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ABSTRACT 

A study of the MHD stability properties of bean-shaped tokamak plasmas is 

presented. For ballooning modes, while increased indentation gives larger B 

stable configurations, tlie existence and accessibility of the second stable 

region is sensitive to the pressure and safety factor profiles. The second 

stable region appears at lower B values for large aspect ratio and moderately 

high q-values. Finite-Larmor-radius (FLR) kinetic effects can significantly 

improve the stability properties. For low q (<1) operation, long wavelength 

(n ~ 2,3) internal pressure driven modes occur at modest ft values and 

accessibility to higher 8 operation is unlikely. Indentation modifies the 

nature of the usually vertical axisymmetric instability, but the aod= can be 

passively stabilized by placing highly conducting plates near to the tips of 

the plasma bean. At constant q, indentation has a stabilizing effect on 

tearing modes* 
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1. INTRODUCTION 

Several large tokamak experiments [1,2] have recently reached A-values 

near to the minimum required for tokamak fusion reactors. while these 

encouraging results are consistent with theoretical MKD stability analyses/ 

they are close to the limits expected for pressure driven modes. Indeed, the 

comparison of theory and experiment for the fi-saturation mechanisms associated 

with resistive ballooning modes [3] and with the fishbone-internal kink mode 

[4] indicates that such MHD models should be considered seriously. The 

deterioration in confinement with increasing R adds incentive to the search1 

for configurations with improved stability properties, since these would 

reduce the risks associated with the design of ignition experiments, improve 

the flexibility of design tradeoff studies for future reactors, and may even 

permit the consideration of advanced fuel fusion reactors. 

Detailed numerical parameter and B-optimization studies have shown that, 

for modestly elongated plasmas, operation at very small aspect ratio ( R/a ~ 

2.5J and moderately low q offers one possible approach to higher stable p 

tokamak configurations [5,6,7] . At the present time, this is the conventional 

approach to increasing g, and experiments to take advantage of this scaling 

will come into operation in the near future [8]. Small aspect ratio tokamaks, 

however, present numerous technical difficulties as power reactors, and 

alternative approaches, valid at larger aspect ratio, are considered 

attractive. This issue is one of the motivations for this work. 

There are at least two basic effects, strong magnetic shear and magnetic 

well stabilization, which can be exploited to provide enhanced stability. 

Increased shear can be realized by poloidal cross-sectional shaping and is 

already partly responsible for the improved fl values of Dee-shaped tokamak 

configurations over those with circular or elliptical cross sections. That 

further improvement can be obtained by enhancing the weighting of field lines 
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in good curvature regions by indenting the inboard small major radius side of 

a tokamak, has been suggested in earlier studies {6,7,9,10,TI]. However, a 

detailed analysis of the consequences of this bean shaping on ballooning and 

other global HHD instabilities has not, until recently, been undertaken. The 

second effect, which is associated with the large outwards equilibrium 

Shafranov shift which occurs at large fl, has also attracted considerable 

attention [12,13]. While a localized analysis clearly supports the concept of 

a second stable ballooning regime at large p, detailed numerical calculations 

[14,15] have shown that it is difficult to gain access to such regimes on all 

the plasma cross-sectional magnetic surfaces simultaneously, except at very 

large aspect ratios or at high q. Hence, it appeared that such high-fi regions 

would be difficult to achieve practically. 

That a combination of these two effects could provide for a ballooning 

mode stable path to very high R values in medium aspect ratio, slightly 

elongated, tokamak plasmas, was reported recently by Chance _et: ̂ j^. [16]. 

Studies of the internal kink mode [17] in bean-shaped plasmas, indicating the 

possibility of complete stability, further increased interest in these 

configurations. As a result, the Princeton PDX experiment is currently being 

modified to enable a study of some of these advantages. As part o£ the effort 

associated with this reconfiguration, and also because of the possible 

implications for future devices, parameter studies of some of the more 

important HHD modes in bean-shaped plasmas have been carried out, and are the 

subject of this work. 

In the next section we review briefly some of the standard techniques 

used in this work, describe the equilibrium configurations, and discuss some 

of the limitations of the present study. The results of a localized 

ballooning analysis are presented in Sec. 3. He concentrate primarily on the 
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effects of the safety factor profile and the scaling with aspect ratio, but 

also included are studies of variation and optimization of the pressure 

profile, the effect of elongat-.ion and of the stabilizing influence of finite 

Larraor radius effects. In Sec. 4 we consider several long wavelength MHD 

modes. The axisymmetric <vertical) instability is particularly interesting 

because it occurs with no ft threshold and must be stabilized in order to 

create and sustain a bean-shaped plasma. Since the n =* 1 internal kink mode 

is stabilized by indentation, it is also of interest to study other low n 

internal modes for q < 1 as possible candidates for "fishbone" activity. A 

study of the n = 1 tearing mode in low 6, bean-shaped plasmas is included 

since it illustrates that strong indentation can reduce other instability 

driving mechanisms, in addition to those associated with the plasma 

pressure. A discussion of the main results and some implications for the 

Princeton Beta Experiment [PBX) device are given in Sec. 5. 

2. EQUILIBRIUM AND STABILITY METHODOLOGY 

Our present understanding of fl-limiting processes in tokamaks is based 

heavily on ideal, singLe fluid, MHD equilibrium, and stability analyses. The 

simplo MHD model has the virtue of being well understood, both qualitatively 

and quantitatively, and it is generally accepted that only configurations 

which have favorable properties in this model are likely to be viable 

candidates for serious consideration as future reactors. Because of the 

complexity of the equations involved, detailed analysis can only be carried 

out numerically. The calculations presented here are similar to those carried 

out in support of the design of most present day tokamaks and for several 

future reactor designs. 

Carrying out an MHD analysis requires the calculation of suitable 
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equilibrium solutions of the Grad-Shafranov equation, in which the plasma is 

modelled as an infinitely conducting fluid surrounded by a vacuum region and 

supported by an external field [16]• This is called a free-boundary 

equilibrium. For practical application, it is necessary to specify the 

external field in considerable detail in order to determine the shape of the 

plasma surface. alternatively! one can prescribe a reasonable shape for the 

plasma surface, solve the fixed-boundary equilibrium problem with an 

infinitely conducting shell on this surface, and leave the necessary external 

equilibrium field as a separate calculation. This is the approach most 

convenient for theoretical parameter studies and is the one followed for the 

majority of calculations presented here. We define the plasma surface by 

[16], 

X(9) = X + p cost 

(1) 

Z(9) = Ep sint , 

where p = 1 + B cose, t = C sin fi, 0 < 9 < 2it. ftn illustration is given in 

Fig. 1, with E = 0.6, C = 97°, and E = 0.895. To quantify the effects of 

indentation i = d/2a, we vary X, E, and C in Eq. (1) so that the elongation 

(b/a) and the aspect ratio (R/a) remain constant. 

