
FUSION THEORY AND COMPUTATIONS M ~ s ~ R  
17. TASK DESCRIPTION 

It is proposed to carry out theoretical studies of the equilibrium, 

stability, transport and heating properties of high-temperature fusion 

plasmas. Continued emphasis will be placed on the effective interface 

of fusion theory and computations with the local Alcator, Versator, 

Constance and Torex experimental programs. The proposed research includes 

but will not be limited to the following types of studies: (a) Investi- 

gation of RF heating of toroidal plasmas with applications to Alcator A 

and C and Versator 11, including theoretical studies of nonlinear waves 

in plasmas, and induced stochasticity in particle dynamics by coherent 

waves. (b) Investigation of the MBD equilibrium and stability'properties 

of tokamak plasmas. Study of microinstabilities and anomalous transport 
\ 

in high-temperature plasmas. Investigation of ignition physics and alpha 

particle heating in fusion plasmas. (c) Dwelop the basic understanding 

of a wide variety of non-linear and turbulent phenomena, including stochas- 

tic magnetic fields, clumps and nonlinear saturation of linear instabilities. 

(d) Investigate the effects of ambipolar fields on transport and stability 

properties of toroidal plasmas. Investigate high-beta stability properties 

of tandem-mirror systems. (e) Investigation of the MBD equilibrium and . 
stability properties of Torsatron/Stellarator configurations. Microinsta- 

bilities and anomalous transport in tokamak/torsatron/mirror configurations, 

including formulation of self-consistent scaling laws needed for meaningful 

experimental planning. 
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" SUETASK #1 

RE' HEATING AND NONLINEAR WAVES IN TOROIDAL PLASMAS 

Abraham Bers, Principal Investigator 





.RF HEATING AND NONLINEAR WAVES IN TOROIDAL PLASMAS 

19. DETAIL ATTACHMENTS 

Purpose 

The general objective of this .research is to explore the use of ex- 

ternally applied electromagnetic power (generically, "RF~'power")' for the 

supplementary heating. and confining of toroidal plasmas. .Particular 

studies are being carried out to determine the heating of tokamak plasmas 

with microwave power in the lower-hybrid range of frequencies., and the 

results are applied to curr,ent experiments on Alcatok A and Doublet 11-A, 

as well as to experiments in the near future on Versator.11 and Alcator C. 



. . . - 
I . RF hLATING .AND. NONLINEAR WAVES 

Pub1 ica t ions  f o r  Calendar Years 1977 and 1975 

. . 

1. T ~ O - ~ i m c n s i o n a l  Sel fmodulation of Lower Hybrid Waves in  Inhomogeneous Plasmas 

G. Lecler t ,  C. F. F. Ihrney, A. Bers and D.  J .  Kaup 
submitted t o  Phys . Fl ui ds , May 1978 

2. Comnents on "Propapation and Mode Conversion of '.ewer-Hybrid, Waves ' ~ e n e r a t e d  
. by a F in i t e  Soul-ce" 

.. . 
V. 13-apchev and A. Bers 
Phys. Fluids 21, 2123 (1978) 

3 .  Stochast ic  Ion Hezting by a Lower ~ y b r i d  !,!ave. 
" ' .  C. F. F. Karney . 

. . . . 
Phys. Fluf'ds - 21,. 1584 (1978) a 

. . 

. %4. Confining .a Tokamsk asma with rf-Driven C.urreiits 
Nathaniel 3'. Eisch 

- P h y s . ' ~ e v .  Let t .  41, 873 (1978) ~ - 
5. Parametl-ic Decay i n  a F in i t e  Width Pump, Including the Effects of Three- 

~ imens ional  Geometry and Inhun?.~genel t y  . 

A: Reiman 
Phys. Fluids - 21, 1000 (1978) 

Two-Dimensional Depl e t ion of a Lower .Flybrid Pump by ~ u a s i    ode Excitations 
A. Sen, C. F. F. Karney, and A. Bers 
Phys. ~ l u i d s  - 21, 861, (1978) 

tlaveguide Array Excitation of Lower Hybrid Fields i n  a Tokarnak Plasma 
V. f:rapcllev, A. Bers 

Nucl. Fusion - 18, 519 (1978) 

d. Three-Dimensional Effects in the   on-  in ear Propag'ati on of Lower-tlybri d Waves .. -.. 
A. Sen, C. F. F. Karney, G .  L .  Johnston, A,' ~ e r s  

Nucl. F.usion - 18, 171 (1970) 



I .. .- .. - 
I ' . . 
I 

9. Roo1 i Ileali Dcvelop~ncllt 'of Lower Ilybi?i d Corlcs 
N .  R .  ' P c r e i r a ,  A .  Sen, and A. ~ e r s  

Phys, Fluids Zl, 117 (1978) 

10. ~ o ~ n ~ l e x  t4odified K-DV Equation and Wonlineal* Propagation of Lower Hybrid l~laves 
A. Sen, C. F.. F. Karney, A.  Bers, and N .  R.  Pe r e i r a  
Proceedings of  The T h i r d  Topical Conference on Radio Frequency Plasma Heatinq,  

Ca l i fo rn i a  I n s t i t u t e  of Technology, Pasadena, Ca l i fo rn i a ,  January 11-13, 1978 
1 .. . 

11. Ponderono'ti \le E f f ec t s  i n  a hlagnetized Plascia 

V.  Krapchev and A. Bers  
Proceedi nqs of The Tlli r d  ~ o ~ i  cal  Conference on Radio ~ r e q u e n c ~  Pl asrna Heati np, 

Cal i f o rn i a  I n s t i  t u t c  of  Teclinology, Pasadena,  Ca: i f o r n i a ,  January 11-13, 1978 . . 
1 2 .  Current  ene era ti on by High Power RF F ie lds  

N.  J .  Fisch and A.  Bers 
Proceedings of The Third Topical conference on Radio ~ r e o u e n c y  Plasma Heating , 

. Cal i fo rn i a  I n s t i t u t e  of Technology, Pasadena, Ca l i fo rn i a ,  January 11-13, 1978 

: 1 3 .  A Steady S t a t e  ~ o r o i d a l  Reactor Driven by l~lic~o\uave power' i n  t h e   over-~~brid 
Range of Frequencies . . 

4 A. Eel-s and N. ' J .  Fisch 
Proceedi nos o f  The 'rhi rd  Topical Conference on Radio Frequency ~l asms Heating, 

~ a l  i f o r n i a  I n s t i t u t e  of ~ e c h n o l ~ ~ , -  Pasadena, Ca l i fo rn i a ,  ' ~ a n u a r y  11-13, 1978 

14. Theory of  Plasma Heating i n  t he  Lower Hybrid Range of: Frequencies (LHRF) 
Abraham Bers 
Proceedi nqs of  The Thi rd  Topical Conference 'on Radio Frequency Pl asrna Heati ne, 
Cal i - fornia  I n s t i t u t e  of Technology, ~ a s a d e n a ,  Cal i f o r n i a ,  January 11-13, 1978 

' 1 5 .  Palrametri c Exc i ta t ion  of  Kinetic Uaves--Ion-Berns t e i  n i*!aves by a ~ o w e k  Hybrid 
. .  .Pump l4ave 

Duncan C. \!atson and Abraham ~ e r s  

I Phys. Fluids  3, 1704 (1977) 
. .  . 

16. Stochas t i c  Ion Heating by a Perpendicularly Propagating E l e c t r o s t a t i c  Wave 
C. F. F. ~ a r n e y  and A. Bers .. 

Phys. Rcv. Lett. 39, 550 (1977) 
. . - -. . 

17. Theory of t he  Runaway Electron Tai l  
Kim Molvig, Miloslav S. ~ e k u l a ,  and Abraham Bers 

Phys. Rev. Le t t .  g, 1404 (1977) 
I 

. . 



. . 
' ,  . TECYZNICAL PROGRESS (.latter pait of FY '78 and FY '79 to date). 

In this past period our studies have continued to focus on problems 

relevant to lower-hybrid heating of tokamak plasmas in general, and to under- 

standing the recent results of lower-hybrid heating on Alcator A in particular. 

The two most prominent results..f.rom Alcator A are the observed nonlinear effects 
, . 

in the coupling of the RF power and the strong ion heating observed in a narrow 

range of plasma densities. In the following we describe first three studies 

directly relevant. to understanding these experimental results, ,followed by 

three studies that are also of broader interest to RF heating of tokamak plasmas. 

Nonlinear Coupling. 

It has been recognized for some time that in lower-hybrid heating the 

electric field amplitudes will be large so that nonlinear plasma dynamics effects 

will be prominent. The nonlinear effects,are characterized by.the ponderomotive 

2 
' . force,' and typically by the parameter (v ind /v: T I2 and/or (cOE /nT). 1n the 

central region of the plasma, where the temperature i s  high, these 

are small enough so that nonlinear effects can be treated as perturbations of 

. . 
the linear propagation characteristics of the plasma. 'Such studies, involving 

selfmodulation and parametric eicitations , hake been quite common in the last 

few years both in our group 2s3p4959697 and elsewhere. 8,9,10,11,12 The major 

conclusions are: (a) parametric excitations. should be quite prominent; (b) the 

excitation of a narrow n spectrum of waves, with n well above accessibility, 
I i- I I 

should be able to propagate with negligible, effects due to selfmodulation; the 

density and temperature gradients strongly inhibit selfmodulation; (c) the 

excitation of a broad n -spectrum, with 's extending near to accessibility 
I I 7 I 

and below, may undergo strong selfmodulation and generate internally reflected 

waves; the effects of inhomogeneity in this case are not yet known. 



- 
I .' 

. . 

On t h e  o t h e r  hand, n e a r  t h e  plasma edge t h e  n o n l i n e a r i t y  parameter  
L 

2 (V - /vT) i (E E InT) becomes l a r g e r  t h a n  u n i t y  and t h e  above-mentioned s t u d i e s  
i nd  o 

I 
do n o t .  apply. .  The n o n l i n e a r  e f f e c t s  are no l o n g e r  s m a l l  and cannot  b e  d e s c r i b e d  

by p e r t u r b a t i o n  t h e o r y  techniques .  An u n r e a l i s t i c  . a n a l y s i s  of  the.  edge dynamics 

i n  one-dimension' and t i m e 1 3  i n d i c a t e s ,  t h a t  t h e  plasma is  pushed, by t h e  RF, 
- 

away from t h e  wa.11,  a c r o s s  B , , , and  t h u s  reduces  t h e  coup l ing  and t h a t  a s t eady-  
0 

! s t a t e  n e a r  t h e  w a l l  may n o t  b e  reached .  Recent e l e c t r o s t a t i c  s i m u l a t i o n s  of 

I lower-hybrid wave e x c i t a t i o n  by phased-p la tes  a t  t h e  plasma edge do n o t  cor rob-  

o r a t e  t h e  l a t t e r .  l4 The wave e x c i t a t i o n  by p l a c e s ,  i n  t h e s e  s i m u l a t i o n s ,  i n t r o -  

duces l a r g e  ampl i tude  o s c i l l a t i n g  s h e a t h s  t h a t  r e s u l t  i n  ion-hea t ihg  a t  t h e  

p e r i p h e r y  o f  t h e  plasma. 

I n  t h e  c a s e  of lower-hybrid e x c i t a t i o n  by wavegbide a r r a y s ,  which is  o f  

' more p r a c t i c a l  i n t e r e s t ,  such  s h e a t h s  would be  less prominent .  I n s t e a d ,  t h e  

e l e c t r i c  f i e l d  n e a r  t h e  plasma edge v a r i e s  a p p r e c i a b l y  a l o n g  t h e  d i r e c t i o n ' o f  
- 
B and i s  enhanced i n  t h e  v i c i n i t y  of t h e  waveguide w a l l s  and a l o n g  t h e  resonance  
0 

'cones emanating from t h e s e  regions.' '  Based upon t h i s ,  we have r e c e n t l y  p o i n t e d  ' 

o u t  t h a t  a t  t h e  plasma edge poqderomotive e f f e c t s  p a r a l l e l  t o  coupled w i t h  . 
0 ' 

t h e  n o n l i n e a r  bunching of  t h e .  e l e c t r o n s  t h e r e ,  can  e x p l a i n  t h e  expe r imen ta l ly  

observed n o n l i n e a r  e f f e c t s  i n  t h e  e x t e r n a l  coup l ing  of lower h y b r i d . e n e r g y  t o  

16 
t h e  plasma, .as  e.g. s e e n  i n  P e t u l a ,  JFT.11, a n d . A l c a t o r  A. . The ponderomotive 

. f o r c e  i n  t h e  d i r e c t i o n  of produces plasma d e n s i t y  m o d i f i c a t i o n s  i n  t h a t  d i r e c -  
0 

t i o n  t h a t  are independent  of  t h e  phas ing  of t h e  waveguides; t h i s  i s  due t o  t h e  

2 ' t  

f a c t  t h a t  t h e  ponderomotive f o r c e  is  p r o p o r t i o n a l  t o  , I E ~  . For example, i n  t h e  

. r e c e n t  A1cato.r A experiments  (v  / v  ) - 10-20 a t  t h e  plasma edge,  g i v i n g  r i i e  
ind  T I 

t o  d e n s i t y  d e p r e s s i o n s  n exp (-vind/2vT) of t h r e e  o r d e r s  of magnitude. Th i s  
0 

1 
I 

has  two consequences.  F i r s t , '  t h e  e l e c t r o n  bunching nea r .  t h e  edge,  whidh i s  

a r e s p o n s i b l e  f o r  t h e  lower-hybrid e x c i t a t i o n  i n  t h e  pLasma, i s  s h i f t e d  t o  s h o r t e r  



wavelengths. Se'cond, s i n c e  t h e  ions  ,cannot ro l low ins tan taneous ly  t h e  e l e c t r o n  

~ - .  
d e n s i t y  depress ions ,  o s c i l l a t i n g  shea ths  p a r a l l e l  t o  B a r e  s e t  up; f o r  t h e  

I 0 
, . 

power l e v e l s  of 100 kW i n  Alcator  A; t h e  e l e c t r i c  f i e l d s  i n  t h e s e  shea ths  is 
I 

about a  few huxidred eV's',and t h e s e  can s t o c h a s t i c a l l y  hea t  t h e  i o n s  a t  t h e  

edge. More impor tant ly ,  however, a t  t h e s e  power l e v e l s  the  app l i ed  e l e c t r i c  

f i e l d s  a t  t h e  edge a r e  such t h a t  t h e  e l e c t r o n  bunching is  non l inea r ;  thus  one 

f i n d s  t h a t  (wg/wj = (k,,vtr/u) = v - 0.3 . This ,  toge the r  wi th  t h e  (Vind ph 

ponderomotive r i p p l i n g  of t h e  plasma s u r f a c e  l e a d s  t o  a  s h i f t  of t h e  app l i ed  

k s ectrum t o  l a r g e r  k  by a f a c t o r  of 2-3, which i s  c o n s i s t e n t  wi th  obser- lr I I 
17,18 v a t i o n s  o f  h e a t i n g  and C02 l a s e r  s c a t t e r i n g  i n  Alcator  A. 

