^ d i / B 
[ r e f . 2 ] . I n Appendix 4A the Grad-Lor tz a lgor i thm 3 " 8 used t o c a l c u l a t e 
f i n i t e - b e t a , tensor pressure e q u i l i b r i a fo r the hot e lec t ron r i n g s i s 
extended t o permit f i n i t e core beta (assumed small compared t o r i n g 
b e t a ) . I t i s again found t h a t the core sca lar pressure i s constant on 
constant ^ d / / B surfaces. 

For vacuum magnetic f i e l d s , a n a l y t i c approximations are developed 
f o r ^ d i / B in d e t a i l . I n a midplane of one of the mirror c e l l s 
composing the s ides of the square, the pressure contours are found t o 
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METERS 

F i g . 4 . 1 . C i r c u l a r (EBT- I /S) and square (EBS) conf igurat ions of 
EBT. 
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be s h i f t e d c i r c l e s ( s h i f t e d toward the "major a x i s " ) . The pressure i s , 
of course, constant along f i e l d l ines , so t h a t the e n t i r e pressure 
sur face is s h i f t e d inward from the a x i s of the c o i l conf igura t ion . 

The inward s h i f t f o r the square conf igura t ion i s q u a l i t a t i v e l y 
s i m i l a r t o t h a t obtained f o r the c i r c u l a r EBT conf igura t ion . For both 
conf igura t ions the s h i f t decreases wi th increasing local m i r ror r a t i o 
(or bumpiness) and number of mirror c e l l s . The square conf igura t ion 
e x h i b i t s an a d d i t i o n a l inverse dependence on the global mi r ror r a t i o 
( r a t i o of the maximum B on-ax is in the corners t o the minimum B o n - a x i s 
in the s i d e s ) . T h i s dependence of the square conf igurat ion on global 
mi r ror r a t i o i s what is explo i ted in reducing t h e inward s h i f t of the 
pressure sur faces (and the inward s h i f t of passing and t r a n s i t i o n a l 
p a r t i c I e o r b i t s ) . 

Having discussed the s h i f t of the pressure surfaces in t h e absence 
of r ings , we q u a l i t a t i v e l y discuss how d / / B (and hence the core 
pressure) is changed when the hot e lec t ron r i n g s produce a s u b s t a n t i a l 
change in d l / B . 

Preparatory t o considering s i n g l e - p a r t i c l e o r b i t s , we f i r s t make 
an estimate, of the r a t i o of the p a r a l l e l e l e c t r i c f i e l d t o the 
perpendicular e l e c t r i c f i e l d . To do t h i s we f i r s t use e q u i l i b r i u m 
considerat ions t o determine the p a r a l l e l current . Using S p i t z e r 
conduct iv i ty , we ob ta in an est imate of the p a r a l l e l e l e c t r i c f i e l d . We 
f i n d t h a t E|(/Ej_ i s proport ional t o v e / w c e and is inversely proport ional 

t o eM>j /T. Since v0/uc e i s so small ( e . g . , 10"8 t o 1 0 " 5 ) , we conclude 
t h a t the p a r a l l e l e l e c t r i c f i e l d i s n e g l i g i b l e and t h a t t o a high level 
of approximation t l ie potent ia l is constant along f i e l d l ines . 

The connection between the MHD f l u i d equations and s i n g l e - p a r t i c l e 
o r b i t s is provided by the k i n e t i c equat ion. I n Sect . 4 . 4 the MHD 
r e l a t i o n between pressure and d i / B i s redeveloped using the d r i f t 
k i n e t i c equat ion .^ The average over v e l o c i t y space and a f lux tube are 
shown t o lead t o b x v ^ d / / B . Then <f d / / B i s in te rpre ted as a kind o f 
average d r i f t sur face . Th is k i n e t i c approach a l s o permits a t reatment 
o f c e r t a i n nonideal e f f e c t s , which can usual ly be omitted f o r magnetic 
e q u i l i b r i a (but not f o r t ranspor t ) because of quasi n e u t r a l i t y . 

The t rea tment o f o r b i t s i s d iv ided i n t o two major port ions: (1) 
a n a l y t i c and q u a l i t a t i v e discussions and (2 ) discussion of numerical 
r e s u l t s . I n the q u a l i t a t i v e sect ion we discuss the motion o f low- and 
high-energy p a r t i c l e s . The high-energy p a r t i c l e s are f u r t h e r 
subdivided in to t rapped, passing, and t r a n s i t i o n a l p a r t i c l e s . For the 
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extreme l i m i t s of p i tch angle (vn = (hand v(| = v ) , s imple expressions 
are given f o r determining the d r i T t o r b i t s f o r a l l energies. 

The trapped p a r t i c l e s t h a t e x i s t in the nearly axisymmetric s ides 
have d r i f t o r b i t s which are c i r c u l a r , w i th v i r t u a l l y no s h i f t r e l a t i v e 
t o the co i l a x i s . Passing p a r t i c l e o r b i t s are a lso c i r c u l a r in cross 
sect ion but are s h i f t e d inward. The t r i c k of introducing "reverse 
toro ida l curvature" in the t r a n s i t i o n between the s ides and th? corners 
t o f u r t h e r reduce t h i s s h i f t i s discussed in a q u a l i t a t i v e way. The 
q u a l i t a t i v e behavior of high-energy t r a n s i t i o n a l p a r t i c l e s ( the worst 
contained p a r t i c l e s ) i s discussed. The a n a l y t i c argument f o r 
neglect ing a c lass of p a r t i c l e s t h a t have been found t o be small 
numerically ( f o r two decades) i s discussed. (The i r number i s 
exponent ia l ly s m a l I . ) 

I n Sect . 4 . 6 numerical r e s u l t s of o r b i t c a l c u l a t i o n s are presented 
f o r both the square and c i r c u l a r EBT conf igura t ions . The nearly 
c i r c u l a r character of the o r b i t s suggests an approximat ion t h a t i s 
equivalent t o the standard aspect r a t i o expansion f o r a c i r c u l a r EBT. 
Using t h i s approximation, numerical est imates of the s t e p - s i z e f o r 
d i f f u s i o n as a funct ion of energy and cosine of the p i tch angle are 
given f o r both the square and c i r c u l a r conf igura t ions . Numerical 
est imates of the neoclassical l i f e t i m e s f o r both the square and 
c i r c u l a r conf igura t ions are given. The square l i f e t i m e i s t y p i c a l l y an 
order of magnitude larger than t h a t of the c i r c u l a r conf igura t ion . 

4.2 MHD EQUILIBRIUM CONSIDERATIONS 

Fundamental t o the ana lys is of any plasma i s t h a t charge be 
conserved: 

As shown in Appendix 4A, t h i s concept, together w i t h the f l u i d pressure 
(or momentum) balance equation 

( 4 . 1 ) 

j XB =Vp ( 4 . 2 ) 
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and V • B = 0, leads in steady s t a t e to the requirement tha t the 
pressure p is a function of <f d-^/B. This means tha t the surfaces of 

can be determined by determining the surfaces of 

[ e . g . , B • 7p = 0, which fo l lows by dot t ing Eq.(4.2) wi th B], i t 
s u f f i c e s to determine contours of constant ^ d / /B in some surface which 
cuts a l l the f i e l d l ines. For concreteness we w i l l choose t h i s surface 
t o be a midplane of one of the approximately ident ical mirror c e l l s 
t h a t make up a side of the square conf igurat ion. 

To ca lcu la te d/ /B a n a l y t i c a l l y we make use of approximations t o 
the magnetic f i e l d of the square conf igurat ion of EBT. We assume t h a t 
there are N mirror c e l l s per s ide and tha t a l l these c e l l s are 
ident ica l except f o r those adjoin ing the corners. I n the ident ica l 
mirror c e l l s the magnetic f i e l d on-ax is is taken t o be BG in the 
midplanes. Under the c o i l s where the ident ica l c e l l s j o i n , the 
magnetic f i e l d is given by M[_Bq, where is the local mirror r a t i o . 

For the mirror c e l l s adjo in ing the corners, the magnetic f i e l d 
on-axis is again taken t o be Bq in the midplane. Where a s ide j o i n s a 
corner, the magnetic f i e l d i s taken t o be MqBq, where Mq i s the global 
mirror r a t i o . Within the corners we approximate the magnetic f i e l d by 
t h a t of a toro ida l solenoid ( t h a t i s , constant along circular^ f i e l d 
l ines and having a 1/R dependence across f i e l d l i n e s ) . 

As shown in Appendix 4B the contr ibut ion t o d / /B from a s ing le 
ha I f - c e M i s 

where L is the distance between a midplane and an adjacent coi l plane 
fo r a mirror eel I and 

pressure constant along f i e l d l ines 

(4.3) 

M 1 8 = bumpiness parameter - u ~ j 
+ 1 

with 

M = mirror r a t i o . 
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The radius in the midplane i s denoted 
The cont r ibu t ion of a l l four s ides to 

Jside = 4< 
2(N - 1) (1 - 5|_)L 

B0 

is given by 

2(1 - 5Q) 
B0 

1 1
 x ( 4 . 4 ) 

The f i r s t term in Eq. ( 4 .4 ) comes from the 2(N - 1) iden t ica l 
h a l f - c e l l s per s i d e , whereas the las t term comes from the two 
h a l f - c e l l s per s ide t h a t are adjacent t o corners. 

The con t r ibu t ion t o d i / B from a s ing le corner i s given by 

Uc = 
r*/2 

J o 
R d£ 

B 
j . R. 
2 B 

( 4 . 5 ) 

I n the corners, 

B = M G B O ( T ) = MGB0 >(R0 + ° X C ) 
( 4 . 6 ) 

so t h a t f o r Xc /Rg « 1, 

U 
c 2 MGB0 

( 4 . 7 ) 

To r e l a t e Xc in a corner to rQ in a s ide we make use of conservation of 
magnetic f l u x . The f l u x w i th in a c i r c l e of rad ius r s in the s ide i s 
given approximately by Trr|BQ. As t h i s f l u x tube passes in to the 
corner , i t s rad ius i s reduced because of the stronger magnetic f i e l d . 
I n the corner the f lux is given approximately by nr|MQBQ. Equating 

these expressions f o r the f lux we f i n d t h a t r c = I n the 
equator ia l plane, r c = Xc and r s = X s such t h a t 
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^c ~ ^s/^G 
1 /2 ( 4 . 8 ) 

where 

r | = X | + y l . ( 4 . 9 ) 

Combining Eqs. ( 4 .7 ) and ( 4 . 8 ) , we f i n d t h a t the con t r ibu t ion t o 
from a 11 four s ides i s 

4U 
C " M Q B Q 

'1 + 
2X« 

M ^ R o / ' 

From Eqs. ( 4 . 4 ) and (4 .10 ) we f i n d t h a t 

2(N - 1 ) ( 1 - 5 l ) L 

BO 
1 + 

2 ° 0 )E 

(4 .10 ) 

2ttRQ 

MqB0 ! ( 1 + Mq^RQ) ' 
( 4 .11 ) 

The contours of constant £ d / / B are r e a d i l y obtained from 
Eq. (4 .11 ) i f we r e w r i t e i t in a form t o emphasize r | = X | + y | and X s . 
Thus, 

X | + y | + 2£XS = C i = constant , ( 4 .12 ) 

or 

(x s
 + 0 2 = c x + n2 . ( 4 .13 ) 
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where 

— s — > (4 .14) 
2 n 8 [ ( l - S | _ ) M q N F 

p 8 ( i - 5 Q ) 

H n - 8 l ) 
- 1 (4 .15) 

Equation (4 .13) is the equation of a c i r c l e s h i f t e d inward (toward the 
major ax is ) by £ (Fig. 4 . 2 ) . 

The inward s h i f t of the pressure surfaces f o r the square 
conf igurat ion i s q u a l i t a t i v e l y qu i te s i m i l a r to tha t which occurs f o r 
the c i r c u l a r configurat ion of EBT. For example, the s h i f t i s reduced 
by having a larger number of mirror c e l l s (aspect r a t i o in the c i r c u l a r 
conf igura t ion ) . The major d i f fe rence is the appearance of the global 
mirror r a t i o MQ. 

The addi t ional dependence on global mirror r a t i o permits 
considerably bet ter centering of the plasma. For -example, i f Mj_ = 2 so 
t h a t 8|_ = 1 / 3 , N = 6 , and MQ = 4 , then 

^ 0 . 0 5 . (4 .16) 

For M l = 2 , L is approximately equal t o the coi l radius, which in turn 
i s comparable t o the plasma radius. Thus, £ /L i s approximately (by a 
fac tor of 2) the r a t i o of the s h i f t t o the radius. 

To t h i s point we have omitted the e f f e c t of the hot e lectron r ings 
on ^ d / / B . We next consider the q u a l i t a t i v e e f f e c t s of a substant ia l 
hot e lect ron r ing on the pressure surfaces for the core plasma. As 
shown in Appendix 4A, the core pressure surfaces correspond 
(approximately) t o the surfaces of constant <f d i /B . 

Because the magnetic f i e l d of a hot e lectron r i n g f a l l s o f f 
rap id ly wi th d istance, the primary e f f e c t i s on the f i e l d in the s ides 
of the square conf igurat ion . The e f f e c t of the hot e lect ron r ings on 
J d i / B f o r a s ing le mirror ce l l is i l l u s t r a t e d in F ig . 4 . 3 . For the 
substant ia l r ing shown i t w i l l be noted tha t the slope of J d / /B i s 
steepened fo r the inside hal f of the r ing and reversed on the outer 
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F i g . 4 . 2 . Pressure sur face in the midplane of one of the mirror 
c e l l s composing the s ides of the square conf igurat ion . Since pressure 
i s constant along f i e l d l i n e s , the pressure surface fo l lows f i e l d 
l ines , contract ing in cross-sect ional area in regions of higher 
magnetic f i e l d . For both c i r c u l a r and square conf igurat ions £ i s 
reduced with increasing local mirror r a t i o (bumpiness) and number of 
mirror c e l l . The add i t iona l dependence of £ on global mirror r a t i o fo r 
the square conf igura t ion i s explo i ted t o reduce the inward s h i f t of the 
pressure sur face . 
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F i g . 4 . 3 . d i / B vs minor radius in the midplane when substant ia l 
r ing beta occurs. The departure from the vacuum curve (dashed) occurs 
a t r a d i i where r i n g pressure e x i s t s . 
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hal f of the r ing . We can express t h i s formal ly by expanding the 
cont r ibu t ion to d i / B from a s i n g l e hal f m i r ro r c e l l about some 
midplane radius rQ, 

UM *UM(r20) +Ufl(rj)(r|- r§) , (4.17) 

and noting tha t U(jj(rQ) i s simply r e l a t e d t o the slope (especia l ly a t 
the r e l a t i v e l y large r a d i i occupied by the r i n g ) . 

To determine the contours of f d i / B we could now proceed to repeat 
the type of ana lys is t h a t led from Eq. ( 4 . 3 ) t o Eq. ( 4 . 1 4 ) . To gain a 
q u a l i t a t i v e understanding we need only note t h a t we would again obta in 
an expression f o r ^ d / / B s i m i l a r t o Eq. ( 4 .11 ) except t h a t the 
c o e f f i c i e n t of r | would involve Ufl(rQ) instead of the f a c t o r a r i s i n g 

from Eq. ( 4 . 3 ) : ^ ^ . The equation f o r the pressure 

contour would again bê  t h a t of a c i r c l e s h i f t e d by (;. I n place o f 
Eq. ( 4 .14 ) we would obta in 

p 2o) • ( 4 . 1 8 ) 

By r e f e r r i n g t o F ig . 4 . 3 we see t h a t Eq. ( 4 . 1 8 ) ind icates t h a t the 
contours of pressure, whi le approximately c i r c u l a r , would not be 
concentr ic . Proceeding from small rad ius t o la rge , the inward s h i f t o f 
the contours would be reduced as one encountered the steeper grad ients 
in UM associated wi th the inner ha l f of the r i n g s . On the outer h a l f 
of the r ings , where Ujj has the opposite sign from t h e vacuum value, the 
s h i f t would be outward instead of inward. 

Near the peak in the r i n g pressure, where Uy(r ( j ) - 0 , the a n a l y s i s 
leading to Eq. (4 .18 ) f a i l s s ince i t is necessary t o r e t a i n ^ ( ' " B ) 
omit ted in Eq. ( 4 . 1 7 ) . However, the s i t u a t i o n i s a f a m i l i a r one which 
produces banana- or crescent-shaped contours in <f d / / B ( f o r an a n a l y s i s 
of a s i m i l a r topology see Appendix 4F) . The s imples t expectat ion f o r 
the core pressure across the separa t r ix ( l a r g e s t banana) i s t h a t i t be 
constant . Thus, we expect t h a t the core pressure w i l l show a f l a t spot 
near the peak of a wel l -developed r i n g pressure. 
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4.3 PARALLEL CURRENT AND ELECTRIC FIELD 

As indicated in Appendix 4A, the Lortz and modified Grad-Lortz 
algori thms for computing core scalar pressure e q u i l i b r i a ( i n the 
presence of anisotropic r ings) use the r e l a t i o n 

j X Vp , (4 .19) 

where j and p are core plasma q u a n t i t i e s and is defined as 

' f . 4 - • (4.20) 
0 8 

The zero in i is conveniently taken to be one of the symmetry planes 
which passes through the center of a side or which passes through the 
center of a corner. The magnetic f i e l d is normal to these planes, and 
in these planes any p a r a l l e l component of current vanishes. 

I t is convenient to f i r s t focus on a corner. We w i l I take ^ t o be 
zero in the center of a corner. We w i l l also take t h i s as the zero in 
to ro ida l angle <J>. Using the same approximations f o r the magnetic f i e l d 
used e a r l i e r ( c i r c u l a r f i e l d l ines , e t c . ) , we f ind tha t 

$ = / R d4>'/B = - f - - T * 4 > S t - < 4 - 2 1 ) 
0 

Reca l l ing that B cc 1/R we f i n d tha t 

=|(2c|,eR + ^ . (4 .22) 

Wi th in a corner the pressure is a funct ion of minor radius so tha t 

7 p = ^ - e r . (4 .23) 
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I n s e r t i n g Eqs. (4 .22) and (4 .23) into (4 .19) and making use of 

eR x e p = - e ^ s in 9 = - b s in 9 , 

A w A A 

®(j> r = - e 0 -

(4 .24) 

where 9 is poloidal angle, we f ind tha t in a corner 

J = - R " ^ " s in © b + § e ) • (4 .25) 

The p t ' a l l e l current appearing in Eq. ( A . 25 ) has a simple 
i n te rp re ta t ion . I n the center of a corner (4> = 0).. the current i s 
purely poloidal and the l ines of j are c i r c l e s . As we move away from 
the central symmetry plane, the current is s t i l l a co l l ec t ion of 
approximately c i r c u l a r f i laments , but the c i r c l e s are no longer 
perpendicular to B . These cocked c i r c u l a r f i l aments of current have 
components p a r a l l e l t o B which are largest in magnitude a t the top and 
bottom (6 = ± t t /2) and zero in the equator ia l plane (0 = 0 , i r ) . As <}> i s 
changed from zero t o ±tt/4 (where the corners j o i n the s ides ) , t h i s 
cocking of the current r e l a t i v e t o the m a g n e t i c , f i e l d increases. The 
maximum r a t i o of the magnitude of i the p a r a l l e l to perpendicular 
currents occurs a t <}):= ±tt/4 and is 

Since the central plane of a s ide has jy = 0 , i t fo l lows from 
cont inui ty t h a t the sides must undo the cocking tha t occurs in the 
ends. I n other words, the increase in the magnitude of jjj t h a t occurs 
in the corners as one moves away from the center of a s ide must be 
reversed somewhere in the sides. 

I t fo l lows from Eq. (4 .19) t h a t the p a r a l l e l current in the s ides 
occurs because and Vp are not coparal le l (except at the central 

plane where £ = - j j j - d i / B ) . The reason they are not coparal le l i s t h a t 
whereas i s very nearly symmetric about the ax is of the bumpy cy l inder 
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the pressure surfaces are s h i f t e d away from the ax is ( e . g . , inward 
toward the major a x i s ) . As indicated in Appendix 4C, t h i s leads t o two 
types of ax ia l v a r i a t i o n of the p a r a l l e l c u r r e n t . One type of 
v a r i a t i o n i s s inusoidal and occurs in the c i r c u l a r EBT conf igura t ion . 
The second type of ax ia l v a r i a t i o n i s approximately l inear in arc 
length. This second type of v a r i a t i o n i s cancel led by d i s t r i b u t e d 
t o r o i d a l e f f e c t s in the c i r c u l a r conf igura t ion . I n the square 
conf igura t ion , the second type of axial v a r i a t i o n continues t o bu i ld up 
u n t i l the side j o i n s the end. The two types of a x i a l v a r i a t i o n along 
the s i d e , as well as the behavior in a corner, are i l l u s t r a t e d in 
F i g . 4 . 4 . 

Because of f i n i t e r e s i s t i v i t y there w i l l be a p a r a l l e l component 
of e l e c t r i c f i e l d associated wi th the p a r a l l e l cur ren t . That i s , the 
ambipolar potent ia l w i l l vary along the f i e l d l ines . I t is thus of 
some i n t e r e s t t o est imate Ejj/Ej^. 

To estimate E„ we use the r e l a t i o n 

j u =c t EB , ' ( 4 . 2 6 ) 

where the Sp i t ze r conduct iv i ty is given by f 

2 
a = - 2 ~ f i - ( 4 . 27 ) 

and v e i s the e lec t ron Coulomb c o l l i s i o n frequency. To est imate E^ we 
note t h a t the r a d i a l v a r i a t i o n in the po ten t ia l in EBT- I /S (and many 
other to ro ida l devices) i s comparable t o T . That i s , 

E i = h ^ - , (4.28) 

where a is the plasma rad ius and h i s comparable t o unity ( e . g . , w i t h i n 
a few f a c t o r s of 2 ) . 

From j X B = V p we est imate t h a t 
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i, ARC LENGTH 

F i g . 4 . 4 . V a r i a t i o n o f B and j | | vs arc length £ . The o s c i l l a t o r y 
part of j|| ( s o l i d curve) a lso occurs f o r the c i r c u l a r conf igura t ion . 
The o ther par t of j | | occurs in polygonal conf igurat ions such as the 
square. The zeros in j. . occur a t symmetry planes. 
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so t h a t 

where k i s the r a t i o of j | , t o ( e . g . , |k | < *rc/2). Combining 

Eq. (4 .30 ) wi th Eqs. (4 .28 ) and ( 4 . 2 9 ) , we obta in 

» 4 w c e ea 

so t h a t 

I l L - i - k h - ^ L 
E 1 4 wce 

or 

^ - ^ ( k h ) ^ . ( 4 . 3 2 ) 

Now u e / f c e i s a very small number. For example, using EBT-S- l ike 
parameters of n = 10 1 2 cm"3 and T e = 100 eV, vQ i s tens t o hundreds o f 
k i l o h e r t z , whereas the e lec t ron cyclotron frequency i s tens o f 
g i g a h e r t z . Thus, 

— = 0 ( 1 0 - ® ) . ( 4 . 3 3 ) 
^ce 

Since u e « n / T e
3 / 2 , even for reactor condi t ions v e / f c e ' s 

0(10~5 - I O - 6 ) 
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From the above we conclude (1) t h a t the e lec t ron conduct iv i ty 
along f i e l d l ines does not permit subs tan t ia l v a r i a t i o n of the 
p o t e n t i a l along f i e l d l ines and (2) tha t assuming the potent ia l is 
constant a long f i e l d l i n e s i s an excel Ient approximation. 

As an aside we note t h a t these p a r a l l e l e l e c t r i c f i e l d s can lead 
t o azimuthal components of the e l e c t r i c f i e l d . For the bumpy torus 
conf igura t ion t h i s can lead t o convection — c a l l e d Pf i rsch-Schluter 
d i f f u s i o n in tokamaks and s t e l l a r a t o r s . However, t h i s p a r t i c u l a r form 
of t ranspor t a p p l i e s pr imar i l y to very cold end-col I i s iona l plasma 
conf igura t ions in which the mean f r e e path is smal l . For a dsnsity and 
temperature comparable to t h a t found in EBT- I /S , the t r a n s i t 
f requencies are such t h a t veTjj £ 2 X 10~2 . Thus, p a r t i c l e s experience 
very few c o l l i s i o n s per t r a n s i t of a one-ha l f f i e l d per iod. The 
t e r t i a r y EQ x B d r i f t s from t o r o i d i c i t y are opposi te ly d i rected across 
symmetry planes and, hence, cancel over a f u l l f i e l d period ( e . g . , two 
halves of a s ide or the two halves adjacent t o a corner ) . Est imates of 
the displacement per t r a n s i t of a ha l f period are very small and 
considerably smal ler when the cance l l a t ion over a f u l l period is taken 
in to account. 

4.4 KINETIC TREATMENT 

We now connect the foregoing f l u i d t reatment wi th p a r t i c l e d r i f t 
motion via the k i n e t i c equation. Our s t a r t i n g point i s the d r i f t 
k i n e t i c equation7 f o r species j : 

where Cj represents s c a t t e r i n g by Coulomb c o l l i s i o n s , microwave f i e l d s , 
e t c . , as well as the p a r t i c l e source ( e . g . , i o n i z a t i o n of n e u t r a l s ) . 
The d r i f t ve loc i ty i s given by 

8 f ; 
8 t " + T l l * V f j + V D * ' f j = c j • (4 .34 ) 

(4 .35 ) 

M u l t i p l y i n g Eq. (4 .34 ) by d3v and i n t e g r a t i n g (see Appendix 40) 
y i e l d s 
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9 n i 
I t + V # ( n j < v l l > j b ) 

+ V P J • j ^ G x (V in B + «) 

+ E_XB # r _ ^ B , _ ,d 3 v c ^ 
G 2 L J J J 

where we have assumed t h a t f j is i so t rop ic to lowest order . The 
dens i ty , pressure, and ve loc i ty space average of V|| are denoted by n j , 

P j , and <vj j> j . We note f o r f u t u r e reference t h a t the f a c t o r 

m u l t i p l y i n g Vpj in Eq. (4 .36) a r i s e s from the ve loc i ty space average of 
the VB and curvature d r i f t s . 

We notice t h a t i f we mul t ip ly Eq. (4 .36 ) by ej and sum over 

species, we obta in the charge-conservation equation [Eq. ( 4 . 1 ) ] . The 
f i r s t term in Eq. (4 .36 ) leads t o the t ime d e r i v a t i v e of the charge 
dens i ty , whereas the second term leads t o . the divergence of the 
p a r a l l e l current . The remaining terms, which a r i s e from vq • V f , lead 
t o the divergence o f the perpendicular cur ren t . 

Now the term involving < v j j > in Eq. (4 .36 ) can be w r i t t e n : 

' • ( . j V i ^ B ^ ) , (4.37) 

A 

where we have used b = B / B and V • B = 0 . Since n j , <V|j>j, and B are 

s i n g l e valued, t h i s suggests t h a t we d i v i d e Eq. (4 .36 ) by B and 
in tegra te over £ . Th is y i e l d s 

+ [ , n . _ n . ( v i n B + « ) ] | = J d 3 v Cj , (4.38) 

where 
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U ^ f . ( 4 .39 ) 

As shown in Appendix 4E, Eq. (4 .38 ) can be w r i t t e n in the form 

9n: 

"9 t " + VPj # 
,, 9 n i / M x b \ 

E X B - . - niA _ X 4 L r J3 
B2 

• (Uffnj + njVU) = ̂  J d 3 v Cj . (4 .40) 

We now mul t ip ly Eq. (4 .40) by e j and sum over species. Assuming 
steady s t a t e we obtain 

x A 

»P • ( — 5 — ) = 0 ' M D 

where 

p = E p j f (4 .42 ) 
J J 

and we have assumed quasi n e u t r a l i t y so t h a t 

P = H EJN; ~ 0 (4 .43 ) 

J 1 J 

and the terms involving E X B vanish. 
Equation (4 .41) can be r e w r i t t e n as 

(Vp x VU) • b = 0 . (4 .44 ) 

Since ne i ther Vp nor VU have components in the d i r e c t i o n of S, we can 
equal ly wel l w r i t e Eq. (4 .44 ) as 
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Vp X VU = 0 (4 .45 ) 

which means tha t the gradient of p i s in the d i r e c t i o n of the grad ient 
of U. That is , the pressure can be w r i t t e n as a funct ion of 
U = f d / / B . (As an aside we note t h a t i t i s possible t o estimate the 
s i z e of the terms involving the charge densi ty . For e$/T of order 
unity and aspect r a t i o of order 10, these terms are on the order 
1% — i f one includes bumpiness.) 

Trac ing the o r i g i n of Eq. (4 .45) we see t h a t the f a c t o r 
m u l t i p l y i n g Vp in Eq. (4 .41) came from the f lux tube average of the 
v e l o c i t y space average of the curvature and VB d r i f t s (but not the 
E X B d r i f t ) . We a re thus led to w r i t e Eq. (4 .41 ) in the form 

D Vp = 0 (4 .46 ) 

where VQ is the average of the magnetic d r i f t s . Th is formulat ion , t h a t 
the pressure is constant on an average d r i f t sur face , i s p o t e n t i a l l y 
useful f o r dea l ing wi th dev ia t ions from the assumptions made herein 
( e . g . , an an iso t rop ic pressure tensor ) . 

Equation (4 .46 ) a lso al lows us t o draw an analogy t o t o r o i d a l 
systems wi th r o t a t i o n a l transforms. For systems wi th a large f r a c t i o n 
of passing p a r t i c l e s and r o t a t i o n a l t r a n s f e r , the dominant motion 
perpendicular t o the minor ax is of the torus i s provided by V|( • V f . 
The "average p a r t i c l e " then is , to lowest order , confined to a f lux 
sur face . For the closed l ine systems with no r o t a t i o n a l t r a n s f e r 
discussed here, the average d r i f t surface plays the same r o l e as the 
f lux sur face — both are the surfaces fol lowed by an average p a r t i c l e . 

Thus, in both cases, i t is natural to assume t h a t a l l macroscopic 
equ i l ib r ium q u a n t i t i e s are , t o lowest order , constant on the surfaces 
fol lowed by the average p a r t i c l e . Determining the next-order e f f e c t s 
( e . g . , through t ranspor t ca lcu la t ions) demands t h a t one consider the 
dev ia t ions from the average. That i s , one must know the d e t a i l s of 
s i n g l e - p a r t i c l e motion (discussed q u a l i t a t i v e l y in the next s e c t i o n ) . 
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4.5 SINGLE-PARTICLE ORBITS - BASIC ANALYIS AND IDEAS 

I n t h i s sect ion we discuss the q u a l i t a t i v e behavior of c e r t a i n 
l i m i t i n g cases and g ive , where possible, simple formulas fo r 
c a l c u l a t i n g d r i f t motion. 

We begin with r e l a t i v e l y cool p a r t i c l e s . From the expression for 
the d r i f t ve loc i ty given in Eq. ( 4 . 3 5 ) , we see t h a t i f mv2/2 i s 
s u f f i c i e n t l y small ( e . g . , mv2/2 « |e^> | ) then the dominant d r i f t motion 
i s provided by the E X B d r i f t . These r e l a t i v e l y cool p a r t i c l e s d r i f t 
on po ten t ia l surfaces. This fo l lows from 

QS X B) (E x B) , 
Vd> • v D ~ V4> • - — = - E • — — 0 . (4 .47) 

B • 

which s t a t e s t h a t tq has no component perpendicular t o the potent ia l 
su r face . 

We next consider r e l a t i v e l y hot trapped p a r t i c l e s . 'We begin wi th 
deeply trapped p a r t i c l e s — p a r t i c l e s wi th Vj( = 0 in a midplane of one 
of the mir ror c e l l s making up the s ides of the square conf igura t ion . 
For these deeply trapped hot p a r t i c l e s , Eq. (4 .35 ) reduces t o 

• D - - ^ j e b x V B . (4 .48) 

A 

To a high level of accuracy b i s normal t o the midplane and V £r\ B l i e s 
in the midplane. Thus, Eq. (4 .48 ) s t a t e s t h a t tq l i e s in the midplane, 
and by dot t ing Eq. (4 .48 ) wi th VB we see t h a t t h i s type of p a r t i c l e 
f o l l o w s a contour of constant B. Since the magnetic f i e l d i s nearly 
axisymmetric in the s ides , the contours of constant-B are nearly 
concentr ic c i r c l e s and, hence, so are the o r b i t s . 

Hot p a r t i c l e s which are not qu i te so deeply trapped are no longer 
confined t o the midplane but bounce back and f o r t h between tu rn ing . 
po ints where e/pi = B ( i . e . , V|| = 0 ) . These p a r t i c l e s again d r i f t on 
sur faces which are nearly c i r c u l a r in cross sect ion since the magnetic 
f i e l d i s nearly axisymmetric. However, the net d r i f t per bounce tends 
t o be lower f o r less deeply trapped p a r t i c l e s . This is most eas i ly 
seen f o r low beta, where V^ £r\ B - /c. From F ig . 4 . 1 i t is obvious t h a t 
the curvature becomes less in magnitude as one moves away from the 
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midplane ( i t i s of opposite sign under a co i l in the s i d e s ) . 
Consequently, the less deeply trapped p a r t i c l e s must average the 
smal ler values of local VB d r i f t s (or even ones of opposite d i r e c t i o n ) 
along wi th those they encounter passing through the midplane. 

Numerical ly the d r i f t sur faces f o r any EBT conf igura t ion are 
r e a d i l y determined from the longi tudinal ad iaba t i c i n v a r i a n t 

J = j mV||di , ( 4 .49 ) 

where the l i m i t s of in tegra t ion are between turn ing points (vj| = 0) and 
v|| i s given by 

v„ = ( 2 / m ) 1 / 2 (e - e4> - \ i B ) 1 / z ( 4 .50 ) 

wi th 4> the ambipolar p o t e n t i a l , n< the magnetic moment, and e the t o t a l 
energy ( k i n e t i c plus p o t e n t i a l ) . 

For deeply trapped p a r t i c l e s in the c i r c u l a r or square 
con f igura t ion , one can take the l i m i t i n g form of Eq. ( 4 .49 ) t o obta in a 
simple r e s u l t which does not involve i n t e g r a t i o n . T h i s r e s u l t i s more 
simply obtained by s e t t i n g V|( = 0 in Eq. ( 4 . 5 0 ) . Since the t o t a l 
energy e. i s constant , we obta in 

+ nB = constant . ( 4 .51 ) 

Not ice tha t f o r low k i n e t i c energy (small |i.) the d r i f t contours are 
those of constant p o t e n t i a l , whereas f o r large k i n e t i c energy the d r i f t 
contours are mod-B contours. For any known (or postulated) <1> one can 
use Eq. (4 .51 ) t o determine the d r i f t contours f o r deeply trapped 
p a r t i c l e s of any k i n e t i c energy. 

We next consider passing p a r t i c l e s and begin w i t h r e l a t i v e l y hot 
p a r t i c l e s wi th |jl = 0 (so v = Vjj) . For these hot, passing p a r t i c l e s , 
Eq. (4 .35 ) reduces t o 
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mv? ^ 
v D ^ b x * . (4 .52 ) 

As a passing p a r t i c l e t raverses the mir ror c e l l s composing the 
s ides of the square conf igura t ion , i t sees the a l t e r n a t i n g curvature of 
the f i e l d l i n e s . Thus, a p a r t i c l e t h a t s t a r t s in a midplane f i r s t 
r o t a t e s about the a x i s of the side in one d i r e c t i o n and then as i t 
approaches the co i l region r o t a t e s in the opposite d i r e c t i o n . This 
r o t a t i o n in the opposite d i r e c t i o n continues u n t i l the p a r t i c l e begins 
t o approach the next midplane region where the d i r e c t i o n of r o t a t i o n i s 
again reversed. 

The r e s u l t , a f t e r t ravers ing a f i e l d l i n e between two adjacent 
midplanes (or two adjunct co i l p lanes) , is t h a t the p a r t i c l e has 
ro ta ted about the a x i s with the sign of r o t a t i o n associated wi th the 
midplane. The reason t h a t the midplane rotary d r i f t dominates can be 
seen from Eq. ( 4 . 5 2 ) . The ve loc i ty i s proport ional to B"1 so the 
angular speed is proport ional t o ( r B ) - 1 . The magnetic f lux is constant 
along a f i e l d l ine and in the axisymmetric s ides is approximately 

proport ional to r 2 B . Thus, (rB) i s proport ional t o B 1 / 2 and the 
angular speed is proport ional t o B " 1 / 2 . Since B is smal ler near the 
midplane than near the coi l plane and the angular speed i s proport ional 
to B ~ 1 / 2 , the midplane motion dominates. 

As a hot passing p a r t i c l e t raverses more mi r ror c e l l s , t h i s motion 
is repeated. A f t e r t r a v e r s i n g N c e l l s i t has ro ta ted through N t imes 
the angle i t ro ta ted through in one mir ror c e l l . Eventual ly the 
p a r t i c l e reaches the s ide where i t s local d r i f t i s v e r t i c a l . A f t e r the 
p a r t i c l e passes through the corner, i t enters a second side and begins 
the ro tary motion about the ax is of the s ide and then enters a corner 
and d r i f t s v e r t i c a l l y . 

I f a l l t h i s d r i f t motion across f i e l d l ines is projected i n t o a 
s ing le plane (v ia f i e l d l i n e s ) , one obta ins a p ic tu re something l i k e 
t h a t shown in F ig . 4 . 5 f o r an extremely large gyroradius p a r t i c l e . For 
a p a r t i c l e w i th a more typ ica l gyroradius the length of the v e r t i c a l 
and c i r c u l a r segments of d r i f t are so shor t t h a t the eye cannot 
d is t ingu ish the segments. Th is l i m i t i n g case of a continuum i s i d e a l l y 
handled through the use of longi tudinal a d i a b a t i c i n v a r i a n t J . 

For passing p a r t i c l e s J can again be def ined by Eqs. ( 4 .49 ) and 
( 4 . 5 0 ) . The only d i f f e r e n c e i s t h a t i n t e g r a t i o n fo l lows a closed f i e l d 
l ine through one c i r c u i t ( i . e . , once around the "square t o r u s " ) . 
Again, as in the case of trapped p a r t i c l e s , the i n t e g r a l s are q u i t e 
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F i g . 4 . 5 . (a ) To dep ic t the d r i f t motion of a high energy passing 
p a r t i c l e , i t i s convenient t o pro ject the o r b i t in to a s ingle plane via 
f i e l d l i n e s , (b) I t i s a lso helpful to simultaneously fo l low the 
motion p a r a l l e l t o the f i e l d l ines . The numbers in (a) and (b) r e f e r 
t o t imes ( t ^ < t 2 < • • • < t ^ ) . At the spa t i a l points corresponding t o 
these t imes the character of the curvature (b) and curvature d r i f t 
changes. Between 3 and 4 the p a r t i c l e d r i f t s v e r t i c a l l y ' i n a corner 
(and again between 11 and 12 ) . Along the s ides a passing p a r t i c l e 
r o t a t e s in opposite d i r e c t i o n s as i t experiences d i f f e r e n t signs of 
curvature - indicated on the c i r c u l a r arcs in ( a ) . 

F i g . 4 . 5 ( c ) . The s o l i d curve represents a more complete view of 
the o r b i t shown in 4 . 5 ( a ) . I n order to make the de ta i l ed in te rac t ion 
of s ides and corners v i s i b l e , an exceedingly large gyro radius has been 
used in 4 . 5 ( a ) , ( b ) , and ( c ) . More t y p i c a l l y , one complete toro ida l 
c i r c u i t consists of thousands of l i n e segments and c i r c u l a r arcs and i s 
ind is t inguishable t o the eye from the continuum l i m i t described by the 
longi tudinal ad iabat ic i n v a r i a n t J (dashed). 
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s u i t a b l e for numerical i n t e g r a t i o n . There is a lso a r e l a t i v e l y simple 
l i m i t i n g case from which the i n t e r p l a y of E X B and curvature d r i f t can 
be s tud ied . 

For passing p a r t i c l e s wi th p. = 0 ( i . e . , the extreme l i m i t ) , v(| i s 
constant and, hence, Eqs. (4 .49 ) and (4 .50 ) reduce t o 

J = ( 2 m ) 1 / 2 ( e - e $ ) 1 / 2 j 6£ . (4 .53) 

For high-energy p a r t i c l e s (e » |e<I>|), the shape of the d r i f t surfaces 
is dominated by which is associated wi th the t r a n s i t average of 
curvature d r i f t . For low k i n e t i c energy, e - e4> £ 0 and the shape of 
the d r i f t surfaces is dominated by the p o t e n t i a l . 

Using the same approximations used t o evaluate d£/B e a r l i e r , one 
can a lso evaluate (f d£. One again f i n d s t h a t the d r i f t contours are 
s h i f t e d c i r c l e s . The s h i f t is found t o be of the form 

(4 .54) 
L m Q ' 8? NM1 / 2 

The constant of p r o p o r t i o n a l i t y i s f a i r l y s e n s i t i v e t o the t r a n s i t i o n 
between corners and s ides , and the a n a l y t i c approximations introduced 
here f o r f i e l d l i n e shape inadequately model these d e t a i l s . 

T h i s s e n s i t i v i t y t o the t r a n s i t i o n can be exp lo i ted by introducing 
some "reversed to ro ida l curvature" in the mir ror c e l l s adjacent to the 
corners. One can q u a l i t a t i v e l y understand the improvement in o r b i t 
center ing t h i s produces from e i t h e r the standpoint of ^ 6£ or from the 
d r i f t motion. The inward s h i f t in the contours of dJ is caused by 
the f a c t tha t the outer f i e l d l i n e s are longer than the inner f i e l d 
l ines . By introducing "reversed to ro ida l curvature" one tends t o 
overcome t h i s e f f e c t . At f i r s t one might th ink t h i s would be a 
n e g l i g i b l e e f f e c t . I t is the f a c t t h a t the reversed t o r o i d a l curvature 
occurs in the lower magnetic f i e l d of the s ides t h a t produces the 
e f f p c t . This i s most eas i ly understood in terms of the d r i f t motion. 

The inward s h i f t of o d£ i s associated wi th the v e r t i c a l d r i f t 
produced by to ro ida l curvature in the corners. Equation (4 .52 ) shows 
t h a t t h i s d r i f t is proport ional t o B - 1 . In t roducing reversed toro ida l 
curvature at lower B produces an opposite ly d i r e c t e d v e r t i c a l d r i f t 
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t h a t is larger in magnitude, thereby cancel l ing more of the undesirable 
d r i f t of the corners. 

I n prac t ice , i t is r e l a t i v e l y simple to produce reversed toro ida l 
curvature . One simply increases the major rad ius of the corners 
s l i g h t l y , keeping the c o i l s fo r the s ides f i x e d . The f r i n g i n g f i e l d of 
the larger major radius corners automat ica l ly provides the reversed 
t o r o i d a l curvature in the adjacent mirror c e l l s . The r e s u l t s of 
numerical ca lculat ions* for such a co i l conf igura t ion are shown in 

We next consider p a r t i c l e s which are t r a n s i t i o n a l between the 
purely trapped and purely passing populat ions. Here, we w i l l pr imar i ly 
confine our discussion to hot t r a n s i t i o n a l p a r t i c l e s so tha t we can 
approximate e. - e$ £ e and concentrate on the magnetic d r i f t s . 

Along a given f i e l d l ine the maximum value of B, B ^ . ' s a t ta ined 
ha l f way through any of the corners. A p a r t i c l e on t h i s f i e l d l ine is 
trapped i f e/jj, < B ^ and passing i f e/(x > Bj^x- However, Bj^x var ies 
inversely with major radius, so t h a t as p a r t i c l e s d r i f t across f i e l d 
l i n e s they can change from trapped t o passing. Because the mod-B 
contours in the center of the corners are v e r t i c a l l ines , the trapped 
passing boundaries in conf igurat ion space are a lso v e r t i c a l l ines . To 
the inside of such a l ine a p a r t i c l e w i l l be trapped and t o the outside 
a p a r t i c l e with the same value of e / ^ w i l l be passing. 

On the basis of our previous discussion one might guess tha t a 
t r a n s i t i o n a l p a r t i c l e d r i f t o r b i t would be reasonably well centered and 
approximately c i r c u l a r on the inside (where i t i s trapped) and not as 
wel l centered on the outside (where i t i s passing). This i s 
q u a l i t a t i v e l y correct except fo r an exponent ia l ly small class of 
p a r t i c l e s which nearly s t a l l in the center of a corner . 

To s t a l l , a p a r t i c l e must cross the v e r t i c a l trapped-passing 
boundary whi le in the corner. Although i t is t r u e tha t the project ion 
of t h e i r d r i f t motion crosses t h i s boundary, most t r a n s i t i o n a l 
p a r t i c l e s do not ac tua l ly cross the boundary whi le in the corner 
because they have a f i n i t e displacement per t r a n s i t . 

To analyze nearly s t a l l e d p a r t i c l e s we need t o estimate how much 
t ime they spend nearly s t a l l e d in a corner. We begin by noting tha t 
the t r a n s i t time 

F ig . 4 . 5 . 