To specify an eqailibriizn, two surface functions mils'- be given. Me take 

*<•> - ^ - f y i " - < 2 > 

with Ai), the poloidal flux within the plasma. Host of the calculations 

reported here have a = 0 = 2, resulting in flat profiles near the magnetic 
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axis {<|i = 0) and plasma edge (<), = &ty), For the second surface function, ue 

specify the safety factor profile, 

•with the coefficients, q^, chosen to give prescribed, valxjes for q ana its 

first derivative at th= magnetic axis and at the plasma surface. 

Characterizing each equilibrium is an average fl value which we define as <S> 3 

2(i0JpdV/.rB2dV. 

When the equilibrium problem is posed as above, the toroidal plasma 

current is determined self-consistently from thS pressure balance equation and 

cannot be separately adjusted. In Fig. 2, we illustrate some of the features 

of the current profiles associated with the choice q(0) =• 1.03, q(1) = 4.2, 

q'(0) = 0.84, q'(D = 9.0. Comparison of Fig. 2(a), and Fig. 2(b) indicates 

the variation with indentation at low <()> (~D.1%), while Fig. 2(b) and Fig, 

2(c) (<8> «• 10%) illustrate the effect of varying 0 at similar indentation. 

Since the current profile cannot be measured directly in tokamak experiments, 

one can really only speculate about whether or not these profiles are 

realistic. At low p, indentation primarily modifies the current profile near 

the plasma surface, for q- conserved sequences such as these, and the bulk 

current profile is relatively unaffected. At very high fi values, the current 

profiles become peaked near the plasma edge and additional understanding of 

plasma evolution is required befcre one can judge whether such configurations 

are achievable without auxiliary (ncn-Ohmic) current drive schemes. It has 

also been suggested [19] that the proximity of the separatrix surface in 

strongly indented plasmas may act to keep the safety factor profile monotonic 

near the plasma edge, avoiding the anomalous current penetration usually 
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attributed to field line reconnection associated with resis.tive double tearing 

modes. If this should be the case, the onmic currents may penetrate on the 

plasma skin time and current profiles, as in Fig 2(cJ , might arise naturally. 

The MHD stability of the equilibria generated was studied with a variety 

of numerical codes. For localized ideal and resistive interchange modes, the 

quantities D , D were evaluated on each of the equilibrium flux surfaces 

120}. Short wavelength modes were studied by solving the infinite-n 

ballooning equation [21) (in the incompressible limit), and a critical-n value 

was obtained by applying the quantization condition to the HKB solution 

[22] . This analysis was carried out on every third flux surface, and the 

equilibrium was considered ballooning stable only if it was stable on each of 

the surfaces tested. For long wavelength modes {n = 0 - 3), the PEST 2 code 

[23) was used to determine the marginal stability boundaries, and PEST 1 [24] 

was run to illustrate the nature of the eigenfunction. The resistive PEST 

[25] code was used to study tearing modes. 

During the course of the parameter studies reported in the next sections, 

more than a thousand equilibria were generated and several thousand stability 

calculations were carried out. Since it was obviously not feasible to monitor 

the numerical accuracy of each case, convergence studies were performed on 

representative cases, and the various numerical parameters in these codes were 

then set to values adequate to resolve those situations. Convergence studies 

of the equilibria and ballooning results were performed at modest indentation, 

with <B> ~ 15%, and the results were compared for several different coordinate 

systems. Good agreement between the critical-n estimates from the ballooning 

code and PEST 2 helped to establish an adequate number of expansion functions 

for the latter. For most of this worlc, equilibria were then generated on a 57 

x 121, <i)j,e) equal arc length mesh; the equilibria were mapped to a 97 x 128 



PEST coordinate mesh for the ballooning study and for n = 0 modes, and to a 

200 x 128 mesh for the n =» 2,3 internal modes. The finite-n PEST studies used 

100 radial finite elements and 30 Fourier modes. The resistive PEST 

calculations used up to 400 radial elements and 20 Fourier mode3. 

3. BALLOONING MODES 

The existence of a high-g, second region of stability to ballooning modes 

has been predicted by various theoretical analyses. With modest aspect ratio 

and typical q-profiles ( 1 < q < 2 - 4 ) , Chance et al. [16], showed not only 

that indentation lowers the value of 8 corresponding to the second stable 

region, but also that there exists a critical indentation beyond which no 

internal ballooning modes exi3t. The calculations of this section were 

carried out to determine how sensitive the existence of the second stable 

region and the critical indentation for accessibility are to a variation of 

the various equilibrium parameters. For most of the work the results will be 

compared to the case studied previously [16], which we shall see was, in many 

senses, quite optimal. With q(0) = 1.03, q(1) = 4.2, q'(0) = 0.84, q'(1> = 

9.0, a = 2, R = 2, R/a = 4, b/a = 1.386, typical profiles are shown in Fig. 

3. The marginal stability diagram for infinite-n ballooning modes f>.s a 

function of indentation is reproduced as the dashed curve in Fig. 4. 

3.1 Aspect ratio scaling 

The effect of varying the aspect ratio of the rectangular box containing 

the bean-shaped plasma is illustrated in Figs. 4 and 5. In Fig. 4, marginal 

Stability curves ace given for two larger aspect ratio devices, in addition to 

the standard case. At small indentations, these results are consistent with 

previously established results for circular plasmas, showing that the lower 
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critical-ft value decreases with aspect ratio. However, we see that the second 

stable region also sets in at smaller values of ft as the aspect ratio is 

increased. This is particularly noticeable at zero indentation where, for 

these profiles, only the case for which the aspect ratio equals 10 actually 

enters the second stable region. The dramatic decrease in the upper critical 

B, from about 15% at i = 0 to approximately 5% at i = 0.1, provides an 

excellent illustration of the effect of even small bean shaping. 

