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ABSTRACT 

The observed spectrum of magnetohydrodynamic (MHD) f luctuat ions I n 

the Impurity Study Experiment (ISX-B) tokaraak I s c lear ly dominated by 

the n - 1 mode when the q - 1 surface i s i n the plasma. This fac t 

agrees wel l with theore t ica l predict ions based pn three-dimensional 

(3-D) r e s i s t i v e MHD calculat ions. They show that the (m - 1} n - 1) 

mode is the dominant i n s t a b i l i t y . I t drives other n - 1 modes through 

toro ida l coupling and n > 1 modes through nonlinear couplings. These 

theore t ica l l y predicted mode structures have been compared i n d e t a i l 

with the experimentally measured wave forma (using arrays of sof t x-ray 

detectors) . The agreement i s excel lent . More deta i led comparisons 

between theory and experiment have required carefu l reconstructions of 

the ISX-B e q u i l i b r i a . The e q u i l i b r i a so constructed have permitted a 

precise evaluat ion of the i d e a l MHD s t a b i l i t y propert ies of ISX-B. The 

present results indicate that the high-beta ISX-B e q u i l i b r i a are 

marginally stable to f i n l t e - n ideal MHD modes. The r e s i s t i v e MHD 

calculat ions also show that at f i n i t e beta there are unstable res is t i ve 

pressure-driven modes. For low-0p e q u i l i b r i a these modes saturate a t 

very low l e v e l and t h e i r evolution has l i t t l e e f f e c t on the dominant 

(m • 1; n - 1) mode. However, with increasing Bp they become more 

important. Their n spectrum i s concentrated a t low mode number and i s 

broad. Analytic calculat ions indicate that t h e i r saturated k i n e t i c 

energy scales l i k e (e6 p ) 5 / 3 r» l + / 3 . These scalings have been confirmed by 

numerical resu l ts . The res is t i ve ballooning modes are good candidates 

for the explanation of the confinement de te r io ra t ion at high 0p i n 

ISX-B. The transport e f fec ts induced by thera are estimated from the 

theory and are found to be mainly thermal e lectron conduction losses. 

An expression for x® derived, and i t y ie lds values that agree wel l 

with those from the experiment. 

v 



I . INTRODUCTION 

Through the Impurity Study Experiment (ISX-B) tokamak with up to 
3 MW of beam heating power, about ten times i t s ohmic heating power, a 
t o t a l l y new regime of tokamak plasmas is being explored. The resul ts 
obtained [ l - 4 ] ra ise many questions related to the s t a b i l i t y of such 
plasmas. These questions CRn be separated into three areas: (1) i dea l 
magnetohydrodynamic (MHD) s t a b i l i t y , (2 ) the descript ion and causes of 
the observed MHD a c t i v i t y , and (3) the e f fec t of the MHD a c t i v i t y on 
the confinement. Since the ISX-B experiment i s an ongoing e f f o r t , 
d e f i n i t i v e answers to a l l questions have not yet been found. However, 
a great deal of progress has been made in understanding some of these 
problems, and we w i l l present here the current perception of what the 
answers are. In addressing such questions we have had to (1) ca re fu l l y 
model ISX-B discharges, (2) develop fur ther the theoret ica l 
understanding of the MHD i n s t a b i l i t i e s , and (3) perform deta i led 
comparisons between the experimental results and the three-dimensional 
(3-D) numerical simulations (F ig . 1 ) . We w i l l f i r s t describe the basic 
experimental and theoret ica l tools used i n such studies. 

Mirnov co i ls and collimated soft x-ray detectors are used for 
I n s t a b i l i t y diagnostics. The former y ie ld pololdal f i e l d f luctuat ions 
S a t 3 to 5 cm into the shadow of l i m i t e r s , and the l a t t e r y i e l d 
l ine - in tegra ted measurements of x-ray emission f luctuat ions X along 
viewing chords through the plasma. Up to 32 c o i l s i n a single poloidal 
cross section are used simultaneously for determining the poloidal mode 
number m of the poloidal magnetic f i e l d f luc tua t ion ff. A few other 
coi ls are avai lab le at two other locations around the torus for 
determining the gross toroidal mode number n. The x-ray studies use 
various combinations of detectors i n a 32-uni t fan array centered on 
the outside equator ia l plane and i n two 24-uni t fan arrays mounted on 
top (F ig . 1 ) . The l ines of sight of a l l three arrays are i n the Bame 
poloidal section. 

1 



2 

The frequency response of most of the co l ls r o l l s o f f above 8 kHz 

due to the L/R f o r magnetic d i f fus ion through t h e i r protect ive cases. 

A few speoial loops at the outside of the torus at only one toro ida l 

locat ion have r o l l o f f s at 25 kHz. The x-ray detectors have 

bandwidths of £,125 kHz. I n s t a b i l i t y signals from a l l channels are 

dominated ty frequencies i n the 5 - to 25-kHz range. Data acquis i t ion 

i s both osci l lographic and d i g i t a l . The l a t t e r system evolved to 88 

channels and i s usual ly operated at a d i g i t i z i n g ra te of 170.61 kHz for 

acquis i t ion during a preselected 48-ms i n t e r v a l of ind iv idua l tokamak 

discharges when a t ten t ion i s focussed on u < 50 kHz or a t 512 kHz for a 

16-ms i n t e r v a l for higher frequencies. 

For the high-beta theore t ica l studies, we have used a reduced set 

of r e s i s t i v e MHD equations [ 5 ] v a l i d i n the l i m i t of large aspect r a t i o 

(e 5 a/R_ << 1, where a and RQ are the plasma minor and major r a d i i , 

respect ively) and high beta ( 0 ~ e ) . This system of equations, with 

some minor va r ia t ions , has also been used by other groups [ 6 , 7 ] f o r 

s imi la r studies. 

The reduced set of equations i n dimensionless form i s 

H 
3t ( 1 ) 

3U 
at 

+ v • vu 

3p 
at 

- ! 

+ > 

wi th 

U - V j * (4 ) 

and 

J c - - R 2 ^ • ( 5 ) 



3 

where R i s the major radius coordinate divided by RQ, 0Q i s the 
A 

toro idal beta at the magnetic axis , and 5 l s a unit vector i n the 
toroidal d i rect ion . A l l lengths are normalized to the averaged minor 
radius a, the r e s i s t i v i t y to TI0 ( i t s value a t the magnetic a x i s ) , the 
time to the res is t ive d i f fus ion time Tr • a 2 u 0 /n 0 » the magnetic f i e l d 
to ( the unperturbed vacuum toroidal f i e l d at major radius R Q ) , the 
ve loc i ty to a / t r , and the pressure to p 0 ( i t s value at the magnetic 
ax is ) . The functions ¥ and • are the poloidal f lux and ve loc i ty stream 
functions, normalized to a 2 B ? 0 and a 2 B c o / r r , respect ively . They are 
related to the dimensionless magnetic f i e l d and f l u i d ve loc i ty by 

* 1 x 7* • - 5 

and 

v Vt x { 

( 6 ) 

(7) 

where the subscript 1 denotes perpendicular to The toroidal current 
density i s J^/R, normalized to and U is the toro ida l 

component of the v o r t i c i t y . The parameter S i s the ra t io of the two 
time scales involved i n this problem: S • T p / x ^ , where x^p is the 
poloidal AlfvSn time, xh p - RQ( M0Pm)1 / 2 / B £ 0 ' A c o n < i uct ing w a l 1 

boundary condition i s assumed, along with zero pressure, a t the plasma 
edge. We use a s t ra ight magnetic f i e l d l i n e coordinate system, 
(p»®»5)» where p i s a f lux surface label , 0 < p < 1; c i s the 
previously defined toro ida l angle; and the poloidal angle 6 coordinate 
is determined by requir ing that the Jacobian is proportional to R 2 . 

For an axisymmetric, zero-veloci ty equi l ibr ium, Eqs. (1 ) to (5) 
become 

nJ, 'CW 

2? 
r 2 dp _ p dF 

dtp dij> 
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# A tj; • J^ 

which are the tokamak equi l ibr ium equations exact to a l l orders i n e. 