(4 .55) 
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is s ingu la r when e/p, = By/^- Near the center of a corner 

(4 .56 ) 

The cont r ibut ion t o T t from points near B = B ^ x is given by 

[' & 1 
J O (A + r 2 / L 2 ) 

1 /2 

m * 
,1/21 

. (4 .57 ) 

where 

A = 1 - » 

( 4 .58 ) 

(4 .59 ) 

and we have noted tha t M^MAX= 1 - A 2 1. 
The s i n g u l a r i t y in the t r a n s i t time f o r A = 0 is due t o the" term 

proport ional t o l o g ( l / A ) in Eq. ( 4 . 5 7 ) . Phys ica l ly t h i s term a r i s e s 
from sta11 ing. Hence we def ine 

T s ta11 = 2v 
L 

110 
l og ( { ) . ( 4 .60 ) 

While a p a r t i c l e is nearly s t a l l e d , i t w i l l d r i f t v e r t i c a l l y wi th 
the local d r i f t v e l o c i t y VQc and move a distance V C ^ s t a ! ! ' 
gaging the importance of t h i s behavior is t o compare t h i s d istance wi th 
the circumference of a d r i f t o r b i t in the absence of s t a l l i n g , 2irr. 
Thus, we de f ine the r a t i o of distances 
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^ distance t rave led when s t a l l e d • , 
circumference of o r b i t ' ' 

or 

h = V°C a f r ' 1 1 • 

For f i xed h ( e . g . , 1 /10) we can use Eqs. (4 .60) and (4 .62) t o 
determine the value of A. Th is a l lows us t o est imate how many 
p a r t i c l e s are nearly s t a l l e d . We f i n d tha t 

Now the local d r i f t ve loci ty is VQc = mv^/eBR so t h a t 

A = e x p [ - 4 T v - j V P | | ) h ] , (4 .64) 

where the p a r a l l e l gyroradius i s given by 

p|( = mV||/eB . (4 .65) 

The r a t i o r /py tends t o be very large. We can put a lower bound 
on i t by r e c a l l i n g that the ad iaba t i c i n v a r i a n t jx ceases t o be 
conserved for 

1 ( 4 . 6 6 ) 

Thus, one should take the magnitude o f the argument of the exponential 
in Eq. (4 .64) to be greater than 

8 0 i r f h . (4 .67) 
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Since R/L is of order unity we see t h a t , except for very small h (which 
then has a minimal e f f e c t on the o r b i t ) , the argument of the 
exponential is qui te large and the number of p a r t i c l e s involved, A, is 
exponent ia l ly smal l . For example, i f h = 1/10 and R/L 1, then 
A = exp(-8ir) ~ exp ( -25 ) . 

T rans i t iona l p a r t i c l e s have been studied numerically f o r both the 
c i r c u l a r and square EBT conf igurat ions using the time-dependent guiding 
center equations. These c a l c u l a t i o n s , s t a r t i n g wi th Gibson et a l . in 
1964,8 have consis tent ly showed t h a t one has to prepare a p a r t i c l e 
extremely c a r e f u l l y in order t o observe nearly s t a l l e d behavior a t a l l . 

Gibson e t a 1.8 suggested a procedure using J f o r t r a n s i t i o n a l 
p a r t i c l e s t h a t works very wel l f o r a c i r c u l a r EBT (but ignores the 
exponent ia l ly small c lass of nearly s t a l l e d p a r t i c l e s ) . Th is procedure 
can be extended t o the square conf igura t ion . One redef ines the l i m i t s 
of in tegra t ion f o r J f o r passing p a r t i c l e s so tha t the integra l extends 
for the centra l symmetry plane of a s ide to the central symmetry p.lane 
of a corner ( t h i s integra l is then 1 /8 of the o r i g i n a l i n t e g r a l , which 
was for a f u l l c i r c u i t ) . For p a r t i c l e s which are not trapped in the 
local mir rors of the s ides but are trapped between ends, one def ines 
the l i m i t of i n tegra t ion fo r J to be between the central symmetry plane 
and the turn ing point near the corner. In t h i s way J is made t o be 
continuous (although i t s d e r i v a t i v e s are not) a t the trapped-passing 
boundary, and standard numerical methods can then be used to determine 
the d r i f t surfaces. The r e s u l t s of such a numerical ca lcu la t ion are 
shown in Fig. 4 . 6 . 

4.6 SINGLE-PARTICLE ORBITS - SOME NUMERICAL RESULTS 

Here we consider the r e s u l t s of numerical ca lcu la t ions and those 
r e s u l t s tha t suggest approximations which permit s t i l l f u r t h e r 
numerical and a n a l y t i c c a l c u l a t i o n s . 

Figure 4 . 7 shows the r e s u l t s of c a l c u l a t i n g d r i f t surfaces f o r 
trapped, passing, and t r a n s i t i o n a l p a r t i c l e s fo r the c i r c u l a r 
conf igurat ion and square conf igura t ion . For reference purposes these 
o r b i t s are fo r highly energet ic p a r t i c l e s f o r which the e l e c t r i c f i e l d 
can be neglected; ^ d^/B is a lso shown. I t w i l l be noticed tha t a l l 
o r b i t s are approximately c i r c u l a r . The trapped p a r t i c l e s are s h i f t e d 
least whi le the passing and t r a n s i t i o n a l o r b i t s are s h i f t e d inward. I t 
w i l l be noticed tha t the square conf igura t ion gives bet ter center ing 
for a l l three classes of o r b i t s . Perhaps most not iceable i s t h a t the 
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F i g . 4 . 6 . D r i f t surfaces in a midplane f o r a high-energy 
t r a n s i t i o n a l p a r t i c l e in a square conf igura t ion . The las t closed 
contour w i th in the volume passes close t o the ax is of the s i d e . Th is 
is in contrast t o the c i r c u l a r EBT- I /S conf igura t ion , which does not 
contain any high-energy t r a n s i t i o n a l p a r t i c l e s . 
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F ig . 4 . 7 . Comparison of high-energy p a r t i c l e o r b i t s f o r the 
c i r c u l a r (top) and square (bottom) conf igurat ions . Highly trapped 
p a r t i c l e s (v(| = 0) and extreme passing p a r t i c l e s (V|( = v;|x = 0) are 
shown. For re ference purposes, contours of ^ d^/B are a lso shown. 
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c i r c u l a r conf igurat ion does not have any t r a n s i t i o n a l o r b i t s tha t close 
wi th in the volume, whereas the square conf igurat ion does. 

Since de ta i l ed o r b i t information for a l l ve loc i ty space, 
i n te res t ing as i t may be, is d i f f i c u l t t o convey or comprehend qu ick ly , 
several d i f f e r e n t measures of o r b i t q u a l i t i e s have evolved over the 
years. One measure is simply the s h i f t of an o r b i t from some reference 
point . Since the o r b i t s fo r a given point in veloci ty space (e. and (x) 
are not always concentr ic , the convention has been t o use the case of 
an o r b i t of zero radius. This is read i ly obtained by f ind ing the 
minimum in the longitudinal ad iaba t ic invar ian t J . This s h i f t i s 
commonly re fer red t o as RjjyuN-

Figure 4 . 8 shows R jm in both square and c i r c u l a r EBT 
conf igurat ions. Two features are not iceable . One is t h a t the square 
conf igurat ion produces less of a s h i f t f o r a l l p i tch angles than does 
the c i r c u l a r conf igurat ion. The second i s tha t because the global 
mirror r a t i o exceeds the local mir ror r a t i o in the square conf igurat ion 
there are fewer t r a n s i t i o n a l and passing p a r t i c l e s fo r the square 
conf igurat ion. Thus, not only are the o r b i t s bet ter centered but a lso 
there are fewer of the p a r t i c l e s whose s h i f t i s la rgest . 

A second measure of o r b i t q u a l i t y i s the area of the last closed 
d r i f t o r b i t . This area is of ten normalized to the area of the shadow 
of the l im i te r ( c o i l th roat ) or to the area occupied by the hot 
e lect ron r ings. I t is sometimes r e f e r r e d t o as the volumetric 
e f f i c iency and sometimes as the f i l l i n g f a c t o r . 

Figure 4 . 9 shows the area of the l as t closed d r i f t surfaces ( f o r 
both c i r c u l a r and square conf igurat ions) vs ( v | | / v )midp lane ' Not ice 

tha t the area of the trapped p a r t i c l e s (v^/v = 0) is larger f o r the 
square conf igurat ion than f o r the c i r c u l a r one. Th is occurs because 
the trapped p a r t i c l e s experience • v i r t u a I ly no toro ida l e f f e c t s and, 
hence, are bet ter centered in the square conf igurat ion than in the 
c i r c u l a r one. Also notice tha t the areas are larger fo r the square 
than f o r the c i r c u l a r conf igurat ion — consistent with the e a r l i e r 
f i gu re fo r Rjy j f j . (Here i t should be noted that because the o r b i t s are 
not concentric RjjyuN r e f l e c t s the s h i f t a t small r a d i i , and the area 
tends t o r e f l e c t the bet ter center ing t h a t usually occurs at larger 
radi i . ) 

Because the volume element in ve loc i ty space is 
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v ( | / v l o t mid p l a n e ) 

F i g . 4 . 8 . S h i f t of small rad ius o r b i t s , R J M I N , vs ( V | , / v ) m j d p | a n e 

f o r high-energy p a r t i c l e s . The s o l i d curve represents a square 
conf igurat ion wi th global mi r ror r a t i o MQ £ 6, whereas the long dashes 
indicate the same c o i l s w i t h less current in the corners (MQ 2 4 ) . The 
higher curve (short dashes) is f o r EBT- I /S . 
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F ig . 4 . 9 . Volumetric e f f i c i ency vs ( v | | / v ) m i d p l a n e c ' r c u ' a r 

EBT-I /S (short dashes) and square conf igurat ion (so l id curve is for 
M 2 6 and long dashes for M q ^ 4 ) . The normalization chosen 
F = ( d r i f t o r b i t a r e a ) / ( i r r 2 j m ; t e r ) a ' ' c a s e s r | imi ter = 19'5-cm. 

is 
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we can use Fig. 4 .9 to get a s ingle scalar measure of o r b i t q u a l i t y . 
I n the absence of an e l e c t r i c f i e l d the o r b i t s are independent of 
energy and we can simply v isua l ly in tegrate the area as a function of 
(v j j /v ) m idplane ' quickly v e r i f i e s that the square conf igurat ion, in 
the absence of e l e c t r i c f i e l d , contains roughly 90% to 95% of the 
p a r t i c l e s , whereas the c i rcu la r configurat ion contains about 50%. 

We now turn to obtaining measures of o r b i t qua l i t y in the presence 
of an e l e c t r i c f i e l d (or fo r p a r t i c l e s with energies fo r which the 
e l e c t r i c f i e l d is s i g n i f i c a n t ) . Here we shal l be content with 
discussing the primary features. 

We have already noted that the o r b i t s a t large energy are 
approximately sh i f t ed c i r c l e s . This suggests tha t we express the 
longitudinal adiabat ic invar iant J as a part dependent only on minor 
radius and one dependent on r cos 0 . (Recall how we obtained s h i f t e d 
c i r c l e s fo r the contours of d i /B in a midplane.) On the other hand, 
we know9 that the bounce- or t ransi t -averaged d r i f t ve loc i ty i s given 
by <vq> = VJ x b / ( e B f ) . The part dependent on minor r a d i i only w i l l 
lead to a poloida l -d i rec ted veloci ty ( ca l l i t r f l ) . The part tha t 
depends on X = r cos 0 wi11 lead t o v i r t u a l l y d i rected ve loc i ty (ca l l 
i t Vy). We are thus led to w r i t e 

<•[)> = rf le0 + v„ey . (4 .68) 

. Th is equation is a standard way of expressing the to ro ida l e f f e c t s 
(aspect r a t i o expansion) for the c i r c u l a r EBT conf igura t ion . I t is 
a lso a natural way to express o r b i t s in the square conf igurat ion: the 
sides lead to ft and the corners lead to Vy. I f v„ and 0 can be 
regarded as constant, then the resu l tan t motion i s a c i r c l e . The 
center of the c i r c l e is a t 

AX = Vy/ti . (4 .69) 

To i l l u s t r a t e the e f f e c t of e l e c t r i c f i e l d s we w r i t e 

Ci = fiB + flExB (4 .70) 
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and s i m i l a r l y for v^. The part of fi a r is ing from curvature and grad-B 
d r i f t s , fig, has a simple dependence on energy: fig cc e . The dependence 
on pitch angle, l i ke R JMXN a n c' a r e a < ' s best determined 
numerically. The part of fi a r i s i n g from E x B, %xB> ' s c o u r s e 

independent of ve loc i ty space. 
Ant ic ipa t ing the ro le t h i s measure of o r b i t s plays in ca lcu la t ing 

d i f fus ion c o e f f i c i e n t s , we note that t y p i c a l l y one expects 
D ~ <u(AX)2>, where the average is over velocity space. Figure 4 .10 
shows (AX)2 vs energy and C v | | / v ) m i d p i a n e both ^he s c l u a r e a n d 
c i rcu la r conf igurat ions. Notice that a t low energy the s tep-s ize is 
small and that i t becomes large a t larger energy. (The assumed form of 
the e l e c t r o s t a t i c potent ia l confines low-energy p a r t i c l e s , as discussed 
in the previous sec t ion . ) At higher energy the t rans i t iona l and 
passing p a r t i c l e s develop s i g n i f i c a n t values of (AX)2. 

The high values of (AX)2 can be somewhat misleading for two 
reasons. One reason is that the expression for the s tep -s i ze given in 
Eq. (4 .69) can break down. This expression assumes tha t fi i s 
r e l a t i v e l y independent of pos i t ion . However, i t is often the case that 
fi passes through zero as a funct ion of r (especial ly at low t o modest 
energy). One way to t e s t whether fi goes to zero local ly or global ly i s 
to examine i t s d e r i v a t i v e with respect to radius. Thus, one wr i tes 

fi = G ( r 0 ) + fi'(r - r 0 ) + . . . . (4 .71) 

When fl(rg) is zero, then the topology of the o r b i t s is no longer that 
of nested c i r c l e s . Instead, a separatr ix forms and crescent- or 
banana-shaped o r b i t s form wi th in t h i s separa t r ix . The width of the 
separatr ix (maximum banana width) then becomes the appropriate measure 
of s tep -s ize . In t h i s case, Eq. (4 .69) should be replaced by 

AX « ( v y / G ' ) 1 / 2 . (4.72) 

(See Appendix 4F for the development of t h i s est imate. ) Figure 4 .10 has 
assumed that fi' ^ 0 when fi - 0 , which is not necessari ly the case. 

The second reason that F ig . 4 .10 can be misleading is that i t 
obscures the f a c t that very few p a r t i c l e s tend to be at the large 
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F ig . 4 .10 . Square of the displacement from the mean, (AX)2, vs 
k i n e t i c energy and (V| | / V ) m idplane' The. nonzero e l e c t r o s t a t i c potent ia l 

was chosen to confine p a r t i c l e s at low energy for both conf igurat ions. 
Note t h a t the deviat ion from the mean is considerably suppressed by the 
square conf igurat ion. 
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energies where the large s tep -s i ze occurs. Figure 4 . 1 1 i l l u s t r a t e s 
t h i s point by d isp lay ing ( A X ) 2 f ( e ) , where f ( e ) i s a MaxwelIian. Not ice 
t h a t the e f f e c t of the high-energy p a r t i c l e s , when weighted by the 
number present, i s not nearly so pronounced. 

From Fig . 4 . 1 1 one could obtain a reasonable estimate of the 
d i f f u s i o n c o e f f i c i e n t ( a t low col I i s i o n a l i t y ) by simply i n t e g r a t i n g 
( A X ) 2 f . Rather than do t h i s we have chosen t o use the formalism of 
Spong, Hedrick, and H a s t i n g s 1 0 , 1 1 t o c a l c u l a t e the d i f f u s i o n 
c o e f f i c i e n t fo r both low (D ~ v) and high (D ™ 1/v) col I is ional i t y . 
Figure 4 .12 shows the d i f f u s i o n c o e f f i c i e n t fo r both square and 
c i r c u l a r EBT conf igura t ions f o r e lectrons. Not ice tha t there is about 
an order of magnitude d i f fe rence in the two t ranspor t 
c o e f f i c i e n t s — Ieading to the conclusion tha t the neoclassical l i f e t i m e 
in the square conf igura t ion can be an order of magnitude larger than in 
a c i r c u l a r conf igurat ion of comparable s i z e . 

4.7 SUMMARY 

A d e t a i l e d exposi t ion of the fundamental equi l ibr ium and o r b i t 
ideas and formulas re levant to EBTs (espec ia l l y the square 
conf igurat ion) has been given. The equation t h a t governs the core 
sca la r pressure surfaces has been developed from both an MHD and d r i f t 
k i n e t i c approach. Ana ly t ic approximations for the pressure sur faces 
have been developed which are in q u a l i t a t i v e agreement wi th numerical 
c a l c u l a t i o n . 

Simple expressions f o r o r b i t s have been given where possible and 
approximations developed where the f u l l expression requires numerical 
c a l c u l a t i o n . A b r i e f survey of typ ica l numerical o r b i t r e s u l t s has 
been given for both the square and c i r c u l a r conf igura t ions of EBT. 
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EBT-I/S 

0.25 

Fig . 4 .11 . Square of the displacement m u l t i p l i e d by a Maxwell ian 
d i s t r i b u t i o n . The f i g u r e ind icates the importance of weighting the 
displacement by the number of p a r t i c l e s having t h a t displacement. 
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F ig . 4 . 1 2 . D i f fus ion c o e f f i c i e n t vs col I i s i o n a I i t y f o r c i r c u l a r 
and square conf igurat ions. Note tha t the d i f f u s i o n i s roughly an order 
of magnitude less fo r the square con f igura t ion . Thus, f o r s i m i l a r 
assumptions f o r the ambipolar p o t e n t i a l , the l i f e t i m e i s an order of 
magnitude larger f o r the square conf igura t ion . 
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APPENDIX 4A 

Here we develop an extension of the closed l ine magnetic 
t . n q 

equi l ibr ium theor ies of Lortz (sca lar pressure); Grad, Hedrick, 
Guest, and Nelson;4 and Hal l and McNamara.5 This theory assumes t h a t 
the magnetic f i e l d of the sca lar pressure core plasma is s u f f i c i e n t l y 
small tha t i t is unnecessary to modify the f i e l d s and currents 
associated wi th the hot e lec t ron r ings and the c o i l s . I n the l i m i t of 
zero r ing pressure t h i s extension reduces to the theory of Lortz2 and 
is then exact. 

Since in many problems of in te res t the r ing plasma pressure i s 
considerably larger than t h a t of the core plasma, we begin by reviewing 
the a v a i l a b l e theor ies f o r t r e a t i n g the r ing magnetic equ i l ib r ium 
problem (without core) . The r i n g plasma is highly an isotropic and thus 
should be described in terms of a tensor pressure. Grad3 showed t h a t 
by assuming the tensor pressure was separable ( i n t o a f ac to r which was 
constant along f i e l d l i n e s and a part which var ied with B) a "constant 
of the motion" existed (analogous t o d i / B f o r sca lar pressure) , which 
great ly f a c i l i t a t e d the computation of magnetic e q u i l i b r i a . The 
a lgor i thm of Grad has been used successful ly to compute f i n i t e - b e t a , 
tensor pressure e q u i l i b r i a by Owen6 , 1 2 f o r c i r c u l a r EBT conf igurat ions . 

For nonseparable tensor pressure, a lgor i thms e x i s t 4 , 5 f o r 
computing magnetic e q u i l i b r i a . These a lgor i thms would also permit 
simultaneous inclusion of nonseparable tensor pressure and core plasma 
(sca lar or tensor pressure) . The pr inc ipa l d i f f e r e n c e between Grad's 
separable case and the general case i s t h a t a simple constant of the 
motion does not e x i s t (or at least has not been found), and one must 
solve a p a r t i a l d i f f e r e n t i a l equation ( i n f lux l i n e coordinates: alpha, 
beta) or ca lcu la te the longi tudinal ad iaba t ic invar ian t J for a large 
number of va r iab les . Since the const ra in ts imposed by the constant of 
the motion in the separable case enter as a s ide condi t ion, i t seems 
l i k e l y to us tha t the more general case would not' pose any 
insurmountable numerical problem. I t a lso seems highly l i k e l y t o us 
t h a t the actual numerical implementation of these algorithms would 
requi re upward of two man-years f o r each d i s t i n c t l y d i f f e r e n t 
conf igura t ion . 

I n numerically implementing Grad's separable case f o r the c i r c u l a r 
EBT, heavy use was made o f the symmetry proper t ies t o reduce the core 
storage requirements. The square EBT conf igurat ion has fewer symmetry 
planes and, hence, would requ i re more core storage ( e . g . , by a f a c t o r 
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of 5 ) . However, the square conf igura t ion does have an approximate 
symmetry tha t can be explo i ted . 

Since the r ings form in the nearly axisymmetric bumpy cy l inders 
t h a t make up the s ides of the square, the magnetic f i e l d of the r ings 
can be calculated qu i te accurately assuming axisymmetry. This two-
dimensional problem in terms of an e l l i p t i c p a r t i a l d i f f e r e n t i a l 
equation of a f lux f u n c t i o n 4 , 1 3 i s much simpler numerically than the 
three-dimensional problem (by one t o two orders of magnitude). Should 
asymmetric correct ions prove necessary, they could be obtained using a 
v a r i a n t of Grad's aspect r a t i o expansion f o r the c i r c u l a r EBT 
conf igurat ion. 

To t r e a t core plasma e q u i l i b r i a we w r i t e 

where Bq is due to the c o i l s and r i n g s , B^ i s due t o the core plasma, 
and simi lar ly fo r j . We have in mind tha t the f i e l d of the r ings comes 

** 

from solv ing j r j n g * B = 7 • P r j n g and t h a t the core pressure does not 

change t h i s r e l a t i o n . I f the f i e l d of the core s i g n i f i c a n t l y modi f ies 
the magnetic f i e l d near the r ings, then one would in p r i n c i p l e need t o 
r e c a l c u l a t e the r ing equi l ibr ium t o mainta in the r e l a t i o n between r i n g 
current and pressure. This suggests t h a t the theory developed here 
might form the basis f o r a larger i t e r a t i o n scheme tha t includes both 
r i n g and core — a point we do not wish t o dwell on here. 

The magnetic equ i l ib r ium equations t o be solved f o r the core 
plasma are then 

B = B 0 + , 
(4A.1) 

3 = i o + h ' 

j l XB = Vp , 

V XBJ = J! . 

V • BJ_ = 0 , 

(4A.2) 

(4A.3) 

(4A.4) 

where p is the sca la r pressure of the core. 
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I t fo I lows from Eq. (4A.3) t h a t 

V • j ! = 0 , ( 4A .5 ) 

which i s charge conservat ion , in steady s t a t e , f o r the core plasma. 
Just as V • B = 0 imp l ies t h a t a Clebsch represen ta t ion e x i s t s f o r the 
magneti c f i e ld (B = Va X V|3), Eq. (4A.5) impl ies t h a t 

j 1 = V $ X V T i . ( 4 A - 6 ) 

Since Eq. (4A.2) imp l ies t h a t 

j l • Vp = 0 . ( 4A .7 ) 

a natura l choice f o r e i t h e r or T] in Eq. (4A.6) is p. Choosing T] = p, 
Eq. (4A.6) becomes 

j i = x Vp . (4A.8 ) 

We now note t h a t 

J l . l X ( J i x B) . ( 4A .9 ) 
B 

I n s e r t i n g Eq. (4A.2) i n t o E q . (4A.9) y i e l d s 

J l . l * 7 P • ( 4 A - 1 0 ) B 

/ 
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I n s e r t i n g the other expression for j ^ , Eq. (4A.8 ) , into Eq. (4A.9) 
y i e l d s 

3 1 , 1 = * x V P ) X B ] ' 
B 

or 

3 1 , 1 3 " T B X ['PO3 * v P ) ] • ( 4 A - n ) 
B 

However, from Eq. (4A.2) B • 7p = 0 so t h a t 

j l . i =~jB xyp(B • ? $ ) . (4A.12) 
B 

Comparing Eq. (4A.10) and Eq. (4A.12) we see tha t 

B • = 1 . (4A.13) 

In t roducing the arc length £ along a f i e l d l i n e , Eq. (4A.13) can 
be w r i t t e n 

8 $ / a / = l / B ( 4 A . 1 4 ) 

w i th the so lu t ion 

§ ( a , M ) = $ o ( a , 0 ) + / ! d i ' / B ( a , M ' ) . ( 4 A . 1 5 ) 
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where we have introduced f lux l i n e coord inates a and (3 (7a. x V 0 = B ) 
which have the property t h a t they are constant along f i e l d l i nes 
(B • 7 a = B • V/3 = 0 ) . 

No t ice t h a t i f L i s the length of a closed f i e l d l i n e then 
<$(a,|3,/q + L) i s not equal to $q(cl ,P) . Physical q u a n t i t i e s such as j j 
and p must, however, be s i n g l e valued. I n s e r t i n g Eq. (4A.15) into 
Eq. (4A.8) we f i n d t h a t 

j ^ a . M o ) = X 7 P ( 4 A - 1 6 ) 

and 

3 1 ( a , j 3 l / 0 + L) = V $ 0 X 7 p + ( t c f j f j x V p . (4A.17) 

Imposi ng j i ( a , j 3 , i 0 + L) = j i (c i , |3 , /q ) y i e l d s 

7 p x 7U = 0 , (4A.18) 

where 

U = <f ctf/B . (4A.19) 

Now p and U are only func t ions of a and 0 ( they a re constant along 
a f i e l d l i n e ) and are constant on sur faces formed by f i e l d l i n e s . 
Equation (4A.18) impl ies t h a t 7p and 7U are in the same d i r e c t i o n so 
t h a t the sur faces of constant pressure p are the same as the sur faces 
of U = constant . Thus, the pressure may be regarded as a func t ion of 
U = j 6SJB. 

We now express B^ in terms of We can r e w r i t e Eq. (4A.8) as 

j 1 = 7 X ( ^ p ) . (4A.20) 

However, from Eq. (4A.3) j i = 7 X B so t h a t 
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V X (B2 - ^ p ) = 0 

from which i t fo l lows tha t B^ - = V4> or 

B1 = V$ + . (4A.21) 

From Eq. (4A.4) , V • B j = 0, we see tha t $ s a t i s f i e s the Poisson 
equation 

V2<f> = - 7 • (<£7p) . (4A.22) 

Now a l l EBT conf igurat ions are designed to make use of Grad's 
theorem3 tha t symmetry across a plane guarantees closed f i e l d l ines . 
In the c i r c u l a r EBT conf igurat ion the midplanes and coi l planes are 
symmetry planes. I n the square conf igura t ion the planes t h a t cut the 
sides a t t h e i r centers are symmetry planes. The planes t h a t cut the 
corners at t h e i r centers are a lso symmetry planes. In a symmetry plane 
the magnetic f i e l d is normal t o the plane, whi le the current and 
gradient of the pressure l i e in the symmetry plane. 

I t is convenient t o take £ = £q = 0 to correspond to a symmetry 
plane and to set of Eq. (4A.15) to be zero so t h a t Eq. (4A.15) 
becomes 

j ) = fQ d / 7 B ( a , p J ' ) . (4A.23) 

We are now in a pos i t ion t o describe an i t e r a t i o n procedure. 
S t a r t i n g with an i n i t i a l guess f o r B ( l i k e Bq ) we c a l c u l a t e £ from 
Eq. (4A .23 ) . This automat ica l ly y i e l d s U E ^ d / /B . We then set up the 
pressure in the symmetry plane (consistent w i th Vp x VU = 0) and map 
the pressure along magnetic f i e l d l ines to points o f f the symmetry 
plane. We next use p and £ t o form the r i g h t side of the Poisson 
equation fo r Eq. (4A.22) , and solve the Poisson equation f o r 
Using Eqs. (4A.1) and (4A.21) we c a l c u l a t e a new value of B. Using the 
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new value of B we can reca lcu la te <5 (and U) and the pressure and the 
d r i v i n g term in the Poisson equation, solve the Poisson equation for <t>, 
and ca lcu la te s t i l l another value of BJ_. This procedure is repeated 
un t i l a s u f f i c i e n t l y converged so lut ion is obtained. 

For many purposes ( e . g . , low-to-modest core be ta ) , i t is not 
necessary to compute the change in the magnetic f i e l d produced by the 
core plasma. For these cases a l l we may requi re is the f a c t that the 
pressure i s a funct ion of ^ d i / B and, perhaps, the core plasma current . 
Equations (4A.8) and (4A.23) provide a convenient way of determining 
the p a r a l l e l component of the current and can be used to determine the 
perpendicular component although Eq. (4A.10) may be more convenient in 
some instances. 

F i n a l l y we should note t h a t the i t e r a t i o n scheme suggested here, 
although probably adequate, is not necessari ly the most e f f i c i e n t one. 
A l t e r n a t i v e i t e r a t i o n schemes have been suggested f o r the Lortz problem 

(no r ing present) by Grad14 and McNamara.15 These should be equally 
appl icab le to the approximate theory developed here for cases involving 
a s i g n i f i c a n t r ing beta. 
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APPENDIX 4B 

Here, a small rad ius , vacuum magnetic f i e l d approximation is 
developed for the cont r ibut ion to ^ d / / B from a s i n g I e - m i r r o r one-hal f 
eel I . 

The distance between a midplane and an adjacent co i l plane i s 
taken t o be L. The s t rength of the magnetic f i e l d in the center of the 
midplane (r = z = 0) i s denoted by Bq. The mir ror r a t i o on-ax is 
( r = 0) i s denoted by M, so tha t the magnetic f i e l d in the center of 
the co i l plane ( r = 0 ;z = L) is MBq. I t is convenient to def ine a 
bumpiness parameter 8 by 

' ( 4 B . 1 ) 

For the f i e l d due t o the c o i l s alone there are no currents in the 
plasma volume, andB s a t i s f i e s 

B = . ( 4 B . 2 ) 

Keeping only the two lowest harmonics, the magnetostat ic potent ia l is 
given by 

<J> = 
Br 

1 - 8 
z - y s i n kz I o ( k r ) ( 4 B . 3 ) 

where 

k = ir /L ( 4 B . 4 ) 

I t is also useful t o express the magnetic f i e l d in terms of a f lux 
funct ion ij>: 

B = VtJ) x V8 . ( 4 B . 5 ) 
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For vacuum f i e l d s ty s a t i s f i e s the equation 

n x y j , = 8 ? ± + i £ i I M . f l 
' " 9z2

 9 r 2 " r 3 r - 0 • 
(4B.6) 

Although we could der ive the general so lu t ion to Eq. (4B .6 ) , here i t i s 
simpler to observe tha t 

r _ 1 M _ M 
z " r 9 r " 3z ' (4B.7) 

r- ~ r 9z ~ 3 r (4B.8) 

From Eqs. (4B.7) and (4B.8) we see t h a t $ = z corresponds t o ij> = ~ r 2 

and tha t <t> = s in kz I g ( k r ) corresponds t o ty = r I ^ ( k r ) c o s kz. Comparing 
t o Eq. (4B.3) we f i n d tha t 

¥ = 
Br 

1 - 8 
| r 2 - f r l ^ k r ) cos kz (4B.9) 

The components of the magnetic f i e l d are 

By = Z " (1 - 8) 
1 - 8 cos kz I g ( k r ) (4B.10) 

B R = - H - T s - J S s i n kz I ^ k r ) (4B.11) 

Note t h a t fo r r = 0 

cos kz) . 
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so tha t B = B0 at r = z = 0. At r = 0, z = L, 
B = (1 + 8 ) B q / ( 1 - 8) = MBg so tha t the choice of parameters 8 and Bg 
is consistent with the spec i f ica t ions made e a r l i e r . 

To obtain q u a l i t a t i v e information we w i l l use a small radius 
approximation and expand in the bumpiness parameter 8. For small r the 
modified Bessel functions in Eqs. (4B.10) and (4B.11) y i e l d 

B 0 

( 1 - 6 ) 
1 - 8 cos k z ( l + j k 2 r 2 ) 

B r - - " ( I ^ 6 ) " 5 s i n k z | k r V 

(4B.12) 

(4B.13) 

Now, since d z / d i = B z /B , 

d2 dz „ 1 1 - 8 dz 
B Bz \ B0 / [1 _ 8 cos kz( l + | k 2 r 2 ) ] 

(4B.14) 

To f a c i l i t a t e the integrat ion of Eq. (4B.14) we next expand in 8: 

f , d z ( - ^ | l + d c o s k z ( l + j k 2 r 2 ) 

+ 8 2 c o s 2 k z ( l + ^ k 2 r 2 ) 2 + . . . ] . (4B.15) 

However, since we have neglected terms of order k 4 r A in Eqs. (4B.12) 
and (4B.14) , we should not re ta in them in Eq. (4B.15) . Thus, 

( l + 8 cos kz + 8 2 cos 2 kz) 

+ k 2 r 2 H - 8 cos kz + -^-82cos2kz (4B.16) 
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Note t h a t the f i e l d l ines are "bumpy" so t h a t r va r ies wi th z . 
However, from Eq. (4B.5) we see that the f lux funct ion ^ is constant 
a long f i e l d I i nes si nee 

B • Vi|i = 0 . 

Thus, i f we express r 2 [ i n Eq. (4B .16) ] in terms of iJj and z , we w i l l 
have the desired r e s u l t . 

We begin by noting t h a t we only require r 2 in Eq. (4B.16) t o f i r s t 
order in 8 and i|) ( fo rma l ly , i|) or r 2 may be replaced by k2 as the 
expansion parameter here) . Thus, we only need the leading term of 
I ^ ( k r ) , and Eq. (4B.9) becomes 

« ( i > r 2 - r 2 cos k z ) , 

(4B.17) 

or 

r 2 „ 2 ^ ( 1 - 8 ) 1 
B a 1 - 8 cos kz ' 

r 2 g W - 8 ) (1 + 8 cos kz) . (4B.18) 
B 0 

Now the f i e l d l i n e labeled by iji could equally wel l be labeled by i t s 
value of r in the midplane, r s . Now, from Eq. (4B.17) 

r s = r^" » (4B. 1 9 ) 
B 0 

so t h a t Eq. (4B.18) becomes 

r2 ~ r | ( l - 8)(1 + 8 cos kz) (4B.20) 
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I n s e r t i n g Eq. (4B.20) in to Eq. (4B.16) we obta in 

dz p ^ ^ 1 + S cos kz + 6 2 cos 2 kz 

+ ( 1 - 8 ) k2 r | A - 8 cos kz + | 8 2 c o s 2 k z (4B.21) 

We not ice tha t s ince cos2kz = " 2 ( 1 + cos 2kz ) , we should o m i t ! the 

cos 2kz terms t o be consistent wi th omi t t ing second and higher 
harmonics in , and B. Thus, 

or 

j ^ j > M H 5 2 ) + 8 c o E k z ' 
+ j S ( l - S ) k 2 r | ^ c o s kz ' + f S J (4B.22) 

M f H s f (4B.23) 

Thus, the cont r ibut ion of a one-ha l f ce l l t o d / ' / B is given by 

J 0 B L (4B.24) 
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APPENDIX 4C 

Here we develop the cont r ibu t ion t o the p a r a l l e l current from a 
s i n g l e - m i r r o r one-ha l f c e l l f o r low beta. The p a r a l l e l current a r i ses 
because the pressure sur faces are displaced inward from the ax is of the 
(vacuum) magnetic f i e l d . 

We may formal ly obta in the required MHD equations from Appendix 4A 
by noting tha t i f the f i e l d of the r ings is n e g l i g i b l e then we need not 
s p l i t B in to zeroth and f i r s t - o r d e r parts. Instead, the f i e l d due t o 
the c o i l s may be incorporated into the potent ia l funct ion $ appearing 
in Eq. (4A.21) . When t h i s i s done, one obtains the equations 

B = + <3?p , (4C.1) 

S = C4C.2) 

j = X Vp . (4C.3) 

For low core beta 

B * ™ - B n o : | , (4C.4) 

and 

£ (4C.5) 
0 B c o i I 

A few remarks are in order a t t h i s point concerning the zero of 2 . 
I f we are deal ing wi th a one-ha l f ce l l whose midplane is a lso a 
symmetry plane (center of a s i d e ) , then we are f r e e t o set = 0. I f 
t h i s is not the case, we w i l l fo l low the convention here t h a t 2 = 0 
corresponds to the midplane of the one-hal f ce l l in question, but we 
must r e t a i n ' s ca lcu la ted by adding up the contr ibut ions from 
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a l l the one-ha l f c e l l s between the one in question and the centra l 
symmetry plans of the s i d e . ) Th is convention al lows us t o use the 
i n d e f i n i t e in tegra l given in Appendix 4B f o r J d / /B [Eq. ( 4 B . 2 3 ) ] . 
This same convention wi11 be fol lowed in c a l c u l a t i n g j from Eq. ( 4 C . 3 ) . 

Since the vacuum magnetic f i e l d is axisymmetric, so is our 
approximation t o That is , £ = . However, the pressure is 
s h i f t e d inward so t h a t i t depends on the angle 0 as wel l as i|). Thus, 
from Eq. (4C.3) 

j „ = b • (V^ x Vp) , 

or 

i - R — — J H " D 8i|) 90 " 

As in Appendix 4B, instead of 
we replace tj) by the radius f o r 
midplane r s . From Eq. (4B.19) we 
becomes 

(4C.6) 

labe l ing f i e l d l ines by i|) (and 0 ) , 
which the f i e l d l ine p ierces the 
have i|> = 2 B 0 r | , so t h a t Eq. (4C.6) 

g 9<£ 9p 

We have seen [Eq. (4 .12 ) ] t h a t p is constant on contours of 

\ 

(X s + 0 2 + - constant , 
i 

where £ = r s cos 0 , y s = ^ s s in 0 . We are thus led t o de f ine a new f i e l d 
I ine label by 
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r 2 = (nscos 9 + i ) 2 + r | s i n 2 6 

= r | + 2£,rscos 9 + £.2 , 

( 4 C . 8 ) 

and 

P = P ( r p ) ( 4 C . 9 ) 

For the devotees of a,|3 coordinates t h i s i s equivalent t o w r i t i n g 
p = p(a) wi th a as a funct ion of ^ and 9 . 

Now the p a r t i a l d e r i v a t i v e in Eq. ( 4 C . 7 ) , ( 9 p / 9 9 ) , is to be taken 
a t f i x e d ij) or f i xed r s . Thus, 

9p dp 9 r n . 

However, from Eq. (4C .8 ) , 

^ | r s = - ^ s i „ e . ( 4 C . i l ) 

Provided we are not too close t o r s = 0 , we can approximate r s / r p by 
unity in Eq. (4C.11) so tha t 

^ - e , s i n 9 . (4C.12) 

Combining Eqs. (4C .7 ) , (4C .10 ) , and (4C.12) we obta in 

M 

ij 
where we have used dp/dr p ^ d p / d r s (which f a i l s f o r r s < |6,f). i1 

From Eq. (4C.5) 1 
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a r s
 = 9 r s 

(4C.14) 

D i f f e r e n t i a t i n g Eq. (4B.23) y i e l d s 

6 r s 

Combining Eqs. (4C.13 ) ; (4C.14) , and (4C. 15) , we see t h a t the 
cont r ibu t ion t o jj j from t h i s one-hal f ce l l is 

Equation (4C.16) consists of two par ts : an o s c i l l a t o r y part and a 
part t h a t is l inear in z . The o s c i l l a t o r y part occurs in the c i r c u l a r 
conf igura t ion . I n a c i r c u l a r EBT conf igurat ion , the term l i n e a r l y 
proport ional t o z is cancelled by d i s t r i b u t e d to ro ida l e f f e c t s . I n the 
square conf igurat ion , the term proport ional t o z is cancel led again by 
t o r o i d a l e f f e c t s , but t h i s t ime these to ro ida l e f f e c t s a l l occur in the 
corner. 

(4C.16) 

where we have used ( 1 - 8 ) 2 2 1. 
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APPENDIX 4D 

Here we develop the f i r s t moment of the d r i f t k i n e t i c equation, 
Eq. ( 4 . 3 5 ) , which we reproduce here: 

9 f T 
" a t ^ l l - I f + - I f j = c j • ( 4 0 . 1 ) 

I m p l i c i t here is tha t f j is a function of the t o t a l energy, 
e. = e$ + mv2/2 and the diamagnetic moment (jl = mv2/2B. We are pr imar i ly 
concerned with scalar pressure here, which corresponds to an isot rop ic 
d i s t r i b u t i o n , f j i ndependent of [x. 

The moment of 9 f : / 3 t is c lear ly 9 n : / 3 t , where 

n j = J d 3 v f j • (4D.2) 

The next term in Eq. (4D.1) can be rewr i t ten 

vI I • Vf = ' Vf • p f ) , (4D.3) 

where we have used V • B = 0 . The moment of t h i s term is most 
conveniently obtained by wr i t ing the veloci ty space integral in terms 
of e and fx. The element of volume in veloci ty space is 

d v = C — de d|x , 
v.. 

(4D.4) 

so tha t Eq. (4D.3) can be integrated: 

J d ' v T , , - i f j =Cj J d e d n f - ^ V • ( B f j ) (4D.5) 
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Because the divergence is a t f i x e d e and [x, i t can s a f e l y be passed 
through the integrand in Eq. ( 4D .5 ) , and we obta in 

J d3v V|| • V f - = V • (C j J de d^ B f • ) (4D.6 ) 

or 

J d3v V, , • V f = V • (bCj J de d(x Bf j (4D.7 ) 

Now, 

Cj / de d^ Bf j = C j J d e d ^ - v ^ 

= J d 3 v V | | f j . (4D.8) 

By d e f i n i t i o n 

n j < v H > j = J d 3 v v l l f j ( 4 D - 9 ) 

so t h a t by combining Eqs. ( 4 D . 7 ) , ( 4 D . 8 ) , and (4D.9) we obta in 

J de v V|| • V f j = V • (n j<v„> jb) . (4D.10) 

For the remaining term on the l e f t s i d e of the d r i f t k i n e t i c 
equat ion, Eq. ( 4 D . 1 ) , i t is more convenient to use the v e l o c i t y space 
components r a t h e r than e and [A when performing the i n t e g r a t i o n . 
R e c a l l i n g t h a t we a r e most in teres ted in i so t rop ic d i s t r i b u t i o n s here, 
we w r i t e 
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f j ( e,x) = F j t i - t n v 2 , ! ( 4 0 . 1 1 ) 

However, mv2/2 = e - e<I>, so t h a t 

f j ( e,x) = F j ( e - e<t>,x) (4D.12) 

Then (a t f i xed e ) , 

9F ; 
y f j = VFj + A

 J
 x 

mv2 

9 F : 
= 7F; + e E , i 

J 
d i- mv2 

(4D.13) 

The d r i f t v e l o c i t y , Eq. ( 4 . 3 6 ) , is 

± m 2 

rD 
E X B 2 ' v - /v | „ v„ 1 

B e j B \ v 2 v2 , 
(4D.14) 

Combining Eqs. (4D.13) and ( 4 0 . 1 4 ) , we f i n d tha t 

E x B 
T D * j 

1 ...2 mv 

e j B 
b x M - V i n B + — j - K y F: 

1 o ^ i E x B h 2 \ v? ^ 
+ mv — : — J - = - • ( -4 -V i n B + 2 - 4 * 

2 B2 
(4D.15) 
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where we have noted that E • (E x b) = 0. The integral of the f i r s t 
term on the r ight side of Eq. (4D.15) i s t r i v i a l : 

- Q /fe X B\ E X B , J d 3 , = _ . J n j . ( 4 D . 1 6 ) 

The integrat ion of the other terms in Eq. (4D.15) can be carr ied 
out i f we notice that since Fj is isotropic the only pitch angle 
dependence occurs in the factor 

v2 v2 

i n B + 2-JJ-« . 
2 2 

I t is convenient to introduce the var iab les 

K = - j mv2 , (4D.17) 

§ = v i i / v ' ( 4 D . 1 8 ) 

so that 

d3v = 2irK1/2dK d<$ ( 4 D . 1 9 ) 

and 

We f ind that 

( 4 D . 2 0 ) 
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I i « 

= (7 i n B + k ) 

Since 

(4D.21) 

J d 3 y l m y 2 F j = | p j 

I d 3 v } m v 2 V F j = | y P j 

The one remaining integral in Eq. (4D.15) i s 

£ 9K f d3v 4-mv2 , 9 F i x = 2 i r f 1 K1 / 2 dK - ft 
2 a ( | m v 2 ) J - 1 V 

= - f f d 3 V F j 

= " 2* n j ' 

(4D.22) 

(40.23) 

(4D.24) 

I n s e r t i n g Eqs. (40 .16 ) , ( 40 .21 ) , (4D.23) , and (4D.24) in to 
Eq. (4D.15) y i e l d s 

Jd 3 VT D • Vf j = 7 P j • 

E X B 

^ x ( T / n B + /c) 
, e j B 

[Vnj - nj (V i n B + « ) ] (4D.25) 

Combining Eqs. (4D.2 | f (4D.10) , aftfj (4D.25) y i e l d s the l e f t s ide of 
Eq. ( 4 . 3 7 ) . 
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APPENDIX 4F 

Here we develop expressions for the perpendicular der iva t ives of 
c losed- l ine integra ls . These general ly useful expressions are then 
applied to ^ dl/B. The resul tant expressions are then used to express 
the in tegra ls appearing in Eq. (4 .38) in terms of cji d^/B and i t s 
gradient . 

We begin with the Clebsch representat ion for the magnetic f i e l d : 

B = 7a x 7(9 (4E.1) 

Since 7 a and 7B are not necessari ly orthogonal, we def ine the two 
vectors 

IT X B 

a " B2 

B X 7a 
u 0 = B 

(4E.2) 

(4E.3) 

which have the propert ies: 

U a 7 a = 1 ; U a • Vp = 0 

Up • 7 a = 0 ; Up • 7(3 = 1 

(4E.4) 

(These propert ies can be eas i ly v e r i f i e d . For example, 
U d • 7 a = 7 a • (70 x B ) / B 2 = (7a x 70 ) • B /B 2 = B • B /B2 = 1 . ) The 
u t i l i t y of U a and Uo becomes apparent i f we wr i te 

7 $ = | ^ 7 a + oa 
M . f t x £ (4E.5) 
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Using Eq. (4E.4) [and (4E .1 ) , which implies b * Va = b • 7 0 = 0 ] , we 
f i n d t h a t 

9 ^ / 9 a = U a • V4> , 

W / 8 | 3 = U P • V4> , ( 4 E . 6 ) 

c«>/af = b • V<i> . 