In Fig. 5 we have plotted the marginal R values, as a function of R/a at 

a fixed indentation (i = 0.304), close to the critical indentation for 

complete stability. We see again that higher stable R values in the first 

region are obtained with low aspect ratio. As R/a is decreased, the lower 
— 3/2 

critical <fl> scales approximately as (R/a) , but in light of the definition 

of <R>, it is not straightforward to compare this in detail with previous 

scaling laws for circular or dee-shaped configurations [6]. In the limit of 

small aspect ratio, however, the second stable region becomes increasingly 

reraots. At R/a ~ 2, for example, equilibria with <•}> - 80% are still 

unstable. As the aspect ratio is increased, the region of instability rapidly 

shrinks, making it appear more likely that operation above . the ballooning 

limit should be possible. However, at this fixed value of indentation, the 

instability region does not vanish, at least out to R/a ~ 20, which is as far 

as the present study has been carried. In fact, as seen from Fig. 4, at 

larger aspect ratio the critical indentation for complete stability at all g 

is increased, making it necessary to deform the plasma shape more to create an 

accessible path to the second stable region. Schemes which take advantage of 

the additional stabilization associated with the injection of high energy 

particles to pass directly through the unstable ballooning re7ion are also 

likely to benefit from operating at larger aspect ratio [26]. 
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3.2 Safety factor scaling 

A number of calculations have been ipe.formed to determine the effect of 

q<(jj) on the standard accessibility curve of Fig. 4. This is important since 

varying the q-profile within this mo.lel can strongly affect the resulting 

current profile. 

In Fig. 6 we have repeated the calculations of the standard case with 

flatter q-profiles, generated using Eq. (3) with q(l) equal to 2.7 and 3.2, 

tout keeping &4jq' t1 )AjU) fixed. This Is a model which, in a crude sense, 

tendj to keep the se, laratrix surface at a fixed distance from the olaama 

edge. At small indentations, it can be seen that a reduction of the adge q 

has the effect of removing the second stable region at high fl. This appears 

to be a continuous process in which, at q(l) ~ 3.2, even the concept of a 

critical indentation vanishes. For smaller q(l), while there is a 

considerable improvement in p for large Indentations, no second stable region 

appears. Nevertheless, it is a characteristic of these high-B, betn-shaped 

equilibria (fi > 104) that the WKB crltical-n values are quite large 

(n > 100), for i > 0.2, and these modes may be stabilized by kinetic effects 

[27]. For i < 0.2 the boundary of the first stable region scales as <p> q(l) 

— constant. 

The trend shown in Fig. 6 suggests that increasing the edge q value above 

4.2 rfould reduce the critical fj for the onset of the second stable region at 

small indentations and this is shown in Figs. 7 and 8. Here are presented the 

results of a detailed study for the case q(1) = 5.2, which was carried out 

over a much wider range of 0 values to gain an understanding of the connection 

between changes in the equilibrium and the ballooning stability properties as 

B is increased. Figure 7 gives the stability boundary for this configuration, 

while in Fig. 8 we indicate the regions of the plasma cross section which are 
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unstable to ballooning modes for various values of the indentation. 

In discussing these diagrams we concentrate first on the ballooning 

stability properties of those surfaces contained inside surface * 90 of Fig. 

8. This information is shown by the solid lines on both diagrams. From Fig. 

8 it can be seen that, at small indentation, a broad range of surfaces become 

unstable at low B, centered around the region where p' is a maximum (near 

surface 60). This corresponds to the first critical fl boundary for <p> t» 2% 

on Fig. 7. AS 8 increases to the second g boundary near 15%, the last 

surfaces to stabilize are nearer to the magnetic axis where the global shear 

is relatively weak. For configurations with i < 0.4 this stable region 

persists until <H> ~ 35%, when ballooning instability again occurs, this time 

for a range of surfaces closer to the plasma edge. This corresponds »o the 

upper stability boundary near <B> »- 40%, i ~ 0.2: Again this range spreads 

out, involving surfaces nearer to the plasma centre which had, at low g, 

already entered the second stable region. This effect might not have been 

expected from previous analytic work based on a local perturbation of 

equilibrium quantities f29], and reflects the significant modifications r.c the 

shape of the surfaces as the magnetic axis shifts at very large 8* 

Superimposed on Fig. 7 and 8 (dashed curves) are the modifications to 

this interpretation if we include the ballooning analysis of those equilibrium 

surfaces between surface # 90 and the plasma edge (#97). Then we find that, 

at large indentation (i > 0.3), equilibria which are stable over the inner 90% 

of the plasma cross section become ballooning unstable near the plasma edge 

and there is no second stable region, although there is a strong improvement 

in the first stability boundary near i = 0,4. For i < 0.3 a second stability 

region appears,- for 0.25 < i < 0.3 this ends abruptly when ballooning 

instability occurs near the plasma edge. For i < 0.25 the surface instability 
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does not occur and the stability boundary moves up close to 40%. Thus, if we 

include the stability properties of surfaces very close to the plasma surface, 

we would conclude that the stable regions are confined to lie below the first 

stability boundary (extended by the dashed curve to i ~ 0.5), and inside the 

region bounded by the solid line near i = 0.1 and the dashed curve near i = 

0.3. We are unable to reach a firm conclusion about this situation because of 

uncertainties in the accuracy of the numerical equilibrium calculations near 

the plasma edge. Since only two numerical equilibrium zones are available for 

representation of the last 10% of the plasma cross section (the equilibrium 

code uses 4> as a coordinate), the interpolation on the equilibrium mi»sh may 

not be sufficiently accurate there, although it is much more accurate inside 

surface #&">. Considerable effort would be required to improve this 

resolution. Nevertheless, we have included a discussion of this issue because 

it illustrates the pitfalls associated with numerical calculations of this 

type which have often lead to difficulties in comparing studies by different 

authors [29]. The systematic trend which is seen in these results near the 

plasma surface is not indicative of large numerical errors and it is likely to 

persist. If it does, we do not believe the impact on the overall stability 

properties is significant — the critical n numbers are large, the associated 

growth rates are smalJ, and small modifications in the profiles near to the 

edge would most likely remove the offending unstable surfaces, moving the 

stability boundary back to the solid curve of Fig. 7. 

When the solid curve of Pig. 7 is considered together with Fig. 6, we 

obtain a consistent picture of the effect of increasing q( 1) • For small q(1) 

improvements in the maximum stable B values occur at large values of the 

indentation. As q(1) is increased, the stability boundary is bent upwards and 

in towards smaller indentations, producing aitf increasingly large second stable 
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region. Our calculations show thai there is always a ceiling to this second 

stable region, which moves up as q[1) is raised. [This was not observed 

previously for the standard tq = 4.2) case, because the calculations we.-e not 

carried to sufficiently high p.] While this feature clearly favor• large 

q(1), the value of the critical indentation for accessibility to this second 

region becomes larger — and hence more difficult to achieve practically. 