Therefore, Eq. (2 ) contains the equil ibrium magnetic f i e l d curvature 

terms to a l l orders i n e. 

The implementation of these nonlinear equationb as an I n i t i a l 

value problem const i tutes one of the time-stepping modules, RST [ 8 ] , oi 

the Oak Ridge na t iona l Laboratory (ORNL) MHD system of codes. This 

system of codes consists of three types of modules: Input modules, 

t ime-stepping modules, and output modules. The t h i r d type Includes 

mainly diagnostic codes. They have been used to improve the 

understanding of the i n s t a b i l i t i e s studied. They are excel lent tools 

fo r unraveling some of the character is t ics of the basic dynamic 

mechanisms. Some output modules are used to ca lculate quant i t ies* such 

as x-ray emissivi ty p r o f i l e s and x-ray traces, that can be d i r e c t l y 

compared with experimental data (F ig . 1 ) . 

For r e s i s t i v e ballooning mode studies we have used two d i f f e r e n t 

types of codes: l ) a one-dimensional ( l - D ) shooting code, which assumes 

incompre8sibi l i ty but does not assume large aspect r a t i o and 2) a 1-D 

i n i t i a l value code based on the reduced set of r e s i s t i v e MHD equations 

i n the large n l i m i t , which can incorporate e f fec ts such as p a r a l l e l 

dynamics, u»e, v iscos i ty , e tc . Both modules use as input the same 

numerical equil ibrium as RST. 

Section I I b r i e f l y describes the idea l MHD s t a b i l i t y studies. 

Section I I I presents the experimental MHD a c t i v i t y observations. 

Sections IV and V discuss the n • 1 dominated discharges and discharges 

i n which n • 1 a c t i v i t y i s not present. F i n a l l y , the possible 

MHlVinduced transport e f f ec ts are discussed i n Sect . V I . 
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I I . IDEAL MHD STABILITY STUDIES 

The ideal MHD s t a b i l i t y studies have required a careful 
reconstruction of the ISX-B e q u i l i b r i a [ 9 ] . These e q u i l i b r i a have been 
calculated using the data analysis code ZORNOC [ l O ] . This code 
requires as input the plasma geometry parameters (major radius, minor 
radius, elongation, and t r iangu la r i ty ) which are obtained from the 
poloidal magnetic measurements [11]« With this information providing 
the boundary conditions, an equil ibrium is calculated using the 
experimental pressure p r o f i l e and an assumed current p r o f i l e . The 
pressure p r o f i l e i s obtained from the midplane Thomson scat ter ing and 
ion temperature measurements supplemented by neoclassical ion power 
balance and beam slowing down equations. The shape of the current 
p r o f i l e i s then varied to f i t the measured poloidal c o i l currents, the 
magnetic f i e l d measurements, and the location of the q • 1 surface 
suggested by the soft x-ray diagnostic. Several e q u i l i b r i a , with 3p 

ranging between 1 and 2, have been found which closely match a l l 
experimental data. These e q u i l i b r i a were tested for Ideal MHD 
s t a b i l i t y using the ERATO c d e [12] f o r low toro ida l mode number n and 
the MBC code [13] fo r large n. For low n, the complexity of the 
numerical ca lculat ion precludes the use of enough grid points to 
calculate a converged growth rate. Thus, extrapolat ion to zero spacing 
between grid points i s necessary to assess s t a b i l i t y . In F ig . 2 ( a ) , a 
p lot of the squared gnwth rate is shown versus N~2, where N i s the 
number of gr id points. This extrapolat ion shows marginal s t a b i l i t y for 
the low n mode, wi th in the accuracy of the present numerical studies. 
This has consistently been the result for a l l ISX-B e q u i l i b r i a studied. 

For a few cases, the second most unstable mode has been studied. 
These modes were also found marginally stable by the same extrapolat ion 
procedure. This suggests an accumulation point at zero growth rate and 
i s under fur ther study. The growth rates are independent of the 
locat ion of a conducting wal l since the unconverged modes are loca l i zed 
wi th in the q - 1 surface ( f o r n * 1) or close to the q - 1 surface ( f o r 
higher n ) . (The q - 1 surface fo r ISX-B e q u i l i b r i a i s t y p i c a l l y at 
r / a ~ 1/3 and thus in a region which is not a f fected by edge 
s t a b i l i z a t i o n . ) Al?. e q u i l i b r i a were found to be stable i n the i n f i n i t e 
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n H o l t but close to marginal s t a b i l i t y . Raising the pressure 

uniformly by % was s u f f i c i e n t to cause d e s t a b i l i z a t i o n i n what was 

i n i t i a l l y the most stable case. 

I n conclusion, a l l the ISX-B e q u i l i b r i a studied a t present show 

marginal s t a b i l i t y to low n idea l HHD modes wi th in the accuracy of the 

oalculat ion. The e q u i l i b r i a are stable to hlgh-n modes but close to 

marginal. These resul ts modify some resul ts previously presented [14] 

tha t indicated that the high-beta ISX-B e q u i l i b r i a were idea l MHD 

unstable. The main reason for the change i s the more accurately 

calculated e q u i l i b r i a i n the present studies. The most pronounced 

d i f fe rence i s i n the to ro ida l current d i s t r i b u t i o n . As can be seen i n 

F i g . 2 ( b ) , the current d i s t r i b u t i o n has shoulders, which are general ly 

more pronounced for the smaller values of qtj, ( the safety factor a t the 

plasma edge). 
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I I I . DESCRIPTION OP THE OBSERVED MHD ACTIVITY IN ISX-B 

In this section we review the main features of the MHD a c t i v i t y 
observed experimentally i n ISX-B. We begin by describing the frequency 
spectrum of the Mirnov c o i l signals. Three character is t ic observations 
follow: 
(1 ) A c lear peak at frequencies between 5 and 25 kHz (depending on the 

parameters of the discharge) with higher harmonics often present 
[P ig . 3( a ) ] . The peak corresponds to the n - 1 mode and dominates 
the spectrum when there i s a s ign i f icant plasma volume wi th in the 
q - 1 surface, as i s usually the case. 

(2 ) k high-frequency t a i l , resolvable out to 250 kHz. These 
f luctuations are present independent of the n - 1 mode [ F i g . 3 ( b ) ] . 
The amplitude l eve l increases with beam i n j e c t i o n , and the poloidal 
corre lat ion lengths are typ ica l ly on the order of 5 cm. 

(3 ) At times, highly coherent structures i n the t a i l , general ly between 
100 and 200 kHz. For at least some of these there i s evidence that 
they are present for only b r i e f in terva ls during the discharge. 
For the n - 1 dominated discharges, the i n s t a b i l i t y signals are 

a l tered when the r a t i o of injected beam power to ohmic power exceeds 
one. The changes are f i r s t marked by the lengthening of the i n t e r v a l 
of m • 1 a c t i v i t y before the in terna l disrupt ion and the simultaneous 
appearance of a strong poloidal magnetic f i e l d f luc tuat ion Ef a t the 
same frequency as the ra • 1 [F ig . 4 ( a ) ] . Thereaf ter , the v isual 
appearance of the i n s t a b i l i t y patterns ( i . e . , of the envelopes of the 
osc i l la tory components jt and 9) var ies with pl&sma parameters. 
Generally, fur ther increases i n beam power lead f i r s t to longer - l ived, 
even steadi ly running precursors and then to increasing amplitude 
modulation of these signals. Under some conditions the appearance of a 
long period sawtooth is retained and i n other cases i t i s not. 