The vectors U a and Up have a simple i n t e r p r e t a t i o n in terms of 
displacement. A small change i n a ( a t f i x e d |3) y i e l d s 

M j p = U a A < x . ( 4 E . 7 ) 

S i m i l a r l y , 

i k i | a = U ^ p . ( 4 E . 8 ) 

Th is i n t e r p r e t a t i o n al lows us t o compute volume and surface elements. 
For example, 

d 3
x = U a x U p • b d a d(3 6£ . ( 4 E . 9 ) 

(One can v e r i f y t h a t t h i s gives the general expression f o r the Jacobian 
in th ree dimensions.) However, 
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A A 

U a X U p « b = ( b X U a ) • U p 

B X (VP X B ) 

B3 
• U p 

s o t h a t 

d3x = " f " d a d/3 

We now consider i n t e g r a l s of the form 

I (a , / 3 ) = ^ d t « V ( a M , 

dl 
9 a 

\ im 
Aa-+0 Aa 

I (a + Aa.pl - I ( a ,P I 
Aa 

We apply Stoke 's theorem to (4E.13) and ob ta in 

lim ^ - / d S • (y x v ) , 
0 0 1 Aa->0 A a J 

where the surface element dB i s given by 

dB = Ak | x cK . 

dS = Aa(Ua x b d i ) 

However, 
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U a xb 
(V(3 X B) X B 

B3 

71 
B ' 

so t h a t 

dS = -8a(-y) di , (4E.17) 

and Eq. (4D.14) becomes 

(7 X V ) . (4E.18) 

S i m i l a r l y , 

c f - f 7 a • (7 X V ) . , (4E.19) 

Equations (4E.18) and (4E.19) are useful as they stand in the study of 
small magnetic f i e l d e r rors . 

For the special (but common) case 

V = Sb , (4E.20) 

Eq. (4E.12) reduces to 

I = f dJ S , (4E.21) 

whi le 
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7 x v = v s x b + s v x b . (4E.22) 

Using the vector i d e n t i t y of 7 (A • C) with A = C = b, we obtain 

0 = b x (7 x b) + (b • 7 ) b 

or 

b x (7 X b) = - k . (4E.23) 

We notice t h a t since 7 a and 7 0 are perpendicular to b we only 

requ i re the perpendicular component of 7 X b [from Eq. (4E .22 ) ] in 
Eqs. (4E.18) and (4E .19 ) . From Eq. (4E.23) 

b x (7 x b) x b = ( y x b ) 1 = - « x S . (4E.24) 

Now, 

= - B i u P + B i u « ' <4 E-2 B> 

and 

7 a • (rc X b) = K • (b X 7 a ) = B « • Up , (4E.26) 

7<3 • (rc x b) = k • (b x 7(3) = -B rc • U a . (4E.27) 

Combining Eqs. (4E.22) through (4E.27) y i e l d s 
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Vj3 • (V X V ) = - B B p - S k • U BS 
,9a a (4E.28) 

(4E.29) 

I n s e r t i n g Eq. (4E.28) into (4E.18) and Eq. (4E.29) into (4E .19 ) , we 

Here we should remark tha t although Eqs. (4E.30) and (4E.31) are 
der ived fo r c losed- l ine i n t e g r a l s they apply t o i n t e g r a l s where S 
vanishes at the end-points of in tegra t ion ( e . g . , the longi tudinal 
a d i a b a t i c invar ian t f o r trapped p a r t i c l e s ) . The contour of in tegra t ion 
and the surface integral must be a l t e r e d somewhat in going from 
Eq. (4E.13) to (4E .14 ) , but the short segments which connect the end 
points of in tegrat ion contr ibute nothing since S vanishes there . 

I f we set S = 1/B, then 

obta i n 

(4E.30) 

(4E.31) 

I = U E j d i / B , (4E.32) 

and Eqs. (4E.30) and (4E.31) y i e l d 

(4E.33) 

(4E.34) 

We now apply the above to the terms involv ing V £n B + K appearing 
in Eq. ( 4 . 3 8 ) : 
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b x (7 i n B + k ) 

S i nee 

(4E.35) 

E = - y<!> - _ — Va - ^ - V B ( 4 E . 3 6 ) 

and 

3 p ; 9 p ; 

n / l a P j at>\ r 5/ 

Now, 

V a • [b x (v i n B + « ) ] = ( 7 a x b) • (7 i n B + k ) 

( 4 E . 3 7 ) 

= - B U p • (7 i n B + k ) , 

V|3 • [b x (7 i n B + « ) ] = (7(3 x b) • (7 i n B + « ) 

( 4 E . 3 8 ) 

= B U a • (7 i n B + k ) , ( 4 E . 3 9 ) 

so - t h a t 
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cf-^f-Va • [b x (V i n B + « ) ] 
B2 

r d i / 9 i n B „ \ 

where we have used Eq. (4E.34) . S i m i l a r l y , 

p x M B <4E'41> 

I n s e r t i n g Eqs. (4E.40) and (4E.41) into Eq. (4E .37) , we f ind 

We notice t h a t Eq. (4E.42) looks something l i k e a cross-product. 
Accordingly, we consider 

X « l = ( f t v a x j & L + | U . ^ , (4E.43) 

where i}> is a funct ion of a and 0 only. Using Eq. (4E.1) we f ind t h a t 

so t h a t 

M l . . ( n X f U ) (4E 45) 
0a 90 90 3 a " B D ^ U ; ' 
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S e t t i n g i|) = pj and i|) = 4> in Eq. (4E.45) we f i n d t h a t 

A 

Q • ( V p j X V U ) + n j (V<J> X V U ) 

or 

/ * [ ) X b \ „ (b X V $ ) 

^J * y ~ e j B y + n j — ' 

Usi ng E = - we f i n a l ly obta i n 

' - ' ' J ' f ^ H f i r H v 

The remaining integral in Eq. (4 .38 ) i s 

Using Eq. ( 4E .36 ) , t h i s becomes 

Since 4> and nj are independent of £ , we may take these outs ide the 

in tegra l and obta in 

(4E.46) 

(4E.47) 

(4E.48) 
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I n exact ly the same way t h a t we obtained Eq. (4E .45 ) , we obta in 

„ B n ^ 94, 9 ^ _ x V n n . fi 

9a 90 9/3 9a B ' 

Using Eqs. (4E.36) and (4E.51) we obta in 

- I f ? 
• Vn: (4E.53) 
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APPENDIX 4F 

Here we develop a simple estimate of the maximum banana width 
based on the formalism employing Q and Vy. We are p a r t i c u l a r l y 
in teres ted in considering the case where fl passes through zero a t some 
rad ius rQ. Thus, we w r i t e 

r = t q + Ar (4F .1 ) 

and 

fl = Q 0 + Q ' ( A r ) . (4F .2 ) 

The longi tudinal a d i a b a t i c invar ian t J can be expressed in terms 
of fl and Vy by 

Joe J = Q 0 ( A r ) + y fl'(Ar)2 + vycos 6 , (4F .3 ) 

where we have assumed t h a t Ar / rQ « 1. One can v e r i f y t h a t Eq. (4F.3) 
leads t o the correct d r i f t motion (and determine the constant of 
p r o p o r t i o n a I i t y between J and J) by inser t ing Eq. (4F .3 ) in to 

< V = ^ ( 4 F . 4 , 

and tak ing b t o be in the z - d i r e c t i o n . 

Since we are p r imar i l y in terested in the case fl ^ 0, we set Qq t o 
zero in Eq. (4F.3) and obta in the simple quadrat ic equation 

- | - f l ' ( A r ) 2 + Vycos 9 - J = 0 (4F.5a) 
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wi th the so lu t ion 

A 

-2(J - Vycos G p i / 2 
Ar = ± (4F.5b) 

A A 

We see t h a t for J > v^ (with the convention t h a t J , My and ft' are 
pos i t i ve ) we can expand the dependence on cos 9 and obta in 

Ar 2 ± ( 2 J / f i ' ) 1 / 2 ^ l y o s ©/J j . (4F .6 ) 

Both signs of Eq. (4F.6) lead t o ( a p p r o x i 1 " ^ ) s h i f t e d c i r c l e s . The 
upper sign ( l a r g e r r = tq + Ar) is s h i f t e d inward s ince the cos 9 term 
i s negative. The lower sign (smaller r = rg + Ar) i s s h i f t e d outward 
s ince the cosine term is pos i t ive . 

When J < Vy we see that only c e r t a i n angles (cos 8 < J /v^) are 
al lowed. These o r b i t s are crescent or banana shaped. The maximum 
banana (separa t r i x ) occurs when J = v^ and the t i p s of the maximum s i ze 

banana (x -po in t ) occur a t cos 0 = 1 . We can c a l c u l a t e the maximum 
banana width by s e t t i n g J = v^ and cos 0 = - 1 in Eq. ( 4F .5b ) . We 
obta i n 

Ar = ± 2 ( y 0 ' ) 1 / 2 . (4F .7 ) 

Thus, the maximum distance from one leg of the banana- or crescent-
shaped o r b i t t o the other leg is 

21 Ar j = 4 ( v J W ) l / 2 . (4F .8 ) 
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5. STABILITY OF THE ELMO BUMPY SQUARE 

D. A. Spong 

The ELMO Bumpy Square (EBS) w i l l o f f e r an i n t e r e s t i n g and f l e x i b l e 
t e s t bed for the s t a b i l i z a t i o n of a connected core plasma in a closed-
f i e l d - l i n e geometry using energet ic hot e lect ron r ings . The basic 
r a t i o n a l e behind the EBS device is t h a t locat ing a l l the toro ida l 
curvature in the corner sect ions where the magnetic f i e l d is highest 
s i g n i f i c a n t l y reduces neoclassical t ranspor t and improves the overa l l 
plasma center ing. Bumps in the s ide sect ions are necessary to provide 
an azimuthal p a r t i c l e precession, which is essent ia l f o r confinement. 
The average unfavorable curvature introduced by the bumps is 
counteracted by the diamagnetic well dug by the loca l i zed hot e lect ron 
r ings (which act as an uncoupled species provided core beta, |3C, is not 
too large and the hot e lect ron energy i s s u f f i c i e n t l y h igh) . Analogous 
hot species s t a b i l i z a t i o n schemes have been proposed in recent years 
fo r tokamaks,1 he l i ca l ax is s t e l l a r a t o r s , ? and tandem m i r r o r s . 3 Because 
c e r t a i n of the c h a r a c t e r i s t i c i n s t a b i l i t y modes reappear among these 
d i f f e r e n t confinement geometries and the t h e o r e t i c a l ana lys is methods 
are common, research into hot e lect ron s t a b i l i z a t i o n on the EBS can be 
of s i g n i f i c a n t benef i t t o the remainder of the fus ion community. I n 
a d d i t i o n , hot p a r t i c l e i n s t a b i l i t i e s have some p a r a l l e l s to modes 
observed in tokamaks4 wi th neutral i n j e c t i o n and modes predicted in 
f u t u r e tokamaks5 where alpha p a r t i c l e s w i l l be present . By forming hot 
e lec t ron r ings in the s t r a i g h t axisymmetric bumpy sect ions, the EBS 
w i l l ensure the greatest possible control and diagnoses of hot e lectron 
r i n g parameters of any device where hot e lec t ron s t a b i l i z a t i o n has been 
considered. I n add i t ion , more e f f i c i e n t r i n g production i s possible in 
t h i s device than in other geometries, ensuring the production of deep 
diamagnetic w e l l s - a condit ion which may be somewhat marginal in ELMO 
Bumpy Torus-Scale (EBT-S). 

The EBS does, however, a l low the p o s s i b i l i t y of several new types 
of i n s t a b i l i t i e s tha t would not be present t o the same extent in the 
EBT-S, since the toro ida l curvature is being concentrated in the 
corners instead of evenly d i s t r i b u t e d around the to rus . A prel iminary 
examination has been made of some of the possible modes, and none of 
them a t t h i s t ime appear to be overly l i m i t i n g , although more de ta i l ed 
q u a n t i t a t i v e work needs t o be done and is present ly under way. I f one 
considers simple interchange modes, which are constant along a f i e l d 
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l i n e , they are driven only by f i e l d - l i n e - averaged unfavorable 
curvature and thus should be roughly the same in the square as in the 
torus . Actua l ly , they w i l l be s l i g h t l y less l i m i t i n g in the square 
because part of the bad curvature is local ized in regions of higher 
magnetic f i e l d than in the torus. The modes tha t one would c lea r ly 
expect to be d i f f e r e n t in the square are those tha t balloon somewhat in 
the corners. An analysis of these modes has recent ly been made6 using 
the ideal MHD var ia t iona l p r inc ip le and the genera l ized k i n e t i c energy 
p r i n c i p l e , 7 , 8 where the sides and corners have been character ized by 
piecewise constant equi l ibr ium propert ies . 

This a n a l y s i s 6 , 9 has indicated that the dominant e f f e c t 
determining the 0C l i m i t i s s t i l l the r ing-core i n t e r a c t i o n in the 
s ides and not ballooning in the corner sect ions. Such a r e s u l t can be 
understood by noting t h a t the curvature in i:.„ corners is a f a c t o r of 2 
weaker than that in the bad curvature sect ions of the s ides, and the 
magnetic f i e l d is t y p i c a l l y a fac tor of 4 higher in the corners. 
Because i t w i l l be possible experimental , , o vary the magnetic f i e l d 
of the corners, one CEift Gfjjsck i f the bad curvature regions in the 
corners begin to be important below some c r i t i c a l global mir ror r a t i o 
(MG = Bcorner/Bmidplane) • d ePe n clence of ca lcu la ted s t a b i l i t y 
boundaries on r ing beta |9u and MQ using the general ized k i n e t i c energy 

rJ <v 
p r i n c i p l e is p lot ted in Fig. 5 .1 . H ere both and |3[_| are normal ized 
betas (normalized to P lvqn = ^ / ^ c ) • may s e e n , there is a lower 
s t a b i l i t y boundary tha t corresponds t o diamagnetic wel l s t a b i l i z a t i o n 
(modif ied here by f i n i t e |9C) and an upper boundary t h a t is analogous t o 
the (3C l i m i t of Van Dam-Lee10 and Ne lson. 1 1 This upper l i m i t drops 
wi th increasing as was the case in the e a r l i e r work 1 0 , 

[0C < (2A/RC) (1 + PH ) " 1 ] d u e t o t h e d e s t a b i l i z i n g ' e f f e c t of the r ing 
pressure gradient on modes that have some degree of bal looning. As 
F ig . 5 . 1 shows, the s t a b i l i t y boundaries do not s i g n i f i c a n t l y degrade 
unti I MQ = 2 ( t h i s is probably a lower I i m i t on the global mirror r a t i o 
t h a t could be t r i e d exper imenta l ly ) . At t yp ica l mirror r a t i o s of 
MQ = 4 , there is no substant ial d i f f e rence from MQ = ® (which 
corresponds t o a bumpy c y l i n d e r ) . This analysis 9 using the general ized 
k i n e t i c energy p r inc ip le is based on a number of approximations: fo r 
example, piecewise constant parameters for the s ides and corners are 
used, large rad ia l and azimuthal mode numbers are assumed, no hot 
e lec t ron FLR e f f e c t s are considered, core plasma compressibi I i t y i s 
neglected, N ^ e f f e c t s are neglected, and low-frequency (w « w^ 
or u c j ) modes are considered. Some of these, such as keep ing ' the 
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d e t a i l e d dependences of parameters along the f i e l d l ines in the s ide 
sec t ions , can be improved by f u r t h e r ca lcu la t ions , and work i s 
present ly under way in t h i s area. 

I n a d d i t i o n t o the ideal MHD modes, r e s i s t i v e modes can a lso be 
present in the bad curvature regions of the corners. I t i s o f t e n 
possible fo r such modes to s t i l l be unstable when the ideal modes are 
s t a b l e . However, such modes are present in almost a l l plasma 
nnrif|Hetnept t)6Vlces, and the e f f e c t i v e bad curvature seen by a 

u b ' a : ' J* i n r ^ t ^ y in the corner of an EBS is not s i g n i f i c a n t l y 
dial! by equivalent r e s i s t i v e modes present in small 

.i^iOOKti. Although the tokamak does have shear, which helps t o 
s t a b i l i z e these modes, the bumpy square has a low density in the corner 
and good coupling t o the sides. Res is t ive modes t y p i c a l l y grow on a 
much slower t imescale than ideal modes, and, as a r e s u l t , t h e i r 
nonl inear e f f e c t s are of more importance in determining t h e i r 
consequences than f o r the ideal MHD i n s t a b i l i t i e s . The ana lys is and 
c l a s s i f i c a t i o n of r e s i s t i v e modes in an EBS w i l l requi re a sustained 
e f f o r t , and i t is probably not possible to say anything d e f i n i t i v e 
about them in the near term. 

Several i n s t a b i l i t y modes under study in tandem mir ror systems 
have been discussed as possible candidates in EBS systems. These are 
the passing p a r t i c l e interchange m o d e , 1 2 ' 1 3 the shear Alfv6n w a v e — h o t 
e lec t ron precessional d r i f t mode,14 and possibly the AI fv6n ion 
cyc lo t ron m o d e . 1 5 , 1 6 The passing p a r t i c l e i n t e r c h a n g e 1 2 , 1 3 is an 
e l e c t r o s t a t i c d r i f t wave ( p o t e n t i a l , cj>, var ies along the f i e l d l i n e ) , 
which is loca l i zed in, and feeds o f f , bad curvature regions. I n the 
tandem such a mode is possible due t o the very weak coupling between 
the centra l c e l l and end plug regions. In the EBS the coupling between 
a s ide and corner is expected t o be much stronger due to the good f i e l d 
l i n e connection and the f a c t tha t the equi l ibr ium ambipolar potent ia l 
is not being forced t o vary strongly along a f i e l d l i n e , as i t i s in 
the tandem. The shear AlfvSn wave coupled to hot e lec t ron d r i f t 1 1 i s 
not expected t o be a s i g n i f i c a n t problem in an EBS because the hot 
e lec t ron d r i f t frequency is above the ion cyclotron frequency and Mie 
shear AlfvSn wave cannot propagate in t h i s frequency range. Such a 
mode can e x i s t in a larger s i z e EBS device, where wj is less than 
wcj, and warrants fu r ther study. The approximate s t a b i l i t y c r i t e r i o n 
is g iven 1 4 as 
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2^VA , / n o r n , 2-kB2 

n — > *W|/u or n; < « , 
L C KH I M J ^ H 

where 

V^ = A Ifvfen v e l o c i t y , 

= hot e lec t ron curvature d r i f t frequency , 

2 = azimuthal mode number , 

L c = to ro ida l circumference . 

One aspect of the square t h a t may make i t more r e s i l i e n t than a 
conventional bumpy torus against such modes is the f a c t t h a t they must 
propagate through the high magnetic f i e l d corners. As can be seen from 
the above i n e q u a l i t y , the high-B f i e l d ra ises the c r i t i c a l ion density 
and helps ext inguish the i n s t a b i l i t y . The ion c y c l o t r o n 1 5 , 1 6 mode is 
dr iven by ion anisotropy and has been of i n t e r e s t in the tandem mir rors 
due to the presence of s loshing ion d i s t r i b u t i o n s , perpendicular 
neutral i n j e c t i o n , and loss cones. Such modes are no more l i k e l y to be 
prevalent in EBS than in EBT-S (where there i s no strong evidence of 
them) and may be even less prevalent due t o the smaller f r a c t i o n of the 
d i s t r i b u t i o n a f f e c t e d by loss cones in EBS. They may be of i n t e r e s t , 
though, wi th respect t o c e r t a i n conf igurat ions of ion cyclotron 
heating. 

I n add i t ion to the above questions concerning new modes tha t can 
be present in the EBS, i t i s also of i n t e r e s t t o consider modi f ica t ions 
of modes tha t are thought t o determine the operat ing window in EBT-S. 
These are the hot e lec t ron interchange mode and the s t a b i l i z a t i o n of 
low-frequency, low-(9c f l u t e modes. Both ca lcu la t ions and experiments 
are under way t o f u r t h e r understand these e f f e c t s ; the T-M t r a n s i t i o n 
has been cor re la ted wi th the appearance of the hot e lect ron 
in terchange, 1 7 but i t s cause has not been d e f i n i t i v e l y l inked t o t h i s 
i n s t a b i l i t y . The C-T t r a n s i t i o n is thought to be caused by some 
combination of r ing e f f e c t s (well s t a b i l i z a t i o n and/or charge 
uncovering e f f e c t s ) and possibly core p r o f i l e e f f e c t s ( compress ib i l i t y , 
hollow temperature p r o f i l e s ) . One might expect tha t f o r s i m i l a r values 
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of magnetic f i e l d and f i e l d l ine curvature as EBT-S, these operat ional 
modes should be the same as in the present experiment. The EBS w i l l be 
s i m i l a r in these respects f o r the s ide sect ions, and the the mode 
t r a n s i t i o n s should occur a t roughly the same values of a n c l 
n Hot / n core a s ' n E B T-S. One s i g n i f i c a n t d i f f e r e n c e w i l l be t h a t the 
maximum a t t a i n a b l e value of P^ot w i l l be higher due t o the more 
e f f i c i e n t production of r ings in the s t r a i g h t axisymmetric sect ions. 
On the one hand, t h i s w i l l help ensure the diamagnetic well 
s t a b i l i z a t i o n of the core plasma, but i t could a lso lead t o a T-M 
t r a n s i t i o n a t higher pressures than in EBT-S i f the core density does 
not r i s e in proport ion t o . However, since the core confinement is 
improved in EBS, i t is expected t h a t n c o r e should be la rger , r e s u l t i n g 
in values of n|_j0^/nC 0 r e , which w i l l not induce the hot e lect ron 
interchange mode except a t very low pressures. 
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6. MHD BALLOONING MODES IN THE ELMO BUMPY TORUS 

C. L. Hedrick 

The MHD s t a b i l i t y propert ies of the square conf igura t ion are 
analyzed here. In p a r t i c u l a r , l i m i t a t i o n s on core plasma beta due t o 
bal looning modes are developed. The r e s t r i c t i o n s on core plasma beta 
are found to be comparable t o those of the Lee-Van Dam-Nelson l i m i t . 

6.1 INTRODUCTION 

Here we compare the MHD s t a b i l i t y of the square conf igura t ion of 
ELMO Bumpy Torus (EBT) w i th the e x i s t i n g c i r c u l a r con f igura t ion . The 
most obvious d i f fe rence between the two conf igurat ions i s tha t a l l the 
t o r o i d a l curvature is loca l i zed in the "corners" of the square 
conf igura t ion , whereas in the c i r c u l a r conf igura t ion the t o r o i d a l 
curvature is , to lowest order , uniformly d i s t r i b u t e d . Whether the 
t o r o i d a l curvature is loca l i zed or uniformly d i s t r i b u t e d should have 
l i t t l e e f f e c t on the s t a b i l i t y proper t ies of pure f l u t e modes. 
However, bal looning modes should have a tendency t o concentrate in the 
corners — especia I l y along the outer f i e l d l ines where the curvature 
and pressure gradients promote i n s t a b i l i t y . 

To make the problem t r a c t a b l e , we w i l l make the assumption of 
loca I i zab i I i t y so t h a t we can neglect r a d i a l and azimuthal couplings. 
(This assumption should be pessimist ic insofar as s t a b i l i t y i s 
concerned since these couplings tend t o be s t a b i l i z i n g . ) We w i l l use 
an energy p r inc ip le to develop the s t a b i l i t y c r i t e r i a . Again, in the 
i n t e r e s t of s i m p l i c i t y , we confine ourselves t o the s o - c a l l e d universal 
term and neglect the e f f e c t s of compress ib i l i t y , e t c . , of the s o - c a l l e d 
k i n e t i c term. In p a r t i c u l a r , for these, i n i t i a l c a l c u l a t i o n s , we 
conf ine ourselves t o the so -ca l led r i g i d r i n g model. 

I n Sect . 6 . 2 , approximations based on the energy p r i n c i p l e are 
developed. I n Sect. 6 . 3 , f l u t e modes are analyzed f o r the square 
conf igura t ion of EBT since t h i s information is useful in analyzing 
bal looning modes. I n Sect. 6 . 4 , a number of a n a l y t i c est imates are 
developed f o r the various scale f a c t o r s (magnetic f i e l d , curvature , 
e t c . ) appearing in the energy p r i n c i p l e . Acknowledge of the r e l a t i v e 
s i z e o f q u a n t i t i e s in the s ides and corners of the square conf igura t ion 
f a c i l i t a t e s f u r t h e r approximations made in the a n a l y s i s of the Euler 
equat ion developed in Sect. 6 . 5 . 
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The s t a b i l i t y c r i t e r i o n developed in Sect . 6 . 5 i s reduced t o a 
l i m i t a t i o n on core beta in Sect. 6 . 6 . This l i m i t a t i o n is found t o be 
no more r e s t r i c t i v e than that of Lee-Van Dam-Nelson, provided the hot 
e lect ron r ings do not dig too deep a magnetic w e l l . 

6.2 A PESSIMISTIC ENERGY" PRINCIPLE 

From Nelson and Hedrick1 we f i n d t h a t the energy p r i n c i p l e can be 
w r i t t e n in the form 

5WU = j f d3x[Q2 + (7 X B - j e ) * £ • (I + f * 7p(7 • £ ) ] , ( 6 . 2 ) 

and, in the s c a l a r pressure (MHD) l i m i t , the k i n e t i c term i s given by 

Here Q i s the perturbed magnetic f i e l d and ( i s the displacement. 
Except f o r the current produced by the hot e lectron r ings, j e , the form 
of Eq. ( 6 . 2 ) is t h a t of the more f a m i l i a r s ing le f l u i d . The f l u i d in 
t h i s case i s the core plasma character ized by the sca la r pressure p. 

I t is convenient t o w r i t e Eq. ( 6 . 2 ) in the form 

5W = 5WU + 6Wk , (6.1) 

where the universal term is given by 

( 6 . 3 ) 

( 6 . 4 ) 

where 

L = ( V X B - J E ) X £ • ( ! + £ • Vp(V • £ ) ( 6 . 5 ) 
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Using the equ i l ib r ium r e l a t i o n 

V XB = j e + j e J core (6.6) 

and 

V = 
Q 
j f + £ • (« + V i n B) (6 .7 ) 

L can be rewr i t t en in the form 

L = ]„b • (£ x ft) • 7p 
Q 

2 B + £ • (« + V i n B) (6.8) 

To make f u r t h e r progress in ana lyz ing L, we introduce a , p 
coordinates through the Clebsch representa t ion of the magnetic f i e l d : 

B = Va x 7j3 . (6.9) 

I t is convenient to de f ine 

V a = x B/B 2 ; Vp = JJa x B/B 2 , (6.10) 

since these vectors have the p roper t i es t h a t 

V a • 7 a = 1 ; V a • 7|3 = 0 . 

Vp • 7 a = 0 ; Vp • 70 = 1 , 
(6.11) 

and 
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V a x B = -7(3 ; Vp x B = Va . 

The displacement is then conveniently w r i t t e n as 

* = X V a + YV|3 • 

where 

X = V a • £ ; Y = V|3 • £ . 

U t i I i z i n g 

Q = V X (£ X B) , 

one f i n d s tha t 

Q 
B 

9X 9Y 
9a 9(3 ' 

B 1 a J v o t + 9 7 

We now choose a such tha t 

(6 .12) 

( 6 . 1 3 ) 

( 6 . 1 4 ) 

( 6 . 1 5 ) 

(6.16) 

( 6 . 1 7 ) 

(6.18) : 

a has the Interpre ta t ion tha t i t i s the magnetic f lux (modulo 2IT) , 
contained with the pressure surface and 0 i s an a n g u l a r - l i k e 
coordinate . 
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By use of Eqs. (6 .11) and ( 6 . 1 3 ) , we see t h a t the choice of a 
g iven by Eq. (6 .18 ) y i e l d s 

£ - V p = x f £ . (6.19) 

I f we w r i t e k and V^ tn B in component form, 

K = k^ Va + Kp 7(5 , ( 6 . 2 0 ) 

V i i n , ( 6 . 2 1 ) 

we can u t i l i z e Eq. ( 6 .8 ) to w r i t e the integra l of 5Wy in the form 

[ J . S - it * « • ( « • - ! £ * J 

where 

« i = B 2 | t V a ^ V p | J . ( 6 . 2 8 ) 

and we note that in a,0 coordinates d3x = da dp d//B so that 

6W U = J d a f 6 £ (Q2 + L ) . ( 6 . 2 4 ) 
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Since we expect t h a t the dr ive f o r i n s t a b i l i t y in the corners o f 
the square conf igura t ion of EBT w i l l be strongest on the outer f i e l d 
l i n e s t h a t l i e in the equator ia l plane, we now confine our a t t e n t i o n t o 
t h a t plane. The up-down symmetry of the equator ia l plane impl ies t h a t 

I t i s a lso the case t h a t in the equator ia l plane ¥ a • V0 = 0 and 

' a (6.26) 

U t i l i z i n g Eqs. ( 6 . 2 3 ) , ( 6 . 2 5 ) , and ( 6 . 2 6 ) , we f i n d t h a t Eq. ( 6 . 2 2 ) 
reduces to 

We now note t h a t i f we neglect two pos i t i ve ( s t a b i l i z i n g ) terms then 
the expression f o r Q2 + L 

s i m p l i f i e s considerably . That i s , 

1? * L > |V|3|2 • OX2 . ( 6 . 2 8 ) 

where 
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and we have noted t h a t Va, V(3, and B are mutually orthogonal in the 
equator ia l plane so t h a t Eq. (6 .10 ) y i e l d s Bt21Vaj2 = | V 0 | 2 . 

The form o f D given in Eq. (6 .29 ) is useful f o r es t imat ing 
f l u t e - l i k e per turbat ions (9X/9i = 0 ) . For 9X/9i 0 , an a l t e r n a t i v e 
expression f o r D is a lso usefu l . The development of the a l t e r n a t i v e 
expression begins wi th the vector i d e n t i t y 

y V 1 / n B = « + B x (V x B j / B 2 . ( 6 . 3 0 ) 

I f we u t i I i z e Eq. ( 6 . 6 ) and 

3 core X B = * P = V a t r ' ( 6 . 3 1 ) 

we f i n d t h a t in the equator ia l plane 

9 in B „ _1_ 9d U * ^ 

so that Eq. (6.29) becomes 

In what follows i t will be convenient to focus on the part of our 
underestimate of the integrand of 8W, which is integrated along a ' f i e ld 
line: 

% S J F [ I ' E L ^ J * 



A 4 - 8 

6.3 FLUTE MODES 

I t w i l l prove useful in analyz ing bal looning modes t o have f i r s t 
analyzed the case o f pure f l u t e s . Thus, suppose t h a t X is constant 
along a f i e l d l ine so t h a t Eq. (8 .34 ) reduces to 

8 W E = X 2 / - ^ - D . ( 6 . 3 5 ) 

We now express the integrand in terms of the grad ients of 

( 6 . 3 6 ) 

To do t h i s we make use of the f a c t t h a t i f I = § d / S, then 

( 6 . 3 7 ) 

i p = ^ d / ( f t " s u « * * ) -

(This relation is valid for closed-field-line systems and for cases 
where S vanishes at the limits of integration, such as that encountered 
in a mirror-confined population of particles.) 

Setting S = 1/B in Eq. (6.37), we obtain 

Comparing Eq. (6.39) to Eq. (6.29) and noting that dp/Sot = constant 
along a f ie ld line (since ¥p = Va 9p/9a = X B ) , we find that 

( 6 . 4 0 ) 
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This leads to the condition for stabil i ty 

9J> 9*1 f < £ \ > 0 
8a y9a B3 / 

(6.41) 

Because we have neglected the kinetic term that involves the 
compressibility i , we have not recovered the oft-quoted result: 

6.4 ESTIMATE OF (S29ETRICAL FACTORS 

We now make some estimates of the quantities K^/B and |V0|a/B, 
which appear in the integrand of our underestimate for 6M. Vie are 
particularly interested in comparing characteristic values in the sides 
of the square EBT configuration with the values in the corners. 
Following the conventions for the circular EBT configuration, we 
characterize the behavior in the sides of the square configuration by 
midplane values. 

To lowest order in one of the mirror cells that constitute a side. 

(6.42) 

(6.43) 

0 = 0 . (6.44) 

and 

1 * (6.45) 

The quantity |V0|2/B then is given approximately by 
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b r B 

Now, in the paraxial approximation [e .g . , B - Bq(1 - 8 cos kz) ] , 

- 8 cos kz)r2 , 

so that 

( 6 . 4 7 ) 

and we see that in the sides 

M 2 „ 2 
B 

(6.48) 

Since iji is constant along a f ie ld line, we see that |VJ5|2/B is constant 
along a f ie ld line in the sides of the square. 

To obtain the behavior of |VJ3|2/B in the corners, we now suppose 
that the transition between side and corner occurs in the side. (This 
is possible though not necessary. Indeed i t may be more desirable to 
have at least some of the transition occur in the corner. 
Nevertheless, our assumption fac i l i ta tes the analytic approach used 
here, and any deviation from this assumption should have l i t t l e effect 
on the results obtained here.) With this assumption, the f i e ld lines 
in the corners are segments of perfect circles. Consequently, the 
magnitudes of Aa and A0 wil I remain unchanged as one traverses a corner 
since the distance between f ie ld lines (labeled by a and 0) remains 
unchanged. Consequently, 

|VB|2 

— | — £ constant along a f ie ld line , (6.49) 

both in the sides and in the corners. 
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To c a l c u l a t e K^, we use Eqs. (6 .20 ) and ( 6 . 1 1 ) t o obta in 

k a = U a - « . ( 6 . 5 0 ) 

I n the equator ia l plane, where 7 a and 7 ^ are orthogonal , 

I n the s ides where a - ij> 

" a ^ W " ( 6 " 5 2 ) 

In a mi dpi ane of a mirror cell in a side, the curvature is roughly 
given by 

A 

* = R f L
7 . ( 6 . 5 3 ) 

Kcoil 

where R c o j | is a coil radius. In a midplane, i t is also the case that 

= |Vt|»|er, so that a characteristic value of K^ in a side is given by 

^'midplane = (rB R c o M ) midplane * 

In a corner the magnitude of the curvature is simply the 
reciprocal of the radius of toroidal solenoid segmented to form the 
corner: 
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where we have noted tha t in designing a square one t r i e s to minimize 
the volume of the corners by using the minimum t o r o i d a l rad ius 
consistent wi th tne placement of f i n i t e - s i z e c o i l s . To obta in the 
magnitude of K^, we note tha t in the equator ia l plane K and U a are in 
the same d i r e c t i o n and tha t the magnitude of U a is obtained from 
Eqs. (6 .51 ) and ( 6 . 4 9 ) : 

corner B corner 

De f in ing a global mi r ror r a t i o by 

(6 .56 ) 
Bmidplane 

we have 

a ' corner (6 .57 ) 

Combining Eqs. (6 .55 ) and (6 .57 ) we obtain 

corner (6.58) 

Comparing Eqs. (6 .44) and (6 .48) we see tha t 

'a., corner 1 (6.59) 
"Sx,midplane 2Mq 1 / 2 • 

We a lso see tha t the quant i ty occurr ing in the in tegra l of 5W scales as 
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KW corner 

K / ^ m i d p l a n e ~ 2 M g / 2 
(6.60) 

6.5 BALLOONING MODE ANALYSIS 
To t r e a t nonconstant X we introduce an eigenvalue A (proport ional 

t o u 2 ) so t h a t we can w r i t e an approximate energy p r i n c i p l e in the form 

A ^ d / X 2 = 8WE = c f f [ | 7 P | 2 ffij + DX* 

I n t e g r a t i n g by par ts y i e l d s 

ff&ffaH-i)* X = 0 , 

from which we immediately obtain the Euler equation 

a f F s H - t ) * - -

(6.61) 

(6.62) 

(6.63) 

From Eq. (6.49) we see that |V0|2/B is approximately constant 
along f ie ld lines so that Eq. (6.63) can be written 

S h f e M ' - ' -
where the subscripted quantities are to be evaluated at some convenient 
point on the f ie ld line (e.g., at a midplane of a mirror segment in a 
side). 

At this juncture we note that both the center of a side and the 
center of a corner are reflection symmetry points (planes, i f one 
considers al l f ie ld lines) for the equilibrium quantities. Thu$, we 
introduce the distance L between the center of a side and the center of 
an adjacent corner and define 
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S = Z / L , (6 .65 ) 

where S = 0 corresponds to the center of a s ide and S = 1 corresponds 
t o the center of the adjacent corner. With t h i s d e f i n i t i o n we can 
r e w r i t e Eq. (6 .64) in the dimension I ess form 

as-

where 

(A - D)X = 0 , ( 6 .66 ) 

B, 
A = L 2 — 2 - A . ( 6 . 6 7 ) 

I ' P o l 2 

5 = L 2 T T V B - (6 6 8> 8 

A 

We now make , e x p i i c i t approximations f o r D appearing in Eq. ( 6 . 6 6 ) . 
Since D is approximately constant along a f i e l d l i n e in the corner , we 
are led t o t r e a t the behavior of D in the s ides in a s i m i l a r fashion 
( p a r t i c u l a r l y s ince here we are in te res ted j n the new f e a t u r e s 
introduced by the »corners) . Thus, we t r e a t 0 as being piecewise 
constant: 

^ / D s , 0 < S < 1 - e 

D = \ . ( 6 . 6 9 ) 

Dc , 1 - e < S < 1 

end 

D( -S) = D(S) ( 6 . 7 0 ) 
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D(1 + S) = D(1 - S) , (6 .71) 

where the t r a n s i t i o n between side and corner occurs a t S = 1 -
e (e « 1). 

We now assume t h a t the equi l ibr ium is s t a b l e t o f l u t e modes (since 
i f i t is not i t w i l l a lso be unstable to the wider class t h a t includes 
bal looning modes). I n terms of the present nota t ion t h i s means tha t 

D = (1 - e ) D s + eDc > 0 . (6 .72) 

[Comparison of Eq. (6 .72 ) wi th Eq. (6 .40) revea ls a way t o ca lcu la te D, 
D s , and D c . ] 

The piecewise constant approximation to D impl ies tha t the 
so lu t ions to Eq. (6 .66) are simple sinusoids or exponents. Thus, we 
introduce wave numbers fo r the s ide and corner regions by 

k | = A - D s 

k2
c = £ - D c 

(6 .73) 

(6 .74) 

We are most in terested in the lowest eigenvalues (A) of 
Eq. ( 6 . 6 6 ) , which i s Sturmian. Accordingly, we focus on modes t h a t are 
symmetric a t S = 0 and S = 1: 

/ cos ksS ; 0 < S < 1 - e 
X = ) . (6 .75) 

( a cos [ k c ( S - l ) ] , 1 - e < S < 1 

Here we have noted t h a t since Eq. (6 .66) i s l inear and homogeneous the 
o v e r a l l amplitude of X i s unimportant and we can ( a r b i t r a r ? ly) se t 
X(0) = 1. We a lso note t h a t k c and/or k s may be imaginary so t h a t one 
or more of the cosines in Eq. (6 .75 ) may be a hyperbol ic cosine of a 
rea l q u a n t i t y . 
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I f we impose cont inu i ty of X a t S = 1 - £ , we obta in 

cos [ k s ( l - e ) ] = a cos kce. , (8 .76 ) 

whereas cont inu i ty of 3X/9s y i e l d s 

k s s i n [ k s ( l - e.)] = - a k c s i n kce. . (6 -77 ) 

E l i m i n a t i n g a from Eqs. (6 .76 ) and ( 6 . 7 7 ) , we obta in the d ispers ion 
r e l a t i o n 

k s t a n [ k s ( l - e ) ] = - k c t a n k c e . ( 6 .78 ) 

To progress f u r t h e r a n a l y t i c a l l y we assume t h a t the arguments of the 
tangent funct ions in Eq. (6 .78 ) are small ( c e r t a i n l y j u s t i f i a b l e a t 
s u f f i c i e n t l y low beta) so t h a t 

t an x £ x ( l + x 2 ) . ( 6 .79 ) 

With t h i s approximation Eq. ( 6 . 7 8 ) reduces t o 

( l - e ) ( A - D s ) [ l + j ( l - e ) 2 ( A - D s ) ] 

= - e ( A - D c ) [1 + | e 2 ( A - D c ) ] , ( 6 . 8 0 ) 

where we have used Eqs. ( 6 . 7 3 ) and ( 6 . 7 4 ) f o r k c and k s . 
Equation (6 .80 ) can be r e w r i t t e n in the form 
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X - D = - I [ ( 1 - - D s ) 2 • «=3(X - D c ) 2 ] . ( 6 . 81 ) 

We now r e c a l l t h a t ( f o r small or modest beta) D c , D s « 1, and e « 1. 

For approximately f l u t e - l i k e modes, Eq. (6 .81 ) g ives A = D + O(D^). 
A 

FormaMy, there i s another root t h a t is A = - 3 in the l i m i t as e , D c , 
D s , D tend t o zero. However, t h i s root c l e a r l y v i o l a t e s our 
approximation f o r the tangent funct ions appearing in Eq. (6 .78) and, 
hence, should be discarded. 

We are thus led to solve Eq. (6 .81) f o r the root "near" A = D by 
i t e r a t i o n [ ra ther than by formal ly so lv ing Eq. ( 6 . 8 1 ) as a q u a d r a t i c ] . 
We obta in 

A a D 1 - 4 ^ 1 - ^ J j . (8.82) 

where we have used the d e f i n i t i o n of D t o e l im ina te D s . 
We now suppose t h a t we are not too close to marginal s t a b i l i t y f o r 

f l u t e modes, so t h a t we can wr i te 

|D C /D| « 1 . ( 6 . 83 ) 

Under these circumstances s t a b i l i t y obta ins , provided 

( 6 . 8 4 ) 

6.6 ESTIMATE OF BETA LIMIT 

We now express our s t a b i l i t y l i m i t Eq. ( 6 . 8 4 ) in terms of more 
i n t u i t i v e or r e a d i l y evaluated q u a n t i t i e s . From Eqs. ( 6 . 6 8 ) , ( 6 . 6 9 ) , 
and ( 6 . 7 2 ) , 
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The combination e.L i s simply the distance along a f i e l d l ine from the 
s t a r t o f a corner t o the center of a corner. Thus, 

* L = - ^ c o r n e r • ( 6 - 8 6 ) 

The combination B 0 / | 7 j 9 c | 2 has been taken t o be constant along a 
f i e l d l i n e . I t i s conveniently evaluated in the midplane of one of the 
mi r ror c e l l s using Eq. ( 6 . 4 6 ) : 

B o / I ^ o l 2 = B 0 r 2
0 . ( 6 . 8 7 ) 

To estimate the f i n a l f a c t o r occurring in Eq. ( 6 . 8 5 ) , we make use 
of Eqs. (6 .35 ) and (6 .41 ) and the assumption t h a t we are not too near 
the marginal s t a b i l i t y point f o r pure f l u t e modes t o w r i t e 

As we have already noted, the cont r ibut ion of the s ides t 6 the in tegra l 
in; Eq. (6 .88) i s small [Eq. ( 6 . 6 0 ) ] , and the length of a corner i s 
small compared t o a s i d e . $ 

Thus we can approximate 

! f dg_„ ( 1 f d / \ 
L J B " \ L s l d e J B ) s i d e only 

We f u r t h e r approximate the in tegra l in Eq. ( 6 .89 ) by 

(6 .89 ) 

L / f - L 1 frf} ( 6 - 9 0 ) L J B "-single ce l l \ B / s i n g l e ce l l 

I n the midplane of a s i n g l e mirror c e l l , 
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ngle eel I 

8r . 
( M f c 

ngle eel I 

a I t 6£ 
r o B o 9 r o V B > « n g l e ce l l 

(6 .91 ) 

We now introduce a sca le length Ry f o r the d e r i v a t i v e of J d / / B by 

a r 0 V B s i n g l e eel I 

and note that (see Sect . 4) 

= " " W d ' ) s i ngle eel I 
(6 .92) 

1 
- s ing le eel I 

d £ \ ~ 1 ( 1 - 6 1 
B s i n g l e ce l l ~ ~ Ry B o ' 

where 

(6 .93 ) 

8 = bumpiness parameter = (M - 1 ) / ( M + 1) (6 .94) 

w i th M = mirror r a t i o . 
We next introduce a sca le length f o r the pressure grad ient by 

9p 1 9P 

9 a . = > o B o 9 r o = r o B o 
(6 .95 ) 

Combining Eqs. ( 6 . 9 5 ) . ( 6 . 9 3 ) , ( 6 . 9 1 ) , and (6 .88 ) y i e l d s 

r D d l . . ( 1 - 6 ) P 
J B L " r * B | RpRU ' 

(6 .96 ) 
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o r , using the d e f i n i t i o n of core beta, 

Pc = 2 P / B I ' ( 6 - 9 ? ) 

J 0 L 2r2BQ
 RpRU 

I n s e r t i n g Eqs. ( 6 . 8 6 ) , ( 6 . 8 7 ) , and ( 6 . 9 8 ) into Eq. (6 .85) y i e l d s 

1 e 2 5 „ 1 ^ ( 1 - 5 ) (Rcorner).2
 e f 6 

3 £ U ~ 96 RpRu p c ' 

so tha t the s t a b i l i t y c r i t e r i o n given by Eq. (6 .84 ) becomes 

96 

11 V^corner/ 

We have already noted in developing Eq. (6 .53 ) t h a t 

"corner ~ 

2 R c o i , , (6 .101) 

so t h a t Eq. (6 .100) becomes 

I t i s now convenient t o r e l a t e Ry (which involves the e f f e c t s of 
the hot e lect ron r ings) t o the vacuum value of )RyJ since (see Sect . 4) 

l R U o l _ 1 5 a i R u l " 1 - 8 

Pring"^ 

3 in B o. vac 
9 r 

25 
R co i 

(6 .103) 
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so t h a t 

( 6 . 1 0 4 ) 

For a nominal local mi r ror r a t i o of M = 2, 8 = 1 /3 , Eq. (6 .104) becomes 

F i n a l l y , we note t h a t in terms of the present notat ion an approximate 
Lee-Van Dam-Nelson l i m i t on beta is given by 

so t h a t Eq. (6 .105) becomes 

Thus, fo r r i n g beta s u f f i c i e n t l y small t h a t Ry / |Ry 0 | £ 1 /3 , t h i s 
s t a b i l i t y l i m i t i s comparable t o or less r e s t r i c t i v e than the 
Lee-Van Dam-Nelson l i m i t . Th is i s not a very r e s t r i c t i v e l i m i t on r i n g 
beta. 