In addition to the strong dependence on the value of q at the plasma 

boundary, it is also to be expected that the stability properties should be 

sensitive to q at the magnetic axis. To illustrate this, we doubled the value 

of q(0), holding q(l) fixed at 4.2, thus reducing the global shear and 

increasing the connection length. Pis seen in Fig. 9, for the case V a = 10 

already given in Fig. 4, this has the effect of significantly reducing the 

critical indentation, which now occurs near i = 0.07. Neve theless, while the 

second stable region exists even for b-ahaped plasmas (i = 0) at this aspect 

ratio, some indentation is helpful in finding ballooning stable paths from 

low-p configurations. 

In addition to separately adjusting the q-profile near the magnetic axis 

or the plasma surface as done above, it is possible to study the effect of q 

by scaling the toroidal field at constant $ = 4/pdV/(u I^R). For low-fj 
P o ifi 

uquilibria, or if the adjustment is small, the principal effect is a uniform 

scaling of q{ fy\, bMt both q and q' can be significantly altered at higher fl. 

Figure 10 illustrates the results obtained by taking each of the set of 

equilibria used to generate the standard case of Fig. 4 and examining the 

ballooning stability after scaling q(0) to values different from 1.03. As 

already seen in Fig. 9, increasing q(0) reduces the instability region, making 

accessibility easier. When q(o) is reduced below 1, it becomes increasingly 

difficult to stabilize internal, pressure-driven modes. Rs we shall see in Sec. 
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4, long wavelength, n ~ 2,3 modes with broad eigenfunctlcna appear in this region 

of parameter space, 

3.3 PresBure profile effects 

In the previous section we have seen that the stability properties of bean-

shaped plasmas can be quite sensitive to the safety factor profile. In all of 

those studies a fixed pressure profile, Rq. {2) with a = R = 2, was employed. 

Since this profile has small values of p' near the magnetic axis luhere the 

global shear 13 small), one might expect that it would be favorable with respect 

to localised ballooning modes. ftn indication of the advantage of flat pressure 

profiles has het>n seen previously in the study of the stabilization of the 

internal kink mmlo [ 17J, and, 3B in that work, we might expect here a strong 

dependence on t?ro pressure profile. 

In Fig. 11 wp illustrate that this is indeed the case with two separate 

calculations. First, we set a ~ 1, Q - 2 fso that p' 10} /0), and repeat the 

stability calculations for the standard case. The results are given by the 

clashed curve. ftt modest indentation the first stability boundary Is essentially 

identical in thf1 standard Cflse, but there is no dramatic improvement at large 

indentation, ,wd no evidence of any second stable region, even up tp <R> - 20* 

with i = 0.35. Moreover, in that region, the WKB critical-n ^alue is small 

(~3,4), and it is therefore unlikely that kinetic effects would provide any 

significant stabilization. 

While this result is pessimistic, the fact that the standar] case does 

possess a second stable region suggests that some optimisation should be 
• 

possible, and it is of interest to determine what shape the pressure profile must 
adopt to accomplish this. An iterative procedure to carry this out can h? 

developed from the ballooning mode equation. Consider a low-p equilibrium at 

fixed indentation which ig in the first stable region to ballooning modes. Since 
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the pressure gradient appears in the infinite-n ballooning equation 

psxametrically/ it is reasonable to assume that it could be increased locally on 

any specific magnetic surface before that particular surface becomes marginally 

stable. If these adjustments ire carried out/ the total average @ would be 

increased. Of course, it is necessary to take Into account the fact that these 

modifications in the pressure profile, in turn/ lead to a new toroidal 

equilibrium, which must be computed in order to make the optimization self-

consistent. If, at any stage in the iteration between the equilibrium 

calculation and the solution of the ballooning equation an instability appears, 

we reduce p' on unstable surfaces to the marginally stable values. Following 

this procedure for fixed indentation and safety factor profile, either the 

sequence of equilibria generated will extend to arbitrarily high fl, or the 

process will converge to a pressure profile which is marginally stable to a 

ballooning analysis on each magnetic surface. This profile then produces the 

optimal R. 

The results of carrying out such a procedure for five values of i, are also 

shown in Fig. 11. We see that, with modest indentation, significant improvement 

in the first region of stability can be achieved over both of the fixed pressure 

profiles discussed earlier. In Fig. 12, optimized pressure profiles are shown 

for several values of indentation. By comparison with the flat pressure profiles 

of the standard case, we see that as the cross section is indented the gains have 

been made by increasing the pressure gradient near to the plasma surface, where 

the effective indentation of the magnetic surfaces and hence weighting of the 

good curvature region is larger. In addition to the improvement at small 

indentation, these calculations demonstrate a smaller critical indentation which 

must be provided in order to reach the second stable region. Indeed calculations 

at i = 0.2 with optimized pressure profiles remove the instability region of the 
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standard case. However, we have not yet devised a successful strategy for 

minimizing the second stable region marginal stability boundary at small 

indentations. This aspect will be the subject of further studies. 

3.4 Effect of plasma elongation 

In previous studies it has been established that increasing the ellipticity 

of the plasma surface can improve the stability to internal pressure-driven modes 

[5] . These results apply to the critical R corresponding to the stability 

boundary of the first stable region, and it is of interest to extend this study 

to configurations exhibiting the second stable region. 

The results of such a study are given in Pig. 13. Here we have considered 

three sequences of equilibria with different values of elongation, b/a (see Fig. 

1), but with identical pressure (a = fl = 2) and safety factor profiles q(1) = 2.7 

(as in Fig. 6), i = 0.25, and R/a = 3. For each case we have plotted the WKB 

critical-n value versus average p. As B is increased, ballooning modes first 

appear with n = «•, corresponding to the stability boundary of the first stable 

region. At low 8 these results illustrate that elongation increases the possible 

stable fl values. Above the marginal g value, increasing the pressure lowers the 

value of n for which instability occurs, with longer wavelength modes becoming 

unstable. If the equilibrium configuration is to display a second stable region, 

n must eventually become infinite again as B is raised. For the sequences 

studies here, only the case b/a = 1 has this property, entering a second stable 

region at <8> = 10%. At higher values of 8 the configuration becomes unstable 

again near the plasma surface, a feature similar to that discussed with respect 

to Pig. 7. The other configurations, with elongated boundaries, do not display a 

second stable region, although tie results for the standard case(b/a = 1.4) 

indicate a strong improvement in stability for <6> > 15%, and it could be 
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expected that FLR effects would stabilize these modes. However, from the results 

for the b/a = 1.7 case, it can be clearly seen that vertically elongating bean-

shaped plasmas does not enable easier access to the second stable region. On the 

other hand, these results suggest that reducing b/a below 1 should lead to 

additional reduction in the 8 value corresponding to the second stable region, 

and, therefore, that some indentation could allow accessibility to the second 

stable region exhibited by tokamaks with horizontally elongated cross sections 

[30). 