These signal patterns are i l l u s t r a t e d by the £ traces shown i n 
F ig . 5 , which gives samples for plasmas with dominant (m - 1;n - 1) 
mode a c t i v i t y (q^ < 4 . 5 ) . The 6f envelopes look l i k e these as we l l 
since once the Pb^oH ~ 1 fchreshold i s exceeded, the S an<j x s ignals 
are locked i n frequency and i n amplitude. The rapid modulation pat tern 
shown as the f ina l t :ample i n Fig. 5 (c) looks qu i te s imi la r to signals 
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from "fishbone" a c t i v i t y in the PoloJdal D ive r to r Experiment 

(PDX) [ 1 5 ] . Signals l i k e these are rare in ISX-B and no par t i cu la r 

confinement deter iora t ion i s associated with them. With regard to the 

general nature of signals from ISX-B, we note that operation with 

de l ibera te ly Bhaped ( e l l i p t i c a l ) plasma favors the more continuous X 

and U, and the patterns revert toward those of the c lassic sawtooth 

( o r , equiva lent ly , toward patterns typ ica l of lower P^) as q^ is 

increased. 

Despite the va r i a t ion of s ignal patterns with plasma parameters, 

the basic features of these signals do not vary once the Pfc/PoH ^ * 

threshold i s passed. X and ff signals are locked at the same frequency 

and coupled in amplitude. The 3 at the Mirnov co i ls i s strong, o f ten 

exceeding f / B • and is dominated by (m - 2;n • 1) mode symmetry at 

low q^ and by mixtures of ra a t higher q^. The ff measurements indicate 

that the mode rota t ion i s reversed from that i n ohmically heated 

plasmas, presumably the resul t of toro ida l ro ta t ion driven by momentum 

t ransfer from the co- in jected neutral beams [ 1 6 ] . The large X signals 

are from wi th in q ~ 1 and are due to a large m - 1 mode there. 

Rotation of th is m - 1 structure i s also reversed. Even wi th a large 

(m « 2;n • 1) poloidal f i e l d s ignal , there i s no large or d i s t i n c t i v e X 

from near q • 2 and thus no large m - 2 is land s t ructure . The X 

waveforms do show in te res t ing di f ferences of d e t a i l when compared with 

the work of others [ 1 7 ] on the classic m • 1. We i l l u s t r a t e these 

d e t a i l s i n the next section. 

Ve now turn our a t ten t ion to the high frequency t a i l s ignals . We 

have not yet obtained experimental mode i d e n t i f i c a t i o n s for these. The 

high-frequency t a i l i n ff can be adequately observed only on those 

Mlrnov co i ls w i th the higher frequency response. A v a r i e t y of tests 

confirm that th is t a i l i s indeed due to magnetic f i e l d f luc tuat ions . 

I t I F u n l i k e l y that the source i s plasma loca l to the co i ls since 

comparisons have been made between the signals of the high frequency 

c o i l s and those from a Langmuir probe which was located a t the same 

minor radius and po lo ida l angle as one of the co i ls and only 5 cm away 

t o r o i d a l l y . The h igh- f requent / spectra are s imi la r , but the coherence 

between % and n I s zero. Furthermore, the time h i s t o r i e s of 3 and n 

throughout a discharge are t o t a l l y d i f f e r e n t . 
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AB noted in oonneetion with Pig. 3 , the high frequency tail in fl 
is present with or without a strong (m • 1;n • 1) mode. The signal 
levels increase markedly with neutral beam injection. The fact that 
this increase is not due to a Bhift of the bulk plasma outward (and 
thus closer to the high frequency coils) was demonstrated by 
experiments directed specifically at this question. The time response 
of the amplitude increase is similar to that of 0 p (P3«. 6). The 
signal level follows 0 p even before injection when increases due to 
a density increase produced by strong gas puffing [Fig. 6(a)]. The 
general amplitude level of the $/Bp tail increases relatively 
systematically with beam power (0p) in the ISX-B power scan, at fixed 
plasma current (lp)f toroidal field, and density (Fig. 7). However, 
the systematics of the variation of 0/Bp with f$p when the latter is 
controlled by I p is not so clear (Fig. 8, w5th the I p scan at fixed B T, 
ng, and P^ - 1 MW). A smaller range of 0 p is allowed by this method, 
and the tail is augmented by pronounced bands of the aore coherent 
activity, particularly at low I p. 

Since the high frequency coils are presently placed at only one 
toroidal location, it has not been possible to address the question of 
toroidal mode numbers for the high frequencies. We have approached the 
question of i-oloidal mode numbers, through calculation of cross power 
spectral densities (CPSO). This procedure develops "average" phase 
relations for the 16-ms data strings. The results are confused by the 
appearance of the more coherent bands. We are in the process of 
applying digital filtering codes to identify the time intervals when 
these signal components are present. 

The high frequency tail also exists in the spectra of signals from 
the collimated x-ray detectors. These high frequencies are also 
present both with and without a strong (m • 1;n - 1) mode (Fig. 9). We 
have attempted, without success, to obtain local characterizations of 
the plasma by calculating CPSD for detectors whose lines of sight 
intersect in the plasma. Two difficulties arise. The (m - 1;n » 1) 
mode and its harmonically related driven structures usually dominate 
the detector signals; because of the long range correlations of these 
signal components they also dominate the coherence spectrum, even in 
the cases of detector pairs whose lines of sight do not intersect in 
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the plasma. Whan the teohnique Is applied to discharges without the 

(m • 1 in - 1) mode, the ooherence i s low and noisy. Much more signal 

a/eraging than was possible i n these experiments ( e f f e c t i v e l y , about 50 

samples) would be required to show any enhancement of coherence levels 

by inoluding a plasma region common to the two l ines of s ight . 
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IV . n - 1 DOMINATED MHD ACTIVITY 

Having presented the summary o f experimental MHD observations I n 

ISX-B I n the previous section, we w i l l now address the question of 

i n t e r p r e t a t i o n from the t h e o r e t i c a l point of view. We s t a r t by 

considering i n th is sect ion tne s i t u a t i o n i n which the n - 1 

i n s t a b i l i t y is dominant. The high-frequency t a l l i s considered i n the 

next sect ion. As noted i n the in t roduct ion , the t h e o r e t i c a l s tudies 

have been done in the framework of the r e s i s t i v e MHD model. F u l l 

d e t a i l s can be found in the l i t e r a t u r e [ 2 , 1 8 ] . To understand, i n a 

systematic way, the change of the i n s t a b i l i t y character wi th the 

parameters of the theory, model e q u i l i b r i a have been considered. With 

these e q u i l i b r i a we do not attempt to make a d e t a i l e d match to ISX-B 

e q u i l i b r i a but ra ther t r y to understand the general change of fea tures 

of the i n s t a b i l i t y when beta increases. In order to separate the beta 

e f f e c t s of the dynamic pressure-dr iv ing terms from those of the 

beta-induced changes i n equi l ibr ium, l i n e a r ca lcu la t ions were c a r r i e d 

out i n two ways: ( 1 ) UBing l i n e a r i z e d versions of the r e s i s t i v e MHD 

equations and (2 ) using the same equations wi th the dynamic pressure 

term i n the momentum balance Eq. ( 2 ) turned o f f . In the f i r s t method, 

pressure-drivon and cur ren t -d r iven e f f e c t s are included, whereas the 

second method al lows for only cur ren t -d r iven e f f e c t s . Beta e f f e c t s 

observed using the second method of c a l c u l a t i o n are caused by the 

d i s t o r t i o n of the equi l ibr ium geometry, whereas the f i r s t method a lso 

includes the dynamic e f f e c t s of the pressure terms. 

As an example we discuss here a f lux-conserving equi l ibr ium 

sequence character ized by a pressure p r o f i l e p » p 0 ^ 2 and a sa fe ty 

fac tor p r o f i l e q - 0 . 9 [ l + (P/Pq)1*] 1 / 2 , w i th pQ - 0 . 6 5 . For t h i s 

equi l ibr ium sequence, the most unstable mode a t low beta i s the n * 1 

mode, and i t s l i n e a r s t a b i l i t y proper t ies wi th increasing beta a re 

summarized i n F i g . 10. I n t h i s f i g u r e we have p l o t t e d the n - 1 l i n e a r 

growth ra te as a funct ion of 
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The dashed ourve was calculated without dynamical pressure e f feots 

and thus I l l u s t r a t e s those ohanges i n s t a b i l i t y of the ourrent-driven 

modes oaused by equi l ibr ium e f f e o t s . The s h i f t of the peak of the 

to ro ida l current r e l a t i v e to the magnetic axis (F ig . 11) decreases the 

average ourrent gradient at the q • 1 surfaoe and inoreases the 

couplings to other modes, which are stable . Both ef feots tend to 

s t a b i l i z e the n • 1 mode. The sol id curve i n Fig. 10 includes 

pressure-driven dynamical e f feots in addit ion to those ef feots which 

lead to the dashed curve. For low values of 0p, the pressure terms 

produce an interchange s t a b i l i z a t i o n of the n • 1 mode s imi lar to that 

predicted by Olasser et a l . [19]> but as 0p increases, the character of 

the mode changes, becoming mainly pressure dr iven wi th an increasingly 

large growth ra te . 