6.7 SUMMARY 

Here we have used a s i m p l i f i e d formalism t o est imate the potent ia l 
l i m i t a t i o n s on core plasma beta imposed by MHD bal looning modes in the 
square conf igurat ion of an EBT. A n t i c i p a t i n g t'hat i t w i l l be des i rab le 
t o include more k i n e t i c e f f e c t s than seemed advisable f o r an i n i t i a l 
examination of the problem, a great many d e t a i l s have been made 
e x p l i c i t . For example, the curvature , connection length, and universal 
term of 6W can a l l be expected t o play a r o l e in more d e t a i l e d k i n e t i c 
formal ism. 

(6 .105) 

(6.108) 
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Within the MHD .nodeI employed, an attempt has been made to err on 
the side of pessimism a t each po in t . Even so, we f ind t h a t the 
l i m i t a t i o n s on core plasma beta imposed by the MHD bal looning modes are 
no more r e s t r i c t i v e than the Lee-Van Dam-Nelson c r i t e r i o n , provided 
t h a t the hot e lec t ron r ings do not produce too deep a magnetic w e l l . 
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7. BALLOONING MODES IN THE ELMO BUMPY SQUARE CONFIGURATION 
USING THE GENERALIZED KINETIC ENERGY PRINCIPLE 

D. A. "Spong 

I n the bumpy square conf igura t ion , toro ida l curvature i s loca l i zed 
in the corner sect ions ra ther than uniformly d i s t r i b u t e d , as i s the 
case in the e x i s t i n g c i r c u l a r ELMO Bumpy Torus (EBT) conf igura t ion . 
This f e a t u r e , coupled wi th the f a c t t h a t the magnetic f i e l d i s higher 
in the corner sect ion* r e s u l t s in a number of d i s t i n c t advantages w i th 
respect t o p a r t i c l e ^ n f i n e m e n t , heat ing, and t r a n s p o r t . I t might be 
expected, however, t h a t bal looning modes should have some tendency t o 
concentrate in the corner sect ions — especia l ly along the outer f i e l d 
l ines where the curvature and pressure gradients are unfavorable. Here 
we examine the s t a b i l i t y of such a conf igurat ion using a bal looning 
mode equation1 der ived from the genera l ized k i n e t i c energy p r i n c i p l e . 
The s ide and corner sect ions of the square are t rea ted w i th a piecewise 
constant approximation and matched a t a t r a n s i t i o n boundary t o ob ta in 
the s t a b i l i t y condi t ion. Th is r e t a i n s the r i n g - c o r e coupling and 
y i e l d s both the low |9C diamagnetic wel l s t a b i l i z a t i o n condit ion and a 
h igh-0 c s t a b i l i t y l i m i t analogous to the Lee-Van Dam-Nelson 0 C l i m i t , 
where j3c i s the core plasma beta. Due t o the high magnetic f i e l d in 
the corners and the r e l a t i v e l y weak curvature t h e r e ( - 1 / 2 o f the 
curvature in the bumpy s e c t i o n s ) , t h i s upper |3C l i m i t i s not 
s i g n i f i c a n t l y changed from t h a t which would be present in the 
conventional c i r c u l a r bumpy torus conf igura t ion . 

7.1 INTRODUCTION 

Hot -spec ies s t a b i l i z a t i o n schemes have recent ly been proposed in 
tokamaks,1 h e l i c a l a x i s s t e l l a r a t o r s , 2 and tandem m i r r o r s . 3 I n s t a b i l i t y 
modes connected wi th the presence of a superthermal component have a lso 
been discussed in r e l a t i o n to tokamaks wi th neutral i n j e c t i o n 4 and f o r 
f u t u r e devices where alpha p a r t i c l e s w i l l be present. I n t h i s paper, 
we analyze the s t a b i l i t y p roper t i es of the bumpy square c o n f i g u r a t i o n / 
which i s s t a b i l i z e d by hot e lec t ron r ings produced near the second 
harmonic cyclotron resonance by microwave heat ing. Of the var ious 
t o r o i d a l conf igurat ions in which hot species s t a b i l i z a t i o n has been 
proposed, t h i s geometry i s a t present the only one in which r i n g 
format ion i s exper imental ly proven. I n add i t ion , by forming the r ings 
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in s t r a i g h t mir ror sec tors ra ther than in regions where d i s t r i b u t e d 
t o r o i d a l curvature i s present, the bumpy square geometry o f f e r s the 
highest possible r i n g formation e f f i c i e n c y and confinement. This w i l l 
help t o ensure the production of deep diamagnetic wel ls a t the r i n g 
locat ions without excessive microwave power requirements, a condi t ion 
which i s necessary t o stably support steep core plasma gradients . The 
main s t a b i l i t y question of i n t e r e s t r e l a t i v e t o the bumpy square i s how 
the iso la ted t o r o i d a l curvature in the h i g h - f i e l d corner sect ions w i l l 
in f Iuence overa l I s t a b i l i t y proper t ies . For example, a t what values o f 
core beta do bal looning modes l o c a l i z e in the corner sectors and go 
unstable? Also, a r e l a t e d question i s whether the unfavorable curvature 
in the corners w i l l degrade e x i s t i n g s t a b i l i t y l i m i t s 7 , 8 in the s ide 
sec t ions , r e s u l t i n g from considerat ion of the core-hot e lec t ron r i n g 
coup I i ng. 

To address these s t a b i l i t y quest ions, we examine low-frequency 
modes using an energy p r i n c i p l e a ;a lys is . Of the various possible 
approaches, t h i s method al lows the most complete descr ip t ion of the 
magnetic f i e l d l i n e topology, which i s of primary importance here in 
comparing the square geometry against an ideal s t r a i g h t bumpy c y l i n d e r . 
A number of d i f f e r e n t energy p r i n c i p l e s have been formulated t h a t can 
be appl ied t o magnet ica l ly confined plasmas in closed f i e l d l ine 
devices. The e a r l i e s t of these i s t h a t of Bernstein e t a 1.9 (and 
genera l i zed in r e f . 10 t o the case of tensor pressure) , r e f e r r e d t o in 
the fo l low ing as t h e conventional magnetohydrodynamic (MHD) l i m i t . 
Th is energy p r i n c i p l e may be,;written as 

8W = SW* + 8W k ( 7 . 1 ) 

where 

+ < X ? p n " i H + * * V B ) fe * ( 7 . 2 ) 
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and 

5Wk = - y J ckx d(3 dp, dJ H2 

a 
( 7 . 3 ) 

w i t h 

H = gyro-averaged change in the p a r t i c l e k i n e t i c energy due t o 
f i e l d displacement 

(J^ = Lagrangian perturbed magneti'c f i e l d perpendicular t o the 
equ i I ib r ium B f i e l d , | ' 

t 

Qll = Lagrangian perturbed magnetic f i e l d p a r a l l e l t o the 
equ i I ib r ium B f i e l d , 

£ = f i e l d l i n e displacement vec tor , 

j | | = plasma current p a r a l l e l t o B , 

Pll, = para I l e i and perpendicular plasma pressure components, 
r e s p e c t i v e l y , 

P. - P 
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a , 0 = r a d i a l and a n g l e - l i k e Clebsch v a r i a b l e s used t o represent 
the magnetic f i e l d B = Vot X V0 , 

(x = magnetic moment = MV2/2B , 

J = longi tudinal i n v a r i a n t = M dZ Vu , 

e. = p a r t i c l e energy = MV^/2 + |iB , 

F = gyro-averaged d i s t r i b u t i o n func t ion . 

Th is form of 6W assumes t h a t the i n s t a b i l i t y growth r a t e i s small 
compared t o the cyclotron frequency and large compared to the bounce 
and d r i f t f requencies. That i s , p a r t i c l e s are taken as being t i e d t o 
f i e l d l i n e s and having no motion along or across (except f o r 
gyromotion) f i e l d l ines over the time sca le of the i n s t a b i l i t y . 

A somewhat more general form of the energy p r i n c i p l e f o r an 
a n i s o t r o p i c , guiding-center plasma was next der ived by Kruskal and 
Oberman. Their energy p r i n c i p l e has the same form as given in 
Eq. ( 7 . 1 ) w i th SWf given in Eq. ( 7 . 2 ) . However, now the k i n e t i c 
por t ion SW^ is changed to the form given below: 

( 7 . 4 ) 

F = gyro - and bounce-averaged guid ing-center d i s t r i b u t i o n 
f u n c t i o n . 

8 w k = - o• J da dp dy. dJ ( | h <H>2 , \ /a 
where 

< . . . > = bounce average = g j ^ - ( . . . ) , 

Here i t i s assumed t h a t the i n s t a b i l i t y growth r a t e i s small compared 
t o the bounce and gyra t ion f requencies but large compared t o the 
c r o s s - f i e l d d r i f t frequency. This corresponds t o a physical p ic ture of 
p a r t i c l e s t i e d to magnetic f i e l d l i n e s ( l i k e beads) w i th gyra t ion 
perpendicular t o f i e l d l i n e s and p a r a l l e l motion along them f o r the 
t ime sca le of the i n s t a b i l i t y but wi th no d r i f t across them. 
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F i n a l l y , the most recent d e r i v a t i o n of the energy p r i n c i p l e , the 
genera l i zed k i n e t i c energy p r i n c i p l e , 1 2 , 1 3 r e t a i n s the c r o s s - f i e l d 
d r i f t motion, and i t s k i n e t i c port ion i s w r i t t e n as fo l lows: 

8 W k = - { / d a d ( 3 d n , d J ^ 

^ « H > 2 - « H » 2 ) 

« H » 2 

( 7 . 5 ) 

where 

« . . . » = double average over both the bounce and d r i f t motion 

wi th tq = precessional d r i f t per iod, 

= bounce-averaged ra te of precession. 

This version o f energy p r i n c i p l e then t r e a t s the d r i f t frequency, 
bounce frequency, and gyrat ion frequency a l l as being large compared t o 
the growth ra te of the i n s t a b i l i t y . 

Considerat ion of the assumptions underlying the var ious k i n e t i c 
par ts of 8M given in Eqs. ( 7 . 3 ) , ( 7 . 4 ) , and ( 7 . 5 ) then ind ica tes t h a t 
these should apply t o increasingly energet ic plasma components. I n 
examining the s t a b i l i t y of a hot e lec t ron s t a b i l i z e d bumpy square 
conf igura t ion , we consequently use the genera l i zed k i n e t i c energy 
p r i n c i p l e of Eq. ( 7 . 5 ) t o describe the hot e lec t ron component and the 
conventional MHD form of Eq. ( 7 . 3 ) f o r the lower temperature core 
plasma. The f l u i d port ion of 5W given in Eq. ( 7 . 2 ) w i l l apply t o both 
components. Th is i s j u s t i f i e d as long as we examine i n s t a b i l i t i e s 
whose growth r a t e i s much less than the core ion or e lec t ron cyclotron 
f requencies but much greater than the core d r i f t or bounce f requencies. 
On the o thef hand, the hot e lec t ron component must be s u f f i c i e n t l y 
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energet ic tha t i t s c r o s s - f i e l d d r i f t frequency is much g rea te r than the 
i n s t a b i l i t y growth r a t e . Such frequency order ings should be 
appropr ia te t o low-frequency MHD modes in the near-term bumpy square 
geometry. 

Inheren t in using such an approach t o examine bumpy square 
s t a b i l i t y are a number of assumptions: f i n i t e Larmor r a d i u s e f f e c t s 
are neglected, only low-frequency modes (u « j ^ t or wcj) are 
considered, r e l a t i v i s t i c e f f e c t s are not included, and e f f e c t s t h a t 
depend on n ^ (as separate form 0 n o t ) are neglected. Hot e lec t ron 
f i n i t e Larmor radius e f f e c t s have been examined r e c e n t l y 1 4 , 1 ® f o r a 
number of modes t h a t can occur in bumpy f i e l d devices and found t o be 
s t rongly s t a b i l i z i n g f o r even moderate values of m, the azimuthal mode 
number. However, a t low m the zero Larmor rad ius t h e o r y 1 8 s t i l l 
appears t o es tab l ish the 0 C l i m i t a t i o n . The low-frequency l i m i t a t i o n 
w i l l prevent us from consider ing the f u l l impact of the r ing -core 
decoupl ing . 1 8 This is not apt to be of too much importance in 
near- term experimental devices where the hot e lec t ron d r i f t frequency 
is s i g n i f i c a n t l y larger than typ ica l MHD growth r a t e s , but requ i res 
f u r t h e r ana lys is in possible f u t u r e devices where the r a t i o wq H o t / l l H D 
does not remain as large. The neglect of n ^ e f f e c t s precludes charge 
uncovering s t a b i l i z a t i o n which can s t a b i l i z e c e r t a i n classes of modes 
before diamagnetic wel l s t a b i l i z a t i o n i s es tab l ished. Also, i t 
prevents examination of the hot e lec t ron interchange s t a b i l i t y 
boundaries; however, s ince the hot interchange mode i s not unstable in 
t h i s model (due t o the assumption t h a t u « u^ Hot ) * ^h is ' s n o 

i n t e r e s t here anyway. 
I n add i t ion t o the above assumptions, which are inherent t o the 

energy p r i n c i p l e a n a l y s i s , we make a few other approximations only t o 
s i m p l i f y the present c a l c u l a t i o n , most of which can be improved wi th 
s t r a i g h t f o r w a r d ex tens ions . I n f a c t , work on t h i s in some areas i s 
a l ready under way. We do not include the f u l l three-dimensional 
e f f e c t s f o r the core or r i n g plasmas. Th is i s probably q u i t e good f o r 
the hot e lec t ron r ings in the s ides of the bumpy square s ince they 
should be very close t o azimuthal ly symmetric but may not be as good 
f o r the core plasma. F i n a l l y , we w i l l neglect the r a d i a l mode 
s t r u c t u r e and w i M , t r e a t the s ides and corner sect ions in a piecewise 
continuous fashion. These l a s t two approximations can e a s i l y be 
avoided by t r e a t i n g the r a d i a l wave number as an independent parameter 
and by going t o a more e labora te numerical s o l u t i o n of the eigenvalue 
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equation. However, as a f i r s t cut , we do not include t h i s degree of 
deta i I . 

The o u t l i n e of the remainder of t h i s sect ion i s as fo l lows . 
F i r s t , we r e v i s i t the d e r i v a t i o n of the bal looning equation f o r a hot 
e lec t ron plasma immersed in a cooler core plasma (as given by 
Rosenbluth, Tsa i , Van Dam, e t a l . 1 ) and discuss the d i f f e r e n c e s and 
s i m i l a r i t i e s of t h i s equation wi th t h a t obtained using conventional 
MHD. Second, we discuss approximations t h a t can be made t o t h i s 
equation appropr ia te t o the ELMO Bumpy Square (EBS) device. F i n a l l y , a 
solut ion, and dispersion r e l a t i o n f o r the bumpy square are presented, 
and r e s u l t s f o r s t a b i l i t y boundaries as a funct ion of | 3 c o r e , 0H o t ' a n c ' 
global mir ror r a t i o (= B c o r n e r / B m i d p | a n e ) are given. 

7.2 KINETIC BALLOONING EQUATION DERIVATION REVISITED 

As mentioned in the previous sect ion , we w i l l use the conventional 
MHD f l u i d port ion of.-5W f o r the core plus r i n g component and the 
genera l ized k i n e t i c energy p r i n c i p l e f o r SW^, which in t h i s case w i l l 
apply only t o the hot e lec t ron r i n g . Using 4> and Qj( as v a r i a b l e s ( the 
perturbed e l e c t r o s t a t i c potent ia l and the Lagrangian magnetic f i e l d 
per turbat ion p a r a l l e l t o the equ i l ib r ium magnetic f i e l d , respec t ive ly ) 
instead of the displacement £ (wi th IL s e t equal t o z e r o ) , the 
fo l low ing r e s u l t s have been given in r e f . 1 f o r 5Wf and SW^: 

(7.6) 

(7.7) 
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where e = B X V S / B 2 , S = eikonal funct ion , and <wq> = bounce-averaged 
d r i f t frequency. Here we have used an eikonal ansatz to decouple the a 
and P dependences from the 2 dependence ( i . e . , we assume t h a t the 
v a r i a t i o n s in a and 0 are much more rapid than the 2 v a r i a t i o n ) . We 
have a lso assumed t h a t the p (azimutha^ angle) dependence in <H> and 
<u]q> i s n e g l i g i b l e except through the e ' 1 ^ of perturbed f i e l d s . Th is 
i s equiva lent t o assuming axisymmetry about the minor a x i s . Th is 
should be a reasonable approximation f o r hot e lec t ron r ings in the s ide 
sec t ions of a bumpy square since they are in s t r a i g h t bumpy c y l i n d e r s 
and do not experience any toro ida l curvature . The assumption t h a t 

< H > / < w d > « e i m P then r e s u l t s in « H » = tq 1 J dp < H > / < w D > = 0 , which 

reduces Eq. ( 7 . 5 ) t o the form given in Eq. ( 7 . 7 ) . 
I t is now d e s i r a b l e t o express SW^ in terms of moments of the hot 

e lec t ron d i s t r i b u t i o n F . Th is w i l l be espec ia l l y useful in being able 
t o f a c t o r the e q u i l i b r i u m force balance r e l a t i o n into the energy 
p r i n c i p l e a t a l a t e r p o i n t . A c t u a l l y , t h i s could be done along wi th 
the minimizat ion w i t h respect to 4> and Q(| in terms of the d i s t r i b u t i o n 
F i t s e l f , but the algebra would probably become much more obscure. 
Expressing 8WR in terms o f moments of F can be achieved by using a 
Schwartz i n e q u a l i t y . T h i s wi l I a l low us t o w r i t e SW^ as a r a t i o o f two 
v e l o c i t y space i n t e g r a l s instead of as a v e l o c i t y space in tegra l of a 
r a t i o of two f u n c t i o n s . The Schwartz inequa l i t y g ives the f o l l o w i n g 
r e l a t i o n s h i p : 

f dE d , A2 > d E . 
J J dE ĉ L D2 

I f we then i d e n t i f y A 2 , AD, and D2 as 

( 7 . 8 ) 

A2 = a • VF , 

AD = e • VF <H> , 

D2 = • • VF ^ . 
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then the inequali ty of Eq. (7 .8 ) y i e l d s 

6Wl > 
J dE dp. e • VF (mQh + V2 e • rt) 

(7 .9 ) 

2 / dE dp, e • VF j ( p e • VB + V^e • K) 

That i s , the r i g h t s ide represents a lower bound on SW^ such tha t t h i s 
should resu l t in a pessimist ic estimate of s t a b i l i t y . This appl ica t ion 
of the Schwartz inequa l i t y , of course, depends on the above q u a n t i t i e s 
(A2, T) 2 , and AD) having the same sign over the range of in tegra t ion . 
Changes in the i r overa l l s ign should not inf luence the argument, but a 
change in sign wi th respect t o pitch angle or energy va r i a t ions can 
i n v a l i d a t e i t . For example, the bounce-averaged d r i f t frequency in the 
hot e lectron r ing region is p lo t ted in F ig . 7 . 1 vs <£ equal t o cosine of 
the p i tch angle and f o r three d i f f e r e n t values of fyof I n the f i r s t 
case, is zero; second, i t is j u s t enough to cancel the curvature 
d r i f t , but not form a we l l ; and t h i r d , in the bottom f i g u r e , i s 
large enough to reverse-VB and the overa l l d i r e c t i o n of <up>. As may 
be seen, there is general ly a region near £ 2 0 . 8 where reverses 
s ign . Normally, t h i s would prevent the use of a Schwartz inequa l i ty . 
However, since the k i n e t i c port ion of SVf here is only appl ied to the 
hot e lect ron r ing , which is highly an isotropic (Pjj^ > Phh)> i t i s 
expected tha t the hot e lectron d i s t r i b u t i o n w i l l not s i g n i f i c a n t l y 
populate the range of p i tch angles where <wp> reverses s ign . I n f a c t , 
in the present ca lcu la t ion we assume P ^ = 0, which ensures the 
v a l i d i t y of the Schwartz inequa l i ty . However, even i f one al lows a 
f i n i t e P ^ , i t i s expected tha t t h i s procedure should be v a l i d fo r 
t yp ica l r ing e lect ron d i s t r i b u t i o n s . I n e a r l i e r work , 1 2 where the r ing 
pressure was taken as iso t rop ic , the s t a b i l i t y window was observed t o 
vanish, and t h i s possibly can be r e l a t e d t o the above d i f f i c u l t y . 

Using the form of SW^ given in Eq. ( 7 . 9 ) , one can now interchange 
orders of in tegra t ion on the numerator and denominator ve loc i ty 
i n t e g r a l s , tha t i s , 
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F i g . 7 . 1 . Bounce-averaged d r i f t frequency vs p i tch angle 
(£ = cos Vj| /V) f o r th ree d i f f e r e n t values of r i n g beta, fy^ = 0 
( t o p ) , small (middle) , and large (bottom). 



A 6 - 1 1 

and express these in tegra ls in terms of pressure moments of the hot 
e lect ron d i s t r i b u t i o n funct ion: 

Top in tegra l = j f j ( e * VF) H + VHe * »*> 

f d / 
~ J B 

(e • V P J - J U (a • VP,,) (e •«)<!> 

Bottom in tegra l = j f f i f d E
y

d ^ B (a • 7F) (pa • VB + V* a • k) 

r d / 
= J B • V P J ( e • 7B) + (a • VP„)(a • « ) 

rv 

Here, the operator 7 = 7 - 7B 9 /9B and a r i s e s from moving the gradient 
operator from inside the ve loc i ty i n t e g r a l s ( / dE d|x B/V|() to outs ide . 
The k i n e t i c por t ion of 8W then becomes1 

2 /"f" [B (6 # *B)(# * ̂  + • ' ̂ iih) 

( 7 . 1 0 ) 

Separat ing out the components of 8Wf and W^, which involve Q,|, w e can 
now minimize wi th respect t o Q„, r e s u l t i n g in the fo l lowing in tegra l 
equation f o r Q.,: 

Q „ ^ B ( . abT 1 H ) + • ( 7 . U ) 

where 

X = j f - ( a • « ) ( • • VP,|H)4> , 
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Y = J # G ? P 1H) 1 

A = / f •i<e • VB) (e • VP i H ) + ( • • * ) ( • • VP||H) 

Th is can easi ly be solved by tak ing a J d i ( e • V P ^ ) / B 2 moment and 
gives the fo l lowing so lu t ion 1 f o r ft,,: 

Q„ = f B*(e • rc) - ^ • VPl H)A . ( 7 .12 ) 

where 

If (• **)(« * VPyH^iL^lHll A = 

r d i 
J B 

(e • « ) ( e - ?P(|H V ^ e • VP i H ) - • V P ^ ) ( • • Vp c ) 
TD 

I n de r iv ing t h i s we have incorporated the equi l ibr ium pressure balance 
r e l a t i o n V j B = Borc - 1/B Vj j 3^ t o el iminate the e • VB term appearing in 
A above [Eq. ( 7 . 1 1 ) ] . Th is w i l l avoid s e n s i t i v i t i e s t o the equ i I ib r ium 
model, which would otherwise e x i s t in the r e s u l t i n g bal looning 

•equat ion . 
S u b s t i t u t i n g Q„ from Eq. (7 .11) in to Eq. (7 .10 ) and minimizing 

wi th respect t o 4> leads t o the ballooning equation, given in r e f . 1: 

B • V ̂ ^ B • V<t>̂  + (e • rc) (e • VP,, + ^ e • V P j s + r # 

= ( • • « ) ( • • VP||H • VP i H )A , ( 7 .13 ) 

where r i s proport ional t o w2, 

VS = k x , 
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a = 1 + 
P l - P . 

T = 1 + 
1 9 P , 
B 8B ' 

K = (b • V ) b , 

e = B x VS/B2 , 

N a 
7 _ y _ OR J L 
v v V D 9B ' 

Th is i s an i n t e g r o - d i f f e r e n t i a l equation of the Fredholm type wi th a 
symmetric kernel and may be solved by the p rescr ip t ion given in r e f . 1. 
That i s , we can break $ up in to a homogeneous so lu t ion and a p a r t i c u l a r 
s o l u t i o n : $ = 4>q + c4>j, where 4>q i s a s o l u t i o n of Eq. (7 .13) wi th the 
r i g h t s ide set equal t o zero and is a s o l u t i o n wi th A = 1. The 
constant c is then determined by s u b s t i t u t i n g t h i s so lut ion back into 
Eq. ( 7 . 1 3 ) . We use t h i s method wi th a very s i m p l i f i e d equ i l ib r ium 
model f o r the bumpy square. At t h i s po in t , Eq. ( 7 . 1 3 ) could be appl ied 
bo numerical ly ca lcu la ted bumpy square e q u i l i b r i u m f i e l d s and solved 
using shooting techniques. Work on t h i s type of ca lcu la t ion is 
present ly under way, but only the s i m p l i f i e d a n a l y t i c model w i l l be 
discussed here. 

7.3 SIMPLIFICATION OF THE BALLOONING EQUATION AND RELATION TO 
CONVENTIONAL MHD 

I n order t o reduce Eq. (7 .13 ) t o a read i l y t r a c t a b l e form, we make 
a number of approximations. F i r s t , we consider the high-m l i m i t where 
the r a d i a l mode s t r u c t u r e can be neglected and S can be taken as m)3. 
Second, the azimuthal mode number m cancels from the bal looning 
equat ion. T h i r d , we take P ^ = 0 and assume t h a t and 0 c o r e are 
s u f f i c i e n t l y smalI such t h a t a W 1 and t W 1. F ina l ly , as mentioned in 
r e f . 18, the quant i ty | V 0 | 2 / B can be r e l a t e d t o magnetic f lux and 
should be f a i r l y constant along a f i e l d l i n e . Invoking these 
approximations r e s u l t s in the fo l lowing: 
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B x V8 
e = — - — = U 0 = contravar iant basis vector in Va d i r e c t i o n , 

B2 

B . . f g i V 

6 • k = k^ = contravar iant curvature a component, 

e • V = - f - . da 

We then def ine the fo l lowing q u a n t i t i e s to s impl i fy the appearance of 
the bal looning equation: 

2 L 2 B q ^ dpc 

c " " l ^ o l 2 B d a ' 

_ L2Bq K^ 9 P i H 

D H = " | V P 0 ! 2 B 9a ' 

L2B0 ! d P ^ dpc 

^ ' |V|3q|2 B3 9 0 1 d t t ' 

where L = typ ica l f i e l d l ine length, we normalize / as s = i/l, and "0" 
subscr ipts denote evaluat ion a t the midplane. The ballooning equation 
can then be w r i t t e n as 

<T - D . - D h ) * ^ ^ ^ . (7 -14) 
ds> C " J ds Dh(1 - PC/?LVDN) 

where we have noted t h a t 

£CH 1 dPc Rc q J c _ 
°H " ^ * ' 2Ln

 P c " Plvdn ' 
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with 

2Ln 

0LVDN = ' 

L„ = 1 ' V " 1 'c 
n " dr J ' 

An analogous equation from conventional MHD (using a r i g i d r ing model) 
would be 

nt 

| ^ ( T - D c - D C T ) * = T ^ L j d s D c * . (7 .15) 

with 

Sc = Dc/Pc , 

n -

7 B3 

T = r a t i o of s p e c i f i c heats. 

Here we have reta ined compressibi l i ty e f f e c t s which enter in through 
the in tegra l term on the r i g h t s ide of the equation. Comparison of 
Eqs. (7 .14 ) and (7 .15 ) ind icates tha t the e f f e c t of the hot species 
enters in through a term which i s very s im i l a r t o the compressibi I i t y 
term in conventional MHD. Since D^ i s negative on the outs ide ha l f o f 
a hot e lectron r i n g located in an unfavorable curvature region, the 
r i g h t s ide of Eq. (7 .14) w i l l add pos i t ive "compressibi l i ty" (which i s 
s t a b i l i z i n g f o r (5C < Pj_vdn) *n (* n e 9 a t ' v ® "compressibi l i ty" (which i s 
d e s t a b i l i z i n g f o r 0 C > P|_\/dn). ^ e l a t t e r e f f e c t gives r i s e t o the 0 C 

I imi t a t 0 C = P | _ V D N -
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One d i f f e r e n c e between Eqs. (7 .14 ) and (7 .15) on the l e f t s ide is 
t h a t r - D c - Dh in the k i n e t i c bal looning equation i s replaced by 
r - Dc - D ^ in the conventional MHD equation. S e t t i n g t h i s 
c o e f f i c i e n t t o zero and requ i r ing 0 r e s u l t s in a s t a b i l i t y 
condi t ion f o r f l u t e mode, a t l eas t in a local .sense. [A l ine-averaged 
condi t ion can be obtained by going a few steps back in the der iva t ion 
of the bal looning equation and r e t a i n i n g the l ine averages of 
6 W ( / ) . ] For conventional MHD, the Dq^ term gives r i s e t o diamagnetic 
wel l s t a b i l i z a t i o n ( i n the r i g i d r i n g sense) since 

4Lnu 
- D c < Dch impl ies tha t > 

where 

LnH 
- L l ^ Y 1 

~ I f i H <*• j • 

R c = radius of curvature at the midplane. 

I n the case of the k i n e t i c bal looning equat ion, Dqj i s r e p k id by D^ 
(proport ional t o k. d P ^ / d r ) , which would appear t o add t o the 
i n s t a b i l i t y d r i v e of the core plasma occurr ing in the D c term 
(proport ional t o k. d p c / d r ) . However, i f we take the f l u t e l i m i t in 
Eq. (7 .14) and take Dq^ and D^ to be constants along a f i e l d l i n e 
[ a c t u a l l y such strong approximations are not necessary i f we go back t o 
the l ine-averaged version of 8W| < ( / ) ] , the r i g h t s ide of Eq. (7 .14) 
becomes 

Du f ds Di4> -Du<!> 
d ? - < P ( D u - Dru) , 

J d s D H ( l - P C / P L V D N ) I + Dch/Dh 

where we have a lso expanded in powers of PC/P|_VDN• the 
D̂ 4> term on the l e f t s ide of Eq. (7 .14 ) i s cancel led by a s i m i l a r term 
from the r i g h t s ide and replaced by exact ly the term required t o g ive 
r i g i d r i n g conventional MHD. 

However, f o r i n s t a b i l i t y modes t h a t have some f i n i t e degree of 
bal looning, the hot e lec t ron pressure grad ient term w i l l not completely 
cancel , r e s u l t i n g in a nonr ig id r i n g response t h a t can be 
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d e s t a b i l i z i n g . This is espec ia l ly apparent i f we use the i d e n t i t y 
(A + B)" 1 = A"1 - (B/A)(A + B ) _ 1 t o r e w r i t e Eq. ( 7 . 1 4 ) as fo l lows: 

7.4 APPLICATION OF THE KINETIC BALLOONING EQUATION TO A BUMPY SQUARE 
CONFIGURATION 

The h o t - e l e c t r o n - s t a b i l i z e d , bumpy square device i s discussed 
extensive ly in r e f . 6 . I n t h i s geometry t h e r e a r e e ight symmetry 
planes, so i t w i l l only be necessary t o consider one-eighth of the 
device. A diagram of a one-eighth sector i s shown in F ig . 7 . 2 w i th 
some t y p i c a l dimensions ind ica ted . Here, as in r e f . 18, we assume t h a t 
the t r a n s i t i o n from a s ide t o a corner sect ion occurs in the corner and 
t h a t s = 1 - t represents t h e boundary between a s ide and a corner, 
s = 0 i s the middle of a s ide , and s = 1 i s the middle of a corner . 
Here e. = uRgoj i /L and L i s given by 

I f we then convert k^ and dp/da t o the normal c y l i n d r i c a l r a d i a l 
v a r i a b l e , we have 

+ DH 
I d s PCH J d s OH* (7 .16 ) 

J ds DH / ds D H ( 1 - p c / p L V D N ) 

= rBRc 

1 

i t -
da ~ rBLn ' n 
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F i g . 7 . 2 . Schematic diagram of a one-eighth sec tor o f an EBS w i t h 
some t y p i c a l dimensions. 
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As mentioned, the quant i ty B q / | V ( 3 q | 2 ( = tqBq) is r e l a t e d to the magnetic 
f lux (n|) a r 2 B) which i s constant along a f i e l d l i n e . I f we f u r t h e r use 
the constancy of in examining the dependence o f D^ and D c in the 
s ide s e c t i o n , we f i n d t h a t these terms are l e f t w i th a R ^ B - 2 s c a l i n g . 
This tends t o weight them heavi ly toward the midplanes of the s ide 
sect ions . As a f i r s t approximation, we then simply evaluate these 
terms a t the midplane and take them as constants. Since t h e r e are 
presumably no hot e lec t rons in the corner sect ions , we only need t o 
eva luate D c the re . Assuming t h a t magnetic f i e l d l ines in the corner 
are one-quarter arcs of per fec t c i r c l e s (of rad ius 2 R c o j | ) w i th a 
magnetic f i e l d s t reng th M q t imes larger than t h a t in the midplanes of 
the s ides , Dc c o r n e r can be approximated in a simple manner (as was 
done in r e f . 18 ) . The r e s u l t i n g values of Dc and D^ are given below: 

D . . » _ (12 + pc u c , s i d e " 2 ftuni. ' ( 7 . 1 7 ) 
0LVDN 

D » _ (12 + ip2 PC ( 7 1 q ) u c , c o r n e r " ^ ^ • V - ™ ) 

We can then write down separate ballooning equations for the side and 
corner sections: 

< T - ">.. corner)* - « ( ™ < » 

(corner equation — no hot species) 

c's,de H / * «h(i - M l w n ) 

(side equation —hot species present at midplane) 
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As mentioned in the previous section (Sect. 7 . 3 ) , the side equation may 
be solved by decomposing the so lu t ion (<!> = + c^^) in to a homogeneous 
part 4>q [with the r ight side of Eq. (7 .21 ) set t o zero] and a 
p a r t i c u l a r so lut ion ^ that is a solut ion of 

( r - D c s i d e - W * ! = - D H . ( 7 . 2 2 ) 
ds 

Subst i tu t ion back into the or ig ina l Eq. (7 .21) then gives the constant 
c as 

e _ f w " ( 7 2 3 ) 
c - 1 - f ^ ) ' { 7 - 2 3 ) 

where 

J d s D ^ 
m = 

I ds D H (1 - P c / e L V D N ) 

The boundary condit ions that w i l l be applied t o $ are 

(a) 0 a t s = 0 and s = 1 since these are symmetry planes; 

(b) <J>(s = 1) = 1 (since the equation i s homogeneous, we can speci fy 
the value of $ at one po in t ) ; 

(c) $ and d$/ds are continuous a t s = 1 - e . 

The so lu t ion in the corner sect ion subject to these boundary condit ions 
is : 

^corner = c o s k c ( s ~ • 

where 

(7.24) 
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k2 - r - D Rc 1 uc,corner • 

The so lut ion in the sides can be constructed using a Green's funct ion 
t o give 

^s ide = c o s k - s + s kscos k s ( l - e.) [ c 

+ J^ D^cos kgy s in k s ( l - € - s) dy 

+ j ^ - 6 D^cos k s s s in k s ( l - e - y) d y j , 

kccos kQs r -
— — [cos k c £ - cos k s ( l - t ) J 

(7 .25) 

where 

k ! = r - D c , s i d e - D H 

Since in our case D^ i s independent of s , t h i s reduces t o 

4> side ~ 
cos k s s Du 

cos k . e + c ~ x - c —r- . c ,2 I cos k s ( l - e ) (7 .26 ) 

Subs t i tu t ing back in to Eq. (7 .21) or using Eq. (7 .23) then g ives the 
constant c as 

c = 
k . t a n k s ( l - e)cos k c e 

where 

a = / ds cdh * Och) = £>h(i - - - p ^ f ) • 

( 7 .27 ) 
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The so lu t ions of Eqs. (7 .24) and (7 .25 ) now s a t i s f y cont inui ty of 4> a t 
s = l - e (s ide-corner i n t e r f a c e ) , but we have not made t h e i r 
d e r i v a t i v e s continuous. This requirement leads to the dispersion 
r e l a t i o n given below: 

k c tan k c e = - k s t a n k s ( l - e.) 

JH 
t a n 2 k s ( l - e) 

k2 

(7.28) 

where 

k s = r " D c , s i d e ~ D H ' 

k2 = T - D„ 'c ,corner . 

S t a b i l i t y i s determined by solv ing t h i s equation fo r I*1, w i th T < 0 
implying i n s t a b i l i t y and T > 0 implying s t a b i I i t y . 

7.5 RESULTS 

I n order to solve the dispersion r e l a t i o n given in Eq. (7.28), we 
have used a numerical r o o t - f i n d i n g technique. The equation was 
rewr i t t en in a form t h a t does not have any s i n g u l a r i t i e s ; a lso , i t was 
necessary t o properly continue the tr igonometr ic functions so t h a t they 
became hyperbolic funct ions in cases where k | and k | were negative. I t 
was observed tha t there is always a root a t T = 0 fo r 0 C = 0 , 
independent of This p a r t i c u l a r root was fol lowed as 0 C was 
changed in small increments. Typical r e s u l t s are p lot ted in F ig . 7.3 

IW 

fo r r vs P c /P L Vdn f ° r several d i f f e r e n t values of ( = Pj.h/0LVDn) 

As may be seen, the root is always unstable ( r < 0) fo r = 0. Then, 

as i s increased, there begins to be a s table window in 0 C . At 

PjlH = 2 (which i s the diamagnetic wel l s t a b i l i z a t i o n cond i t ion ) , the 
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F i g . 7 . 3 . r vs normalized core beta p c = PC/PLVDN f o r s e v e r a l 

d i f f e r e n t values of r i n g beta piH. Note 0lH = Pxh/PlVDN' 
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lower end of the s t a b l e window in j3c extends a l l the way to Pc = 0 , as 
would be expected. 
„ Next , in F i g . ^ 7 . 4 we have p lo t ted the s t a b i l i t y boundaries in the 
P c ( = P c / ^ L V D N ) v s 0J.H P ' a n e severa l va lues of M Q . Several 
i n t e r e s t i n g f e a t u r e s can be seen here which r e l a t e t o the discussion o f 
Sec t . 7 . 3 . F i r s t of a l l , there is a diamagnetic wel l s t a b i l i z a t i o n 

nj KI ru 
boundary a t = 2 and P c = 0. However, as |9C i s made f i n i t e , 

p r o p o r t i o n a l l y less P ^ i s requ i red f o r s t a b i l i t y . Th is e f f e c t i s 
expected t o be due to the p o s i t i v e " c o m p r e s s i b i l i t y " aspect of the 
k i n e t i c term on the r i g h t s ide of Eq. ( 7 . 1 4 ) f o r P c < P lvdn- however, 

f\i 
t h i s is only observed to extend to P ^ = 1 ( l e f t edge of the f i g u r e ) ; 
past t h i s point s t a b i l i t y does not seem to be possible a t any va lue of n/ 
p c . Another e f f e c t present in F i g . 7 . 4 is the dropof f in the upper P c 

l i m i t as Pj^j i s ra ised . Th is is expected t o be r e l a t e d t o a lack o f 
c a n c e l l a t i o n in the hot e lec t ron pressure g r a d i e n t term (nonr ig id r i n g 
response) , discussed p r i o r t o Eq. ( 7 . 1 6 ) , as the mode s t r u c t u r e 
develops a s i g n i f i c a n t degree of ba l loon ing . 

The s c a l i n g of t h e s t a b i l i t y boundaries w i th MQ 
( = B corner / B in idp lane) ind ica tes tha t both the upper and lower 
boundaries begin t o d e t e r i o r a t e s l i g h t l y as MQ is lowered. Th is would 
be - expected s ince decreasing MQ changes the weight ing of the 
unfavorable curvature in the corner s e c t i o n s . However, MQ must be 
lowered a good b i t to see any e f f e c t s ince the corner curvature i s 50% 
weaker than the curvature in the midplanes. A lso , the length of the 
f i e l d l i n e s through the corner sec t ion is s i g n i f i c a n t l y s h o r t e r than 
through the s ide sec t ion . As .a r e s u l t , no s i g n i f i c a n t change occurs 
u n t i l MQ = 2 . For the bumpy square dev ice present ly under 
cons idera t ion , MQ is nominally equal t o 4 ; an MQ of 2 is probably a 
lower l i m i t t o t h e v a r i a t i o n t h a t could r e a l i s t i c a l l y be made in t h i s 
parameter. As may be seen, t h e r e is no s u b s t a n t i a l d i f f e r e n c e between 
the MQ = 4 and MQ = 1000 cases. The l a t t e r should correspond to a 
bumpy c y I i nder I imi t . 

7.6 CONCLUSIONS 

The genera l i zed k i n e t i c energy p r i n c i p l e ( f o r the hot e l e c t r o n s ) , 
coupled w i th the conventional MHD energy p r i n c i p l e f o r the core plasma, 
has been app l ied t o the ba l looning s t a b i l i t y of a bumpy square plasma 
w i t h hot e l e c t r o n r ings . A very s i m p l i f i e d model of the vacuum 
magnetic f i e l d and plasma p r o p e r t i e s i s used here. However, the two 
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lower-frequency s t a b i l i t y boundaries (diamagnetic well s t a b i l i z a t i o n 
and upper 0C l i m i t wi th 0 C ^ PlA/dn) w o u ' c ' e x P e c t e c l ' n s u c h a 
conf igura t ion are r e a d i l y apparent in the r e s u l t s ; t h i s leads one t o 
conclude t h a t the bal looning equation is not highly s e n s i t i v e to the 
equ i l ib r ium model. Further refinements are des i rab le a t t h i s point and 
would probably involve using r e a l i s t i c vacuum magnetic f i e l d s (which 
are a v a i l a b l e now6 f o r the bumpy square) , wi th f i n i t e - b e t a cor rec t ions , 
and using numerical shooting techniques t o solve f o r the s t a b i l i t y 
condi t ion . Work i s present ly under way on t h i s type of c a l c u l a t i o n . 

The r e s u l t s obtained in the present, s i m p l i f i e d model ind ica te 
t h a t 0 C l i m i t s in a bumpy square wi th Mq = 4 are not d r a s t i c a l l y 
d i f f e r e n t from those present in an i n f i n i t e bumpy c y l i n d e r . Two 
e f f e c t s of i n t e r e s t are t h a t f o r f i n i t e values of 0 C s t a b i l i t y can be 
achieved wi th 0 ^ < 4A/RC ( i . e . , below the c r i t i c a l value f o r 
diamagnetic well s t a b i l i z a t i o n ) and t h a t the upper 0 C l i m i t drops o f f 
as i s increased above the minimum required fo r s t a b i l i t y . The 
f i r s t f e a t u r e is thought to be caused by the p o s i t i v e "compress ib i I i t y" 
aspect of the k i n e t i c term in the bal looning equation f o r 0 C < P|_y[)N-
The second has been r e l a t e d t o an enhancement in the r i n g - c o r e 
i n t e r a c t i o n as bal looning becomes st ronger . Both e f f e c t s encourage 
opera t ion at as low a value of as possible whi le mainta in ing core 
plasma s t a b i l i z a t i o n . For tuna te ly , t h i s is a lso the regime in which 
one would l i k e t o operate t o minimize r i n g power requirements. 
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Appendix 8 

CONCEPTUAL DESIGN REPORT FOR ELMO BUMPY SQUARE 

Abstract 

A conceptual design was prepared for the EBS project, providing 
for the complete disassembly of the EBT device, demolition of its 
substructure, and assembly of new and existing components. This 
report presents a brief physical description of the project; a state-
ment of the project purpose and justification; the system definition 
and baseline requirements; a discussion of the concept and some 
alternatives; preliminary assessments of safety, quality assurance, 
environment, and energy conservation; a description of the method 
for accomplishing the project; a schedule and cost estimate; a 
review of the specifications and existing systems; and a number 
of engineering drawings. 
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1. INTRODUCTION 

This document contains the conceptual design for use by Martin 

Marietta Energy Systems, Inc., in preparing construction drawings and 

equipment specifications for changing the Fusion Energy Division ELMO 

Bumpy Torus (EBT) device from a toroidal configuration to a square 

conf iguration. 

,'i!' 
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2. BRIEF PHYSICAL DESCRIPTION OF PROJECT 

This project provides for the complete disassembly of the existing 

EBT device, demolition of the substructure, and reassembly of new and 

existing components to form a square configured device as shown on 

drawing SK10. Sixteen of the existing mirror coils will be salvaged and 

reinstalled between new cavity sections, four coils on a side. The 

connecting corner sections forming the vacuum vessel will be toroidal 

sectors, each with eight new half-size EBT mirror coils. A new device 

substructure and a new microwave manifold will be provided. Each set of 

eight corner coils will be powered by a 3-MW generator, requiring an 

additional 12 MW of power not previously supplied to the device. The 

power distribution system and cooling water system will be modified to 

accommodate the additional needs. 

The instrumentation and control systems and the microwave waveguide 

network will be removed from the existing device and will be reinstalled 

essentially unchanged, except as required to adapt to the new configu-

ration. The biological shield will remain unchanged. 
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3. PROJECT PURPOSE AND JUSTIFICATION 

3.1 PURPOSE 

This project Is an advancement of the existing ELMO Bumpy Torus 

(EBT) research program sponsored by the U.S. Department of Energy (DOE), 

Office of Energy Research, Office of Fusion Energy. The purposes of 

this project are (1) to enhance and extend the technical data base of 

the program and (2) to provide challenge and stimulation to the overall 

fusion program through exploration of novel approaches in the areas of 

physics, technology, and fusion reactor engineering. 