Ion  Heating. 

I n  r e l a t i o n  t o  t h e  observed ion-heating i n  Alcator  A t h e r e  e x i s t  t h r e e  

p o s s i b l e  mechanisms: ( a )  by t h e  p a r a m e t r i c a l l y , e x c i t e d  waves; (b)  . b y . s t o c h a s t i c  

h e a t i n g  of t h e  lower-hybrid wave o r  i t s  pa ramet r i ca l ly  exc i t ed  waves; ( c )  by 

l i n e a r  ion-cyclot ron harmonic damping of t h e  lower-hybrid wave o r - i t s  parametric-  

a l l y  exci ted ,waves .  The theory of s t o c h a s t i c  hea t ing  by lower-hybrid waves is  

by now r e l a t i v e l y . w e l 1  advanced. 19920 . I n  t h e  r e c e n t  p a s t  w e  have concentra ted  

on understanding t h e  p o s s i b l e  re levance  of l i n e a r  ion-cyclotron-harmonic damping 

i n  an bhomogeneous magnetic f i e l d ,  and t h e  non l inea r  hea t ing  a s p e c t s  of quasi-  

L 
mode pa ramet r i c  e x c i t a t i o n s .  The f i r s t  r e q u i r e s  (k pi) ? (w/n ) which can 

i 

only  b e  s a t i s i i e d  near  wave conversion occur ing a t  t h e  c e n t e r  of  t h e  plasma. 

However, a t  t h e  l a r g e  f i e l d  ampli tudes of i n t e r e s t ,  and w i t h  t h e  a b o v e  c o n d i t i o n  

. . . . 
s a t i s f i e d ,  s t o c h a s t i c  hea t ing  i s  e f f e c t i v e  and l i n e a r  theory i s  no't appropr ia t e .  

The re l evance 'o f  parametr ic  e x c i t a t i o n s  i n  i o n  hea t ing  i s  less c l e a r .  Pa ramet r i ca l ly  

e x c i t e d  s p e c t r a  a r e  observed i n  a l l  tokamak h e a t i n g  experiments u t i l i z i n g  e x t e r n a l l y  

app l i ed  power i n  thg- lower-hybrid range. of f requencies .  However, t h e s e  a r e  de tec ted  

a 



at the plas,ma wall and hence can not 'necessarily be assumed to occur in the 

plasma where the heating occurs. In the recent past we have undertaken a detailed 

study of the nonlinear (heating) aspects of the quasinlode parametric excitation 

in an inhomogeneous plask. This excitation is a prominent one since 

it is nonresonant and it has a low threshold. In the past it was thought that 

the lower-frequency sfdeband (also a lower-hybrid wave) is mainly excited by 

scattering of the pump (the applied lower-hybrid wave) off the electrons. 2 1 

We have recnetly sho& that for the parmeters of Alcator .A (but also in fact 
I . 

for any tokamak-type plasma) the dominant scatterin, is off the ions by doppler- 
I 

shifted ion-cyclotron harmonic resonance of the low-frequency fields. This may 

explain the ion-cyclotron-harmonic structure which one observes on the sideband 

signal and at low frequencies. 17' 23 Furthermore, nonlihearly , the quasimode 

excitation may be strong near the edge of the plasma. In that case the pump 

depletes mainly to the sideband which propagates'further into the plasma but 

in a different direction and has a wave conversion point that is further out in 

the density gradient. Ion heating can then occur near wave conversion of the 

sideband by either linear ion-cyclotron harmonic damping or induced stochastic . 

- 
ion motion, as before. A small fraction:of the pump power (w /w where LF = LF s' 

low frequency, and s 2 sideband) goes directly to the ions via the low-frequency 

fields of the quasi-mode. 

Group Velocity Rays in Toroidal Geometry. 

This project has been continued and completed. The results have been 

written up in the P~.D. thesis of J. L. Kulp, June 1 9 7 8 . ~ ~  A s  a result of this 

work $e now have a sophisticated (symbolic and numeric) computer program and 

display for following rf energy propagation in .a torotdal plasma, including all 

of the. linear effects 'due. to plasma and magnetic field inhomogneity , and toroidal 

. . 



geometry. , The 'most impor tan t  new r e i u l t  i s  t h e  d i scove ry  t h a t  t h e  a p p l i e d  

n , ,  = (ck /w) can  be  reduced by a s  much a s  30-50% when w -'tH and ( w  /$I ) 2 1 . I I Pe e 

Thi s  can  h a v e  impor tan t  consequences,  e s p e c i a l l y  i n  e l e c t r o n  h e a t i n g  which is 

, s e n s i t i v e  t o  k 1.1'. 

Nonresonant Curren t  Genera t ion  f o r  S teady  S t a t e  Tokamak Opera t ion .  

c o n t i n u i n g  o u r  p a s t  work i n  t h i s  a r e a ,  w e  have r e c e n t l y  under taken  t o  

e v a l u a t e  t h e  c u r r e n t  d r i v e  i n  a plasma which i s  d i r e c t l y  a s s o c i a t e d  w i t h , a  

t r a v e l i n g  wave. A f i r s t  e v a l u a t i o n  shows t h i s  t o  be  a p p r e c i a b l e  f o r  lower- 

h y b r i d  waves. A more complete q u a s i - l i n e a r  model, i n c l u d i n g  t h e  f i n i t e  e x t e n t  

o f  t h e  f i e l d s ,  i s  now be ing  developed.  

I n  t h i s  connec t ion  we a r e  a l s o  con t inu ing  ou r  s.eudy of t h e  high-  

. f requency  ~ l f v g n  wave e x c i t a t i o n  i n  t h e  LHRF. . 
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* FUTURE ACCOMPLISHTENTS (N '80 and .N ' 81) 

We are currently strengthening our interactions with the experiments 

in RF hea'ting at MIT. Recent results on lower-hybrid heating in Alcator A, 

upcoming experiments in lower-hybrid heating and current drive on Versator 11, 

and future experiments in lower-hybrid heating on Alcator C--all of these can 

profit from our developed expe;tise in this area .over the past few years. In 

addition we plan to evolve theoretical studies in other RF heating schemes, 

specifically ICR and ECR, relevant to possible future experiments on Alcator and 

Versator. These we'would expect to become "mature" during .F'Y '81. In the fol- 

lowing we outline recently initiated. pro j ec ts that should lead to significant 

results in.FY '80 and early N '81. 

Simulation on Nonlinear Coupling. 

We have recently undertaken to carry ou; a simulation of the coupling 

region in the.vikinity of a two-waveguidearral. The first attempt will b e a  

particle simulation in the electrostatic fields of .the waveguide array near the 

plasma edge.. This should provide us with a view of the stochastic heating we 

expect in this region, .as well as the effects of strong ponderomotive forces, 

as discussed in the previous section. We expect that this simulation will pro- 

vide .& with insight on the appropriate boundary conditions for describing non- 

linear propagation for lower-hybrid waves, a problem that has not been solved 

satisfactorily, so far. In addition we should be able to see if our proposed 

model for nonlinear coupling 'that is relatively insensitive to waveguide phasing 

is correct, and if so whether traveling wave excitations are still possible at 

high powers. The latter result is of prime importance to proposed experiments 

of rf-current drive for achieving steady-state operation of tokamaks. 



\ .  

Ion-Heating* Phenomena. 

. we' plan to continue studying .various mechanisms .to explain the observed 

ion-heating with lower-hybrid waves. Ion-heating, tail and bulk energies,. and 

in various regions of the plasma profile, is the most common experimental obser- 

vation in using lower-hybrid waves. Yet detailed models that can be used in 

scaling of these 'observations are still lacking. We plan to extend our previ- 

ous studies of: (a) Stochastic heating, (b) Ion-cyclotron harmonic-damping, 

and ( c )  Parametric excitations. In the past these have been studied indepen- 

dently. ~x~erihental parameters show .that all three are us'ually effective, 

and their interaction is not understood. 

Electron Heating and Runaways. 

We plan to initiate a,-study that looks into t3e coupling of an applied 

rf spectrum intended to heat electrons with the 'applied toroidal electric field 

' .  which drives the current. Recent experiments in Alcator A and especially 

Doublet 11-A indicate that there is an appreciable enhancement of the tail of 

the electron velocity distribution function when rf power is applied. The pro- 

, 
posed study is clearly also of importance to attempts at generating an rf driven 

current in a plasma. ~asically'; the study wiil involve describing the evolu- 

tion of the electron distribution function in the presence of the simultaneous 

I 
. actions of a drift field, quasilinear diffusion due to rf fields, and collisions. 

I 

I In this connection, it may be useful t'o supplement this study with the use of 

1 some of the available ~okker-~lanck codes that have been successful in the , 
I . . .  . . 

' runaway problem. 

Interaction with Experiments. 

.' We are currently progressing with developing an understanding of the 

experimental results in Aicator A lower-hybrid heating. This includes models 



he observed spectrum with C02-laser scattering, and the observed 
.. . 

ion-heating in a narrow range of plasma densities. 
J 

We plan to interact with the experiments on lower-hybrid heating and 

current generation in Versator I1 which should yield significant results in 

During FY '81 our interaction will be strongest with the lower hybrid 
. . 

heating experiments in Alcator C. 

.Also during these periods of N '80 - FY '81, possible attempts at 
heating Alcator A with power in the ICRF, and Versator I1 with power in the 

ECRF will initiate relevant support studies within our group. 



I 1 , , The t h e o r e t i c a l  s t u d i e s  of t h i s  group a r e  s t r o n g l y  t i e d  t o  and dependent 
, ,  . 
I 

I upon symbolic and numeric computational f a c i l i t i e s ,  and e s p e c i a l l y .  t h e i r  i n t e r -  
I 
I a c t i v e  na tu re .  Continued support  f o r  t h e s e  f a c i l i t i e s ,  some of which a r e  unique 
l 

and were developed by us ,  and f o r  one a d d i t i o n a l  computat ional  p h y s i c i s t  is  

reques ted  and w i l l  be 'necessa ry  f o r  c a r r y i n g  out  t h e  proposed .program. 



, . 
L\ RELATIONSHIP TO OTHER PROJECTS 

Studies on supplementary plasma heating of tokamaks with external power 

in the lower-hybrid range of frequencies are also.pursued at the Princeton Plasma' 
I 

Physics Laboratory and at General Atomic Company. The contact with these groups 

is very good so that the work is sufficiently non-overlapping and complementary 

in all, aspects. Some of the t6eoretical aspects on nonlinear .~ropagation and 

heating are also studied.by the theory group at the Lawrence Berkeley Laboratory 

with whom we also have. excellent contact. The aim of our studies is to be rele- 

vant to current andplanned heating experiments nationally .and internationally 

in general, and to MIT experiments on Alcator and Versator in partTcular, 
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COMPUTATIONAL SERVICES AND TECHNOLOGY 

19 - DETAIL ATTACHMENTS 

Purpose 

This activity provides computation-related services. to the M.I.T. 

Plasma   us ion Center community. It is primarily oriented towards aiding 

users in accessing'the NatZonal Magnetic Fusion Energy Computer Center, 

including the implementation and maintainence of ldcal facilities for connec- 

ting to the NMFECC via existing M.I.T. network ports. In addition, the 

computational group ~rovides'a centralized administration of M.I.T.'s 

time allocation at the NMFECC and distributes documentation for users. 

Because of the importance of computing in both experimental and theoretical 

programs, it is imperative that researchers in the DOE-supported fusion effort 

at the Plasma Fusion Center have convenient and eff.icient assess to the 

NMFECC. The continued strengthening of .Plasma Fusi'on Center computational 

services is an essential ingredient in our major effort to increase local 

theory support and effective interface with the Alcator experimental program, 

as well as with Versator and Constance.' 

Relationship to other projects: 

In the past, the various principal investigators at MIT have used a 

I - 
! variety of computational facilities to carry out calculations related to 
1 
i ALCATOR, TOREX, RF heating, confinement, turbulence,transport; etc., including 
I 
I the MIT IPC (Information Processing .~enterj IBM 3701168, MIT MULTICS time- 
1 

sharing system, MC (MACSYMA Consortium) PDP-10, the NMFECC machines, and 

various other off-campus machines. With the mandate of the APP Division to 

limit computational expenditures to the National Center (NMFECC), there is 

I a strong motivation to coordinate the use of this facility among OFE supported ~ 
I 
I personnel at MIT. Such coordination includes administering MIT's allocation 
I 
I of computer time at the NllFECC, disseminiating information and documentation 
1 about the center, implementing and maintaining centralized access and support 
i 
1 '. facilities (networks, terminals,.printers, etc.), and reducing the effective 

overhead of the individual investigators with major computational activities. 



' The importance of this centralization effort rises partly from the increased 

.size df the fusion program at MIT and partly from the need to make maximally 
effective use of existing local hardware in accessing the NMFECC. 

The PFC computational. facility is being implemented relatively inex- 

pensively because of. the unique resources available gt MIT. These include 

a close working relationship with the A1 (Artificial ~ntelli~ence) Labora- 

tory which developed the (local) CHAOS computer network. The A1 Laboratory 

provided leadership in demonstrating advanced display technology on which 

the current on-campus terminal display system is based, and made available 

to us (on a.limited basis) high qualTty graphics and document hardcopy 

via their XGP device and implemented numerous sophisticated hardware and 

software development facilities which we have relied on- in the past. 

Further, the LCS (Laboratory for Computer Science) hosts the Mi4CSYMA Con- 

sortium which is a unique and valuable computational facility, partially 

supported by DOE, which provides ARPA network acces$ as an important by- 

product of its main service, the MACSYMA system. 