The e f fec t of beta upon the l inear n - 1 eigenfunction l s 

i l l u s t r a t e d I n F ig . 12, which shows the (m - 1 ; n - 1) Fourier 

components of the poloidal f lux function the pressure p, and the 

ve loc i ty stream function • fo r d i f f e r e n t values of 3 p . For f$p - 0 .19 

the ^ 1 component is dominant and has the typ ica l kink mode structure 

obtained in the low-beta l i m i t , ind icat ing that the n - 1 eigenmode l s 

mainly a current-dr iven mode. At 0p - 1.94 the n - 1 mode i s mainly 

pressure driven and i t s Fourier components are loca l ized near the q • 1 

s ingular surface. This p a r t i c u l a r equil ibrium is stable to the n - 1 

mode when the pressure-driving term i s removed from the momentum 

balance equation, as indicated by the dashed curve of Fig. 10. For 

0p • 1 .00 , F ig . 12 shows the t rans i t ion from current- to 

pressure-driven dominance. 

A la rge number of Fourier components ls necessary to cor rec t ly 

describe an eigenmode when the beta e f fec ts are included. We have 

determined that the coordinate system which we use l s optimal i n 

minimising the number of components. Even so, about ten po lo ida l 

components are required to ca lculate the l inear growth rates accurately 

to w i t h i n a few percent. I n F ig . 13f we show the d i f f e r e n t po lo ida l 

components of Y used i n ca lcu la t ing the l i n e a r n - 1 eigenmode f o r 

gp * 0 . 1 9 . A l l modes show a global character l i k e the ( l j l ) component 

i n F i g . 12 f o r t h i s va lue of The m - 2 component i s the largest of 

the d r i v e n components, and i t s structure i s qu i te d i f f e r e n t from a 
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l i n e a r l y unstable (m • 2;n • 1) tear ing mode. This driven m - 2 
component peaks near the q - 1 singular surface and has hardly any 
structure near the q - 2 surface. This feature of the m - 2 component 
carries over in to the nonlinear regime, with important observable 
consequences. At the highest value of Bp considered (p p • 2 ) , the 
structure of the components is considerably d i f f e r e n t , as was already 
seen for the (m - 1;n - 1) i n Pig. 12. A l l components are highly 
local ized near the q - 1 surface, the m - 1 component i s no longer the 
dominant one, and the character of the mode is t o t a l l y d i f f e r e n t . 

In summary, Bp modifications to the n - 1 l i n e a r mode are induced 
by d is tor t ion of the equilibrium current p r o f i l e , which changes the 
growth rate and couples components having d i f f e r e n t m values, and by 
the t rans i t ion from current to pressure as the dr iv ing term of the 
i n s t a b i l i t y . 

To compare tuese resul ts with experimental observations we have to 
study the nonlinear evolution of such i n s t a b i l i t i e s . Ve l i m i t the 
comparison to low and moderate beam in jec t ion powers (moderate values 
of 0p). At higher Bp values, the theoret ica l model has some 
l imi ta t ions i n adequately describing the (m-1;n- l ) mode. A potent ia l 
problem is that the idea l In te rna l kink can be unstable at such 3p 

values and the accurate description of th is mode requires higher order 
terms i n e. Present calculat ions with the ERATO code show that for a l l 
ISX-B e q u i l i b r i a studied this mode i s close to marginal s t a b i l i t y , but 
we have not yet attempted to do a detai led nonlinear ca lcu la t ion for 
the (m-1;n- l ) mode a t high Bp* Theoret ical considerations aside, the 
experimental observations indicate that the s p a t i a l structure of the 
(m-1;n- l ) a c t i v i t y does not change with increasing Bp* 

The main resul ts of the nonlinear numerical studies [18] can be 
summarized as follows: 
(1 ) For the f lux-conserving equil ibrium sequence considered i n th is 

paper and Bp i . 0 . 5 , the nonlinear growth of the m • 1 /n - 1 
magnetic island slows down with increasing Bpt going from 
exponential to l i n e a r pr ior to reconnection (F ig . 1 4 ) . 

(2 ) For higher values of 0p» the m - 1/n * 1 magnetic is land saturates 
and remains a t a f i n i t e amplitude. This t rans i t ion from 
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r e o o n n e o t l o n t o s a t u r a t i o n h a p p e n s when t h e mode becomes 

d o r a l n a n t l y p r e s s u r e d r i v e n . 

( 3 ) T h e (m - 1 j n • 1 ) mode d r i v e s , t h r o u g h t o r o i d a l and n o n l i n e a r 

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

f o r t h i s e q u i l i b r i u m s e q u e n o e i s t h e (m - 2 ; n - 1 ) mode . T h i s 

m o d e , a s d i s c u s s e d a b o v e , i s m a i n l y l o c a l i z e d n e a r t h e q • 1 

s u r f a c e . T h e m - 2 / n - 1 m a g n e t i c i s l a n i i n d u c e d n e a r q - 2 i s 

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

H o w e v e r , t h e (m • 2 ; n - 1 ) mode p r o d u o e s a l a r g e p o l o i d a l m a g n e t i c 

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

( 4 ) T h e b r o a d mode s p e c t r u m d r i v e n ty t h e (m - 1 ; n - 1 ) mode g e n e r a t e s 

a v a r i e t y o f m a g n e t i c i s l a n d s t h a t i n many c a s e s o v e r l a p and b r e a k 

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

i n F i g . 1 5 , w h i c h shows s n a p s h o t s o f t h e m a g n e t i c f i e l d s t r u c t u r e 

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

d i f f e r e n t t o r o i d a l l o c a t i o n s . 

( 5 ) As q a t t h e e d g e i s r a i s e d , t h e i n s t a b i l i t y r e v e r t s t o w a r d t h e 

c l a s s i c a l l o w - b e t a m - 1 mode. G r o w t h o f t h e m - 1 i s l a n d s p e e d s 

u p d u e t o i n c r e a s i n g s h e a r a t t h e q * 1 s u r f a c e , and t h e 

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

b e c a u s e t h e r a d i u s o f q - 1 i s r e d u c e d . 