3.5 Finite ion Larmor radius stabilization 

Tt has been established that for large values of n, kinetic modifications to 

the MHD analysis of internal ballooning modes can be very important [27] . In 

particular, the stabilizing finite gyroradius contribution from ion diamagnetic 

drifts acts directly against the interchange driving mechanism and becomes 

significant when k|P? is comparable to L /L . Here, p, is the ion gyroradius and 

L and L are the respective scale lengths for the pressure gradient and field-

line curvature. Since the worst ideal MHD cases exist for the smallest value of 

L , substantial modifications can result even for small values of k n.• Previous P lpi 
calculations have shown that when both the radially nonlocal (finite-n) 

corrections and the finite gyroraaius effects are simultaneously included, the 

resultant estimates of critical B can be significantly more optimistic for 

specific equilibria [27]. Hence, an analysis of this type for bean-shaped 

tokaiwk equilibria is of considerable interest. 

We have applied the procedure described in Raf. [27] to representative 

bean-shftjed tokamak equilibria, and found that tfee kinetic effects can lead to 

significantly more optimistic g-criteria. This is illustrated in Fig. 14 

where the kinetically modified stability boundaries are shown as solid 

I 



18 

curves. For typical parameters, the actual values of k.p. in these 

calculations remain well below unity. 

In this analysis attention was focused on kinetic modifications due to 

the ion diamagnetic drift tern, since this factor alone directly influences 

the interchange driving mechanism of ideal MHD ballooning modes. However, 

other kinetic effects, such as wave particle resonances and trapped particle 

dynamics, can also be important. In particular, collisional and collisionless 

dissipative processes can destabilize both the drift and shear Alfven waves 

leading to residual growth rates on the drift wave time scale. Here again the 

dominant kinetic modes or microinstabilities are strongly influenced by 

curvature effects. Since bean-shaped tokamak equilibria generally exhibit 

more favorable curvature properties, it is likely that microinstabilities will 

also be favorably influenced. These effects will be investigated in future 

studies of bean-shaped confi gurations. 

4. LONG WAVELENGTH MHD MODES ^ 

Tn addition to a study of internal ballooning modes, information ajout 

the nature of the eigenfunctions of large scale instabilities, and about 

instabilities when the plasma is surrounded by a vacuum region [external 

modes), is needed in order to assess the overall stability properties of a 

tokamak configuration. Previous work on the n = 1 mode has shown that the 

internal kink can be stabilised by indentation, while at finite R and 

indentation, stability to the external .kink depends on wall stabilization 

[17]. In this section, we consider several additional classes of possible 

instability, each of which should have some implication for bean-shaped 

tokamak experiments. 



19 

4.1 Axisymmetric (n = 0) modes 

It is «ell known that the simple ideal MHD model of an infinitely 

conducting, noncircular, cross-sectional plasma surrounded by a vacuum region 

can be unstable to axisymmetric O , = 0) motions. If the cross section is 

vertically elongated, the unstable motion is primarily a rigid vertical shift, 

while a horizontally flattened shape is unstable to translation in the 

midplane. Such motions can be passively stabilized on ideal MHD time scales 

by the presence of nearby conductors, where eddy currents are generated which 

oppose the notion. It is of interest to determine where to place such 

conductors most effectively to aid the experiment design. To do this, we have 

studied the n = 0 stability of a typical bean-shaped plasma using various 

versions of the PEST cede, with vacuum boundary conditions approximating 

different conductor locations. Me consider a <fl> = 3% equilibrium with i = 

0.3, q(0) = 0.84, q(1) = 3.7, R/a = 3.3, and b/a = 1.52. The pressure and 

poloidal current profiles used are siitdlar to those obtained from Thomson 

scattering and magnetic flux data in typical PDX snots. The equilibrium was 

confuted as a free-boundary calculation using a specific external coil set 

(Pig. 23) so that the plasma surface does not conform exactly to Eq. (1). 

In Figs. 15 and 16 we illustrate the effectiveness of moving a D-shaped 

conducting wall (see Fig. 1) closer to the plasma surface. without a 

conducting shell (Fig. 15), we can see that the plasma displacement combines a 

nearly rigid vertical shift with a circular, sliding component which follows 

the equilibrium flux contours in the indented region of the cross section. As 

the wall is moved uniformly closer (Fig. 16), it first stabilizes the vertical 

shift component, so that the instability takes on the form of sliding motion 

towards the tip of the bean, with smaller growth rate. Since, in this model, 

the most effective stabilization comes from placing a conductor perpendicular 



20 

to the displacement of a constant flux surface, it is clear that it is the 

proximity of the conducting surface near the tip of the bean which is most 

important at this stage. The instability becomes marginal when B = Aw/A - 1 ~ 

0.65. 

"urther investigation of the stabilizing contribution from the region 

r.j.ar the tips of the bean is impor'̂ ant for the PBX experiment, since the 

conducting wall can only be located there, in practice, because the larger 

major radius region must be Kept free to accommodate the planned range of 

indented plasmas. Such a partial wall was simulated by modifying the 

definition of the wall location in the PEST code to allow certain sections of 

the wall to be moved out to a large distance from the plasma, AS illustrated 

in Fig. 17a, the stabilizing effect of discrete conducting plates can then be 

described by two parameters — the length of the nearby sect* on of the wall 

and the distance of this section to the plasma surface. Calculations have 

been performed to determine the dependence on both of these quantities. As an 

example, Tig. 11b shows the normalized growth rate versus the wall distance, 

for the section indicated in Fig. 17a« Stability occurs when B » 0.3, giving 

a wall separation for the PBX experiment of 9-10 cms. 