Results Expected in FY 7 9 :  

It is expected that the administrative aspects of coordinating computa- 

tional work of the PFC will be well underway during FY 7 9 .  ~ u r i n ~  this time, 

previously proposed plans will be carried out for the implementation of a 

hardware configuration necessary to allow Plasma Fusion Center users to 

effectively access the NMFECC'(current1y no such capability exists at the 

PFC). 1t is assumed that the bulk ~f the computational load of the PFC 

(particularly for large scale calculations) is to be carried out at the. 

NMFECC in Livermore. Some symbolic and smaller scale numeric computations 

requiring a large degree of interactiveness will continue to be done 'locally 

using theMACSYMA system on MC. 

What then are the components needed to facilitate the use of these 

machines? The basic equipment required for remote computer use includes 

terminals and hardcopy devices. For a program the size of that at MIT 

(.on the order of 100 scientists at various levels), a capacity for 'a moderate 

volume of hardcopy is essential (i.e. more than is possible by a hardcopy 



terminal), .  This  i n  t u r n ,  implies a requirement f o r  r e l i a b l e  high s p e e d .  

. access ' . to  t h e  NMFECC computers (usual ly  by a network). The terminals  

should b e  h igh  speed graphics d i sp lays  because: (1) most p h y s i c i s t s  need 

! graph ica l  a n a l y s i s  of d a t a ;  (2) such d i s p l a y s  can now be obtained very 

economically when c e n t r a l i z e d ;  (3) t h e  MC machine has  a l a r g e  amount of 
I software which can make highly  product ive  use of such d i sp lays ;  (4) t h e  

terminal ,  being t h e  l e a s t  expensive component of t h e  machine-terminal-person 

system, should not  be  a bot t leneck t o  i n t e r a c t i v e n e s s .  Graphics hardcopy is  
i 
I a l s o  an e s s e n t i a l  f a c i l i t y .  Since both  n a t i o n a l  (ARPA) and local-MIT (CHAOS) 
1 
i 
I networks e x i s t  and can be used t o  access  t h e  NMFECC a t  high d a t a  r a t e s ,  
! 

i t  is highly  a t t r a c t i v e  t o  use these  resources ,  a s  has been demonstrated 

1 with an e x i s t i n g  d i sp lay  terminal  system used by s e v e r a l  on-campus plasma 

physics groups. 

The next  important c a p a b i l i t y  is t o  have a means f o r  l o c a l  f i l e  s t o r a g e  

and e d i t i n g .  This c a p a b i l i t y  i s  productive f o r  severa l  reasons: (1) i t  
' helps  keep network t r a f f i c  from g e t t i n g  out  of hand due t o  redundant f i l e  

t r a n s f e r s  f o r  hardcopy; (2) i t  reduces t h e  i n t e r a c t i v e  load on t h e  c e n t r a l  

f a c i l i t y  (NMFECC), f r e e i n g  i t  f o r  t h e  computational t a sks  a t  which it i s  
I . . most e f f i c i e n t  (running numerical codes);  ( 3 )  it al lows f a s t e r  and l e s s  

tedious  e d i t i n g  of programs and d a t a  by l o c a l  use r s  because of t h e  l ack  of 

., network delays.  Another r e l a t e d  f a c i l i t y  would be t h e  a b i l i t y  t o  do l o c a l .  

i n t e r a c t i v e  (small  s c a l e )  computations. 

I n  b r i e f ,  a near-term f a c i l i t y  w i l l  inc lude t h e  following f e a t u r e s :  a, 

smal l  processor capable of .handl ing f i l e  management and e d i t i n g  needs of 

a small  number of use r s  (8); a network connection f o r  t h i s  processor t o  t h e  

l o c a l  computer network (CHAOS) which runs a t  an 8 M b i t  r a t e ;  a Calcomp 

T-300A d i s k  f o r  f i l e  s to rage ;  a graphics/document q u a l i t y  hardcopy device;  

I a bit-map TV d i s p l a y  system highly  i n t e g r a t e d  i n t o  t h e  processor by memory 
I 

1 mapping; d i s t r i b u t e d  console access  (TV monitors and keyboards loca ted  i n  

I 
I o f f i c e s ,  moveable on c a r t s ) ;  high q u a l i t y  ( e x i s t i n g )  e d i t i n g ,  d i s p l a y ,  hard- 
I 

1 -  copy, and network software.  It i s  assumed t h a t  e s tab l i shed  technology i s  t o  

be used t o  implement s u c h . a  system, and t h e r e  is  no i n t e n t i o n  t o  embark on 

o r i g i n a l  hardware d e s i g n , e f f o r t s .  I n  genera l ,  att.empsts w i l l  be made t o  



,propose hardware for which system software already exists to support the 

interac,tion with MIT hardware enGirolmient. 

1 . .  By the end of FY 79 it is expected that the basic system will have been 

acquired. A systems programmer will be employed for the development of 

additional sof tware required to interface this system with the external 
I network environment. 

~ 
I Future Accomplishments (FY.80, N 81) 

The main goals of the computational support effort during N 80 and 

N 81 will be to improve the reliability and quality of access to NMFECC 

facilities. This includes the.acquisition of a high-quality hardcopy device, 

I and the improvement of system software to make network .connections more 

convenient. Development of on-line documentation and other user aids is 

part of this overall objective. In addition, the computational services 

group will continue to provide user aids and the administation of computer 

time resources. 

These goals will be pursued by the establishment of several sub-task 

efforts administration, documentation, systems programming, hardware installa- 

, . tion, and hardcopy device acquisition. 

Administation of Computer Resources 

This sub-task involves the distribution and allocation of the MIT 

computer time resources at'the NIWECC. Use of the NMFECC by MIT personnel 

is monitored on a weekly basis. Recprds of computer use will be kept, and 

requests for additional time allocat.ions made. when special needs arise. New 

accounts will be processed and user group meetings organized to disseminate 

information and to facilitate discussions of user problems and experiences 

with NllFECC personnel on problems relating to the ARPA net access and other 

sof tware problems. 

Documentation 

This effort is directed to maintain documentation on the local terminal 

system and the means of access via local MIT network connections to the NMFECC 

facilities. -In addition, 'local copies of much of. the documentation produced 



by the. WECC will be maintained for, ease of reference by users. A mailing 

list of all interested parties at MIT will be compiled for distributing 

NMFECC publications and other information relating to the accomplishment 

of computations at NMFECC. 

System Programming 

Many improvements on the local systems are desirable in order to increase 

the reliability of accessing the NMFECC and to make the use of these facilities 

easier and less time-consuming. This includes debugging and improving the 

local network software, adding additional terminal support., and the imple- 

mentation of new.software to'support hardcopy'devices, etc. Although most 

of.the system software for the system being acquired is already available, 

there are some needs specific to the Plasma Fusion Center users which have 

to be met, including some on-line documentation system, maintainence of 

existing document production facilities, and the improvement of some FORTRAN- 

specific editing capabilities. 

Hardware Installation 

In FY 80, the computational support group will be completing the connec- 

. . tion to the local MIT network of both the Plasma Fusion Center terminal system 

and the ALCATOR control computer. The completion of the installation of the 

PFC terminal system will occur in FY 80, particularly the wiring of terminals 

to user's offices and the construction of a patch panel or switch for the 

terminals. The repair and maintainence of new and existing hardware-is an 

important recurring function of this effort. 

Hardcopy Facllity 

The initial terminal system at,the Plasma Fusion Center does not include 

a provision for hardcopy facilities. During FY 79, the PFC personnel will 

be relying on the XGP printer at the A1 Laboratory and the Gould printer 

accessible on campus. Since both of these facilities are about 114 mile 

. . away from the PFC, this situation is highly undesirable. ~hu.s, a central 

activity for FY 80 will be the acquisition of comparable capability to be .. 

installed' at PFX headquarters. A survey of the available graphic printers 

will be made and the most cost-effective device meeting our requirements 



will be purchased. There are seJeral possiblities such as the recently 

announced Wang printer, ink-jet printers by Hitachi, Sharp, or IBM, or a new 

product being developed by 111, Inc. 

Several of the MIT fusion theorists are currently making highly 

effective use of software and hardware (e.g. TEX and the XGP) for technical 

document production, saving a great deal of time in generating copy for 

reports or publication. With the increased emphasis on strengthening computa- 

tional support for local PFC experimental programs, there is a strong need 

to provide this facility in a highly cost-effective manner, by sharing this 

printing function with other computational needs. Thus, in addition to the 

usual requirements for program listings and graphics, such a printer should 

be capable of reasonable quality document production. 

FY 81 Goals 

In FY 81, the computation support group will continue the administrative 

functions mentioned previously. It is expected that the documentation and 

so£ tware improvement efforts will continue to be needed as system changes are 

made in response to new requirements and changes at the NMFECC. Software 

development for the hardcopy facilities ve;y likely continue into N 81. 

By FY 81, it is anticipated that the PFC user community will have increased 

substantially in size and that the PFC computational facilities will also be 

used by the major experimental programs. Thus, there will be a need for 

expanding the number of terminals andthe quantity of local file storage 

at the PFC. The additional load will necessitate an increase in the processor 

memory, so that performance will not be substantially reduced. The installa- 

tion and support of this additional equipment will be a primary activity of 

this effort in FY 81. 
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PURPOSE 

The fluctuations in a plasma can be roughly divided into two 

categories: namely fluctuations which are mainly linear, wave-like, 

go faster than the thermal speed of the particles and interact only 

weakly with the particles; and fluctuations which move at particle 

speeds and interact strongly with particles. This research is con- 

cerned,with the latter type of fluctuations,~rhich are.highly non- 

linear because of their strong interaction with particles. These 

fluctuations are intimately connected with transport properties and, 

in fact, all colli~ionless transport mechanisms, such' as anomalous 

particle or heat loss across field lines or collisionless heat- 

ing must involve such~fluctuations. !:Je are studying thBse fluctua- 

tions in b0th.a coherent and an incoherent or turbulent regime. In 

the coherent regime the fluctuations are primarily BGK modes. As 

the number of such modes is increased, the modes collide and inter- 

act with each other and the evolution becomes chaotic and turbulent. 

We are attempting to understand the basic mechanisms of this.pheno- 

mena and to develop tractable theories.to permit practical calcula- 

tions. 

It turns out that the phenomena explored here is quite' general 

and analagous problems occur in other areas of physics and plasma 

physics. In particular, we are applying these.techniques to MHD pro- 

blems involving stochastic magnetic field lines. The motion and inter- 

action of BGK modes is analagous to the development and interaction of 

magnetic islands. Likewise the transition from coherent island struc- 

ture to ergotic field lines is analagous to the problem of particle 

orbits. In addition to the development of theoretical and analytical 

techniques, we are utilizing computer simulations of simple problems 

as a guide to the development of the theory and as a means of test- 

ing the validity of the theory. 



PUBLICATIONS 

1. - T.H. Dupree, Role of Clumps in Drift Wave Turbulence, 
Phys. Fluids, - 21, 783 (1978). 

2.. T.H. Dupree and D. J. Tetreault, Renormalized Dielectric 
Function for Collisionless Drift Wave Turbulence, Phys. 
Fluids, .21, 425 (1978). - 

TECHNICAL PROGRESS 

During FY79, we have developed a theory describing the manner 

in which random phase space fluctuations organize themselves into semi 

coherent BGK like modes. By utilizing arguments involving.the mode 

entropy, energy. and momentum, bne can predict the time evolution of 

a collection of such interacting modes.' In a simple one-dimensional 

problem, these modes take the-form of phase space holes. Holes inter- 

act only if they collide at very small velocities, i.e., the holes 

overlap in phase space. In simple cases,.when two holes collide, 

they coalesce and produce a new hole with smiller energy and larger 

entropy. The theory predicts that such fluctuations decay rather 

slowly, going as t-"with a 2 1. The theory also: predicts the ampli- 

. '  . , tude of the fluctuations as well as their characteristic width in- 
/. . .  . .  velocity space. It also predicts that as the fluctuations decay, a 

long range order develops in the spatial dimension. .'~ll of these 

i 
I - predictions have been verified in a preliminary way by computer 
1 - simulations. We are now undertaking more extensive simulations for 
~ 
I a more detailed verification. In particular, we are cooperating 
1 with the UCLA group in using their array processor to study a three- 

dimensional version of the problem involving the decay'of vorticies. 

In the completely-turbulent regime, we have extended the 

theory of clumps (the one and two point renormalized turbulence 

. . theories) to the case of finite gyro radius.. This problem deals 

with the cyclotron motion of clumps and.involves a variety of inter- 

esting phenomenon including cyclotron heating, anomalous viscosity 

and enhanced cyclotron radiation. 



F U T U R E  ACCOMPLISHMENTS FY8 0 

In addition to continuing much of the present research, we 

intend to make a major effort in applying the methods discussed earlier 
. , 

to the problem of LYHD equilibria,stability and turbulence. The in- 

stabilities and non-linear phenomenon associated with the resonances 

at the rational surfaces are analagous mathematically.to those en- 

countered in the simple wave-particle case. As mentioned earlier, 

the development, evolution and interaction of magnetic islands is 

analagous to the.behavior of BGK,modes. The criterion of island over- 

lap for the onset of ergodic magnetic field structure is, of course, 

the same thing as the overlap of wave'resonancewidths ifi turbulence 

theory or the overlap of BGK holes in the coherent version of the 

problem. In the magnetic island case, the radial separation be- 

tween islands is analogous to the velocity separation of BGK holes. 

AS the islands overlap and interact, the magnetic field lines become 

ergodic in complete analogy to the random ergodic nature of particle 

orbits when the holes interact and coalesce. We intend to apply the 

one and two point renormalized turbulence theory to hWD kink modes 

and tearing modes. Although our work in this area is very preliminary, 

it would appear that one of the principal non-linear effects is the 

diffusion of the magnetic field line in the region of the rational 

surface and the tearing layer. We also hope to be able to carry out 

numerical simulations of these problems when an array processor cur- 

rently being developed at MIT becomes available. These simulations 

would bespecifically designed to test the validity of non linear 

'.theory as well as to suggest new analytic or theoretical approaches. 

F U T U R E  ACCOMPLISH-WNTS FY81 

While it is difficult to predict very precisely the directions 

of research, in fiscal '81, we would expect to continue the general 

line'of research outlined'.earlier. We would expect, however, to 

concentrate our researchon those areas which-seem to be the most 

relevant to heating and confinement problems in practical confinement 

devices. At this time it seems likely that we will concentrate much 



of our effort,&n'the area of stochastic magnetic fields and MHD 

phenomena. 