T h e s e r e s u l t s o f t h e t h e o r y a n d t h e g r o s s f e a t u r e s o f t h e 

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

i n a g r e e m e n t . K c o m p a r i s o n a t a more d e t a i l e d l e v e l r e s u l t s f r o m 

c a l c u l a t i n g m o d e l X w a v e f o r m s f o r t h e t h e o r e t i c a l l y p r e d i c t e d mode 

s t r u c t u r e . I n t h e s e s t u d i e s , we u s e d e q u i l i b r i a w h i c h c l o s e l y m o d e l 

I S X - B e x p e r i m e n t a l r e s u l t s , a s d e s c r i b e d i n S e c t . I I . T h e n o n l i n e a r 

e v o l u t i o n was f o l l o w e d i n t i m e . T h e X a l o n g v a r i o u s c h o r d u a t 

d i f f e r e n t t i m e s w e r e c a l c u l a t e d a s l i n e i n t e g r a l s o f p 2 a s s u m i n g 

t o r o i d a l r o t a t i o n o f t h e mode s t r u c t u r e a t a c o n s t a n t f r e q u e n c y u . A 

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

a r r a y i s g i v e n i n F i g . 1 6 . T h e l a t t e r r e s u l t e d f r o m c o - r o t a t i o n o f t h e 

i n s t a b i l i t y s t r u c t u r e shown i n F i g . 1 5 * F e a t u r e s o f d o m i n a n t m - 1 a r e 

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

common t o b o t h : ( l ) T h e c h a n n e l n e a r e s t t h e c e n t e r shows t h e e x p e c t e d 

d o m i n a n t 2at r e s u l t i n g f r o m t h e m - 1 . S u c c e s s i v e p e a k s a t t h e c e n t e r 
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a r e n o t o f e q u a l a m p l i t u d e , a f e a t u r e t h a t i n t h e m o d e l c a l c u l a t i o n 

r e s u l t s f r o m t h e p r e s e n c e o f t h e d r i v e n m • 2 r o t a t i n g i n p h a s e w i t h 

t h e m • 1 . ( 2 ) T h e d o u b l e humps on p o s i t i v e h a l f - c y c l e s a t n e a r b y 

c h a n n e l s ( e . g . , 15 and 1 7 ) a r e a l s o n o t e q u a l , and t h e o r d e r o f t h e 

i n e q u a l i t y r e v e r s e s b e t w e e n u p p e r and l o w e r c h a n n e l s . T h e s e f e a t u r e s 

a r e a g a i n t h e r e s u l t o f t h e m • 1 a n d m • 2 c o u p l i n g s . I f 

c o u n t e r - r o t a t i o n i s assumed i n t h e m o d e l , t h e t h e o r e t i c a l t r a o e s f o r 

c h a n n e l s 15 and 1 7 a r e e x c h a n g e d and t h e n d i s a g r e e w i t h t h e 

e x p e r i m e n t a l t r a c e s . ( 3 ) At c h a n n e l s 1 0 a n d 2 2 , t h e w a v e f o r m s a r e 

t r i a n g u l a r i n n a t u r e and a r e a g a i n r e v e r s e i m a g e d b e t w e e n u p p e r and 

l o w e r c h a n n e l s . T h i s i a j u s t o u t s i d e q - 1 , w h e r e t h e (m • 1 ; n • 1 ) 

e i g e n f u n c t i o n no l o n g e r d o m i n a t e s and so no l o n g e r o b s c u r e s t h e e f f e c t s 

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

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

c a s e o f c h a n n e l s 10 and 2 2 . T h i s c o m b i n a t i o n o f e f f e c t s h a s b e e n 

i l l u s t r a t e d i n P i g . 1 7 - The m o d i f i c a t i o n o f t h e X w a v e f o r m g e n e r a t e d 

by a s i n g l e (m - 1 ; n • 1 ) mode [ P i g . 1 7 ( a ) ] d u e t o t h e t o r o i d a l 

c o u p l i n g o f t h e (m - 2 ; n - l ) i s shown i n P i g . 1 7 ( b ) . T h e f i n a l r e s u l t 

o f s u p e r i m p o s i n g t h e h i g h - n d r i v e n modes i s shown i n P i g . 1 7 ( c ) . T h e 

r e s u l t i n g X w a v e f o r m s i n P i g . 1 7 ( c ) m o d e l q u i t e c l o s e l y t h e 

e x p e r i m e n t a l w a v e f o r m s . F u r t h e r m o r e , when a p o l o i d a l r i g i d r o t a t i o n i s 

a p p l i e d t o t h e c a l c u l a t e d mode s t r u c t u r e , t h e p r e d i c t e d x - r a y w a v e f o r m s 

a r e d i f f e r e n t f r o m t h e t o r o i d a l l y r o t a t e d ones ( F i g . 1 8 ) and do n o t 

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

c o n f i r m a t i o n o f t h e assumed d o m i n a n c e o f t h e t o r o i d a l r o t a t i o n i n 

I S X - B . 

As ^ i s i n c r e a s e d i n t o t h a h i g h e r r a n g e o b t a i n e d i n I S X - B , t h e 

r o l e o f t h e n > 1 modes i n t h e o v e r a l l p r e d i c t e d mode s t r u c t u r e becomes 

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

a n d t h u s a r e no l o n g e r l i n k e d to t h e e v o l u t i o n o f t h e (m • 1 ; n - 1 ) . 

At v e r y l o w r e s i s t i v i t y , a s i n t h e e x p e r i m e n t ( S > 1 0 6 ) , t h e s e n > 1 

modes s a t u r a t e a t s m a l l a m p l i t u d e , b u t t h e i r o v e r a l l l e v e l i s l a r g e 

enough t o p o t e n t i a l l y i n f l u e n c e t r a n s p o r t . Ve s h a l l d i s c u s s them i n 

t h e n e x t s e c t i o n . 
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V . n > 1 R E S I S T I V E PRESSURE-DRIVEN MODES 

T h e r e s i s t i v e MHD c a l c u l a t i o n s show t h a t a t f i n i t e b e t a , t h e r e a r e 

a l s o u n s t a b l e r e s i s t i v e p r e s s u r e - d r i v e n modes [ 2 0 ] , r e s i s t i v e 

b a l l o o n i n g modes [ 2 1 - 2 4 ] , t h e s a t u r a t e d l e v e l o f w h i c h i n c r e a s e s w i t h 

@p. I n t h e f r a m e w o r k o f t h e i n c o m p r e s s i b l e , r e s i s t i v e (k j fv i£ < w v e l ) 

MHD m o d e l ( f o r 0 p > 1 a n d b e l o w a n d n e a r t h e c r i t i c a l b e t a f o r i d e a l 

i n s t a b i l i t i e s ) , I t h a s b e e n f o u n d t h a t t h e f a s t e s t g r o w i n g mode, w i t h a 

g i v e n t o r o i d a l mode number n , h a s a g r o w t h r a t e 

w h e r e L p - [ ( - d p / d p ) / p ( o ) ] - 1 i s a c h a r a c t e r i s t i c s c a l e l e n g t h f o r t h e 

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

a n a l y t i c p o i n t o f v i e w i s d i s c u s s e d by P . H . D i a m o n d [ 2 0 ] . T h e i r 

p r o p e r t i e s a r e s i m i l a r t o t h e r e s i s t i v e i n t e r c h a n g e s [ 2 5 , 2 6 ] . H o w e v e r , 

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

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

c a n b e s e e n by l o o k i n g a t t h e l i n e a r e i g e n f u n c t i o n ( F i g * 1 9 ) , 

c a l c u l a t e d by s o l v i n g t h e r e s i s t i v e b a l l o o n i n g mode e q u a t i o n [ n •*• •> 

l i m i t o f E q s . ( 1 ) t o ( 3 ) ] : 

H ] K q 3 d * e q 3 ( q y + 6 ) , 2 ^ 1 , - 0 

a y L 1 + ( n T V * s ) ° 3 y J L * p d p 3z * 7 J * 

(8) 

with 

a - £ ( g p p s V + 2gp®Sy • g 9 0) 
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T h e t e r m a ( q y + 6 ) / 8 Z c o n t a i n s t h e e q u i l i b r i u m m a g n e t i c f i e l d 

c u r v a t u r e t e r m t h a t , a s m e n t i o n e d i n t h e i n t r o d u c t i o n , i s e x a c t t o a l l 

o r d e r s i n e . V e e x p r e s s t h i s t e r m a s 

i a z - J_(q 
3Z pR\ 3 P dp 3y/ 

w h e r e X - X ( p , 8 ) , Z - Z ( p , 8 ) i s t h e i n v e r s e e q u i l i b r i u m s o l u t i o n o f t h e 

G r a d - S h a f r a n o v e q u a t i o n . I n t h e n u m e r i c a l c a l c u l a t i o n s , we u s e a 

n u n e r i c a l s o l u t i o n o f t h e e q u i l i b r i u m e q u a t i o n . H o w e v e r , i t l a u s e f u l 

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

t a k e a s a m o d e l t h e e q u i l i b r i u m d e s c r i b e d i n t h e a p p e n d i x o f R e f . [ 2 ? ] . 