While an idealized calculation such as this is essential to enable 

positional control on the extremely fast ideal MHD time scale, it is important 

to appreciate that, for time scales characteristic of the resistive skin times 

of the wall or plasma, instability will usually still occur as the stabilizing 

eddy currents resistively decay. The design of a suitable active feedback 

system, which takes into account the resistive plasma dynamics, is a critical 

aspect of any tokamak experiment where non circular, cross-sectional shaping 

is to be carried out by external pololdal field programming. 
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4.2 Low n internal modes with q(0) < 1 

Host tokamaks operate with q{0) < 1, While on slow resistive MHt> time 

scales the dynamics of low-g discharges are determined by resistive relaxation 

inside the q = 1 surface, at higher $ the stability to pressure driven modes 

with q(0) < 1 may dominate the plasma behavior, especially if long wavelength 

instabilities are excited. Such a possibility is suggested by the 

calculations presented in Fig. 10, which showed that the stability properties 

deteriorated strongly when q(0) was reduced. Since the internal n = 1 kink 

has been shown to be strongly stabilized by indentation, it is natural to 

consider the behavior of other low n modes at low q(0). 

Figures 18 and 20 present the results of a set of calculations for 

internal n = 2, 3 modes carried out in an identical fashion to the internal 

kink studies of Kef. 15, using the PEST 2 code. For three different values of 

indentation, each member of a sequence of equilibria with parameters of the 

standard case of 3.1 were scaled, at constant B , to generate sets of 

equilibria with different q(0). Testing the stability of these permits one to 

construct marginal stability curves in the R vs q(o) plane. Both figures 

show that at finite S these long wavelength modes set in at modest values of 

fi over a range of values of q{o), and present a significant limitation to 

reaching high-S configurations. 

For the n = 2 mode of Fig. 18, instability sets in with g =• 0 at the 

Mercier limit, q(0) = 0.5, and the most unstable mode ia localized near the 

magnetic axis and dominated by Che ra = 2 poloidal component. Configurations 

with q(0) > 0.5 are stable at low ft. but as 8 ia increased, a stability 
P P 

threshold appears. Without indentation this threshold is insensitive to q(0) 

for values < 0.9, but rises quite rapidly near q(0) = 1. For both bean-shaped 

configurations the threshold increases smoothly as q(o) approaches 1. In that 
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limit it is interesting to note that the 0 limit decreases with indentation, 

a result which can also be seen in the n = « ballooning limits shown in Fig. 

10 with q(0J = 0.8 or 0.9. Figure 19 illustrates the instability 

eigenfvmction of a typical case [q(0) = 0.7, p = 3.74, i = 0.1S5]. As q(0) 

is increased from 0.5 to 1.0, the modes become nonlocalized in 4,, with 

poloidal structure involving many Fourier harmonics, typical of ballooning 

modes. 

For the n = 3 mode, shown in Fig. 20, the picture is very similar. It 

differs from the n = 2 case primarily in the tendency for additional localized 

modes to set in at low 3 near the q = 2/3 mode rational surface, and in the 

fact that the threshold is always lower, as expected from ballooning mode 

theory. Typical eigenfunctions close to the stability boundary for several 

different values of q(o) are shown in Fig. 21, illustrating the poloidal and 

radial structure of the most unstable modes. Figures 21(a) and 21(b) show 

localized interchange modes which would be well described by the Mercier 

criterion. As fl and q{Cj are increased. Fig. 21(o) and 21(d) illustrate that P 
the modes become nonlocalized, with poloidal variation involving the coupling 

of many Fourier harmonics. 

In the calculations presented in Figs. 19 and 20, there is no indication 

of a second stable region for q(0) < 1, at least for <g> < 20%. If such a 

region does exist at much larger <fi>, the results indicate that it is very 

unlikely that stable paths exist at low q(o) values. Since the modes have 

broad eigenfunctions and exhibit a p threshold, they may also be candidates 

for driving beam injection instabilities, similar to the fishbone modes 

presently identified with near perpendicular injection in internal kink 

unstable, PDX configurations. 
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4.3 Effect of indentation on resistive modes 

The major emphasis in this work on the aspects of bean shaping has been 

associated with the enhanced stability to ideal HHD modes. It is useful to 

consider the effect on resistive MHD modes, and we report here on a. study of 

the n = 1 tearing moda carried out using the resistive PEST code f25i. This 

code carries out the complete asymptotic matching procedure for a finite ft, 

axisymmetric, toroidal MHD equilibrium. It computes the growth rate of low n 

resistive instabilities by solving the boundary layer dispersion relation 

obtained by matching numerical solutions of the resistive boundary layer 

equations 120] around each rational surface to the marginally stable solutions 

of the ideal HHD equations between these singular regions. 

To illustrate the effect of indentation on the kink driving terms we 

consider two pressureless equilibrium sequences with different values of 

q(1). In the first sequence we take the safety factor profile of the standard 

case, (1.03 < q < 4.2), so that for n = 1 there are three rational surfaces, 

and we compute the growth rate of the unstable resistive mode. In the second 

sequence we take a similar profile to the standard case but with q(0) =1.1 

and q{1) = 2.9, so that there is just one rational surface at q = 2. For this 

case the stability to the m = 2 tearing mode is determined by the usual 

criterion î _ < 0, where AX_ is the ratio of the small to big m = 2 poloidal 

harmonic of the ideal HHD solution across the q = 2 surface. 

Results for the standard case with a conducting wall on the plasma 

boundary are shown in Pig. 22. We find that there is only one resistive 

tearing instability associated with the q = 2 surface. Hiis mode is seen to 

be strongly stabilized by indentation and becomes a damped oscillation for 

i > 0.2. with fixed q profile, this stabilization can be understood in terms 

of a flattening of the equilibrium current profile at the q = 2 surface as i 
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is increased. While the current gradient usually increases on tile outer 

rational surfaces, the steepening up there is not sufficient to drive n = 1 

modes unstable. It may destabilize higher n tearing modes near the plasma 

surface, although these are rarely seen in tokamak devices and are more 

difficult to destabilize in a cylindrical model- Such modes would lead to 

small .nagnetic Islands near to the plasma edge, an^ possibly Jeorade 

confinement. Additional work is needed to understand this effect in detail* 

when the conducting wall is moved away from the plasma surface, the 

tearing modes can be strongly destabilized. An example of this is shown in 

Fig. 23 where we have considered the barely stable case, i = 0.1S6 (arrow) of 

Fig. 22. with just a small movement of the wall A predominantly m = 2 (n = 1) 

tearing mode becomes unstable at the q = 2 surface. As the wall is moved out 

near to 0.2 plasma radii, a second tearing mode becomes unstable. Near to the 

marginal wall position for this mode, it has the structure of an almost pure 

m = 3 tearing mode, centered at the q = 3 surface. As this second mode 

becomes more unstable, the two modes (m = 2 and m = 3} mix, each producing 

islands around both the q = 2 and 3 surfaces. The m = 3 component grows most 

strongly as the wall is moved further out to where the ideal MHD external kink 

mode is destabilized. With q(,1) = 4.2, this ideal mode is predominantly m = 

5, and it is clearly the coupling of this, through ellipticity, which causes 

the m = 3 tearing mode growth rate to increase so rapidly. 