RELATION TO OTHER PXOJECTS 
~ ~ - 

Renormalized tur-bulence theories and their application to 

drift waves and stochastic magnetic fields are currently being studied. 

at princeton and Oak Ridge as well as at M.I.T. We appear to be the 

first to apply such methods to purely MHD phenomena. We are also 

the only group applying the two point (clump) renormalized theory 

of these problems.. 



SUBTASK #5 

FUSION THEORY APPLICATIONS AND COMPUTATIONS 

Principal Investigators : Ronald Davidson 

Jeffrey Freidberg 

.Kim Molvig 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



A.17 ACTIVITY DESCRIPTION 

The purpose of t h e  proposed work is  t o  de te rmine  t h e  impor tan t  MHD 

e q u i l i b r i u m  and s t a b i l i t y  l i m i t s  (bo th  i d e a l  and r e s i s t i v e )  of magnet ic  

confinement systems,  w i t h  immediate a t t e n t i o n  focused on s t e l l a r a t o r s  and 

t o r s a t r o n s .  S p e c i f i c a l l y ,  one needs '  t o  know whether  t h e  c r i t i c a l  B f o r  

MHD s t a b i l i t y  w i l l  b e  s u f f i c i e n t l y  h i g h  s o  t h a t  e x t r a p o l a t i o n s  of r e a c t o r  

s i z e  and economics are favorab le .  Equal ly impor t an t ,  one must learn how 

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

c u r r e n t  r e a c t o r  d e s i g n s  which u t i l i z e  t h e  d e s i r a b l e  eng inee r ing  f e a t u r e  

of  moderate t o  l a r g e  a s p e c t  r a t i o .  

The 'approach t o  be  used c o n s i s t s  of s o l v i n g  t h &  i d e a l  and r e s i s -  

t i v e  MHD e q u i l i b r i u m  and l i n e a r  s t a b i l i t y  equa t ions  p r i m a r i l y  by ana- 

l y t i c ,  asymptot ic  t echn iques .  The c a l c u l a t i o n s  w i l l  be ' c a r r i e d  o u t  f o r  

s p e c i a l  s imple  p r o f i l e s  as w e l l  a s  f o r  g e n e r a l  d i f f u s e  p r o f i l e s ,  Small 

t o  moderate computat ion w i l l  be  r equ i r ed  f o r  e v a l u a t i o n  purposes.  . 

The work proposed h e r e  i s  submi t ted  i n  response  t o  t h e  r e s u ~ t s  

of t h e  r e c e n t  DOE a l t e r n a t e  concept review which i n d i c a t e d  t h a t  s u b s t a n t i a l  

new s t e l l a r a t o r / t o r s a t r o n  theory  .should b e  c a r r i e d  o u t  b e f o r e  a d e c i s i o n  

can  b e  made on a  corresponding proof:  of p r i n c i p l e  experiment .  

A.19 DETAIL ATTACHMENTS 

F a c i l i t y  Requirements 

Because t h e  proposed work w i l l ,  . i n  p a r t ,  i nvo lve  numerical  computations 

i t  w i l l  b e  neces sa ry  t o  have acces s  and s u f f i c i e n t  a l l o c a t i o n  on t h e  MFE 

. . computer network . 
P u b l i c a t  i o n s  

'. L i s t e d  below are a number of p u b l i c a t i o n s  from r e c e n t  y e a r s  which have 

a  r e l a t i v e l y  d i r e c t  r e l a t i o n  t o  t h e  proposed task .  : 



E q u i l i b r i a  of D i f f u s e  High Beta S t e l l a r a t o r s  

,, .J. P. Qre idbe rg ,  R. Y.  Dagazian, D .  C. Barnes 

Submitted t o  Phys. F l u i d s ,  Oct. ,  1968. 

S t a b i l i t y  of High Beta ,  1 = 3 S t e l l a r a t o r  

. 'J.  P. F re idbe rg ,  W. Grossmann, F. A. Haas 

Phys. F l u i d s  - 19 ,  1599 (1976). 

S t a b i l i t y  of a Di f fuse ,  High Beta, 1 = 1 System 

G..Berge and J. P. F re idbe rg  

Phys. F l u i d s  - 1 8 ,  1362 (1975). 

Magnetohydrodynamic S t a b i l i t y  of  a Sharp Boundary Model 

of  Tokamak 

J. P. F re idbe rg  and W. Grossmann 

Phys. F l u i d s  - 18 ,  1494 (1975).  

Kink I n s t a b i l i t i e s  i n  a  High Beta Tokamak': 

J. P. Fre idberg  and F. A .  Haas 

Phys . .F lu ids  - 16 ,  1909 (1973).  ' 

S t a b i l i t y  of a F i n i t e  Beta ,  1 = 2  S t e l l a r a t o r  

J. P. F re idbe rg  

Phys. F l u i d s  - 1 6 ,  1349 (1973). 

Purpose 

The proposed work concerns t h e o r e t i c a l  i n v e s t i g a t i o n s  -of MKD e q u i l i -  

brium and s t a b i l i t y  l i m i t s  i n  magnetic confinement systems.  It is by 

now w e l l  e s t a b l i s h e d  t h a t  such c a l c u l a t i o n s  p l a y  a  v i t a l  r o l e ,  n o t  on ly '  

i n  p r e s e n t  and n e a r  term experiments ,  b u t  i n  t h e  e x t r a p o l a t i o n  of any 

g iven  c o n f i g u r a t i o n  t o  a r e a c t o r .  S p e c i f i c a l l y ,  t h e  s i z e  of a r e a c t o r  is  

d i r e c t l y  r e l a t e d  t o  t h e  maximum a l lowab le  v a l u e  of b e t a  through t h e  r equ i r e -  

ment of op t ima l  w a l l  loading .  
. . 

. . 
There a r e  two main o b j e c t i v e s  t o  t h e  pr,oposed.calculations., The 

. . 

f i r s t ,  which a p p l i e s  p r i m a r i l y  t o  stellarators/torsatrons, c o n s i s t s  of 

.developing a r e a l i s t i c  descr .kpt ion of MHD e q u i l i b r i a .  The goa l  h e r e  i s  

t o  be  a b l e  t o  p rov ide  des ign  in fo rma t ion  f o r  fu tur ' e  experiments  and f o r  



reactor system studies (i.e. such information as scaling of toroidal shift 

with beta, helical field amplitude, vertical field; location of the separa- 

trix; etc.). 

The second objective, 'which applies to all configurations.of inter- 

est, is to determine'the most dangerous MHD modes and the corresponding 

values of critical beta. An impor'tant feature of these calculations is 

that the equilibrium must have the maximum possible degrees of freedom 

so that optimization can be carried'out to maximize the critical beta. 

Initially, most of the emphasis will be directed towards stellara- 

tors and torsatrons. However, in the near future, similar'investigations 

will be initiated on other configurations. 

A list of the basic configurations and the main problems that will 

be investigated is given below: 

1. Stellarator/Torsatron: MHD equilibrium, Critical beta for 

stability. 

2. Alcator C: low m number ideal and resistive ballooning stability, 
0 .  

tearing mode evolution. 

, . 3.' Tandem Mirror: Critical B for stability of the connecting region, 

saturation of rotational instabilities. 

Background 

The concept of the stellarator as a fusion reactor and the importance 

of IlHD equilibrium and stability calculations have both been'well estab- 

lished since the beginning.of magnetic fusion research. Events of recent 

years have regenerated a strong interest in the application of MHD theory 

to stellarator/torsatron configurations. . 

First, on the experimental side, there have been a number of very 

encouraging new results, particularly from the Cleo experiment at Culham. 

These results indicate that stellarators appear to work about as well as 

tokamaks of comparable size. Most promising. is the evidence that perfor- 

mance imp.roves with decreasing ohmic heating current, although no stellar- 

ator has yet been able to.operate with no ohmic heating current at all. 



Second, t h e  e x t e n s i v e  tokamak r e a c t o r  des igns  i n d i c a t e  t h a t  t h e  

- l i m i t i n g  v a l u e  o£ B is a  c r i t i c a l  parameter  f o r  de te rmining  r e a c t o r  s i z e .  

I f  c r i t i c a l  B1s on t h e  o r d e r  of 5% o r  g r e a t e r  cannot  b e  achieved ,  t hen  t h e  

cor responding  r e a c t o r  becomes undes i r ab ly  l a r g e .  

These p o i n t s  were brought  o u t  i n  t h e  r e c e n t  DOE a l t e r n a t e  concept  

review. The r e s u l t s  i n d i c a t e d  t h a t  s t e l l a r a t o r s  d i d  indeed have poten- 

t i a l  as a f u s i o n  r e a c t o r  b u t  t h a t  cons ide rab ly  more theo ry  shou ld  b e  

c a r r i e d  o u t  b e f o r e  t h e  d e c i s i o n  can  b e  made on a proof of - p r i n c i p l e  exper i -  

ment. The work proposed h e r e  i s  a response  t o  t h i s  recommendation. 

Approach 

The b a s i c  approach t o  c a l c u l a t i n g  MHD e q u i l i b r i a  and s t a b i l i t y  of  

s t e l l a r a t o r s  and t o r s a t r o n s  w i l l  b e  t o ,  s o l v e  t h e  cor responding  equa t ions  

a n a l y t i c a l l y  by asymptot ic  expansion techniques .  The advantage of such  as 

approach i s  t h a t  d e t a i l e d  s c a l i n g  l a w s  a s  w e l l  as e x t e n s i v e  parameter  

s t u d i e s  can  be  c a r r i e d  o u t  w i t h  r e l a t i v e  ease .  To do t h i s ,  s m a l l  t o  

. . moderate  amounts of computation w i l l  b e  r e q u i r e d ,  a l t hough  on ly  f o r  

s t r a i g h t . f o r w a r d  e v a l u a t i o n a l  purposes.  

Technica l  P rog res s  

During F'Y 80 t h e  fo l lowing  t e c h n i c a l  p rog res s  i s  expec ted :  

1. A c a l c u l a t i o n  of s e l f '  c o n s i s t e n t  e q u i l i b r i a  i n  a n  

i d e a l  t o r o i d a l  s t e l l a r a t o r  u s ing  t h e  s u r f a c e  c u r r e n t  

model: An i d e a l  s t e l l a r a t o r  is  one i n  which t h e  ohmic 

h e a t i n g  c u r r e n t  i s  ze ro  and t h e  harmonic c o n t e n t  of 

t h e  a p p l i e d  a t e l l a r a t o r  f i e l d  is  p u r e l y  s i n u s o i d a l .  ' 

The goa l  i s  t o  de te rmine  t h e  e q u i l i b r i u m  c o n d i t i o n  

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

ampl i tude  and v e r t i c a l  f i e l d  ampli tude and t o  s e e  

how h igh  a plasma b e t a  can be  conta ined .  

2.  A c a l c u l a t i o n  of t h e  s t a b i l i t y  of t h e  above e q u i l i b r i u m  ' 

t o  i d e a l  and r e s i s t i v e  k ink  modes. S p e c i f i c a l l y ,  t h e  

g o a l  i s  t o  de te rmine  t h e  most u n s t a b l e  mode and t o  

c a l c u l a t e  t h e  cor responding  c r i t i c a l  b e t a .  



3 .  The development of a  r e l a t i v e l y  simple numerical code 

t o  c a l c u l a t e  r e a l i s t i c '  d i f f u s e  s t e l l a r a t o r / t o r s a t r o n  

s t e l l a r a t o r  equi l ibr ium equations.  

During FY 81  t h e  fol lowing t e c h n i c a l  progress  is  expected.: 

1. A c a l c u l a t i o n  of s u r f a c e  c u r r e n t  equ i l ib r ium f o r  a 

a genera l ized  s t e l l a r a t o r / t o r s a t r o n .  This  configura- 

t i o n  al lows t h e  p o s s i b i l i t y  o f :  

a )  an  ohmic hea t ing  c u r r e n t  

b)  h igher  harmonic content  i n  t h e  app l i ed  h e l i c a l  

f i e l d s  (say due t o  wires r a t h e r  than a  s inusoid-  

a l l y  d i s t r i b u t e d  c u r r e n t )  

c )  a  sideband h e l i c a l  f i e l d ,  whose L ' v a l u e  d i f f e r s  

by 1 and whose wave l eng th  is  t h e  same as '  t h e  

main h e l i c a l  f i e l d .  (Such a  f i e l d  adds g r e a t e r  

f l e x i b i l i t y  t o  t h e  .equil ibrium; a s  pointed  ou t  i n  

h igh f3 s t e l l a r a t o r  fheory) 

2. A. c a l c u l a t i o n  of t h e  i d e a l  and r e s i s t i v e  k ink s t a b i l i t y  

of t h e  above equil ibrium. The goal  i s  t o  l e a r n  how t o  

optimize t h i s  equi l ibr ium to. maximize t h e  c r i t i c a l  be ta .  

3.  Perform parameter s t u d i e s  wi th  t h e  d i f f u s e  equi l ibr ium 

code t o  provide guidance i n  t h e  des ign of a proof of 

p r i n c i p l e  experiment and t o  provide  inpu t  f o r  r e a c t o r  

system s t u d i e s .  

4 .  Formulate t h e  ideal.MHD s t a b i l i t y  problem f o r  t h e  d i f f u s e  

low $ asymptotic  e q u i l i b r i a  c a l c u l a t e d  above. 

Future Accomplishments 

The t h e o r e t i c a l  s t u d i e s  p e r t a i n i n g  t o  s t e l l a r a t o r s  and t o r s a t r o n s  

should provide important  input  i n t o  t h e  d e c i s i o n  a s  t o  whether o r  not  t o  

bu i ld  a  proof of p r i n c i p l e  experiment. I f  such an experiment i s  b u i l t ,  it 

w i l l  c l e a r l y  r e e r e s e n t  f u r t h e r  important progress  i n  t h e  n a t i o n a l  magnetic 

f u s i o n  e f f o r t .  

Hopefully, t h e  s t u d i e s  of MHD i n s t a b i l i t i e s . i n  tokamaks w i l l  shed 

some l i g h t  on t h e  understanding of t r a n s p o r t  s c a l i n g  i n  t h e  Alcator  



experiment. Such knowledge would be, very he lp fu l  i n  p l o t t i n g  t he  fu tu r e  

course 'of  high field. tokamaks.  