F o r t h i s c a s e 

X - C 8 Q ( P ) + p c o s 6 + e a 2 ( p ) c o o 2 8 

Z - p s i n 8 + e a 2 ( p ) s i n 2 6 

w h i c h g i v e s 

T h e a v e r a g e d c u r v a t u r e t e r m i s g i v e n by d a g / d p a n d f o r q > 1 i s 

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

d r i v e n by t h e a v e r a g e d c u r v a t u r e ; r a t h e r , t h e y m u s t b e d r i v e n b y t h e 

g e o d e s i c c u r v a t u r e [ 2 0 ] . T h e c h a r a c t e r i s t i c w i d t h a l o n g t h e m a g n e t i c 

f i e l d l i n e s i s o b t a i n e d b y s o l v i n g E q . ( 8 ) f o r l a r g e y : 

- pjsin 2yJ j 

V n " [<gPP>q"S*n2YnTj;^(p2S)ri'* ( 9 ) 
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T h e l i n e a r a n a l y t i c r e s u l t s a g r e e w e l l w i t h t h e n u m e r i c a l c a l c u l a t i o n s . 

I n r e a l s p a o e , t h e d i f f e r e n t F o u r i e r c o m p o n e n t s o f t h e l i n e a r 

e l g e n f u n o t i o n , when c a l c u l a t e d u s i n g t h e f u l l 3 - D MHD c o d e , a r e 

s t r o n g l y l o c a l ? ' a t t h e s i n g u l a r s u r f a o e s ( F i g . 2 0 ) , a n d t h e r a d i a l 

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

s p a c e ) a n d p o s i t i o n s p a c e , i s g i v e n b y A « ( n q S W n / p ) ~ l * 

T h e n u m e r l c a 1 c a l c u l a t i o n s o f t h e l i n e a r g r o w t h r a t e u s i n g t h e 3 - D 

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

( 8 ) , e v e n f o r v e r y l o w v a l u e s o f n ( F i g . 2 1 ) . F i n i t e a s p e c t r a t i o 

c o r r e c t i o n s do n o t m o d i f y t h i s r e s u l t . T h e r e f o r e , t h e l a r g e n 

e q u a t i o n s c o n t a i n , w i t h i n t h e l i m i t a t i o n s o f t h e m o d e l , a l l t h e p h y s i c s 

o f t h e s e modes a n d a r e a u s e f u l * o o l f o r a n a l y t i c a l c a l c u l a t i o n s . 

U s i n g t h e n o n l i n e a r r e s i s t i v e MHD e q u a t i o n i n t h e b a l l o o n i n g 

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

p e r f o r m e d [ 2 0 ] . T h i s c a l c u l a t i o n shows t h a t t h e d o m i n a n t n o n l i n e a r 

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

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

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

t e r m w i t h o u t c h a n g i n g t h e b a s i c s t r u c t u r e o f t h e e i g e n f u n c t i o n . A 

p h y s i c a l i n t e r p r e t a t i o n i s t h a t t h e r e s i s t i v e b a l l o o n i n g modes s a t u r a t e 

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

e a c h p o l o i d a l s u b h a r i i o n i c ; t h u s , p * A d p / d p . S i n c e t h e p r e s s u r e i s 

m a i n l y c o n v e c t e d , we h a v e p a [ i n q $ ( d p / d p ) ] / ( p Y n ) . T h e r e f o r e , t h e 

k i n e t i c e n e r g y o f t h e s e modes a t s a t u r a t i o n i s 

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

i n c r e a s e s w i t h 0 p . We h a v e n u m e r i c a l l y s t u d i e d , w i t h t h e 3 - D c o d e R S T , 

t h e n o n l i n e a r e v o l u t i o n o f many m o d e s . Ve h a v e u s e d u p t o 8 1 F o u r i e r 

c o m p o n e n t s w i t h v a l u e s o f n up t o 1 1 . F o r t h e s e s t u d i e s we c h o s e a 

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

(10) 
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i n c l u d e t h e q - 1 a n d q • 2 s u r f a c e s . T h u s , t h e (m - 1 j n » 1 ) n o d e and 

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

r e s i s t i v e b a l l o o n i n g modes . T h e e q u i l i b r i a a r e a l s o r e q u i r e d t o be 

i d e a l MHD s t a b l e . Ve h a v e o b s e r v e d t h e s a t u r a t i o n o f t h e t o t a l k i n e t i c 

e n e r g y o f t h e s e modes ( F i g . 2 2 ) a n d c o n f i r m e d t h e s c a l i n g w i t h f j p and S 

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

g r e a t e r t h a n o r e q u a l t o 1 0 s t o compare t h e n u m e r i c a l c a l c u l a t i o n s w i t h 

t h e p r e d i c t e d s a t u r a t i o n l e v e l g i v e n by E q . ( 1 0 ) . I f S i s s m a l l e r 

( i . e . , i f t h e r e s i s t i v i t y i s v e r y l a r g e ) , t h e c h a r a c t e r o f t h o modes 

c h a n g e s and t h e y become l o c a l i z e d a l o n g t h e f i e l d l i n e s ( F i g . 1 9 ) . 

T h e i r l i n e a r g r o w t h r a t e i s l a r g e and w e a k l y d e p e n d e n t on t h e 

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

r e s i s t i v e i n t e r c h a n g e o f C o p p i e t a l . [ 2 6 ] . T h e s e modes h a v e a l a r g e r 

n o n l i n e a r s a t u r a t i o n l e v e l t h a n t h a t g i v e n by E q . ( 1 0 ) . Ve c a n a l s o 

e s t i m a t e t h e l e v e l o f m a g n e t i c f l u c t u a t i o n s a t s a t u r a t i o n by u s i n g t h e 

s a t u r a t e d v a l u e o f $ g i v e n by E q . ( 1 0 ) a n d u s i n g t h e l i n e a r r e l a t i o n 

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

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

w o u l d p r o b a b l y show up e x p e r i m e n t a l l y a s a n i n c r e a s e o n t h e s i g n a l a t 

t h e M i r n o v c o i l s w i t h fJp. 

T h e 3 - D n u m e r i c a l c a l c u l a t i o n s a l s o g i v e t h e n s p e c t r u m f o r t h e s e 

modes ( F i g . 2 3 ) . T h e s p e c t r u m shows a s l o w f a l l o f f w i t h n . T h i s i s 

c o n t r a s t e d i n F i g . 2 3 w i t h t h e n s p e c t r u m when t h e n • 1 mode 

d o m i n a t e s . T h o u g h t h e a s s o c i a t i o n m u s t be r e g a r d e d a s c o n j e c t u r e a t 

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

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

We f i n d t h a t 

( 1 1 ) 
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that the higher mode numbers are Doppler shifted to higher frequencies, 
so the slow falloff In n leads to a slow falloff in the experimental 
spectra. 

The reduced set of MHD equations does not contain all the physics 
necessary to fully understand the theory of the instabilities we 
consider here. Such effects as compressibility [ 2 2 ] and are known 
to be stabilizing for the resistive ballooning modes. 
P. H. Diamond [ 2 0 ] gives a detailed treatment of o» effects. 

We can relax the lncompressibility condition by including the 
parallel dynamics terms in the ballooning equation. This Introduces a 
stabilizing effect on the resistive ballooning modes. The ion sound 
effects undercut the destabilizing pressure and the linear dispersion 
relation becomes 

y 3 + - y 3 ( 1 2 ) 

where Yn is the linear growth rate for the incompressible limit given 
before and ug • vs/(qR) is the sound frequency. From Eq. (12) it is 
clear that the growth rate weakens and its power dependence on the 
resistivity changes from 1/3 to a value between 1/3 and 1. This 
stabilizing effect is negligible for modes such that 

S1/2epL_ 
n > £ 

B > ' V 2 

p ( p ) 
.pToy. 