3.2 JUSTIFICATION OF NEED AND SCOPE i 

The EBT is a toroidal confinement system with a number of features 

that make it attractive as a reactor concept. These include steady-

state operation with good accessibility for maintenance, modularity, and 

relatively simple magnetic coil system and engineering design require-

ments. In the years that these virtues of EBT were identified, the 

other fusion devices have recognized and tried to incorporate these 

advantages. This attempt led to, for example, the emphasis on current 

drive in tokamaks to approach steady state and to the modular tokamak 

and stellarator designs to get some of the maintainability/availability 

advantages of EBT. Historically, the EBT program has contributed to the 

development of fusion in a much broader sense than just, its reactor 

attractiveness. These contributions include (1) microwave [electron 

cyclotron heating (ECH)] physics and technology, (2) physics of non-

axisymmetrlc transport, (3) steady-state plasma-wall interactions, 
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(4) physics of very high temperature plasmas, and (5) several novel 

plasma diagnostics (i.e., heavy ion beam probe, etc.). These physics 

and technology contributions are expected to continue and to be further 

advanced with this new proposed project — the ELMO Bumpy Square (EBS). 

Recently, several advanced bumpy torus configurations were studied 

in detail to identify those concepts that offer potential for significantly 

enhanced performance in the present EBT geometry and that offer favorable 

reactor extrapolations. Among the various possibilities considered, the 

reconfiguration of the present device from a torus into a square, with 

stronger magnetic fields in the corners, has been shown to be feasible 

and is a logical step in the program. 

The EBS is formed by four linear arrays of simple magnetic mirrors 

linked by four high-field toroidal solenoids (corners). The configu-

ration is such that the straight sides of the square are constructed 

from the EBT-I/S mirror coils (four coils per side), and each corner is 

formed by eight new half-size EBT-I/S coils that generate high field 

with negligible field ripple in the corners. 

The EBS configuration offers a number of distinct advantages over a 

conventional EBT with respect to particle confinement, heating, trans-

port, ring production, and stability. In EBS the particle drift orbits 

are better centered for all classes of particles. The velocity space 

loss region is greatly reduced, leading to improved volume utilization, 

significantly reduced direct particle losses, and increased microwave 

heating efficiency. For an isotropic distribution, more than 95% of the 

particles ace confined in EBS, as compared to ^50% confinement in 

EBT-I/S. The combination of nearly concentric particle drift orbits and 
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the small radial displacements in the high-field corners gives an order-

of-tnagnitude reduction in neoclassical diffusive losses. The orbits of 

the deeply trapped particles and core plasma pressure surfaces almost 

coincide and are centered on the minor axis. There being no shift, hot 

electron rings will be exceedingly well centered in EBS. For the same 

anisotropy in EBS there should be little or none of the radial broadening 

of the ring that occurs in EBT. This should make it easier to form an 

average magnetic well in EBS than in EBT. Detailed calculations in the 

areas of equilibrium and stability indicate that equilibria exist 

(shifts are smaller in a square configuration than in a torus), and the 

stability limits (especially those associated with the corners) are no 

more restrictive than those studied for a conventional EBT. Reactor 

projections for EBS indicate the possibility of a substantial reduction 

in reactor physical size (a factor of 2 to 3) as compared to past EBT 

designs. 

3.3 ECONOMIC CONSIDERATIONS 

Because EBS is a reconfiguration of the existing EBT-I/S device, 

there is a minimal capital investment involved for the physics program. 

As discussed in the previous section, EBS not only will extend the 

knowledge of EBT physics, but it will also advance the EBT in a favor-

able direction in terms of reactor desirability and will continue to 

contribute to the physics and technology of fusion in general. 
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4. SYSTEM DEFINITION AND BASELINE REQUIREMENTS 

4.1 FUNCTIONAL REQUIREMENT 

The device is designed to be a physics experiment wherein an 

environment Is created to permit certain physical phenomena to occur and 

where precise observations and determinations can be made of their 

occurrences. The basic machine parameters that must be measured con-

tinuously are vacuum pressure, magnetic field Intensity, rate of heat 

removal, and microwave power level. The measurement and control of 

these parameters is within the scope of this project. 

4.2 PERFORMANCE REQUIREMENTS (RELIABILITY, AVAILABILITY, 
AND MAINTAINABILITY) 

The operetion of this device requires a staff of professional 

research physicists and an array of sophisticated diagnostic hardware. 

As a consequence of the high overhead, reliability (and congruent machine 

availability) is an overriding factor in the design of the machine. The 

machine will be designed to maximize the ease and speed of replacing a 

component (e.g., a burned O-rlng, a shorted coll, a ruptured water-

cooled electrical cable, etc.). 

The reliability of building support systems is of concern, and 

continuing maintenance programs are in place. The dc motor-generator 

sets have scheduled maintenance, the dsmlnerallsad water system and 

cooling tower operation is continually monitored, and cooling oil in 

the gyrotron power supplies required for microwave power generation is 

analyzed on a routine programmed basis. 
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4 . 3 PRELIMINARY ASSESSMENT OF INTERFACE REQUIREMENTS 

The d e v i c e w i l l i n t e r f a c e wi th b u i l d i n g u t i l i t i e s — pr imar i ly the 

deminera l ized water c o o l i n g system and the motor-generator dc power 

.network. 

Approximately 2500 ga l /min o f c o o l i n g water w i l l be required during 

operat ing p e r i o d s . The pumping system has an automatic flow sensor 

c u r r e n t l y operat ing on l i n e , and a d d i t i o n a l pumps are a u t o m a t i c a l l y 

s t a r t e d or stopped a s the load demand v a r i e s . The demands f o r c o o l i n g 

water f o r t h i s p r o j e c t are adequate ly met by the b u i l d i n g system now in 

p l a c e . 

The motor-generator dc power output i s shared ,by o t h e r experiments 

l o c a t e d i n t h e b u i l d i n g . This d e v i c e i n t e r f a c e s 'to the power network 

through an assignment pane l tha t d i c t a t e s which experiment has c o n t r o l 

of the generator ou tput . This system i s i n p l a c e a l s o and r e q u i r e s no 

m o d i f i c a t i o n s t o accommodate the new d e v i c e c o n f i g u r a t i o n . The p r o j e c t 

needs f o r power i n t e r f a c e c o n s i s t of new generator c o n t r o l p a n e l s f o r 

the four a d d i t i o n a l genera tors requ ired f o r t h e four s e t s of corner 

c o i l s . The aluminum bus and neces sary d i s c o n n e c t s w i t c h e s are i n p l a c e 

and are a v a i l a b l e t o t h e p r o j e c t . \ 

4 . 4 CRITICAL ELEMENTS 

There are no c r i t i c a l e lements required by t h e d e v i c e ( i n the s e n s e 

t h a t new of ongoing; component re search and development must be s u c c e s s -

f u l l y completed) . ' Des ign , f a b r i c a t i o n , and assembly r e q u i r e on ly 
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p r e s e n t l y developed technology , and no p a r t i c u l a r element can be con-

s i d e r e d more c r i t i c a l than another . 

4.3 CONSTRAINTS 

The device constraints are those imposed by the support system 

limitations. The magnet characteristics must be compatible with the 

generator voltage and current limits, the water cooling passage must 

withstand 250 psig, and the microwave power level introduced into the 

machine is constrained by the gyrotrons and their power supply limi-

tations. The device will be designed to the "limits of the support 

systems; no arbitrary constraints will be imposed. 

4.6 PLANS FOR SYSTEM TESTS 

All new and renovated water piping will be leak checked at system 

operating pressure. All vacuum piping will be leak checked in accordance 

with generally accepted high-vacuum procedures and standards. New coils 

will be tested by operating at full current before installation. After 

device assembly, all systems will be tested in strict accordance with a 

startup procedure to bfe generated^by the Fusion Energy Division. The 

test will generally conform to established precedent set by tests on 

prior EBT configurations. 
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5. CONCEPT AND ALTERNATIVES 

5.1 IDENTIFICATION OF ALTERNATIVES 

The device is conceived as an experimental research device for 

exploring a particular plasma regime and, by its nature, is an alterna-

tive concept in that it is in constant competition for funding and 

technical support with other devices proposed for studying plasma 

regimes of interest in achieving controlled fusion reactions-

5.2 EVALUATION OF ALTERNATIVES 

As stated in Sect. 3.2, several bumpy torus configurations have 

been studied in some detail. For a more detailed analysis of alterna-

tives to the proposal described herein, refer Co the ELMO Bumpy Square 

Statue Report (January 1984) compiled by N. A. Uckan. 

5.3 IDENTIFICATION OF RECOMMENDED CONCEPT 

This report describes the recommended concept as determined by 

experimentil results to date on the present EBT device and detailed 

puysics calculations, as well as by detailed cost analysis and sound 

engineering practice. 



A 6 - 1 1 

6 . UNCERTAINTIES 

6 . 1 TECHNOLOGY/DEVELOPMENT 

There are no unknown technology areas, and no research or development 

need be finished to construct the machine. 

6 . 2 OPERATION 

There are no uncertainties associated .with operating the machine. 

6 . 3 PROJECT 

There are no known uncertainties associated with related project 

costs, schedule, or participants. 
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7. PRELIMINARY ASSESSMENTS 

7 . 1 SAFETY, FIRE, AND HEALTH 

No s p e c i a l hazards w i l l be encountered , o ther than those normally 

a s s o c i a t e d w i th h i g h - v o l t a g e equipment. The work area now has a s p r i n k l e r 

system i n p l a c e . No harmful e f f l u e n t w i l l be generated by the p r o j e c t . 

H i g h - i n t e n s i t y X rays are generated during d e v i c e o p e r a t i o n , but the 

b i o l o g i c a l s h i e l d around the e x i s t i n g d e v i c e i s c a l c u l a t e d to be adequate 

for personnel s a f e t y . Radiat ion w i l l be monitored i n the personne l work 

area . Access i n t o the d e v i c e e n c l o s u r e during o p e r a t i o n i s p o s i t i v e l y 

prevented by e l e c t r o - i n e c h a n i c a l d e v i c e s i n t e r l o c k e d w i t h t h e X-ray -

producing power s u p p l i e s . 

7 .2 QUALITY ASSURANCE 

Upon r e c e i p t by the Engineering D i v i s i o n of i n s t r u c t i o n s to proceed 

wi th the p r o j e c t , a q u a l i t y assurance (QA) p lan /as se s sment f o r the 

dev i ce w i l l be generated t h a t w i l l be a p p l i c a b l e t o the d e s i g n , procure -

ment, and c o n s t r u c t i o n phases of the p r o j e c t . This QA p l a n w i l l be in 

e f f e c t b e f o r e any drawings are i s s u e d f o r c o n s t r u c t i o n or any procurement 

i s i n i t i a t e d . The QA p lan w i l l be i n accordance w i th Engineer ing pro -

cedures . 

7 . 3 ENVIRONMENT 

A l l work on t h i s p r o j e c t w i l l be w i t h i n an e x i s t i n g b u i l d i n g and 

w i l l n o t be v i s i b l e w i t h i n the surrounding area . No waste or r e s i d u e 
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will be produced. The waste heat dissipated in the cooling tower may 

result in some increase of visible indication of water evaporation under 

certain climatic conditions. 

7.4 ENERGY CONSERVATION 

This project, by its nature, is a consumer of energy. The energy 

conservation concept is not applicable to this project. 
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8. METHOD OF ACCOMPLISHMENT 

It is proposed that the project be accomplished for the U.S. 

Department of Energy in the manner outlined in the following subsections. 

8.1 DEPARTMENT OF ENERGY 

DOE will furnish overall project coordination and review and will 

approve all required documents, administer all prime contracts, and 

direct and administer all aspects of the project, including specific 

approval of work assignments and approval of work performed. 

8.2 OAK RIDGE NATIONAL LABORATORY 

The Operating Contractor will provide all design documents and 

materials specifications. Title III services will be provided as 

required. The Maintenance Division will disassemble the existing 

machine and will rebuild the device as described herein. New components 

will be fabricated in area shops or will be procured from an outside 

vendor. 

8.3 COST-PLUS-ADJUSTED-FEE CONTRACTOR 

To the extent feasible, a cost-plus-adjusted-fee (CPAF) contractor 

will procure material and provide labor to modify the demineralized 

water system from the building headers to pipe flanges near the device. 
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10. COST ESTIMATE 

The EBS cost estimate (in thousands of dollars) is listed below. 

Engineering $ 719 
Titles I and II design $464 
Project integration $255 

Construction $2709 

Subtotal $3428 
Contingency $ 808 

TOTAL PROJECT COST $4236 

This cost estimate is based on the following lists of assumptions. 

In scope 

1. QA plan,(including prerequisite Safety Analysis) 

2. Removal of existing support structure 

3. Design and construction of basic device 

A. Title III support as required to establish as operational the vacuum 

and cooling systems and the coil power supplies 
i | ! | | I 

"s « I 
? 1 

! ! 
Out of scope • |; • 

1. Removal of existing diagnostic^ 

2. Removal of obsolete microwave components 
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3. Installation of diagnostics 

4. Modification of biological shield to accommodate diagnostics or 

operations 

5. Work on gyrptrons, their .power supplies, rf supplies, and output 

power distribution networks 

6. Modifications to blank cavity cover plates 

7. Operational procedures (other than interlock logic) 

8. Utilities around the machine associated with specialty operations 

and diagnostics 



A 6 - 1 8 

11. OUTLINF, SPECIFICATIONS 

11.1 GENERAL CODES, STANDARDS, AND SPECIFICATIONS 

The applicable portions of the latest edition of the following 

codes, standards, and specifications will govern the work performed on 

this project. 

11.1.1 DOE Manuals and Orders 

2250.1 Cost and Schedule Control Systems Criteria for Contract Per-
formance Measurement 

5480.1A Environmental Protection, Safety, and Health Protection 
Program for DOE Operations 

Chapter I Environmental Protection, Safety, and Health 
Protection Standards 

Chapter VII Fire Protection 

Chapter XI Requirements for Radiation Protection 

Chapter XII Prevention, Control, and Abatement of Air and 
Water Pollution 

5481.1A Safety Analysis and Review System (OR 5481.1A) 

5484.1 Environmental Protection, Safety, and Health Protection 
Information Reporting Requirements 

5484.2 Unusual Occurrence Reporting System 

5700.4 • Project Management System 

5700.6A Quality Assurance (OR 5700.6) 

6301 General Design Criteria 

6430 Facilities General Design Criteria 
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11.1.2 Operating Contractor Engineering Procedures 

Y/EF-538/R4, General Design Criteria for UCC-ND Projects 

Engineering Standards 

Safety and Fire Protection Standards 

Welding Manual 

11.1.3 Nationally Recognized Codes and Standards 

American Society of Mechanical Engineers — Code 

American Society for Testing and Materials — Standards 

American Concrete Institute 

American National Standards Institute 

American Welding Society Standards 

Concrete Reinforcing Steel Institute 

Federal Aviation Administration Grounding, Bonding, and Shielding 
Practices for Electronic Equipment and Facilities (especially for 
diagnostics grounds) 

Institute of Electrical and Electronics Engineers Standards 

Instrument Society of America Standards 

Insulated Power Cable Engineers Association 

International Conference of Building Officials Uniform Building Code 
(Seismic Criteria) 

Joint Industrial Council 

National Electrical Code 

National Electrical Safety Code — Handbook 81 

National Fire Code, National Fire Protection Association 

National Electrical Manufacturers Association Standards 
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Occupational Safety and Health Administration Standards 

Underwriters Laboratory 

Uniform Building Code 

11.2 DEVICE MECHANICAL SYSTEMS 

11.2.1 Vacuum System 

The vacuum pumping system for the square configuration will consist 

of four pumps, each attached to one cavity section at the end of each 

side. Three existing turbomolecular pumps and one cryogenic pump will 

comprise the four pump complement mechanical foreline and tank roughing 

pumps will remain unchanged. 

New cavity sections will be required that, with the existing mirror 

coil cases, constitute the plasma vacuum chamber. Six new "special" 

cavities will be required. Each is made of aluminum, is welded-plate 

constructed, and has a microwave port. These will have large cover 

plates on four sides, which will enhance diagnostic interfacing flexi-

bility. The remaining fourteen cavities will have a simplified design 

to reduce costs and are flanged cylinders with one port for a microwave 

feed. Four cavities will have a vacuum pumping port, in addition. 

11.2.2 Cooling System 

The existing cooling system between the existing building headers 

and the EBS will be modified to accommodate the added heat load imposed 
t> 

by the corner coils. The cooling requirements for the magnet system 
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will increase from about 1200 gal/min to about 1750 g a l/min (from 288 to 

438 water paths at 4 gal/min). In addition to the magnet system, the 

vacuum vessel requires cooling to remove about 500 kW of heat deposited 

from ion cyclotron resonance heating (ICRH) and electron cyclotron 

resonance heating (ECRH). 

The existing cooling water manifolds for the mirror coils will be 

modified and reinstalled. New manifolds will be fabricated for the 

turning coils. The manifolds around the machine will have connections 

for power bus cooling and cavity cooling and will have spares for 

diagnostic cooling, as well as for the mirror coil needs. Two gyrotrons 

for 28-GHz, 200-kW, continuous wave (cw), microwave power generation are 

now in place, and no changes will be required for their cooling systems, 

which are independent of the mirror coil cooling system. 

11.2.3 Vacuum Vessel Support Structure 

The existing support structure will be completely demolished down 

to the second floor level at elevation 289 m (949 ft). 

The case of each mirror coil will be directly supported by a stand 

bolted to the floor. Each corner assembly will likewise be supported by 

a stand bolted to the floor. The individual stands will then be coupled 

by a concrete collar to distribute all centering and out-of-plane 

magnetic forces over the centerline span of the machine. 
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11.3 DEVICE ELECTRICAL SYSTEMS 

11.3.1 Magnet System 

Sixteen of the existing EBT mirror coils will be installed on this 

device — four each on each straight side. Four of the existing split 

mirror coils will be used, one on each side, and each in a different 

relative position. The coils on each side of the square are in series 

and in series with the opposite side of the square; they are powered by 

two dc generators in series with a combined rating of 700 V and 7140 A. 

Each corner has eight coils, each of which is physically half of the 

straight side mirror coils (two pancake coils instead of four); they are 

series connected and are in series with the opposite corner; they are 

powered by two dc generators in series with a combined rating of 700 V 

and 8570 A. The positive and negative solid copper bus around the 
t 

machine is in close parallel alignment to cancel stray field effects. 

Error field correction coils are not within the scope of this 

project, but adequate space consideration for their use is incorporated. 

Four continuous vertical and four continuous horizontal field coils will 

be located (one each) on the 45° planes out from the machine centerline. 

Trim coils adjacent to the four turning coil assemblies are also 

provided for but are not part of the scope of this project. One circular 

coil, twice the diameter of a mirror coil, can be mounted inside each of 

the eight transition cavities. This location optimizes the function of 

the trim coils while removing space conflicts with other machine systems. 
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11.3.2 Microwave System 

The microwave manifold will be a 10-cra-diam (4-in.-diam) copper 

duct square configured to match the coil-cavity arrangement. The 

manifold will connect to each straight-side cavity section through a 

10-cm-diam (4-in.-diam) port, each port having an adjustable iris to 

control power distribution. Input power from one or both 28-GHz, 

200-kW (cw) gyrotrons will be fed into the square manifold at a single 

point and split for a symmetric distribution at iris areas. 

11.3.3 Device rf Sources 

No changes to the radio frequency (rf) sources will be effected by 

the new configuration, other than a minor rerouting of ducts to fit the 

square geometry. New duct flanges will be required at the cavity inter-

faces, but these modifications are outside the scope of this project. 

Sources of rf power are listed here for information: 

1. Gyrotrons — two each (28 GHz, 200 kW, cw). A power supply consisting 

of stacked, variable-voltage, regulated supplies will be used 

to drive either one or both of the gyrotrons. The beam supply has 

a rating of 100 kV at 10 A, and the gun supply is rated at 40 kV 

at 1.0 A. 

2. Klystrons — Existing power supplies, oscillators, and amplifiers 

will be utilized for auxiliary heating in special experiments. 

3. Transmitters - one each 2-30 MHz, 100 kW, cw; one eaqh ^-§0 MHz, 

200 kW, cw; one each 175-215 MHz, 50 kWj ew; one each 2-30 MHz, 

20 kW, cw; and one each 30-60 MHz, 20 kW» 

All of the sources listed are in place a ^ ap§ 
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11.3.4 Instrumentation and Controls 

The majority of the instrumentation and controls already exists. 

Additions will be made primarily in the cooling and generator control 

systems. 

The vacuum and instrumentation systems exist and will be installed 

on the square configured device without change. 

1. For vacuum instrumentation and control, the vacuum in each of the 20 

cavities will be monitored by ion gauges. Line-pressure sensing and 

control-valve interlocks are provided for each of the three turbo-

pumps to protect machine vacuum and to prevent damage to the pumps. 

Heated, interlocked molecular sieves are also provided for each 

turbopump. The turbopump foreline is instrumented with thermo-

couple gauges. The west quadrant utilizes a cryopump whose header is 

instrumented with ion and thermocouple gauges. Valvlng and inter-

locks are provided to adequately protect and Isolate the cryopump. 

2. All instrumentation for monitoring and controlling the sector coils 

already exists and need only be reconfigured to accommodate the new 

geometry. Valving interlocks and flow monitoring for the supply 

and return lines feeding the new c o m e r coils will be added, along 

with 16 flow sensors for the coils themselves. A hose-break 

detector to be supplied by the Fusion Energy Division will be 

incorporated into the corner coil cooling-system instrumentation. 

3. The controls for the west-end motor-generator (MG) sets currently 

are 18 years old and utilize obsolete components, some of 

whififi 4te now difficult to obtain. The circuit topology will remain 
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unchanged, but new controls utilizing components that reflect the 

state of the art will be supplied by the Fusion Energy Division. 

The control system for the east-end MG sets now in place has been 

developed from scratch, utilizing a high-gain, high-precision error 

amplifier incorporating excess di/dt sensing and protection, which 

drives an amplidyne generator to achieve precision closed-loop 

current regulation. 
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12. REFERENCE DATA 

MECHANICAL Dwg. No. 

1. Plan View - Facility SK10 

2. Plan View - Machine SK31 

3. Elevation - Machine SK30 

4. Typical Elevation Cross Section SK34 

5. Flux Surface/Vacuum Vessel Interaction SK32 

6. Reference Configuration SK36 

7. Water piping SK16 

8. Water Manifolds & Support Structure SK37 

9. Circular Cavity SK33 

10. Square Cavity SK19 

11. Corner Assembly SK35 
(SHT. 1 & 2) 

ELECTRICAL 

12. Plan View - Bus Work SK21 
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0. REACTOR ASSESSMENTS OF ADVANCED BUMPY TORUS CONFIGURATIONS 

N. A. Uckan, L. W. Owen, D. A. Spong, R. L. M i l l e r , * 
W. B. A r d , * * J. F. P i p k i n s , * * and R. J. Schmit t * * 

Here we summarize the r e s u l t s from re fs . 1 and 2. Recent ly , 
several innovat ive approaches were introduced f o r enhancing the 
performance of the basic ELMO Bumpy Torus (EBT) concept and f o r 
improving i t s reactor p o t e n t i a l . 3 , 4 These include planar racetrack and 
square geometries, Andreo le t t i co i l systems, and bumpy 
t o r u s - s t e l l a r a t o r hybrids (which include the tw is ted racetrack and 
he l i ca l ax is s t e I l a r a t o r — snakey t o r u s ) . Prel iminary evaluat ions of 
reactor impl ica t ions of each approach have been car r ied out based oh 
magnetics (vacuum) c a l c u l a t i o n s , t ranspor t and s c a l i n g r e l a t i o n s h i p s , 
and s t a b i l i t y p roper t i es deduced from provisional conf igurat ions t h a t 
implement the approach but are not necessari ly o p t i m i z e d . 1 , 2 Further 
op t imiza t ion is needed in a l l cases to evaluate the f u l l potent ia l of 
each approach. 

Resul ts of these s t u d i e s 1 , 2 i n d i c a t e favorab le reactor p ro jec t ions 
w i th a s i g n i f i c a n t reduct ion in reac tor physical s i z e as compared t o 
conventional EBT reac tor design3 ca r r ied out in the past . 
S p e c i f i c a l l y , w i th these advanced conf igura t ions , reactors w i t h 
R £ 20 ±3 m are found to be possible; t h i s i s almost a f a c t o r of 2 
reduct ion in s i z e compared t o recent EBT reactor design points w i t h 
R — 40 ±5 m (which u t i l i z e s symmetrizing c o i l s f o r an aspect r a t i o 
enhancement) fo r comparable power outputs. (Here R is def ined as 
2nR-equivalent major r a d i u s . ) Th is makes i t possible t o operate a t 
high wal l loadings (~2 t o 4 MW/m2 instead of t o 1 .5 MW/m?) and 
increased engineering fus ion power dens i ty . 

*Appl ied Microwave Plasma Concepts, I n c . , Enc in i tas , C a l i f o r n i a 92024. 
**McDonnelI Douglas Astronaut ics Company, S t . Louis, Missouri 63166. 
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9.1 INTRODUCTION 

Several aspects of the ELMO Bumpy Torus (EBT) concept make i t 
a t t r a c t i v e as a fusion reac tor : the large aspect r a t i o ; simple, 
noninter locking c i r c u l a r c o i l s wi th modest f i e l d ; modular i ty; and, 
above a l l , the s t e a d y - s t a t e operat ion . There have been several EBT 
reactor studies demonstrating the advantages r e s u l t i n g from these 
aspects of th§ EPT concept, the most recent of which is discussed in 

ir 
dta " ' on Advanced Bumpy Torus 

wftMl. tfpiWdfcches and concept improvement 
a c h e ^ a tme'rpfl fvi enhancing the performance of the basic EBT concept 
and f o r improving i t s reactor p o t e n t i a l . 4 These include (but are not 
l im i ted to ) conf igurat ions wi th (1) noncircular magnetic 
c o i I s — Andreolet t i co i l systems;5 (2) square or racetrack geometries 
without8 or wi th 7 r o t a t i o n a l transform; and (3) s te l larator -bumpy torus 
hybrids — snakey t o r u s . 8 I n a l l cases EBT- l i ke hot e lect ron r ings are 
used t o s t a b i l i z e the interchange modes dr iven by the unfavorable 
magnetic f i e l d curvature e i t h e r on a continuous, s teady-s ta te basis 
[ fo r cases (1) and (2) above] or on a t r a n s i e n t basis during s t a r t u p t o 
access the "second s t a b i l i t y regime" [ f o r case (3) above]. 

The r e s u l t s of recent prel iminary reactor assessments of these 
advanced bumpy torus conf igurat ions are summarized in the fo l lowing 
s e c t i o n s . 1 , 2 

9.2 COMMENTS ON BASIC EBT CONFIGURATION 

The toro ida l curvature of the magnetic f i e l d in EBT r e s u l t s in an 
inward s h i f t of p a r t i c l e d r i f t o r b i t s toward the major a x i s . The 
r e l a t i v e amount of s h i f t , however, depends on the p i tch angle (Vy /V ) . 
Th is s h i f t i s la rgest f o r the t r a n s i t i o n a l ( resonant) and t o r o i d a l l y 
r ~ , s i n g p a r t i c l e s ( i . e . , those having V | ( /V ) , and i t i s smal lest f o r 
p a r t i c l e s trapped near the midplane of each sector ( i . e . , those having 
small V | | /V) . This d ispersion in the displacement of p a r t i c l e d r i f t 
o r b i t s plays a major r o l e in d i f f u s i v e and d i r e c t p a r t i c l e losses. 

The d r i f t o r b i t s are determined by contours of constant J , the 
longi tudinal a d i a b a t i c i n v a r i a n t (J = V||d£). The s h i f t in d r i f t 
o r b i t centers is then determined from RjmIN— r a ^ i a ' posi t ion of 
the minimum of J . The volumetr ic e f f i c i e n c y F(V(| /V) = A(V| | /V) / 
A(Vn = 0) is def ined as the r a t i o of the l as t closed d r i f t o r b i t area 
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of a p a r t i c l e with a given pi tch angle t o tha t of V(| = 0 (purely 
trapped p a r t i c l e ) . 

In a simple bumpy torus, an increase in aspect r a t i o reduces the 
dispersion in d r i f t o r b i t s and improves the confinement of a l l classes 
of pa r t i c les . The need for better confinement c h a r a c t e r i s t i c s and 
e f f i c i e n t u t i l i z a t i o n of magnetic f i e l d s has led in the past to 
reactors with large physical s ize and power output. Through the use of 
low-current supplementary c o i l s ( i . e . , ARE and SYM c o i l s 9 ) or inverse-D 
c o i l s , 3 however, i t was possible to reduce the reactor s izes from about 
Ry 2 60 m ( r e f . 10) to about Ry - 35 m ( r e f . 3) f o r a fusion power 
output of P ~ 1200-1500 MWe. Results of the recent reactor studies 
wi th SYM and inverse-D c o i l s are given in r e f . 3. With the new 
advanced conf igurat ions, fu r ther ^eduction in reactor physical s i ze has 
been shown to be possible. I n a l l cases, unless otherwise spec i f i ed , 
the fo l lowing parameters are used: average plasma radius a £ 1.5 m 
(a = 1 m under the c o i l ) ; B Q 0 = B m i n ~ 2 . 5 T and Bmax ~ 5 .5 T for 
mir ror f i e l d s on-axis; the blanket and sh ie ld thickness under the 
mirror coi l a 1.0 m and is d is t r ibu ted nonuniformly between the c o i l s ; 
and the mirror coi l hal f thickness 0.35 m. 

9.3 EBT WITH ANDREOLETTI COILS (EBTEO 

The EBTEC (EBT with enhanced confinement) conf igurat ion consists 
o f a toroidal array of racntrack-shaped c o i I s — "Andreolet t i 
co i l s "—whose major axes are a l t e r n a t e l y or iented v e r t i c a l l y and 
h o r i z o n t a l l y . 5 By adjust ing the elongation of the c o i l s (H/W, 
height - to -width r a t i o ) and the r e l a t i v e s h i f t s in the centers of 
a l t e r n a t e c o i l s , i t has been shown tha t i t is possible to obtain nearly 
concentric trapped and passing p a r t i c l e d r i f t sur faces, thus great ly 
reducing the random-walk s tep-s ize for d i f f u s i o n . As in EBT, the core 
plasma is s t a b i l i z e d by the hot e lectron r ings which form near mod-B 
contours in the midplane. Here we present prel iminary resu l ts fo r a 
r e a c t o r - s i z e device. 

Among the various s i zes studied f o r a reac to r , we present two 
cases here: (1) great ly , enhanced confinement f o r a device comparable 
in s i ze to the l a tes t c i r c u l a r coil EBT reactor design, which uses SYM 
c o i l s for aspect r a t i o enhancement,3 t h a t is , f o r Ry 2 35 m, and (2) a 
reduced major radius device, Ry ^ 20-25 m, wi th confinement comparable 
t o a c i r c u l a r coi l reactor (Ry - 35 m). I n the ca lcu la t ions , the 
blanket and s h i e l d thickness is assumed to be 1 .0 m at the l i m i t i n g 
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coi l throat in the shortest d i rec t ion , and i t has a nonuniform (>1 m) 
d i s t r i b u t i o n between the c o i l s (as well as under the coi l in the 
longest d i r e c t i o n ) . 

For the enhanced confinement case (Ry ~ 35 m, M = 2 .25 , and 
a 2 1.25 m under the c o i l ) , F ig. 9 . 1 shows the dispersion in d r i f t 
o r b i t centers of trapped and passing p a r t i c l e s , ARjmIN = 
CRJMXNCV„/V) = 0 ) ] - [ R j M I N ( y V ) = 1 ) ] . v s the outward s h i f t of the 
v e r t i c a l c o i l s r e l a t i v e t o the horizontal co i l s . Because of less s h i f t 
requirement, H/W = 3 has been chosen for the c o i l s . To have 
ARjimiN - 0, about a 7.5-m s h i f t of coi l centers is required. One 
quadrant of the equatorial plane of the conf igurat ion fo r t h i s case is 
shown in F ig . 9 . 2 . 

A p lo t of volumetric e f f i c iency (percent of area enclosed by a 
d r i f t surface) in the midplane vs V||/V is shown in F ig . 9 . 3 f o r an 
EBTEC reactor and for a c i r c u l a r coi l EBT reactor without and with SYM 
c o i l s f o r the same R, a, and M. Note that the EBTEC has nearly 
concentric o r b i t s for a l l V) ( /V; however, the area fo r the resonance 
p a r t i c l e s i s small due t o shie ld ing s c r a p e - o f f . I t may be possible to 
a l l e v i a t e t h i s scrape-off by proper shaping or parameter opt imizat ion . 
I n any case, a very s i g n i f i c a n t improvement in resonance p a r t i c l e 
behavior over the c i r c u l a r coi l case is evident from Fig. 9 . 3 . 

For the reduced major radius case (Ry - 20-25 m). F ig . 9 . 4 (a p lo t 
of ARjimyjij vs Ry) indicates tha t d r i f t o r b i t center ing becomes poorer as 
Ry decreases. The coil s h i f t is about 10 m; however, a larger s h i f t 
could be used to reduce ARj|y(j^ f u r t h e r . 

Figure 9 .5 shows a 14-sector device with Ry = 26 .5 m for the 
v e r t i c a l c o i l s and Ry = 16.5 m for the horizontal c o i l s . The plasma in 
the midplane is centered a t Ry = 23 m. Figure 9 . 6 shows the l i m i t i n g 
f i e l d l i nes in the equatorial plane and the mod-B contours. Note tha t 
the d i s t o r t i o n from the s h i f t has moved the minimum in mod-B contours 
o f f of the midplane. Nevertheless, a d r i f t surface ana lys is was 
car r ied out in the "geometric midplane." Figure 9 . 7 shows the trapped 
and passing p a r t i c l e d r i f t o r b i t s in t h i s midplane. ARjmin - 0 . 6 m is 
lower than the value deduced from Fig . 9 . 4 , but the plasma radius a is 
smaller here. Volumetric e f f i c iency corresponding t o t h i s case is a lso 
shown in F ig . 9 . 3 . Comparison wi th the c i r c u l a r coi l EBT reactor s t i l l 
ind icates s i g n i f i c a n t improvement. 

To summarize the r e s u l t s , we see tha t for the Ry - 35 m case, 
trapped and passing p a r t i c l e o r b i t s can be made to nearly coincide. A 
very narrow resonance region r e s u l t s (see F ig . 9 . 3 ) , which can perhaps 
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COIL SHIFT (m) 

F i g . 9 . 1 . Dispersion in d r i f t o r b i t centers of trapped and 
passing p a r t i c l e s , ARjjyujg, vs coi l s h i f t f o r an R j = 35 m EBTEC. 
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F ig . 9 . 2 . One quadrant of an Ry = 35 m EBTEC projected onto the 
equatorial plane, with two magnetic l ines of force and or ientat ion of 
coi I s shown. 
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F ig . 9 .3 . Volumetric e f f ic iency vs pi tch angle for an EBTEC 
reactor (Ry = 35 m and 23 m) and for a c i rcu la r coi l EBT reactor 
(Rj = 35 m) with and without SYM coi Is . 
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F i g . 9 . 4 . Dispersion in d r i f t o r b i t centers vs major radius fo r 
an EBTEC. 
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Fig. 9.5. One quadrant of a 14-sector EBTEC reactor. 
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F ig . 9 . 6 . Mod-B contours (dashed) and l im i t ing f i e l d l ines 
(so l id ) in the equatorial plane fo r an Rj = 23 m EBTEC. 
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F i g . 9 . 7 . Shape of the trapped (outer curve) and passing ( inner 
curve) p a r t i c l e d r i f t o r b i t s in the "geometric midplane" (only upper 
ha l f port ions are shown). 
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be e l iminated wi th f u r t h e r opt imiza t ion; in p a r t i c u l a r , i f Ry is 
increased, the resonant p a r t i c l e s become c i r c u l a r at large plasma 
radius. For Ry = 23 m, the 14—coi I case, the confinement is 
s i g n i f i c a n t l y be t te r than for the Ry = 35 m c i r c u l a r co i l reac tor , To 
s i m p l i f y the c o i l s i t may be possible to design a l t e r n a t i v e , smal ler 
c o i l s which produce the same magnetic f i e l d geometry as the s h i f t e d 
Andreo le t t i c o i l s . 

9.4 ELMO BUMPY SQUARE 

The ELMO Bumpy Polygon geometry, in which the magnetic ax is i s not 
c i r c u l a r but is shaped l i ke a racet rack , t r i a n g l e , square, pentagon, 
e t c . , consists of l i n e a r segments of simple mi r rors (made of c i r c u l a r 
or e l l i p t i c a l c o i l s ) t h a t are linked by sect ions of h i g h - f i e l d t o r o i d a l 
solenoids. I n these conf igurat ions, the to ro ida l e f f e c t s are loca l i zed 
in regions of high magnetic f i e l d , thereby minimizing the e f f e c t of 
to ro ida l curvature on s ingle p a r t i c l e d r i f t o r b i t s , volumetr ic 
e f f i c i e n c y , e tc . As in EBT, the core plasma is s t a b i l i z e d by the 
presence of hot e lec t ron r ings in the l inear mi r ror sect ions. For a 
near-term, exper imenta l -s i ze device (such as EBT-S), EBS has been shown 
to have s i n g l e p a r t i c l e confinement proper t ies and plasma volume 
u t i l i z a t i o n tha t are d i s t i n c t l y super ior t o those of a standard EBT of 
comparable s i z e (see Sect . 1 of t h i s r e p o r t ) . 

H i g h - f i e l d solenoid sect ions (corners) can be c i r c u l a r or 
e l l i p t i c a l in cross sect ion . I t is a lso possible to replace the c o i l s 
in the s t r a i g h t sect ions with the Andreo le t t i c o i l s discussed 
previously . Reactor c h a r a c t e r i s t i c s of the bumpy square (as well as 
the racetrack) are analyzed for both c i r c u l a r and Andreo le t t i c o i l s . 
S i g n i f i c a n t improvements ( s i m i l a r t o the r e s u l t s discussed previously) 
in o r b i t center ing and volumetric e f f i c i e n c y over those o f the c i r c u l a r 
co i I EBT are found. 

F igure 9 . 8 shows the v a r i a t i o n of the normalized magnetic f i e l d 
s t rength as a funct ion of arc length along the magnetic a x i s f o r one 
quadrant ( s t r a i g h t sec t ion plus two ha l f - corners ) of a t yp ica l reactor 
case, which consists of three l inear mirror sec tors per s ide ( t o t a l of 
12 m i r ro rs plus 4 corners ) . The on-ax is mir ror r a t i o in the s ides is 
~ 2 . 2 and the "g loba l" mi r ror r a t i o (B a t the corners/B a t the reference 
midplane, Bgg) f o r t h i s p a r t i c u l a r case is 3 . 6 . The mir ror c o i l s on 
the s ides are 8 -T magnets, and the corner c o i l s are 12 T. From the 
shape of the curve in F ig . 9 . 8 , one can see t h a t there are 
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I . ARC LENGTH (m) 

F i g . 9 . 8 . V a r i a t i o n of the magnetic f i e l d as a funct ion of arc 
length along the magnetic ax is for one quadrant ( s t r a i g h t sect ion plus 
two ha l f -corners) of an Ry = 20.5 m EBS. 



A 8 - 1 4 

mirror - t rapped p a r t i c l e s in a s ing le sector, mir ror - t rapped p a r t i c l e s 
between the h i g h - f i e l d corners, and passing p a r t i c l e s . There are a lso 
t r a n s i t i o n a l p a r t i c l e s tha t turn or barely pass near the various f i e l d 
maxima. The equivalent major radius of the device ( c i r c u m f e r e n c e / ^ ) 
shown in Fig. 9 . 8 is about Ry ^ 20.5 m, which has d r i f t o r b i t 
c h a r a c t e r i s t i c s much bet ter than the Ry = 35 m c i r c u l a r co i l EBT 
(F ig . 9 . 3 ) . Trans i t iona l and passing p a r t i c l e o r b i t c h a r a c t e r i s t i c s 
are s i m i l a r to and the trapped p a r t i c l e o r b i t s are s i g n i f i c a n t l y bet ter 
than the Ry = 35 m EBT with SYM c o i l s . 

Simple sca l ing ca lcu la t ions indicate tha t d i f f u s i v e s t e p - s i z e 
Ax(= ARj|y|j|yj) is inversely proportional to the global mirror r a t i o 
^corner /®oo) a n c ' ^he r a t i o of the length of the s t r a i g h t sect ion t o 
the curved sect ion. 

Ax 1 "corner r r NLm 
Boo J l ^ c o r 

- 1 
"corner V cc 

L B ° ° J 
2TT 

- l 

where N is the number of mirrors ( in s t r a i g h t sec t ions) , Lm is the 
mir ror sector I tng th , and R c o r is the radius of the corner ( to ro ida l 
solenoid) in which R c o p - ( 1 - 1 . 2 ) L,,,. We note t h a t confinement t ime 
scales with l / ( A x ) 2 and thus with the square of the global mirror 
r a t i o . 

Figure 9 . 9 shows a f i e l d l ine drawing ( in the equator ia l plane) of 
a hybrid conf igurat ion , a bumpy square with Andreolet t i c o i l s . Here 
each s t r a i g h t sect ion (s ide) consists of two mirror sectors with one 
hor izonta l Andreole t t i coi l (H/W = 2 ) . Among the conf igurat ions 
s tud ied , t h i s one (though not optimized) gives the smal lest bumpy 
square geometry f o r a reactor with an equivalent major radius of 
Ry = 17.5 m. The volumetric e f f i c i ency and d r i f t o r b i t c h a r a c t e r i s t i c s 
are much bet ter than the Ry = 20.5 m bumpy square case discussed 
prev iously . F igure 9 .10 shows the volumetric e f f i c i e n c y f o r the 
Ry = 17 .5 m EBS. As we see, the o r b i t c h a r a c t e r i s t i c s for a l l classes 
of p a r t i c l e s f o r the Ry = 17.5 m EBS are s i g n i f i c a n t l y be t te r than the 
Ry = 35 m EBT wi th SYM c o i l s (F ig . 9 . 1 0 ) . 

Figure 9 .11 shows a f i e l d l ine drawing of another hybrid 
conf igurat ion — a bumpy square with horizontal "teardrop" c o i l s in 
which the shape of the co i l i s shown in F ig . 9 . 1 2 . This is s i m i l a r t o 
the case discussed previously (see F ig . 9 . 9 ) ; however, in t h i s case the 
plasma occupies a large f r a c t i o n of the co i l volume. The teardrop 
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F ig . 9 .9 . Equatorial plane, f i e l d l ine drawing of an R j = 17.5 m 
bumpy square with horizontal Andreolett i c o i l s in s t ra igh t sections. 
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F i g . 9 .10 . Volumetric e f f i c iency vs p i tch angle f o r an EBS 
reactor (R j = 17.5 m) and f o r a c i r c u l a r coi l EBT reactor (R j = 35 m) 
wi th and without SYM co i ls . 
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F ig . 9 .11 . A f i e l d l ine drawing of a bumpy square with horizontal 
"teardrop" c o i l s in s t r a i g h t sections. Equivalent major radius 
Ry ~ 19.5 m. 
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F ig . 9 .12 . Shape of the "teardrop" c o i l . 



A 8 - 1 9 

c o i l s (one on each side) are s h i f t e d inward r e l a t i v e to the corners. 
Figure 9 .13 shows the v a r i a t i o n of the normalized magnetic f i e l d 
s t rength as a funct ion of arc length along the magnetic ax is f o r one 
quadrant, where B ^ ~ 2 . 2 T, 1 ^ - 1 0 m, and R c o p 2 6 .5 m. The global 
mir ror r a t i o is about 5. The teardrop c o i l s are 10-T magnets wi th 
modest current density and the corner c o i l s are 15 T. The corner c o i l s 
are of a much smal ler cross sec t ion , and the t o t a l weight of a l l the 
c o i l s in one corner is comparable t o t h a t of one teardrop c o i l . A p lo t 
of volumetr ic e f f i c i e n c y is given in F ig . 9 .14 , which compares very 
favorably wi th F igs . 9 . 3 and 9 . 1 0 . 

Because there are a f i n i t e number of c o i l s tha t can be placed in 
corners, f i e l d r i p p l e e f f e c t s may play an important r o l e . Bal looning 
modes associated wi th the corners and the e f f e c t of p a r a l l e l currents 
on equ i l ib r ium and confinement p r o p e r t i e s are considered in Sects. 4 
through 7 o f t h i s repor t . 

9.6 TWISTED RACETRACK 

The tw is ted racetrack (TRT) EBT is a type of " f i g u r e 8" 
s t e l l a r a t o r wi th two s t r a i g h t sec t ions composed of axisymmetric mi r ror 
sectors . I n t h i s conf igura t ion ( F i g . 9 . 1 5 ) , as in EBT, the "bumpiness" 
of the f i e l d provides favorab le polo idal d r i f t s and equ i l ib r ium, and 
the hot e lec t ron r ings ( i n the s t r a i g h t sect ions) provide the 
s t a b i l i t y . Rotat ional transform i s introduced (by t w i s t i n g the 
racetrack) t o improve the confinement. The curved solenoid sect ions do 
not contain r ings (as in the planar bumpy racetrack or bumpy square 
conf igura t ions) and have an on -ax is f i e l d approximately equal t o the 
magnetic f i e l d in the co i l t h r o a t s o f s t r a i g h t sec t ions . The f lux 
surfaces are nearly concentr ic c i r c l e s wi th e s s e n t i a l l y no shear . Thus 
the o b j e c t i v e of TRT i s t o obta in a conf igura t ion wi th favorab le EBT 
s t a b i l i t y and equ i l ib r ium proper t i es t h a t has the s t e l l a r a t o r - l i k e 
favorab le t ranspor t a t modest aspect r a t i o . 