It i s  important t o  understand the'MHD s t a b i l i t y  l i m i t s  of a tandem 

mirror ,  because extrapolat ions  t o  r eac to r s  a r e  very much more a t t r a c -  

t i v e  i f  s u f f i c i e n t l y  high (3's are possible .  

  elation ships t o  o ther  p ro j ec t s  

Despite t he  complicat'Pons associa ted with ca l cu l a t i ng  MIID equ i l i -  

brium and s t a b i l i t y  of such complicated geometrics as t h e  s t e l l a r a t o r  

o r  tandem mirror ,  the re  is reasonable confidence t h a t  s u b s t a n t i a l  p r o g r e s s . ,  

can be made i n  s eve ra l  yea r s 'w i th  modest manpower l eve l s .  This confidence 

i s  a r e s u l t  of t he  extensive  experience acquired i n  recent  years  from the  

MHD s tud i e s  of tokamaks and high s t e l l a r a t o r s  a t  var ious  fus$on labora- 

t o r i e s  i n  t he  U.S.A. and other  countr ies .  
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' B. STABILITY AND TRANSPORT PROPERTIES OF 

MIRROR FUSION SYSTEMS/ADVANCED FUSION CONCEPTS 

B.17 ACTIVITY DESCRIPTION 

It is proposed t o  continue i n v e s t i g a t i o n s  of t h e  equi l ibr ium,  sta- 
. . 

b i l i t y  and t r a n s p o r t  p r o p e r t i e s  of l i n e a r  and t o r o i d a l  fus ion  systems, 

wi th  p a r t i c u l a r  emphasis on m i c r o s t a b i l i t y  p r o p e r t i e s  and ,associated 

nonlinear t r a n s p o r t  i n  f ield-reversed mi r ro r  and i o n  l a y e r  conf igura t ions ,  

gradient-driven i n s t a b i l i t i e s  i n  t h e  . l i n e a r  s e c t i o n  of TMX, nonlocal  

s t u d i e s  of t h e  mirror-drif t-cone i n s t a b i l i t y ,  and m i c r o i n s t a b i l i t y  behavior 

a f f e c t i n g  la te- t ime t ranspor t  i n  t o r o i d a l  reversed f i e l d  pinch configura- 

t ions .  During t h i s ' p e r i o d ,  an  i n t e n s e  e f f o r t  w i l l  b e  made t o  develop an 

e f f e c t i v e  t h e o r e t i c a l  i n t e r f a c e  wi th  t h e  Constance I and I1 mirror  experi- I 

mental programs, a s  we l l  a s  provide s t r o n g  i n t e r a c t i v e  support  f o r  t h e  

Lawrence Livermore magnetic confinement program. 

B.19 DETAIL ATTACHMENTS 

F a c i l i t y  Requirements 

,Because t h e  proposed work .wi l l  involve  numerical computations, 

adequate access and t i m e  a l l o c a t i o n  on t h e  MFE computer network i s  required .  

Pub l ica t ions  

The fol lowing 1977-78 pub l ica t ions  are .  ind ica t ' i ve  of r e c e n t  progress  

and r e l a t e d  t o  t h e  genera l  s u b j e c t  mat ter  of t h i s  proposal .  

"Effects  of F i n i t e  Plasma Beta on t h e  Lower-Hybrid-Drift I n s t a b i l i t y , "  

R. C. Davidson, N.  T. Gladd, J. ~ u b a - ,  and C. W.  Wu, Phys. F lu ids  20, 

301 (1977). 

"Sheath Broadening b y  t h e  Lower-Hybrid-Drift I n s t a b i l i t y  i n  Post- 

Implosion Theta pinches ," P.C. Liewer and R. C. Davidson, Nucl. 

Fusion - 17,  85. (1977) .  

' "Numerical Study of Theta-Pinch Implosion Including Two-Step Ioniza- 

t i o n , "  R. C. Davidson'and B. H. Hui, Phys. F lu ids  - 20, 707 (197.7). 



"Anomalous Transport in ~igh-~em~erature Plasmas, " R. C. Davidson 

and N. M. Krall, Nucl. Fusion - 17, 1313 (1977). 

"Influence of Strong Inhomogeneities and Magnetic Shear on Micro- 

stability Properties of the Tormac Sheath," R. C. Davidson, N. T. 

Gladd, Y. Goren, and C. S. Liu, Phys. Fluids - 20, 1876 (1977). 

"Influence of Strong Inhomogeneities on High-Frequency Mirror-Drift- 

. . Cone and convective-LOSS-cone ,Instabilities , " ' R. c . Davidson and 
N. T. Gladd, Phys. Fluids - 20, 1516 (1977) ., 
"Influence of Magnetic Shear on the Lower-Hybrid-Drift Instability 

- with Application to .Microstability Properties of Toroidal 
Reversed-Field Pinch Profiles," R. C. Davidson, N.. T. Gladd and Y e  

Goren, Phys. Fluids - 21, 992 (1978). 

"Quasilinear Stabilization of Lower Hybrid-Drift Instability," 

Phys. Fluids -3. 21 1375 (1978). 

"Stability. Properties of a cylindrical Rotating P-Layer Immersed in 

a Background Plasma," H. S. Uhm and R. C.  avids son, Phys. Fluids -9 22 

in press, (1979). 

"Stability Properties of Field-Reversed Ion Layers," R. C. Davidson 

and H. S. Uhm, Phys. Fluids - 22, in press (1979). 

"Microstability Properties of Reversed-Field Pinches," R. C. Davidson 
and N. T. Gladd, 1978 Paddva Workshop .on ~eve;sed Field Pinches. 

"Kink Instabilities in Reversed-Field Pinches," J. Y. Choe and 

R. C. Davidson, 1978 Padova Workshop on Reversed Field Pinches. 

"Nonlocal Hybrid-Linetic Stability Analysis of the Mirror Drift-Cone 

Instability," R. C. Davidson, H. Uhm and R. Aamodt, manuscript in 

preparation (1979). 

Purpose 

The.Office of Fusion Energy has placed a major emphasis on the timely 

development of Magnetic Mirror configurations (such as the tandem mirror 



and t h e  f ield-reversed mirror)  and promising Advanced Fusion Concepts. 

The purpose of t h e  proposed r e s e a r c h ' i s  t o  i n v e s t i g a t e  t h e  equi l ibr ium,  

s t a b i l i t y  and t r anspor t  p r o p e r t i e s  of l i n e a r  and t o r o i d a l  fus ion  systems, 

wi th  p a r t i c u l a r  emphasis on m i c r o s t a b i l i t y  p r o p e r t i e s  and assoc ia ted  

nonl inear  t r anspor t  i n  f ie ld-reversed mirror  and i o n  l a y e r  conf igura t ions ,  

gradient-driven i n s t a b i l i t i e s  i n  t h e  l i n e a r  s e c t i o n  of TMX, nonlocal  s t u d i e s  

of t h e  mirror-drift-cone i n s t a b i l i t y ,  and m i c r o i n s t a b i l i t y  behavior a f f e c t i n g  

la te- t ime t ranspor t  i n  t o r o i d a l  reversed f i e l d  pinch conf igura t ions .  During 

t h i s  per iod,  an i n t e n s e  e f f o r t  w i l l  be  made t o  develop an e f f e c t i v e  theore- 

t i c a l  i n t e r f a c e  with t h e  Constance I and I1 mirror  experimental  programs, 

as w e l l  a s  provide s t rong  i n t e r a c t i v e  support  f o r  t h e  Lawrence Livermore 

magnetic confinement program. 

Technical  Progress 

There has been considerable  t e c h n i c a l  progress during t h e  p a s t  year  

r e l a t i n g  t o  (a)  high-frequency m i c r o s t a b i l i t y  and t i a n s p o r t  p r o p e r t i e s  of 

fus ion  systems wi th  s t e e p  s p a t i a l  g rad ien t s ,  (b) s t a b i l i t y  p r o p e r t i e s  

of f  ie ld-reversed con£ i g u r a t i o n s  , (c )  nonlocal  s t a b i l i t y  behavior a ssoc ia ted  

iwth t h e  mirror-drif  t-cone i n s t a b i l i t y  f o r  both low- and high-frequency ,per- 

t u r b a t i o n s ,  and (d) MHD kink s t a b i l i t y  p r o p e r t i e s  of reversed f i e l d  pinch 

(RFP) conf igura t ions .  I n  t h i s  s e c t i o n ,  w e  give a  b r i e f  overview of r ecen t  

. progress i n  s e v e r a l  of these  areas .  

Drif t-Cyclotron 'LOSS-cone I n s t a b i l i t y :  The d r i f  t -cyclotron loss-cone 

i n s t a b i l i t y  p lays  a  major r o l e  i n  determining p a r t i c l e  l o s s e s '  and t rans-  

p o r t  p r o p e r t i e s  of mirror-con£ ined plasmas. Previous inves t iga t ions1  of t h i s  

i n s t a b i l i t y  .have included a study of t h e  in f luence  of s t r o n g  inhomogeneities 

on s t a b i l i t y  behavior ( r  /R S I ) ,  w i t h . p a r t i c u l a r  emphasis on t h e  high- 
L i  p  

frequency regime and maximum growth p r o p e r t i e s  i n  a  parameter regime I 
s i m i l a r  t o  2XIIB.. More r e c e n t l y ,  we have made use of a  hybr id-kinet ic  

model2 (Vlasov ions  and cold-fluid e l e c t r o n s )  t o  develop a  f u l l y  nonlocal  

theory of t h e  mirror-drif t-cone i n s t a b i l i t y  . The s t a b i l i t y  a n a l y s i s  assumes 

e l e c t r o s t a t i c  f l u t e  pe r tu rba t ions  about a  c y l i n d r i c a l  ion  equi l ibr ium 
0 

f i  (HI - 'wipe P z ) ,  where w = const .  = angular  v e l o c i t y  of mean r o t a t i o n .  
. i 

T h e . r a d i a 1  eigenvalue equat ion f o r  t h e  p o t e n t i a l  .amplitude $ ( r )  has  been 
0 

solved2 exac t ly  f o r  t h e  p a r t i c u l a r  choice of f  corresponding t o  a  ' sharp- 
i 



: boundary ( rec tangular)  dens i ty  p r o f i l e .  The r e s u l t i n g  d i spers ion  r e l a t i o n  

f o r  the  complex eigenfrequency w'has been inves t iga ted  numerical ly f o r  a  

broad range of system parameters inc luding t h e  important in f luence  of l a r g e  

ion  orbLts and i o n  thermal e f f e c t s .  It i s  found t h a t  t h e  i n s t a b i l i t y  
A+ 

growth rate is t y p i c a l l y  more severe  f o r  f a s t  r o t a t i o n a l  e q u i l i b r i a  (wi = Yi) 
A- 

w i th  a x i s  e n c i r c l i n g  o r b i t s  than f o r  slow r o t a t i o n a l  e q u i l i b r i a  (@ ' mi). 

S t a b i l i t y  behavior i s  inves t iga ted  f o r  t h e  e n t i r e  range of r /R allowed 
L i  p  

by t h e  equi l ibr ium model ('0 < 2f . / R  < 1 ) .  For low va lues  of azimuthal 
L 1  . p 

harmonic number L, t h e  mode s t r u c t u r e  is  macroscopic and t h e  d e t a i l e d  non- 

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

s t a b i l i t y  r e s u l t s  f o r  a  d i f f u s e  p r o f i l e .  We emphasize t h a t  t h e . p r e s e n t  

sharp-boundary -ca lcu la t ion  of the  mirror-drif t-cone i n s t a b i l i t y  r epresen t s  

a "worst-case" s t a b i l i t y  ana lys i s .  The nonlocal  s t a b i l i t y  behavior f o r  

d i f f u s e  equi l ibr ium p r o f i l e s  is  c u r r e n t l y  under i n v e s t i g a t i o n ,  making use of 
0  

t h e  hybr id-kinet ic  eigenvalue equation2 derived f o r  genera l  f .  (H - o.P 
1 1 I e ' v z ) *  

S t a b i l i t y  of Field-Reversed Configurat ions:  Field-reversed mirrors  and 

i o n  l a y e r s  have received considerable  recen t  a t t e n t i o n  as magnetic confine- 

ment conf igura t ions  f o r  fus ion  plasmas. Such f ie ld-reversed conf igura t ions  

a r e  l i k e l y  sub jec t  t o  va r ious  macro- and m i c r o i n s t a b i l i t i e s .  For example, 

r e c e n t  t h e o r e t i c a l  s t u d i e s 3  of the  negative-mass s t a b i l i t y  p r o p e r t i e s  of 

a weakly diamagnetic i o n  l a y e r  embedded i n  a  background plasma p r e d i c t  

i n s t a b i l i t y  f o r  pe r tu rba t ions  wi th  frequency near harmonics of t h e  l a y e r  
9 
2 

r o t a t i o n a l  frequency. These s t u d i e s  have been c a r r i e d  out  f o r  a  low- 
ei ei 

L 
i n t e n s i t y  i o n  l a y e r .  character ized by v c c l ,  where v=N eL/mic is  Budker 's, 

0 b 
parameter f o r  t h e  l a y e r  ions ,  and Nb=2n c  d r  r r j ( r )  is  t h e  number of ions  I" 
per u n i t  a x i a l  l eng th .  A more genera l  ;!ability a n a l y s i s  i s  required  t o  

i n v e s t i g a t e  s t a b i l i t y  p r o p e r t i e s  f o r  an i n t e n s e  f ie ld-reversed i o n  l a y e r  

charac te r i zed  by v > > l .  I n  t h i s  regard ,  we have inves t iga ted4  t h e  s t a b i l i t y  

p r o p e r t i e s  of an i n t e n s e  f ie ld-reversed proton l a y e r  (P-layer) immersed i n  

a  background plasma w i t h i n  t h e  framework of a  hybrid model i n  ,which t h e  

l a y e r  ions  a r e  described by t h e  Vlasov equation,  and the  background plasma 

&lec t rons  and ions.  a r e  described a s  macroscopic, cold f l u i d s .  Moreoever, 
4 

t h e  s t a b i l i t y  a n a l y s i s  i s  c a r r i e d  out  f o r  f requencies  near mul t ip les  . . of t h e  



' mean r o t a t i o n a l  frequency o f  t h e  l a y e r .  It is assumed t h a t  t h e  l a y e r  i s  

' t h i n ,  wi th  r a d i a l  th ickness  (2a) 'much smal ler  than t h e  mean rad ius  (R ). 
0 

Electromagnetic s t a b i l i t y  p r o p e r t i e s  a r e  ca lcu la ted  f o r  f l u t e  perturba- 

t i o n s  (a/az=O) about a  P-layer wi th  rec tangu la r  dens i ty  p r o f i l e ,  described 

by the ,  r ig id - ro to r  equi l ibr ium d i s t r i b u t i o n  func t ion  £:= (minb/2n)6 (u-?)G (vZ) , 
where nb and f a r e  constants ,  m i s  t h e  m a s s  of t h e  l a y e r  i o n s ,  G(vZ) is  

i 
t h e  p a r a l l e l  v e l o c i t y  d i s t r i b u t i o n ,  and U is an e f f e c t i v e  perpendicular  

energy v a r i a b l e .  S t a b i l i t y  p r o p e r t i e s  a r e  inves t iga ted  including t h e  

e f f e c t s  of (a) t h e  equi l ibr ium magnetic f i e l d  depress ion produced by t h e  

P-layer, (b) t r ansverse  magnetic pe r tu rba t ions  ( 6 ~ # 0 ) ,  ( c )  smal l  (but  f i n i t e )  

t r ansverse  temperature of t h e  l a y e r  i o n s ,  and (d) t h e  d i e l e c t r i c  p r o p e r t i e s  

of t h e  background plasma. A l l  of these  e f f e c t s  are shown t o  have an impor- 
4 

t a n t  in f luence  on s t a b i l i t y  behavior. For example, f o r  a  dense background 

plamsa, t h e  system can be e a s i l y  s t a b i l i z e d  by a  s u f f i c i e n t l y  l a r g e  t rans-  

v e r s e  temperature of t h e  l a y e r  ions .  