For the flatter q profile (1.1 < q < 2.9) we find stability to the m = 2, 

n = t tearing mode even at zero indentation (Fig. 24). This is consistent 

with previous calculations which show that toroidicity can be strongly 

stabilizing for low shear tokamak equilibria [25]. As the conducting wall is 

moved away from the plasma surface, the results for an indentation i » 0.1 

show little variation until the wall is close to the marginal point for the 
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n = 1 (mostly m = 3) ideal MHD external kink mode, at which point the m = 2 

tearing mode is strongly destabilized (Fig. 24, solid dots). We note in Fig. 

24 that with this current profile the wall must be very close to stabilize the 

n - 1 external kink. Additional studies are needed to understand the effect 

of plasma current profile on these external ideal MHD modes. 

These results suggest that strong indentation and reasonable profile 

control may provide for some stability against the nonlinear tearing phenomena 

which are believed to be responsible for plasma disruptions. Fully 3D MHD 

nonlinear codes must be employed to study this. 

5. DISCUSSION 

In this work an extensive parame.ar survey has been carried out to help 

evaluate the favorable MHD stability properties of bean-shaped tokamak 

plasmas. While one must be careful not to extrapolate such results too far 

from the parameter space considered, it is possible to draw various 

conclusions, which may be helpful in indicating useful experiments or in 

suggesting future research areas. 

Much of this work has centered around ballooning modes and an 

understanding of the second stable ballooning region, which offers many 

attractive possibilities for future tokamak reactor designs. The results 

presented here support the previous observation that this region is difficult 

to find in circular and Dee-shaped tokamak configurations, and that 

indentation is a critical factor. 

We have found that the ballooning mode stability properties can be 

sensitive to equilibrium parameters, especially at high-g values near the 

second stable region. Variation of the safety factor showed that the second 

stable region increased as the edge q was raised, although the critical 
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indentation needed for accessibility increased also. Raising q at the 

magnetic axis helped to alleviate this problem. Ballooning modes quickly set 

in as q oti-axis was lowered below 1, removing the second stable region. 

Variation of the pressure profile showed that, while this can eliminate the 

second stable region, it is also possible to enhance strongly the stability 

properties, and to reduce the critical indentation needed to reach favorable 

high-8 configurations. Further improvement in the stability properties was 

also shown to be possible, since near the stability boundaries the ballooning 

modes have very short wavelengths and kinetic effects were found to exert a 

significant stabilizing influence. 

Variation of the aspect ratio has clarified different options for 

reaching high-B values; operating in the first stable region at small aspect 

ratio and low q, or i> the second region at larger aspect ratios and higher 

q. Given a favorable scaling of confinement time with aspect ratio 'e.g., 

Alcator, TFTR) and the possibility of avoiding resistive instabilities through 

indentation, these results indicate large aspect ratio <A ~ 6 - 10) bean-

shaped tokamalts operating in the second stable region would be interesting 

reactor candidates. In addition to providing the local shear which improves 

the stability properties, the indentation strengthens the poloidal field on 

the outboard side enhancing the confinement properties. 

While a study of internal ballooning modes gives a good indication of che 

HHD stability properties at high ft, it is necessary to supplement this work 

with consideration of current driven modes and calculations which illustrate 

the nature of the moat unstable perturbations. Adding to the work on external 

kinks reported before, we examined the n = o mode, identified the behavior of 

the unstable motion, and showed that stability could be achieved by placing 

conducting plates sufficiently close to the tips of the bean-shaped cross 
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section. We briefly considered the n = 1 tearing mode and found that 

indentation may have a stabilizing effect on some resistive instabilities. 

Finally, we considered the low-n internal modes with q(o) < 1, found that 

these have moderately low (5 threshold values, and that they would most likely 

prevent reaching second stable regions unless q(o) is kept above unity. 

Ill this work we have attempted to gain some qualitative understanding of 

the effect of indentation on various instabilities in bean-shaped tokamaks. 

The next relevant project would be to optimize the configuration. Since we 

have identified a sensitivity to a number of equilibrium parameters, this 

should be an interesting task to undertake. Although this sensitivity 

coitplicates any analysis, because it makes it difficult to isolate a single, 

simple physical mechanism to describe the plasma behavior, it nevertheless 

suggests that there are a variety of possible procedures tc- achieve stable 

hiqh-B configurations - many of which allow accessibility to the second stable 

region. Several of them, such as plasma shaping a..d choice of aspect ratio, 

are within the scope of present day experimental and engineering techniques. 

Other"!, which involve control of the pressure and safety factor profiles, are 

not. However, they may be feasible in future experiments involving, for 

example, refined RF heating and current drive schemes. At the very least, the 

studies reported here, which demonstrate the existence of very favorable 

configurations for a variety of parameter values, should stimulate theoretical 

work to improve our understanding and the ability to model tokamak behavior. 

Optimization of the properties illustrated here rely to a large extent on this 

capability. 

With respect to the forthcoming PBA, this work identifies several 

significant issues. Most importantly, the ability to form indented plasmas 

relies on controlling the axisymmetrlc instability. While conducting wall 
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stabilization can reduce the growth rate from the fast ideal MtlD time scale, 

creating high-0 beans will depend on designing active feedback systems which 

stabilize motions on the resistive times characteristic of confinement 

experiments. This is particularly important since it is planned to form 

b^an-shaped cross sections by the process of continuous deformation from low—ft 

circular discharges. 

A second issue in reaching high-fj valu.es involves avoiding "fishbones", 

which have been identified as a major mechanism for R-saturation in 

neutral-beant-heated PDX experiments. While sufficient indentation may 

increase or eliminate the fi threshold associated with the internal n = 1 kink 

mode, other low-n ballooning modes studied here may have a similar effect when 

q(0) drops below 1. Since the calculations presented here did not show any 

improvement with identation for these modes, they pose a concern for near 

perpendicular injection. Achievement of high-fl values may then depend 

strongly on the orientation of the injected neutral beam. 