Pre l iminary c a l c u l a t i o n s c a r r i e d ou t f o r a TRT reactor a lso 
ind ica te considerable improvement ( s i m i l a r t o EBTEC and EBS) over a 
standard EBT conf igura t ion . The example looked a t i s f o r R j £ 20 m, 
equiva lent circumference major rad ius . I t consists of s ix axisymmetric 
mi r rors per s t r a i g h t sect ion (wi th a mi r ror r a t i o M = 2 .25 and mi r ror 
length Lm £ 8 . 5 m ) — a t o t a l of 12 m i r r o r s —and curved solenoid end 
connectors wi th a radius of RCor ~ ® m- r o t a t i o n a l transform i s 
q (ax is ) ~ 1 . 7 and q ( l i m i t e r ) £ 2 . 3 . 
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Fig . 9 .13. Var ia t ion of the magnetic f i e l d as a function of arc 
length along the magnetic ax is for one quadrant of a bumpy square 
configuration shown in F ig . 9 .11. 
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F ig . 9 .14. Volumetric ef f ic iency vs pitch angle fo r a bumpy 
square configuration shown in Fig. 9 .11. 
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Fig. 9.15. Twisted racetrack configuration. 
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At reactor temperatures ( T j ~ 20 keV), the ion c o l l i s i o n frequency 
is lower than the bounce t ime f o r ions trapped in the 1/R v a r i a t i o n in 
the to ro ida l curved sect ions of the race t rack . I n t h i s regime the 
dominant thermal conduct iv i ty is due t o these trapped ions, which are 
in banana o r b i t s . The d i f f u s i o n c o e f f i c i e n t is given roughly by 

D ~ vgop< 
_2 

• 9 - f r t * 
£ 1 

where q p j / e 1 / 2 is the banana width, f j is the f r a c t i o n of d i s t r i b u t i o n 
trapped in the banana o r b i t s , is the e f f e c t i v e c o l l i s i o n 
frequency f o r untrapping the ions, and e = a / R c o r i s the inverse aspect 
r a t i o . The banana width in the TRT is the same as in a tokamak or 
s t e l l a r a t o r wi th the same t o r o i d a l curvature . However, the f r a c t i o n of 
trapped p a r t i c l e s and the e f f e c t i v e c o l l i s i o n frequency in the s t r a i g h t 
sect ion wi th mi r rors are d i f f e r e n t from those in the to ro ida l sec t ion . 
Therefore, t o evaluate the t ranspor t in TRT, the parameters must be 
integrated around the device. Ca lcu la t ions are car r ied out by 
approximating the mir ror sectors as square magnetic w e l l s wi th a f i e l d 
Bmin = Bmax/M f o r t h e l e n 9 f c h t h e sector (L^ /2 ) and a f i e l d Bfflax 

fo r the other ha l f of the length. For a densi ty of ~10 2° m - 3 ; a 
temperature of ~20 keV, and q 22 1 . 7 , we f i n d nr 2 3 . 5 x 102 0 r r f ^ s f o r 
t h i s T R T reac tor . 

T h i s prel iminary r e s u l t of nT i n d i c a t e s some margin of i g n i t i o n 
tha t i s approximately equal t o t h a t in a c i r c u l a r EBT reactor with SYM 
c o i I s f o r R t a 35 m ( r e f . 3 ) . 

9.6 SUMMARY 
Reactor p ro jec t ions f o r the advanced bumpy torus concepts ind ica te 

the p o s s i b i l i t y of a substant ia l reduct ion in reac to r physical s i z e (a 
fac tor of 2 of more) compared t o past EBT designs. The trend t o 
smaller EBT reactor systems i s summarized n ice ly in F i g . 9 . 1 6 . Further 
reductions are a n t i c i p a t e d as the concepts continue t o develop. 
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Fig. 9.16. Development of new EBT configurations continues trend 
to smaller EBT reactor systems. 
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Appendix 10 

POLOIDALLY ASYMMETRIC ELECTROSTATIC POTENTIALS 
IN CLOSED-LINE BUMPY TOROIDS 

C. L. Hedrick and L. W. Owen 

ABSTRACT 

Here an analyt ic expression i s developed for the poloidal asymmetry 
in the e l ec tros ta t i c potential observed experimentally in the T-mode of 
operation in the ELMO Bumpy Torus (EBT). A mult ip le - f lu id treatment 
for the "cool," "warm," and "hot" electrons i s used. The central idea, 
i s that the "warm" electrons dominate both the rac ia l and poloidal 
structure of the e l e c t r o s t a t i c potent ia l in the T-mode of operation. 

The expression for the poloidal asymmetry in the e l e c t r o s t a t i c 
potent ia l , which agrees reasonably wel l with experiment, i s a lso applied 
to a modification of the EBT magnetic configuration. We find that a 
substantial reduction in the asymmetry of the e l e c t r o s t a t i c potent ia l 
below that of the EBT i s possible in the modification of the EBT 
magnetic configuration. 

I . INTRODUCTION 

Here ve develop an a n a l y t i c expres s ion f o r the p o l o i d a l asymmetry 

in the e l e c t r o s t a t i c p o t e n t i a l observed exper imenta l ly in the T-mode of 

operat ion in the ELHO Bumpy Torus (EBT) . 1 ' 4 Ve a l s o apply t h i s 

e x p r e s s i o n for the asymmetry in the p o t e n t i a l to the ELHO Bumpy Square 

(EBS) magnetic c o n f i g u r a t i o n . 5 

We s h a l l t r e a t the e l e c t r o n s as c o n s i s t i n g of s e v e r a l d i s t i n c t 

f l u i d s . This approach i s motivated in l arge part by the experimental 

observat ion that the e l e c t r o n s in EBT c o n s i s t of at l e a s t three 



A 6 - 2 

distinct populations.6 The lowest energy population, which constitutes 
the bulk, of the electrons, typically has temperatures well below the 
potential. This group's temperature does not correlate simply with the 
potential. The highest energy group, the hot electron rings, has 
energies well above the potential (e.g., hundreds of 
kilo-electron-volts versus hundreds of volts), and again the behavior 
of this group is not closely correlated to the potential. 

An intermediate energy group, which i s the focus of t h i s paper, 

has a temperature, as deduced from s o f t X-ray measurements,7 which i s 

comparable to and s c a l e s with the e l e c t r o s t a t i c p o t e n t i a l . Thus i t i s 

natura l to assume that t h i s intermediate energy populat ion of e l e c t r o n s 

dominates the formation of the p o t e n t i a l . The exper imenta l ly observed 

r a d i a l v a r i a t i o n of the p o t e n t i a l i s r e l a t i v e l y easy to obta in 

t h e o r e t i c a l l y . Indeed, a s we i n d i c a t e by way of review in Sec. I l l , 

one can obta in the main f e a t u r e s without s p e c i f y i n g a l l of the d e t a i l s 

of the heat ing and l o s s p r o c e s s e s . 

To obta in the p o l o i d a l v a r i a t i o n of the e l e c t r o s t a t i c p o t e n t i a l , 

the main subject of t h i s paper, we again assume that the formation i s 

dominated by the intermediate energy e l e c t r o n s . The underlying idea i s 

that the p o l o i d a l v a r i a t i o n in the e l e c t r o s t a t i c p o t e n t i a l i s caused by 

the d i s p e r s i o n in s i n g l e p a r t i c l e magnetic d r i f t motion, which in turn 

i s dr iven by the t o r o i d a l curvature and g r a d i e n t s in the magnetic 

f i e l d . Because of the m u l t i p l e f l u i d treatment used here , a number of 

q u a n t i t i e s which r e f l e c t d i f f e r e n t averages of the magnetic d r i f t 

motion appear in the formalism. These q u a n t i t i e s (denoted by U with 

appropriate s u b s c r i p t s ) reduce, in the i s o t r o p i c l i m i t , to £ d l / B . (The 

i n t e r p r e t i v e connect ion between s i n g l e p a r t i c l e magnetic d r i f t motion 

and the various f l u i d q u a n t i t i e s i s made at the end of Sec. I I . ) 
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Determining the poloidal asymmetry requires some information about 

the other groups of electrons and the ions. Fortunately, i t i s 

possible to make assumptions (based on l imit ing cases) about the other 

plasma constituents and thereby obtain a re la t ive ly simple expression 

for the asymmetry in the potential . This expression agrees re la t ive ly 

well with experiment. 

Because the multiple f lu id treatment of electrons employed here i s 

s l i g h t l y nonstandard, in Sec. II we review the kinet ic equation and i t s 

f i r s t several moments for each constituent. In this same section we 

develop the magnetic equilibrium properties. Not surprisingly, we find 

that magnetic equi l ibria in EBT and EBS are dominated by the hot 

electron rings. The annihilator of equilibrium currents i s a lso 

developed in Sec. II for later use in the charge conservation equation, 

7 • j = 0. 

In Sec. I l l we manipulate the density and momentum transport 

equations for the intermediate energy electrons to obtain a 

f ie ld- l ine-averaged density transport equation. The poloidal ly 

symmetric version of this equation i s simply the one-dimensional 

density transport equation for the intermediate energy electrons. 

In Sec. IV we discuss the main features of the poloidally 

symmetric solutions to the transport equations for the warm electrons. 

We argue that the poloidally symmetric part of the e l e c t r o s t a t i c 

potential i s controlled ( in the usual electron-cyclotron heated T-mode 

of operation) by the heat deposition pro f i l e through the "radial" 

temperature prof i l e of the intermediate energy electrons. 

In Sec. V we u t i l i z e charge neutrality and minimal assumptions 

about the various plasma components (based on l imit ing cases) to obtain 
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a relation between the poloidally asymmetric part of the potential and 

the poloidally asymmetric parts of various other macroscopic 

quantities. 

In Sec. VI we concatenate the relations developed in the previous 

sections to obtain an analytic expression for the asymmetry in the 

potential. Using estimates of various quantities appearing in this 

expression, we make a comparison to the experimentally observed 

asymmetry of the potential in EBT. This same expression is also used 

to project the asymmetry in the electrostatic potential for EBS. 

In Sec. VII the major points are reviewed, along with some of 

their implications. Some of the limitations of the present theory are 

discussed and suggestions for further research are made. 

II. MOMENT EQUATIONS AND MAGNETIC EQUILIBRIA 

The kinetic equation for species k may be written 

^ k 
at + V 

Qir 
yft + — (E + v x 
~ K m k ~ " 

3 f k B) • — - = Bv (1) 

where S^ represents the effect of scattering. We have in mind a 

multiple time scale analysis so that moments of S^ include sources and 

sinks associated with scattering by microwaves as well as by Coulomb 

collisions.8 The first few moments of Eq. (1) yield the continuity, or 

density transport, equation for the k**1 species,9'10 

3 n k ( \ 
I F + I ' K ! k J - J d 3 v S k ' <2) 
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and the momentum transport equation for the k**1 species, 

nkmk 
f3Vk 
- k + • !?k = + i k ^ k x ; - 1 - £k 

+ mkJd3vSk(v - V k ) . (3) 

Since charge conservation plays an important role in determining 

the electrostatic potential, ve begin by examining the equations 

obtained by summing Eqs. (2) and (3) over species, 

I f + ! ' 1 = ° ' (4) 

av c 

~ + v • TV 
a t ~ c PQE + j x B - 7 • P + £ Jd3vsk mk(v - v c ) 

~ ~ ~ ~ = k ~ 

(5) 

Here V is the center of mass flow velocity, j is the total current, 

and P is the total pressure tensor in the center of mass frame: 

P - £ m k Jd 3vfk(v - Vc)(v - V c ) . 
k 

Since 

?k - -k p v f k<! - !k><I - V » 
00 

* ' £(p k
 + ¥ k ¥ k ) - pmVc^c • . 

k ~ 
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The mass and charge densities are denoted by pM and pQ. We note that 

in steady state the charge density satisfies Poisson's equation: 

pQ = 7 • E . (6) 

We now estimate the relative sizes of the various terms appearing 

in Eq. (5). We are initially interested in the possible effects of 

electric fields on magnetic equilibria. Thus we estimate that 

V c s E x B/B2. Assuming that the various scale lengths for the 

electric field are comparable, we find, using Ea. (6), that the 

convective derivative term involving Vc is larger than PqE = E(V • E) 

by M^/Wci (-200 in EBT). Thus we will neglect pQE in Lq. (5). 

The total pressure tensor is dominated by the hot electron rings 

in EBT, 

P « P r • (7) 

•A 

Because the temperature of the fiot electron ring is comparable to the 

rest energy of an electron, the thermal velocity of the hot electron 

ring is comparable to the speed of light; This is so much larger than 

the E x B velocity (<106cm/s) that even though the convective 

derivative term involves the ion mass and density, it is virtually 

impossible for this term to be comparable to V • P. [Note that if one 

neglected the hot electron rings (and the warm electrons), this might 

not be the case.] Thus we shall neglect the convective derivative in 

Eq. (5). 
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To estimate the relative magnitude of the remaining terms in the 

steady-state version of Eq. (5), it is convenient to rewrite it in the 

form 

B x (V • P) 

l i = ~ : s + £ ' (8) 
B2 k 

where we have associated the scattering-induced particle flux, with 

the integral involving S^ in Eq. (5). Ve can estimate the magnitude of 

the from the continuity equation « |ej rt̂  Because the hot 

electron gyroradius is relatively large [e.g., L
r / P r i. 0(10)] and the 

electron cyclotron frequency is tens of gigahertz, one must assume 

lifetimes, relative densities, and/or scale lengths that are several 
t 

orders of magnitude different than those estimated experimentally to 

make a single species' scattering-induced ctirrent comparable to the 
'i 

currents arising from the ring pressure tensor. Since one expects that 

the sum on species in Eq. (8) will provide considerable cancellation, 

we obtain the standard magnetic equilibrium relation 

B x V • P 
j, " = ^ . (9) J- q 2 

Ve will, however, retain the scattering-induced fluxes in Eq. (8) when 

we turn to transport. 

The relative magnitudes of the scattering-induced forces and 

currents and those associated with the convective derivative term are 

somewhat more delicate matters. The convective derivative term, 

through its contribution to viscosity, may be important in some 
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high-temperature and lifetime cases by preventing certain pathological 

electric-field solutions. In this paper, we will not allow such 

pathology and will neglect the convective derivative in Eqs. (3) and 

Notice that in making the above estimates it was important to 

include the fact that the hot electrons dominate the total pressure and 

to use experimental estimates of scale lengths, lifetime, etc. If we 

had included only the coolest components of electrons and ions, we 

might have obtained an entirely different ordering. 

Because the magnetic equilibrium currents are dominant, we can use 

the standard approach that allows one to decouple transport and 

magnetic equilibrium. In the remainder of this section, we outline the 

procedure necessary to determine the "pressure surfaces" for the hot 

electron rings. Integration over these pressure surfaces annihilates 

the magnetic equilibrium currents and allows one to obtain information 

about the "radial" component of the electron field from charge 

conservation (7 • j = 0 ) . 

We may rewrite the steady-state version of Eq. (4), V • j = 0, in 

the form 

(5). 

i ! ' i i - " i ! ' 

rB x V • P-i 

3 1 B (10) 

where we have used Eq. (9). The divergence appearing on the extreme 

right in Eq. (10) is treated in the appendix and leads to 
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31 111 
B \ / 31 

/ n J|1 
(a - 1) T 

- JL • (B x VlnB) + VpM • (B X K)j , (11) 

where 

1 + Pj. - Pll 
B2 

and 

ap„ 
!pn " !pn - Z 8 ! ! -

(12) 

(13) 

Equation (11) may be rewritten as 

_3_ 
31 

Mil] = - _L • (B x VlnB) + Vp(| • (B x K)1 . (14) 

This is the anisotropic or tensor pressure generalization of the more 

familiar scalar pressure equation for the Pfirsch-Schluter currents. 

The scalar pressure limit of Eq. (14)11'1 2 can appear in ways which 

emphasize either the curvature, K, or V.lnB, since 

Vp • IB x (K - VInB] = 0 . 1 3 For tensor pressure one cannot freely 
mm w m m 

interchange K and V^lnB except at low 0 [see Eq. (A.14)]. F o r those 

not vishing to follow the details in the appendix, Eq. (14) can be made 

partially plausible by noting that the quantities involving VB and the 

curvature, K, are just those which arise when taking moments of the 

magnetic drift velocity, (i.e., £ q k [ d3v V D • Vf). We will use this J M M 

relation to single particle magnetic drift motion at the end of this 
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section to provide an interpretation of fluid quantities which appear 

in both equilibrium and transport. 

Because the field lines are closed in EBT and EBS and because j|(, 

B, and a are single valued, the left side of Eq. (14) integrates to 

zero after one complete traversal of a field line so that 

We nov assume that the ring pressure is separable and of the form 

where a and 3 are the usual coordinates associated with the Clebsch 

representation of the magnetic field as introduced by Grad and Rubin:14 

4 5li [vp^ • (B x VlnB) + 7p|| • (B x K)] = = 0 . (15) 

p± = pr(a,3)gi(b) , p„ = pr(a,0)gj| (B) , (16) 

B = Va x 73 . (17) 

Making use of the definition of Vp(|, we find that 

(18) 

and that Eq. (15) takes the form 

0 = 

+ (19) 
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where 

- x B/B2 , 

.WA - -VOL X B/B2 . 

S i n c e 

(20) 

« 1 " T* B 
/ 

(21) 

[see Eq. (A.8)J, ve can write Eq. (19) as 

- A 

- T « • » -B ~ I - « (22) 

For an a r b i t r a r y f u n c t i o n Q f o r c l o s e d f i e l d l i n e s ( o r mirror geometry 

v i t h Q v a n i s h i n g a t the end p o i n t s of i n t e g r a t i o n ) , 9 

a« 
tfdlQ - id l (VQ - Qk) • V a , 

(23) 

tfdlQ - tfdl (vQ - Qk] • Wp . 
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Comparing Eqs. (22) and (23), we see that 

3pr 3Ur>|| 3pr 3Ur>|| 
(24) da 9(3 3(3 da 

where 

Ur,ll = * T 8|| • 
dl (25) 

Equation (24) implies that the surfaces of constant p_ are the 

same as the surfaces of Ur>)|, a result first obtained by Grad using a 

somewhat different procedure.15 In the limit of isotropic ring 

pressure, g|( reduces to a constant (which ve shall take to be 1), and 

ve recover the familiar relation that for closed field lines the scalar 

pressure is a function of ldl/B. The other simple limit is for a 

highly anisotropic ring pressure — more representative of EBT. In 

this case the surfaces of are the same as mod-B in the midplane 

(for points off the midplane, one maps the mod-B contours via field 

lines). 

Vithout loss of generality, ve now choose the surfaces of constant 

a to correspond to surfaces of constant U r (|. The a-surfaces are then 

also surfaces of constant ring (or total) pressure. Vith this choice 

of a, the annihilator of the equilibrium currents is simply expressed 

as 

The constraint involving Ur>1| given by Eq. (24) has a simple 

interpretation. Ve have already remarked that the quantities appearing 

(26) 
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in Eqs. (14) and (15) arise when taking moments of the magnetic drift 

velocity. Equation (24), which can also be written 

Vpr • (-b x VU ,,) - 0 , 
M N » 

is simply a statement that the surfaces of constant pr must be tangent 

to the "average magnetic drift" — which is proportional to b x 7Urt||. 
Ur,ll m a y k e interpreted as an "average adiabatic 

invariant" — similar in spirit to the single particle longitudinal 

adiabatic invariant but averaged over the distribution of particles. 

In the remainder of this paper, additional quantities appear, 

which, like Ur.̂ j)» reflect averages of the magnetic drift motion. In 

particular, we will find that the poloidal asymmetry in the potential 

is driven by the average magnetic drift motion of the warm electrons, 

which is different than that of the ring electrons. 

III. WARM ELECTRON TRANSPORT EQUATION 

In this section, we combine Eqs. (2) and (3) for the intermediate 

energy (or warm) electrons and manipulate the resultant density 

transport equation into a form needed in later sections. 

From Eq. (3), in steady state, 

E x B B x (V • Py) 

- "v ^ ' T5T " ' ( 2 7 ) 
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Notice that in contrast to the equilibrium equation for the current, 

here we must retain the term involving E x B since the density, rather 

than the charge density, occurs. We now insert Eq. (27) into Eq. (2), 

and since we are only interested in field lines that do not strike 

material walls (coil casing or "limiter"), we perform a field line 

average. The resultant equation is 

x dl „ 
E X BN 

T H • B ! 

-B x (7 • Py)] 

. B2 j 

+ i £ 7 • rw = 4 ^ Jd3vsk B « (28) 

To evaluate the integral involving the pressure tensor, P«, in 
M 

Eq. (28), it is convenient to assume that the distribution function for 

the warm electrons is of the form 

f = F(e,a,|3)h(e/y) , (29) 

where e is the kinetic energy and u is the magnetic moment. Vith this 

assumption the density and pressure take the separable form 

n y - nw(a,(3)Gn(B) , 

PV,II - P»(«»WG||(B) t (30) 

pV,l = Pv(a»e)Gi(B) . 

The separability of the parallel and perpendicular pressures and 

the density for the warm electrons is similar to that assumed for the 
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ring electrons in the previous section. It is again convenient to 

introduce field line averages of the B-dependent parts of the fluid 

quantities: 

UV,n 3 * T G " ( B ) ' 

(31) 

UWf|| m* £ G„(B) . 

As discussed for the ring electrons at the end of the previous section, 

these quantities can also be interpreted as "average adiabatic 

invariants" which reflect the single particle magnetic drift 

motion — in this case, of the warm electrons. Because we have several 

fluid quantities (e.g., pressure and density) when dealing with 

transport, it is necessary to have two slightly different averages or 

weightings of the drift motion. It is not necessary to introduce 

separate averages for the parallel and perpendicular pressure because, 

as shown in the appendix, the assumed form of the distribution function 

relates the parallel and perpendicular pressures [see Eq. (A.8)]. 

The integral involving the divergence of Py in Eq. (28) is similar 

to that encountered in Sec. II, and using the same techniques ve find 

that 
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To evaluate the term in Eq. (28) involving E x B, it is convenient 

to define 

VB = E x B/B2 . (33) 

Using the vector identity for the divergence of a cross-product and the 

fact that in steady state 7 x E = 0, we obtain 

7 • Vg = -E 
• f B 1 • -E 
7 x = -

IB2J B2 
= • (7 x B + 2B x 71nBl . 

„2 ; (34) 

Since E • b is assumed zero, we can use [see Eq. (A.14)] 

(7 x B). = B x (K - 71nB) 
W M M Pit 

to obtain 

7 • VE = -VE • (K + 71nB) 

and 

7 • (nVE) = V E • [7nw - nw(K + 71nB)] 

Using 

E = -7* 

(35) 

(36) 

(37) 

(38) 

and Eq. (20), we find that 

vE - I * V6 - | | U . 11 3a ~P 33 - a (39) 
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Combining Eqs. ( 3 7 ) , ( 3 9 ) , and ( 3 0 ) , we o b t a i n 

9+ f8nW 
I • < n v V - £ (-33 Gn + nw 

a* f9nv 
- 4 ( T J S . + "W 

B A 
3(3 B - Gn & 

B ± r ^ i 
3a B V, J 

4 
n ! « • J } ' (AO) 

S e t t i n g Q in Eq. (23 ) to Gn/B, we f i n d that 

* T ! • W " K « ("Wuw,n) - H £ (»U%,„) • < « > 

Equations ( 2 8 ) , ( 4 1 ) , and ( 3 2 ) a l l o w us to w r i t e the d e n s i t y 

t ranspor t equat ion i n the form 

Sw - Cw ( 4 2 ) 

* 

where ve have c o l l e c t e d the terms a r i s i n g from s c a t t e r i n g i n t o Sy: 

SV % - Ew) (43) 

The terms a r i s i n g from "convect ion" of the warm e l e c t r o n f l u i d a r e 

C * - T « h M J - n I M m ) 

1 
T«T 

'3py auw>„ apy a u t f y 
3a 3$ ~ 33 3a (39) 



A10-18 

In the remainder of this paper we wi l l assume that the poloidal 

variation in the various macroscopic quantities i s small and write 

and similarly for the other macroscopic quantit ies . Here i t should be 

noted that experimental measurements indicate | ^ | / | • q | i s typical ly 

l e s s than or equal to one third. This i s s u f f i c i e n t l y large that i t 

was not clear a priori whether this expansion would adequately describe 

the experimental resul ts . The primary j u s t i f i c a t i o n for the expansion 

i s that i t yields results for EBT which are in reasonable agreement 

with experiment and that i t should be even better for EBS. 

Ve note from Eq. (44) that the lowest order version of Cy i s zero 

since none of the lowest order macroscopic quantit ies depend upon 0. 

The lowest order version of Eq. (42) is then 

which i s simply the one-dimensional transport equation for the warm or 

intermediate energy electron density in steady s ta te . 

In this section, we discuss the poloidally symmetric solutions to 

the transport equations for the intermediate energy electrons. These 

equations are generally of the same form as those used in two-fluid 

treatments of EBT transport, for which there i s a substantial body of 

information. 1 6 - 1 8 

• = 4>0(a) + * x (a ,p) (45) 

(46) 

IV. POLOIDALLY SYMMETRIC TRANSPORT SOLUTIONS 
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We begin by discussing some of the general properties of V • Iy. 

Here we are concerned with fluxes induced by both microwave and Coulomb 

scattering. Fortunately, the fluxes induced by microwave scattering 

often have properties similar to those induced by Coulomb co l l i s ions . 

That i s , many of the results of neoclassical transport coef f ic ient 

calculations depend more upon the details of the particle dr i f t orbits 

than upon the detai ls of the scattering mechanism. Thus we limit 

ourselves here to the properties of neoclassical transport which carry 

over to the more general case which includes microwave scattering (and 

perhaps scattering due to other fluctuating electromagnetic f i e l d s ) . 

I t should be emphasized that we are primarily concerned in this 

paper with poloidal asymmetry in the e lectrostat ic potential induced by 

particle motion and so, for example, we wi l l neglect any (small) 

poloidal asymmetry in the microwave heat deposition. As i s discussed 

at some length in Sec. VII, the weak focusing of the microwave energy 

and the small single pass absorption lead to small poloidal asymmetry 

in the microwave heat deposition profi le . 

The "radial" or a component of Ty typically takes the form 

[w,0 = "DW 
nv n o (47) 

Because the intermediate energy electrons span the zone where E x B 

dr i f t s can, to lowest order, cancel the 7B and curvature d r i f t s , Dy 

tends to be quite large (particularly at larger radii) compared to the 

corresponding transport coeff ic ients for the cooler bulk electrons and 

ions. Typically the hot ring electrons have l i fet imes which are 2 to 3 

orders of magnitude larger than the bulk electrons6' 1 9 so their 
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contribution to par t i c l e f luxes i s neg l ig ib l e . Because the more 

energet ic of the warm electrons are l o s t at a higher rate than the l e s s 

energet ic e lectrons , the numerical factor A in Eq. (47) tends to be 

greater than unity ( e . g . , 2 or 3) . 

While there are, in general, a number of poss ible radial e l e c t r i c 

f i e l d s which s a t i s f y charge conservation, the radial e l e c t r i c f i e l d s 

observed experimentally in the T-mode of operation in EBT can be 

obtained f a i r l y simply. To lowest order the charge conservation 

condition, 7 • j = 0 , reduces to 

r i , 0 = rW,0 + r c , 0 + r r , 0 

where q, and Tr g ate the "radial" par t i c l e f luxes of the 

ions, the cool or bulk electrons, '.nd the ring e lec trons , re spec t ive ly . 

Because Dy i s so large, th is l a s t equation i s d i f f i c u l t to s a t i s f y ( for 

e l e c t r i c f i e l d s l i k e those observed experimentally) unless the factor 

multiplying Dy in Eq. (47) i s small. Thus 

Ie|V+0 a A7Ty0 + TW f 0Vln(nW ) 0) . (48) 

Because A i s greater than unity and the logarithm i s a r e l a t i v e l y weak 

function, Eq. (48) has the approximate so lut ion 

••o a ATw,o • <49> 

Thus ve see that the "radial" or a p r o f i l e of +q i s dominated by 

the p r o f i l e of Ty^Q. Insofar as l o s s e s are concerned, the d i f f u s i v e or 

conductive l o s se s for Ty q f o to be nearly diagonal, again because 
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the higher energy particles are lost at a higher rate. At relatively 
high energy, unconfined drift orbits exist for single particles and the 
scattering rate is sufficiently low that, once scattered onto such an 
orbit, a particle drifts to the wall. This process is similar to the 
loss cone that occurs in a simple mirror machine except that the time 
scales are different (drift time scale instead of bounce time scale). 
These "drift losses" are relatively more important for energy transport 
than for particle transport because they occur at high energy. They 
arise formally when evaluating the integral over Ŝ . Here we model 
them by a simple loss rate, vD(y. 

The processes balancing the energy losses are scattering or 

heating due to microwaves. Formally, they arise because the part of S^ 

representing microwave scattering takes electrons from the cooler group 

and moves them into the intermediate energy population. There is, of 

course, also a "sink" associated with microwave heating transferring 

electrons from the intermediate population to the hot electron ring 

population. 

Two types of microwave heating occur in EBT (and EBS). 

Fundamental electron cyclotron heating occurs at a resonant surface 

which crosses most of the field lines (see Fig. 1) and is relatively 

uniform as a function of radius or a. Second harmonic heating, on the 

other hand, is localized to radii in the midplane (or a) near the point 

where the second harmonic resonance condition is satisfied. While the 

relative magnitude of the two heating processes depends upon the 

strength of the microwave electric field at the fundamental and second 

harmonic resonance, it is clear that the heat deposition profile for 

the intermediate energy population can be peaked near the second 

harmonic resonance. 



Fig. 1. Field lines in the equatorial plane for (a) EBT and (b) EBS 
magnetic configurations. The inset drawings show contours of mod-B for 
an EBT mirror cell and for a central mirror cell of the EBS magnetic 
configuration. Notice that the mirror cell of an EBS is very nearly 
axisymmetric and that all toroidal effects are concentrated in the 
corners. 
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We can now see in a qualitative way how the Ty q prof i le responds 

to the peaking of the heat deposition near the second hiarmonic 

resonance. If the "drift losses" are su f f i c i en t ly large compared to 

the d i f fus ive (or conductive) losses , then Tyj0 wi l l peak near the 

second harmonic resonance. This is most easi ly seen if we f i r s t 

neglect the di f fus ive losses , for then "^yTy Q i s simply proportional 

to the heat deposition prof i le , H, and Ty q = H/Vq y Because 

partic les at larger radii or a are closer to the walls, they are more 

susceptible to direct loss to the walls, \>g y i s larger at larger 

radii , and Ty q tends to peak s l ight ly to the interior of the peak in 

the heat deposition prof i le . Including di f fus ive or conductive e f f e c t s 

simply broadens or d i f fuses the profi le for Ty q. 

Thus, we see that ̂ the peaking of the heat deposition profile near 
the second harmonic causes Tŷ Q to peak near the second harmonic, which 
in turn causes to peak near the second harmonic resonance in the 
midplane. 

Finally, we should point out that s t r i c t l y speaking, Eq. (47) 

applies to an isotropic distribution. For anisotropic distributions an 

additional term occurs which involves gradients of B. We have 

neglected such terms on the grounds that the gradients of B are weak 

compared to the gradients of the other macroscopic quantities. This i s 

consistent with approximations we shall make for the gradients of 

tfdl/B, Uy> n, Uyj| , e t c . , which ref lect the re lat ively weak gradients of 

B. Indeed, as we shall see in Sec. VI, neglecting such terms i s what 

allows us to avoid using the energy transport equation when analyzing 

the poloidal variation of the macroscopic quantit ies . A consequence of 
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these approximations is that we will retain only the most dominant 

effects of magnetic drifts on the poloidal asymmetry in the 

electrostatic potential. 

V. QUASI-NEUTRALITY 

In this section we discuss approximations for the plasma 

constituents other than the intermediate energy electrons. Ve then use 

these approximations in the quasi-neutrality condition, 

n i = n c + n v + nr , (50) 

to obtain a relation that will be used in the next section. Here 

n^ = ion density, 

n c = cool or bulk electron density, 

n r = hot electron ring density. 

For both the cool or bulk electrons and the ions, we assume that 

their densities are functions only of This approximation reflects 

the fact that for cool particles, the constancy of the total energy 

(kinetic plus potential) restricts the particles to follow 

(approximately) a potential surface. This, of course, can be deduced 

from the kinetic equation in the collisionless limit. 

For the hot electron rings we have already assumed that the 

pressure tensor is separable into a function of a and a function of B. 

This is consistent with assuming that the hot electron ring 

distribution function is of the form 

f r = F(e,a) H(e/w) (51) 
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This in turn leads to the density for the hot electron rings being of 

the form 

Because g r, n(B) differs somewhat from gr>||(B)> the contours of 

constant Ur>n • £ ^ gr>n differ slightly from those of 

ur,n a & gr,n* Ur n depends solely on a (by construction), 

^r,n does have a slight 0 dependence. For simplicity we shall neglect 

this 0 dependence, which is equivalent to assuming that 

Including the 0 dependence of nr leads to terms which are small 

compared to similar terms involving ny (because there are fewer ring 

electrons per field line than warm electrons, and because the more 

anisotropic rings have weaker 0 dependence). 

Ve now use the above relations to eliminate nj - nc, which is 

potentially the difference of large numbers and, hence, is difficult to 

estimate accurately. To lowest order, 

where prime implies differentiation with respect to a. To first order, 

n r = nr(a) g r > n ( B ) . ( 5 2 ) 

" d f ~ - d f j = "v'.O + n r 
'dnj dnc' 

( 5 4 ) 

(55) 
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Combining the previous tvo equations yields 

(56) 

We now integrate Eq. (56) along a field line to cast it into a 

form that ve will need in the next section. Thus 

vhere we have noted that • is constant along field lines and have 

In this section, ve combine the information developed in the 

previous sections to obtain an analytic expression for the asymmetry in 

the electrostatic potential in EBT and EBS. Ve then compare the 

expression vith experimental observations from EBT and compare and 

contrast these results vith those for EBS. 

The first-order density transport equation [see Eq. (42)] is 

Ve vill assume that Sy^j is small compared to C y ^ . If ve approximate 

(57) 

neglected integrals of the order of Uy > n >o an<* Ur,n* 

VI. POLOIDALLY ASYMMETRIC POTENTIAL 

CV,1 = SV,1 • (58) 

«W,1 - A 4 T n v ) i (59) 
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and anticipate the result that the first-order macroscopic quantities 

will vary as cos(3 or sing, we can compare the magnitude of S y ^ with 

the terms occurring in Eq. (44) for Cy. Noting that in the 

axisymmetric limit 

•q = S h |E / rB | (60) 

(i.e., <|>q is the E x B poloidal precession frequency), we estimate that 
A A 

S y ^ / C y ^ = 0(v/52). Thus we anticipate that Sy ^ being small compared 

to C y ^ will be justified if the fluid loss rate induced by scattering, 

v, is small compared to the E x B poloidal precession frequency. 

Since the fluid loss rate vanishes as the scattering vanishes, we 

cannot really allow v to vanish, since this would preclude justifying 

our fluid treatment. The situation here is similar to that encountered 

in "plateau" transport when calculating resonant neoclassical diffusion 

coefficients.20'21 Indeed, 

the fluid equations are quite similar to 

(but more complex than) the first-order kinetic equation encountered in 

resonant neoclassical transport coefficient calculations (e.g., spatial 

diffusion here plays the same role as velocity space diffusion does in 

transport calculations), and the approximations used are similar to 

those often used in the plateau limit. By analogy we expect that the 

resultant expressions will give reasonable global results but will be 

poor approximations very near singularities or resonances (e.g., 

2 = 0 ) . 
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From Eq. (44) we have 

CV,1 e 
f3n v,l 3U 
Ijj- UW,n,0 + nV,n,0 $$ 

W,n,l . 
"90 n M UV,n,0 

1 3UW,II,1 
] e T P w ' ° 

(61) 

where we have neglected the radial (or a) derivatives of Uy n > 0 and 
UWvII,0* neglecting Uy n ̂ q we have dropped a term proportional to 

dpy^/33. This allows us to avoid simultaneously solving the density 

and energy transport equations for the poloidal variation. 

Using Eq. (57) we eliminate 3ny from C y ^ : 

, - fauy n ! d l a c ^ 
- *o nw,o ( — 5 T - - ' T I p J 

+ I p lnrur,nj " J^J Py,0 
au w>II>I 

ae 
(62) 

Combining Eqs. (58), (59), and (62) ve obtain 

I p + - 0 ' 

where 

I n r U r > n J 

and 

fau, 
UW,n,0 

, dl ^ 
33 B 3(3 H , 

(63) 

(64) 

(65) 
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H . I W Jo ( 1 . 6 ) f ( 6 6 ) 

n r r ,n +0 

S - 1 V 3UV,II,1/3P . (67) 
T^T 6'n V,0 3UW,n,l _ . Jl 3 Gn 

3(5 B 3(3 

Anticipating that Uy i and G n are proportional to cos(3, we write 

K « KQ sing , (68) 

and Eq. (63) has solutions 

K 0 ( ~ •x- « cos(3 - v sin(3 . 
•n t . «2 \ / •o 1+v2 

Thus the e f f e c t o f smal l but f i n i t e v i s to r o t a t e the s u r f a c e o f 

symmetry away from the e q u a t o r i a l p lane ( 0 - 0,11). I n the remainder of 

t h i s s e c t i o n , ve v i l l c o n c e n t r a t e on e s t i m a t i n g the magnitude and 

c o n s i d e r the l i m i t v • 0 . 

To s i m p l i f y the task of e s t i m a t i n g the v a r i o u s q u a n t i t i e s , v e 

assume that a l l the r a d i a l (or a ) s c a l e l e n g t h s a r e comparable, s o that 

u _ W»0 W,n,0 
~lTli ^ " 8> » <6 9> r r,n 

ft » T w > ° 3 U V , H,l / 3 g , 7 m 
6 W , > n t l x d l ^ n ' ( 7 0 ) 

33 B 33 
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or 

(71) 

where we have used Py^Q = ny q tW,0 a n d ma<^e u s e Ecl* (49). We have 

already noted that A tends t o b e l a r g e s o t h a t & tends to b e small 

(e.g., 1/6 to 1/2). The ratio nw,0UW,n,0/^nrUr,n^ appearing in 

Eq. (69) is simply the ratio of the number of warm electrons on a field 

line to the number of hot electrons on the same field line. This ratio 

tends to be large since the warm electron density exceeds the hot 

electron density in the midplane of EBT and the warm electrons tend to 

extend farther along the field lines. To within a factor of 2, the 

estimate for EBT is that H is 3.22 

For EBS we will also assume that H is approximately equal to 3. 

The rationale depends upon the facts that the heating geometry (on a 

field line) is similar for EBT and EBS and that loss processes are 

relatively weak in the transition region between the highly trapped 

ring electrons and the warm electrons. Thus the Fokker-Planck equation 

for the electrons takes the form 3/3v • (A • 3f/3v + Bf) » 0 with the 
M M M M 

ratio of the elements in A and B relatively constant between EBT and 

EBS. Since this equation is homogeneous, if f is a solution, so is any 

multiple of f. Thus, if the number of warm electrons per field line 

increases, so does the number of hot electrons, and their ratio (the 

dominant part of H) is unchanged. 

Ve expect that the reduction in losses in EBS (due to better 

magnetics) would increase the number of both warm and ring electrons. 

Probably most important is a reduction of losses for, the warm electrons 

at high values of V||/v. Because ECH gi' es electrons perpendicular 
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energy, we expect this to be a relatively minor effect. There is, 

however, greater uncertainty in the value of H for EBS (e.g., an 

additional factor of 2). 

Thus, neglecting v in Eq. (63) and setting H = 3 in Eq. (65), we 

obtain 

_L 
• o 3 0 " UV,n,0 

- 3 
r3tJW,n,l _ r dl ^ 

30 J B 30 (72) 

and our remaining task is to determine the behavior of the right side 

of Eq. (72). Ve begin by noting that while the warm electrons in EBT 

are quite anisotropic, the right side of Eq. (72) would be simplified 

considerably if the warm electrons were isotropic, for in this limit 

U, V,n,0 

3UV,n,l , dl ^ 
30 ~ B 30 (73) 

This suggests that we define 

30 
In 

rau, 
iu. V,n,0 

W,n,l 
33 

, dl ^ 
* B 30 

(74) 

(75) 

so that 

•o 
-3Ia (76) 
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where the anisotropy function, a, is unity for an isotropic warm 

electron distribution. 

Equation (76) shows that the drive for the poloidal asymmetry in 

the electrostatic potential is the poloidal asymmetry in £dl/B or its 

anisotropic generalization. Recalling the interpretive remarks about 

£dl/B and its anisotropic generalization at the end of Sec. II, we see 

that, from the microscopic point of view, it is the dispersion in the 

single particle magnetic drift motion which produces the asymmetry in 

the electrostatic potential. 

Because the hot electron rings occur at relatively large radii, 

accurate evaluation of the factors I and a requires numerical treatment 

of the magnetic field. Nonetheless, considerable insight can be gained 

by carrying through analytic evaluation of I near the magnetic axis. 

Thus, prior to presenting the results of numerical computation, we give 

these simplified calculations. 

Neglecting the bumpiness of the magnetic field, we write the 

magnetic field for EBT as 

0 ' (77) 

(78). 

where R is the major radius and £ is the toroidal angle. Then 

dl 
B cos 9 (79) 
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Here 0 is the poloidal angle referenced to the minor axis. Neglecting 
the fact that 0 and |3 are measured about different axes, we see that 

. dl 2nR0 a a B B n 1 + 2— cosP (80) 

This particular formula is in reasonable agreement with the numerical 
calculation of U at the ring position in EBT: 

U1 1 « 
m * To c o s P 

(81) 

Thus for EBT 

I c i 1 (cosfi) (82) 

Because all toroidal effects in EBS are concentrated in the 

corners (see Fig. 1), the situation is somewhat different in EBS. In 

the sides, we again neglect the bumpiness so that the contribution from 

the sides is simply 

Uside " * L / B s • 

where L is the length of a single side and Bs is a "mean" value of B in 

the side. In the corners, where the field is essentially that of a 

toroidal solenoid, 

dl « R, 1 + — cos© 
Rc 

(83) 
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B a B, 1 - ~ cose 
R c 

( 8 4 ) 

where R c is the radius of the magnetic axis in the corner, and Bc, rc, 

and 8 are the magnetic field on axis, minor radius, and poloidal angle, 

respectively, in the corner. Thus in the corners 

dl „ *c f. 
T b ; [ 

1 + 2 cose 
Rc J ( 8 5 ) 

and the contribution of all four corners to £dl/B is 

U corner 
2nRc 

~b7 
1 + 2 -r cose 

R c J (86) 

Thus for GBS 

„ 4L 2 r R C 
U s B~ + ~R s B C 

cos e (87) 

To minimize the toroidal effects (the 2rc/Bc cose term in the present 

instance), the ratio of the length of the sides to the length of the 

corners is kept as large as practical: 

4L 
2nR, » 1 . (88) 
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The global mirror ratio 

MG = Bc/Bs 

i s a l s o made as large as p r a c t i c a l . (Because we have neg lec ted the 

bumpiness of the s i d e s , t h i s d e f i n i t i o n of g lobal mirror r a t i o i s 

s l i g h t l y d i f f e r e n t from the standard one . ) Thus in EBS 

U « 4L B_ 1 + f2nRc 
4L s / 

— • 2— cose MG *C 
(89) 

Because the g lobal mirror r a t i o i s l arge ( e . g . , 3 to 10) the 

radius of a f i e l d l i n e in the corner i s l e s s than the minor radius in 

the midplane, r g , of a s i d e by approximately M q 1 / j . Thus 

i i 1 + 
pIlR, 
~4L 

2r. 
cos9 (90) 

and 

Ur 
f2llRc1 

4L 
2r. 

m g v* 
cos© . (91) 

The above formula r e v e a l s the strong dependence of the asymmetry 

of j d l / B in EBS on the g loba l mirror r a t i o (a r e a d i l y c o n t r o l l e d 

parameter). I t a l s o shows that the asymmetry i n £dl /B i s r e l a t i v e l y 

i n s e n s i t i v e to the corner radius , Rc> The reduction caused by adding 

more mirror c e l l s to the s i d e s i s contained in the dependence on L. 

Because of the approximations made, i t does not show the e f f e c t of 
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local mirror ratio (bumpiness of the sides) or the importance of 

carefully tailoring the transition between the sides and corners. 

Numerical calculations show that U j/Uq in EBS can be reduced by as 

much as an order of magnitude from that of EBT. Thus 

^EBS i Jq IEBT ' <92> 

Of course, by decreasing the global mirror ratio (e.g. , decreasing B c) 

•'•EBS c a n increase<i considerably. 

In EBT, soft X-ray measurements6 in the midplane and coil plane 

indicate that less than 102 of the intermediate energy or warm electron 

population is passing or transitional. That is, more than 90% of the 

warm electron population is trapped, and only the remaining 10% is 

isotropic. Thus it is important to study the effect of anisotropy. 