S t a b i l i t y  and Transport P r o p e r t i e s  of Toroidal  Reversed F ie ld  Pinches: 

Both mic roscop i .~  and macroscopic s t a b i l i t y  p r o p e r t i e s  of reversed-f ie ld  pinch 

conf igura t ions  have been inves t iga ted  wi th  p a r t i c u l a r  emphasis on parameter 

regimes a n t i c i p a t e d  i n  the  Los Alamos ZT-40 experiment. For example, t h e  

in f luence  of magnetic shear  on t h e  lower-hybrid-drift  has  been 

. i n v e s t i g a t e d ,  inc luding a p p l i c a t i o n  t o  m i c r o s t a b i l i t y  p r o p e r t i e s  of post- . 
implosion reversed-field-pinch p r o f i l e s .  7 9 8  The a n a l y s i s  inc ludes  t h e  

in f luence  of magnetic shear  and f i n i t e  i o n  b e t a  i n  a  f u l l y  electromagnetic 

model t h a t  assumes T /T.<<l  b u t  otherwise incorpora tes  t h e  e f f e c t s  of 
e l .  

t r ansverse  magnetic pe r tu rba t ions  ( 6 ~ 2 0 ) .  It is  found t h a t  s u f f i c i e n t l y  

s t r o n g  magnetic shear  can completely s t a b i l i z e  t h e  lower-hybrid-drift  i n s t a -  

b i l i t y .  The t h e o r e t i c a l  model has been used t o  i n v e s t i g a t e  t h e  m i c r o s t a b i l i t y  

. p r o p e r t i e s  of post-implosion reversed-field-pinch p r o f i l e s ,  and i t  is found 

t h a t  t h e  lower-hybrid-drift  i n s t a b i 1 i . t ~  p e r s i s t s  i n  regions  of moderate 

magnetic shear  only i f  t h e  l o c a l  dens i ty  g rad ien t  is s u f f i c i e n t l y  l a r g e .  

Moreoever, f o r  t h e  d i f f u s e  p r o f i l e s  a n t i c i p a t e d  i n  the  Los Alamos ZT-40 

experiment, t h e  lower-hybrid-drift  i n s t a b i l i t y  is completely s t a b i l i z e d .  7,8 



In addition, we have investigated9 the. ideal MHD stability properties of 

.reversed field pinch configurations, with particular emphasis on the para- 

meter regime anticipated in the ZT-40 experiment. In a straight cylindri- 

cal model of the RFP, it is found that the m=l kink instability is generally 

characterized by four types of unstable modes, depending on the radial 

location (rS) of the singular surface. These are: (a) the interchange 

mode, (b) the Suydam mode, (6) the Robinson mode, and (d) the external 

kink mode. Local analyses have been carried out to determine the relevant 

physical quantities that characterize each type of unstable mode, and the 

corresponding criteria are shown to be in good agreement with the stability 
9 results obtained' numerically. The numerical results show that, while the 

Robinson and the Suydam modes can be easily stabilized.on resistive diffusion 

time scales by adequate profile shaping; the interchange and. the external 

kink modes can be stabilized only for a narrow range of equilibrium profiles. 

Future Accomplishments 

During FY 80 and FY 81 we will continue to examine equilibrium, stability 

and transport properties of linear and toroidal fusion systems, with particu- 

lar emphasis on microstability properties and associated nonlinear trans- 
. . 

port in field-reversed mirror and ion layer configurations, gradient-driven 

instabilities in the linear section of TMX, nonlocal studies of the mirror- 

drift-cone instability, and microinstability behavior affecting late-time ' 

transport in toroidal reversed field pinch configurations. During this 

period, an intense effort will be made to develop' an effective theoretical 

interface with-the Constance I and I1 mirror experimental progr,ams,.as well 

as provide strong interactive support for the Lawrence Livermore magnetic 

confinement program. 

The research will include but not be limited to the following types of 

studies : 

. . Tearing Mode Instability in Field-Reversed con£ igurations : As discussed 

earlier, we have recently developed techniques for investigating microstabil- 

:ty properties of a field-reversed ion layer embedded in a background plasma. 

The. analysis4 was carried out for flute perturbations, (a/a.z=O), and incorpor- 

ated the important.influen6e of transverse inagnetic perturbations as well as 

the (kinetic) effect .of large ion orbits. It is-proposed 'to extend this 



analysis to investigate tearing mode stability behavior for k # 0. z 
~articvlar emphasis will be placed on low-frequency ( I w l  < w ) tearing - ci 
mode stability properties, including a detailed investigation of the influ- 

ence of axial velocity spread and background plasma density on stability 

I properties. This analysis will provide important guidance for' planning 

of field reversal experiments. in long solenoTdswith desirable long-time 

stability properties. 

Mirror-Drift-Cone Instabilities: The drift-cyclotron loss-cone insta- 
l 
I bility, although the subject of many theoretical studies, continues to 

I demand further intense investigation, particularly with regard to (a) non- 

locai stability properties at low azimuthal mode numbers, (b) identification 

of mechanisms for stabilizing the. high-f requency (short-wavelength) portion 

of the wave spectrum, and (c) a detailed understanding of instkbility sensi- 

tivity to plasma electron properties. Investigations will be carried out in 

each of.these important problem areas. These studies will include: (a) 

application of the nonlocal hybrid-kinetic stability formalism developed in 

Ref. 2 to investigate the macroscopic mode structure and nonlocal stability 
0 

properties for choices of ion distribution function f (HI. - w P v ) that 
i 8 8 '  z 

give diffuse equilibrium profiles, and (b) investigation of nonlinear 

saturation mechanisms and/or dissipative effects that may suppress the short- 

wavelength portion of the wave spectrum. In addition, an important component 

o'f our theoretical.studies.re1ating to microinstability processes in magnetic 

mirrors will be directed at establishing strong local theory'support for the 

Constance experiment. This work will include an identification of the.waves 

excited by beam injection, and the associated influence on plasma properties 

and suppression of the DCLC instability.. 

Gradient-Driven ~nstabilities in TMX/Long Solenoids : Our extensive 

investigations of the lower-hybrid-drift instability lo' l1 in linear theta- 

pinch configurations.have indicated, at least in strong-gradient situations, 

the importance of this instability in producing anomalously high resistivity 

and associated radial transport in circumstances where the late-time behavior 

is not dominated by end losses. It is proposed to apply the techniques and 

understanding developed in the investigation of the lbwer-hybrid instability 



1 t o  study s t a b i l i t y  and t r a n s p o r t  p r o p e r t i e s  a ssoc ia ted  wi th  t h e  d r i f t -  

I ': cyclot rbn i n s t a b i l i t y  i n  both t h e  low- and high-frequency regimes. P a r t i -  

I .  c u l a r  emphasis w i l l  be  placed on l o c a l  s t a b i l i t y  s t u d i e s  f o r  p r o f i l e s  and 

parameters appropr ia te  t o  t h e  l i n e a r  s e c t i o n  of TMX. Based on our experi- 

i 
' ence wi th  the  lower-hybrid-drift  i n s r a b i l i t y , 6  i t  is' a n t i c i p a t e d  t h a t  f i n i t e -  

I 

I b e t a  electromagnetic e f f e c t s  ( p a r t i c u l a r l y  f o r  T /T > 1 )  and VB o r b i t  modf- e i 0 

I . f i c a t i o n s  w i l l  have a  s t r o n g  in f luence  on s t a b i l i t y  behavior.  I f  t h e  ins ta -  

i b i l i t y  growth r a t e  i s  founa t o  be s u f f i c i e n t l y  s t rong ,  an  i n v e s t i g a t i o n  of 

1 t h e  nonl inear  development of t h e  i n s t a b i l i t y  and t h e  assoc ia ted  anomalous 

r a d i a l  t r a n s p o r t  w i l l  be i n i t i a t e d .  

I n s t a b i l i t i e s  Driven by Anomalous R e s i s t i v i t y :  Nonideal MHD s t u d i e s  

wi th  smal l  b u t  i i n i t e  c l a s s i c a l  r e s i s t i v i t y  have long predic ted  t h e  importance 

of t e a r i n g  modes l o c a l i z e d  near su r faces  where k*B = 0. ~ i n c e ' h i g h - b e t a  
'L 'Lo 

experiments a r e  o f t e n  character ized by anomalously high r e s i s t i v i t y  due t o  

wave-particle i n t e r a c t i o n s ,  i t  i s  proposed t o  a s c e r t a i n  t h e  l i n e a r  growth 

p r o p e r t i e s  of t h e  tearing-mode i n s t a b i l i t y  i n  an envfronment where t h e  

( m i c r o i n s t a b i l i t y  produced) tu rbu len t  r e s i s t i v i t y  i s  l a r g e r  than t h e  c l a s s i c a l  

. r e s i s t i v i t y . '  P a r t i c u l a r  emphasis w i l l  be  placed on t h e  t o r o i d a l  reversed 

f i e l d  pinch conf igura t ion.  The b a s i c  theo. re t ica1 model used i n  these  s t u d i e s  

w i l l  be t h e  MHD equations,  genera l ized t o  inc lude an a n i s o t r o p i c  anomalous 

c o l l i s i o n  frequency f o r  momentum t r a n s f e r ,  

which al lows f o r  d i f f e r e n c e  r e s i s t i v i t y  p r o p e r t i e s  i n  t h e  c ross - f i e ld  

d i r e c t i o n s  2 x and x (J x B).  
'L 'L 
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C.."ANOMALOUS TRANSPORT IN TOROIDAL FUSION SYSTEMS 

The purpose of the proposed work Is to develop a self-consistent 

microturbulence theory for magnetic confinement systems, primarily toroidal 

(tokamak and stellerator) systems. Given macroscopic MHD stability, reactor 

control and economics will be determined by microturbulence (anomalous 

transport). Successful reactor designs will depend largely on our ability 

to predict andlor'scale these anomalous transport processes theoretically. 

Although our present understanding of the anoma1ou.s loss processes in 

tokamaks is minimal (the mechanism. of anomalous losses 'is not known), sev- 

eral recent developments appear to be converging on the solution to this 

problem. They are: (a) appreciation of the importance of very small mag- 

netic perturbations in electron transport, (b) experiiental evidence (through 

understanding the soft X-ray anonally) from Alcator and TI0 that magnetic 

fluctuations are', the mechanism of anomalous heat loss, and (c) discovery of the 
' 

resonance broadening effects due to magnetic shear, which provides .an effec- 

tive saturation mechanism for low frequency: microturbulence, and allows the 

computation of self-consistent anomalous transport coefficients. .Alpha 

. particle behavior, particularly slowing down, will in all likelihood be 

dominated by turbulence driven by the extremely non-thermal alpha distribu- 

tion function. Here the role of alpha slowing down .in ignition experiments 

is clear and crucial. The likely possibility of lowering the ion tempera- 

ture threshold for ignition due to anomalous slowing down justifies theoret- 

ical work in this direction. 

The proposed work is to develop a reliable theoretical framework for 

the anomalous transport calculations in toroidal systems. There is optimism, 

based on the last six month's efforts, that this can be done in the next 

several years. 



I '  

C! .19 DETAIL ATTACHMENTS 

Facility Requirements 

It is desirable to have computer facilities (both time allocations 

and computational physicists) at MIT for the numerical solution of the 

eigenvalue equations of microturbulence theory. This will become increas- 

ingly necessary as more realistic models are used for the calculations.. 

Even at the present level of complexity, numerics are needed'to verify 

analytic speculation. We are presently relying.on Oak Ridge for this part 

of the work. 
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Technical Progress 

1.   no ma lo us Electron Thermal Conductivity 
(a) Soft X-ray Anomally: While anomalous electron heat loss is clearly 

one of the major physics problems in toroidal confinement, the process or 

. . processes responsible for it are still largely unknown. Traditionally, 

anomalous losses have been attributed to drift waves of various kinds, but 

the experimental evidence for this assumption is ambiguous at best. More 
14 -3 

recent measurements seem t B  rule out drift waves, for densities > 10 cm , at 
least in the usual quasilinear sense. However, even at fluctuation levels 

below those required to produce significant quasilinear transport, the inher- 

ently non-linear effect of magnetic surface'destruction can lead to sizeable 

transport. These points were emphasized recently by Callen. There are 

basically two forms this magnetic surface destruction can take. In the first, 

the so-called "magnetic flutter" model, one has essentially coherent island 

structures most of the time. These grow up out of noise to an amplitude at 

which islands overlap. Stochasticity of the field lines ensues and presum- 

ably damps the underlying drift waves, allowing the original equilibrium to 

reform, wherein the process repeats itself. Alternatively one can have some 

quasi-steady saturated turbulence level in which ~"sto~hasticity" prevails. 

Either .form can lead to substantial enhancements of thermal transport. ! 