3/1* 

(13) 

which, for high-0p discharges in ISX-B, implieo n 5. Numerical 
calculations using the resistive ballooning equations with parallel 
dynamics terms included agree with these estimates (Fig. 24). The 
reason that the effects of the parallel dynamics are limited to very 
low n values in high-Bp ISX-B plasmas is as follows: (1) the electron 
tenperature of the outer half of the plasma is low (Te £ 200 eV) and 
(2) the high-Bp discharges have been achieved by operating at low 
p l a s u current (high q^). To see this better we give in Table I the 
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values of u>8, u*e, yn, and VJn for four typloal ISX-B discharges at 
two-thirds of the minor radius (center of the confinement region). 

Thesa instabilities could explain the high-frequency fluctuations 
observed in the experiment. The presence of the fluctuations when the 
n • 1 is absent supports this interpretation. Moreover, we can 
calculate the B p autocorrelation function as a function of radial, 
poloidal, and toroidal separation (Pig. 25) at the plasma boundary when 
the modes are saturated, and the typical poloidal correlation length 
turns out to be on the order of 5 cm, which is in agreement with 
measured poloidal coherence length for the high-frequency tail in B . 

r 

The evidence cited earliar for increasing B with increasing lends 
further support, although a detailed quantitative comparison cannot be 
made because we have not yet calculated the frequency spectrum for 
these modes. The problem is further complicated by *he highly sheared 
toroidal rotation velocity in ISX-B, which depends on the power input. 
In the case of the I p scan, at fixed power, there is possibly no 
significant change of toroidal rotation, which simplifies the problem. 
However, the presence of the n - 1 mode at high current distorts the 
low-frequency part of the spectrum, and the high-frequency tail is 
deformed at low current by the appearance of the coherent structures 
discussed in the previous section. These make it impossible to detect 
a change of the saturated level by the factor of about 3 expected from 
Eq. (11). However, the high-frequency structures observed at low 
current which have long correlation lengths could be associated with 
the lower-n modes being destabilized when q increases [see Eq. (13)]. 
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VI. EFFECT OF THE MHD ACTIVITY Off CONFINEMENT IN ISX-B 

A d e t e r i o r a t i o n i n c o n f i n e m e n t i s o b s e r v e d i n I S X - B d i s c h a r g e s 

[ l , 4 , 2 8 ] w i t h h i g h n e u t r a l i n j e c t i o n p o w e r a t h i g h 0 p . T h e p r e s e n t 

e x p e r i m e n t a l r e s u l t s a l o n e do n o t p e r m i t us t o i d e n t i f y w h e t h e r t h e 

c a u s e o f t h e c o n f i n e m e n t d e t e r i o r a t i o n i s d u e t o t h e h e a t i n g method 

( t e « 7 3 / 2 P £ 2 / 3 ) o r i s i n t r i n s i c t o h i g h - $ p p l a s m a s ( T g « I m 0 ~ 2 ) o r 

b o t h . A p o s s i b l e c a u s e o f t h i s d e t e r i o r a t i o n , l i n k e d t o h i g h 0 p , i s 

t h e MHD a c t i v i t y . 

T h e r o l e o f t h e (m - 1 ; n - 1 ) mode ( a n d t h e o t h e r a c t i v i t y w h i c h 

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

t o r o i d a l m a g n e t i c f i e l d and p l a s m a c u r r e n t s c a n s [ 2 , 3 , 2 8 ] . I n t h e c a s e 

o f B>p s c a n s , f o r i n s t a n c e , a t f i x e d p l a s m a c u r r e n t and d e n s i t y , r a i s i n g 

r e d u c e s t h e i n t e n s i t y o f t h e (m • 1 ; n - 1) and d r i v e n modes and 

p r e s u m a b l y a n y a s s o c i a t e d l o s s e s . S u c h s c a n s a t P ^ • 0 . 6 MW and 

Pj, ~ 2 . 0 MW l e a d t o no c h a n g e i n c o n f i n e m e n t t i m e ( F i g . 2 6 ) . I t i s 

t h e n c o n c l u d e d t h a t t h e (m - 1 ; n - 1 ) mode and i t s d r i v e n a c t i v i t y a r e 

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

o b s e r v e d i n I S X - B . H o w e v e r , t h e r e s i s t i v e b a l l o o n i n g modes p r o v i d e a 

p o s s i b l e e x p l a n a t i o n . 

T h i s l s n o t t o s a y t h a t t h e (m - 1 ; n • l ) mode and i t s d r i v e n 

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

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

d e t e r i o r a t i o n . As q ^ i n c r e a s e s i n t h e t o r o i d a l f i e l d s c a n , t h e r e g i o n 

o f t h e p l a s m a a f f e c t e d b y t h e (m. - 1 ; n • l ) mode a n d i t s d r i v e n 

a c t i v i t y d e c r e a s e s ; a t t h e same t i m e t h e r e g i o n a f f e c t e d by t h e 

r e s i s t i v e b a l l o o n i n g modes i n c r e a s e s . P r o b a b l y t h e n e t r e s u l t i s t h a t 

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

g e n e r a t e d l y t h e (m - 1 ; n • 1 ) mode ( r e g i o n s w i t h good s u r f a c e s , 

i s l a n d s , a n d s t o c h a s t i c m a g n e t i c f i e l d l i n e r e g i o n s , s e e F i g . 1 5 ) , i t 

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

effects. H o w e v e r , f o r t h e r e s i s t i v e b a l l o o n i n g modes s u c h a n e s t i m a t e 

c a n be a c h i e v e d . U s i n g t h e a n a l y t i c m o d e l f o r t h e s a t u r a t i o n o f t h e 

resistive b a l l o o n i n g modes [ E q . ( 1 0 ) ] , a n e s t i m a t i o n c a n b e made o f t h e 

i n d u c e d losses [ 2 0 , 2 7 ] . I t i s f o u n d t h a t c o n v e c t i v e l o s s e s a r e 

negligible a n d t h e d o m i n a n t l o s s c h a n n e l i s t h e e l e c t r o n c o n d u c t i o n . 
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We c a n c a l c u l a t e t h e m a g n e t i c f i e l d l i n o d i f f u s i o n c o e f f i c i e n t D^ by 

c o n s t r u c t i n g t h e r e n o r m a l i z e d t h e o r y f o r a z e r o - f r e q u e n c y e l e c t r o n 

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

t o r o i d a l s y s t e m s . We use t h e c a l c u l a t e d s a t u r a t i o n l e v e l f o r th-r 

f l u c t u a t i o n s and e s t i m a t e t h e e l e c t r o n c o n d u c t i v i t y x® 2 v T e ^ M * T h i s 

l a u d s t o 

T h e o r e t i c a l p r e d i c t i o n s b a s e d on t h e p r e s e n t m o d e l compare 

f a v o r a b l y w i t h t h e r e s u l t s o f t h e I S X - B b e t a - s c a l i n g e x p e r i m e n t s [ 2 7 ] , 

T h e p o i n t s o f a g r e e m e n t b e t w e e n t h e e x p e r i m e n t and t h e t h e o r y a r e 

( 1 ) e l e c t r o n h e a t c o n d u c t i o n i s t h e d o m i n a n t l o s s c h a n n e l a t t h e h i g h 

v a l u e s o f 6p o b t a i n e d i n t h e e x p e r i m e n t w i t h h i g h - p o w e r n e u t r a l beam 

i n j e c t i o n , and ( 2 ) t h e t h e o r e t i c a l p r e d i c t i o n s o f t h e e l e c t r o n t h e r m a l 
/ TH\ 

d i f f u s i v i t y ( Xe ' a g r e e w e l l o v e r a l a r g e r a n g e o f p a r a m e t e r v a r i a t i o n s 

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

4 X ( P ) 

P b e + P 0 H " P e i " P r a d " V p 

n^A e p 3T i e 
i 3p 

b a s e d on t h e power b a l a n c e c o n s i d e r a t i o n s a s d i s c u s s e d i n R e f . [ 2 9 ] . 