If both these difficulties can be overcome experimentally, additional 

calculations of the sort reported here will be needed to interpret the 

consequences of ballooning modes and the effect of indentation. This will 

clearly be necessary because the sensitivity to various parameters, 

illustrated by this work, makes it probably impossible to predict whether or 

not a second stable region can be identified. One obvious 'jncertainty 

involves the current profiles associated with the ideal MHO equilibria 

employed here. These profiles, obtained by specifying qtijj). can be quite 

different from what is observed in present day, low-fl, almost circular, 

tokantak discharges. Attempts to find the second stable region with more 

conventional current profiles have not been successful, and while not entirely 

conclusive, that suggests that additional profile control would be needed to 

http://valu.es
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achieve all the favorable aspects of indentation. For the PBX experiment, 

where such control is not available, this may indicate that achieving second 

stable states is unlikely. However, calculations with equilibrium profiles 

typical of actual data taken from the PDX experiment [1], show that 

substantial improvements in 8 should be possible with indentation. An example 

of a high-8 equilibrium (̂ lO*) with typical parameters for the PBX experiment 

is shown in Fig, 25. Stability studies have shown that this configuration is 

stable against the internal kink at least as high as <R> .» 20%, and against 

ballooning modes to <R> - 9%. These values are in marked contrast with B = 

1.4% (internal kink) and B = 2.7% (ballooning) previously reported for PDX 

circular high-fl/low-q discharges. 
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SIGURE CAPTIONS 

PIG. 1. Parameters used to describe the bean-shaped plasmas studied in this 

work. 

FIG. 2. nitfplane profiles of J$. Figure ta) and (b) are at low <Q> » 0.1%, 

Fig. 2(c) is at <fl> a 10*. other parameters are as for Fig. 4. 

PIG. 3. Typical pressure, safety factor, and toroidal field (B-agf^lJ1)1' 

profiles used in the stability calculations. 

FIG. 4. Marginal stability boundaries for ballooning modes in three 

different aspect ratio devices. The "standard" cage, R/a = 4, is 

dashed. 

FIG. 5. Marginal stability boundaries for ballooning modes as a function of 

aspect ratio for fixed indentation, i = 0.304, showing the first 

and second stability regions. Also shown are the boundaries for 

Dee-shaped plasmas, i = 0. Other parameters are as for rig. 4. 

PIG. 6. Marginal stability boundaries for ballooning modes as qt 1) is 

reduced from the standard case. 

FIG. 1. Marginal stability boundary for ballooning modes with q( 1) = 5.2. 

The solid line describes the boundary when ballooning instabilities 

near the plasma surface are ignored. Accessibility through 

indentation does not occur when the edge instabilities are included 

(dashed curve). 
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FIG. 8̂  Showing the regions of the cross section which are ballooning 
unstable aa <g> is varied fsr a set of equilibrium sequences viith 

1/2 different indentation. The abscissa is proportional to ^ ' . 

FIG. 9. Marginal stability boundary for ballooning modes as q(0) is 

increased, for IVa =10, bean-shaped plasmas. 

FIG. 10. Ballooning mode stability boundaries showing the variation as q(0) 

is reduced. 

FIG. 1 I. Ballooning mode stability boundaries for different pressure 

profiles? solid line, a = 2, dotted line, a = 1> Results of 

profile optimization are also shown. 

FIG. 12. Optimized pressure profiles for a Dee-shaped plasma !i = 0 ) and a 

modestly indented plasma (1 = 0.185) compared to the standard 

profile (dashed). (J = 1 - iJj/Adi) < 

FIG. 13. Critical-n value on the most unstable surface as a function of cg>, 

for q(0) = 1.03, q(1) = 2.7, i = 0.55, R/a = 3 and three different 

values of the plasma elongation, b/a. 

FIG. 14. Kinetically modified stability boundaries (solid lines) for bean-

shaped equilibria with q( 1) = 3.2 (as in Fig. 6). Solid (open) 

dots represent equilibria unstable (stable) to ideal HHD ballooning 

modes. The FLR modified boundaries are shown for two different 

particle densities. 
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FIG. 15. Typical n = 0, axisymmetric instability for a bean-shaped plasma 

equilibrium with surrounding vacuum extending to infinity. 

FIG. 16. Axisymmetric instability in the presence of a Dee-shapnd conducting 

wall (Fig. 1) at Aw/A = 1.6S. 

Flu. 17(a) Conducting wall used to simulate the use of axisymmetric conducting 

plates near the bean tips. 

FtG. 17(b) Normalized growth rates showing the stabilizing effect of moving 

conducting walls closer to the plasma surface. Solid dots are for 

the partial wall of rig. 17(a), circles for the solid wall of Pig. 

1. 

PIG. 18. Stability boundary for internal n = 2 modes with q(0) < 1. Results 

are given for a Dee-shaped plasma (i = 0) and two different values 

of the indentation. 

FIG. 19. Displacement vector of a high 8, n = 2 internal mode with q(0) = 

0.7, fl = 3.74. and i = 0.185. The eigenfunction has finite radial P 

PIG. 20. Stability boundary for internal n = 3 modes for the same 

equilibrium configurations as Fig. 18. 

FIG. 21. Radial structure of unstable eigenvectors from PEST 2, for four 

different values of [q(o), f} ] close to the stability boundary for 

i = 0.3 in Pig. 20. a) q(0) = 0.31, g = 0.72, b) q(0) = 0.6, fl = 

1.31, c) q(0) = 0.68, B = 2.23, and d) q(0) = 0.87, a = 3.66. 
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FIG, 22. Effect of indentation on the growth rate of Uie n = 1 tearing mode 

(r\ <• 10~6) for bean-shaped plasmas with q(0> = 1.03, q(1) = 4.2, 

A/a = 4, b/a = 1.386. Calculations at values of i indicated by the 

two arrows give damped, stable modes. 

FIG. 23. Effect of moving the wall away from the plasma surface on Pig. 22, 

showing the onset of two resistive tearing modes and an ideal kink 

mode. 

FIG. 24. Effect of indentation (open circles, bottom axis) and wall 

position, B (dots, top axis), on the m = 2, n = 1 tearing mode for 

equilibria with q(D) = 1.1, q(1) = 2.9. 

FIG. 25. Bean-shaped, flux surfaces for a <fl> = 10» equilibrium in PBX. 

Also shown are poloidal field coil locations and external 

conducting stabilizer plates. 
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