We, have' made a connection between these  magnetic f l u c t u a t i o n s  and an 

anomaly i n  the s o f t  X-ray spectrum t h a t  has  been found p e r s i s t e n t l y  i n  

Alcator .  . This anomaly cannot be  explained by c l a s s i c a l  processes.  We 

have shown t h a t  magnetic f l u c t u a t i o n s  g ive  rise t o  an enhanced'suprathermal 

t a i l  i n  t h e  e l e c t r o n ' d i s t r i b u t i o n  func t ion  which is r e l a t e d .  t o  t h e  thermal 

f l u x .  The t a i l  and energy f l u x  a r e  both  gauged by t h e  same parameter, rE, 
t h e  energy confinement t i m e .  By f i t t i n g  t h e  X-ray spectrum . . a  r* can be E 
determined. The rg s o  obtained agrees  wi th  t h e  bulk  energy confinement 

measurements both i n  absolute  magnitude and s c a l i n g  wi th  t h e  plasma dens i ty .  

(b) .  Shear Induced Resonance Broadening: . I n  a  sheared magnetic f i e l d ,  

t u r b u l e n t  d i f f u s i o n  of e l e c t r o n s  i n  t h e  v i c i n i t y  of a  mode r a t i o n a l  s u r f a c e  

can e l i m i n a t e  t h e  s t a b i l i z i n g  in f luence  of nonresonant e l e c t r o i s  and l e a d  

t o  a n  abso lu te  i n s t a b i l i t y  at small bu t  f i n i t e  wave amplitudes. A s  t h e  

turbulence  grows, t h e  inverse  e l e c t r o n  Landau resonance is  broadened i n  

both v e l o c i t y  and conf igura t ion space ,  and t h e  convective shear  damping due 

t o  ions  is  enhanced by tu rbu len t  s p a t i a l  broadening of t h e  mode u n t i l  sa tura-  

t i o n  occurs.  

The o r i g i n a l  work of P e a r l s t e i n  and Bgrk ind ica ted  t h e  ex i s t ence  of a n  

abso lu te  u n i v e r s a l  i n s t a b i l i t y  of a  confined plasma (Vp # 0) i n  a sheared 

magnetic f i e l d .  ~ e c e n t l ~ ,  numerical i n t e g r a t i o n  of t h e  exact  d i f f e r e n t i a l  

equat ion desc r ib ing  t h e  r a d i a l  s t r u c t u r e  of t h e  d r i f t  wave eigenmode showed 

t h e  absence of an abso lu te  i n s t a b i l i t y ,  r egard less  of how weak t h e  shear  

o r  how l a r g e  t h e  po lo ida l  wave number. The s t a b i l i t y  of t h e  un iversa l  

mode i n  these  improved t rea tments  is  due t o  t h e  i n c l u s i o n  of nonresonant, 

nonadiabat ic  e l e c t r o n s  i n  t h e  region about t h e  mode r a t i o n a l  s u r f a c e  where 

k , ,  ( r )  = [m - nq(r)] /Rq S u/vTe. Here, m and n  a r e  po lo ida l  and t o r o i d a l  

mode numbers, r e s p e c t i v e l y ,  q ( r )  = r B  /RB i s  the  s a f e t y  f a c t o r ,  w is  t h e  
1/2= P 

mode frequence,  and v  = (2Te/me) i s  t h e  e l e c t r o n  thermal v e l o c i t y .  Thus, 
Te . 

. . i n s t a b i l i t y  might be recovered by an e f f e c t  a l t e r i n g  t h e  e l e c t r o n  response 

i n  t h e  reg ion  around t h e  r a t i o n a l  su r face .  

We have shown tKat tGrbulent d i f f u s i o n  'of e l ec t rons  across  t h e  r a t i o n a l  

s u r f a c e ,  due t o  a  combination of shear  (3k /3 r  k'  ' f  0) and randbm 3 x 3 
1 1  : I I 



f luc tua t ions .and /o r  s t o c h a s t i c  magnetic pe r tu rba t ions ,  r e s u l t s  i n  a f i n i t e  

amplituae-induced ve rs ion  of t h e  abso lu te  un ive rsa l  i n s t a b i l i t y .  Physica l ly ,  

t h e  tu rbu len t  s c a t t e r i n g  of e l e c t r o n s  ac ross  t h e  r a t i o n a l  l a y e r  l e a d s  t o  an  

e f f e c t i v e  f i n i t e  value  f o r  k which des t roys  t h e  s t a b i l i z i n g  in f luence  of t h e  
I I 

nonresonant e lec t rons .  A t  l a r g e r  amplitudes, t h e  e l e c t r o n  growth is  reduced , . 

and t h e  i o n  shear  damping i s  enhanced by s p a t i a l  broadening of t h e  mode, 

y i e l d i n g  nonl inear  s t a b i l i z a t i o n .  

The tu rbu len t  d i f f 'us ion process i n  a sheared magnetic : f i e ld  produces 

a resonance broadening mechanism f o r  t h e  e lec t rons  which is fundamentally 
+ + 

d i f f e r e n t  than the  process ,  due t o  random E x B d r i f t s  a lone ,  i n  a s h e a r l e s s  

f i e l d .  With shear ,  s t o c h a s t i c  r a d i a l  motion combines wi th  p a r a l l e l  e l e c t r o n  

streaming t o  induce random po lo ida l  motion. The decor re la t ion ,  frequency 

r e s u l t i n g  from t h i s  random motion of e l e c t r o n s -  i n  a sheared f i e l d  can exceed 

t h e  magnitude of the  real p a r t  of t h e  l i n e a r  eigenfrequency f o r  low l e v e l s  

of turbulence.  

(c) F i n i t e  Be u n i v e r s a l  Mode Turbulence and Alcator  Scaling:  An o u t l i n e  

f o r  a  se i f -cons i s t en t  theory  of f i n i t e  B universa l  mode turbulence  has  been e 
given. Sa tu ra t ion  r e s u l t s  from resonance broadening of t h e  e l e c t r o n  response 

due t o  magnetic shear .  Elec t ron d i f f u s i o n ,  f o r  Be> me/mi, i s d u e  t o  t h e  

magnetic p a r t  o f . t h e  f l u c t u a t i o n s .  The d i f f u s i o n  c o e f f i c i e n t ,  
4 2 2 D = 0.1  (Te/ (Ti + Te) (me./mi (Ls/Ln) x vipi /Ln, s c a l e s  inverse ly  wi th  

dens i ty ,  is  independent of magnetic f i e l d ,  and is  i n  e x c e l l e n t  q u a n t i t a t i v e  

agreement wi th  observat ions  on t h e  Alcator  tokamak. 

One of t h e  p r i n c i p a l  t h e o r e t i c a l  goals  i n  tokamak research. is  t h e  

development of a se l f -cons i s t en t  turbulence theory f o r  t h e  s h o r t  wavelength 

f l u c t u a t i o n s  responsible  f o r  anomalous t r a n s p o r t .  We have given a h e u r i s t i c  

o u t l i n e  of such a theory f o r  t h e  f i n i t e  f3 universa l  i n s t a b i l i t y .  The t r e a t -  
e  

merit so  f a r  is  approximate i n  i t s  s o l u t i o n  of t h e  eigenmode equat ions ,  but  
, can, i n  p r a c t i c e ,  be  c a r r i e d  ou t  t o  a r b i t r a r y  accuracy. 'The r e s u l t i n g  formula 

I .  f o r  the  anomalous e l e c t r o n  thermal conduct iv i ty  has  many s i m i l a r i t i e s ,  inc luding 

abso lu te  '.magnitude and dens i ty ,  temperature and ion mass s c a l i n g s  , with  experi-  

mental observat ions .  For B > me/mi, a s  i s  t y p i c a l ,  t h e  c a l c u l a t i o n  c o n s t i t u t e s  
e 



an example of a  se l f -cons i s ten t  theory of s t ochas t i c  magnetic f luc tua t ions .  
I 

u n t i l  r ecen t ly ,  most turbulence theor ies  ignored shear i n  the  equ i l i -  

brium magnetic f i e l d .  Without shear ,  turbulence mainly e f f e c t s  t he  ions. 

The bas i c  s a tu r a t i on  p i c tu r e ,  a s  developed by Dupree, balanced' l i n e a r  
L NL 

e l ec t ron  growth, 'y  ., against  nonlinear (,turbulent) i on  damping, y i  , 
1.T e T r )  

L 
taking yi"' = k L~ a s  t he  ba s i s  f o r  t he  y  L/k es t imates  of t h e  anomalous 

I e I x.T ..I 
11 L d i f fu s ion  coe f f i c i en t .  However, recent  theory has shown that .  y  << k l L ~ ,  

i 
because t he  ion-wave i n t e r ac t i on  i s  weak f o r  low frequency ,modes. Consequently, 

f o r  tokamak parameters, ion non-lineari ty is  not a  v i ab l e  s a tu r a t i on  mechan- 

i s m .  

With shear ,  because of t h e i r  rapid  mobil i ty a long . the  f i e l d  l i n e s ,  

e lec t rons  a r e  t h e  most e f fec ted  by turbulence. Here, t he  ions. cause 
S 

damping l i n e a r l y ,  due t o  the  shear ,  y, . Electron growth i s  modified by 
I NL NL - S 

shear induced resonance broadening, t o  ye . Saturat ion,  ye - yi can 

' occur a t  low turbulence l eve l s ,  cons i s ten t  with observations.  

In  .a sense,  the  main point  of t h i s  work has been t o  show t h a t  shear 

induced 'resonance broadening is  app l icab le  t o  the  electromagnetic problem and 

provides an e f f e c t i v e  mechanism f o r  t h e  s a tu r a t i on  of such i n s t a b i l i t i e s .  

The s p e c i f i c  example considered i s  bas i ca l l y  a  d r i f t  wave, although f i n i t e  

B does modify t he  shear damping i n  an important way, and when Be > m /m e  e i' 
most of t he  t ranspor t  i s  d.ue t o  t he  magnetic p a r t  of t he  f luc tua t ion .  



. 2. Anomalous Slowing Down'of AlphaParticles: 

A systematic search for alpha driven instabilities has been'initiated. 

The.first step of identifying the highest growth rate modes has been essen- 

tially completed, with the study of modes in the frequency range w c i < w < 

using a proper toroidal treatment. There are bands of instability centered 

on the gyroharmonics with a continuum starting at mode number N such-that 

N E > ~  ( E = a/R is the inverse aspect ratio). Beyond N,the . growth . rates go 

to zero as the resonance broadening due to spatial inhomogeneity eventually 

leads to an unmagnetized (stable) alpha response. 

These are very fast modes, growing at a rate which is a sizable frac- 

tion of the ion gyrofrequency. They are driven by the inverted energy pop- 

ulation of alphas with the consequence that the dominant weak turbulence 

effect is enhanced slowing doh. Obviously, the effect of such modes, if 

not accompanied by deleterious side effects,is to ch+nge the requirements 

for ignition. This fact motivates our study. 

Future ~ccom~lishments (N 80 and N 81) 

The proposed work follows naturally from the technical progress of the 

past year outlined above. The underlying motivation is to resolve as def- 

initively as,possible, the physics of turbulence induced anomalous transport 

in toroidal systems. As such,the study involves the formulation and analysis 

of the relevant experiments as well'as the questions. of turbulence theory 

that the anomalons transport problem raises, On the theoretical side, the 

study 'will focus on the relakionship of stochasticity to turbulence theory, 

in the hope o'f justifying some of the crucial approximations (.such as the 

random phase approximation) which at 'the present time are based mostly on 

convenience. 

1. Anomalous Electron Thermal Conductivity 

The experiments most relevant here are the C02 scattering experiment 

and the sqft X-ray spectral measurements. Analysis of this data will con- 

tinue. There is some hope'.that the C02 experiment will be more definitive 

on Alcator C - either by giving a detectable signal in:the center of: the 
discharge or setting meaningf ul limits on the density fluctuations there. 

This would then verify or refute the recent thinking, attributing losses to 

magnetic fluctuations. 



~hedreticall~, the past year has seen a very helpful development, 

namely the discovery of shear induced resonance broadening. This is 

clearly the dominant turbulence effect for 'low frequency modes in tokamaks 

and allows the calculation of saturated states and the associated trans- 

port coefficients, self-consistently. Some of the higher order ,turbulence 

effects are not so clear, however, and the question of how to. calculate 

them properly remains open." This problem wil-1 be the primary focus of the 

following year. The approach will be to study the wave dynamics directly, 

looking for stochastic behavior of the wave phases. This would allow a . . 

reliable derivation of weak turbulence theory and a clear delineation of 

its bounds of validity. 

2. Anomalous Alpha Particle Transport 

The main thrust of this work will be to estimatq the turbulence effects 

of the high frequency modes described above, specifi=ally the enhanced slow- 
. ing down rates and attendant modification of ignition criteria. Much of 

this can be done with a direct application of quasi-linear theory (evolution 

to the marginally stable point), but attention will be.given to the points 

outlined above. 
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S t a b i l i t y  and Transport P r o p e r t i e s  of Linear 
and Toroidal  Fusion Svstems 

17.' TASK DESCRIPTION 

Plasma k i n e t i c  theory is  appl ied  t o  t h e  study and d e s c r i p t i o n  of 

(a)  t h e  dynamic and k i n e t i c  behavior of Tokamak discharges ,  and (b) 

t h e  s t a b i l i t y  proper. t ies  of high-B p 1 a s m a s . h  a tandem-mirror' environment. 

. I n  ( a ) ,  t h e  focus  is on determining.se l f -consis tent ly  t h e  va r ious  quasi- 

e q u i l i b r i a  of t o r o i d a l  d ischarges  a s  they evolve i n  t i m e .  Over a wide 

range of c o l l i s i o n a l i t y  a , s t u d y  of t h e  dynamics of such systems, inc luding 

t h e  development of any ambipolar f i e l d s  (and p o s s i b l e  assoc ia ted  r o t a t i o n )  

is c a r r i e d  ou t .  The quas i -equi l ibr ia  a r e  then perturbed t o  t e s t  f o r  low- 

frequency e i g e n m o d e s t a b i l i t y ,  inc luding t o r o i d a l  e f f e c t s .  I n  '(b),  a  

s t a b i l i t y  a n a l y s i s  of t h e  high-B c e n t r a l - c e l l  . plasma of a 'tandem mir ro r  

device  is s tud ied  k i n e t i c a l l y .  Compared ,wi th  e a r l i e *  (low-B) s t u d i e s  

, w e  expect  novel r e s u l t s  r e l a t e d ,  f o r  example, t o  VB-drift resonances 
-> 

and coupling wi th  var ious  Alfven waves. 