T h e r a d i a l d e p e n d e n c e o f x ^ * i s c o n v e n i e n t l y d e s c r i b e d b y a 

t h r e e - p l a s m a - r e g i o n m o d e l : ( l ) a c e n t r a l c o r e r e g i o n [ p < p ( q • 1 ) ] 

d o m i n a t e d by t h e m - 1 / n » 1 mode and i t s d r i v e n modes [ 2 ] ; ( 2 ) a 

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

s u s t a i n e d ; and ( 3 ) a p l a s m a edge r e g i o n ( p J J . 0 . 8 ) , d o m i n a t e d b y a t o m i c 

p h y s i c s e f f e c t s a n d / o r r e c y c l i n g o f p l a s m a p a r t i c l e s . As l o n g a s t h e 

c e n t r a l c o r e r e g i o n i s n o t t o o l a r g e ( w h i c h i s t h e c a s e f o r I S X - B 

p l a s m a s w i t h q ^ > 2 . 5 ) and t h e p l a s m a i s c l e a n , h e a t c o n d u c t i o n i n t h e 

c o n f i n e m e n t r e g i o n d e t e r m i n e s t h e c o n f i n e m e n t . I n d e e d , we o b s e r v e t h a t 
EX 

1 / x e i n t h e c o n f i n e m e n t r e g i o n c o r r e l a t e s w e l l w i t h t ^ * t h e e l e c t r o n 
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energy confinement time, which in turn correlates with global energy 
confinement time. Sinoe the global confinement time for high-power 
injection plasmas in ISX-B scales differently from that in ohmic 
discharges [3]» it is not surprising that standard ohmio heating models 
of Xe' whioh fit ohmlo discharges reasonably well, do not oome 
close to x®x in beam-heated, high-0p discharges in either magnitude or 
scaling. On the other hand, the present theoretical model XeH fits 
closely the magnitude and shape of over large parameter ranges. 
Figure 27 illustrates this agreement by direotly comparing ®nd 
for scans of plasma current (at Pb - 2 MW) and toroidal field (at 
P^ - 0.7 MW) [3 ] . In this figure, three Xg values are given for the 
confinement region of each discharge, i.e., p« 0.50, 0.67, and 0.75; 
x£H agrees well with x®* over nearly two decades. Comparison of xe'a 
in a larger ISX-B database indicates that the values from the 
theoretical model are much smaller than most experimental values at low 
0p (0p < 0.9). This is expected since the ballooning modes are reduced 
at low 0p, and competing processes could easily dominate confinement. 

The electron thermal diffusivity has also been measured by 
applying the heat pulse propagation method [30] to sawtoothing 
discharges. For the ISX-B beam-power scan data, the resulting values 
[3l] are like those from the power balance analysis previously 
described. They Increase substantially as Pb(0p) increases from 0.3 to 
2.0 MV (from 0p • 0.75 to 1.5). These results support the conclusion 
that the progreasive degradation of confinement with increasing Pb(gp) 
is largely due to increasing electron thermal conduction. 

mu 
The theoretically predicted x« 1188 b e e n U 8 e d i n transport 

simulation of ISX-B discharges. Vith a constant multiplier equal to 2, 
the electron temperature profiles measured experimentally have been 
reproduced by these simulations. Details are given in Ref. [ 4 ] . 
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V I I . CONCLUSIONS 

I n t h i s p a p e r we h a v e r e v i e w e d t h e MHD s t u d i e s f o c u s e d on t h e 

I S X - B tokamak t h a t w e r e p e r f o r m e d o v e r a t w o - y e a r p e r i o d . T h e s t u d i e s 

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

a c t i v i t y , 3 - D n u m e r i c a l s i m u l a t i o n o f i d e a l and r e s i s t i v e 

i n s t a b i l i t i e s , and a n a l y t i c m o d e l i n g . T h e m a i n r e s u l t s we h a v e 

o b t a i n e d a r e : 

( 1 ) T h e h i g h - b e t a I S X - B e q u i l i b r i a a r e m a r g i n a l l y s t a b l e t o f i n i t e - n 

i d e a l MHD modes . The e q u i l i b r i a a r e s t a b l e t o h i g h n modes b u t 

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

r e c o n s t r u c t i o n o f t h e e q u i l i b r i a . 

( 2 ) T h e o b s e r v e d s p e c t r u m o f MHD f l u c t u a t i o n s i n t h e I S X - B t o k a m a k i s 

c l e a r l y d o m i n a t e d by t h e n • 1 mode when t h e q • 1 s u r f a c e i s i n 

t h e p l a s m a . T h i s f a c t a g r e e s w e l l w i t h t h e o r e t i c a l p r e d i c t i o n 3 

b a s e d on 3 - D r e s i s t i v e MHD c a l c u l a t i o n s , v a l i d f o r 0 b e l o w t h e 

t h r e s h o l d o f t h e i d e a l i n t e r n a l k i n k mode. T h e y show t h a t t h e 

(m • 1 ; n » 1) mode i s t h e d o m i n a n t i n s t a b i l i t y . I t d r i v e s o t h e r 

n • 1 modes t h r o u g h t o r o i d a l c o u p l i n g and n > 1 modes t h r o u g h 

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

h a v e b e e n compared i n d e t a i l w i t h t h e e x p e r i m e n t a l l y m e a s u r e d wave 

f o r m s ( u s i n g a r r a y s o f s o f t x - r a y d e t e c t o r s ) . The a g r e e m e n t i s 

e x c e l l e n t . 

( 3 ) T h e r e s i s t i v e MHD c a l c u l a t i o n s a l s o show t h a t a t f i n i t e b e t a t h e r e 

a r e u n s t a b l e r e s i s t i v e p r e s s u r e - d r i v e n modes . F o r l o w - 0 p 

e q u i l i b r i a t h e s e modes s a t u r a t e a t v e r y l o w l e v e l s and t h e i r 

e v o l u t i o n h a s l i t t l e e f f e c t o n t h e d o m i n a n t (m • 1 ; n - 1 ) n o d e . 

H o w e v e r , w i t h i n c r e a s i n g 0 p t h e y become more i m p o r t a n t . T h e i r n 

s p e c t r u m i s c o n c e n t r a t e d a t l o w mode numbers a n d i s b r o a d , and 

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

s c a l e s l i k e ( e 0 p ) 5 / 3 n * * / 3 . T h e s e s c a l i n g s h a v e b e e n c o n f i r m e d by 

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

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

F u r t h e r work i s r e q u i r e d i n t e s t i n g t h i s h y p o t h e s i s . 

( 4 ) T h e t r a n s p o r t e f f e c t s i n d u c e d by t h e r e s i s t i v e b a l l o o n i n g modes 

h a v e b e e n e s t i m a t e d f r o m t h e t h e o r y and f o u n d t o b e m a i n l y t h e r m a l 
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e l e o t r o n c o n d u c t i o n l o s s e s . An e x p r e s s i o n f o r HBB b e e n d e r i v e d , 

and i t y i e l d s v a l u e s t h a t a g r e e w e l l w i t h t h o s e f r o m t h e 

e x p e r i m e n t . 
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Fig. 2. (a) Growth rate squared (y2) vs the number of grid points 
used in the radial and poloidal directions. (b) The safety 
factor (q), pressure (p), and current density (j) for the 
<3> • 0.0253 case studied. Bach curve is shown as a function 
of the major radius (R) at the midplane. Hie peaks of the 
pressure and current density profiles are normalized to the 
safety factor at the edge. 
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(b) with no detectable q « 1 surface in the plasma. 
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Time evolution of the total kinetic energy from three 
many-mode (81 modes), nonlinear 3-D runs of RST code with 
equilibria described in the text and different values of S. 
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TABLE I 

p b TP 

T e 
(p«0 .67 ) Wn Yn 

(MW) <kA) (eV) (n~2/3) ( I 0 1*n 2 / 3 «3~ 1 ) ( I 0 3 n « s - 1 ) ( l O V 1 ) 

2 . 0 83 1.70 86 14 5 . 0 5 .7 2 . 7 

2 . 0 192 1.05 253 44 2.1 7 9 .1 

1.0 184 1.05 309 55 2 . 0 10 9 . 9 

0 .6 143 0 .85 103 38 4 . 3 6 3 .3 