In both EBT and EBS, the anisotropy factor, a, must approach zero 

as the anisotropy of the warm electrons approaches that of the highly 

anisotropic hot electron rings. This follows from the fact that in 

this case Uy > n would approach Ur^n» which by definition is only a 

function of a. On the other hand, for purely isotropic distribution, a 

is unity by construction. Because the toroidal effects are more or 

less uniformly distributed in EBT, we would expect that the rise to the 

isotropic limit would occur even when the distribution consisted of 

only trapped particles. For EBS, however, the magnetic field in the 

sides is axisymmetric to a high level of accuracy so that we would 

expect this same trapped particle distribution to yield zero asymmetry 

in EBS. 
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S i n c e a w ide v a r i e t y o f d i s t r i b u t i o n s i s p o s s i b l e , we f i r s t 

examine G n o f t h e form 

1 } B < Bc 

Gn = • ( 9 3 ) 

0 ; B > Bc 

We can then decompose more r e a l i s t i c d i s t r i b u t i o n f u n c t i o n s in terms of 

these f u n c t i o n s and deduce those corresponding to the more r e a l i s t i c 

Gn. Thus, f o r example, i f we approximate the d i s t r i b u t i o n for EBT s o 

that 

Gn - f l G„<Bcl> + f 2 G n ( B c 2 ) <**> 

wi th f^ « 90X and f 2 " 102, then for t h i s d i s t r i b u t i o n 

a = f j a ( B c l ) + f 2 a ( B c 2 ) , ( 9 5 ) 

A A 

where a ( B c ) i s obta ined by i n s e r t i n g Gn i n Eq. ( 7 5 ) . 
* 

Figure 2 shows the r e s u l t of numer ica l ly c a l c u l a t i n g a f o r both 

EBT and EBS. The f e a t u r e s descr ibed e a r l i e r are apparent from t h e s e A 

graphs . The on ly new f e a t u r e i s the r e l a t i v e maxima i n a v h l c h occur 

near the t r a n s i t i o n between trapped and p a s s i n g (or i s o t r o p i c ) f o r both 

EBT and EBS. Vh i l e somewhat exaggerated by our c h o i c e of Gn, t h e s e 

maxima r e f l e c t the f a c t that t r a n s i t i o n a l p a r t i c l e magnetic d r i f t 

o r b i t s a r e the most asymmetric. 

I t w i l l be n o t i c e d from F ig . 2 that f o r pure ly trapped p a r t i c l e 

d i s t r i b u t i o n s in EBT, a i s near ly the same a s f o r the i s o t r o p i c c a s e . 
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Fig. 2. Anisotropy factor, a, for (a) EBT and (b) EBS. Two scales are 

used: B c (normalized to the value of B in the midplane on the magnetic 

axis) and V|j/V = (1 - B2/Bc)1 / 2 , where B2 (here equal to 0.7) is the 

v a l u e of B a t t h e second harmonic electron cyclotron resonance. The 

fundamental resonance of the electron cyclotron resonance occurs at 

B c = 1.4. For EBT the boundary between trapped and passing occurs near 

B c = 2, vhile for EBS it occurs near B c = 5. 
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Thus for EBT the effect of anisotropy is relatively small (e.g., 30%). 

Since this effect is small compared to the factor of 2 uncertainty in 

H, ve set a - 1 for EBT, so that using Eqs. (76) and (82) ve obtain 

• l 1 ~ « - i c o s 0 . ( 96 ) 

Thus at 0 = 0, • « 2/3<fr0 while at 0 = n, • « 4/3$q, SO 

• ( 0 - 0) „ 1 f 9 7 v 
W T T i i ) a 2 ' < 9 7 ) 

which i s t y p i c a l of EBT exper imenta l data ( t o w i t h i n the a forement ioned 

f a c t o r of 2) i n the T-mode . 1 - 4 

For EBS, ve s e e that the e f f e c t of a n i s o t r o p y i s very important 

s i n c e a f o r the trapped p o r t i o n i s z e r o . Using Eq. ( 9 5 ) , ve s e e that 

f o r f 2 « 10% 

Because ECH g i v e s e l e c t r o n s perpendicu lar energy v e do not e x p e c t the 

f r a c t i o n o f p a s s i n g (or i s o t r o p i c ) varm e l e c t r o n s in EBS t o be 

s u b s t a n t i a l l y l a r g e r than in EBT — even though t h e s e l e s s v e i l trapped 

p a r t i c l e s vould be b e t t e r conf ined i n EBS than i n EBT. 

Thus the asymmetry i n + f o r EBS i s reduced b e l o v that of EBT by 

two f a c t o r s . The f i r s t f a c t o r comes from the improvement i n g l o b a l 

conf inement p r o p e r t i e s a s i n d i c a t e d by the reduced asymmetry i n £ d l / B . 

The second f a c t o r a r i s e s from the a n i s o t r o p i c c h a r a c t e r of the varm 
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electrons and the near-perfect axisymmetry of the magnetic field in the 

sides. Each of these factors, if one uses EBT parameters, yields an 

order of magnitude reduction in the poloidal asymmetry in Because 

of the greater uncertainty in H and f^ for EBS, we estimate that the 

overall decrease in the poloidal asymmetry in $ is reduced by one to 

two orders of magnitude. 

VII. SUMMARY 

In this paper we have obtained an analytic expression for the 

poloidal asymmetry in the electrostatic potential which is in 

reasonable agreement with experimental observation. Applying this 

expression to the EBS configuration reveals that the asymmetry in the 

potential is reduced due to two factors. One factor is the overall 

improvement in magnetic confinement of single particles as manifested 

through the reduced asymmetry in £dl/B. The second factor arises 

because the intermediate energy population of electrons consists 

primarily of trapped particles that are confined to the very nearly 

axisymmetric mirror cells in the sides of an EBS. 

One reason that this reduction in the poloidal asymmetry in the 

potential for EBS is important is that it greatly reduces the loss of 

cooler electrons and ions that constitute the bulk of the plasma.23 The 

Monte Carlo calculations carried out in Ref. 23 indicate that strong 

poloidal asymmetry in the potential (as in EBT) leads to "convective" 

losses that are about an order of magnitude larger than the purely 

diffusive losses usually assumed. For the greatly reduced poloidal 

asymmetry in the potential predicted for EBS, these "convective" losses 
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become negligible compared to diffusive losses, and the overall 

lifetimes of EBS are increased by one to two orders of magnitude above 

those of EBT. The calculations of Ref. 23 (see particularly Fig. 10) 

indicate that once the poloidal asymmetry in the potential is 

sufficiently small (i.e., in the range predicted here), the lifetime in 

EBS depends far more on the global mirror ratio than on the poloidal 

asymmetry in the electrostatic potential. 

To obta in the e x p r e s s i o n for the asymmetry i n the p o t e n t i a l , i t 

has been n e c e s s a r y to make a number of approximat ions . In p a r t i c u l a r , 

the problem vas g r e a t l y s i m p l i f i e d by n e g l e c t i n g r a d i a l (or a ) 

d e r i v a t i v e s of <Fdl/B (and s i m i l a r a n i s o t r o p i c g e n e r a l i z a t i o n s of £ d l / B ) 

compared to the r a d i a l d e r i v a t i v e s of o ther macroscopic q u a n t i t i e s . 

While j u s t i f i a b l e f or the g l o b a l in format ion developed h e r e , t h i s 

approximation cannot be j u s t i f i e d very near the x - p o i n t i n the 

p o t e n t i a l . Thus, to o b t a i n more f i n e - g r a i n e d in format ion about the 

p o t e n t i a l ( e s p e c i a l l y f o r l o v e r s c a t t e r i n g r a t e s r e l a t i v e to the E x B 
m m 

p r e c e s s i o n ) , i t appears necessary to s i m u l t a n e o u s l y s o l v e the 

f i r s t - o r d e r d e n s i t y and energy transport e q u a t i o n s f o r the warm 

e l e c t r o n s i n c l u d i n g the d i f f e r e n t i a l c h a r a c t e r of ( d i f f u s i v e ) 

s c a t t e r i n g e f f e c t s . Hovever, the problem i s f u r t h e r compl icated by the 

breakdovn of the assumptions made here for the c o o l e r e l e c t r o n s and 

i o n s near the x - p o i n t in 

The Monte Carlo c a l c u l a t i o n s of Ref . 23 s u g g e s t that a t l e a s t f o r 

the c o o l e r e l e c t r o n s and i o n s , both r a d i a l and p o l o i d a l d i f f u s i o n are 

important near the x - p o i n t i n This s u g g e s t s that a l l s i x t ranspor t 

e q u a t i o n s ( d e n s i t y and energy transport e q u a t i o n s f o r varm e l e c t r o n s , 

c o o l e l e c t r o n s , and i o n s ) should i n c l u d e both r a d i a l and p o l o i d a l 

d i f f u s i o n . Leaving a s i d e the q u e s t i o n of hov one determines the 
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various transport coefficients, six coupled second-order partial 

differential equations in two dimensions is clearly a complicated 

system to solve. 

In the absence of two-dimensional diffusion, each of these 
f 

transport equations is of the type considered when calculating resonant 

neoclassical transport coefficients [see particularly Eq. (1) of 

Ref. 20]. Thus it seems that a logical next step would be to examine 

the behavior of a single differential equation of this type which 

included scattering in two dimensions rather than one. Comparison with 

Monte Carlo results could further illuminate the "fluid" behavior near 

the x-point in the potential. 

Finally, we note that we have neglected poloidal asymmetry in the 

microwave heat deposition. Our initial motivation for this was the 

fact that no strong correlation was observed experimentally between the 

poloidal asymmetry in the microwave launching structure and the 

poloidal asymmetry in the electrostatic potential.24 Note that 

experiments were conducted with microwave launch structures at poloidal 

angles which differed by 135°, so that if a strong correlation existed 

it would have been observed. This is not to say that no poloidal 

asymmetry in the microwave heat deposition occurred — it simply did 

not appear to be a strong effect. 

There are, however, theoretical reasons to believe that the 

poloidal asymmetry in the microwave heat deposition is small. In 

contrast to Tandem Mirror experiments,25 the microwave antenna patterns 

in EBT are not strongly focused and the microwave single pass 

absorption is small.26 A consequence of this is that microwave energy 

is reflected from walls many times before it is absorbed. These wall 

reflections tend to randomize the initial poloidal asymmetry. 
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Vhile a definitive calculation of the poloidal asymmetry in the 

microwave heat deposition is clearly beyond the scope of this paper, it 

is possible to make estimates of the order of magnitude of the 

asymmetry. We estimate that in EBT the peloidal asymmetry in the 

microwave heat deposition is of the order of a percent or less. 

Including this asymmetry in S y ^ and using the techniques and 

approximations of Sec. VI, we estimate that the effect of poloidal 

asymmetry in the microwave heat deposition on the poloidal asymmetry in 

the electrostatic potential is at least an order of magnitude less than 

that produced by magnetic drift motion — the subject of this paper. 

Using this same estimate of the poloidal asymmetry . in the 

microwave heat deposition for EBS leads to a poloidal asymmetry in the 

electrostatic potential which falls in the range produced by magnetic 

drift motion. As we have already mentioned, within this range of 

electrostatic potential asymmetry the bulk lifetimes do not differ 

appreciably.23 

Of course, it might be possible that the EBS configuration would 

achieve such large densities and temperatures that the microwave single 

pass absorption would be significantly increased. In this case, it 

would probably be necessary to utilize a more symmetric launch 

structure to symmetrize the microwave heat deposition — much as was 

conceived for Tandem Mirror applications.25 

This research vas sponsored by the Office of Fusion Energy, U.S. 

Department of Energy, under contract DE-AC05-840R21400 with Martin 

Marietta Energy Systems, Inc. 
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APPENDIX 

A Useful Tensor Pressure Relation 

In both magnetic equilibrium [see Eq. (10)] and transport [see 

Eq. (28)] calculations one encounters a quantity of the form 

•B x (V • Pk)-

Here ve express Q in a form which facilitates analysis and allows 

interpretation of fluid quantities in terms of single particle drift 

motion. It is assumed that the pressure tensor has the standard form: 

Our first task is to develop a relation between p^ and P|( for the 

case when P k represents the pressure tensor of a single species and 

hence does not necessarily obey the magnetic equilibrium relation 

j x B = 7 • P. (When Pk refers to the total pressure, then one can 

obtain the relation betveen p^ and p(| from the equilibrium relation.) 

Thus for the moment ve assume that p^ and p(| arise from a single 

species and that 

Q a 7 • 
W (A.l) 

p k = Pl ( 1 " b b> + P|lbb (A.2) 

p„ = mjd3vfv|j2 (A.3) 

p± = • Jd3 vf V l
2 , (A.4) 
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where £ is a function of e, y, a, and 0 so that 

Pll - 2 4n 
l2V2m3/a JdedpB(e - mB)1'2 f , (A.5) 

Pi = 
4 it Jde4>y B2pf 

( e - m B ) 1 ' 2 

( A . 6 ) 

We notice that it is natural to write p^ and P|| as functions of a, 

(3, and B. If we form 

3P|| f 
h n r ' p» - % 

4n 
/2mV2 

dedyB2yf 
(e - yB)V2 

(A.7) 

we see that 

.3P|| 
b 1 B * p" " p l (A.8) 

Equation (A.8) can also be derived from the parallel component of 

j x B = V • P. We emphasize that this equilibrium relation need not, 
M M 

however, be invoked. 

From Eqs. (A.2) and (A.8), we find that 

I ' Pjc = ^.Pi + <P|| - Pj.>K 

so that 

Q = J_ ( D l + D2 - D3) , 

(A.9) 

(A.10) 

where 
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Dx = 7 • (B x 7 P i ) , 

D 2 = 27pĵ  • (B x 71 nB) + 2 ^ - pN)71nB • (B x K) , (A. 11) 

D 3 = 7 • [(Pl - P|| )(B X K)] . 

Using the vector identity for the divergence of a cross-Product 

and the fact that the curl of a gradient is zero, we find that 

(A.12) 

(A.13) 

(A.14) 

[which follows from the vector identity for the gradient of the inner 

product of B with itself and Eq. (A.13)], we find that 

Dx = + • [b x K - B x 71nfc) (A. 15) 

so that 

Dj + D 2 = j,| + 7 P l • (b x K + B x VInB} 

+ 2(pi - p„) 71nB • (B x K) . (A.16) 

To evaluate D^, we use Eq. (A.14) to obtain 

7 • (B x K) = V • (j - j„b + B x VlnBj . (A. 17) 

Dx = • (V x B) . 

Since 

V x B = j - + j„b 

and 

jjL = B x (K - 71 nB) 
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From 7 • j = 0, we obtain 

7 • (B x K) = + j„ + 7 • (B x 71 nB) . (A.18) 
~ w W dl oj. N M M 

Using the vector identity for the divergence of a cross-product and the 

facts that the curl of a gradient is zero and j = 7 x B, we write 

7 • (B x 71 nB) = j • 71nB 

, 31 nB . _ 
= J " I T + i i ' ? n B 

= j„ + 71nB . (B x K) , (A.19) 

where we have used Eq. (A.14) to perform the last step. Combining 

Eqs. (A.18) and (A.19), we obtain 

3j 
7 • (B x K) = - — i + 2j„ + 71 nB • (B x K) . (A.20) 

91 ox 

Thus Eqs. (A.11) and (A.20) yield 

3 - (pn - P I ^ I T " 2 j ' i i r j 

+ (B x K) • [7Pl - 7pj| + (p± - p,|)71nB] . (A.21) 

Ve next define 



A10-48 

C o m b i n i n g E q . ( A . 2 2 ) w i t h E q . ( A . S ) , we f i n d t h a t 

VP|| = - (pj_ - Pj| )VlnB , ( A . 2 3 ) 

and Eq. (A.21) becomes 

° 3 = <P|| ~ P i> 
31 nB 

W " ZJ« S T 

+ ( 7 p ± - Vp„) • (B X K) 

+ 2 ( p ± - p,! ) 71 nB • (B x K) , (A.24) 

where ve have used Eq. (A.8). 

Combining Eqs. (A.16) and (A.24) yields 

Dj + D2 - D 3 = 7p^ • (B x 71 nB) + 7p(, • (B x K) 

+ ( p l - P||> I T + J | 1 
. 31nB ®Pl 

- 2 ( P j . - P „ ) - j j - • - j j - (A.25) 

Since 

B3 ± 
31 

Pj. - P|| 

B » ( P i " P| | ) 
' 3J| | 3J | I 3B 
31 " B 3T 

. p P i 3P| |1 
3 » | i r " i r j 

< s 
! ! 5 

* (Pj. - P | | ) - g j - + 3II 

i 

0/ X 3 1 n B 3 p 4 
" j- - p i i } - i r + i f f 

( A . 2 6 ) 

> 
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[where we have used Eq. (A.8) to eliminate 3p,|/31], we find that 

Dĵ  + D2 - D3 = • (B x 71nB) + 7pt| • (B x K) 

i 
Pi - P | | | J| 

I B2 B 
( A . 2 7 ) 

Combining Eqs. ( A . l ) , ( A . 1 0 ) , and ( A . 2 7 ) , we o b t a i n 

B x (7 • P k ) 

B2 
= — [vpĵ  • (B x VlnB) + 7p,| • (B x K)J 

+ B jl f f P i ~ p " 
3 1 L I B2. 

h 
B ( A . 2 8 ) 
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Appendix 11 
COMPARISON OF ELECTRON CYCLOTRON HEATING 

THEORY AND EXPERIMENT IN EBT 

D. B. Batchelor 

INTRODUCTION 
The ELMO Bumpy Torus (EBT) device consists of 24 simple mirrors joined 

end-to-end so as to form a closed field line torus. The nflrror ratio in each 
simple mirror sector is 1.9:1. The device is heated by fundamental and 
second harmonic electron cyclotron resonance interaction. When operated at a 
central midplane magnetic field of 5 kG and microwave power up to 60 kW at 
18 GHz, the device is called EBT-I. When operated at a central midplane 
magnetic field of 7.2 kG with microwave power up to 200 kW at 28 GHz, the 
device is referred to as EBT-S. 

For most of the time that EBT has been in operation the experimental 
emphasis has been on confinement experiments and stability studies. Although 
electron cyclotron heating (ECH) is fundamental to EBT operation, it is 
difficult to measure wave fields in the plasma, heating rates, or other 
phenomena that give information directly about the wave physics. Hence, the 
study of ECH on EBT began as a theoretical program whose first objective was 
to understand the gross features of microwave power flow and power deposition 
in each of the plasma components. This was accomplished by using ray 
tracing /1,2/ techniques and by developing a zero-dimensional (0-D) wave 
energy balance model that takes into account the many passes through the 
plasma and essentially random reflections which a typical ray makes before 
being absorbed /3/. Over the last several years experiments have been per-
formed with simple microwave calorimeters that are in good agreement with the 
power flow calculations for a wide variety of operating conditions /2/. Now 
we report experimental results that directly test and calibrate some of the 
assumptions of the power flow and absorption modeling. That is, the single-
pass wave power absorption by the hot electron rings has been measured, the 
microwave losses to the EBT cavity walls have been measured, and the 
essentially complete opacity of the fundamental resonance to extraordinary 
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mode waves propagating from the high-field side has been verified. In 
section 1 of this paper we outline the general features of microwave propaga-
tion and absorption in EBT and describe the most recent experiments. 

Recent experiments and theoretical results indicate that confinement 
physics and heating physics in EBT devices are inextricably coupled. The 
picture that had previously emerged can be summarized as follows. An annular 
plasma of relativistic electrons (T 500 keV) forms in a region near where 
the mod B contour for second harmonic resonance is tangent to a magnetic 
field line (Fig. 1). This relativistic electron component is diagnosed by 
hard X-ray detectors, synchrotron radiation, and diamagnetic loops. When the 
stored energy in the annuli becomes sufficiently large, flute instabilities 
associated with bad mirror curvature and plasma pressure are stabilized. It 
has conventionally been assumed that the stabilization mechanism is the 
formation of a radial magnetic well due to hot electron beta although other 
processes have recently been proposed /4/. The plasma radially outside the 

ORNL-OWG S3 2528 FED 

2nd HARMONIC RESONANCE 

CUTOFF 

FUNDAMENTAL 
CYCLOTRON 

'2.0 RESONANCE 

"2 

Fig. 1. Equatorial cross section of two EBT-S cavities. 
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annuli, referred to as the surface plasma, Is unstable and very poorly 
confined. The plasma radially inside the annul! is called the core plasma 
and is believed to be stable in the usual machine operating mode, the T-mode. 
For a discussion of EBT operating modes see Ref. /5/. Measurements of core 
plasma density using microwave interferometry and of core density and tempera-
ture using soft X-ray techniques at the mirror midplane indicated core 
densities somewhat less than 101 2/cm3 and temperatures in the range 200 to 
1200 eV in EBT-S, depending on microwave power and gas feed rate. 

The temperature of the "core" component was observed to scale with 
decreasing collislonality in a way which strongly suggested classical or 
neoclassical confinement. In particular, for collisionless electrons the 
simplist neoclassical theory of Kovrizhnykh /6/ for bumpy tori that predicts 
an energy confinement time t £ that scales as t £ « T|/2/neF(RT, R^, R^, Jl), 
where F is a function of R̂ , - toroidal major radius, R^ • magnetic field VB 
scale length, Rg • ambipolar electric field scale length, and I = plasma 
radius. Assuming that a constant fraction f of the input microwave power P 
is absorbed by the core plasma, the power balance can be expressed as 

n T e e n e F < V V V *> 

Tl/2 
e 

In experiments for which the neutral gas flow was adjusted so as to maintain 
constant plasma scale lengths, the quantity n 2 / T ^ 2 was indeed found to scale 
linearly with Py over a considerable range (Fig. 2). Also, the experimental 
densities and electron temperatures were consistent with 1-D transport 
modeling using more realistic transport coefficients and experimentally 
observed ambipolar potentials /7/. 

Recent experiments however have shown that the core plasma confinement 
is considerably more complicated than is indicated by the midplane soft 
X-ray measurements. Thomson scattering measurements indicate that the bulk 
of the core density (50% to 90%) is composed of a collisional isotropic core 
component with T £ * 70-120 eV. Also, other recent experiments (mirror throat 
soft X-ray, throat-launched microwave power, and power feed turnoff experi-
ments) demonstrate that the T * 200-1200 eV component seen by the midplane 



All-4 

ORNL-DWG 8 4 - 2 4 9 2 FED 

25 

2 20 
"c >. 
S i 5 
15 w o 

c T i o 

5 

0 

0 400 200 
MICROWAVE POWER(kW) 

Fig. 2. n*/T*/2 as determined from midplane soft X-ray vs microwave power. 

soft X-ray diagnostic is in fact a collislonless anisotropic hot tail. In 
section 2 we describe some of these experiments and give a theoretical 
interpretation of that data. 

1. MICROWAVE POWER FLOW AND WAVE ABSORPTION 

The microwaves in EBT-I (18 GHz) are injected from waveguides located at 
the midplane of each mirror sector. The 28-GHz power for EBT-S operation is 
distributed to each sector through a toroidal manifold which is fed by the 
gyrotron and serves simultaneously as an overmoded waveguide distribution 
system and a vacuum pumping manifold. In neither case is any directive or 
polarizing antenna' structure present• 
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Numerous theoretical studies undertaken to elucidate the role of propaga-
tion and absorption processes in EBT have led to a qualitative understanding 
of ECH in EBT-I/S: 
(1) Because of strong gradients in B along field lines, any extraordinary mode 

energy propagating from the high-field side of the fundamental resonance 
is totally absorbed. This is true even for the low density surface 
plasma. 

(2) However, the extraordinary mode right-hand cutoff prevents extraordinary 
mode energy launched near the mirror midplane from propagating directly 
to the fundamental cyclotron resonance. 

(3) The ordinary mode can propagate throughout the plasma, including the 
high-field region. 

(4) A rapid equilibration between ordinary and extraordinary modes occurs due 
to mode conversion at wall reflection. 

(5) The density and temperature of the core and surface plasman in EBT-I/S 
are sufficiently small that absorption of the ordinary mode is quite 
small at both fundamental and second harmonic resonances. 

(6) The extraordinary mode is moderately absorbed and the ordinary mode is 
weakly absorbed by the hot electron annuli. 

The picture that emerges is one of weakly damped rays making many transits 
across the device, with wall reflections and repeated ordinary-extraordinary 
mode conversions playing an important role in the ultimate energy deposition. 
In order to deal with the complicated, essentially random nature of the wave 
propagation after a few wall reflections, a simple 0-D power balance model 
was developed that treated the sources, sinks, and conversion properties in a 
globally averaged way. The plasma is divided into regions bounded by cavity 
walls, resonant surfaces, or the right-hand cutoff surface. It is assumed 
that each mode propagates freely inside each region. At a wall boundary 
surface the waves are totally reflected and partially converted to the other 
mode. At a boundary surface in the plasma, waves can be reflected, partially 
absorbed, and partially transmitted, to the adjacent plasma region. The 
power flux for each mode in each region is assumed to be isotropic in angle 
and uniform in space. Details of the 0-D model are given in Refs. /2,3/. 
Using this model we are able to estimate the wave energy density in each mode 
and the fraction of the total input power P which is absorbed by each 
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component. Using a combination of ray tracing calculations and the 0-D 
model we estimate that of the total power launched into the device during 
T-mode operation in EBT-S about 40% is deposited in the lossy surface plasma. 
This is because the surface plasma covers more than half of the fundamental 
resonance surface, and extraordinary mode energy is strongly absorbed there 
even for comparatively small plasma density and temperature. Approximately 
33% of P̂  is deposited directly in the core plasma and about 28% goes to the 
hot electron annuli. 

The calculations of absorption by the annulus are carried out using a 
relativistic form of Poynting's theorem /2,8/: 

* 
Here, s is the arc length along a ray, S - Re[E x (n x E)] = Poynting's 

u 
vector, n = ck/w = real refractive index, and a = Hermitian part of the 

" as 

relativistic conductivity tensor. The real refractive index and the electric 
field polarization eigenvectors are determined from the ray tracing code, u 
which uses the cold plasma dispersion relation. In calculating o an 
isotropic relativistic Maxwellian distribution function is assumed: 

where p » m e c 2 / T A and K2(p) is the modified Bessel function. An arbitrary 
number of cyclotron harmonics can be retained and all Bessel functions 
containing finite Larmor radius effects are included without expansion. Now 
measurements have been made of the single-pass microwave transmission through 
the hot electron annuli. 

The experiment involves transmitting a swept frequency (18- to 26-GHz) 
wave through the hot electron ring, across the EBT midplane, using a pair of 
highly directive horns. Measurement of the difference in transmission 
amplitude with and without the presence of a hot electron population allows a 
determination of the ring absorption. The 16-GHz (EBT-I) system was used for 
plasma heating because it allows the flexibility to turn a cavity feed off, 

F ( B ) 
m 3 c 3 4nK2(p) 

1 pn 
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thereby reducing the ring density. Simultaneous hard X-ray and perpendicular 
stored energy measurements were made of the rings to determine the ring 
density and temperature for fed and unfed cavities. 

Single-pass ring absorption was measured with the polarization of the 
microwaves perpendicular and parallel to the magnetic field corresponding to 
the extraordinary and ordinary modes of propagation. The measurements were 
made at a pressure just above the T-M transition where the rings have a large 
stored energy but remain stable. The ring temperature and density were also 
measured with the hard X-ray diagnostic. Figure 3 shows the measured trans-
mission as a function of frequency with and without a ring present. Note the 
lower level of transmission with a ring present, indicating absorption. The 
detailed structure apparent in the transmission signals Is primarily due to 
reflections, of the cavity walls, of the horn radiation that is not coupled 
in a single pass. 

ORNL-DWG 8 3 - 3 6 9 9 FED 
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Fig. 3. Microwave transmission through a cavity midplane with and without a 
ring present. 
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To calculate the fractional power absorption the two signals were 
digitally subtracted and divided by the signal present without a ring. This 
fraction decreases with frequency from about 12% at 18 GHz to about 5% at 
26 GHz. The ray tracing calculations follow this downward trend but tend to 
give somewhat higher absorption. The agreement is relatively good if one 
takes the ring parameters to be n A = 1.2 x 10 1 1 /cm 3 , T^ = 200 keV, but the 
theoretical result is about a factor of 2 higher than the experiment if one 

takes n = 1.7 x 1 0 n / c m 3 , TA = 120 keV. A A 
For the O-mode, no significant change in transmission was observed with 

and without a ring present. The ray tracing code predicts a ring absorption 
less than 1% for the O-mode consistent with the measurement. In addition, 
the single-pass absorption was measured above the T-C transition pressure 
with and without a heating microwave feed for both the 0- and X-modes. For 
both modes no change in transmission was observed, indicating that changes in 
the core or surface plasma caused by the lack of a microwave feed were not 
responsible for the change in transmission observed at lower pressure. We 
feel therefore that the agreement between the measured absorption and the ray 
tracing calculations is quite good and that the ring power deposition pre-
dicted by the power balance model should be accurate to within a factor of 2. 

Single-pass microwave absorption by the plasma in GBT is sufficiently 
weak that the microwaves undergo multiple reflections from the cavity walls 
before being absorbed. With each reflection some of the microwave energy is 
dissipated in the aluminum cavity walls. A set of measurements was made to 
determine this loss by measuring the power coupled out of a 3-in. port in one 
of the cavities into a waterload microwave calorimeter. An intercavity 
transport code was used to predict the power coupled to the calorimeter for 
various cavity microwave feed configurations and losses due to microwave 
absorbing diagnostic portholes as a function of the single bounce wall loss 
coefficient. 

The data were obtained with the torus filled with nitrogen to atmospheric 
pressure. The total microwave power fed to the torus was held to ^400 W. 
The input microwave frequency was swept ±25 MHz about the central 18-GHz 
frequency in order to scramble standing wave modes, thereby spatially 
averaging the power received by the calorimeter. 
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Various power feed and porthole loss configurations were used during the 
measurement. Power was fed to the torus at different cavities or sets of 
cavities to study the transport to the cavity with the calorimeter. A second, 
set of measurements was made after nine 4-in.-diam port covers were removed 
to artifically increase the microwave losses. The transport code was used to 
model the experimental results. It was found that a wall loss coefficient of 
0.7% per wall bounce matched the data quite well. 

To determine the power lost to the wall in the presence of a plasma the 
0-D microwave power balance model was modified to include a wall loss 
coefficient. For a wall loss coefficient of 0.7% the power balance model 
predicts a total (multibounce) wall loss of ^5% the input microwave power. 
Thus, the wall losses can be considered an almost negligible microwave loss. 

In order to improve the efficiency of core plasma heating, a program was 
initiated to launch extraordinary mode power directly from the high magnetic 
field side,of the fundamental resonance. Calculations using the 0-D power 
balance model predicted that improvement would be marginal unless two 
constraints were satisfied: (1) that the power be beamed toward the plasma 
center and (2) that the microwaves be highly polarized in the extraordinary 
mode. To meet these requirements a high-power, linearly polarized, directive 
launcher was developed /9/. The extraordinary mode is elliptically polarized 
when propagating at an oblique angle to the magnetic field. In order to 
launch the waves perpendicular to B such that the extraordinary mode is 
linearly polarized, it was necessary to "snake" the launcher through the 
fundamental resonance zone and launch back toward the resonant layer (Fig. 4). 
In initial experiments, up to 24-kW net power from the high-field launcher was 
delivered to the plasma. Preliminary experiments with a microwave calorimeter 
located on the low-field side of the cavity into which the power was directed 
indicate that virtually none of the throat-launched power penetrates to the 
low magnetic field side when the launcher is indeed on the high-field side of 
the resonance. However, if the field strength is lowered such that the 
resonance moves to a higher field than the launcher, very high power levels 
are received by the calorimeter. We believe this indicates that the throat 
launcher does indeed excite predominantly extraordinary mode and that the 
extraordinary mode power is absorbed in a single pass through resonance. 



All-10 

ORNL-DWG 83-2446A FED 

Fig. 4. High-field, polarized extraordinary mode launcher "snaked" through 
the fundamental resonance. 

2. RECENT RESULTS IN CORE HEATING AND CONFINEMENT 

There have been a number of improvements in the Thomson scattering 
diagnostic, resulting in an improved signal-to-noise ratio, a vastly 
increased data base with computer acquisition, and radial scanning capability. 
The experiments establish the existence of a cold electron component with 
temperature about one-third that given by soft X-ray measurements. Figure 5 
shows T g as determined by both soft X ray and laser as a function of gas 
pressure. The laser is sensitive to electrons primarily with energy below 
about 200 eV, whereas the soft X ray is most sensitive to electrons in the 
range 500 eV to 2 keV. Therefore, both diagnostics are compatible with the 
concept of a two-temperature distribution. In fact, data in the higher 
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Fig. 5. Core electron temperature as determined by midplane soft X-ray and 
laser Thomson scattering vs torus field pressure. 

4 
energy laser channels are consistent with the presence of an energetic tail 
although it is difficult to establish the density and temperature of such a 
tail component. 

Another recent enhancement is the installation of split coils in some of 
the mirrors, which allows diagnostic access to the plasma in the mirror 
throats. Interferometer measurements at the throat indicate the pl&sma 
density to be nearly equal to that at the midplane throughout the T-mode of 
operation. However, (n

e)throat^ne^mid drops as the T-M transition ls 
approached. Measurements with a soft X-ray detector located at the throat 
show that an energetic component is indeed present with (T^) tjir o a t — ( T ^ ) ^ 
but with much smaller density (nh)ty,roat $ ^ ^ " h ^ m i d * W e r e g a r d t t l i s as 
strong evidence that the low temperature bulk component is isotropic whereas 
the energetic tail is highly anisotropic. In addition, one can infer that 
the electric field along B is small. 
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Thece is also clear evidence that the tail component is locally produced 
at the fundamental cyclotron resonance. The cavity containing the midplane 
soft X-ray detector is not fed with microwave power since bremstrahlung 
associated with the hot electron ring would mask the soft X-ray emission from 
the ^600-eV component. However, there is a flux of extraordinary mode power 
on the fundamental resonance surfaces in this cavity from adjacent cavities 
that are powered. Now, if the microwave power is removed from these adjacent 
cavities, the extraordinary mode power flux on the fundamental resonances of 
the soft X-ray cavity drops essentially to zero according to the power 
balance model described in the last section. Indeed, it is observed that the 
soft X-ray signal drops effectively to zero under these conditions. 

This behavior can be understood theoretically if one carefully takes 
into account the correlation between the spatial structure of the microwave 
electric field l^Cx) and the velocity space structure of the plasma distribu-
tion function f ( e , y ) , where e = mv2/2 = particle energy and p = mv^/2B -
particle magnetic moment. For fixed position along a magnetic field line s, 
the condition for fundamental cyclotron resonance including the Doppler 
effect is 

u) - n (s) res. . eN 
v„ (s) = 

where VJJ (s) is the parallel velocity necessary for resonance at location s 
and k|| (s) is the real part of the parallel wave number at s. As an extra-
ordinary mode wave approaches the fundamental resonance from the high magnetic 
field side, absorption begins and wave power starts to decrease where the 
velocity for Doppler-shifted resonance is a few times the thermal speed, 
v " S ( s ) = 0(vfi) with v e = W J m J 1 * 2 . 

For a Maxwellian plasma the profile of wave power Py(s) can be obtained 
by solving the dispersion relation. For k^ • 0 this dispersion relation 
takes the simple form 

u>2 1 c /u) - £2 \ 
n2 - 1 - ^ Z ( 2 ) , 

w2 "II Ve V V e / 
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where r̂  = ck|| /oj is the refractive index and Z(£) is the plasma dispersion 
function. Figure 6(a) shows profiles of kr(ne/u) and k̂ (fie/u) for extra-
ordinary waves propagating parallel to the field in a Maxwellian plasma or 
density = 1012/cm3 and temperature = 300 eV. Shown in Fig. 6(b) is the 
wave power profile P (fi /io) for various temperatures determined from y e 

y \ to / PooeXP ' 
c 

- / ds' 2k. 
s(ne/ui) 

fI 
— (s') (J 

O R N L - D W G 8 4 - 2 1 9 4 F E D 

= 4 + 8 &,/<•! H + 8 

Fig. 6. (a) k-real and k-imaginary vs fie/(o for parallel propagating extra-
ordinary mode waves in a 300-eV Maxwellian plasma, (b) Wave power 
density profiles «|E_|2 for various plasma temperatures. 
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Where we have approximated the magnetic field profile near resonance as 
fte(s)/u) = 1 + s/L (L = 20 cm for application to the central region of 
EBT-I/S). Defining 5(s) = Qe(s)/w - 1, we see for example in the = 300-eV 
case that 50% of the power is absorbed by 6 = 0.07 (s = 1.4 cm) and that 90% 
of the power is absorbed by 6 = 0.04 (s = 0.8 cm). The importance of this 
observation is that only particles with comparatively large Vy are heated, 
i.e., those with 6 > 0.04, where P^(s) is large. 

The condition for resonance at a given location s or fractional shift 6 
away from the non-Doppler-shiftec; resonance, vj|:es(6) = -c<S/n||(S), can be 
related to the energy and pitch sr^'e at the mirror midplane. Invoking p 
conservation gives 

res, 
v., («) 

where BQ = is the field strength at the midplane, C 2 = v.f / v 2 , v.. = v., at 

the midplane, and r = w/fi^. Equating the two expressions for and 
' l l o ' v • ¥llo 

i two express 1< 
t>uiving for the resonant energy we obtain 

62/nf(6) 
e ( 6 ) = 

mc2 

2 1 - r(l + 5)(1 - S 2) 

It is important to note that to be resonant at a given 6 there is a minimum 
required energy e * ^ ( 5 ) = 256 keV x 62/nj2(6) and that the minimum energy is 
obtained for purely passing particles, S 1=1 Vj| Q/v = 1. The resonant energy 
increases with increasing u, becoming infinite for particles turning just at 
the point 6. This somewhat counterintuitive result simply indicates that it 
is not sufficient to reach the magnetic field 6 for an electron to be heated 

1TQS 

there; rather, it must also have VJJ <6) = V|| (6). For example, assuming 
xi|| = 1 . 7 and r = 1.4, which would be appropriate for a 2:1 mirror ratio as 
in EBT-S, for passing particles x, = 1 at 6 = 0.07 [the location at which 
half the power has been absorbed in the T = 300-eV case in Fig. 6(b)], one 6 obtains = 430 eV. Also, for a trapped particle £ < 0.707 to be resonant 

res at this location, it must have energy e = 1 . 7 keV. We can conclude that 
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if the bulk electron distribution in EBT were a Maxwellian at 300 eV most of 
the power would be absorbed by passing particles with energy above about 
1.5Tg and by trapped particles with energy above about 6Te< 

We see that there is considerable velocity space structure in the micro-
wave heating operator. This comes about not only through the explicit 
velocity dependence but also because of the velocity dependence of the spatial 
location of the Doppler-shifted resonance and the strong spatial variation in 
wave power density due to heavy damping. Of course particles with 
C < (1 -1/r)1/2 (i.e., particles which turn before reaching resonance) are 
not heated at all. 

The primary effect of fundamental extraordinary mode heating is to 
increase the electron's perpendicular energy at the resonance location. 
Parallel heating comes about only through y conservation as the particle 
moves to lower magnetic field. Therefore, £ tends to decrease as the heating 
progresses, passing particles become trapped, and trapped particles turn ever 
closer to the midplane, until electric field profile effects effectively shut 
off the heating. For the particles that are resonant at large values of 6, 
where the wave electric field is large, the heating is quite rapid. We can 
estimate the average heating rate as 

Ae± 1 ire2Ef L 
At 7 2mn v7 ' e II res 

where e^ is the perpendicular electron energy, E is the amplitude of the 
right circular component of the field, L is the magnetic field scale, T is 

res 
the transit time between successive passes through resonance, and s is the 
location of the Doppler-shifted resonance. Using parameters appropriate for 
EBT-S with 100 kW of ECH power (giving the asymptotic value for E_ ss 20 V/cm), 
one obtains Ae^/At 3 x 107 eV/s. On the other hand, particles in the bulk 
of the distribution, e < T g, can only be heated by collisions with those 
energetic particles that are directly heated by the microwaves. 

It is clear that the heating process has the potential for forming a 
cold, isotropic collisional bulk as well as an anisotropic, energetic tail in 
consonance with the experimental observations. Whether a significant tail 
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actually forms depends upon how well the directly heated population is con-
fined and how tightly the directly heated particles are collisionally coupled 
to the bulk. Now the confinement of energetic particles in EBT (i.e., 
particles with e > e<fi/ a, where EQ is the ambipolar potential ^100 to 400 V 
and a is the plasma minor radius) is very pitch-angle dependent. Since EBT 
relies on poloidal particle drifts to cancel the vertical drift v y due to 
toroidlcity, those particles with small values of have large neoclassical 
step sizes and large shifts inward in major radius, which can result in 
direct (i.e., nondiffusive) particle and energy loss. In particular, those 
particles that are transitional between trapped and passing tend to be very 
lossy. This situation is illustrated in Fig. 7. The effect of the rf is to 
push passing or energetic trapped particles info the lossy region of velocity 
space. 

Quantitative evaluation of these processes requires detailed modeling of 
the spatial dependence of the microwave field profiles and the velocity—spaee"*"" 
dependence of power absorption by particles, collisional relaxation, radial 
diffusion of heat and particles, direct loss of heat and particles on open 
drift surfaces, and particle sources. Although this is an inherently 4-D 
problem, involving radial and poloidal variations as well as velocity space 
variations, we have initiated a program of Fokker-Planck modeling based on 
the 2-D finite-element code of Matsuda. The direct losses are being modeled 
as velocity-dependent particle sinks, and we hope to be able to model 
neoclassical radial diffusion in a similar manner. The preliminary results 
of this code indeed show the formation of an anisotropic tail and a cold 
collisional bulk component. In addition, the direct particle losses result 
in significant energy losses and reduction in bulk heating efficiency. 

In summary we can see that the microwave power P effectively vanishes 
near flg(s) s* to. The implication of this is that for fixed e passing particles 
are preferentially heated and for fixed pitch angle high energy particles are 
preferentially heated. The effect of the heating is to increase v^, pushing 
passing particles toward the trapped-passing boundary where confinement is 
poor. 
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Fig. 7. Velocity space geometry for ECH-enhanced neoclassical transport and 
direct particle loss In EBT. 
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Appendix 12 

MONTE CARLO ESTIMATES OF PARTICLE AND ENERGY CONFINEMENT TIMES 

IN A BUMPY TORUS AND A BUMPY SQUARE 

WITH POLOIDAL ELECTRIC FIELDS 

J . S. T o l l i v e r and C. L. Hedrick 

Since significant poloidal structure in the electrostatic potential in Elmo Bumpy Torui (EBT) has 
been observed experimentally and predicted theoretically, a Monte Carlo calcnlation has been used to make 
estimates of the particle and energy confinement times in EBT with varying degrees of asymmetry in the 
electric field. The code is applicable to the bulk ion population and the "cool" electron population in EBT 
but not to the intermediate-energy electrons believed to be responsible for the formation of the potential. 
A similar calculation is possible for the proposed Elmo Bumpy Square (EBS) device, which is expected to 
have much more symmetric potential profiles because of much better centering of the particle orbits. The 
calculations indicate that the confinement time in EBS will be two to three orders of magnitude better than 
in EBT. 

I. INTRODUCTION 

Transport theories for most magnetic plasma confinement devices have traditionally assumed that the 
electrostatic potential does not vary poloidally. Only recently has serious consideration been given to poloidal 
electric fields.1'4"7 In EBT, experimental evidence suggests that, under certain operating conditions, the 
potential does have a significant poloidal structure.3,9 This asymmetry can be understood theorectically1 by 
assuming that the formation of the potential is dominated by the "warm" or intermediate-energy electrons*— 
in keeping with the experimental observation that the magnitude of the potential scales with the "tempera-
ture" of the warm electrons.9 By using limiting-case descriptions of the lowest order behavior of the ions and 
the "cool" and "hot" electron populations, a fluid treatment of the warm electrons leads to an expression for 
the poloidal asymmetry in the potential which is in reasonable agreement with experiment. This expression 
shows that the poloidal Symmetry in the potential is driven by asymmetry in the magnetic field which, in an 
isotropic warm electron distribution, manifests itself through poloidal asymmetry in / dl/B. More generally, 
the asymmetries in the gradient-B and curvature drifts manifest themselves in a slightly more complicated 
expression which reflects the denait. jid pressure weighting along field lines of anisotropic distributions. 

In answer to the question of how do the bulk ions and the "cool" electrons respond to this asymmetric 
potential, we have utilised a bounce-averaged Monte Carlo code10 to calculate the particle and energy 
lifetimes of these particles by simulating thoir orbits and collisions in the EBT-I/S device with varying 
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degrees of potential asymmetry. The lifetimes are eotimated by keeping proper statistic* on the rate at which 
particles leave the plasma through the last closed flux surface in the device. Because these cool particles are 
not expected to participate significantly in the formation of the potential, they can be expected to have loss 
rates incapable of producing the assumed electric field. To the extent that the cool and warm populations are 
decoupled, no inconsistency exists. In reality, of course, there is always some coupling between the different 
populations, and the losses of the cool particles would be expected to modify the warm population and the 
self-consistent potential somewhat. However, by the computational nature of the Monte Carlo technique, 
it is impractical, if not impossible, to calculate a completely self-consistent electric field within the limit 
of finite computer resources. A complete description would require inclusion of the microwave heating 
physics, the relativistic electron rings, coupling among these "hot" ring particles and the warm and the cool 
populations, and coupling among the various ion and electron populations. In order to have statistically 
meaningful reults, it would be necessary to have enough Monte Carlo test particles to represent adequately 
the ring electrons in the sparsely populated high-energy electron tail. Orders of magnitude more particles 
than practical would be required. Furthermore, the significant advantages of bounce-averaging would have 
to be discarded for the high-energy ring particles, costing another 2-3 orders of magnitude in computer 
time. It is clear that a complete description is far beyond present day computational resources. Despite the 
shortcomings of the Monte Carlo method, it has the advantage of offering increased realism in the treatment 
of geometry effects in a finite aspect ratio device—realism that is impossible in analytic calculations. It is 
just these geometry effects (for example, inverse aspect ratio expansion parameters of order 1/3, large orbit 
deviations from flux surfaces, nonlocal diffusion, and direct losses) that are important in understanding the 
behavior of plasmas in finite-sised devices. By understanding the response of the bulk ions and electrons 
to asymmetric potential profiles similar to that seen experimentally, we are able to make one step toward 
a more complete understanding of the poloidal potential structure and its effect on plasma confinement in 
magnetic confinement devices. 