19. DETAIL ATTACHMENTS 

Purpose 

Toroidal  Discharge (Tokamak) Study. The primary purpose of' this work . 
is  t o  achieve an  understanding of t h e  dynamical development of h o t ,  low- 

c o l l i s i o n a l  plasmas conf ined magnetical ly i n  Tokamaks . 1ns i&t  i n t o  t h e  

s e q u e n t i a l  development of var ious  processes  i s  important i n  va r ious  ways: 

(1) optimal opera t ion  of t h e  system; (2)  eventual  c o n t r o l  of t h e  device  

(espec ia l ly  near  i g n i t i o n ) ;  and (3)  se l f -cons i s t en t  determination of 

q u a s i - s t a t i c  e q u i l i b r i a .  I n  t h e  l a t t e r  i n s t a n c e ,  t h e  "equ i l ib r i a"  

themselves o f t e n  depend on t h e  h i s t o r y  of t h e i r  development. There 

appears t o  be, f o r  example, no o the r  way t o  determine uniquely t h e  

(ambipolar) f i e l d s  i n  var ious  d ischarge  phases than through the  s tudy 

of t h e  dynamics through which they evolve. Such f i e l d s ,  i n  tu rn ,  can 

a f f e c t  s t rong ly  both t h e  t r anspor t  and s t a b i l i t y  p r o p e r t i e s  of t h e  system. 

Fur the r ,  a s  increased knowledge of t h e  va r ious  poss ib le  s t a t e s  of such 

discharges  is  gained, inc reas ing ly  r e a l i s t i c  a n a l y s i s  of t h e i r  s t a b i l i t y  

can be c a r r i e d  ou t .  . 



Tandem Mi r ro r  S t a b i l i t y .  The purpose of t h i s  work is  t o  s t u d y  micro 

i n s t a b i l i t i e s  i n  a  h igh  plasma t y p i c a l  of t h e  tandem-mirror c o n t r o l  c e l l .  

New f e a t u r e s  of well-known i n s t a b i l i t i e s  (e.g. ,  t h e  low-8 d r i f t - u n i v e r s a l  

mode) can  b e  expected t o  arise through s t r o n g  coupl ing  w i t h  v a r i o u s  

e l ec t romagne t i c  modes and w i t h  c e r t a i n  MHD (Alven) waves. I n  a d d i t i o n ,  

new (o r  s t r o n g e r )  wave-par t ic le  resonances  can  be  expec ted ,  f o r  example 

through magnet ic-curvature and "VB1'-particle d r i f t s .  
, 

Technica l  P rog res s  
.. ' 

T o r i :  A p r i n c i p a l  t o o l  f 6 r  c a r r y i n g  o u t  a dynamical s tudy  o f  v a r i o u s  

types  of f u s i o n  (or  near - fus ion)  plasmas ( i n  l i n e a r  o r  t o r o i d a l  systems) 

is t h e  " I n e r t i a l  Drif t -K ine t i c  Equat ion  ." Thi s  e q u a t i o n  a l lows  t r ea tmen t  

of t h e  l o w - c o l l i s i o n a l i t y  plasma wi thou t  a p r i o r i  o r d e r i n g  of t h e  
+ + 

"E x  B1'-dr if t  a s  smal l  compared w i t h  i o n  thermal  speeds .  

I n  FY '78, a  major . s t e p  forward was taken,  on complet ion under 

t h i s  program of t h e  t h e s i s  by J. F i she r*  :in which t h e  " I n e r t i a l  Drift- . .  

K i n e t i c  Equation" was de r ived .  Th i s  work provided a  means of  s tudy ing  

t o r o i d a l  plasma dynamics i n  t h e  p l a t eau -  and banana-regimes, i n c l u d i n g  

p o s s i b l e  s i g n i f i c a n t  r o t a t i o n  and a s s o c i a t e d  i n e r t i a l  e f f e c t s .  F i s h e r  

showed t h a t  t h i s  equa t ion ,  i n  t h e  form developed by him, could b e  

so lved  i n  a  v a r i e t y  of c a s e s .  He i n d i c a t e d  p o s s i b l e  s t r o n g  asymmetries 

i n  t h e  pe r tu rbed  (guid ing-center )  d i s t r i b u t i o n  f u n c t i o n ,  p o s s i b l y  l e a d i n g  

t o  enhanced p a r t i c l e -  and energy-losses .  

Following up on t h i s  work b o t h  Svolos and Rubenstein (FY '78 and 

'79) i n i t i a t e d  dynamical s t u d i e s  of Tokamak plasmas a t  l o w - c o l l i s i o n a l i t y .  

Rubenstein has  r e c e n t l y  (FY '79)  e s t a b l i s h e d  impor tan t  f l u x - f r i c t i o n  

r e l a t i o n s h i p s ,  f o r  bo th  i o n s  and e l e c t r o n s ,  which p rov ide  impor tan t  

c o n s t r a i n t s  on t h e  r e l a t i o n s h i p  between p o s s i b l e  r o t a t i o n  and t h e  

c ros s - f lux  (ambipolar)  f i e l d s .  

Work i s  con t inu ing  i n  t h i s  a r e a .  Rubenstein is c o n c e n t r a t i n g  

on developing t h e  dynamics (and r e s u l t i n g  q u a s i - e q u i l i b r i a )  w i t h  

s u f f i c i e n t  p r e c i s i o n  t o  de te rmine  t r a n s p o r t  p r o p e r t i e s ,  i nc lud ing  t h e  

e f f e c t s  s e l f - c o n s i s t e n t  c ros s - f lux  f i e l d s .  Svolos i s  us ing  t h e  

e q u i l i b r i a  developed by him and by F i s h e r  t o  i n i t i a t e  d e t a i l e d  s t u d i e s  

of (low-f requency) m i c r o i n s t a b i l i t i e s  i n  t o r o i d a l  geometry. 

'':Fisher, J .L . ,  " F i n i t e  b e t a  and i n e r t i a l  e f f e c t s  i n  a  t o r o i d a l  d i scha rge , "  
PhD t h e s i s ,  1-IIT, June (1978).  



Mirrors In the high-0 central cell. plasma of the tandem mirror, the 

I . .  
equilibrium is perhaps most usefully described using a drift-kinetic 

I (roughly, a guiding-center) treatment. Hastings (FY '78 and early '79) 

I has developed a general means for describing such equilibria in plasmas 

I in a tandem-mirr~r enviornment. ~uildin~ on this, and using a gyro- 

1 .  kinetic equation, Hastings has recently (IT '79) developed a general 

mathematical procedure for establishing the perturbations of such 

equilibria, including finite Larmor radius effects. At persent, the 

work in this area is focussed on setting up the corresponding "radial 

eigenmode" problem, and interpreting the results physically in various 

parameter regimes.. 

Publications 

"Calculation of a self-consistent, low-frequency electrostatic field 

in the drift-kinetic approximation," Beasley, C. O., Jr., McCune, J. E., 

Meier , H. K., and vanRij , W. I., J. Plasma Phys. 20 f 115-126 (1978). - 

~ ff~umerical study of drift-kinetic evolution of collisional plasmas 

. in.tori,'' Beasley, C. O., Jr., McCune, J. E., et al, J. Plasma Phys. 19, . 593 (1977). 
I 

i "Inertial, drift-kinetic equation," J. Fisher with J. McCune, under 

revision for resubmission. 

. . 

~uture Accomplishments (FY ' 80) 
Milestone 1. (Rubenstein) 

Upon.completion of this work a more general treatment of neo- 

classical equilibria, including significant cross-flux fields, will be 

available. Edge-effects, on plasma transport properties will be better 

understood. 

Milestone 2. (Svolos) 

A study of drift modes in "honestff . . toroidal geometry,' including 

cross-flux E-fields and inertia, will help assess the vulnerability of 

large-scale (fusion-oriented) Tokamaks to various low-frequency modes, 

especially drift modes. 



Miles tone  3.  (Hast i n g s )  

,.The mathematical  methodalready~developed, f o r  s o l u t i o n  of t h e  

gyro-k ine t ic  equa t ion  and s tudy  of high-B plasma eigenmodes i n  a  tandem 

m i r r o r  environment,  w i l l  b e  e x p l o i t e d  i n  a  v a r i e t y  of p r a c t i c a l  ca ses .  

Inc reased  i n s i g h t  i n t o  t h e  (poss ib ly )  d i f f e r e n t  s t a b i l i t y  c h a r a c t e r i s t i c s  

of low-6 and high-@ plasmas w i l l  b e  made a v a i l a b l e .  

Fu tu re  Accom~lishrnents (F'Y '81) 

The " n a t u r a l  s t a t e "  of high-temperature magnet ized,  "confined" 

plasma seems t o  t u r b u l e n t ,  i nc lud ing  s t o c h a s t i c  f i e l d s .  The p o s s i b i l i t y  

of t r e a t i n g  plasma " e q u i l i b r i a "  which a  p r i o r i  i n c l u d e s  such 

tu rbu lence  w i l l  be  explored  i n  FY '79-'81. A "Milestone" f o r  t h i s  

pe r iod  would b e  t h e  achievement of a  s e l f - c o n s i s t e n t  p i c t u r e  of a .  f u s i o n  

plasma, i nc lud ing  bo th  t h e  equ i l i b r ium and t h e  s a t u r a t e d  tu rbu lence  

a s s o c i a t e d  wi th  i t .  Turbulence "modeling," an  advanced eng inee r ing  

technique  i n  r a p i d  development i n  f l u i d  dynamics mayZalso  be  u s e f u l  

' . i n  a p p l i c a t i o n  t o  plasmas. 

R e l a t i o n s h i p  t.o Other  P r o j e c t s  

The r e s e a r c h  on Tokamak d i s c h a r g e s  is c l o s e l y  r e l a t e d  t o  

A lca to r ,  as w e i l  a s  t o  t h e  f u t u r e  development of such d e v i c e s  as r e l a t e  

t o ,  a  Tokamak i g n i t i o n  experiment .  The "mirror" s t u d i e s  (high-B plasma 
. . 

s t a b i l i t y  a n a l y s i s )  i s  l a r g e l y  mot iva ted  by t h e  Tandem Mi r ro r  Experiment 

a t  LLL. 
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The purpose of this work'is to carry out research and development on the 

MACSYMA symbolic manipulation system including provisions for the use of the 

system by the national MFE community. Support is also provided for access 

to the MFECC by the NIT fusion community. 
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Zippel, Richard E., "Radical Simplification Made Easy," Proceedings of 
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I . '  
.Technical Progress 

I The value  of the  MACSYMA p r o j e c t  t o  MFE can be determined,. i n  l a r g e  

p a r t ,  by t h e  continued high u t i l i z a t i o n  r a t e  of our computer by t h e  

n a t i o n a l  I F E  communi.ty and by the  fus ion  community wi th in  MIT. We measure 

t h i s  usage.by t h e  number of logged on hours per  month. These f i g u r e s  h i t  a 

high of 2,900 hours last May and have been over 2,000 hours f o r  most of 1978. 

Roughly one ,half  t h e  usage is  i n t e r n a l  t o  MIT and one h a l f  i s  from t h e  outs ide .  

As a measure of t h e  va lue  of t h i s  t i m e ,  we mul t ip ly  t h e  monthly usage by 

$20. A s  a f u r t h e r  comparison, t h e  next  l a r g e s t  group of MACSYMkusers a r e  

from t h e  US Navy l a b s  who never use  more than 600 hours i n  a given month. 

1 t . s h o u l d  be  noted t h a t  t h e  non-MIT use r s  come from-every major l a b  (LASL, 

LLL, GA,'PPPL, ORNL) a s  w e l l  a s  o t h e r  u n i v e r s i t i e s  (e.g. Prof:Bakshils 

s t u d e n t s  a t  Boston College).  A s  ind ica ted  repeatedly  i n  t h e  p a s t ,  increased 

u t i l i z a t i o n  of the  system can be expected i f  i t  were p o s s i b l e  t o  log  i n t o  i t  

from the  MFENET. ' Progress has been made. t o  permit MIT fus ion t h e o r i s t s  
' 

, t o  l o g  i n t o  .MFECC v i a  our computer, but  t h e  reverse  opera t ion is  s t i l l  not  

a v a i l a b l e .  Due t o  i n t e r n a l  changes i n  computer hookups, which a r e  d e t a i l e d  

below, t h e  monthly usage f i g u r e s  f o r  MIT use r s  has decreased by over 50% 

s i n c e  November, 1978. This is  e s s e n t i a l l y  a computer account ing 'qui rk .  

I n t e r n a l  usage has ,  i f  anything,  somewhat increased due i n  p a r t  t o  Lidsky's  

use of MFECC v i a  our computer. 

August '78 - MIT ob ta ins  access  t o  MFECC v i a  ARPANET connection of 

MACSYMA computer. This was l a r g e l y  accomplished through improvements 

i n  MFENET software.  

September '78 - Completion of PhD t h e s i s  by Michael Genesereth on an 

automated advisor f o r  MACSYMA users .  

September '78 - Addition of 1 megabyte of core memory t o  MACSYM system. 

November '78 - Local high-speed network i n t e r f a c e  of Plasma Theory 

Group t o  MACSYMA computer. 

March '79 - Addit ion.of  4 megabytes of memory t o  MACSYMA system. 
. . 

Apri l  '79 - F i r s t  ve r s ion  of FORTRAN t o  LISP t r a n s l a t o r  completed. 

June '79 - Second MACSYMA Users Conference, Washington, D.C.  

Approximately t e n  papers from MIT a r e  expected. 



Future Accomplishments (FY 80 and FY 81) 

The following accomplishments are anticipated in FY 80 and F'Y 81: 

October '79 - Completion of PhD thesis by Richard Zippel on new algor- 
ithms for factorization and solution of linear equations. 

October '79 - Completion of PhD thesis by Barry Trager on new algorithms 
for integration. 

January '80 - MACSYMA on LISP machines capable of running very large 
problems. Beginning of integrated numeric/symbolic system. 

June '80 - First version of LISP system on DEC VAX computer. 
January '81 - Release version of MACSYMA on DEC VAX computer' early 

version of MACSYMA on super-micro computers. 

June '81 - Early version of integrated numericjsymbolic system on 
personal super-micro computers. 

Relationship to Other Projects - 'I 
-.-a 

The MACSUMA system is, to our knowledge, the only general symbolic 

-. - manipulation system being made available to the MFE community nationally. 
- 

8 3 
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