In the proposed EBS experiment,11 with a much more nearly axisymmetric magnetic field structure, 
the poloidal asymmetries in the potential are expected to be much smaller than in BBT. To quantify the 
associated improvement in confinement times, we have calculated lifetime estimates for EBS that show an 
increase of two to three orders of magnitude over EBT lifetimes. 

Section II describes the bounce-averaged Monte Carlo code as it is applied to a device the sise of the 
EBT-I/S or EBS experiment. Section III demonstrates the beneficial effect of a radial electric field on 
confinement, and Sec. IV presents the Monte Carlo lifetime estimates for EBT and EBS. In Sec. V we draw 
conclusions and speculate on the implications of the present results to other devices. 
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II. THE BOUNCE-AVERAGED MONTE CARLO CODE AND ITS APPLICATION TO A FINITE 

ASPECT RATIO DEVICE 

The ORNL bounce-averaged EBT Monte Carlo transport code10 uses the bounce-averaged Monte Carlo 

differential Coulomb collision operator previously derived by Tolliver10'13 and follows particles using the 

Northrop and Teller13 equations: 

where J = fmdlvy is the second adiabatic invariant; c and n are the total energy and magnetic mo-

ment, respectively; Ze is the charge state (e = absolute \a.me of the electron charge); a and /9 are Clebsch 

coordinates14 with Va x V/0 = B; the angle bi '-<' ? mean "bounce-averaged"; and r is the bounce time. 

In a bumpy torus or bumpy square it is conveniw to choose 2na as the flux through an f dl/B pressure 

surface; then f) is a generalised pojqjtjf*} angle with period 2jr. A pressure surface contour and its relation to 

the vacuum vessel and the geometric center of the magnetic field coils is shown schematically in Fig. 1(a). 

Actual numerically computed a and f) lines for a realistically sued bumpy torus—the EBT-I/S experiment 

at ORNL—are shown in Fig. 1(b). It should be noted that the pressure surfaces are not mere shifted circles 

but are vertically elongated with nonconcentric centers such that the radial distance from a <= 0 to the 

outermost flux surface is much greater along the 0 = 0 line than along the /? = r line. Recent analytic 

theories4,5 that attempt to include the pressure surface geometry are restricted to the much simpler shifted 

circle approximation. As a result of the assumption of circular pressure contours, the analytic treatments 

require that the poloidal angle /9 be equivalent to a true polar angle 9 centered at a = 0; then the p = 

constant lines are straight radial rays. For a very large aspect ratio, the actual f) lines are indeed nearly 

straight rays, but for the realistic case shown in Fig. 1(b), the lines of 0 => constant are obviously not ra-

dial. Analytic treatments also assume that the shift A of the pressure surfaces from the geometric center is 

ordered small in the inverse aspect ratio expansion—that is, that A/r ~ 0(a/A|) , where r is the radius to 

some point in the plasma, Rt is the major radius of the torus, and a is the plasma radius. While A/r can 

be genuinely small for most radii in a very large aspect ratio device, it is evident from Fig. 1(b) that A is 

of the same order as the plasma sise for a realistic device. We know of no analytic calculations that remain 

valid for such a large value of A. Only a numerical calculation can adequately include the pressure surface 

geometry of a realistically sised experimental device. 

For a hypothetical bumpy torus with a very large aspect ratio, the analytic assumptions of small A and 

approximately circular pressure contours are valid. In addition, the average orbit displacement from the flux 

surfaces is small, making the transport local and diffusive. In such a limiting case, the diffusion coefficients 

have been calculated analytically.6 Our Monte Carlo code has been successfully benchmarked10,13 against 

(la) 

(16) 

(Ic) \ 3£ 'a,0,p 
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FIG. 1. (a) Schematic geometry of a u = j dl/B pressure surface in ^n EBT midplane and its relation 

to the geometric center of the magnetic field coils. The major radius of the torus, Rt, measures the distance 

from the torus centerline to the geometric center, and Rp is the distance from the centerline to the f dl/B 

center. S(u) is the surface enclosed by the u = constant contour, and 2na is the magnetic flux through 

5(u). (b) Contours of constant a and (J for EBT-I/S. In both (a) and (b), the cartesian (x, y) axes have 

their origin at the / dl/B center, and the j/-axis passes through the geometric center. 

the theory in the special case of low collision frequency and small radius—a regime where the theory remains 

valid. When the aspect ratio is not large (such as in EBT-I/S or any realistically sised device), the finite 

shift A and the noncircularity of the pressure surfaces become relevant. More important, however, the 

transport can be nonlocal and nondiffusive. In such a case, the concept of a local diffusion coefficient loses 

meaning as convection and mass flow become the dominant transport processes. We show that the presence 

of a poloidal electric field can transform the plasma transport from a diffusive to a convective behavior. No 

analytic calculations have been made that treat such convective behavior in a bumpy torus. 

Although analytic treatment of finite-sised devices and nonlocal, nondiffusive transport is difficult, the 

Monte Carlo remains valid and can be easily generalised to treat such cases. Instead of a diffusion coefficient, 

we calculate a particle confinement time rp by running the Monte Carlo simulation until each of a large initial 

number of particles is lost by striking the wall. For the purposes of this calculation, the "wall" is defined 

as some closed a = constant' flux surface that is near the vacuum vessel wall but completely contained 

within the device. The particles are initially given a Maxwellian distribution in energy and pitch angle and 

a uniform distribution in fi. Conceptually, as each particle is lost, its lifetime U and energy E, upon crossing 

the wall are recorded, and it is then dropped from the simulation. Obviously, some particles will live much 
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longer than others, but it is those that are rapidly lost that contribute most to the confinement time. After 

each of the original N particles has been lost, we calculate the particle confinement time rp as 

ciich particle is lost, its statistics are recorded, and a new particle is started with random initial conditions. 

Thus, there are always 64 particles in the simulation. This scheme makes effective use of computer memory 

and also allows vectorisation for speed. The simulation should be continued until each particle has been 

lost and replaced at least once, preferably several times for good statistics. Then, N in Eqs. (2) is the total 

number of wall collisions that have occurred. In practice, the simulation must be run for 10-100 times the 

eventual confinement time. It should be clear that configurations with excellent confinement properties are 

very expensive to simulate. 

To examine the sensitivity of our results to the choice of the initial radial, or a, distribution, we 

have tested various options and settled on an initial delta-function distribution at r » a/2 as the most 

representative and convenient choice. When a poloidal electric field is present, crescent-shaped potential 

islands exist with an "x-point" somewhere inside the plasma radius a. If the delta function is placed beyond 

this x-point, the particles will be rapidly lost. This behavior is somewhat analogous to the cold and lossy 

edge plasma beyond the hot electron rings in EBT and certainly does not represent the behavior of the bulk 

plasma, with which we are concerned here, in the center of the device. We have also tested a number of 

approximately parabolic initial radial distributions. If the parabola extends much past the x-point, those 

particles that are initially near the center will be well-confined, while those beyond the x-point will be 

rapidly lost. However, if the parabola is entirely contained within the x-point, analogous to considering a 

parabolic bulk plasma distribution while ignoring the edge, comparatively good confinement will be seen. 

Our numerical results show that an initial delta function at r » a/2 produces confinement times comparable 

to those obtained with such an initial parabolic distribution, and also in rough agreenur.t with experimental 

results. 

A useful diagnostic tool to demonstrate graphically the motion of the particles is a multiple exposure 

graph of the (a, /?) coordinates of each of the 64 particles in the simulation. This multiple exposure plot 

is similar to a puncture plot that shows a particle's position each time it crosses some reference plane. 

In a bounce-averaged description, however, all information about a particle's position along a field line is 

lost. So instead of a puncture plot, we show a particle's actual (a, 0) coordinates which are independent 

(2a) 

Similarly, the energy confinement time te can be calculated as 
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of position along the field line, at equal time intervals. Since a and /? uniquely define a field line, we can 

project any (a,j9) coordinate along that field line to any reference plane to obtain the physical coordinates 

at the reference plane. We use the EBT (or EBS) midplane as the reference plane in all plots shown in this 

paper and transform from the nonorthogonal (a, 0) coordinates to real cartesian space. Thus, each point in 

the multiple exposure plots represents not where a particle crosses the midplano, but the physical position 

where the field line specified by a particle's instantaneous (a, /3) coordinates c: 3 the midplane. 

III. THE EFFECT OF A RADIAL ELECTRIC FIELD AND COULOMB COLLISIONS 

The existence of a purely radial electric field is understandably beneficial to confinement. By "purely 

radial," we mean an electrostatic potential $ that is a function of a (the "radial" variable) but has no /3 

dependence. In EBT and EBS, the poloidal precession necessary to cancel the toroidally induced vertical 

drift comes from gradient-B and curvature drifts and the E x B drift. Particles in an EBT that are toroidally 

passing or transitional (i.e., near the trapped-passing boundary in phase space) have very, small gradient-B 

and curvature poloidal precession frequencies and thus are poorly confined if no electric field exists. But if 

a radial electric field is present, the E x B drift can provide significant poloidal precession, thus providing 

good confinement. (Actually, the lot>s region is not totally removed, just moved to much higher energies, 

where only a few particles exist.) This effect holds for both ions and electrons since both species feel the 

E X B drift. Also, there is little difference if the field is inward-pointing or outward-pointing. 

To demonstrate graphically the beneficial effects of an electric field, Figs. 2(a) and 2(b) show multiple 

exposure plots of the collisionless orbits of 64 electrons in EBT with no electric field and with a purely radial 

electric field that is inward-pointing at small radii and outward-pointing at large radii. All 64 particles were 

started on the birth surface a f a r = 1/4, where ar is the outermost flux surface shown in Fig. 1(b), and with 

random /?'* uniformly distributed on the range (0,2ir). This birth surface corresponds to a radius r m a/2, 

where the plasma center (r = 0) is assumed to be at the minimum of f dl/B. The kinetic energies and pitch 

angles of the 64 particles were chosen randomly from a 100-eV Maxwellian distribution. The electrostatic 

potential used in Fig. 2(b) has the form $ = 400(a„ - a*) volts where a n = a/<*r is a normalised flux 

variable. Thus, $ rises to a maximum of 100 V at a n = 1/2 and falls back to cero at a„ = 1. The poor 

confinement properties when no electric field is present are obvious from the many particles in Fig. 2(a) whose 

orbits carry them far from the birth surface with some orbits that intersect the wall. In 1ms of simulation 

time nearly the entire cross-section has been filled from an initial distribution of 64 particles at r M a/2. In 

contrast, when the purely radial electric field is included, the confinement improves dramatically, as shown 

in Fig. 2(b). The initial positions, energies, and pitch angles are identical to those shown in Fig. 2(a), but 

most of the 64 particles remain close to the birth surface, and there are no direct losses. The EBT and EBS 

concepts are based partly on the existence of radial electric fields to improve particle confinement. In like 

manner, modern-day stellarator designs depend on strong radial electric fields for good confinement.16 
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FIG. 2. Multiple exposure (a, f3) coordinates (projected to the midplane and transformed to real carte-

sian space) depicting the orbits of 64 Monte Carlo test electrons without collisions in EBT-I/S (a) with no 

electric field and (b) with a purely radial radial electric field (with A $ = Te). 

Although the collisionless confinement is poor when no electric field is present, the presence of Coulomb 

collisions can limit the detrimental effect of direct losses because collisional particles are unable to complete 

orbits that intersect the wall. When e-e and e-i Coulomb collisions appropriate to a background density 

of about 9 x 1 0 u c m ~ 3 are included in the simulation, the transport becomes more diffusive in nature, as 

evidenced in Figs. 3(a) and 3(b). Of course, in the low collisionality reactor regime, the direct losses remain 

troublesome when no field is present. 

It should be pointed out here that the magnetic confinement properties of EBS are much better than 

EBT because of much better centering of the collisionless orbits. Figure 4(a) shows contours of constant a 

and /J for a "minimal" EBS design with 4 coils per side and a global mirror ratio of about 3.7. Since the 

"average" particle motion is on a flux surface, it is clear from the figure that the average particle orbits are 

much better centered than in EBT [cf. Fig. 1(b)]. With 6 coils per side and a global mirror ratio of about 6.4, 

an EBS becomes even more axisymmetric as evidenced in Fig. 4(b). Multiple exposure (collisionless) particle 

motion plots for the EBS coordinate system of Fig. 4(b) are shown in Figs. 5(a) and 5(b), respectively. All 

initial conditions and the functional form of $ are identical to those used in Figs. 2. Obviously, with or 

without an electric field, the particles remain much closer to the birth surface, and there are far fewer "bad" 

orbits than in EBT. 



A10-8 

ORNL-OWG 86 3251 FED 

WJ. 3. Multiple exposure positions of 64 test electrons in EBT undergoing e-e and e-i collisions 

appropriate to about 9 x 10 u cm~ 3 background plasma density (a) with no electric field and (b) with a 

rndlttt electric field. 

ORNL-OWGiM2» MD 

FIG. 4. Contours of constant a and 0 for (a) a "minimal" EBS design with 4 coils per side and a global 

mirror ratio of 3.7 and (b) an improved EBS with 6 coils per side and a global mirror ratio of 6.4. 
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(b) with a radial electric field. 

IV. THE EFFECT OF POLOIDAL ASYMMETRY IN THE ELECTROSTATIC POTENTIAL 

It is evident that a radial electric field is very valuable for charged particle confinement. However, 

if 4 has some poloidal dependence, potential islands exist that can have an extremely detrimental effect 

on transport rates. Low-energy particles will approximately follow the potential contours because they 

are strongly affected by the E x B drift and only weakly affected by the energy-dependent gradient-B and 

curvature drifts. Because of the potential island structure, such particles can take large neoclassical stepsises, 

leading to large diffusive loss rates. More seriously, if the potential contours intersect the wall, particles can 

experience electrostatic direct losses. These direct losses and large orbits are much more troublesome than 

the magnetic direct losses and wide orbit dispersion in Fig. 2(a) because particles of all pitch angles are 

affected, not just the passing and transitional particles. Therefore, pitch angle collisions cannot improve the 

situation. Only energy-scattering collisions up to energies several times the potential well depth (so that the 

gradient-B and curvature drifts are large compared to the E X B drift) can produce particles with orbits that 

do not approximately follow the potential contours. If, as observed experimentally in EBT, the potential 

is of the same order as or greater than the (cool population) electron temperature, only very few particles 

will be scattered to such high energies. As a result, most particles will be strongly affected by the potential 

island structure. 
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To quantify these effects, we have made Monte Carlo calculations for EBT and EBS with a range of 

poloidal asymmetries in the potential. We have chosen an ad hoc potential of the form 

$(<*„,/3) = $o(<*,» - - r j <*„««/?) , (3) 

where the asymmetry parameter rf determines the magnitude of the poloidal asymmetry. When rj = 0, the 

potential depends on a„ only, and since a„ is approximately proportional to (r /a)2 , is nearly parabolic near 

the center, rising to a peak of $o/4 at a n = 1/2 and falling back to zero at a n = 1. Figures 2, 3, and 

5 were made with rj = 0 and = 400 V. The actual potential in EBT-S is not sufficiently well known 

to be representable in a simple analytic form, but theoretical calculations1 predict an asymmetry of about 

15-20%, and r j of order 15-20% in Eq. (3) leads to potential contours with large potential islands not unlike 

the potential profiles sometimes seen in EBT.2,3 

As a benchmark case, we first show EBT-S results for r j = 0. Thus, the potential contours coincide 

with the a contours, and there is no island structure. We use a 100-eV Maxwellian distribution of electrons 

and = 400 V so that the maximum potential well depth is A $ = Te. Particles are launched at an = 1/4 

with a uniform random distribution in 0 and pitch angle. The particles experience e-e and e-i collisions 

appropriate to a background density of about 9 x 1011 cm"3. Figure 6 shows the potential contours and the 

multiple-exposure (a, /?) coordinates (projected to the midplane and transformed to real space) depicting 

the essentially diffusive nature of the particle motion. Using Eqs. (2) the particle confinement time may be 

ORNL-DWG 84-2738 FED 
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FIG. 6. Potential contours (with contour values shown in volts) and the associated long-time particle 

motion in EBT for the case of closed symmetric potential contours having no island structure. 
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calculated to be r,, « 4 ms, and the energy confinement time te » 2 ms. These results can be regarded as 

the "neoclassical" confinement times, the bases with which to compare all other confinement times when a 

poloidal electric field is present. Although no analytic theory exists that is valid for this realistic geometry 

[A/r ~ 0(1)], we rely on the fact that our Monte Carlo code has been benchmarked against the theory for 

large aspect ratio to justify the claim that r,, = 4 ins is the "neoclassical" result. 

As an example of the plasma behavior when a substantial poloidal electric field exists, we show results in 

Fig. 7 for T) = 16%. This choice produces closed, nearly circular potential contours in the center surrounded 

ORNL-DWG 84-2739 FED 

FIG. 7. Asymmetric potential contours in EBT with asymmetry parameter rj = 16% producing crescent-

shaped potential islands and the associated particle motion. 

by concentric crescent-shaped potential islands with the outermost crescents barely intersecting the wall. All 

other parameters (i.e., $ 0 and all initial conditions) are identical to those used in the previous case. FYom 

the multiple-exposure plot in Fig. 7, it is obvious that the transport is strongly convective in nature, with 

most particles following the potential contours once they get outside the central region where the poloidal 

asymmetry is small. Of course, a relatively small diffusive motion is superimposed onto the convective orbits 

because of collisional effects. The particle and energy confinement times for this case are rp « te « 0.2 ms. 

We have systematically varied the poloidal asymmetry over a range of r) = 1% to r; = 16% and calculated 

the particle and energy confinement times for both EBT and a simple EBS design. These results are shown 

in Fig. 8. In order to make a lower limit estimate of the confinement time possible in EBS, we have chosen 

the "minimal" EBS design with a/9-coordinate system shown in Fig. 4(a). Based on the theoretical results 
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FIG. 8. Particle and energy confinement times for electrons in EBT and a minimal EBS design as 

functions of the asymmetry parameter rj. The confinement times for an "advanced design EBS* are off the 

scale of this plot. 

in Ref. 3, the expected asymmetry in such a design is about 1 or 2 percent. An advanced EBS design with a 

global mirror ratio of about 6 might have only 0.5% or less asymmetry. Not surprisingly, the confinement time 

improves dramatically as the asymmetry decreases, and EBS has substantially better confinement than EBT. 

But the important conclusion to be drawn is the gain to be expected in going from EBT with Tf > 1.5% to EBS 

with tj < 2%—easily two orders of magnitude improvement in confinement time. The particle confinement 

time for an improved EBS design with nearly zero asymmetry is about 150 ms, compared with 20-30 ms for 

the minimal EBS. Thus, an overall improvement of two to three orders of magnitude over EBT in possible. 

V. CONCLUSION 

It is evident (and not surprising) that an electrostatic potential with only radial dependence is good 

for confinement. However, a "bad" potential, with strong poloidal dependence, can destroy neoclassical 

confinement, producing confinement times one to two orders of magnitude smaller than the "good* potential 

case. Because of poloidal asymmetries in the magnetic field, the electrostatic potential in EBT can have 

relatively large asymmetries, leading to very poor confinement. In EBS, however, the potential asymmetry 

should be much smaller, leading to dramatic improvements of two to three orders of magnitude in the particle 

and energy confinement times. 

ORNL-DWG 8 5 - 3 2 2 4 FED 
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Although theae results were calculated for a EBT and EBS, qualitatively similar behavior should be 

expected for other devices if a poloidal electric field exists. Tokamaks and stellarators would be expected to 

have only small poloidal electric fields because of the presence of rotational transform, which allows poloidally 

varying potentials to be easily short-circuited. Conversely, tandem mirrors, which—like bumpy tori—do not 

have closed flux surfaces, might have significant poloidal electric fields. Indeed, other authors6 have shown 

that the presence of poloidal variations in the potential in a tandem mirror contribute significantly to the 

radial particle flux. However, Ref. 6 remains a diffusive calculation and makes no attempt to treat the 

convective behavior seen in Fig. 6. We speculate that, for sufficiently large poloidal electric fields, tandem 

mirrors might experience radial particle losses qualitatively similar to those shown here, 
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Appendix 13 

ALTERNATIVE CORNER COILS 

Introduct ion 

The method for making the corner c o i l s e c t i o n s as contained in the 
main body of t h i s proposal has a number of a t t r a c t i v e f e a t u r e s : 

1) There i s high conf idence in the des ign and f a b r i c a t i o n of these 
c o i l s . The conductor (rectangular copper with a c i r c u l a r h o l e f or 
water c o o l i n g ) has been used before , and the techniques for winding 
i t in to c o i l s have been demonstrated in the e x i s t i n g EBT c o i l s . 
The performance and r e l i a b i l i t y have been e s t a b l i s h e d through 
e x t e n s i v e use . 

2) Diagnost ic a c c e s s to the plasma i s p o s s i b l e us ing ports between 
these c o i l s . Since there i s a great deal of i n t e r e s t i n the 
phys ics of the corner reg ion , t h i s a c c e s s i s q u i t e important. 

On the other hand, the use of these c o i l s r a i s e s some concerns , 
p r i n c i p a l l y because of the high power requirements f or opera t ion . The 
high f i e l d in the corner w i l l require about 12 MV. That much power 
would be a major expense in operat ing the f a c i l i t y . In a d d i t i o n , the 
r e l i a b i l i t y of the power source (MG s e t s ) i s a concern for experimental 
a v a i l a b i l i t y , and the maintenance of the power source would a l s o 
i n c r e a s e the operat ing c o s t s . 

These concerns have prompted an i n v e s t i g a t i o n of two o p t i o n s f o r 
the corners , one a nove l copper c o i l c o n f i g u r a t i o n , the o ther a 
superconducting c o i l assembly. Each of these opt ions o f f e r s a 
s i g n i f i c a n t reduct ion in power consumption for maintaining the corner 
magnetic f i e l d . These two opt ions are descr ibed below. The advantages 
of each are g i v e n , as w e l l as some of the o p e r a t i o n a l and developmental 
concerns . 

Parameters of the c o i l s for the Corner Sec t ion 

The magnetic f i e l d required in the corner reg ion i s determined by 
the g l o b a l mirror r a t i o . As demonstrated in Chapter 1, plasma 
confinement in EBS depends s e n s i t i v e l y on t h i s q u a n t i t y . To 
i n v e s t i g a t e t h i s dependence, g l o b a l mirror r a t i o va lues of up t o 6 
should be a v a i l a b l e . A resonant f i e l d ( a t 28 GHz) of IT r e s u l t s in a 
f i e l d of 0.5T at the r ing l o c a t i o n . A g l o b a l mirror r a t i o of 6 l e a d s 
to a f i e l d requirement of 3T in the corner; a d e s i r e f o r some 
f l e x i b i l i t y in l o c a t i n g the r ing r a i s e s t h i s to 3 .5T. 

The current required to generate that f i e l d i s roughly 1 . 5 - 2 x 
10s A-t per corner. The current d i s t r i b u t i o n d i f f e r s in the var ious 
o p t i o n s , and i s g i v e n below. 
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Copper Option 

The resistive losses in the corner regions can be decreased by 
increasing the amount of copper available to carry the current required 
to produce the magnetic field. An obvious way to accomplish this is to 
use vedge-shaped coils which nose together tightly on the inside radius 
of the coil array and which completely fill the outer radius regions. 
Another method is to extend the conductor radially to the top, bottom, 
and outside. In this case the coil bore would no longer be in the 
center of the coil. Such a coil could be built using wedge-shaped 
rectangular plate with a spiral cut to produce the turns. A cooling 
channel using imbedded copper tubing would be used to remove the heat 
generated in the coils. These concepts, together with the baseline 
design, are shown in Fig. 13.1. 
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Fig. 13.1 

This coil concept has been termed the spiral cut plate concept and 
has been studied for feasibility, cost, and schedule. In order to 
match the current/voltage characteristics of the existing HG power 
supplies, a configuration consisting of 22 coils of 8 turns each has 
been considered. A more detailed plan view of this concept is given in 
Fig. 13-2, and the side view is shown in Fig. 13.3. To optimize this 
concept (minimize the resistance) the locations of the spiral cuts have 
been chosen so that the resistance of each turn is nominally equal. 
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Fig. 13.2 

The coil insulation would consist of sheet insulation inserted 
between turns and sheet insulation between the plates. The plates 
would be connected electrically in series using cross-overs to connect 
adjacent plates. A cooling circuit would consist of two plates, vith 
the vater spiralling in on one plate, then out on the adjacent plate. 
That tvo-plate combination vould be potted using glass filled epoxy to 
maintain structural integrity and to carry the turn-to-turn loads. 
Special purpose potting molds have been considered in the estimate. 
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Fig. 13.3 

These coils could be supported, and the utilities provided, in a 
manner very similar to that in the baseline approach. Development 
issues are: 

(a) Wedge-shaped copper plate has not been produced. Although a 
manufacturer has expressed interest in rolling such plates, the 
availability has not been demonstrated. If flat plates were to be 
necessary, then the costs to machine it into a wedge shape vould 
be about $50K. 

(b) Diagnostic access in the corner region is eliminated, thereby 
precluding measurements of the corner plasma properties. 
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Superconducting Option 

In this option the magnetic field in the corner would be produced 
by eight superconducting winding bundles in each corner. Each bundle 
consists of 112 turns, which results in 896 turns per corner. The coil 
current of 2.3 kA would be provided by a new, low voltage power supply. 
Coil operation at such low currents would give excellent stability. 
The arrangement of the corner coil array and its dewar are shown in 
Fig. 13-4. 

The coils would be wound using surplus EBT-P superconductor, so 
there would be no procurement cost for the wire. Similarly, no 
procurement cost would be expected for the helium refrigerator, since 
there would be cryogenic equipment available from the Large Coil 
Program, which would be terminated by the time EBS would be 
operational. In the summary of the costs for the various options, the 
costs for the refrigerator and conductor are shown in parentheses, to 
indicate the increment which would be necessary, were these resources 
not available. 

S E C O N D H A R M O N I C 

FUNDAMENTAL 

HELIUM MANIFOLD — 

RESONANCE 

FLSOW 

TRANSITION 
CAVITY 

INTERFACE 

3 1 . 0 0 

EBS SUPERCONDUCTING CORNER 
s.oso n 

Fig. 13.4 
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The initial study o f the c o n c e p l h a s a s s u m e d that there would be 
one pair of vapor cooled leads per c o r n e r assembly. The operating 
costs could be further reduced by using a superconducting bus to 
connect the corners, thereby minimizing the heat load for the 
refrigerator. The heat load due to X-ray heating has been evaluated, 
and would be less than 1/2 W per corner. 

Developmental issues are: 

(a) The complex shape of the dewar within the limited space of the 
corner causes it to be a major influence in the overall cost. 

(b) Installation of the liquid nitrogen shield and insulation will be 
a critical point due to minimal space between the cold mass and 
the dewar vail. However, it is felt that a viable design is 
possible within the space available. 

(c) Fabrication of the bobbin as a monolithic unit will be of the same 
order of difficulty as the baseline corner concept, and does not 
require any development activities. 

(d) A winding technique must be developed which minimizes the number 
of joints in the superconducting windings. 

(e) Adequate space exists for the design of a realizable cold mass 
support scheme. 

(f) The added space requirement of the dewar complicates the inter-
face between the vacuum elbow (passing through the dewar) and the 
adjacent transition cavities. It may become necessary to modify 
the transition cavity design. 

(g) Diagnostic access in the corner region is eliminated, thereby 
precluding measurements of the corner plasma properties. 

(h) An adequate protection system for the coils would have to be 
designed and implemented. 

Cost Comparison of the Various Options 

The costs for individual elements for the various coil options are 
summarized below, in table 13-1. 

As shown in this table, the capital costs for the two alternate 
options are, respectively, 50% and 100X greater than for the baseline 
design. However, the large reduction in power costs would offset the 
higher capital costs within a period of 1 to 2 years. 

These estimates have been based on a variety of sources, including 
EBT-P magnet development, RFTF cryogenic installation, shop estimators, 
and vendors. 
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TABLE I 

ELMO BUMPY SQUARE CORNER MAGNET STUDY 

CONCEPT COSTS 
($ IN THOUSANDS) 

WATER COOLED 

FACILITY COST 
FABRICATION 
OTHER 
ELECTRICAL & CRYOGENICS 
COIL MATERIAL 
REFRIGERATION 
SYSTEM 
ENGINEERING 

SUBTOTAL 

BASELINE 
DESIGN 

876 

SPIRAL CUT 
PLATE 

1,220 

(50)' 

140 

90 

200 

1,510 

SUPERCONDUCTING 

1,340 

360 
(100)* 

(250)* 

260 

1,960 1,016 

OPERATING COST - (44 TEST WEEKS, 2.25 DAYS/VEEK, 8 HOURS/DAY: 800 HOURS) 
POWER ($41.5/MW HR) 400 60 35 

SUBTOTAL 400 56 35 

*COST OF REFRIGERATION SYSTEM AND COIL MATERIAL IF PURCHASED 

Discussion 
Both of these options meet the objectives of greatly reducing the 

operating costs due to pover charges, and both suffer the disadvantage 
of eliminating diagnostic access in the corner region. 

Each concept has some historical basis for confidence in producing 
the coils. Numerous superconducting coils have been built, vith higher 
fields and more complex shapes (e.g. Baseball, Ying-Yang, etc.). A 
spiral cut plate coil, vith flat plate, was built as a prototype for 
the ORMAK toroidal field coil. 

The superconducting option would require the purchase of a nev 
pover supply. This would slightly increase the capital cost, but vould 
result in a more reliable supply, and in decreased maintenance costs. 



ORNL/TM-9994 
Dist. Category UC-20f.g 

INTERNAL DISTRIBUTION 

1. F . W . Ba i t y 28. J . Sheffield 
2. D. B. Ba tche lo r 29. D. A. Spong 
3. L. A. Be r ry 30. D. W. Swain 
4. W . E . B r y a n 31. P. B. T h o m p s o n 
5. M . D. C a r t e r 32. J . S. Toll iver 
6. R . J . Colch in 33 42. N. A. Uckan 

7 - 1 6 . R . A. D o r y 43. T . Uckan 
17. G. R . H a s t e 44. T . L. W h i t e 
18. C. L. Hedr ick 45. J . B . Wilgen 
19. D. L. Hillis 46. W. L. Wright 
20. S. H i roe 47 -48 . L a b o r a t o r y Reco rds D e p a r t m e n t 
21. E . F . J a e g e r 49. L a b o r a t o r y Records , O R N L - R C 
22. H. D . K i m r e y 50. D o c u m e n t Refe rence Sect ion 
23. D. K . Lee 51. C e n t r a l Resea rch L i b r a r y 
24. T . J . M c M a n a m y 52. Fus ion Energy Division L i b r a r y 
25. L. W . O w e n 53. Fus ion Energy Division 
26. D. A. R a s m u s s e n P u b l i c a t i o n s Office 
27. R . K . R i c h a r d s 54. O R N L P a t e n t Office 

EXTERNAL DISTRIBUTION 

55. W . B. A r d . M c D o n n e l l Doug la s A s t r o n a u t i c s Co. , P . O . B o x 516, St . 
Louis , M O 63166 

56. H. L. Be rk , I n s t i t u t e for Fus ion S tud ies , Un ive r s i ty of Texas , A u s t i n , T X 
78712 

57. R . A. D a n d l , App l i ed M i c r o w a v e P l a s m a C o n c e p t s , Inc. , 2210 E n c i n i t a s 
B o u l e v a r d , E n c i n i t a s , C A 92024 

58. H. G r a d , C o u r a n t I n s t i t u t e for M a t h e m a t i c a l Sciences, New York Uni-
ve r s i ty , 251 M e r c e r S t r ee t , New York , N Y 10012 

59. G . E . G u e s t , G A Technologies , Inc. , P . O . Box 81608, San Diego, C A 
92138 

60. D. E . H a s t i n g s , M a s s a c h u s e t t s I n s t i t u t e of Technology , 77 M a s s a c h u s e t t s 
A v e n u e , C a m b r i d g e , M A 02139 

61. H . I k e g a m i , I n s t i t u t e of P l a s m a Phys i c s , N a g o y a Univers i ty , N a g o y a 464, 
J a p a n 

62. N. A. Kra l l , J A Y C O R , P . O . Box 85154, S a n Diego, C A 92138 



63. N. II . Lazar . T R W Difcn.sr and S p a r e Sys tems . 1 S p a r c P a r k . Rodomlo 
B e a c h . CA 92078 

04. .1. B. Me Bride1. Science Applicni i< >n- lm i-rna i imial ( ' o r p o n i t ion. P.O. Box 
2351, La Jo l la , CA 92037 

65. R . L. Miller , Appl ied M i c r o w a v e P l a s m a Concep t s , Inc. , 2210 Enc in i t a s 
B o u l e v a r d , Enc in i t a s , CA 92024 

66. K . Moses , J A Y C O R , 2811 Wi lsh i re Bou leva rd . Sui te 690, S a n t a Monica , 
C A 90403 

67. J . F . P ipk ins , McDonne l l Doug la s A s t r o n a u t i c s Co. , P . O . Box 516, St . 
Lou i s , M O 63166 

68. M . N. R o s e n b l u t h , R L M 11.218, I n s t i t u t e for Fus ion S tud ie s , Univers i ty 
of Texas , A u s t i n , T X 78712 

69. R . J . S c h m i d t , McDonne l l Doug la s A s t r o n a u t i c s Co. , P . O . Box 516, St . 
Lou i s , M O 63166 

70. J . W . Van D a m , I n s t i t u t e for Fus ion S tud ies , Univers i ty of Texas , A u s t i n , 
T X 78712 

71. H. Wei tzne r , C o u r a n t I n s t i t u t e for M a t h e m a t i c a l Sciences, New York 
Unive r s i ty , 251 Merce r S t ree t , New York, NY 10012 

72. Off ice of the Ass i s t an t M a n a g e r for Energy Resea rch a n d Deve lopmen t , 
U .S . D e p a r t m e n t of Energy , Oak Ridge O p e r a t i o n s Office, P. O. Box E, 
O a k Ridge , T N 37831 

73. J . D . Cal len , D e p a r t m e n t of N\iclear Eng inee r ing . Un ive r s i ty of Wiscon-
s in , M a d i s o n . W I 53706-1687 

74. J . F . Cla rke , D i rec to r , Office of Fus ion Ene rgy , Office of E n e r g y Research , 
E R - 5 0 G e r m a n t o w n . U.S. D e p a r t m e n t of Energy , W a s h i n g t o n , D C 20545 

75. R . W . Conn , D e p a r t m e n t of Chemica l , Nuc lea r , a n d T h e r m a l Engineer -
ing , Univers i ty of Ca l i fo rn ia , Los Angeles , CA 90024 

76. S. O . D e a n , Fus ion P o w e r Assoc ia tes , 2 P ro fess iona l Dr ive , Sui te 248, 
G a i t h e r s b u r g , M D 20879 

77. H . K . Forsen , Bech te l G r o u p , Inc. , Resea rch E n g i n e e r i n g , P. O. Box 3965, 
S a n Franc i sco , CA 94105 

78. J . R . Gi l le land , G A Technologies , Inc. , Fus ion a n d A d v a n c e d Technology, 
P . O . Box 81608, San Diego, C A 92138 

79. R . W . Gou ld , D e p a r t m e n t of Appl ied Phys i c s , Ca l i fo rn ia In s t i t u t e of 
Techno logy , P a s a d e n a , C A 91125 

80. R . A. Gross , P l a s m a R e s e a r c h L a b o r a t o r y , C o l u m b i a Univers i ty , New 
Y o r k , NY 10027 

81. D . M . Meade , P r i n c e t o n P l a s m a Phys ic s L a b o r a t o r y , P .O . Box 451, 
P r i n c e t o n , N J 08544 

82. M . R o b e r t s , I n t e r n a t i o n a l P r o g r a m s , Office of Fus ion Energy, Office 
of E n e r g y R e s e a r c h , E R - 5 2 G e r m a n t o w n , U.S. D e p a r t m e n t of Energy , 
W a s h i n g t o n , D C 20545 



83. W. M. Stacey. School of Nuclear Eng ineer ing and Hea l th Phys ics , Geor-
gia I n s t i m i e of Technology. A t l a n l a . GA 30332 

M. D. Steiner. Nuclear Engineer ing Depar t u ienl . NES Bui ld ing . T i b b e t l s 
Avenue., Rensselaer Polytechnic In s t i t u t e , Troy, NY 12181 

85. R. Varma , Phys ica l Research L a b o r a t o r y , N a v r a n g p u r a , A h m c d a b a d 
380009, India 

86. Bibliot.hek. M a x - P l a n c k In s t i t u t f u r P las rnaphys ik , D-8046 Garch ing , 
Federa l Republ ic of G e r m a n y 

87. Bibl iothek. I n s t i t u t fu i P lasxnaphysik , KFA, P o s t f a c h 1913, D-5170 
Ju l ich , Federal Repub l i c of G e r m a n y 

88. Bib l io theque , C e n t r e des Recherchcs en Phys ique des P l a s m a s , 21 Avenue 
des Bains, 1007 Lausanne , Swi tzer land 

89. F . P revo t , C E N / C a d a r a c h e , D e p a r t e m e n t de Recherches su r la Fusion 
Controlec , 13108 Sa in t -Pau l - l ez -Durance Cedex, F r a n c e 

90. D o c u m e n t a t i o n S.I .G.N. , D e p a r t e m e n t de la P h y s i q u e d u P l a s m a et de 
la Fusion Cont ro lee , C e n t r e d ' E t u d e s Nucleaires , B .P . 85, C e n t r e d u Tri , 
38041 Grenoble Cedex , France 

91. L ibra ry , C u l h a m L a b o r a t o r y , U K A E A , A b i n g d o n , Oxfordsh i re , OX14 
3DB, England 

92. L ibra ry , F O M - I n s t i t u u t voor P l a s m a - F y s i c a , R i jnhu izen , E d i s o n b a a n 14, 
3439 MN Nieuwegein , T h e Ne the r l ands 

93. L ibra ry , I n s t i t u t e of P l a s m a Phys ics , Nagoya. Univers i ty , N a g o y a 464, 
J a p a n 

94. L ibra ry , I n t e rna t iona l C e n t r e for Theo re t i c a l Phys ic s , Tr ies te , I ta ly 
95. Library , L a b o r a t o r i o Gas Ioniza t t i , C P 56, 1-00044 F rasca t i , R o m e , I taly 
96. L ibrary . P l a s m a Phys ics L a b o r a t o r y , K y o t o Univers i ty , Gokasho , Uji , 

K y o t o , J a p a n 
97. P l a s m a Research L a b o r a t o r y , A u s t r a l i a n Na t iona l Univers i ty , P . O . Box 

4, C a n b e r r a , A . C . T . 2000, Aus t ra l i a 
98. T h e r m o n u c l e a r L ib ra ry , J a p a n A tomic Energy R esea r ch In s t i t u t e , Tokai 

E s t a b l i s h m e n t , T o k a i - m u r a , Naka -gun , Iba rak i -ken , J a p a n 
99. G. A. Eliseev, I . V . K u r c h a t o v I n s t i t u t e of A tomic Energy , P . O. Box 

3402, 123182 Moscow, U.S.S.R. 
100. V. A. G lukh ikh , Scient i f ic-Research I n s t i t u t e of E lec t ro -Phys ica l Appa-

r a t u s , 188631 L e n i n g r a d , U.S .S .R. 
101. I. Shpigel, I n s t i t u t e of General Phys ics , U.S .S .R. A c a d e m y of Sciences, 

Ul i t sa Vavilova 38, Moscow, U.S .S .R. 
102. D. D. R y u t o v , I n s t i t u t e of Nuclear Phys ics , S iber ian B r a n c h of t h e 

A c a d e m y of Sciences of t he U.S.S .R. , Sove t skaya St . 5, 630090 Novosi-
b i r sk , U.S.S.R. 

103. V. T . Tolok, K h a r k o v Phys ica l -Technica l I n s t i t u t e , Academica l St . 1, 
310108 K h a r k o v , U.S .S .R. • 

104. Library, Academia Sinica, P.O. Box 3908, Beijing, China (PRC) 



105. D. Crandall , Experimental Plasma Research Branch, Division of Applied 
Plasma Physics . Office of Fusion Energy. Office of Energy Research. ER-
542 ( ieri imntown. U.S. Department of Energy. Washington. DC. 20545 

100, N. A. Davios, Office of t h e Assoc ia te D i r ec to r , Office of Fus ion Ene rgy , 
Officc of Ene rgy R e s e a r c h , E R - 5 1 G e r m a n t o w n , U.S. D e p a r t m e n t of En -
ergy , W a s h i n g t o n , D C 20545 

107. D. B. Nelson, D i rec to r , Divis ion of Appl ied P l a s m a Phys ics , Office of 
Fus ion Ene rgy , Office of E n e r g y R e s e a r c h , E R - 5 4 G e r m a n t o w n , U .S . De-
p a r t m e n t of Energy , W a s h i n g t o n , D C 20545 

108. E . Ok tay , Divis ion of C o n f i n e m e n t Sys t ems , Office of Fus ion Ene rgy , 
Office of E n e r g y R e s e a r c h , E R - 5 5 G e r m a n t o w n , U.S. D e p a r t m e n t of E n -
ergy, W a s h i n g t o n , D C 20545 W a s h i n g t o n , D C 20545 

109. W . Sadowsk i , Fus ion T h e o r y a n d C o m p u t e r Services B r a n c h , Div i s ion of 
Appl ied P l a s m a Phys i c s , Office of Fus ion E n e r g y , Office of E n e r g y Re-
search , E R - 5 4 1 G e r m a n t o w n , U.S. D e p a r t m e n t of Energy , W a s h i n g t o n , 
D C 20545 

110. P . M . S t o n e , Fus ion S y s t e m s Design B r a n c h , Divis ion of D e v e l o p m e n t 
a n d Technology, Office of Fus ion Ene rgy , Office of E n e r g y R e s e a r c h , E R -
532 G e r m a n t o w n , U.S . D e p a r t m e n t of Ene rgy , W a s h i n g t o n , D C 20545 

111. J . M . T u r n e r , I n t e r n a t i o n a l P r o g r a m s , Office of Fus ion Ene rgy , Office 
of E n e r g y R e s e a r c h , E R - 5 2 G e r m a n t o w n , U.S . D e p a r t m e n t of Ene rgy , 
W a s h i n g t o n . D C 20545 

112. R . E . Mickens . A t l a n t a Univers i ty , D e p a r t m e n t of Phys i c s , A t l a n t a , G A 
30314 

113. T h e o r y D e p a r t m e n t R e a d Fi le , c / o D . W . R o s s , I n s t i t u t e fo r Fus ion 
S tud ies . Univers i ty of Texas , A u s t i n , T X 78712 

114. T h e o r y D e p a r t m e n t R e a d File , c / o R . C. D a v i d s o n , D i r ec to r , P l a s m a 
Fus ion C e n t e r , N W 16-202, M a s s a c h u s e t t s I n s t i t u t e of Techno logy , C a m -
br idge . M A 02139 

115. T h e o r y D e p a r t m e n t R e a d File , c / o R . W h i t e , P r i n c e t o n P l a s m a P h y s i c s 
L a b o r a t o r y , P . O . B o x 451, P r i n c e t o n , N J 08544 

116. T h e o r y D e p a r t m e n t R e a d File , c / o L. K o v r i z h n y k h , Lebedev I n s t i t u t e 
of Phys ics , A c a d e m y of Sciences, 5 3 Leninsky P r o s p e c t , 117924 Moscow, 
U .S .S .R . 

117. T h e o r y D e p a r t m e n t R e a d File , c / o B . B. K a d o m t s e v , I. V . K u r c h a t o v 
I n s t i t u t e of A t o m i c Ene rgy , P . O . Box 3402, 123182 Moscow, U . S . S . R . 

118. T h e o r y D e p a r t m e n t R e a d Fi le , c / o T . K a m i m u r a , I n s t i t u t e of P l a s m a 
Phys i c s , Nagoya Univers i ty , N a g o y a 464, J a p a n 

119. T h e o r y D e p a r t m e n t R e a d Fi le , c / o C. M e r c i e r , D e p a r t e m e n t e de 
Reche rches s u r la Fus ion C o n t r o l e e , B .P . No. 6 , F -92260 F o n t e n a y - a u x -
Roses (Seine) , F r a n c e 

120. T h e o r y D e p a r t m e n t R e a d File , c / o T . E . S t r i n g e r , J E T J o i n t U n d e r t a k -
ing, C u l h a m L a b o r a t o r y , A b i n g d o n , O x f o r d s h i r e O X 1 4 3 D B , E n g l a n d 



121. Theory Department Read File, c / o F. Briscoe, Culham Laboratory, 
Abingdon, Oxfordshire OX14 3DB. England 

122. Theory Department Read File, c . o D. Biskamp, Max-Planck-Institut fur 
Plasmaphysik, D-8046 Garching, Federal Republic of Germany 

123. Theory Department Read File, c / o T. Takeda, Japan Atomic Energy 
Research Institute, Tokai Establishment, Tokai-mura, Naka-gun, Ibaraki-
ken,Japan 

124. Theory Department Read File, c / o J. Greene, GA Technologies, Inc., 
P.O. Box 81608, San Diego, CA 92138 

125. Theory Department Read File, c / o L. D. Pearlstein, L-630, Lawrence 
Livermore National Laboratory, P.O. Box 5511, Livermore, CA 94550 

126. Theory Department Read File, c / o R. Gerwin, CTR Division, Los 
Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545 

127. Duk-In Choi, Department of Physics, Korea Advanced Institute of Sci-
ence and Technology, P.O. Box 150, Chong Ryang-Ri, Seoul, Korea 

128-318. Given distribution according to TIC-4500, Magnetic Fusion Energy (Dis-
tribution Categories UC-20 f,g: Experimental P lasma Physics and The-
oretical Plasma Physics) 


